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INTRODUCTION

Summary Obstructive sleep apnoea syndrome (OSA) is associated with increased
cardiovascular morbidity and mortality. However, the underlying mechanisms are not
entirely understood. This review will summarize the evidence that substantiates the
notion that the repeated apnoea-related hypoxic events in OSA, similarly to hypoxia/
reperfusion injury, initiate oxidative stress. Thus, affecting energy metabolism, redox-
sensitive gene expression, and expression of adhesion molecules. A limited number of
studies substantiate this hypothesis directly by demonstrating increased free radical
production in OSA leukocytes and increased plasma-lipid peroxidation. A great
number of studies, however, support this hypothesis indirectly. Increase in circulating
levels of adenosine and urinary uric acid in OSA are implicated with increased
production of reactive oxygen species (ROS). Activation of redox-sensitive gene
expression is suggested by the increase in some protein products of these genes,
including VEGF, erythropoietin, endothelin-1, inflammatory cytokines and adhesion
molecules. These implicate the participation of redox-sensitive transcription factors
as HIF-1 AP-1 and NFkB. Finally, adhesion molecule-dependent increased avidity of
OSA monocytes to endothelial cells, combined with diminished NO bioavailability,
lead to exaggerated endothelial cell damage and dysfunction. Cumulatively, these
processes may exacerbate atherogenic sequelae in OSA. © 2002 Elsevier Science
Ltd. All rights reserved.

notably hypertension [I, 2], and studies of random
samples obtained from the general population suggest

Recent years have seen a rapid accumulation of
evidence pointing at links between sleep apnoea
syndrome and cardiovascular morbidity and mortality.
Patients with sleep apnoea have been found to have
higher rates of cardiovascular diseases (CAD) most
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that the existence of breathing disorder events during
sleep constitute a significant risk for CAD independ-
ently of other known risk factors [3—6]. Similarly,
investigating patients with documented CAD revealed
higher rates of clinically significant disordered breath-
ing events during sleep, which were higher than what
would be expected in the general population [7—I1].
Evidently, CAD are multifactorial, and are likely to be
affected by the genetic makeup, lifestyle-related vari-
ables, nutrition, as well as a variety of additional risk
factors. Thus, the fact that in some of the studies
there was a dose—response relationship between the
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severity of breathing disorders in sleep and some of
the cardiovascular morbidities [I, 4], suggests that the
link between CAD and sleep apnoea is specific, and is
most probably related to some of the abnormalities
which are unique to the syndrome. So far, the exact
nature of the underlying pathophysiology of cardiovas-
cular morbidity in sleep apnoea patients has not
been fully elucidated. Attempts, however, have
focused on the potential influence of two of the
major consequences of disordered breathing in sleep:
intermittent hypoxia and hypercapnia, and repeated
sleep fragmentation. Both hypoxemia and hypercapnia
have diverse cardiovascular effects by acting locally,
humorally, or by neuronal reflex mechanisms [I2].
Thus, hypoxia or sleep fragmentation-mediated sym-
pathetic activation, and altered baroreceptor and
chemoreceptor responses, have been proposed to
play a role in the development of CAD in sleep apnoea
[13—16]. Others postulated hypoxia-related alteration
in vasculature reactivity to both vasodilators and
vasoconstrictors [17, 18].

One of the relatively less studied underlying
mechanisms that may be involved in the development
of CAD in sleep apnoea syndrome, is the formation of
hypoxia-related free radicals and increased oxidative
stress due to the intermittent hypoxia [19-21]. Free
radicals are highly chemically reactive molecules that
react with nucleic acids, lipids and proteins, thereby
hindering cellular metabolism resulting in cell injury. So
far, their potential role in sleep apnoea has mainly been
speculated based on theoretical considerations linking
increased levels of free radicals in hypoxic conditions
on the one hand, and their proven involvement in
atherosclerotic processes on the other. In recent
years, experimental data have provided support for
an association between OSA and free radical forma-
tion, which will be reviewed and discussed in the
present paper. | will start by a brief overview of oxygen
free radicals and their potential sources in OSA, then,
I will discuss the prevailing views concerning the role of
oxygen free radicals and oxidative stress in CAD, and
the evidence pointing at the existence of exacerbated
oxidative stress in sleep apnoea which eventually leads
to one of the early atherogenic events — endothelial
dysfunction.

WHAT ARE FREE RADICALS?

Free radicals, or reactive oxygen species (ROS), are
atoms or molecules possessing one or more unpaired

electrons in the outer orbit and, therefore, are prone
to react chemically. Two radicals reacting with each
other yield a non-radical product. When a radical
reacts with a non-radical molecule, the product is a
new radical, thus propagating radical chain reactions.
When electrons are transferred from one molecule to
another, reduction—oxidation (redox) reactions occur.
Since ROS are by-products of normal oxygen metab-
olism, that are generated during normal cellular
respiration, enzymatic and non-enzymatic anti-oxidant
systems have evolved to eliminate excess free radicals.
When ROS generation exceeds the capacity of cellular
antioxidant mechanisms to eliminate them, oxidative
stress and damage to cells and tissues ensues. This
significantly contributes to many seemingly unrelated
pathologies and pathological conditions including
inflammatory diseases and ischaemia/reperfusion
[22, 23]. On the other hand, a wealth of data in
recent years demonstrate that under physiological
conditions, maintenance of balanced free radical pro-
duction is tightly regulated in order to serve for
signalling purposes, activating redox sensitive tran-
scription factors, and thus regulating redox adaptive
gene expression [23, 24].

Chemistry

Superoxide anion (O3 ") the predominant radical, and
the source of ROS is generated by univalent reduction
of molecular oxygen. This occurs during respiration or
by several enzymic systems (reaction ).

O, +e — 057 (|)

Once formed, O can either spontaneously dismu-
tate, or, it can be dismutated by the enzyme super-
oxide dismutase (SOD) yielding molecular oxygen and
hydrogen peroxide (H,O;) (reaction 2).

O} +05 +2H" > O, +H, 0,  (2)

The reaction of superoxide with its product, H,O,, can
give rise to hydroxyl radical (OH®). Formation of OH®,
one of the most potent oxidants known, is facilitated
by the presence of reduced transition metals as Fe>™
and Cu™ [25] (reaction 3). Hydroxyl radical can initiate
lipid peroxidation, cause DNA strand breaks and
oxidize proteins, and other organic molecules.

