
Introduction

Sleep apnea-hypopnea syndrome (SAHS) is associated
with an increased risk of cardiovascular disease.1-4 The
pathogenic bases for this association are unknown, but
one of the possible mechanisms involved is oxidative
stress.5 It has been suggested that the intermittent hypoxia
and episodes of hypoxia/reoxygenation that accompany
apneas may lead to increased vascular release of free
radicals, favor the process of formation of atheromata,
and increase the risk of cardiovascular disease in patients
with SAHS.6,7 In this review we present some general
concepts concerning the genesis of oxidative stress in the
vascular wall and the existing evidence for the
involvement of this process in the pathogenesis of
cardiovascular disease in patients with SAHS.

Oxidative Stress

General Considerations

Although free radicals or reactive oxygen species
(ROS) have well defined physiological functions (such as
generating oxidative bursts in neutrophils or activating
growth-related intracellular signal transduction
pathways), they are highly reactive molecules that can
damage cells.8 The unchecked production of ROS can
be a source of disease through the alteration of
macromolecules (lipids, proteins, carbohydrates, and
nucleic acids) and diverse cellular processes (membrane
function, enzyme production, or gene induction). ROS
are produced during metabolic reactions when the cells
of the organism transform food into energy, especially
under conditions of hyperoxia, intense exercise, and

ischemia. They are also produced through exposure to
certain external agents, such as ionizing radiations,
ultraviolet light, or tobacco smoke. The most important
inorganic ROS are molecular oxygen (O2), superoxide
anion radical (O2

–), hydroxyl radical (HO–), and its
immediate precursor, hydrogen peroxide (H2O2); the
most import organic ROS are peroxyl radical (ROO–),
organic hydroperoxide (ROOH), and lipid peroxides.8-10

The organism possesses antioxidant defense systems
whose function is to eliminate free radicals immediately.
In addition, there are certain ingested antioxidants that
the organism cannot synthesize (Table). An antioxidant
is defined as any substance which, when present at
concentrations lower than those of an oxidizable
substrate, significantly delays or prevents the oxidation
of that substrate. The substrate contains organic and
inorganic molecules found in living cells, such as
proteins, lipids, carbohydrates, or DNA.
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TABLE
Types of Antioxidants*

Internal External

Enzymatic
Superoxide dismutase Carotenes and carotenoids 

(vitamin A)
Glutathione peroxidase Tocopherols (vitamin E)
Catalase Ascorbic acid (vitamin C)
Other enzymatic systems 

involved in redox reactions Flavonoids
Glutathione reductase
Methionine reductase 
DT diaphorase
NADPH-dehydroascorbic

acid reductase
DNA repair enzymes

Non-enzymatic
Uric acid
Albumin
Bilirubin
Ceruloplasmin
Reduced glutathione
Transferrin
Ubiquinones

*NADPH indicates nicotinamide adenine dinucleotide phosphate.



A shift in the balance between free radicals and
antioxidant systems in favor of free radicals leads to
what is known as oxidative stress, which plays an
important role in numerous degenerative processes,
such as aging, arteriosclerosis, or cancer.8-10 ROS are
key players in the development of vascular diseases,
including arteriosclerosis, hypertension, and
postangioplasty restenosis.11 It is now clear that many
ROS are produced in the arterial wall, and that, alone or
in combination, they contribute to the various
abnormalities associated with vascular disease.12,13

Reactive Oxygen Species and the Vascular Wall

There are various ROS that play major roles in
vascular physiology and pathophysiology. The most
important of these are nitric oxide (NO), O2

–, H2O2 and
peroxynitrite (ONOO–).12 ROS are involved in some of
the basic functions of the arterial wall. NO is a crucial
mediator in endothelium-dependent vasodilation, while
O2

