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Molecular mechanisms of cardiovascular

disease in OSAHS: the oxidative stress link
L. Lavie and P. Lavie

ABSTRACT: Obstructive sleep apnoea/hypopnoea syndrome (OSAHS) is a highly prevalent

breathing disorder in sleep that is an independent risk factor for cardiovascular morbidity and

mortality. A large body of evidence, including clinical studies and cell culture and animal models

utilising intermittent hypoxia, delineates the central role of oxidative stress in OSAHS as well as in

conditions and comorbidities that aggregate with it. Intermittent hypoxia, the hallmark of OSAHS,

is implicated in promoting the formation of reactive oxygen species (ROS) and inducing oxidative

stress. The ramifications of increased ROS formation are pivotal. ROS can damage biomolecules,

alter cellular functions and function as signalling molecules in physiological as well as in

pathophysiological conditions. Consequently, they promote inflammation, endothelial

dysfunction and cardiovascular morbidity. Oxidative stress is also a crucial component in

obesity, sympathetic activation and metabolic disorders such as hypertension, dyslipidaemia and

type 2 diabetes/insulin resistance, which aggregate with OSAHS. These conditions and

comorbidities could result directly from the oxidative stress that is characteristic of OSAHS or

could develop independently. Hence, oxidative stress represents the common underlying link in

OSAHS and the conditions and comorbidities that aggregate with it.

KEYWORDS: Cardiovascular morbidity, inflammation, metabolic dysregulation, obesity, obstruc-

tive sleep apnoea/hypopnoea, oxidative stress

I
n recent years, obstructive sleep apnoea/
hypopnoea syndrome (OSAHS) has become a
major public health problem, as predicted by

PHILLIPSON [1] some 15 yrs ago in an editorial
accompanying the seminal paper by YOUNG et al. [2]
on the prevalence of symptomatic sleep apnoea in
the general population. The close association
between OSAHS and cardiovascular morbidity
has been a crucial factor in the process of making
OSAHS a public health problem. Since the early
days, when OSAHS patients were diagnosed in
sleep laboratories, it has become evident that a
substantial number exhibit cardiovascular risk
factors and overt cardiovascular diseases [3–5].
These initial observations, relying mostly on case
series of patients studied in sleep clinics and cross-
sectional studies, have been confirmed and

expanded in recent years by well designed
large-scale epidemiological, treatment and pro-
spective studies, and by animal models of OSAHS.
These demonstrated close association between
OSAHS and hypertension, ischaemic heart dis-
ease, strokes, arrhythmias, chronic heart failure
and cardiovascular mortality. Extensive reviews
on cardiovascular morbidity and mortality in
OSAHS and the association of OSAHS with
components of the metabolic syndrome have been
recently published [6–8]. Moreover, patients with
OSAHS without overt cardiovascular diseases
show subclinical signs of atherosclerosis that are
related both to the structure of the vasculature,
such as increased intima-media thickness, arterial
plaque formation and calcified artery atheromas
[9–12], and to its function, such as endothelial
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dysfunction and higher pulse wave velocity [13–16]. Some of
these subclinical conditions were improved by treatments with
nasal continuous positive airway pressure (nCPAP) or a dental
device [17–19]. Thus, today, there is a better understanding of
the pathophysiology of cardiovascular diseases in OSAHS and
of its natural evolution.

In the present review we will examine the role of oxidative
stress in initiating cardiovascular consequences in OSAHS. We
will argue that oxidative stress is not only a characteristic of
OSAHS but is also an important component in the associated
conditions and comorbidities that aggregate with it, such as
sympathetic activation, obesity, hypertension, hyperlipidaemia
and diabetes mellitus, of which some may precede the
appearance of OSAHS, or develop independently. A discus-
sion is dedicated to the potential synergistic effects of oxidative
stress associated with these conditions and comorbidities and
with sleep apnoea itself, which may greatly enhance the impact
of oxidative stress and the resultant inflammatory/immune
cell activation on the cardiovascular system. Wherever
relevant, animal models treated with intermittent hypoxia
(IH) mimicking OSAHS will be described to reinforce detailed
mechanisms that cannot be directly investigated in OSAHS
patients. A simplified scheme of the central role of oxidative
stress in OSAHS and the associated risk factors leading to
cardiovascular morbidity is illustrated in figure 1.

PATHOPHYSIOLOGY OF CARDIOVASCULAR
MORBIDITY IN OSAHS
The pathophysiological mechanisms of cardiovascular morbid-
ity in OSAHS are complex and involve neural, humoral,

mechanical and haemodynamic components that may be
modified by genetic makeup, nutrition and lifestyle-related
variables [20, 21]. OSAHS is associated with elevated sympa-
thetic discharge during sleep and waking that has been linked
with increased systemic blood pressure and could be amelio-
rated by nCPAP treatment [22–25]. Moreover, there is evidence
that the sympathetic responses to hypoxic chemoreflex stimula-
tion are enhanced in OSAHS [26], which could be mimicked by
exposing healthy subjects to IH [27]. Also, OSAHS patients have
impaired glucose tolerance, leptin resistance and increased
incidence of the metabolic syndrome [28]. Higher fasting blood
glucose levels in OSAHS increased the risk of diabetes mellitus.
Mechanical and haemodynamic changes, which arise from the
repeated negative intrathoracic pressure swings occurring
because of the upper airway obstructions, result in altering
stroke volume and cardiac output [29]. Treatment with nCPAP
was reported to decrease blood pressure, improve insulin
sensitivity and decrease left ventricular wall thickness in
OSAHS patients [30]. Recent studies have shown that OSAHS,
as well as an animal model of chronic IH, is also associated with
hypercholesterolaemia independent of adiposity [31].
Treatment with nCPAP decreased total and low-density
lipoprotein (LDL) cholesterol without any change in body
weight. Accumulated data from our laboratory and others have
shown, however, that OSAHS is also strongly associated with
oxidative stress, which, as will be demonstrated later in this
review, is a major component in the chain of events leading to
atherogenesis and cardiovascular morbidity. In the following
sections we will review the evidence supporting the involve-
ment of oxidative stress in OSAHS as well as in conditions and
comorbidities that aggregate with it.

REACTIVE OXYGEN SPECIES AND OXIDATIVE STRESS
IN HEALTH AND DISEASE

Reactive oxygen species: seminal discoveries and sources
Reactive oxygen species (ROS) or reactive nitrogen species (RNS)
are atoms or moleculespossessing one or more unpaired electrons
in the outer orbit and, therefore, are prone to react chemically [32].
The predominant ROS molecule is the superoxide radical (O2

?-),
which is generated by univalent reduction of molecular oxygen,
mainly during mitochondrial respiration but also by several
enzymatic systems, such as xanthine oxidase, ‘‘uncoupled’’
endothelial nitric oxide synthase (eNOS) and reduced nicotina-
mide adenine dinucleotide phosphate (NADPH) oxidase from
primed leukocytes and endothelial cells [33, 34]. The superoxide is
a relatively weak radical, but reacting with other molecules can
yield additional more potent ROS molecules and oxidants as
hydrogen peroxide (H2O2), hydroxyl radical (OH?) and lipid
peroxides. Additional toxic radicals, such as peroxynitrite
(OONO-), which is formed by the reaction of superoxide with
the primary vasodilator nitric oxide (NO), also contribute to
oxidative/nitrosative stress. This reaction results in diminished
NO availability and severely affects endothelial function [35].

While ROS are produced in normal aerobic metabolism, in
order to keep oxidation–reduction under tight control, anti-
oxidant defence systems have evolved to help maintain the
tightly regulated balance termed oxidative homeostasis [32].
Upon disruption of this balance, oxidative stress ensues. Thus,
oxidative stress results in an imbalance between oxidant-
producing systems and antioxidant defence mechanisms,
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FIGURE 1. A schematic illustration suggestive of the central role played by

oxidative stress and inflammation in obstructive sleep apnoea/hypopnoea

syndrome (OSAHS) and the development of associated conditions and comorbid-

ities. Associated conditions and comorbidities can be induced by oxidative stress

or develop independently. Once these conditions and comorbidities develop,

regardless of the initiating factors, they elicit a series of intricate interactions with

various transduction pathways, promoting oxidative stress and inflammation. The

enhanced oxidative stress exacerbates inflammation, which in turn further

exacerbates oxidative stress, generating a vicious cycle, eventually leading to

cardiovascular morbidity. SA: sympathetic activation; HTN: hypertension; DM: type

2 diabetes.
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resulting in excessive formation of ROS. This excess ROS/RNS
can damage cellular components and various biomolecules,
such as lipids, proteins, DNA and carbohydrates, and thus
alter their biological functions.

