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HYPOTHESIS

On the origin of cardiovascular complications of sleep apnea

syndrome by the means of molecular interactions
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Abstract

In this article we present a novel hypothesis of the pathogenesis of cardiovascular complications of sleep
apnea syndrome (SAS). Chronic intermittent hypoxia occurring in association with SAS represents a
variation of chronic ischaemia reperfusion injury of the heart. In the hypoxic cells hypoxia inducible
factor induces adaptation processes, including production of vascular endothelial growth factor and
suppression of antioxidative mechanisms. Resulting oxidative and carbonyl stress are responsible for
endothelial dysfunction leading to the development of systemic hypertension. Metabolic and vascular
changes stimulate the atherogenic process. Besides the pathogenetic pathway of cardiovascular compli-
cations of SAS, we also present the latest concluding results from experimental observations and epi-
demiological studies concerning sleep disordered breathing and diseases of heart and vessels. Our theo-
retical assumption should be further proved.
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Introduction

Sleep apnea syndrome (SAS) is defined as a sleep-related
breathing disorder by the apnea-hypopnea index (AHI; average
number of apnea or hypopnea periods per hour sleep) of more
than 10. Although apnea periods during sleep are common in about
a quarter of the adult population, the prevalence of SAS is as-
sumed to be 4% in men and 2% in women. Other symptoms are
snoring, daytime sleepiness and fatigue. The exact diagnosis can
be made only with the use of polysomnography (Flemons 2002).
Central SAS and obstructive SAS are distinguished by the com-
parison of muscular effort of the patient during the apnea periods.
In obstructive SAS the obstruction of upper airways is respon-
sible for the apnea. Increased activity of respiratory muscles tries
to overcome the resistance. In the central form no muscular acti-
vity can be seen during apnea. SAS is accompanied with risk fac-
tors like obesity, smoking, excessive alcohol intake and meno-
pause-related estrogen depletion in women (Young et al. 2002).
As polysomnography is expensive and often not available and clini-
cians do not bear this possible diagnosis in mind, most patients suf-
fering from this disorder are still undiagnosed and thus, untreated.

The mortality of SAS patients is higher than in age- and BMI-
matched healthy population. Lifetime limiting are especially traf-

fic accidents, heart and lung diseases and hypertension-related
cardiovascular causes (Tomori et al. 1999). Other connected prob-
lems are depression, impaired cognitive abilities, libido loss and
enuresis, particularly in children (Lavie et al. 1995). Most of
these complications are, however, preventable by the use of the
only contemporary therapeutical standard — nasal continuous
positive airway pressure (Bennett et al. 1999).

Cardiovascular complications of SAS are of interest not only
due to their high prevalence but also due to the unsolved pathogen-
esis. It is known that the risk for stroke, coronary artery disease and
for heart failure increases with AHI. Statistical multivariate analysis
revealed that SAS is an independent risk factor for cardiovascular
diseases, thus, the bias coming from shared common risk factors
was eliminated (Shahar et al. 2001). In the other direction, patients
with coronary artery disease have a worse long-term prognosis when
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Fig. 1. The complex net of interactions resulting in cardiovascular complications of sleep apnea syndrome. See text for further details. ODI
— oxygen desaturation index, HIF — hypoxia inducible factor, VEGF — vascular endothelial growth factor, AOS — antioxidative status,
ROS — reactive oxygen species, AGEs — advanced glycation end products, ANS — adrenergic nervous system, IGT — impaired glucose

tolerance, NO — nitric oxide, VV-M — vasa vasorum in the media.

concurrently suffering from SAS due to higher occurrence of cere-
brovascular events (Mooe et al. 2001). Similarly, in patients with
arterial hypertension a co-existing SAS increases the frequency and
severity of nocturnal cardiac dysrhythmias explained by endothelial
dysfunction (Szaboova 2003). However, the detailed pathophysi-
ological pathway is still not clear.

We hypothesize, that chronic intermittent ischaemia occur-
ring in SAS is responsible for endothelial dysfunction, develop-
ment of hypertension consequently contributing to the increased
occurrence of cardiovascular complications (Fig. 1). Moreover,
we present herein the interactions that mediate this effect on the
molecular level.

