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ABSTRACT

Chronic intermittent hypoxia (CIH) is a common and life-threatening condition that occurs in many differ-
ent diseases, including sleep-disordered breathing manifested as recurrent apneas. Reactive oxygen species
(ROS) have been identified as one of the causative factors in a variety of morbidities. The purpose of this ar-
ticle is to present a brief overview of recent studies implicating a critical role of ROS in evoking phenotypic
adverse effects in experimental models of CIH and in patients with recurrent apneas. In experimental mod-
els, CIH activates ROS signaling that contributes to several systemic and cellular responses that include (a)
altered carotid body function, the primary chemoreceptor for sensing changes in arterial blood O2; (b) ele-
vated blood pressures; (c) enhanced release of transmitters and neurotrophic factors; (d) altered sleep and
cognitive behaviors; and (e) activation of second-messenger pathways and transcriptional factors. Consider-
able evidence indicates elevated ROS levels in patients experiencing CIH as a consequence of recurrent ap-
neas. Antioxidants not only prevent many of the CIH-evoked physiologic and cellular responses in experi-
mental settings, but more important, they also offer protection against certain phenotypic adverse effects in
patients with recurrent apneas, suggesting their potential therapeutic value in alleviating certain morbidities
associated with recurrent apneas. Antioxid. Redox Signal. 9, 1397–1403.
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SYSTEMIC HYPOXIA (i.e., a decrease in arterial blood oxygen
level) occurs under many different circumstances and af-

fects a variety of physiologic systems. Systemic hypoxia can
be either continuous or intermittent. Chronic continuous hy-
poxia is encountered during high-altitude sojourns, whereas
chronic intermittent hypoxia (CIH) is a common and life-threat-
ening condition that occurs in many different diseases, includ-
ing sleep-disordered breathing, manifested as recurrent apneas.
Recurrent apneas are characterized by repetitive, transient ces-
sations of breathing (�10–30 sec), which result in periodic de-
creases in arterial blood oxygen. Nearly 50% of premature in-
fants (32), 5% of middle-aged men, and 2% of women after
menopause (25, 42) are prone to recurrent apneas. Physiologic

systems adapt to chronic continuous hypoxia, whereas CIH as-
sociated with recurrent apneas results in autonomic abnormal-
ities, alterations in sleep behavior, and impaired cognitive func-
tions. Although arterial blood oxygen decreases in both
continuous and intermittent hypoxia, it remains unclear why
CIH results in morbidity.

Free radicals of oxygen are often referred to as reactive oxy-
gen species (ROS), wherein an oxygen atom is much more re-
active than molecular O2. A variety of ROS have been identi-
fied, and their cellular sources of generation have been
extensively investigated (for a review, see ref. 9). The biologic
actions of ROS, especially superoxide anion (O2

��), hydrogen
peroxide (H2O2), and hydroxyl radical (OH�) are well docu-
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mented. ROS have been identified as one of the causative fac-
tors in a variety of morbidities. In this article, we present a brief
overview of recent experimental models of CIH and clinical
studies on recurrent apnea patients implicating a critical role
for ROS in evoking phenotypic adverse effects.

ROLE OF ROS IN CIH-INDUCED
FUNCTIONAL PLASTICITY IN THE

CAROTID BODY AND VENTILATION

Hypoxia within seconds after its onset leads to stimulation
of breathing and blood pressure. These compensatory responses
to hypoxia are mediated entirely by reflexes arising from pe-
ripheral chemoreceptors, especially the carotid bodies. It has
been proposed that carotid bodies constitute the “frontline” de-
fense system for detecting systemic hypoxia associated with ap-
neas (5). Studies on patients with recurrent apnea suggest that
carotid body function is altered compared with that in control
subjects (26). Direct recordings of the sensory activity demon-
strate that CIH selectively augments the hypoxic but not hy-
percapnic sensory response of the carotid body (29–31, 35). In
anesthetized rodents, acute intermittent hypoxia (AIH) in-
creases sensory activity, which returns to baseline after termi-
nating the stimulus. In striking contrast, in CIH-exposed ani-
mals, AIH leads to persistent increase in baseline activity even
after terminating the stimulus. This long-lasting increase in
baseline sensory activity of the carotid body has been termed
sensory long-term facilitation [sensory LTF (30, 31)]. Thus,
CIH, in addition to sensitizing the carotid body to hypoxia, in-
duces a novel form of plasticity, which is manifested as the sen-
sory LTF. The effects of CIH on the carotid body are time de-
pendent (apparent after 3 days but not with 1 day of IH
exposure) and can be reversed by normoxic reexposure for 10
days.