The first to suggest that superoxide radicals were involved in
pathologies such as atherosclerosis and cancer as well as
ageing was HARMAN [36, 37]. However, three major discoveries
later established the roles of superoxide radicals in the biology
and pathophysiology of medicine. In 1969, MCCORD and
FRIDOVICH [38, 39] discovered the superoxide dismutase
(SOD) enzyme, which catalyses the dismutation of the super-
oxide radical to H2O2 and molecular oxygen. This discovery
had far-reaching implications, since it indicated that the
superoxide radical was indeed produced in the physiological
setting, as suggested over a decade earlier by HARMAN. The
second discovery, by BABIOR et al. in 1973 [40], established the
importance of the superoxide radical that is released by blood
leukocytes as a protective mechanism against invading
microorganisms, later shown to be the product of activated
NADPH oxidase [41]. The third and most relevant discovery to
OSAHS was that by GRANGER et al. [42], which established the
involvement of superoxide radicals in ischaemia/reperfusion
injury. Specifically, the relevance of ischaemia/reperfusion
injury was shown in conditions such as ischaemic heart
disease, stroke, surgery and organ transplantation. The main
sources of ROS for these pathologies were identified as
xanthine oxidase [43], inflammatory cells and damaged
mitochondria [44]. Since then, more than 80 pathologies have
been associated with ROS and oxidative stress, including all
inflammatory diseases (such as arthritis, glomerulonephritis
and adult respiratory distress syndrome), cancer, ischaemic
heart diseases and stroke, diabetes, hypertension, atherosclero-
sis and neurodegenerative diseases (such as Alzheimer’s and
Parkinson’s diseases) [45] and, more recently, OSAHS. The fact
that a great number of diverse pathologies share such a
common feature (overproduction of ROS) is likely to result
from altered oxidative metabolism of injured cells, activated
inflammatory cells or altered oxygen supply. However, a
fundamental question arises: are ROS the cause or a
consequence in each of these conditions? Apparently in many
of the diseases this is an unresolved issue. However, we will
confine the current discussion primarily to OSAHS.

ROS as signalling molecules
Although for many years ROS were considered merely as toxic
and unavoidable by-products of normal respiratory oxidative
metabolism, in the last decade they were consistently
described as regulators of signal transduction and as second
messengers in many signalling pathways in all cells [46]. Since
ROS are abundant molecules that react with many molecules
and atoms, their specificity, which is a prerequisite for
signalling, was questioned [47]. However, their importance
in the maintenance of strict cellular redox homeostasis is now
well established [32, 47]. The evidence that implicates ROS in
the activation of a plethora of signalling pathways is rising. To
date, pathways involved in initiation of inflammatory
responses, ultimately leading to atherosclerosis, were
described in an array of pathologies, such as hypertension,
hyperlipidaemia, diabetes mellitus and obesity [48].
Specifically, ROS were implicated in mitogen-activated protein

kinase (MAPK) pathways, which induce activation of various
nuclear transcription factors, such as nuclear factor (NF)-kB,
activator protein (AP)-1, hypoxia-inducible factor (HIF)-1a,
sterol regulatory element binding proteins (SREBPs) and
GATA-4 [32, 49, 50]. NF-kB is of particular significance to the
pathology of OSAHS since it initiates inflammatory pathways
and orchestrates the production of adhesion molecules,
inflammatory cytokines and adipokines. Moreover, NF-kB
participates in obesity and the metabolic syndrome and,
similarly to OSAHS, it induces inflammatory and athero-
sclerotic consequences. However, these mechanisms are not
yet fully elucidated [51]. HIF-1a is another transcription factor
with potentially important implications to the pathology of
OSAHS and in the augmentation of sympathetic nerve activity
[52, 53], and associated comorbidities such as hypertension [54,
55] and hyperlipidaemia [56], arising from IH. Additional
transcription factors that are redox sensitive and could
possibly be implicated in OSAHS pathology include NF-
interleukin (IL)-6, early growth response-1, specificity
protein-1 and NF-(erythroid-derived 2)-related factor (Nrf)2-
antioxidant responsive element (ARE), which regulates anti-
oxidant genes. Additional findings on transcription factors in
OSAHS are described in following sections of this review.

Evidence for oxidative stress in OSAHS and IH models
The evidence implicating oxidative stress as a fundamental
component of OSAHS pathophysiology has been consistently
rising in the last decade. It was shown in cells [57, 58], plasma
[59–61], urine [62] and exhaled air [63], and could be
moderated by various treatments, such as nCPAP or dental
device [19, 59, 60, 63]. The chain of events that promotes
oxidative stress is most likely initiated by repeated breathing
cessation, accompanied by drastic changes in oxygen tension,
and is considered analogous to hypoxia and reoxygenation
injury [33, 43, 64, 65]. This process of hypoxia/reoxygenation
affects cells and cellular components, resulting in increased
ROS production. One of the most prominent features of
hypoxia/reoxygenation is mitochondrial dysfunction, which
induces increased production of ROS, particularly through
complex I of the respiratory chain [33, 66]. Leukocytes are
affected as well and thus largely contribute to increased ROS
production in OSAHS patients via the NADPH oxidase system,
while treatment with nCPAP attenuates ROS production [57,
58, 67]. Xanthine oxidase is another enzyme affected by
OSAHS [33, 68]. Additional ROS sources in OSAHS include
endothelial cells and uncoupled eNOS [69]. Accordingly,
oxidation of various macromolecules further attests to
enhanced oxidative stress in OSAHS. Of these, lipids are the
most prone to oxidation. Increased lipid peroxidation in
OSAHS that was attenuated by the use of nCPAP was
demonstrated in several studies [59, 60, 70]. Moreover, the
reported increased lipid peroxidation was specifically found to
be apnoea/hypopnoea index (AHI; the number of apnoeas plus
hypopnoeas divided by hours of sleep)-severity dependent.
Also, it was less affected by comorbidities such as hyperten-
sion and cardiovascular diseases, or by age and body mass
index (BMI) [59]. The fact that lipid peroxidation, which is a
surrogate marker of atherosclerosis and cardiovascular mor-
bidity, was found to be AHI-severity dependent emphasises
the possible involvement of ROS in amplifying atherosclerotic
processes in patients with OSAHS. Notably, a single night of
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treatment with nCPAP was sufficient to attenuate lipid
peroxidation (L. Lavie, A. Vishnevsky and P. Lavie, Technion
Institute of Technology, Haifa, Israel; personal communica-
tion). In addition, DNA oxidation was increased in patients
with OSAHS [62]. Similarly, oxidation of proteins, nucleic
acids and lipids were shown in several studies using animal
models exposed to chronic IH [71, 72]. Furthermore, in rats
exposed to chronic IH, lipid peroxidation was increased while
antioxidant activity was decreased. These findings were
correlated with blood pressure and left ventricular myocardial
dysfunction [73].