Activation cascade and the role of hypoxia inducible factor

Apnea periods are connected with oxygen desaturation phases
reaching levels of less than 70%, depending on the severity of
SAS in the patient. So-called oxygen desaturation index (ODI)
is a quantitative marker of SAS that correlates with the occur-
rence of complications. Oxygen depletion in the heart or other
tissues and a subsequent repletion in relation to apnea periods of
SAS is a phenomenon that resembles to chronic intermittent is-
chaemia reperfusion injury (Mooe et al. 2000).

During the ischaemic phase the cells adapt to the new situation.
Although the oxygen homeostasis is one of the most important and
best-controlled metabolic mechanisms in the eucaryotic cell, the defi-
nite oxygen sensor is not known. Although a number of cytochromes,
heme-binding proteins and other ferroproteins have been postulated
to be the receptor for oxygen (Ryle & Hausinger 2002), no consen-
sus exists yet, indicating, that either other not discovered proteins
are responsible for the oxygen sensing or the process is dispersed
between several molecular sensors that act as a receptor net (Semenza
2001a). Prolin hydroxylases that need oxygen as a substrate for the
catalysed reaction belong to this net. An important protein that is
related to oxygen sensing is hypoxia inducible factor (HIF) discov-
ered in 1995. It consists of 2 subunits HIF-1a and HIF-13. HIF-13
is continuously expressed, HIF-1a expression on the other hand is
under multilevel regulation. Under normoxic conditions, prolin hy-
droxylases are active and they hydroxylate HIF-1a at several sites.
This increases the affinity of HIF-1a to p53 and to the von Hippel-
Lindau tumour suppressor protein (VHL). Interactions between p53
or VHL and HIF-1a in presence of the factor inhibiting HIF-1a
(FIH) and histone deacetylase (HDAC) are required for the recog-
nition of HIF-14 by ubiquitin ligase E3 complex containing elongin
B and C and cullin 2 (Semenza 2002). Once ubiqiutinated, the pro-
tein is marked for degradation and cleavage. In hypoxia the detailed
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Fig. 2. Hypoxia inducible factor (HIF) degradation, activation by hypoxia and HIF-mediated gene regulation. IGFR — insulin like growth
factor receptor, EGFR — epidermal growth factor receptor, HER2 — human epidermal growth factor receptor 2, PI3K —
phosphatidylinositol-3-kinase, AKT — serine/threonine protein kinase B, FRAP — FKBP rapamycin associated protein, PH — prolin
hydroxylases, Ubi-l — ubiquitin ligase, Ubi — ubiquitin, HDAC — histone deacetylase, VHL — von Hippel-Lindau tumour suppressor
protein, FIH - factor inhibiting HIF-1d, B — elongin B, C — elongin C, C2 — cullin 2, CBP — CREB (3',5'-cyclic adenosine monophos-
phate response element binding protein) binding protein, HRE — hypoxia response element, GLUT — glucose transporter, VEGF —
vascular endothelial growth factor, SOD — superoxiddismutase, TGFO — transforming growth factor f, E-1 — endothelin 1.

role of mitochondria is not clear. However, primary two important
things happen in the cytoplasm: the expression of HIF-1a increases
and HIF-1a degradation is suppressed (Semenza 2001b). Activa-
tion of insulin like growth factor receptor (IGFR), epidermal growth
factor receptor (EGFR) and human epidermal growth factor recep-
tor 2 (HER2) results in activation of the phosphatidylinositol-3-
kinase cascade, serine//threonine protein kinase B— AKT and FKBP
rapamycin associated protein (FRAP). FRAP enhances the expres-
sion of HIF-1a. Prolin hydroxylases cannot hydroxylate proteins
when oxygen is depleted. HIF-1a is, thus, not hydroxylated either
and cannot interact with tumour suppressor genes p53 and VHL.
Ubiquitin ligase does not recognize HIF-10a as a substrate and the
degradation of HIF-1a is stopped or at least decreased (Fig. 2).
Activated HIF-1a is a transcriptional factor that can interact
with nuclear DNA. Enhancer sequences of target genes contain so-
called hypoxia response elements (HRE; 5’-RCGTG-3").
Coactivators p300 and CBP are, however, needed for the activation
of HIF-1a-mediated gene expression. A great number of genes con-
tain HRE that have been reviewed recently in Trends Mol Med
(Semenza 2001c). The HIF regulated proteins have three tasks —
antiapoptotis (p21, TGFp, IGF), metabolic shift from oxidative to

glycolytic (hexokinases, aldolases, glucose transporters) and angio-
genesis (vascular endothelial growth factor — VEGF, VEGF recep-
tor). The changes in protein expression provide adaptation of the
cells to the hypoxic environment.