Activation of carotid body by hypoxia stimulates breathing.
The hypoxic ventilatory response is augmented in patients with
recurrent apnea (5) and in experimental animals exposed to CIH
(31, 35), which can be attributed to enhanced carotid body sen-
sitivity to hypoxia. Repetitive hypoxia leads to long-lasting ac-
tivation of breathing (i.e., LTF of breathing) (23), which is of-
ten referred to as plasticity of respiratory motor behavior.
Interestingly, CIH enhances LTF of breathing (22, 28), an ef-
fect that can be attributed in part to the sensory LTF of the
carotid body. Thus, CIH profoundly affects the hypoxic sens-
ing ability of the carotid body and alters the ventilatory be-
havior to acute hypoxia.

Systemic administration of a membrane-permeable superox-
ide dismutase mimetic, MnTMPyP [manganese (III) tetrakis (1-
methyl-4-pyridyl) porphyrin pentachloride; 5 mg/kg/day for 10
days before CIH exposure], a potent scavenger of O2

��, pre-
vents the previously described effects of CIH on the carotid
body (29, 30) and ventilation (28). Furthermore, CIH decreases
aconitase enzyme activity [an index of O2

�� production (8)] in
carotid bodies, suggesting increased generation of ROS (30).
The CIH-induced increase in ROS in the carotid body appears
to arise in part from the inhibition of mitochondrial electron-
transport chain (ETC) at complex I but not III (30). Taken to-

gether, these observations suggest that CIH activates ROS sig-
naling pathways that contribute to altered carotid body function
and the ensuing changes in breathing that may eventually lead
to progression of apneas.

CIH-INDUCED CARDIOVASCULAR
CHANGES AND THE ROLE OF ROS

Patients with recurrent apneas and experimental animals ex-
posed to CIH exhibit elevated plasma catecholamines and in-
creased blood pressures (3, 14, 34, 39). Bao et al. (3) reported
that adrenelectomy prevents blood pressure elevations in CIH-
exposed rats. A recent study (20) showed that CIH induces hy-
poxic sensitivity in the adrenal medulla of adult rats, which is
otherwise relatively insensitive to acute low pO2 (15, 43). These
investigators showed that acute hypoxia evokes robust cate-
cholamine efflux from the adrenal medulla of CIH-exposed rats,
whereas low pO2 is ineffective in eliciting similar effects in
control rats. The effects of CIH are selective to hypoxia be-
cause either acidic or isohydric hypercapnia (10% CO2) is in-
effective in evoking catecholamine efflux from CIH adrenal
medullae. The following lines of evidence suggest that ROS
play a critical role in CIH-induced hypoxic sensitivity in the
adrenal medulla. CIH significantly decreases aconitase enzyme
activity both in the cytosolic and mitochondrial fractions, and
the antioxidant MnTMPyP abolishes this effect, suggesting that
CIH increases ROS levels in the adrenal medulla. More im-
portant, systemic administration of either MnTMPyP or N-
acetylcysteine (NAC, a precursor for glutathione and a potent
ROS scavenger) not only prevents CIH-induced hypoxic sen-
sitivity in the adrenal medulla, but also abolishes CIH-induced
blood pressure elevation and increases in plasma cate-
cholamines (20). Thus, these observations suggest that ROS
play a critical role in CIH-induced cardiovascular changes.