Disruption of the tightly regulated cellular oxidation–reduction
(redox) state, maintained between oxidant-producing systems
and antioxidant defence mechanisms, could also be affected by
decreased antioxidant capacities. As noted earlier, in patients
with OSAHS this balance was shown to be perturbed by excess
ROS formation. Thus, decreased antioxidant capacity was also
shown to contribute to oxidative stress [61, 74]. Additionally,
the antioxidant enzyme paraoxonase-1, which is located
exclusively on high-density lipoprotein (HDL) and protects
both LDL and HDL from oxidative modification, was shown to
decrease in patients with OSAHS. Moreover, the decreased
paraoxonase-1 activity was more pronounced in patients who
already had cardiovascular comorbidities [59]. Paraoxonase-1
activity was also significantly negatively correlated with AHI
but not with BMI or age (L. Lavie, A. Vishnevsky and P. Lavie;
personal communication). In the clinical setting, paraoxonase-1
activity was shown to decrease in patients with acute
myocardial infarction, hypercholesterolaemia, diabetes mellitus
and hyperleptinaemia [75, 76]. This is in agreement with the
observation that HDL of OSAHS patients was shown to be
dysfunctional [77].

The impact of oxidative stress on endothelial dysfunction is a
likely possibility due to the decline in NO bioavailability noted
in the circulation of patients with OSAHS [78–80], as discussed
previously [33, 65, 81]. A recent study conducted on freshly
harvested venous endothelial cells from patients with OSAHS
provided the first direct evidence at the cellular and molecular
levels on the significance of oxidative stress to endothelial cell
function [69]. In that study, the eNOS and its phosphorylated
active form were attenuated in patients with OSAHS, whereas
the oxidative stress marker nitrotyrosine, which is indicative of
NO inactivation by oxidative stress, was elevated. Treatment
with nCPAP reversed these values and improved endothelial
function as determined by flow-mediated dilation [69].
Furthermore, data have demonstrated that treating OSAHS
patients with allopurinol, a xanthine oxidase inhibitor, or the
antioxidant vitamin C improved endothelial function [68, 82].
Additionally, the potential importance of antioxidant treat-
ment for attenuating oxidative stress and inflammation
resulting from chronic IH is exemplified in a recent animal
model treated orally with antioxidant green tea polyphenols
(GTP) [83]. While IH induced cognitive decline, increased
brain lipid peroxidation via NADPH oxidase activation, and
elevated the levels of the inflammatory prostaglandin E2,
treatment with GTP improved these measures [83].

Taken together, the wealth of data accumulated thus far, in
OSAHS and in animal models treated with IH, clearly attests to
the presence of oxidative stress. This was shown by increased

production of ROS, decreased antioxidant capacity, dimin-
ished NO bioavailability and reversal by treatment with
antioxidants, nCPAP or dental device.

Activation of transcription factors in OSAHS and in animal
models of IH
NF-kB and AP-1
Activation of inflammatory pathways by upregulation of NF-
kB was demonstrated in neutrophils and monocytes of patients
with OSAHS [84–86], and in an in vitro model of HeLa cells
treated with IH [87]. Consequently, upregulation of adhesion
molecules and inflammatory cytokines and adipocytokines,
the gene products of NF-kB, were also noted, further
supporting activation of NF-kB in OSAHS [57, 67, 88, 89], as
well as in associated conditions and comorbidities [90].
Upregulated activity of AP-1 and tyrosine hydroxylase
mRNA, which is an AP-1-regulated downstream gene, was
demonstrated in tissue culture in PC12 cells exposed to IH [91].
Since AP-1 upregulation, similarly to NF-kB, involves upre-
gulated expression of adhesion molecules and inflammatory
cytokines, the involvement of AP-1 is also implicated in the
pathogenesis of OSAHS [33, 81]. Interestingly, IH in vitro was
shown to activate the NF-kB in an IkB kinase-dependent
manner via activation of p38 MAPK [92]. Thus, the data on the
involvement of inflammation in OSAHS are well established,
but the pathways of activation need to be elucidated.

HIF-1a
Induction of the master regulator HIF-1a, which is essential for
oxygen homeostasis and adaptive response to hypoxia, was
documented primarily in several experimental models of IH in
tissue culture, and in rodents exposed to chronic IH [93]. By
delineating the transduction signals that activate HIF-1a under
IH conditions, it was shown that IH in PC12 cells induced HIF-
1a transcriptional activity via a novel signalling pathway involv-
ing Ca2+/calmodulin-dependent kinase [94]. In yet another
study conducted on endothelial cells in vitro, four cycles of
repeated hypoxia/reoxygenation induced a modification in
HIF-1a phosphorylation patterns via p42/p44 activation [95]. By
contrast, RYAN et al. [92] did not find increased HIF-1a activation
in bovine aortic cells exposed to IH in vitro. Such contradictory
findings may result from different cell types or from the
different IH patterns employed. In animal models exposed to
chronic IH, HIF-1a was implicated in hypertension [54, 55] and
in components of the metabolic syndrome [56]. In wild-type
mice treated with chronic IH, hypercholesterolaemia and
hypertriglyceridaemia were evident after 5 days of treatment,
whereas, in mice with partial deficiency for HIF-1a, the
development of hypertriglyceridaemia was inhibited [56].
Thus far, HIF-1a activation has not directly been demonstrated
in patients with OSAHS. However, upregulation of some of its
gene products, including erythropoietin, vascular endothelial
growth factor and heat shock proteins, supports this notion
[33, 96, 97], although erythropoietin was not reported by all [87].
Combined with the data from animal studies described above,
the role of HIF-1a in OSAHS pathophysiology is waiting to
be unveiled.

SREBPs
The SREBPs are another group of transcription factors with
possible implications in the pathology of OSAHS. The SREBPs
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that activate genes regulating lipid metabolism [98, 99] were
shown to be upregulated in experimental models of IH
[100, 101]. Furthermore, SREBPs were also shown to be affected
by redox imbalance and oxidative stress [102, 103]. To date, all
studies describing the possible involvement of SREBPs in
OSAHS were derived from rodents exposed to chronic IH. In
this model, the development of atherosclerosis was demon-
strated in response to chronic IH and both lipid peroxidation
and atherosclerosis were dependent on the severity of the
chronic IH [104]. Interestingly, although the hyperlipidaemia
observed was mediated by the SREBP-1 pathway [31, 105], HIF-
1a was also implicated in the upregulation of serum triglyceride
levels through post-translational regulation of SREBP-1 [56].

Given that OSAHS is associated with hyperlipidaemia inde-
pendent of obesity, as manifested by various studies [106–110],
it is a likely possibility that the hyperlipidaemia observed in
OSAHS is mediated via upregulated SREBP-1 pathway and
HIF-1a involvement, as demonstrated by the animal models
previously cited. Furthermore, while oxidative stress was
implicated in the upregulation of SREBP, antioxidants were
inhibitory [102, 103]. Thus, IH and oxidative stress in humans,
like in experimental models, may upregulate SREBP-1 leading
to the hyperlipidaemia associated with OSAHS. Yet the
possible complex interactions with HIF-1a remain elusive.

GATA

The GATA transcription factors owe their name to their ability
to bind the consensus DNA sequence (A/T) and (A/G)
through two highly conserved zinc finger domains. Based on
animal models of chronic IH, the GATA family is emerging as
yet another set of redox-sensitive transcription factors with far-
reaching implications for cardiovascular morbidity in OSAHS.
The GATA-4 and GATA-6 members of this family were
implicated in the regulation of cardiac development and
growth as well as in heart failure. However, an altered balance
of GATA-4 may cause cardiac hypertrophy or promote
cardioprotection [111]. Moreover, recent data show that
GATA-4 might be an important mediator of cardiac myocyte
survival via endothelin-1 and hepatocyte growth factor, to
prevent cardiomyocyte death by oxidative stress-induced
apoptosis [112].

By treating a mouse model with IH, GATA-4 was shown to
exert preconditioning-like cardioprotective effects, by protect-
ing cardiomyocytes from apoptosis. While treatment with
acute IH exerted cardioprotective effects, treating mice with a
prolonged period of IH induced increased susceptibility of the
heart, which was mediated by increased oxidative stress.
Additional treatment with prolonged IH reversed the added
myocardial damage [113, 114]. It is therefore of utmost
importance to delineate the complex effects of IH on the
GATA family of transcription factors in the human heart. This
could help in identifying patients with OSAHS at risk of
developing cardiovascular morbidity or alternatively those
who may develop cardioprotection.