– and H2O2 intervene in the growth, differentiation,
and apoptosis of smooth muscle cells.14,15 Furthermore,
ONOO––induced lipid peroxidation and protein
nitration are early atherogenic events.16 Each of the
ROS is derived from specific chemical or enzymatic
reactions (Figure). NO is produced in endothelial cells
by the activation of the enzyme epithelial nitric oxide
synthase (eNOS), but macrophages and smooth muscle
cells can express inducible NO synthase and contribute
to the production of NO. NO is a crucial mediator in
endothelium-dependent vasodilation. It also participates
in the process of platelet aggregation and in maintaining
the balance between growth and differentiation of
smooth muscle cells. The eNOS enzyme can be
activated by diverse vasodilating hormones and physical

forces. The expression of inducible NO synthase in
macrophages and smooth muscle cells causes an
increase in cytokine concentrations that give rise to a
local inflammatory response. Under certain conditions,
eNOS is uncoupled due to a deficiency of
tetrahydrobiopterin, an essential cofactor, and O2

– is
produced instead of NO. In other words, NO synthase
enzymes are potential sources of NO and O2

–,
depending on environmental conditions.13,17,18

All vascular cells produce O2
– and H2O2. O2

– is the
result of the single-electron reduction of oxygen by a
variety of oxidases. When O2

– is produced along with
NO, they rapidly react to form the highly reactive
molecule ONOO–. ONOO– is an important mediator
of lipid oxidation—such as the oxidation of low-
density lipoproteins (LDL), which has significant
proatherogenic effects.

In the absence of NO, O2
– is rapidly dismutated to a

more stable ROS, H2O2, by superoxide dismutase and is
then converted to H2O by catalase or glutathione
peroxidase.12,13 The effects of O2

– and H2O2 on vascular
function depend on the amounts produced. When they
form intracellularly in small quantities, they can act as
second messengers to modulate the function of
biochemical mechanisms that participate in smooth
muscle cell or fibroblast growth processes. High ROS
production can damage DNA and cause cellular toxicity
and apoptosis, as has been demonstrated in both
endothelial and smooth muscle cells.12 In addition to
mitochondrial production of ROS, various enzymes
—such as nicotinamide adenine dinucleotide (NADH) or
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases—can synthesize O2

– and H2O2. Enzyme
activity can be modified by various stimuli. Thus,
angiotensin II, tumor necrosis factor-α, thrombin, and
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Figure. Potential sources of reactive
oxygen species. Many enzymes—such
as those that participate in
mitochondrial electron transport,
xanthine oxidase, cyclooxygenase,
lipoxygenase, myeloperoxidase,
cytochrome P450 monooxygenase,
uncoupled epithelial nitric synthase
(eNOS), heme oxygenase, peroxidase,
nicotinamide adenine dinucleotide
(NADH), and nicotinamide adenine
dinucleotide phosphate NAD(P)H
oxidases—produce reactive oxygen
species. Depending on their location
in the cell, these reactive oxygen
species are generated intracellularly,
extracellularly, or in specific
intracellular compartments. 
MPO indicates: myeloperoxidase; 
O2

–, superoxide anion radical; 
H2O2, hydrogen peroxide; 
OONO–, peroxynitrite; 
BH4, tetrahydrobiopterin; 
BH2, dihydrobiopterin. (Adapted with
permission from Griendling et al.12)



platelet-derived growth factor all increase oxidase
activity and raise concentrations of O2

– and H2O2 in
smooth muscle cells. Physical forces such as changes in
blood flow are also potent activators of O2

– production
in endothelial cells.12,18 Macrophages are the principal
vascular sources of O2

– in the presence of disease. They
oxidize LDL through the activation of various enzymes.
Neutrophils and monocytes can also secrete
myeloperoxidase, which is important in initiating lipid
peroxidation.12,16