INVOLVEMENT OF ROS IN CIH-INDUCED
CHANGES IN SLEEP AND 
COGNITIVE BEHAVIORS

Patients with obstructive sleep apneas (OSA) exhibit daytime
hypersomnolence (37, 49). Despite therapy to alleviate OSA,
many individuals exhibit considerable residual sleepiness dur-
ing the day (6, 27). To assess whether intermittent hypoxia (IH)
associated with apneas contributes to daytime sleepiness,
Veasey et al. (45) examined sleep behavior in mice exposed to
CIH. These authors found that in CIH-exposed mice, 2-h in-
crease occurs in the total sleep time and a reduction in mean
sleep latency relative to the control mice. The CIH-induced al-
tered sleep behavior is associated with oxidative injury in ba-
sal forebrain and brainstem, as evidenced by elevated levels of
isoprostane, protein carbonylation, increased nitration, and in-
duction of glutathione reductase as well as methionine sulfox-
ide reductase A enzymes. Furthermore, CIH-induced oxidative
injury in awake brain regions is associated with an increase in
NADPH-oxidase gene and protein expression (52). More im-
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portant, they (52) found that CIH-induced changes in sleep be-
havior as well as the oxidative injury are abolished by systemic
administration of apocyanin, an inhibitor of NADPH oxidase,
and is absent in gp91phox�/� mice with impaired NADPH ox-
idase function. These studies suggest that CIH via ROS gener-
ated by NADPH oxidase in brain regions associated with wake-
fulness contributes to altered sleep behavior.

Adult rats exposed to CIH exhibit significant impairments of
spatial learning (36). Altered cognitive behavior is associated
with increased apoptosis and oxidative injury, as evidenced by
increased levels of malondialdehyde in the hippocampal CA1
region and cortex (16). Systemic administration of PNU-
101033E, an antioxidant, not only abolishes the oxidative in-
jury in these brain regions but also prevents CIH-induced cog-
nitive impairment (36). Likewise, mice deficient in antioxidant
apolipoprotein E exhibit increased cognitive impairment after
CIH (16). These observations suggest that ROS signaling con-
tributes to altered cognitive behavior in CIH-exposed rodents.

CIH ALTERS NEUROTRANSMITTER
RESPONSES VIA ROS SIGNALING

Hypoglossal motoneurons regulate upper airway dilation in-
volving serotonergic neurotransmission. Altered serotonergic
transmission in hypoglossal motoneurons has been implicated
in reduced upper airway dilation in experimental animals (12,
18). Clinical trials of serotonergic drugs in OSA patients, how-
ever, are ineffective (44). Responsiveness of hypoglossal mo-
toneurons to serotonin is attenuated in CIH-exposed rats (46).
The ineffectiveness of 5-hydroxytryptamine (5-HT)-receptor
agonists is not due to reduction either in the number of hy-
poglossal motoneuron soma or in the expression of serotoner-
gic postsynaptic receptor mRNA. Rather, it seems to be due to
increased oxidative injury in the hypoglossal motoneurons, as
evidenced by elevated isoprostane levels. Systemic administra-
tion of tempol (4-hydroxyl-2,2,6,6-tetramethylpiperidin-1-
oxyl), an antioxidant, improves the responsiveness to serotonin
and normalizes the medullary isoprostane levels in CIH-ex-
posed rodents (46). These observations suggest that CIH-in-
duced ROS, by altering the neuronal transmitter receptors, af-
fects the hypoglossal motoneurons, which may contribute to the
progression of OSA.

ROLE OF ROS IN CELLULAR RESPONSES
TO INTERMITTENT HYPOXIA

Transcription of specific genes and the resulting de novo pro-
tein synthesis are considered critical for triggering adaptive re-
sponses to chronic hypoxia (40). Genes that are activated by
hypoxia, in general, fall into two classes: (a) the immediate-
early genes that are activated shortly after the onset of hypoxia,
and (b) the late-response genes that are activated after several
hours of hypoxia. Greenberg et al. (11) reported that CIH up-
regulates c-Fos, a member of the immediate-early gene family
in the central nervous system. To examine the cellular mecha-