Nuclear transcription factors act in concert and, apart from
being activated by oxidative stress, are also activated by a
variety of other signals, such as hormones, growth factors and
cytokines, to regulate gene expression. Thus, investigating
the mechanisms of their upregulation and the transduction

pathways that are activated in OSAHS may prove difficult,
mainly due to various inter-individual differences in the levels
of signals other than IH. Employing tissue culture models,
knockouts and transgenic mice exposed to IH may prove
useful in delineating such mechanisms.

INFLAMMATORY PATHWAY ACTIVATION AND
INTERACTIONS WITH ENDOTHELIAL CELLS IN OSAHS
As noted earlier, ROS molecules and a state of oxidative stress
are considered potent activators of a cascade of inflammatory
pathways that induce overexpression of adhesion molecules
and pro-inflammatory cytokines. These adhesion molecules
facilitate the recruitment and accumulation of leukocytes,
platelets and possibly red blood cells (RBCs) on the endothe-
lium lining the vasculature. Such cellular interactions between
blood cells and endothelial cells may promote endothelial cell
injury [33].

Blood cell activation and expression of adhesion molecules
Normally, circulating leukocytes are free flowing in the
circulation and resist interactions with endothelial cells.
Upon encounter with a variety of stimuli or insults, including
inflammation, infections, hypercholesterolaemia, cytokines,
hypoxia/reoxygenation and sleep apnoea, adhesion molecules
and cytokines are upregulated in blood cells as well as in
endothelial cells. Expression of adhesion molecules is a highly
regulated and orderly process that facilitates these interactions
between blood cells and endothelial cells. Such cellular
interactions promote adherence and injury to the vascular
endothelium. The selectins (L-selectins in leukocytes, E-
selectins in endothelial cells and P-selectins in platelets and
endothelial cells) facilitate weak binding between leukocytes
and endothelial cells. A firm binding is mediated by the
integrins, which also mediate transmigration into the inter-
stitial layer through the endothelial cell layer [48, 115]. In
OSAHS, several studies have described the expression of
adhesion molecules on various leukocyte subpopulations and
the interactions with endothelial cells [57, 67, 88, 89, 116, 117].

Polymorphonuclear leukocytes
The polymorphonuclear leukocytes (PMNs) are the most
abundant of the leukocyte subpopulations, representing
approximately 60% of all circulating leukocytes. They are
short lived (up to 24 h in the bloodstream) terminally
differentiated cells that continuously undergo cell death by
apoptosis. PMNs actively participate in inflammatory
responses in order to protect from invading microorganisms,
foreign particles or cellular debris. While recruited to
inflammatory sites or in conditions characterised by ischaemia
and reperfusion, they express various injurious molecules,
such as ROS, inflammatory cytokines, adhesion molecules and
cell surface receptors [118]. Interestingly, PMNs were shown to
infiltrate eroded or ruptured plaques obtained from patients
with acute coronary syndromes [119, 120], and to participate in
the pathogenesis of lethal myocardial reperfusion [121].
Notably, depleting PMNs resulted in reduced myocardial
infarct size and a protected myocardium [122, 123].

In patients with OSAHS, increased expression of selectins
CD62 and CD15 was noted in a severity-dependent manner.
Treatment with nCPAP effectively lowered the expression of
CD15 [67]. However, the expression of the b-subunits of the
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integrins CD11b (O. Golan-Shany, P. Lavie and L. Lavie,
Technion Institute of Technology, Haifa, Israel; personal
communication) or CD11c, and adhesion to endothelial cells,
were unaffected [57]. Since the selectins but not integrins of
OSAHS patients’ PMNs were upregulated, this implies that
only the interactions involving binding and tethering with
endothelial cells are increased while those for firm adhesion
are not necessarily affected. In addition, PMN apoptosis, a
fundamental injury-limiting mechanism and a key event in the
control of inflammation, was suppressed in OSAHS PMNs.
Suppressed apoptosis and increased expression of selectins in
OSAHS PMNs could suggest increased PMN/endothelial cell
interactions and, therefore, amplification of their destructive
potential towards the endothelium [67].

Monocytes

Like PMNs, monocytes act as professional phagocytes, but
unlike PMNs, they are long lived and their initiation,
participation in progression and persistence of atherosclerosis
are well established [48, 124]. Upon activation by various
stimuli and inflammatory conditions they too express higher
amounts of adhesion molecules, ROS molecules and inflam-
matory cytokines. In OSAHS, monocytes were shown to be
activated and expressed higher amounts of CD15 and CD11c,
ROS and cytokines [57, 125]. Furthermore, CD15 expression
was shown to depend on the severity of OSAHS [89] and in
healthy individuals hypoxia in vitro resulted in upregulated
CD15 expression [57]. Unlike in PMNs, the CD11c integrin of
OSAHS monocytes was also elevated, while treatment with
nCPAP attenuated the levels of both CD15 and CD11c.
Accordingly, increased adhesion of OSAHS monocytes to
endothelial cells of venous origin (human umbilical
vein endothelial cells) or arterial origin (human coronary
artery endothelial cells) was noted. Treatment with antibodies
neutralising selectins (anti-CD62) and integrins (anti-CD54)
abrogated the adhesion of monocytes to endothelial cells [57].
The involvement of monocytes in atherogenesis in OSAHS was
further implicated by the observation that lipid uptake was
increased in human macrophages that were treated with
experimental IH in vitro [126].

T-lymphocytes

Numerous subpopulations of lymphocytes have mainly been
implicated in various atherogenic processes via cytokine
secretion and antibody production. Also, lymphocytes have
been shown to be prevalent in atherosclerotic lesions and to
modulate atherosclerotic responses [127, 128]. Natural killer
(NK) lymphocytes, CD8+, CD4+ and cd T-cells were all
implicated in atherosclerotic sequelae, further adding to the
complexity of atherosclerosis. In patients with OSAHS, most T-
cell subpopulations were meticulously investigated in our
laboratory. In fact, all T-cells investigated (CD8+, CD4+ and cd

T-cells) expressed an activated and a cytotoxic phenotype.

Assessment of cd T-cell phenotype and function revealed that
expression of CD62L selectins was increased in OSAHS
compared with controls. Also, adhesion to endothelial cells
and cytotoxicity towards endothelial cells were higher in
OSAHS. The higher avidity and cytotoxicity of OSAHS cd T-
cells were mainly attributed to the pro-inflammatory cytokine
tumour necrosis factor (TNF)-a. Treatment with antibodies that

neutralise TNF-a abolished the cytotoxicity of cd T-cells against
endothelial cells [117].

Unlike in cd T-cells, adhesion of CD4+ and CD8+ T-cells to
endothelial cells was unaffected by OSAHS, but their cytotoxic
capacities against endothelial cells were increased. Moreover,
the killing capacities of CD8+ T-lymphocytes were also found
to be AHI-severity dependent. However, each subpopulation
employed different killing mechanisms to damage endothelial
cells [88, 116, 117]. Unlike in cd+ T-lymphocytes, which
primarily utilised TNF-a for endothelial cell killing, CD8+ T-
cells expressed higher amounts of the CD56 NK receptors,
higher perforin levels and more than three-fold higher CD40
ligand, accounting for their higher cytotoxicity [116]. In CD4+
T-cells of OSAHS patients, the cytotoxic CD4+/CD28-null
subpopulation was increased three-fold. All in all, the most
potent cytotoxicity against endothelial cells was expressed by
OSAHS cd T-cells; CD8+ cytotoxicity was somewhat lower and
that of CD4+ T-cells was the lowest.

Platelets
Platelets maintain vascular homeostasis by clot formation and
wound healing. Under physiological conditions, platelets
circulate in a quiescent state protected from activation by
inhibitory mediators released from intact endothelial cells,
including NO. When encountering vascular damage or under
oxidative stress, or in response to endothelial dysfunction,
platelets rapidly undergo activation. This is followed by
increased interactions with monocytes and PMNs and increased
adhesion and aggregation in the vessel wall, which implicates
their involvement in atherosclerosis [129]. Also, in conditions
such as hypoxia/reoxygenation, platelets have been shown to
acquire an activated and a pro-thrombotic phenotype [130]. In
patients with OSAHS, platelets have been shown to express
increased activation and aggregability in vitro. The expression of
P-selectins (CD62P) was increased [131, 132], mainly in the
severe group of patients [133], and was lowered by treatment
with nCPAP [134]. In addition, increased levels of haematocrit,
blood viscosity and fibrinogen in patients with OSAHS could
further affect hypercoagulability and contribute to the increased
incidence of cardiovascular events in OSAHS [135–137].