Macrophages also release into the extracellular space
ROS that can activate metalloproteinases. Once
activated, metalloproteinases can degrade the
extracellular matrix, weaken the fibrous layer of an
atheromatous plaque and facilitate its rupture.16 In
addition, more stable products of ROS may influence
cellular function by acting upon specific mechanisms,
or by acting as ligands for nuclear and membrane
receptors. ROS can directly modify the affinity of
certain transcription factors (nuclear factor κB or
activating protein 1) for their DNA binding sites. ROS
regulate diverse classes of genes, including adhesion
molecules, chemotactic factors, antioxidant enzymes,
and vasoactive factors. Some of these actions, such as
the induction of superoxide dismutase and catalase
enzymes by H2O2, are clearly an adaptive response. The
upregulation of adhesion and chemotactic molecules by
oxidant-sensitive mechanisms is of particular relevance
in vascular disease. These molecules promote the
adhesion and migration of monocytes to the interior
of the vessel wall. Conversely, NO inhibits the
transcriptional induction of adhesion molecules by
cytokines. These mechanisms combine to suppress the
expression of adhesion molecules in the normal arterial
wall and induce their expression in vascular disease.12,19

The influence of genetic factors that might modulate
the generation of ROS in vascular tissue cannot be ruled
out. Thus, a polymorphism in the CYBA gene (C242T),
which encodes the p22phox subunit of the enzyme
NADPH oxidase, has been identified and associated
with NADPH activity and the generation of O2

– in
vascular tissue.20

Monitoring of Reactive Oxygen Species Formation

Techniques for measuring levels of ROS, which are
unstable molecules, are complex and have undergone
various changes. Traditional indices, such as the
susceptibility of LDL to oxidation, have given way to
various biomarkers of oxidative stress. The approach is
to identify stable compounds derived from the action of
ROS, such as products of lipid peroxidation (like
isoprostanes), modified proteins (like nitrated
fibrinogen), or indices of modified DNA (like 8-oxo-
deoxyguanosine). Antibodies directed against epitopes
present in oxidized LDL that are capable of measuring
lipid peroxidation have also been developed. Mass
spectrometry has also been used to detect amino acids
that have undergone oxidative modification.

Excessive release of ROS can also be evaluated
through the use of various indirect markers, such as
detection of redox-sensitive gene activation, of
reductions in the release of NO, of increases in
homocysteine concentrations, or of decreases in levels
of antioxidants such as enzymes and/or vitamins. Such
methods are continually being perfected and new
markers will probably emerge that will allow us to
measure the action of ROS more precisely.21-24

Studies in Humans

The latest studies of markers of oxidative stress have
detected such markers in patients with various
cardiovascular risk factors and have shown oxidative
stress to be a characteristic of many cardiovascular
diseases. In patients with hypercholesterolemia,
elevated levels of isoprostanes and antibodies against
oxidized LDL have been found. Statin therapy seems to
reduce concentrations of these markers.25,26 Elevated
levels have also been identified in smokers, as has an
increase in the oxidative modification of fibrinogen and
elevated concentrations of 8-oxo-deoxyguanosine.27,28

Elevated concentrations of isoprostanes have also been
associated with obesity. Concentrations decrease with
weight loss.29

Many experimental studies have demonstrated the
beneficial effects of antioxidants. For example, vitamin
C reduces the adhesion of monocytes to endothelial
cells, inhibits LDL oxidation, and stimulates the activity
of eNOS. Vitamin E also inhibits leukocyte adhesion
and LDL oxidation in vitro.30-33 Numerous clinical trials
have attempted to validate these observations in
humans. Vitamin C therapy has been found to reduce
concentrations of isoprostanes in smokers and the
beneficial effect of this vitamin on endothelial
dysfunction has been shown in patients with
cardiovascular disease.28,34 The alleged benefits of
vitamin E have been more difficult to prove, and there
is no agreement on the effects of vitamin E
supplementation.35,36 While some studies have shown
improvement in endothelial function and a decrease in
both lipid oxidation markers and cardiovascular
episodes following administration of vitamin E, the
results of other interventional studies do not support
such conclusions on the efficacy of this vitamin.35,36