nisms associated with c-fos upregulation by IH, Yuan et al. (50)
developed a cell-culture model of IH wherein cells are exposed
to alternating cycles of hypoxia, similar to the paradigm used
in intact animals. By using this model, they found that IH ele-
vates c-fos mRNA in a stimulus-dependent manner, increases
the transcriptional activation of the c-fos gene, and augments
the transcriptional activation of activator protein-1 (AP-1).
Anti-sense c-fos abolishes IH-evoked AP-1 activation, sug-
gesting the importance of c-fos upregulation in this response.
Intriguingly, IH-induced c-fos activation persists for 3 h after
terminating the IH stimulus. This persistent activation of c-fos
is reminiscent of CIH-induced sensory LTF of the carotid body
in intact animals, suggesting that an LTF-like phenomenon can
be elicited by IH, even at the gene level. Interestingly, IH-
evoked c-fos mRNA expression correlates to the duration of in-
tervening normoxic rather than hypoxic episodes, suggesting
that reoxygenation is the determining factor for evoking the
early gene expression by IH. The effects of IH on c-fos mRNA
and AP-1 are associated with markedly decreased aconitase ac-
tivity in the cytosolic and mitochondrial fractions, indicating
increased generation of ROS. Furthermore, these IH-evoked ef-
fects are prevented by pretreating the cells with MnTMPyP.
These investigators (50) further showed that ROS generation is
increased in the mitochondria isolated from IH-exposed PC12
cells, which is associated with the downregulation of complex
I activity.

The transcriptional activator, hypoxia-inducible factor-1
(HIF-1), is considered a master regulator of a variety of genes
during hypoxia (40). IH increases HIF-1� (the O2-regulated
subunit of the HIF-1 complex) as well as HIF-1–mediated tran-
scriptional activation in a stimulus-dependent manner in PC12
cells (51). IH-induced increase in HIF-1–mediated transcrip-
tional activity is Ca2� dependent and requires calcium/calmod-
ulin–dependent protein kinase II (CaMK II)-dependent phos-
phorylation of p300 coactivator (51). To assess the physiologic
significance of HIF-1 activation Peng et al. (31) examined the
effects of CIH on Hif1a�/� mice. These investigators found that
CIH resulted in augmented carotid body response to hypoxia
and induced sensory LTF of the chemoreceptor activity in CIH-
exposed wild-type mice, but not in CIH-exposed Hif1a�/�

mice. Further analysis of cardiorespiratory responses revealed
augmented hypoxic ventilatory response, LTF of breathing, el-
evated blood pressures, and increased plasma norpeipnephrine
in CIH-exposed wild-type mice, and these responses were ei-
ther absent or attenuated in CIH-exposed Hif1a�/� mice. In
CIH-exposed wild-type mice, ROS were elevated, and
MnTMPyP prevented this response. Intriguingly, ROS levels
were unaltered in response to CIH in Hif1a�/� mice, suggest-
ing complex positive interactions between HIF-1 and ROS gen-
eration (31, 41).

IH also increases tyrosine hydroxylase (TH) enzyme activ-
ity (the rate-limiting enzyme in catecholamine synthesis) in
PC12 cells, and this effect is mediated by increased serine phos-
phorylation involving activation of protein kinase A as well as
calcium/calmodulin-dependent protein kinase (19). These stud-
ies suggest that IH stimulates transcriptional as well as post-
translational mechanisms.