Jointly, increased expression of adhesion molecules on leuko-
cytes and platelets followed by increased avidity to endothelial
cells and higher cytotoxicity of T-cells towards endothelial cells,
delayed PMN apoptosis, higher ROS generation by leukocytes
and the higher aggregability of platelets, are all markers of
activation of these cells and indicative of the possible ongoing
processes that may affect endothelial function and elicit
atherogenesis in patients with OSAHS. Such cellular interac-
tions of leukocytes and endothelial cells were also demonstrated
by intravital microscopy in a rat model of IH [138].

RBCs
The RBCs comprise the major cell type in the circulation. Their
main function is oxygen delivery to all tissues and organs.
Under normal blood flow their adherence to endothelial cells is
nonsignificant and their deformability facilitates tissue perfu-
sion. Under hypoxic/ischaemic conditions, RBCs are capable
of inducing and participating in inflammatory responses, most
likely through ROS molecules and redox-sensitive transcrip-
tion factors [139]. Moreover, adhesiveness and aggregation of
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RBCs were shown to be elevated in hypertension [140],
atherosclerosis [141] and obesity [142]. Increased RBC aggrega-
tion/adhesion was also associated with OSAHS, and corre-
lated with increased C-reactive protein (CRP) levels [143].
Being the major component in the circulation, the effects of
sleep apnoea and IH on RBC functions and adhesive properties
should be considered for investigation.

Endothelial cells

Endothelial cells line the vasculature and form the endothelial
cell layer, which provides a permeability barrier for the
vasculature, regulates vessel tone and maintains an anti-
inflammatory and anti-thrombotic phenotype. In their non-
activated state, endothelial cells resist adhesion to leukocytes,
platelets and RBCs. However, activation or injury by various
factors, such as hypercholesterolaemia, obesity, hypertension
and hypoxia/reoxygenation, triggers the expression of adhe-
sion molecules, which mediate these interactions [130, 144].
Recently, JELIC et al. [69] demonstrated in vivo activation of
endothelial cells in patients with OSAHS. Additionally, both
oxidative stress and inflammation were induced by OSAHS
while NO bioavailability and the repair capacity of endothelial
cells were attenuated [69]. Earlier studies indirectly corrobor-
ating these findings include identification of soluble variants of
endothelial cell adhesion molecules in the circulation of
OSAHS patients, such as E- and P-selectin, intracellular
adhesion molecule (ICAM)-1 and vascular cell adhesion
molecule (VCAM)-1 [110, 145–148]. Circulating adhesion
molecules released from the endothelium are considered as
markers of active atherosclerotic diseases and as predictors of
future cardiovascular disease [81]. Numerous recent studies
also investigated apoptosis of endothelial cells and endothelial
progenitor cells (EPCs) in OSAHS. Results, however, were
inconclusive. While the numbers of circulating apoptotic
endothelial cells in patients with OSAHS were lowered after
nCPAP in one study [149], no changes were noted in another
[150]. Conflicting results were also reported on the amounts of
EPCs, which at low numbers are indicative of impaired
vascular function. While one study described a reduced
number of circulating EPCs in OSAHS [151], in another study
no differences were noted between patients with OSAHS and
controls [150]. Such conflicting results can stem from the very
small numbers of apoptotic cells or EPCs in the circulation.
Thus, more rigorous measures are needed to investigate the
involvement of endothelial cell apoptosis or EPC function in
OSAHS.

Inflammatory mediators in OSAHS

Cytokines

Similarly to adhesion molecules, pro-inflammatory cytokines
are also induced by the redox state of the cells in which they
are synthesised. Cytokines actively participate and modulate
inflammatory responses by complex interactions with various
transcription factors. These multipurpose molecules are
synthesised and released by many cell types and regulate
both the innate and adaptive immune system. These include
regulation of macrophage activation, modulation of smooth
muscle cell proliferation, NO production and activation of
endothelial cells. Many of these functions are involved in the
progression of atherosclerosis.

TNF-a is a pro-inflammatory cytokine involved with the
initiation and progression of cardiovascular pathology [152,
153]. It is synthesised by a variety of cells including inflamma-
tory leukocytes and adipocytes. TNF-a induces oxidative stress
on the endothelium, upregulates endothelial cell adhesion
molecules and stimulates cytokine production via NF-kB-
dependent pathways. TNF-a is also one of the most studied
cytokines in OSAHS. In many of these studies, TNF-a of OSAHS
patients was increased in plasma or serum [154–156]. Similarly,
IL-6, IL-8 and the anti-inflammatory cytokine IL-10 were shown
to be affected by OSAHS [9, 155, 157, 158]. As IH initiates the
inflammatory response, these pro-inflammatory cytokines can
in turn activate NF-kB and thus can further exacerbate
inflammation. Interestingly, TNF-a was also shown to induce
HIF-1a activation via NF-kB-dependent pathways in normoxic
conditions [159].

Apart from circulating levels of cytokines, elevated cytokine
levels were described in monocytes and in various cytotoxic
T-lymphocytes [88, 116, 117, 125]. Specifically, in cd+ T-
lymphocytes the pro-inflammatory TNF-a was increased and
the anti-inflammatory IL-10 was decreased compared with
control values. Also, the expression of IL-8, a pro-inflamma-
tory cytokine with strong chemoattractant and activating
properties for PMNs, was shown to increase in cd T-cells of
patients with OSAHS [117]. This clearly attests to a pro-
inflammatory state of these cells. In CD8+ T-cells, both TNF-a
and IL-10 were increased compared with controls. However,
TNF-a was increased four-fold whereas IL-10 was increased
only 1.3-fold. By contrast, in CD4+ T-cells the percentage of
cells expressing TNF-a was unaffected by OSAHS, but the
expression of IL-10 was increased 4.9-fold compared with
control values [88, 160]. Such altered cytokine balance can
result in activated T-cells and can lead to their differentiation
into effector cells with a tissue-damaging potential or
alternatively with the capacity to moderate inflammation
depending on these cytokine ratios [124].

Adipokines

In recent years the adipose tissue has gained recognition as a
highly active endocrine organ and as a rich source for cytokine
production. These cytokines are termed adipocytokines or
adipokines due to their source. The key adipokines include
TNF-a, IL-6, CRP, leptin, resistin and angiotensinogen [161].
Some are also synthesised in other cells and tissues as
aforementioned. The blood levels of some of these adipokines
are elevated in the obese as well as in patients with OSAHS,
resulting in low-grade inflammation in both instances [162].
Since the fat tissue represents a major source for cytokines/
adipokines, the cytokines released by adipocytes, when
measured in the circulation, can pose a problem in identifying
their source: whether they are synthesised in obesity per se
and/or because of OSAHS. Thus, when obese OSAHS patients
are investigated, the contribution of obesity should be
separated from that of OSAHS. Such data were clearly
demonstrated in obese and overweight patients undergoing
surgical treatment [155]. In the majority of studies, cytokine/
adipokine levels were determined in serum or plasma of
OSAHS patients and thus represent the overall pool of
cytokines/adipokines released from various inflammatory
cells, adipocytes, the liver and other tissues. Therefore, such
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data cannot provide information on specific inflammatory/
anti-inflammatory responses, or on an ongoing process in
specific inflammatory cells, as each cell has a unique cytokine
profile, as already discussed [160]. Adipokines specific for the
fat tissue, such as leptin and adiponectin will be discussed in
the section on obesity.