Impact of chronic HIF activation

We assume a chronic sustained activation of HIF-1a in SAS pa-
tients as a result of chronic intermittent hypoxia not unlikely to the
microenvironment of tumour cells in a progressive tumour (Maxwell
et al. 2001) or in chronic inflammation (Hellwig-Burgel et al. 1999).
A wide spectrum of effects is related to the chronic HIF activation. To
the most important belong the down regulation of a number of
antioxidative mechanisms, especially the activity of antioxidative en-
zymes like superoxiddismutase, catalase and gluthationperoxidase is
suppressed during hypoxia. The cells do not need the protection against
reactive oxygen species (ROS), as they cannot be produced due to the
oxygen depletion and due to the glycolytic metabolic shift. Mitochon-
dria providing the oxidative metabolism are “out of order”. A unique
problem arises due to the HIF-mediated overproduction of VEGF
and its receptor (Tsuzuki et al. 2000; Hopfl et al. 2002).
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Nitric oxide (NO) seems to be involved in the link between
hypoxia and VEGF expression, but the detailed mechanism of NO
action in this process is not clear by now (Sogawa et al. 1998; Kimura
et al. 2000). Nevertheless, the enhanced VEGF production and sen-
sitivity of the cells to this angiogenic factor induce neovascularisation
of progressing tumours as well as the angiogenesis of vasa vasorum
of arteries (Maxwell et al. 1997). In vivo, especially adventitial vasa
vasorum formation was observed due to hypoxia in the arterial wall
induced by experimental hypertension. However, the bias result-
ing from the short time period of hypertension in the experiments
could not be excluded (Kuwahara et al. 2002). In patients with
SAS, serum levels of VEGF were found to be higher than in con-
trol subjects (Imagawa et al. 2001). Moreover, the VEGF levels
were higher in patients with severe SAS, the concentrations corre-
lated well with ODI (Schulz et al. 2002). VEGF may be just a
marker of the adaptation process to hypoxia (Kahler et al. 2003)
or an artificial bias (Gunsilius et al. 2002). We hypothesize that
increased circulating VEGF induce vasa vasorum formation in
patients with SAS. This angiogenesis may be beneficial. VEGF
response to hypoxia is age-dependent, children have much higher
VEGEF levels after the same hypoxic insult than adults (Gozal et
al. 2002). Especially, the induction of vasa vasorum formation in
the media of the vessels changes the mechanic characteristics of
the arterial wall. The result is a higher susceptibility to atheroscle-
rotic plaque development and to its rupture. Standard treatment of
SAS reverses the VEGF levels to normal range (Lavie et al. 2002).

SAS patients were found to have an independent risk for in-
sulin resistance and an impaired glucose tolerance as revealed
by several studies (Punjabi et al. 2002; Ip et al. 2002). The meta-
bolic shift towards anaerobic glycolysis instead of oxidative me-
tabolism may be responsible for this effect. In addition, the glu-
cocorticoid rise due to permanent nocturnal adrenergic stimula-
tion may account for higher glycaemia. These processes could
also explain higher cholesterol, particularly LDL found in SAS
patients (Buchner et al. 1998).

Reperfusion injury and the consequences

What happens after repletion of oxygen during the reperfusion
and reoxygenation? A high partial pressure of oxygen reaches
the cells within seconds. The cells cannot compensate that quickly.
A phenomenon similar to the calcium paradoxon, the oxygen
paradoxon arises. In addition the neutrophils from patients with
SAS showed enhanced respiratory burst, what might be a further
source of ROS (Schulz et al. 2000). The dysbalance in ROS pro-
duction and antioxidative mechanisms is called oxidative stress.
Indeed, oxidative stress is often related to the reperfusion injury
of the heart. One study dealing with the antioxidative status of
SAS patients showed no difference to control subjects (Wali et
al. 1998). Another one concentrating on melatonin circadian
rhythm showed no differences in average melatonin levels, how-
ever, the study results were limited due to low number of partici-
pants and a problematic biochemical method. The slight changes
in the pattern of melatonin levels must be further evaluated
(Wikner et al. 1997). Other studies showed either directly in-

creased ROS production, increased levels of peroxidation mar-
kers or enhanced expression of adhesion molecules, what is of-
ten accompanied with higher ROS generation (Ohga et al. 1999;
Dyugovskaya et al. 2002; Carpagnano et al. 2002).