O +H,0p —» Oy + OH*® + OH* (3)
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Collectively O3, H,O,, and OH®, are termed reactive
oxygen species or ROS.

Additional radicals include the toxic peroxynitrite
(OONO°®) which is formed by the reaction of
O with the primary vasodilator — nitric oxide
(NO) (reaction 4), resulting in diminished NO
availability [26]

03~ + NO—»>OONO* (4)

POSSIBLE SOURCES OF OXYGEN
FREE RADICALS IN OSA

Cells and tissues are continuously exposed to exogen-
ous and endogenous sources of ROS. Here, | will focus
on endogenous sources as they are relevant to the
physiology and pathophysiology of OSA. Superoxide
anions are primarily produced by: mitochondria and
inflammatory leukocytes, by cardiac tissues and vas-
cular cells as signalling molecules, due to hypoxia/
reoxygenation insult, and by oxidation of small mole-
cules as glucose and homocysteine. Additional sources
include enzymes such as xanthine oxidase, cyclooxy-
genase, lipooxygenase, NO synthase and haem oxyge-
nases, some of which will be discussed.

Mitochondria

The primary source of intracellular O~ generation is
free radical leakage from mitochondria during respira-
tion (oxidative phosphorylation). Although carefully
regulated, mitochondria are a major source of acci-
dental free radical formation. It is estimated that under
normal conditions about 5% of the oxygen consumed
is transformed into ROS. Recent data suggest that ROS
generated by mitochondria are utilized for signaling
purposes. During hypoxia as PO, is lowered, ROS
production is increased due to excessive mitochon-
drial reduction [27]. This can result from either
inhibition of adenine nucleotide translocase, reduced
activity of complex | or Il of the respiratory chain,
altered membrane fluidity, or due to calcium
overload [28]. Accordingly, increased mitochondrial
ROS production was reported for cultured endothelial
cells (ECs) exposed to hypoxia [29]. It is therefore
feasible that the excessive ROS generated during
hypoxia, which serves to activate hypoxia adaptive
genes [30], may leak from mitochondria, thereby

injuring surrounding cellular components. However,
this line of research was not explored so far in OSA.

ROS production by phagocytes

Phagocytes or leukocytes (neutrophils and mono-
cytes) are the first line of defence of the immune
system against invading pathogens. As such they
destroy their prey by manufacturing a battery of
reactive oxidizing agents. By utilizing NADPH oxidase,
the primary enzyme for O production, and addi-
tional enzymes as superoxide dismutase, myeloper-
oxidase and nitric oxide synthase, H,O,, hypochlorous
acid (HCIO) and NO® are generated, respectively [22].
In addition, these ROS molecules react with each other
non-enzymatically, and thus further augment ROS
production yielding toxic molecules as OH® and
OONO?®. Evidently, this arsenal of free radicals and
oxidants, produced by phagocytes to kill invading
pathogens, can also inflict damage to surrounding
tissues.

Exposure of leukocytes to hypoxia, cytokines and
other factors, leads to activation and thus to increased
production of ROS that have far reaching implications
to cardiovascular function. Thus far, two studies
reported on increased ROS production by OSA
leukocytes. Schulz et al. demonstrated increased
superoxide production by neutrophils obtained from
OSA patients after stimulation with the bacterial
tripeptide fMLP and the calcium ionophor A23.
Effective nCPAP therapy led to a rapid and long-lasting
decrease of O] release by these neutrophils [31].
A recent study from our laboratory also demonstrated
increased phorbol myristate acetate (PMA)-dependent
ROS production by monocytes and granulocytes from
OSA patients, expressing CD64 (receptors recogniz-
ing 1gG and participating in inflammation). Similarly,
ROS production was increased in PMA-elicited
monocytes and granulocytes bearing CDIlc recep-
tors (counter receptors for intracellular adhesion
molecule-| i.e. ICAM-I) [32]. More importantly, we
have also demonstrated increased ROS production by
OSA monocytes under basal conditions, which pro-
bably contributes to a constant increase in oxidative
metabolism and oxidative stress in these patients. Of
note, this basal ROS production was attenuated as
a result of effective nCPAP treatment. In this study,
we showed for the first time, that the exacerbated
leukocyte functions and increased oxidative stress
in OSA patients were correlated with increased
adhesiveness of monocytes to ECs. This increased
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adhesiveness, which constitutes one of the initial
steps in the atherogenic processeses, will be discussed
later.

ROS production by the vasculature

NADPH oxidase isoforms, similar to the enzyme
found in phagocytes, are present in a variety of non-
phagocytic cells as well. These generate O™ constitu-
tively at a lower rate for physiological purposes
[33, 34]. The NADPH oxidases expressed in vascular
cells and cardiac tissue bear a great significance to
cardiovascular function, as they were found to be
essential in the physiological responses of vascular cells
to growth, migration and modification of extracellular
matrix, [35]. A variety of stimuli induce increased O3~
production by NADPH oxidases of the vasculature.
These include growth factors, cytokines, angiotensin Il,
bradykinin, hormones, haemodynamic forces, and local
metabolic products. In the vasculature, both O~ and
its metabolite H,O, serve as second messengers to
activate multiple intracellular signalling pathways.
Redox-sensitive gene expression is most affected,
resulting in adhesion molecules expression, chemotac-
tic factors, antioxidant enzymes, and vasoactive sub-
stances. The growth of vascular smooth muscle cells
and cardiac myocytes is affected by NADPH oxidase-
derived O as well. Angiotensin Il, the principal
product of the renin—angiotensin system and a
potent vasoconstrictor, induces O~ production by
vascular cells, and stimulates a plethora of signalling
pathways leading to cell growth and contraction.
Moreover, it was implicated in the pathogenesis of
hypertension and atherosclerosis [35]. Of note,
angiotensin-converting enzyme (ACE) activity was
shown to be higher in OSA patients (ACE, its main
functions are to promote angiotensin Il synthesis from
angiotensin | and to degrade bradykinin) than in healthy
controls, thus possibly implicating angiotensin Il in
the pathogenesis of hypertension and CAD in OSA
[36]. Therefore, although there is no direct evidence
demonstrating increased ROS production via NADPH
oxidases of the vasculature in OSA patients, the close
association between OSA and hypertension makes it
an attractive hypothesis. It should be also noted that
hypoxia in vitro was found to induce a considerable
increase in NADPH-dependent O™ production by
pulmonary arteries and smooth muscle cells [37].
A progressive increase in blood pressure was noted
in a rat model of OSA employing recurrent episodic
hypoxia. This increase was mediated in part through
renal sympathetic nerve activity that acts to increase