In addition to its effects on gene and protein expression, IH
also affects transmitter secretion from PC12 cells. IH is shown
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to potentiate hypoxia-evoked transmitter release and induce the
release of transmitters that are not normally evoked by hypoxia.
For instance, hypoxia-evoked dopamine (DA) release is aug-
mented by IH, whereas the release of acetylcholine (ACh),
which is not facilitated by acute hypoxia, is induced after IH
exposure (17). The facilitatory and inductive effects of IH on
hypoxia-evoked DA and ACh release, respectively, is blocked
by 2-APB (2-aminoethoxydiphenylborate), a blocker of inosi-
tol 1,4,5-triphosphate (InosP3) receptors, but not by voltage-
gated Ca2�-channel inhibitors (17). Conversely, 2-APB had no
obvious effects on transmitter release in control cells, suggest-
ing that IH recruits intracellular Ca2� mobilization pathways
for stimulus-evoked transmitter release. Recently, Wang et al.
(47) reported that IH stimulates brain-derived neurotrophic fac-
tor (BDNF) release from neuronally differentiated PC12 cells.
IH-induced BDNF release requires activation of tetrodotoxin-
sensitive Na� channels and Ca2� influx through N- and L-type
Ca2� channels, as well as mobilization of internal Ca2� stores.
More important, the effects of IH on BDNF release can be pre-
vented by antioxidants (MnTMPyP or NAC). These observa-
tions suggest that IH via ROS-dependent signaling recruits in-
tracellular Ca2� mobilization pathways for facilitating
stimulus-evoked secretion of neurotransmitters and neu-
rotrophic factor.

Undifferentiated PC12 cells resemble glomus cells of the
carotid body with regard to their sensitivity to acute hypoxia.
Release of neurotransmitters from the glomus cells is impor-
tant for sensory transmission at the carotid body (33). There-

fore, IH-evoked facilitation of transmitter release might be of
functional importance in the altered carotid body function.
BDNF, conversely, is known to be essential for neuronal sur-
vival. As cited in the preceding section, IH induces neuronal
apoptosis (16). A recent study reported that BDNF plays a role
in IH-induced LTF of breathing (1). It is possible that the fa-
cilitated BDNF secretion may be beneficial in preventing the
deleterious effects of IH in the central neurons and can partic-
ipate in LTF of breathing. These possibilities, however, require
further studies.

ELEVATED ROS IN PATIENTS WITH
RECURRENT APNEA

Studies outlined thus far suggest that IH increases ROS in
experimental animals and in cell cultures. A number of clini-
cal studies reported that the levels of several biomarkers of ox-
idative injury are elevated in the body fluids, breath, and cells
derived from humans experiencing CIH as a consequence of re-
current apneas (Table 1). Dyugobskaya et al. (7) reported an
increase in ROS generation in CD11C-positive monocytes de-
rived from OSA patients, and ROS seem to contribute to up-
regulation of adhesion molecules (CD15 and CD11C) in mono-
cytes and increased adhesion to endothelial cells. These effects
are reversed after nasal continuous positive airway pressure
(CPAP) treatment. A recent study by Grebe et al. (10) reported
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TABLE 1. EVIDENCE FOR OXIDATIVE STRESS IN OBSTRUCTIVE SLEEP APNEA (OSA) PATIENTS

Type Biomarkers of
of oxidative Source of Increase/ Effect of CPAP
apnea injury measurement decrease therapy Reference

OSA Glutathione Plasma No change (2)
peroxidase,
homocysteine,
vitamin B12,
folate

Vitamin A Decreased Normalized
Vitamin E Increased Normalized
�-Glutamyl

transferase
OSA Malondialdehyde Plasma Increased Normalized (13)

O, O�-dityrosine Urine Increased Normalized
OSA 8-hydroxy-2�- Urine Increased ND (48)

deoxyguanosine
OSA TBARS Plasma Increased Normalized (21)

Peroxides
Antioxidant Decreased

protective
enzyme
(PON1)

OSA 8-Isoprostane Exhaled breath Elevated Decreased (4)
condensate

OSA Superoxide Neutrophils Elevated Decreased (38)
anion

OSA ROS Monocytes Elevated Decreased (7)

ND, not done.



that flow-mediated dilation of the brachial artery is reduced in
OSA patients, which could be restored by systemic adminis-
tration of vitamin C, suggesting that oxidative stress is respon-
sible for endothelial dysfunction in OSA patients. However, few
studies exist wherein absence of evidence for oxidative injury
in patients with recurrent apnea is reported. For instance, Mont-
gomery-Downs et al. (24) were unable to detect changes in the
levels of urinary F(2)-isoprostane metabolites, a marker of ROS
generation in children with sleep-disordered breathing. Jordan
et al. (13), however, pointed out that the prevailing conflicting
result on ROS levels in recurrent apnea patients as compared
with the control subjects may arise from methodologic diffi-
culties, as well as gender differences. Consequently, for reli-
able assessment of oxidative stress, these investigators (13) rec-
ommend simultaneous measurement of multiple biomarkers of
oxidative injury at different time intervals during sleep and
wakefulness.