CRP

CRP is another molecule potentially linking OSAHS to oxidative
stress, inflammation and atherosclerosis, which is secreted
primarily by the liver but also by other cell types. It is an
acute-phase reactant induced by IL-6, a marker of inflammation
and a strong predictor of coronary heart disease and of future
cardiovascular events [163, 164]. As inflammation and ather-
ogenesis are closely associated with oxidative stress and altered
redox balance, analysis was conducted on coronary arteries of
patients undergoing atherectomy procedures. Immunohisto-
chemical analysis clearly demonstrated that CRP protein, as
well as its mRNA, were co-expressed with NADPH oxidase in
vascular smooth muscle cells and macrophages obtained from
vulnerable plaques. Moreover, when added to cultured cor-
onary artery smooth muscle cells, CRP had pro-oxidant effects.
This suggests that CRP could play a crucial role in plaque
instability and acute coronary syndrome via its pro-oxidant
effects [165]. Another function of CRP that is oxidative stress
dependent is its ability to induce tissue factor expression by
vascular smooth muscle cells, which implicates it in the
pathogenesis of arterial thrombosis [166]. In addition, CRP
levels were shown to affect endothelial cells and induce their
expression of adhesion molecules such as E-selectin, ICAM-1
and VCAM-1 in vitro [167], and to sensitise endothelial cells to
killing by T-cells [168]. CRP was also shown to inhibit
endothelium-dependent NO-mediated dilation in retinal arter-
ioles by initiating superoxide production from NADPH oxidase.
This effect was abolished using the antioxidant tempol [169].
These diverse effects of CRP on endothelial cells and vascular
smooth muscle cells can promote endothelial dysfunction and
atherothrombosis. Thus, it is obvious that CRP is not merely an
inflammatory marker but rather a modulator of functions that
may contribute to the development of inflammatory/athero-
sclerotic processes via oxidative stress [167].

In OSAHS, the question of whether CRP levels are elevated is
controversial. Earlier, CRP was reported to be elevated in a
severity-dependent manner [170] and to decrease with nCPAP
[157]. More recently, however, obesity rather than OSAHS was
suggested as a risk factor for elevated CRP [171–175]. Current
data from the large Wisconsin Sleep Cohort Study support the
mediation of obesity in the elevated CRP levels observed in
OSAHS [173]. However, the fact that CRP levels are also affected
by sleep duration [176] makes it difficult to separate the
independent contribution of each of the factors affecting CRP
in OSAHS. It is likely that all these components contribute to
varying degrees. Thus, a patient with OSAHS also having high
CRP levels should be considered at a high risk for developing
cardiovascular complications regardless of its cause.

OXIDATIVE STRESS IN CONDITIONS AND
COMORBIDITIES THAT AGGREGATE WITH OSAHS
Thus far, we have examined the role of oxidative stress in sleep
apnoea within the context of IH and its more pronounced

consequences such as inflammation [50]. However, as will be
discussed next, oxidative stress is associated with a variety of
conditions such as obesity and sympathetic activation and
comorbidities such as hypertension, hyperlipidaemia and
diabetes, which aggregate with OSAHS. Hence, in OSAHS
there could be a confluence of different potentially indepen-
dent sources of ROS that could greatly amplify its effects.

Obesity
Obesity is strongly associated with OSAHS. Notably, between
60% and 90% of OSAHS patients are obese [177]. Although the
nature of this association is not clear, gaining weight aggravates
the severity of OSAHS, while drastic weight reduction by
controlled diet or by surgical means improves it [178]. Obesity,
particularly visceral obesity, is also a cardiovascular risk factor,
as demonstrated in cross-sectional, clinic-based and population-
based studies [76]. Similarly to OSAHS, obesity is associated
with the male sex, post-menopausal status in females, cardio-
vascular morbidity, hypertension, stroke, insulin resistance and
type 2 diabetes [179]. Obesity is also associated with oxidative
stress. For instance, in the community-based cohort of the
Framingham Heart Study, KEANEY et al. [180] demonstrated that
smoking, diabetes and BMI were significantly and indepen-
dently associated with systemic oxidative stress markers.
FURUKAWA et al. [181] demonstrated that, in nondiabetic subjects,
fat accumulation was closely correlated with markers of
systemic oxidative stress and plasma adiponectin levels were
inversely correlated with oxidative stress. Moreover, a drastic
weight reduction by surgical intervention attenuated oxidative
stress markers, free fatty acids and cholesterol, in the obese
[182]. A recent review summarising the presence of various
oxidative stress markers in plasma, serum, urine and erythro-
cytes in humans concluded that oxidative stress levels are
elevated in human obesity [76]. Notably, as OSAHS has not been
taken into consideration in studies investigating oxidative stress
in obese individuals (this can apply to at least 60% of the obese),
the contribution of OSAHS to oxidative stress in the obese
cannot be excluded. However, reproducing these results in
several mouse models of obesity suggests that accumulated fat
contributes to oxidative stress independently of OSAHS.
Furthermore, animal models displaying oxidative stress in
accumulated fat indicate that it is mediated by the obesity-
associated development of metabolic syndrome via dysregu-
lated production of adipokines [181]. The mechanisms involved
with increased oxidative stress in this animal model include
upregulated expression of NADPH oxidase and concomitant
decreases in the expression of antioxidant enzymes in adipo-
cytes. Additional suggested sources of oxidative stress in obese
individuals include uncoupled mitochondria, free fatty acid-
associated protein and lipid peroxidation, decreased antiox-
idant defence, and leukocytes and endothelial cells [76]. Also,
other sources of ROS are derived from conditions and
comorbidities associated with obesity, such as hypertension,
insulin resistance, hyperglycaemia and inflammation [76].

Exposure of adipocytes to hypoxia also elicits dysregulated
production of adipokines such as TNF-a, leptin, resistin and
adiponectin, which result in low-grade inflammation [183].
Similar findings on dysregulated adipokine production and
inflammation were also reported in OSAHS [90]. TRAYHURN

and WOOD [184] suggested that the inflammation in adipose
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tissue, in the obese, is a response to hypoxia of enlarged
adipocytes distant from the vasculature. Thus, obesity renders
adipocytes hypoxic and predisposes the obese to sustained
hypoxia [184]. Collectively, many of the sources of oxidative
stress in the obese are parallel to those in OSAHS. Yet, the
lower vascularisation characteristic of fat tissue, which renders
it partially hypoxic in a sustained manner, should be
considered as well in the obese with OSAHS.

Hyperleptinaemia

Normal leptin production and action through its receptors are
essential for regulating body weight and appetite by inhibiting
food intake and maintaining energy balance, thus influencing
energy expenditure [185]. Leptin was also shown to exert
angiogenic properties via induction of the redox-sensitive HIF-
1a under hypoxic conditions [32, 186]. In several studies leptin
was shown to increase ROS and the potent vasoconstrictor
endothelin (ET)-1, to activate protein kinase C and to promote
the secretion of atherogenic compounds [187, 188]. The
increase in oxidative stress and ET-1 levels by leptin can elicit
increased expression of adhesion molecules and recruitment of
leukocytes directly damaging endothelial cells and vascular
smooth muscle cells and possibly increase blood pressure [76].
Also, hyperleptinaemia lowers the antioxidant paraoxonase-1
activity, as previously shown also for OSAHS patients [59, 187].
Jointly with the increases in atherogenic factors in the
circulation, leptin may further contribute to endothelial
dysfunction and the development of atherosclerosis.

In patients with OSAHS, leptin levels were reported to be higher
in the majority of studies. Large differences were particularly
noted in studies investigating non-obese or at most overweight
subjects [108, 189, 190]. However, by comparing obese patients
with obese controls (BMI .30 kg?m-2), the differences disap-
peared [189]. The association between hyperleptinaemia and
OSAHS is supported by observations that long-term nCPAP
treatment lowered leptin levels [106, 189, 191], and by data from
experimentally induced chronic IH in animal models [192].
Notably, the disrupted leptin metabolism due to IH also affected
insulin resistance. Thus, it was suggested that elevated leptin
levels induced by OSAHS may represent an important
compensatory mechanism to minimise metabolic dysfunction
[192]. However, given the angiogenic properties of leptin, its
levels may also rise to compensate for the decrease in oxygen
supply due to OSAHS.

