
Vascular Effects of Intermittent Hypoxia

Nancy L. Kanagy, PhD
Professor of cell biology and physiology in the Vascular Physiology Group at the University of
New Mexico Health Sciences Center in Albuquerque

Abstract
Obstructive sleep apnea is characterized by repeated upper airway obstruction during sleep and
affects between 5% and 20% of the population. Epidemiological studies reveal that sleep apnea
and associated intermittent hypoxemia increase the risk for hypertension and vascular disease but
the mechanisms underlying these effects are incompletely understood. This review reports the
results of rodent models of intermittent hypoxia (IH) and relates them to the observed
hemodynamic and vascular consequences of sleep apnea. These animal studies have demonstrated
that IH exposure in the absence of any other comorbidity causes hypertension, endothelial
dysfunction, and augmented constrictor sensitivity, all due at least in part to increased vascular
oxidative stress. Animal studies have used a variety of exposure paradigms to study intermittent
hypoxia and these different exposure protocols can cause hypocapnia or hypercapnia—or maintain
eucapnia—with accompanying alterations in plasma pH. It appears that these different profiles of
arterial blood gases can lead to divergent results but the impact of these differences is still being
investigated. Overall, the studies in rodents have clearly demonstrated that the vascular and
hemodynamic impact of intermittent hypoxia provides a strong rationale for treating clinical sleep
apnea to prevent the resulting cardiovascular morbidity and mortality.
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Rodent Models of Intermittent Hypoxia
Rodent studies provide a tremendous opportunity to explore the mechanisms of
cardiovascular changes induced by one of the major consequences of sleep apnea,
intermittent hypoxemia. Experimental protocols expose rodents to intermittent hypoxia
(IH1) to simulate the blood gas changes that occur in sleep apnea; while they vary in cycle
length, severity of hypoxia, number of hypoxic episodes per hour, and number of exposure
days, they are quite consistent in reporting mild hypertension (Fletcher 2001; Kanagy et al.
2001; Lesske et al. 1997), augmented vascular contractility (Allahdadi et al. 2005; Julien et
al. 2003; Tahawi et al. 2001), and metabolic alterations (Djovkar 1983; Holm et al. 1973;
McNulty et al. 1996; Polotsky et al. 2003). Thus, despite slightly different results in the time
to onset of cardiovascular changes and the degree of resulting pathology, the similarities are
more striking than the differences. However, the different paradigms do produce markedly
divergent changes in arterial blood gases, with unclear impacts on arterial pressure,
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hematocrit (the proportion of red blood cells in the total blood volume), and vascular
function.

Blood Gas Differences in Exposure Paradigms
Exposure protocols induce hypoxia by replacing a portion of the inhaled air with nitrogen to
periodically briefly reduce the percentage of oxygen (O2) in the inhaled gas mixture to 5–
10%. This hypoxic gas mixture alternates with periods of air flush that restore oxygen to
normal values (~21%). The hypoxic exposure decreases blood oxygen saturation similar to
the desaturation that occurs in patients with moderate to severe apnea (Noda et al. 1998). A
major difference between protocols is the resultant partial pressure of carbon dioxide
(pCO2

1) during the hypoxia exposures. In clinical studies of patients with moderate sleep
apnea (15 to 30 apneic episodes per hour), pCO2 changes negligibly (Epstein et al. 2001) or
increases slightly (Tilkian et al. 1976) during the apneic episodes; an increase may
contribute to the severity of the cardiovascular consequences of sleep apnea (Cooper et al.
2005). However, most IH exposure paradigms in rodents do not include CO2
supplementation and the resultant hyperventilation leads to hypocapnia.