renin—angiotensin system activity through angiotensin Il
type | receptors [38]. Moreover, blocking angio-
tensin |l type | receptors blunted the increase in
blood pressure response to episodic hypoxia. These
could potentially explain the hypertension associated
with OSA [39, 40]. Collectively, these data, possibly
implicate the involvement of NADPH oxidases of the
vasculature in the pathogenesis of CAD in OSA.

Hypoxia/reoxygenation injury (H/R)

Reperfusion-reoxygenation injury refers to the
damage that occurs as a result of restoration of the
blood circulation to an ischaemic or hypoxic tissue.
Although several mechanisms inflict this damage, it is
mainly attributed to free radical production during
reoxygenation [22, 23, 41]. Hypoxia and possibly
H/R induce complex metabolic and molecular changes.
These include: (I) changes in energy metabolism,
(2) alterations in gene expression, and (3) induction
of cell surface molecules. All are intercalated with
altered free radical flux, which affects NO bioavail-
ability as well.

Sleep apnoea is accompanied by profound episodes
of hypoxia, followed intermittently by a rapid
reoxygenation of the blood as depicted in Fig. . This
repeated ebb and flow in oxygen saturation could be
considered analogous to repeated reperfusion injury
as was eloquently put by Dean and Wilcox [19]. The
injury due to ROS production of this well documented
mechanism, especially during reperfusion following a
period of hypoxia, was studied extensively in stroke
and in certain surgical procedures, where it is clinically
relevant to the outcome of myocardial infarcts. ROS
were detected within minutes after restoration of the
circulation to the ischaemic heart [42, 43]. Exposure of
myocardium to ischaemia/reoxygenation resulted in
myocardial tissue dysfunction, which was attributed to
ROS. Exposure of myocardium to exogenous ROS
resulted in myocardial tissue dysfunction similar to that
elicited by ischaemia/reoxygenation. Hence, pretreat-
ment with free radical scavengers such as SOD and
catalase decreased formation of free radicals during
reperfusion and reduced infarct size [44, 45].
However, more recent studies demonstrated also
their participation in signalling pathways and commu-
nicating important information to the cell’s genome in
a carefully regulated manner. In fact, free radical
regulation of gene expression by O3 and other
related oxidants is beginning to unravel as a fundamen-
tal mechanism in health and disease. Its implications to
OSA will be discussed as well.
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A condensed record of arterial O, desaturation of an entire night in an OSA patient. Two levels of

intermittent hypoxia are clearly visible, moderate NONREM related desaturations (96-90%) on which profound
REM-related desaturations (96—60%) are superimposed. Note that the persistent intermittent hypoxia is in fact a

pattern of rapidly alternating hypoxia/reoxygenation.

Alterations in energy metabolism

In response to hypoxia the aerobic production of
adenosine triphosphate (ATP) is impaired and
degradation products as adenosine diphosphate
(ADP), adenosine monophosphate (AMP) hypoxan-
thine and uric acid accumulate, indicating energy
crisis. As a consequence, glycolysis is up-regulated.
Concomitantly, due to hypoxia, circulating xanthine
oxidase [46] and xanthine oxidase in ECs [47] are
activated by action of proteases and Ca®" which
convert the xanthine dehydrogenase to xanthine
oxidase. During the period of reoxygenation, the
newly activated xanthine oxidases utilize the hypox-
anthine and molecular oxygen to produce free radicals
and oxidants as O3, H,O; and uric acid. When H/R
ensues, transition metals such as Fe>" and Cu" are
released from the injured tissues. As a consequence,
ROS production is amplified, namely due to the potent
oxidant OH® [25]. A schematic representation of this
well established cascade of events is depicted in Fig. 2
(adapted from [41]).

Several independent studies that demonstrate
increased accumulation of ATP degradation products
in OSA patients are consistent with this mechanism.
Findley et al. [48] found a three-fold increase in
plasma adenosine levels of OSA patients with low O,
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Figure 2 A mechanism for tissue injury upon
reoxygenation of a hypoxic tissue. Modified from
McCord [41].

saturation as compared to OSA patients with normal
O, saturation. Effective nCPAP treatment and trache-
ostomy decreased plasma adenosine levels. Previous
studies that demonstrated increased plasma adenosine
in humans with episodic hypoxia and ischaemia sup-
port these findings [49, 50]. The significance of
adenosine to sleep apnoea was further emphasized
by its ability to depress respiration and induce apnoea
in animal models [51, 52]. Uric acid, a catabolic end-
product of ATP, was studied more extensively in OSA
patients. Hasday and Grum [53] have demonstrated
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increased urinary uric acid:creatinine (UA:CR) ratio,
which clearly indicates that ATP degradation was
increased due to hypoxaemia in OSA. Similarly,
McKeon et al. [54] and Braghiroli et al. [55] confirmed
these findings and further demonstrated that nCPAP
treatment lowered UA:CR ratio. More recently,
Sahebjani [56] confirmed these observations and
established that uric acid excretion in OSA patients
was significantly correlated with the apnoea—hypopnea
index. This index is highly correlated with the degree
of hypoxaemia. Furthermore, successful nCPAP treat-
ment normalized UA:CR ratio. This ratio was sugges-
ted as a simple test for diagnosis and follow-up of OSA
patients by this author [56]. In accord with this line of
evidence, several studies demonstrated increased
blood concentrations of 2,3, DPG, a glycolytic bypro-
duct which decreases the affinity of oxygen to haemo-
globin thus allowing a more effective oxygen delivery,
indicating that glycolysis was indeed accelerated in
OSA [54].