Adiponectin

Adiponectin is the most abundant of all circulating adipokines,
and is exclusively produced by adipose tissue. It decreases in
the obese and in patients with type 2 diabetes, and was shown
to correlate with insulin sensitivity [193, 194]. Notably, it acts
as an anti-diabetogenic and anti-inflammatory cytokine with
cardiovascular protective effects. In contrast to leptin, adipo-
nectin attenuates endothelial cell adhesion molecules and the
levels of pro-inflammatory cytokines such as TNF-a, IL-8 and
IL-6, while increasing the levels of the anti-inflammatory
cytokine IL-10. In a rat model of angiotensin (Ang)II-induced
hypertension, oxidative stress was increased while attenuating
mRNA levels of adiponectin. However, the antioxidant tempol
abolished the hypertension, decreased the oxidative stress and
increased mRNA adiponectin levels [195]. In addition, this has

been directly demonstrated in adipose tissue of obese mice
and humans. Adipocytes treated with hypoxia in vitro
were also shown to have altered adiponectin levels [196].
Thus, both hypoxia and oxidative stress greatly attenuate
adiponectin levels.

In OSAHS, most studies have reported that adiponectin levels
were mainly unaffected by the syndrome. This is particularly
evident in studies selecting non-obese, comorbidity-free
patients [67, 108, 197]. However, adiponectin levels were also
shown to increase in obese OSAHS [198], or to decrease in
severe patients [199]. Notably, decreased adiponectin levels in
OSAHS were attributed to obesity [197]. In line with the data
reporting on unchanged adiponectin levels in OSAHS, long-
term nCPAP treatment was also shown to be ineffective [200,
201]. As noted earlier, adiponectin is primarily released by
adipose tissue and decreases in the obese and yet is affected by
oxidative stress. However, the majority of studies show that it
is not affected by OSAHS. This may imply that, regarding
adiponectin, obesity and increased tissue-specific oxidative
stress override the influence of OSAHS.

Sympathetic activation and hypertension
Sympathetic activation is a prominent feature of OSAHS
[22–25] and has been linked with hypertension. There is
evidence, however, mostly from animal studies, that ROS and
oxidative stress participate in cardiac-autonomic signalling
[202]. Oxidative stress may induce sympathetic hyperactiva-
tion and, vice versa, sympathetic activation may increase
oxidative stress, thus creating a vicious cycle that greatly
affects the cardiovascular system. It was shown that oxidative
stress mediates increased expression of inducible nitric oxide
synthase (iNOS) in the rostral ventrolateral medulla in rats and
thus causes sympathetic activation and blood pressure eleva-
tion. Administration of tempol, an antioxidant inhibiting
superoxide production, significantly inhibited the pressor
response induced by iNOS [203]. Likewise, tempol signifi-
cantly attenuated sympathetic nerve activity in a dose-
dependent manner without alterations in mean arterial
pressure and heart rate in spontaneously hypertensive
rats [204]. Increased superoxide production that was mediated
by ET-1 was also shown in sympathetic ganglia of hyperten-
sive rats. These data indicate that a change in the redox
environment of sympathetic ganglionic neurons may activate
sympathetic neurons and result in vasoconstriction and
hypertension [205]. In fact, a great number of animal studies
have demonstrated an association between hypertension and
increased formation of ROS and impaired endogenous anti-
oxidant defence mechanisms [206]. Both AngIIb and ET-1 were
implicated in ROS formation accompanied by vasoconstriction
and hypertension in rat vasculature. Furthermore, treatment
with SOD, which scavenges superoxide, reduced blood
pressure [206]. ROS formation was increased via activation of
vascular NADPH oxidase and xanthine oxidase, and resulted
in increased oxidative stress markers in heart vessels and
various other tissues [206, 207]. It should be noted that AngII
also induced insulin resistance in skeletal muscle that was
mediated by NF-kB activation via NADPH oxidase [208].
Similarly, ET-1, another potent vasoconstrictive and mitogenic
peptide with blood pressure-elevating properties, was also
shown to induce hypertension via ROS formation. The source
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of ROS was also shown to be NADPH oxidase in the
vasculature [209].

Two recent studies in animal models implicate oxidative stress
in the development of hypertension by exposure to chronic IH.
In one study, ROS formation directly increased the production
of ET-1 and thus also increased hypertension. Treatment with
the antioxidant tempol prevented the increase in blood
pressure and lowered oxidative stress and plasma ET-1 [210].
In another study, PENG et al. [55] demonstrated that arterial
blood pressure, plasma noradrenalin and oxidative stress
markers were increased in a mouse model of chronic IH.
Treatment with a potent superoxide scavenger lowered blood
pressure and attenuated noradrenalin and oxidative stress.
Conversely, chronic IH treatment of a mouse model partially
deficient in HIF-1a did not increase mean blood pressure,
adrenalin or oxidative stress. This study not only implicates
free radicals in the development of hypertension due to IH but
also implicates HIF-1a activation and the complex interactions
between oxidative stress and HIF-1a in affecting blood
pressure due to IH.

Jointly, the results from animal studies suggest that, in OSAHS,
oxidative stress could be one of the mediating factors between
IH, AngII, ET-1 and hypertension. Data from patients with
OSAHS are mostly in agreement with the animal studies.
AngII and ET-1 were reported to be elevated in OSAHS and
were correlated with blood pressure, while long-term nCPAP
attenuated blood pressure. The decrease in blood pressure was
correlated with lower plasma renin and AngII levels [211].
However, delineating the complex interactions between
sympathetic activation, AngII, ET-1, HIF-1a and oxidative
stress in humans may prove difficult.

Dyslipidaemia
Dyslipidaemia is also a prevalent finding among sleep apnoea
patients. Increased total serum cholesterol and triglyceride
levels and decreased HDL independent of age and BMI were
shown in epidemiological studies and in matched case–control
studies of sleep apnoea patients [107, 108]. Additionally,
dysfunctional HDL [77] and lower antioxidant activity of
paraoxonase-1 bound to HDL were detected in patients with
OSAHS, particularly in those who also had cardiovascular
comorbidities [59]. Effective amelioration of the apnoeas with
nCPAP treatment lowered serum total cholesterol levels [109].
Animal models treated with chronic IH also demonstrated
increased hypercholesterolaemia and accelerated atherosclero-
sis, which are directly attributed to the IH via activation of
SREBP [100, 104]. Hypercholesterolaemia has a profound effect
on endothelial function. In relatively short periods (within
days), hypercholesterolaemia can alter the phenotype of
endothelial cells from anti-inflammatory/anti-thrombotic to
pro-inflammatory/pro-thrombotic phenotype. The altered
vascular phenotype in hypercholesterolaemia is largely attrib-
uted to increased oxidative stress, which also results in a
decreased bioavailability or bioactivity of NO, increased
expression of adhesion molecules and increased leukocytes/
platelets/endothelial cell interactions [212, 213]. Notably,
hypercholesterolaemia, even in an acute state, induces oxida-
tive stress via activation of NADPH oxidase or xanthine
oxidase, yet the initiating factors remain elusive [213]. Hence,
IH in sleep apnoea could be one possible initiating factor.