In studies comparing hypocapnic, eucapnic, and hypercapnic intermittent hypoxia (IH with
abnormally low, optimal, and excessive arterial CO2 pressure, respectively), Eugene
Fletcher reported similar blood pressure changes in all protocols (Lesske et al. 1997).
Furthermore, his group did not observe increases in hematocrit or in right ventricular weight
in any of the subjects, suggesting that the exposures did not cause pulmonary hypertension
or erythropoiesis. In contrast, Aidan Bradford and Michelle McGuire found that all three
protocols increased hematocrit and caused right ventricular hypertrophy (Bradford 2004;
McGuire and Bradford 1999). Later studies from Fletcher’s group also reported either an
increase in hematocrit without a change in right ventricular weight (Fletcher et al. 1992b) or
an increase in right ventricular weight without an increase in hematocrit (Fletcher et al.
1992a; for a more detailed discussion of cardiovascular impacts, Dematteis et al. 2009).

Studies from our group have shown that hypocapnic but not eucapnic IH increases
hematocrit and causes a more profound increase in right ventricular mass than does eucapnic
IH (Snow et al. 2008). Rats were exposed for 14 days to either hypocapnic (decreased
fraction of inspired oxygen [FiO2] over 90 secs to 5% O2:95% N2, 20 times/hr) or eucapnic
IH (decreased FiO2 and increased FiCO2 over 90 secs to 5% O2:5% CO2:90% N2, 20 times/
hr). As in other studies, both types of IH caused profound and similar decreases in PO2
during the hypoxic exposure period (68 ± 5 millimeters of mercury [mmHg1] before and 32
± 6 mmHg during hypoxia). However, IH-exposed rats became significantly hypocapnic
with a concurrent alkalosis during the hypoxia exposure whereas those with CO2
supplementation remained eucapnic (pCO2 = 27 ± 3 to 14 ± 2 mmHg and 31 ± 2 to 33 ± 1
mmHg, respectively; Figure 1). Thus both protocols caused a similar degree of arterial
hypoxemia but very different levels of pCO2. After 14 days of hypocapnic IH exposure,
hematocrit was elevated to the same level as that in rats exposed to chronic hypoxia (Figure
2). In contrast, eucapnic IH elicited a very modest increase in hematocrit, similar to changes
observed in patients with obstructive sleep apnea (OSA1) (Hoffstein et al. 1994). It is not
clear why the same level of hypoxia produces such markedly different hematocrits or why
these results differ from those of Bradford and McGuire, but the striking difference
demonstrates that eucapnic exposure more closely mimics the clinical paradigm. levels are
accompanied

In addition, the different pCO2 by differences in the development of right ventricular
hypertrophy, evident in other reported differences in pulmonary function. Pulmonary arterial
remodeling and right ventricular hypertrophy accompanied by significant polycythemia
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occur in rats exposed to either hypocapnic IH or chronic hypoxia but not in rats exposed to
eucapnic IH (Fagan 2001; Snow et al. 2008; Thomas and Wanstall 2003). Thus hypercapnia
or even eucapnia appears to attenuate the development of both pulmonary hypertension and
elevated hematocrit in response to intermittent hypoxia. Indeed, continuous CO2
supplementation appears to interfere with the development of pulmonary hypertension in
rats exposed to chronic hypoxia (Kantores et al. 2006; Ooi et al. 2000), suggesting that
pCO2 modulates the pulmonary responses to hypoxia.

One possible reason for the differences in hematocrit is that CO2 supplementation can blunt
the degree and duration of the fall in pCO2 (compared to hypoxia alone) (Campen et al.
2004). Thus differences in arterial blood gases during exposure to eucapnic and hypocapnic
IH appear to differentially affect at least the pulmonary response to IH. Additional studies
are needed to determine the ramifications of these differences.