In summary, studies described thus far show that CIH ex-
erts a variety of systemic and cellular responses not only in
experimental models but also in recurrent apnea patients. It
is intriguing how CIH, despite comprising brief and modest
severity of hypoxia, is able to evoke a range of robust and
long-lasting systemic and cellular responses. One likely ex-
planation is that ROS, which are the metabolites of molecu-
lar O2, play a novel role as amplifiers of brief hypoxic sig-
nals associated with IH in that they, via activation of specific
transcriptional responses and signaling pathways, contribute
to the effective translation of the hypoxic signals, leading to
systemic responses associated with recurrent apneas, as il-
lustrated in Fig. 1. Although experimental studies identified
that inhibition of the mitochondrial electron-transport chain
at complex I and activation of NADPH oxidase potentially
contributes to ROS generation by IH, the underlying mecha-

nisms remain to be investigated. Antioxidants not only pre-
vent many of the CIH-evoked physiologic and cellular re-
sponses in experimental settings, but more important, they
offer protection against certain phenotypic adverse effects in
apnea patients (10). These findings emphasize the potential
therapeutic value of antioxidants to alleviate certain mor-
bidities associated with recurrent apneas.
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ABBREVIATIONS

AIH, acute intermittent hypoxia; AP-1, activator protein-1;
2-APB, 2-aminoethoxydiphenylborate; BDNF, brain-derived
neurotrophic factor; CaMK II, calcium/calmodulin-dependent
protein kinase-II; CIH, chronic intermittent hypoxia; CPAP,
continuous positive airway pressure; ETC, electron-transport
chain; 5-HT, 5-hydroxytryptamine; HIF-1, hypoxia-inducible
factor-1; IH, intermittent hypoxia; InosP3, inositol 1,4,5-
triphosphate; LTF, long-term facilitation; MnTMPyP, man-
ganese III tetrakis (1-methyl-4-pyridyl)-porphyrin pentachlo-
ride; NAC, N-acetyl cysteine; OSA, obstructive sleep apnea;
PO2, partial pressure of oxygen; ROS, reactive oxygen species;
TBARS, thiobarbituric acid–reactive substances; TH, tyrosine
hydroxylase.
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FIG. 1. Schematic illustration
of cellular responses and sub-
sequent systemic manifesta-
tions in response to chronic 
intermittent hypoxia. ROS,
reactive oxygen species; ETC,
electron-transport chain.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1732&iName=master.img-000.jpg&w=334&h=257


REFERENCES

1. Baker-Herman TL, Fuller DD, Bavis RW, Zabka AG, Golder FJ,
Doperalski NJ, Johnson RA, Watters JJ, and Mitchell GS. BDNF
is necessary and sufficient for spinal respiratory plasticity follow-
ing intermittent hypoxia. Nat Neurosci 7: 48–55, 2004.

2. Barcelo A, Barbe F, de la Pena M, Vila M, Perez G, Pierola J, Du-
ran J, and Agusti AG. Antioxidant status in patients with sleep ap-
noea and impact of continuous positive airway pressure treatment.
Eur Respir J 27: 756–760, 2006.

3. Bao G, Metreveli N, Li R, Taylor A, and Fletcher EC. Blood pres-
sure response to chronic episodic hypoxia: role of the sympathetic
nervous system. J Appl Physiol 83: 95–101, 1997.

4. Carpagnano GE, Kharitonov SA, Resta O, Foschino-Barbaro MP,
Gramiccioni E, and Barnes PJ. 8-Isoprostane, a marker of oxida-
tive stress, is increased in exhaled breath condensate of patients
with obstructive sleep apnea after night and is reduced by contin-
uous positive airway pressure therapy. Chest 124: 1386–1392,
2003.