Insulin resistance and type 2 diabetes
Oxidative stress was also suggested to be one of the major
causes of hyperglycaemia and diabetes, since it was shown to
impair glucose uptake in muscle and fat and to decrease
insulin secretion from pancreatic b-cells [214–216]. Conversely,
hyperglycaemia was also shown to trigger increased formation
of ROS via glucose auto-oxidation. Accordingly, consumption
of a high free-glucose diet promoted the development of
oxidative stress [217]. Increased production of free radicals in
diabetic patients was also shown by protein glycation and the
formation of glycosylation end-products [218, 219]. In the
insulin-resistant obese Zucker rat, acute pro-oxidant challenge
in vivo exacerbated insulin resistance, impaired glucose
tolerance and promoted the onset of type 2 diabetes [220].
Activation of NF-kB [221] and increased NADPH oxidase
activity were suggested as likely mechanisms in this sequence
[208]. Furthermore, in both type 1 and type 2 diabetes, the late
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FIGURE 2. A tentative model suggestive of oxidative stress as a unifying

paradigm in obstructive sleep apnoea/hypopnoea syndrome (OSAHS) and the

development of conditions and comorbidities that aggregate with OSAHS. These

include obesity, hypertension, inflammation, sympathetic activation, type 2 diabetes

and dyslipidaemia, all of which have an oxidative stress component. IH: intermittent

hypoxia; SH: sustained hypoxia; NADPH: reduced nicotinamide adenine dinucleo-

tide phosphate; XOX: xanthine oxidase; NOS: nitric oxide synthase; SA: sympathetic

activation; NO: nitric oxide; GATA: GATA transcription factor; Ang: angiotensin; ET:

endothelin; HIF: hypoxia-inducible factor; IR: insulin resistance; SREBP: sterol

regulatory element binding protein; DM: type 2 diabetes; NF: nuclear factor; HTN:

hypertension; TNF: tumour necrosis factor; CRP: C-reactive protein. Orange dotted

arrows: oxidative stress induced by the various conditions and comorbidities, further

augmenting oxidative stress and, consequently, inflammation.
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diabetic complications in neurons, vascular endothelium and
kidney arise from common stress-activated signalling path-
ways such as NF-kB and p38 MAPK [222]. The facts that
elevated insulin levels generate free radicals by NAD(P)H-
dependent mechanisms [223], and that plasma concentrations
of inflammatory mediators, such as TNF-a and IL-6, are
increased in the insulin-resistant states of obesity and type 2
diabetes, support the involvement of oxidative stress in
atherogenesis and cardiovascular sequelae in diabetes [224].

Although it is not clear if OSAHS causes diabetes, insulin
resistance was shown to be independently associated with
OSAHS in severity-dependent measures such as AHI and
minimum oxygen saturation. However, obesity is also a major
determinant in insulin resistance [225]. PUNJABI et al. [226] have
shown that sleep-disordered breathing is a prevalent finding in
mildly obese males and is independently associated with
glucose intolerance and insulin resistance. This association was
verified in large-scale epidemiological studies of the Wisconsin
Sleep Cohort and the Sleep Heart Health Study [227, 228].
Additionally, treatment with nCPAP immediately restored
blood glucose levels, mainly in non-obese OSAHS patients
[229], although improvement was also noted in diabetic
OSAHS patients [230]. This, however, was not shown in all
studies [201].

SUMMARY
The accumulated evidence presented in this review is
illustrated by the tentative model presented in figure 2, which
introduces oxidative stress as the unifying link between
OSAHS and the conditions and comorbidities that aggregate
with OSAHS.

Obesity can develop independently, due to genetic, beha-
vioural or lifestyle-related variables, but it is suggested that it
may also induce or exacerbate OSAHS. Conversely, OSAHS
may also induce or exacerbate obesity. Thus, obesity and
OSAHS may exacerbate each other, yet both promote oxidative
stress. OSAHS via IH, and obesity through sustained hypoxia,
can activate enzymes such as NADPH oxidase, xanthine
oxidase, complex I in mitochondria and uncoupled eNOS, to
produce ROS.

Once oxidative stress is initiated it affects multiple systems. By
reaction of ROS with NO, oxidative stress is increased while
NO is diminished, thus promoting inflammation and endothe-
lial dysfunction. Oxidative stress can also induce sympathetic
activation and increases in AngII and ET-1 and, therefore, may
promote hypertension. At the same time, oxidative stress can
induce the upregulation of numerous redox-sensitive tran-
scription factors, such as HIF-1a, NF-kB, SREBPs and GATA.
Also, insulin resistance is affected by oxidative stress and,
when combined with upregulated NF-kB activity, may
promote type 2 diabetes. Dyslipidaemia may develop via
upregulation of SREBP. Upregulated HIF-1a activity may be
involved in the development of hypertension and induction of
hypertriglyceridaemia via SREBP activation. HIF-1a is also
upregulated in obesity. Diabetes, dyslipidaemia, obesity and
hypertension, as well as OSAHS, are involved with NF-kB
activation and inflammation. Inflammatory pathway activation
is characterised by increased expression of adhesion

molecules, cytokines, adipokines, CRP, activated blood cells
and endothelial cells.

Many of the inflammatory pathways activated by NF-kB, such
as TNF-a, further induce oxidative stress through activation of
NADPH oxidase. In many of the pathways, the conditions and
comorbidities that develop can further induce oxidative stress,
thus creating a vicious cycle of oxidative stress and inflamma-
tion. The possible interactions described in this review are
much more complex than could be depicted in figure 2. For
instance, AngII, through NF-kB activation, may induce
NADPH oxidase activation and insulin resistance. ET-1 may
activate GATA-4, which could prevent cardiomyocyte apop-
tosis by oxidative stress [112]. The involvement of HIF-1a in
upregulation of leptin and the effects of hyperleptinaemia on
oxidative stress and inflammation, as well as additional
interactions between obesity and oxidative stress, have been
illustrated previously [76]. Details of possible intricate inter-
actions between NF-kB and HIF-1a have been described
elsewhere [159].

CONCLUSION
In recent years a large body of evidence has implicated
oxidative stress, inflammation, sympathetic activation, obesity
and hyperlipidaemia as fundamental components in the
pathophysiology of cardiovascular morbidity in OSAHS. The
data presented in this review demonstrate that ROS play a
significant role in a great number of pathologies and
conditions that aggregate with OSAHS (fig. 1). Although the
specific pathways and sites (tissues) at which ROS are
generated and induce damage may vary from one condition
to another, their involvement in signalling pathways, particu-
larly those activating inflammatory/immune sequences, is
common to all conditions. Thus, obesity, hypertension,
hyperlipidaemia, hyperleptinaemia and insulin resistance all
share with sleep apnoea ROS-dependent pathway activation
and inflammatory responses, which ultimately lead to
endothelial dysfunction and atherosclerosis. In some of these
conditions and comorbidities it is not always clear what the
initiating factor is. These comorbidities could develop inde-
pendently of OSAHS due to genetic, hormonal, nutritional or
lifestyle-related variables, or be a direct consequence of
OSAHS. Thus, metabolic dysregulations and obesity that
aggregate with OSAHS could be in many instances a
consequence of sleep apnoea. That is, the apnoeas related to
IH and the ensued oxidative stress, followed by the chain of
events described in figure 2, may orchestrate the simultaneous
or sequenced development of sympathetic nerve activity,
hypertension, hyperlipidaemia, insulin resistance and dia-
betes. However, obesity could be a likely candidate for an
initiating factor. Regardless, however, of who preceded whom,
whether sleep apnoea or metabolic dysregulation, it is obvious
that once sleep apnoea develops and aggregates with the
aforementioned conditions, the oxidative stress it initiates
night after night becomes a central factor in eliciting the
cascade of events that eventually result in cardiovascular
morbidities. Also, it is not always clear which comes first,
oxidative stress or inflammation, as both are fundamental
components in each of the conditions and comorbidities that
aggregate with sleep apnoea. Furthermore, as most OSAHS
patients are obese, sustained hypoxia, which is characteristic of
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adipose tissue, may also contribute to oxidative stress in
addition to the IH, and may activate different ROS-dependent
signalling pathways as well. Thus, clarifying various pathways
of activation in the obese apnoeic patient would prove difficult,
or incorrect, for understanding sleep apnoea-related mechan-
isms. This also could explain some of the contradictory results in
the literature regarding oxidative/inflammatory markers in
OSAHS.

In order to clarify basic mechanisms imposed by intermittent
hypoxia, more in vitro studies at the cellular level and animal
studies should be conducted. Using specific cells, such as
endothelial cells, cardiomyocytes, adipocytes, hepatocytes and
blood cells, under intermittent and sustained hypoxic condi-
tions, could help to delineate cell-specific mechanisms.
Complementary studies, employing various transgenic and
knockout mice for specific genes, could further expand our
understanding of the basic mechanisms that are governed by
intermittent hypoxia.
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