Blood Pressure Changes
Because the hypocapnic intermittent hypoxia exposure protocol is simpler and several
studies report no differences in blood pressure response between eucapnic and hypocapnic
IH after 35 days (Fletcher et al. 1992b), most animal studies have used this protocol and
found a modest increase in arterial pressure within 10 to 35 days (Dematteis et al. 2008;
Hinojosa-Laborde and Mifflin 2005; Lesske et al. 1997). Data from our laboratory suggest
that eucapnic IH causes a faster and greater increase in arterial pressure than that which
occurs with hypocapnic IH exposure (Kanagy et al. 2001; Troncoso Brindeiro et al. 2007).
However, there are multiple differences in the study methods in addition to the differences
in pCO2, so comparison of the paradigms is difficult. Fletcher’s original studies reporting
that neither hematocrit nor blood pressure changed after the two exposure paradigms used
catheterized animals with frequent blood sampling that may have prevented such changes. In
the Bradford and McGuire study demonstrating that either eucapnic or hypercapnic IH
produced a significant increase in arterial pressure and hematocrit, rats were restrained
during the exposure period by nose cones and blood was collected weekly from the tail vein
rather than from an indwelling catheter; the resulting stress may have played a role in the
differing responses reported in these studies. Nonetheless, cumulatively, animal studies
indicate that IH causes a modest increase (10 to 20 mmHg) in arterial pressure compared to
other experimental models of hypertension (Fletcher 2001; Hinojosa-Laborde and Mifflin
2005; Peng et al. 2006; Unger et al. 1977). This finding is comparable to reports that blood
pressure falls from 2 to 10 mmHg with continuous positive airway pressure (CPAP1)
treatment of OSA patients (Logan et al. 2003; Robinson et al. 2008). Thus animal models
appear to consistently mimic the development of mild hypertension in sleep apnea and
suggest that intermittent exposure to periods of hypoxemia mediates the increase in blood
pressure.

Animal studies examining the mechanism of IH-related hypertension indicate that it is
multifactorial, with substantial contributions by the sympathetic nervous system (Fletcher
2003) and the renin angiotensin system (Fletcher et al. 1999). In addition, there may be
contributions from other factors, including reactive oxygen species (ROS1) scavenging of
nitric oxide (NO1) (Hayashi et al. 2008), increased levels of endothelin (Allahdadi et al.
2008a; Kanagy et al. 2001), and alterations of baroreflex control of blood pressure
(Dematteis et al. 2008; Narkiewicz and Somers 1997).

There is also evidence of augmented sympathetic activity in humans, including elevated
urinary and plasma catecholamines (Minemura et al. 1998), elevated muscle sympathetic
nerve activity, and decreased sensitivity of the baroreceptor (Logan et al. 2003; Monahan et
al. 2006; Narkiewicz and Somers 1997). CPAP treatment generally remedies these
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alterations (Narkiewicz et al. 1999; Phillips et al. 2007; Somers et al. 1988). Animal models
similarly show increases in plasma catecholamines (Zoccal et al. 2007), sympathetic nerve
traffic (de Paula et al. 2007), and impaired baroreflex sensitivity (Dematteis et al. 2008),
suggesting that IH is the cause of the increased neural activity. In rats exposed to 30 days of
intermittent hypoxia, spectral analysis of arterial pressure variability revealed marked
elevations in both the low frequency power and the low to high frequency ratio (Lai et al.
2006). In isolated adrenal medullae, 10 days of IH exposure increased catecholamine release
compared to control or chronic hypoxia exposure (Kumar et al. 2006). Administration of the
ganglion blocker hexamethonium caused a greater fall in arterial pressure in IH-exposed rats
than in control rats (Zoccal et al. 2007). In the study by Daniel Zoccal and colleagues, the
IH-exposed rats had elevated arterial pressure and increased plasma levels of
norepinephrine. Interestingly, the administration of the angiotensin receptor blocker losartan
did not affect blood pressure in either group of rats. Together, these studies suggest that
chronic IH facilitates cardiovascular sympathetic outflow and decreases baroreflex
sensitivity but may not affect the renin angiotensin system.

Sympathetic activity increases renin secretion and some studies demonstrate increased renin
levels in OSA patients (Moller et al. 2003). In a small study by Susumu Takahashi and
colleagues (2005), plasma levels of angiotensin II were also elevated in OSA patients and
appeared to contribute to increases in plasma levels of vascular endothelial growth factor
(VEGF). However, according to the findings of other clinical studies, sleep apnea does not
elevate renin activity or concentration (Benjamin et al. 2008; Gjorup et al. 2007). Similarly,
there are mixed results in animal studies, with some showing a clear activation of the renin-
angiotensin-aldosterone system (Fletcher et al. 2002) and others (e.g., Zoccal et al. 2007)
suggesting that angiotensin does not contribute to a rise in blood pressure. Additional studies
are needed to determine which parameters in the human condition predispose to activation
of this system and thus make it a good target for pharmacological intervention (Pimenta et
al. 2007).