Collectively, these studies demonstrated that hyp-
oxaemia during sleep leads to ATP depletion followed
by an increase in purine catabolic products, namely
adenosine and uric acid. Since the production of uric
acid during reoxygenation is accompanied by free
radical production, these findings indirectly suggest
that increased oxidative stress does occur in OSA.
Hence, emphasizing the possibility that the disorder is
indeed one of H/R.

Alterations in gene expression

Itis now well established that hypoxia-dependent ROS
production is associated with a differential expression
of specific genes, resulting in physiological and some-
times pathological consequences. The origin of ROS
can be either from the main sources mentioned above,
i.e. mitochondrial, from leukocytes or endothelial cells,
or due to H/R. The expression of these genes relies on
activation of redox-sensitive signaling pathways and
transcription factors.

To date the most relevant redox activated tran-
scription factors to OSA include: hypoxia-inducible
factor-1 (HIF-1), nuclear factor kappa B (NFxB),
activator protein-1 (AP-1), early growth response-|
(EGR-1), nuclear factor-interleukin-6 (NF-IL6) and Sp-1.

HIF-1

HIF-1 is a master regulator of an array of genes that is
expressed in most, if not all, nucleated mammalian cells
in response to hypoxia. It activates transcription of
genes encoding proteins that mediate adaptive respon-
ses to reduced O, availability. These participate in

glucose and energy metabolism, angiogenesis, vascular
reactivity and remodeling, cell proliferation, and cell
survival. Thus far, more than 30 protein products of the
HIF-1 target genes were identified [57]. These include
vascular endothelial growth factor (VEGF) and its re-
ceptor FLT-1, o g-adrenergic receptor, endothelin-1,
haem oxygenase, TGF-B3, glycolytic enzymes such as
aldolase A, aldolase C, enolase-|, glyceraldehydes-3-
phosphate-dehydrogenase, hexokinases-l and 2 and
glucosetransporters | and 3—to compensate for energy
loss from respiration, erythropoietin, inducible nitric
oxide synthase, and many more [57, 58]. Although
intermittent hypoxia was found to up-regulate HIF-I
expression in PC-12 cells in culture, implicating ROS
activation in HIF-1 expression [59], no studies have
demonstrated directly the up-regulation of HIF-I in
OSA. There is, however, an increasing number of
reports demonstrating that some of the HIF-| activated
gene products are indeed increased in OSA. For
instance, recent studies have shown that sleep apnoea
patients had vastly elevated levels of serum VEGF, which
were correlated with the severity of the syndrome as
indexed by nocturnal hypoxia and apnoea—hypopnea
index [60—62]. Similarly, a study from our own labora-
tory demonstrated that the levels of plasma VEGF were
increased in OSA patients throughout the entire sleep-
ing period, although moderately, as compared to VEGF
concentrations in serum. Furthermore, VEGF concen-
trations were significantly higher in sleep apnoea
patients than in age-similar snorers or in young adult
healthy controls [63]. Thus, we showed that plasma
VEGF concentrations were only moderately related to
the severity of the syndrome as determined by AHI
index, emphasizing the inter-individual heterogeneity in
the hypoxicinduction of VEGF [64]. Amelioration of the
nocturnal hypoxia by nCPAP, significantly down-regu-
lated morning VEGF concentrations [63]. It should be
stressed that the relevance of VEGF values in serum was
questioned as they reflect ex-vivo release from plate-
lets and leukocytes [65, 66]. Therefore, although a
correlation between plasma and serum was found, the
absolute serum values vary considerably from 2—7-fold
as compared to plasma [66]. Therefore serum VEGF
values should be examined with great caution, as they
depict extremely high levels, on the verge of pathology.

BIOCHEMICAL/MOLECULAR
REVIEWS

Erythropoietin  EPO, the hormone that regulates red
blood cell mass, studied extensively in sleep apnoea
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syndrome. It is not conclusive whether it is increased
in OSA; some studies claim that no differences
were observed between OSA patients and controls
[54, 67, 68], while others demonstrated a minor [60], or
a substantial increase [69]. However, nCPAP treatment
was shown to decrease EPO levels [70], and subjecting
normal controls to normobaric hypoxia resulted in a
50% increase in EPO concentrations within 240 min of
initiation of hypoxia [71]. These inconsistent and often
conflicting results most likely reflect different levels of
hypoxaemia these patients experienced and the indi-
vidual variability in the response to the hypoxic stimu-
lus, as we have demonstrated for VEGF [63, 64].

Endothelin-I ET-1 is a potent vasoconstrictive and
mitogenic peptide with blood pressure-elevating
properties, produced by endothelial cells. The close
association between OSA and systemic hypertension
makes ET-1 an obvious candidate for investigation. In
1991 Ehlenz et al. [72] reported that renal secretion of
ET-1 was decreased in OSA patients treated with
nCPAP. Later on, several studies demonstrating
enhanced levels of circulating endothelin-1 in OSA,
andits decrease after nCPAP treatment, were reported
[73,74]. These studies were corroborated by findings in
chronic obstructive pulmonary disease (COPD)
patients and in a rat model of OSA utilizing inter-
mittent hypoxia [75—77]. In contrast to these studies,
onestudy reported that ET-1 levels were notelevated in
OSA [78]. As with EPO, such conflicting findings
probably reflect on one hand the actual levels of
hypoxaemia patients experienced, and on the
other the individual differences in the response to the
hypoxic stimulus mounting to patients’ char-acteristics
[79]. Other molecules, which support HIF-1 upregu-
lation in OSA, include possibly haem oxygenase-1 [80].

NFkB and AP-1

Both transcriptional factors are influenced by the
cellular redox state. They have been implicated in the
transcriptional regulation of a wide range of genes
involved in inflammatory responses. Activation of
NFkB is essential for the expression of a large
number of cytokines as TNF-o and IL-1, chemokines,
growth factors, and adhesion molecules, which are
critical mediators of inflammatory responses and
proliferative disorders of the vasculature including
atherosclerosis [58]. Here again, although there is no
direct evidence, which demonstrates NFkB- or AP-1
activation in OSA, several studies indirectly support
the notion, by demonstrating the upregulation of
several protein products of these genes. Some of

these gene products include cytokines as IL-6 and
TNF-o, [81-83] and adhesion molecules [32, 84-86].