Posstranslational modification of protein in vivo with reduc-
ing aldehydes (eg. reducing sugars, malondialdehyde) initiates the
formation of Amadori-type products, which in long-lived tissues
rearrange to form irreversible end products, called also advanced
glycation end products (AGEs). Congestion of AGEs in organism
is termed carbonyl stress. Oxidative stress is directly linked to the
carbonyl stress, as ROS facilitate the generation of AGEs and AGEs
can induce ROS production. Higher levels of AGEs are a risk fac-
tor for the outcome of reperfusion injury during myocardial inf-
arction. Moreover, oxidative stress results in increased homocys-
teine levels that are also found in SAS patients (Lavie et al. 2001).

Chronic oxidative and carbonyl stress incite the development
of endothelial dysfunction. This effect is partly direct, partly me-
diated by the immune system. ROS react with NO to produce the
highly toxic peroxynitrite radical, which deteriorate endothelocytes
(Ip etal. 2000). The reaction also inhibits the vasodilatatory effect
of NO (Tahawi et al. 2001). Structural changes during the AGEs
production represent new antigens for the immune cells. Leuko-
cytes are attracted to the endothelium and induce further local ROS
generation as an immune reaction. Immune system activation can
be observed by increased C-reactive protein levels (Shamsuzzaman
et al. 2002). Evidence for the presence of endothelial dysfunction
in SAS patients was already given. In SAS, vasodilatation (but
only endothelium-dependent) is impaired (Kato et al. 2000; Duchna
et al. 2001). Particularly, the response to hypoxia and not to is-
chaemia of the peripheral vasculature is abnormal (Remsburg et
al. 1999). Endothelial defects lead to increased vascular resistance
and to hypertension. In SAS, these effects are potentiated by the
sustained activation of the adrenergic nervous system due to the
arousals and CNS activation during nocturnal apnea episodes
(Schafer etal. 1997; Zinkovska & Kirby 1997), increased peripheral
muscular basal tonus (Narkiewicz et al. 1998b) and the following
increased vasoconstrictor sensitivity (Kraiczi et al. 2000a). This is
the rationale for the antihypertensive treatment of SAS patients
with a-blockers on contrary to other possibilities (Kraiczi et al.
2000b). The contribution of the adrenergic system to SAS-associ-
ated hypertension was reviewed previously (Fletcher 2001).

SAS and hypertension

It has been already shown in experimental chronic intermit-
tent hypoxia that activated HIF-14 also enhances the expression
of endothelin-1 (Kanagy et al. 2001). This may add to the devel-
opment of hypertension during the hypoxic phase (Camenisch et
al. 2001). On the other hand, inducible NO synthase, cyclo-
oxygenase 2 and atrial natriuretic peptide expression is increased
as a consequence of HIF-14 activation (Jung et al. 2000; Hier-
holzer et al. 2001; Chun et al. 2002). The patophysiological role
of these relations should be further evaluated taking into account
that not only blood pressure but also arterial stiffness is increased
as the result of apnea (Jelic et al. 2002). Arterial stiffness changes
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seem to play a major role in SAS of children having similar sys-
tolic but significantly increased diastolic pressure values in com-
parison to healthy control group (Marcus et al. 1998).