Vascular Changes
Endothelial Function

Nitric Oxide and Oxidative Stress—One of the most striking and consistent vascular
changes reported in studies of sleep apnea is diminished endothelial function, including
decreased endothelium-dependent vasodilation in skeletal and cerebral resistance arteries
(Phillips et al. 2004) and in cremaster arterioles (Tahawi et al. 2001) in IH-exposed rats.
These findings are consistent with the impaired dilation function reported in OSA patients
(Carlson et al. 1996; Kraiczi et al. 2001; Lavie 2004) and appear to indicate that the IH
component of OSA mediates this aspect of vascular dysfunction. The impaired dilation has
been attributed to loss of nitric oxide bioavailability through ROS scavenging as evidenced
by increased oxidative stress in OSA patients (Christou et al. 2003; Dyugovskaya et al.
2002; Suzuki et al. 2006) and in animal models of intermittent hypoxia (Jun et al. 2008;
Kumar et al. 2006; Prabhakar and Kumar 2004; Seiler et al. 1996; Semenza and Prabhakar
2007). Functional studies demonstrate that scavenging ROS in vivo attenuates the
development of IH-induced hypertension in animals (Troncoso Brindeiro et al. 2007) and
restores vasodilator function in arteries from exposed rats (Phillips et al. 2004; Tahawi et al.
2001).

Recent studies in patients also report that antioxidant therapy improves endothelial
dysfunction and NO bioavailability (El Solh et al. 2006; Grebe et al. 2006; Teramoto et al.
2007). In addition, CPAP treatment of OSA patients improves endothelial function (Cross et
al. 2008; El Solh et al. 2007; Jelic et al. 2008). Both animal models and clinical studies
suggest that elevated ROS production impairs nitric oxide-dependent vasodilation in sleep
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apnea. In the study by Sanja Jelic and colleagues (2008), freshly harvested venous
endothelial cells from OSA patients showed a significant decrease in both total and
phosphorylated endothelial nitric oxide synthase (eNOS) and a fivefold increase in
nitrotyrosine and cyclooxygenase (COX1)-2. After 4 weeks of CPAP therapy, expression of
eNOS and phosphorylated eNOS were higher whereas expression of inducible NOS (iNOS)
and COX-2 were lower. These changes were associated with improved flow-mediated
dilation. A study by Jo-Dee Lattimore and colleagues (2006) demonstrated that 3 months of
CPAP treatment increased the forearm blood flow response to acetylcholine infusion and
augmented the reduction in flow to NOS inhibition, suggesting that CPAP treatment elevates
both basal and agonist-stimulated NO production. A recent study by Melanie Cross and
colleagues (2008) reported impaired brachial dilation to both acetylcholine infusion and
sodium nitroprusside in patients with severe OSA that improved after 6 weeks of CPAP
treatment. Thus vascular oxidative stress may scavenge both endogenous and exogenous NO
to prevent vasodilation in OSA. Additional studies in animal models will be useful to
determine specific molecular targets to reverse the oxidative stress and restore endothelial
function.

Cyclooxygenase Products—In addition to diminished NO-dependent vasodilation,
studies indicate that the cyclooxygenase pathway may be disrupted in IH-exposed animals.
In a study of carotid artery function in IH-exposed rats, enhanced vasoconstriction to
endothelin was normalized by treatment with a cyclooxygenase inhibitor (Lefebvre et al.
2006). Studies in nonvascular tissues demonstrate increased COX-2 expression after IH
exposure (Kheirandish et al. 2005; Li et al. 2003; Yang et al. 2005), suggesting that COX
expression increases in multiple tissues with both vascular and neural effects. Because COX
may be a source of superoxide (Kukreja et al. 1986; Rieger et al. 2002) in addition to the
vasodilator prostacyclin (Shah 2005), increased COX expression could contribute to
elevated vascular ROS generation. Alternatively, increased production of constrictor
prostanoids such as thromboxane A2 or PGH2 may also contribute to vascular defects in
sleep apnea. In clinical studies, CPAP treatment reduces COX-2 expression in vascular
endothelial cells from OSA patients (Jelic et al. 2008). It will be interesting to see whether
future studies demonstrate that COX inhibition in vivo prevents or reverses the development
of impaired vascular reactivity.