Heat Shock Protein 70 family HSP70 is another set
of molecules that are affected by ischaemia/hypoxia-
reperfusion. At large, these proteins are synthesized in
response to various stresses and protect cells by
refolding of conformationally denatured proteins. The
transcription of the human HSP70 is regulated by a
complex array of redox sensitive transcription factors
including AP-1 and Sp-1 [87]. In OSA patients, basal
HSP-72 was increased at night-time as compared to
controls. Moreover, a progressive decrease in HSP72
concentration was noted during sleep in the absence of
nCPAP therapy [88]. We studied extensively morning
HSP72 levels in plasma and in monocytes of OSA
patients [89, 90]. In both, morning HSP72 levels were
increased by at least 3-fold. Values of a representative
experiment are summarized in Table I. In nCPAP-
treated OSA patients, HSP72 levels were similar to
controls.

Induction of cell surface molecules

In the normal state, ECs that line the inner surface of
blood vessels are essential for vascular homeostasis.
They provide a permeability barrier for the vascula-
ture, by maintaining a non-thrombotic surface, regu-
lating vessel tone and inhibiting smooth muscle cell
growth [91]. However, reperfusion—-reoxygenation
that follows the hypoxic period activates a variety of
cells including ECs, leukocytes, and lymphocytes, and
propagates inflammatory processes [92]. As these cells
become activated, (whether via H/R or directly due
to inflammatory cytokines as TNF-a, IL-1, IL-6 and
IFN-7y), they express adhesion molecules which in turn

Table |1 Soluble HSP72 determined in
plasma of OSA patients and controls
Controls OSA
N 19 40
Age 49.7 +8.7 448+ 10.4
BMI 264+3.9 299+54
RDI 73+19 31.4+21.1
HTN (%) 0 0
IHD (%) 0 0
sHSP72 (ng/ml) |.45+1.65* 4.35+3.99*

BMI — body mass index — Kg/m?, RDI — respiratory disturbance
index, HTN — hypertension, IHD — ischaemic heart disease,
sHSP72 — soluble Heat Shock Protein 72.

* P<0.0002 after adjustment for age and BMI.
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result in increased ECs/leukocyte interactions and
adherence to the vascular walls, initiating atherogenic
processes [92, 93].

These EC/leukocyte interactions are tightly regu-
lated in a sequential manner involving three independ-
ent stages; rolling, firm adhesion and transmigration
[93]. Rolling is characterized by slowing down the flow
of leukocytes in the blood stream, thus facilitating the
initial binding to the endothelium. The slowing down
of the leukocytes, which is mediated by selectins,
allows interactions with inflammatory mediators
released from ECs and, if leukocytes and ECs are
activated, they firmly adhere to each other via adhe-
sion molecules. The firm adhesion involves integrins
(mainly of the CDI8/CDI1) on leukocytes and the
counter receptors of the immunoglobulin superfamily —
intracellular adhesion molecules and vascular cell
adhesion molecules (ICAMs and VCAMs) on ECs.
The firm adhesion between leukocytes and ECs is
followed by migration of the leukocytes from post
capillary venules to the interstitium where they release
lytic enzymes and free radicals [93, 94].

From the several superfamilies of adhesion
molecules, which participate in these processes: the
selectins, the integrins, certain members of the
immunoglobulin super family and cadherins, | will
briefly describe the ones that we and others have
studied with regard to sleep apnoea.

The selectins are a family of lectin-like adhesion
glycoproteins that mediate rolling. The selectins are
designated as L, P and E — named according to the cells
in which they were originally discovered. L-selectin
(CD62L) is constitutively expressed on leukocytes and
binds to activated ECs. E-selectin (CD62E) is exclu-
sively produced by cytokine activated ECs and binds
to its counter-receptors on leukocytes. P-selectin
(CD62P) is stored within specific granules in both
platelets (a-granules) and ECs (Weibel Palade
bodies), and is expressed only after cytokine acti-
vation. Thus, E and P selectin (CD62E, CD62P) are
increased on the surface of activated endothelial cells.
Both E-selectin and P-selectin bind to counter recep-
tors on leukocytes — the L-selectins. All L-selectin
ligands identified so far share common features,
i.e. they are sialylated. These carbohydrates, the
sialylated Lewis X (sLe,-sCD15) and Lewis X (Le,-
CD15) on leukocytes, bind to the lectin domain on
ECs, hence, directly mediating cell—cell contact of
leukocyte/ECs. Upon activation, circulating leukocytes
down-regulate or shed L-selectin within seconds to
minutes to the plasma [95].

The f-integrines are heterodimeric proteins consist-
ing of distinct a-subunits that are subdivided according
to the B-subunit they possess. The leukocyte integrins
are represented by three heterodimeric molecules.
The o-subunits include CDIlla, CDIIb and CDIlc
and the B-subunit is CD18. Accordingly, designated
CDI1a/CDI8, CDIIb/CDI8, and CDI1c/CDI8. -
integrines mediate firm adhesion of leukocytes to ECs
by binding to ICAMs (members of the immunoglobulin
super family that are expressed by ECs) [93-95].

The immunoglobulin superfamily the most important
adhesion molecules serving as ligands for the integrins
during leukocyte/ECs interactions are the ICAMs.
ICAM-1 (also CD54) is strongly upregulated on ECs
upon activation by hypoxia or by inflammatory media-
tors as TNF-a. As mentioned earlier ICAM-1 serves as
a major endothelial ligand that mediates firm adhesion
of polymorphonuclears, monocytes and lymphocytes
via CDI11b/CDI8, CDII1c/CDI8 and CDI1a/CDI18,
accordingly [93-95].