SAS was shown to be an independent risk factor for systemic
hypertension and thus, should be considered by physicians in hy-
pertensive patients (Collop 2002). Several pathomechanisms may
be postulated in addition to the aforementioned. Increased renin
activity found in experimental SAS may contribute to the incre-
ment of blood pressure (Fletcher et al. 1999), particularly through
tissue specific upregulation of local angiotensin II (Fletcher et al.
2002). More answers may be found by comprehensive studying of
the development of pulmonary hypertension that is observed in
one third of SAS patients (Yamakawa et al. 2002). Although in
opposite to systemic hypertension the pathophysiological link be-
tween hypoxia and increased pulmonary arterial pressure seems to
be more straightforward (Schneider et al. 2000). Cor pulmonale re-
sulting from the chronic pulmonary hypertension (Richter & Gottwik
2002) can be also prevented by nasal positive airway pressure treat-
ment (Blankfield et al. 2003). This is true also for transient ischaemic
attacks and strokes as the major complications of hypertension
(Pressman et al. 1995). Truly, SAS patients have a clear higher
risk for cerebrovascular events than healthy controls (Dyken et al.
1996). Moreover, sleep-disordered breathing is associated with
worse prognosis of patients with stroke (Good et al. 1996), al-
though the morphologic links are not clear yet (Bassetti et al. 1997).

Carotid artery wall thickness is an easy to obtain quantitative
marker indicating the cardiovascular risk in SAS patients and
should be considered more frequently in the clinical use (Silvestrini
et al. 2002). Remarkably, when taking into account, that other
sonographic parameters like left ventricular mass or left ventricu-
lar end diastolic volume do not correlate with AHI or ODI, if ad-
justed to BMI, age and blood pressure (Niroumand et al. 2001).
Taking the results from the clinical studies together, the cardio-
vascular risk of SAS lies in hypertension and stroke on one side
and in atherosclerosis and ischaemic heart disease with dys-
rhythmias on the other side (Peker et al. 2002, Szaboova 2003).

Conclusion

Acute haemodynamic and cardiovascular changes occurring
during the apnea phases were discussed thoroughly. The long last-
ing effects of SAS on the cardiovascular system are known mostly
from epidemiological studies. Therefore, the pathomechanism of
SAS associated hypertension and atherosclerosis is generally un-
known. It is unsatistying to declare the pathogenesis as multifari-
ous. Chronobiological distinctions are often made responsible es-
pecially for hypertension in SAS (Narkiewicz et al. 1998a; Harbison
et al. 2000). It is likely that the altered circadian blood pressure,
its variability and cardiac arrhythmias in SAS are not a cause but a
serious and sometimes even lethal consequence of SAS-associ-
ated changes presented in this article.

There is a need to search for the origin of diseases in the cell.
HIF-1a regulates the response to hypoxia of the cells and so is
very likely to be directly involved in the pathogenesis of SAS-
associated complications. Affecting the HIF-1a signalling path-

way is a new and interesting approach in the anti tumour therapy
(Comerford et al. 2002; Acker & Plate 2002). HIF inhibition may
also be indicated in therapy of ischaemic heart disease and some
retinal diseases (Rapisarda et al. 2002). However, the use of HIF-
l1a inhibitors is questionable in patients with SAS. HIF-1a may
be responsible for the cardiovascular complications. In this paper
we provide some new possible insights into their origin and the
pathogenesis. Nevertheless, preventive therapy in form of nasal
continuous positive airway pressure is relatively available and it
should be preferred in comparison to any other therapy of the com-
plications (Heitmann et al. 1998). Moreover, the nasal continuous
positive airway pressure therapy can in a very short time reverse
some cardiovascular SAS complications (Tkacova et al. 1998;
Javaheri 2000), mainly in case of early indications where it can
precede the development of hypertension, ischaemic heart disease
with dysrhythmias etc., as it was repeatedly shown.

In summary, we present herein a novel hypothesis for the patho-
physiological links between SAS and the impairment of heart and
vessels, activation of HIF-1a playing the central role on molecular
level. We also have shown how the HIF-1a-regulated gene expres-
sion may affect the vascular system and its metabolism and how
oxidative and carbonyl stress may contribute to atherogenesis and
endothelial dysfunction resulting in hypertension and ischaemic heart
disease. Though the evidence that SAS induces hypertension is
known for years (Brooks et al. 1997), we still lack an accepted de-
tailed link between SAS and hypertension. Our hypothesis may con-
tribute to the discussion of this problem of high clinical relevance.
Molecular and cellular biology should offer more insights in the
pathogenesis of cardiovascular diseases in SAS in the near future
answering the majority of remaining questions partly mentioned here.
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