Measures of vascular reactivity in human studies consistently show OSA-related
abnormalities including hypoxia-induced impaired dilation (Foster et al. 2007), exacerbation
of atherosclerosis (Drager et al. 2009), and impaired cerebral autoregulation (Urbano et al.
2008). Indeed, epidemiological studies show significant independent associations between
OSA and hypertension, coronary artery disease, arrhythmias, heart failure, and stroke
(Bradley and Floras 2009). However, few studies have addressed COX contributions to
these changes in vascular function, although urinary excretion of prostanoid metabolites
suggests either decreased production of dilatory versus constrictor prostanoids (Krieger et al.
1991) or a compensatory increase in dilatory prostanoids (Kimura et al. 1998). Direct
measures of COX expression and activity in endothelial cells from OSA patients seem to
indicate that the reported upregulation of COX-2 in animal studies is paralleled in OSA
patients; future studies will determine whether this upregulation affects vasodilatory
capacity.

Vascular Smooth Muscle
Researchers have observed increased vasoconstrictor responses to endothelin (Allahdadi et
al. 2005; Lefebvre et al. 2006) and to norepinephrine (Julien et al. 2003) in several vascular
beds of IH-exposed rats. For example, Blandine Lefebvre and colleagues (2006) found no
changes in aortic responses to norepinephrine, angiotensin II, and endothelin but greater
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endothelin constriction in the carotid artery of IH-exposed rats. In this study, indomethacin
normalized the endothelin responses, suggesting that IH increases endothelin stimulation of
COX vasoconstrictors. However, increased sensitivity to other constrictor agents has not
been consistently observed (Allahdadi et al. 2005; Julien et al. 2003; Lefebvre et al. 2006),
and several studies have found a decrease (Phillips et al. 2006) or no change (Tahawi et al.
2001) in constrictor reactivity. The lack of change is somewhat surprising in light of the
consistent reports of impaired endothelium-dependent dilation (Tahawi et al. 2001) and
increased levels of vascular ROS (Troncoso Brindeiro et al. 2007), both of which should
augment constrictor versus dilator function. However, chronic exposure to elevated
sympathetic activity and increases in circulating angiotensin II may decrease vascular
sensitivity to these agonists, and this desensitization may explain the modest increase in
arterial pressure in animal models that show increases in sympathetic activity (Lai et al.
2006; Zoccal et al. 2007), plasma renin activity (Morgan 2007), and plasma endothelin
(Kanagy et al. 2001).

The consistent reports of endothelial dilation and greater endothelin constriction suggest that
endothelin may be an important mediator of the vascular pathology of this condition. Indeed,
recent studies from our laboratory indicate that endothelin antagonists can normalize the
increased blood pressure in IH-exposed rats (Allahdadi et al. 2008a). Furthermore, studies
from our group reveal that the intracellular signaling cascade that mediates endothelin
vasoconstriction is greatly altered after IH exposure (whereas mechanisms that mediate
phenylephrine constriction are unaltered; Allahdadi et al. 2005); the changes—increased
activation of protein kinase C and decreased activation of calcium influx—result in a
profound increase in calcium sensitization (Allahdadi et al. 2008b). Thus studies to
determine the mechanism of these alterations in vascular signaling may identify new targets
to prevent vascular damage in sleep apnea patients.

Unlike studies of agonist-induced constriction, few reports include discussion of IH effects
on myogenic tone. One study of myogenic tone described its decrease in skeletal muscle
arterioles after exposure to 14 days of hypocapnic IH (Phillips et al. 2006). The development
of myogenic tone was restored by treating rats with the antioxidant tempol during the IH
exposure period, suggesting the effect may have been caused by increases in vasodilatory
ROS. We have observed that mesenteric arteries from rats exposed to 14 days of eucapnic
IH have augmented myogenic tone that is endothelium-dependent (unpublished
observations). Thus there may be differences in the response of skeletal versus mesenteric
vascular beds; additional studies are needed to determine the mechanisms for these disparate
results.