Evidence for up-regulation of
adhesion molecules in OSA

We studied extensively the expression of adhesion
molecules in monocytes of OSA patients. Our data
demonstrated increased expression of CDI5 (the
counter-receptor for selectins on ECs) and CDlIc
(counter-receptor for ICAM-1 on ECs) in monocytes
of OSA patients. This implicates exaggerated rolling
and firm adhesion in the pathogenesis of vascular
complications in OSA. The finding that monocytes of
OSA patients adhered significantly more avidly to
unstimulated ECs in culture further emphasized the
functional significance of the increased expression of
these molecules. Furthermore, CDI5 upregulation
was directly associated to the amount of hypoxia
these patients experienced, as attested by RDI severity
dependence (in preparation) and by the increase in
CD 5 expression obtained after exposing monocytes
of control subjects to hypoxia in vitro [32]. More
importantly, nCPAP treatment proportionally reduced
the % of CD 15 and CD | c expression, decreased basal
ROS production of CD | | ¢ monocytes, and attenuated
monocyte/ECs interactions in culture. By pretreating
ECs with antibodies against E-selectin/P-selectin or
ICAM-1, we were able to show the relative participa-
tion of these molecules in monocytes/ECs interactions
in OSA and controls. This study clearly demonstrated
increased monocyte activation in OSA by depicting
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increased ROS production particularly at rest, which
correlated with the increased expression of the adhe-
sion molecules [32].

Increased expression of soluble adhesion molecules
was reported as well [84, 85]. In these studies the
authors demonstrated elevated circulating levels of the
adhesion molecules ICAM-I, VCAM-I, L-selectin and
E-selectin suggesting that the endothelium of these
patients was activated as well. More recently, expres-
sion of soluble adhesion molecules (ICAM-1, VCAM-1,
L-selectin E-selectin) was determined in coronary
artery diseased patients with and without OSA in
order to eliminate confounders as CAD and left
ventricular dysfunction. All but L-selectin were
increased in CAD patients with concomitant OSA in
proportion to those without. These authors con-
cluded that, in the setting of CAD, their findings
suggest that OSA modulates proinflammtory media-
tors [86]. Of note, it remains unclear whether the
circulating levels of adhesion molecules accurately
reflect the actual numbers of adhesion molecules
attached to the endothelium.

Nitric oxide

Another line of evidence, which supports damage and
dysfunction to ECs of OSA patients, is the diminution
in circulating NO levels. Indeed all the sources of
exacerbated ROS production in OSA mentioned thus
far invoke the possibility that NO availability may be
compromised.

Nitric oxide, the most potent vascular relaxing
factor and an intracellular signaling molecule, as well
as a free radical, is affected by hypoxia and H/R as well.
Nitric oxide is synthesized by a family of three
enzymes — nitric oxide synthases (NOS). Nitric oxide
of vascular endothelium is primarily catalyzed by eNOS
(NOS3), while the other two isoforms: the inducible
iINOS (NOS2) and neuronal nNOS (NOSI) may also
be present in the vasculature and contribute to NO
production [96, 97]. The NO generated by ECs
accounts for a large part of the vasodilatory effects
of these cells. Oxygen tension appears to be an
important factor in regulating gene expression of
both iINOS and eNOS (which is constitutively expres-
sed and negatively regulated by cytokines). Activation
of the INOS gene includes binding sites for the
transcription factors NFxB, AP-1, and HIF-I. This
gene is induced by hypoxia, as shown in many
in-vitro studies [58]. By contrast, the effects of hypoxia
on eNOS activity are less clear and vary in both
directions. In procaine aortic endothelial cells in

culture, it appeared to be up-regulated via expression
by redox sensitive AP-I mediated transcriptional
control [98]. On the other hand, a profound decrease
in the transcript for eNOS and a corresponding fall in
its protein levels were detected in human ECs exposed
to low oxygen tension [99]. In accordance, NO levels
were reported to increase with short-term ischaemia,
or hypoxia, and to decrease with chronic exposure
[100]. These inconsistencies most likely reflect differ-
ences in the nature of the hypoxic exposure as
manifested by duration and severity.

In OSA patients, morning circulating NO levels
were determined in plasma or serum, via measure-
ment of nitrite and nitrate, NO’s stable metabolic end-
products [101, 102]. In these studies it was presumed
that circulating nitrites/nitrates reflect NO of mainly
endothelial origin (eNOS), although other sources
for NO could not be excluded. In both studies NO
levels were significantly increased after nCPAP treat-
ment, supporting the hypothesis that the reduced
endothelium-dependent vasodilatation in OSA (see
later), at least partially, resulted from diminished NO
levels. Yet, NO serum values were higher by 50% as
compared to plasma values. We conducted a similar
study to determine NO values in plasma of OSA
patients. Our data confirm previous studies by demon-
strating diminished NO levels throughout the entire
night in severe OSA patients as compared to young
adults and age-similar snorers. Moreover, we showed
that both NO and arginine, the precursor of NO, were
increased after effective nCPAP treatment (in prepa-
ration). It should be stressed that decreased NO levels
also facilitate increased leukocyte binding to post-
ischaemic endothelium, consistent with the increased
expression of adhesion molecules [32, 92].

Since circulating levels of NO were measured, the
mechanisms that underlie this attenuation in OSA can
only be postulated. Possibly this reflects decreased
NO bioavailability due to oxidative stress induced
inactivation. However, direct effects on the enzymes
synthesizing NO cannot be excluded. It could also be
argued that hypoxaemia, which affects the appropriate
transcription factors, suppresses NOS transcription
or affects the stability of its mRNA. Decreased NO
synthesis could also result from a lack of oxygen, the
co-substrate for NOS or it can result from elevated
endogenous levels in NOS inhibitors as asymmetric
dimethyl arginine (AMDA), which were reported to
increase in OSA [103]. Another possible explanation
for the diminution of NO levels could be from a direct
effect on the substrate arginine, as we have recently
found. Although the absolute values of arginine
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concentrations in plasma were within the normal range
in OSA patients, they were increased by 16% after
nCPAP treatment, indicating that nCPAP treatment
increased substrate availability (in preparation). This
decrease in plasma arginine levels, taken together with
the increase observed in endogenous levels of NOS
inhibitor — AMDA [103], indicate that NOS activity is
compromised in OSA.

FREE RADICALS IN DISEASE
PROCESSES RELEVANT TO OSA

Endothelial dysfunction, which is the first step in the
development of atherosclerosis according to the
response-to-injury hypothesis, was initially implicated
with hypercholesterolaemia and increase in oxidized
LDL (Ox-LDL) [104]. However, endothelial dysfunc-
tion could result from many seemingly unrelated
pathological conditions such as increased plasma
homocysteine levels, hypertension and diabetes melli-
tus [104]. Thus, since oxidative stress is a fundamental
component in all these pathologies, they merit
special attention with regard to OSA. | will focus on
two; Ox-LDL and hyperhomocysteinaemia.