Oxidative Stress and Sleep Apnea-Hypopnea
Syndrome

The potential role that oxidative stress may play in
the pathogenesis of cardiovascular disease in patients
with SAHS is suggested by observations involving, on
the one hand, the elevated production of free radicals
during hypoxia-reoxygenation and, on the other hand,
the predisposition of such patients to develop
arteriosclerosis.6,37 This hypothesis is supported by data
currently available on the detection of direct markers of
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oxidative stress, such as elevated production of ROS in
the leukocytes of patients with SAHS, or the detection
of indirect markers, such as molecules derived from the
activation of redox-sensitive genes.5

Increase in the Production of Reactive Oxygen Species
in Leukocytes

Leukocytes are activated in situations of hypoxia or
through exposure to cytokines or other factors, giving rise
to an elevated production of ROS. In 2 studies, an
increase in the production of ROS in isolated leukocytes
in patients with SAHS was observed, both following
stimulation and under basal conditions, indicating chronic
production of ROS in such patients.38,39 Continuous
positive airway pressure (CPAP) therapy was associated
with a decrease in the release of ROS in both studies.

Lipoprotein Oxidation

Several lines of evidence support the hypothesis that
oxidative modification of LDL plays a crucial role in
the pathogenesis of atherosclerosis. Oxidized LDL alter
vasomotor response and induce inflammation, as they
enhance the expression of adhesion molecules in the
endothelium and the release of cytokines and growth
factors. Oxidized LDLs are rapidly captured by
macrophages, which are transformed into foamy cells.
They are simultaneously a consequence of and
mediators of oxidative stress. This leads to the
perpetuation of the inflammatory response and
oxidative damage. It is believed that one of the principal
benefits of statin therapy, independent of its capacity to
reduce lipid concentrations in plasma, is that it disrupts
the inflammation-oxidation cycle.16,17,40 One study found
no difference in the susceptibility to oxidation of
isolated plasma LDL in patients with SAHS compared
to healthy subjects,41 but 3 others showed an increase in
LDL oxidation in patients with SAHS and a beneficial
effect of CPAP therapy on LDL oxidation.42-44 These
results are indicative of the importance of this
pathogenic mechanism in connection with the increased
risk of atherogenesis associated with SAHS. 

Homocysteine

Homocysteine is a highly reactive sulfurated amino
acid that causes endothelial dysfunction through various
mechanisms, such as increased production of ROS,
decreased release of NO, and alterations in the expression
of several genes in endothelial cells.45 An association
between elevated homocysteine levels and frequency of
cardiovascular disease has been shown.45,46 A beneficial
effect on endothelial dysfunction when homocysteine
levels are lowered through treatment with folic acid and
vitamins B6 and B12 has also been reported.45,46 However,

the possible effects of such treatments on the reduction of
mortality from cardiovascular disease are unknown, and
randomized trials are currently being carried out to
determine the extent of their usefulness. 

In a study carried out by Lavie et al47 elevated
homocysteine concentrations were found in patients
with SAHS and cardiovascular disease compared to
patients with SARS and hypertension and with SAHS
but without cardiovascular disease. This difference was
also detected in a group of patients with cardiovascular
disease but without SAHS. No differences related to
homocysteine metabolism were found for other risk
factors or for concentrations of vitamins B6, B12, and/or
folic acid. These results suggest that homocysteine
might be involved in the pathogenesis of cardiovascular
disease in patients with SAHS.