Alternatively, there may also be differences in the effects of eucapnic and hypocapnic IH.
After exposure to hypocapnic IH, there is decreased or unchanged sensitivity to
vasoconstrictors (Koistinen et al. 2000; McGuire and Bradford 1999; Snow et al. 2008).
This result is similar to the profound inhibition of peripheral vasoconstrictor responsiveness
that follows exposure to continuous chronic hypoxia (Caudill et al. 1998; Doyle and Walker
1991; Earley and Walker 2002). In contrast, eucapnic IH appears to augment vasoconstrictor
sensitivity, similar to the effect of sleep apnea in humans (Kraiczi et al. 2000). Thus vascular
reactivity, pulmonary arterial pressure, and hematocrit may be influenced by the exposure
paradigms, with the degree of hypocapnia influencing the cellular changes. Further studies
delineating the systemic responses to hypocapnic and eucapnic IH will determine how each
of the paradigms mimics the effects of sleep apnea in OSA patients.
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Conclusions
Animal models of sleep apnea have added substantially to scientists’ understanding of the
vascular consequences of this condition. The most important contribution may be the
consistent observation that sleep apnea leads to a small but significant increase in arterial
pressure independent of comorbidities. The observation that systemic hemodynamics and
peripheral vascular function are also altered strengthens the justification for aggressive
treatment of apneas and oxygen desaturations with continuous positive airway pressure
(CPAP) devices. In addition, the confirmed presence of endothelial pathologies suggests that
the long-term consequences of untreated sleep apnea include damage in multiple organ
systems. Ongoing studies indicate that endocrine factors and oxidative stress are important
players in the vascular pathologies of sleep apnea. Future studies in these areas are expected
to identify potential therapeutic targets for the prevention of sleep apnea–induced vascular
disease.
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Figure 1.
Exposure to hypocapnic intermittent hypoxia (IH) and eucapnic IH had similar effects on
arterial oxygen tension (pO2) (A) but very different effects on arterial carbon dioxide tension
(pCO2) (B) and on arterial pH (C). Samples were drawn from a surgically implanted arterial
line after at least 7 days recovery from surgery before exposure to hypoxia (Pre), during the
10 seconds of minimum (5%) inhaled oxygen content (Nadir), and during the flush with
room air (Post). Values are means ± SE of n = 4–5 rats/group. * p < 0.05 vs. respective
preexposure value. # p < 0.05 vs. nadir value. τ p < 0.05 vs. hypocapnic IH. mmHg,
millimeters of mercury. Reprinted with permission from Snow JB, Kitzis V, Norton CE,
Torres, SN, Johnson KD, Kanagy NL, Walker BR, Resta TC. 2008. Differential effects of
chronic hypoxia and intermittent hypocapnic and eucapnic hypoxia on pulmonary
vasoreactivity. J Appl Physiol 104:110–118.
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Figure 2.
Percent hematocrit in rats exposed for 14 days to normoxia (control), chronic hypoxia (CH;
hypobaric hypoxia with barometric pressure maintained at ~380 mmHg), sham-treated,
hypocapnic IH (H-IH), and eucapnic IH (E-IH) rats. Values are means ± SE of n = 7–10
rats/group. * p < 0.05 vs. corresponding control group. # p < 0.05 vs. CH. τ p < 0.05 vs. H-
IH. Hematocrit is the proportion of red blood cells in the total blood volume. Reprinted with
permission from Snow JB, Kitzis V, Norton CE, Torres, SN, Johnson KD, Kanagy NL,
Walker BR, Resta TC. 2008. Differential effects of chronic hypoxia and intermittent
hypocapnic and eucapnic hypoxia on pulmonary vasoreactivity. J Appl Physiol 104:110–
118.

Kanagy Page 13

ILAR J. Author manuscript; available in PMC 2014 January 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