Oxidized LDL

A leading theory in the pathogenesis of atherosclerosis
suggests that LDL when modified by oxidation
(Ox-LDL) [105, 106] is a major cause of injury to
endothelial cells and underlying smooth muscle cells
[107-109]. A study by Wali et al. [I10] measured
whether LDL of hypoxic OSA patients was more
susceptible to oxidative stress in vitro than LDL of non-
hypoxic OSA and normal controls. They concluded
that there was no difference in the susceptibility to
oxidative stress in vitro between the three groups
studied. This methodology, however, does not attest
to the LDL oxidative potential in vivo due to increased
oxidative stress in OSA. By contrast, Saarelainen et al.
[I'11] found increased levels of autoantibodies against
Ox-LDL in OSA patients as compared to controls.
Since increased titre of autoantibodies against Ox-LDL
was found to be an independent predictor for the
progression of carotid atherosclerosis in humans
[112], this could indicate that atherosclerosis in OSA
is indeed exacerbated. In accordance, Barcelo et al.
[113] demonstrated significantly higher susceptibility
of LDL to oxidation in OSA patients. They assessed the
oxidative potential of plasma derived from patients and

controls by the thiobarbituric acid assay and concluded
that OSA was associated with abnormal lipid perox-
idation, which was improved by nCPAP treatment.
These results further support the existence of exa-
cerbated oxidative stress in OSA.

Hyperhomocysteinaemia

In recent years, mildly elevated homocysteine (Hcy)
concentration in plasma has emerged as an independ-
ent risk factor for the development and progression of
CAD. |Initially, homocysteine was described by
McCully over 30 years ago in infants with inborn
errors of metabolism as an atherogenic compound that
accelerates atherosclerosis [|14]. Many clinical and
epidemiological studies since confirmed this observa-
tion that mild elevation in total plasma Hcy confers an
increased risk for peripheral arterial occlusive disease,
coronary artery disease, and cerebrovascular disease
similar to other conventional risk factors such as
hyperlipidaemia or smoking [| 15]. Moreover, a meta-
analysis of 27 studies showed a graded risk for
atherosclerosis such that an increment of 5 pmol/l in
Hcy, elevated cardiovascular risk by as much as 60% in
men and 80% in women [I16]. Importantly, a clear
correlation was shown between mortality and
increased Hcy levels in patients with angiogra-
phically confirmed coronary artery disease [I17].
Experimentally, diet-induced moderate hyperhomo-
cysteinaemia was found to be associated with altered
vascular function and impaired flow-mediated endo-
thelium NO in monkeys and humans [I18, [19].
Similarly, hyperhomocysteinaemia induced experimen-
tally with methionine loading (the precursor for Hcy)
in healthy subjects resulted in endothelial dysfunction
[120]. This could be prevented by pretreatment with
the antioxidant vitamin C [I21]. In should be noted
that dietary supplementation with folic acid and vita-
min Bl2 and Bé (the vitamins and co-factors partici-
pating in methionine-Hcy metabolism) lowered plasma
Hcy levels, and thus could possibly modify the risk for
atherosclerosis [122]. Cumulative data in vivo and
in vitro clearly demonstrate that Hcy affects multiple
vascular functions such as promoting a prothrombotic
phenotype of the endothelium by increasing platelet
aggregation and activation, and stimulating vascular
smooth muscle cell proliferation [123]. Currently, the
leading mechanisms proposed for the adverse effects
of Hcy on endothelial function implicate oxidative
stress and depletion in NO bioavaliability [123]. Hcy,
like other thiol-containing amino acids, undergoes
auto-oxidation, forming in the process O and
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H,O, [124]. The ability of O to inactivate the
vasodilator NO and form peroxynitrite, results in
decreased NO bioavaliability [123]. Hence, the most
convincing data that oxidative stress and subsequent
loss of bioactive NO contribute to endothelial dys-
function in mild hyperhomocysteinaemia are provided
by a study, which utilizes a hyperhomocysteinaemic
mouse model [125].

The increased prevalence of hyperhomocysteinae-
mia, as an independent risk factor in cardiovascular
morbidity and mortality on one hand and the mechan-
istic link between hyperhomocysteinaemia and
increased oxidative stress and endothelial dysfunction
on the other, led us to investigate plasma homocys-
teine levels in OSA male patients [126]. We studied a
total of 345 subjects. The 237 OSA patients were
subdivided into 3 groups; OSA without co-morbidities,
hypertensive-OSA and OSA with ischaemic heart
disease (IHD). The 108 controls consisted of 2 groups,
controls without co-morbidities and patients suffering
from IHD without OSA. We showed that OSA
patients with IHD had significantly higher Hcy levels
than all other groups including the non-OSA with
IHD. Hypertensive OSA patients had comparable Hcy
levels to IHD patients without OSA, while OSA
patients without co-morbidities had comparable
levels to normal controls. Also no differences in
conventional risk factors or in B|,, B, or folate levels
were found between groups. The fact that patients
suffering from both IHD and OSA had exceptionally
elevated Hcy levels raises the possibility that increased
oxidative stress and endothelial dysfunction ensue in
this group.

EVIDENCE FOR FUNCTIONAL
ENDOTHELIAL DYSFUNCTION IN
SLEEP APNEA

The accumulated data presented, thus far, lead to the
conclusion that the nightly increase in oxidative stress
should result in a state of functional endothelial
dysfunction in OSA patients. The term endothelial
dysfunction in this context is used to refer to an
impairment of endothelium-dependent vasorelaxation
caused by a loss of NO bioactivity in the vessel wall.
Several human studies have shown that traditional risk
factors for atherosclerosis such as hypertension,
hypercholesterolaemia, congestive heart failure, and
diabetes mellitus predispose to functional endothelial

dysfunction [91, 104]. Furthermore, impaired endo-
thelium-dependent vasodilatation is thought to have
prognostic implications in that it predicts future
atherosclerotic processes. The most commonly
employed test for discerning endothelial function is
the response of the brachial artery to flow-mediated
vasodilation. The ability of the brachial artery to dilate
in response to reactive hyperaemia is often used as an
index of endothelial cell integrity. Depressed brachial
artery flow-mediated vasodilation is considered to be
secondary to failure of shear stress-induced NO
release [127]. Thus, endothelial dysfunction is consid-
ered to be a sub-clinical indicator of myocardial or
vascular dysfunction before the emergence of clinical
signs of overt cardiovascular disease [128].