Nitric Oxide

The NO produced by the enzyme eNOS in the
endothelium regulates vascular flow and has important
antiatherogenic effects on platelets, smooth muscle cells,
and endothelial cells. In humans, NO-mediated
endothelial function is deficient in preatherosclerotic
states and several studies have shown endothelial
dysfunction to be an independent predictor of future
cardiovascular episodes.13 There are many mechanisms by
which availability of NO may be reduced. The production
of ROS rapidly reacts with NO and contributes to NO
deficiency. In addition, ONOO–, which forms with the
reaction of NO and superoxide, has a toxic effect on the
cell and a negative effect on vascular function through the
oxidation of proteins and lipids. Also, eNOS can generate
superoxide instead of NO under certain circumstances, as
in cases of tetrahydrobiopterin deficiency, or in response
to atherogenic stimuli such as hyperglycemia or
hypercholesterolemia.13,17 Several studies have shown an
improvement in endothelial function following
tetrahydrobiopterin supplementation.48,49

In several studies, in which levels of stable
derivatives of NO in patients with SAHS were
measured, decreased circulating NO concentrations
were found. These concentrations increased
significantly following CPAP therapy.50,51 High levels of
asymmetric dimethylarginine, a NO synthase inhibitor,
have also been found in such patients, suggesting the
existence of several mechanisms that might contribute
to a decrease in NO availability and a greater
susceptibility to endothelial dysfunction.52

Xanthine Oxidase

Xanthine oxidase catalyzes the degradation of
hypoxanthine to uric acid and stimulates the release of
ROS. Furthermore, xanthine oxidase bound to
endothelial cells can use NADH and together with
NADPH oxidase is responsible for endothelial
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production of production of O2
–. The main evidence for

the involvement of xanthine oxidase in the pathogenesis
of endothelial dysfunction comes from studies in which
improvements in endothelium-dependent vasodilation
were observed following administration of oxypurinol
and allopurinol. 

Sahebjami53 observed that in patients with SAHS
urinary excretion of uric acid correlated significantly
with the apnea-hypopnea index and decreased to levels
similar to those of the control group after CPAP
therapy. In other studies, an increase in purine
degradation products was also detected in such
patients.54-56 These results suggest that the release of
ROS that occurs during the metabolism of all these
molecules probably contributes to the oxidative damage
associated with SAHS. 

Expression of Redox-Sensitive Genes

The expression of genes sensitive to an increase in
ROS is accompanied by the activation of transcription
factors and signaling pathways related to proatherogenic
events. These transcription factors are influenced by
redox state and availability of oxygen.19 Hypoxia-
inducible factor-1 regulates the transcription of genes that
code for proteins that participate in adaptive responses to
hypoxia, while nuclear factor κB and activator protein 1
participate in the regulation of genes related to the
expression of the cytokines, growth factors, and adhesion
molecules involved in inflammatory responses and in the
progression of arteriosclerosis.57-59

The studies that point to the activation of these
transcription factors in patients with SAHS are indirect
ones and the conclusions are based on the detection in
plasma of elevated concentrations of proteins coded by
such genes, such as vascular endothelial growth factor,
endothelin 1, erythropoietin, tumor necrosis factor-α,
interleukin 1 and interleukin 6, intracellular adhesion
molecule 1, vascular cell adhesion molecule 1, L-
selectin, and E-selectin.60-69 The production and release of
cytokines such as tumor necrosis factor-α and interleukin
6 might contribute to a systemic inflammatory response
which, in turn, seems to be associated with other
cardiovascular risk factors, such as obesity, that are quite
prevalent in such patients.70-73 There is also evidence of
an increase in the expression of adhesion molecules
(CD15 and CD11) in isolated monocytes of patients with
SAHS.39 This lends support to the hypothesis of the
functional importance of this process in the pathogenesis
of the cardiovascular complications of SAHS and
highlights the need for further study for a better
understanding of the molecular mechanisms involved in
such alterations.

Conclusions

Various lines of study support the hypothesis that
oxidative stress is an important pathophysiologic

mechanism in cardiovascular disease associated with
SAHS. However, at present the main cellular sources
that contribute to an increase in ROS in SAHS remain
unknown. A better understanding of these mechanisms
will lead to more effective therapeutic intervention and
to the prevention of the cardiovascular risk attributable
to oxidative stress in such patients.
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