There is evidence that sleep apnoea patients, who
are free of any overt cardiovascular morbidity, actually
suffer from endothelial dysfunction. Carlson et al. [17]
reported that endothelial function in forearm resist-
ance vessels was impaired in OSA patients in compari-
son with healthy subjects. Kato et al. [129] reported
that patients with sleep apnoea had a blunted vasodila-
tion response in the forearm to acetylcholine, a
vasodilator that stimulates endothelial NO release,
in comparison with carefully matched obese subjects
free of breathing disorders in sleep. In contrast,
OSA patients responded as non-apnoeics to sodium
nitroprusside, which is an exogenous NO donor.
Kraiczi et al. [130] reported on a significant associa-
tion between sleep apnoea severity and reduced
endothelium-dependent dilatory capacity of the
brachial artery. It can be therefore concluded that
the increased oxidative stress in sleep apnoea patients
without any overt cardiovascular disease results in a
sub-clinical condition of atherosclerosis, which may
predispose sleep apnoea patients to cardiovascular
morbidity.

PROPOSED CHAIN OF EVENTS

Figure 3 provides a schematic summary of the pro-
posed sequence of events starting from episodic
hypoxia in OSA and ending with endothelial dysfuction,
which may eventually lead to CAD morbidity. The
mechanisms proposed are based on the data accumu-
lated in the field of ischaemia/reperfusion and oxidative
stress in disease states and the results specifically
pertained to sleep apnoea syndrome.

It is postulated that the episodic hypoxia in OSA
leads to increased production of O~ and other ROS
molecules via several enzymic pathways. Activation of
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Figure 3 A schematic summary of the proposed sequence of events in OSA starting from episodic hypoxia

and ending with endothelial dysfunction.

circulating and cellular xanthine oxidases and mem-
brane bound NADPH oxidases from endothelial and
leukocyte origin can lead to increase in oxidative
stress. Increased free radical flux from dysfunctional
mitochondria and increased concentrations of
small molecules as homocysteine and glucose, which
undergo auto-oxidation, can further contribute to
increase ROS production. Activation of xanthine
oxidases in OSA is indirectly supported by altered
energy metabolism during H/R, depicted by increase in
ATP degradation products, which are usually accom-
panied by increased ROS production (Fig. 2).
However, direct evidence for increased oxidative
stress in OSA stems from two studies that demon-
strated NADPH-dependent increased ROS produc-
tion by neutrophils and monocytes. Increase in ROS
production is likely to activate redox-sensitive
transcription factors as HIF-I, NFxB and AP-I.
Upregulation of some of their gene products in OSA
strongly supports this assumption. Thus, VEGF, ET-|
and erythropoietin upregulation supports HIF-1 par-
ticipation, while upregulation of AP-1 and NF«B was
implicated by increased production/release of systemic
mediators as TNF-a and IL-6, which were shown to
increase in OSA patients. Such inflammatory media-
tors elicit activation in a variety of cells including
leukocytes, lymphocytes, and endothelial cells.
Activation of monocytes and granulocytes was evident
by the increased expression in adhesion molecules as

CDI5 and CDI Ic and by the increased ROS produc-
tion. Endothelial cell activation was suggested by the
increased expression of soluble adhesion molecules as
selectins, ICAM-1 and VCAM-| (adhesion molecules
expression can also be upregulated directly via acti-
vation of NFkB and AP-1). Consequently, this
increased expression of adhesion molecules contrib-
uted to increased adhesiveness between leukocytes
and endothelial cells leading to endothelial dysfunction
and injury. Concomitantly, due to the intermittent
hypoxia NO bioavailability was compromised, either
because of decreased eNOS activity or/and via inacti-
vation by ROS. This affects endothelial cell function
and further facilitates increased leukocyte/ECs adhe-
sion. Moreover, endothelial dysfunction could have
also resulted from direct injury due to exacerbated
ROS production (ECs are sensitive to H,O,) or via
oxidized plasma lipids. Once started, a vicious cycle of
an increased state of endothelial dysfunction, which
leads to a further decrease in NO levels, in turn
augments ECs/leukocyte interactions and endothelial
dysfunction is exaggerated. ’

SUMMARY

Oxidative stress is a common denominator in all
the processes, which eventually lead to endothelial
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dysfunction. Whether from a direct injury due to
excessive ROS production, or from decreased NO
bioavaliability, increased adhesiveness of leukocytes,
increased homocysteine concentrations, or via
increase in oxidized LDL and foam cell formation. All
these may eventually lead to increased CAD morbidity
in OSA.

Research Agenda

Future research in OSA should focus on

|. Mitochondrial dysfunction.

2. Control of transcription factors activation.

3. Activation of NADPH oxidases of endothelial
cells.

4. Elaborating the interactions between leukocytes
and endothelial cells.

5. Investigating the mechanisms of nitric oxide

diminution.
6. Effects of antioxidants on cardiovascular
morbidity.
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GLOSSARY OF TERMS

AP-I: activator protein-1; CAD: cardiovascular
diseases; ECs: endothelial cells; EPO: erythropoietin;
ET-1: endothelin-1; H/R: hypoxia/reperfusion or
hypoxia/reoxygenation; H,O,: hydrogen peroxide;
Hcy: homocysteine; HIF-1: hypoxia inducible factor-1;
HSP70: heat shock protein 70; ICAM-I: intracellular
adhesion molecule-1; NFxB: nuclear factor kappa B;
NO: nitric oxide; NOS: nitric oxide synthase; O3 :
superoxide anions; OH®: hydroxyl radical; OONO®:
peroxynitrite; OSA: obstructive sleep apnoea
syndrome; Ox-LDL: oxidized LDL; PMA: phorbol
myristate acetate; ROS: reactive oxygen species;
VCAM-I: vascular cell adhesion molecule -1; VEGF:
vascular endothelial growth factor.
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