5. Cistulli PA and Sullivan CE. Pathophysiology of sleep apnea. In:
Sleep and breathing, edited by Saunders NA and Sullivan CE. New
York: Dekker, 1994, pp. 405–448.

6. Douglas NJ and Engleman HM. Effects of CPAP on vigilance and
related functions in patients with the sleep apnea/hypopnea syn-
drome. Sleep 23: S147–S149, 2000.

7. Dyugovskaya L, Lavie P, and Lavie L. Increased adhesion mole-
cules expression and production of reactive oxygen species in
leukocytes of sleep apnea patients. Am J Respir Crit Care Med
165: 934–939, 2002.

8. Gardner PR, Nguyen DD, and White CW. Aconitase is a sensitive
and critical target of oxygen poisoning in cultured mammalian cells
and in rat lungs. Proc Natl Acad Sci U S A 91: 12248–12252, 1994.

9. Gonzalez C, Agapito MT, Rocher A, Gonzalez-Martin MC, Vega-
Agapito V, Gomez-Nino A, Rigual R, Castaneda J, and Obeso A.
Chemoreception in the context of the general biology of ROS.
Respir Physiol Neurobiol 2007; [Epub ahead of print]

10. Grebe M, Eisele HJ, Weissmann N, Schaefer C, Tillmanns H,
Seeger W, and Schulz R. Antioxidant vitamin C improves endo-
thelial function in obstructive sleep apnea. Am J Respir Crit Care
Med 173: 897–901, 2006.

11. Greenberg HE, Sica AL, Scharf SM, and Ruggiero DA. Expres-
sion of c-fos in the rat brainstem after chronic intermittent hypoxia.
Brain Res 816: 638–645, 1999.

12. Jelev A, Sood S, Liu H, Nolan P, and Horner RL. Microdialysis
perfusion of 5-HT into hypoglossal motor nucleus differentially
modulates genioglossus activity across natural sleep-wake states in
rats. J Physiol 532: 467–481, 2001.

13. Jordan W, Cohrs S, Degner D, Meier A, Rodenbeck A, Mayer G,
Pilz J, Ruther E, Kornhuber J, and Bleich S. Evaluation of oxida-
tive stress measurements in obstructive sleep apnea syndrome. J
Neural Transm 113: 239–254, 2006.

14. Kara T, Narkiewicz K, and Somers VK. Chemoreflexes: physiol-
ogy and clinical implications. Acta Physiol Scand 177: 377–384,
2003.

15. Keating DJ, Rychkov GY, and Roberts ML. Oxygen sensitivity in
the sheep adrenal medulla: role of SK channels. Am J Physiol Cell
Physiol 281: C1434–1441, 2001.

16. Kheirandish L, Row BW, Li RC, Brittian KR, and Gozal D.
Apolipoprotein E-deficient mice exhibit increased vulnerability to
intermittent hypoxia-induced spatial learning deficits. Sleep 28:
1412–1417, 2005.

17. Kim DK, Natarajan N, Prabhakar NR, and Kumar GK. Facilitation
of dopamine and acetylcholine release by intermittent hypoxia in
PC12 cells: involvement of calcium and reactive oxygen species.
J Appl Physiol 96: 1206–1215, 2004.

18. Kubin L, Tojima H, Reignier C, Pack AI, and Davies RO. Inter-
action of serotonergic excitatory drive to hypoglossal motoneurons
with carbachol-induced, REM sleep-like atonia. Sleep 19: 187–195,
1996.

19. Kumar GK, Kim DK, Lee MS, Ramachandran R, and Prabhakar
NR. Activation of tyrosine hydroxylase by intermittent hypoxia:
involvement of serine phosphorylation. J Appl Physiol 95:
536–544, 2003.

20. Kumar GK, Rai V, Sharma SD, Ramakrishnan DP, Peng YJ,
Souvannakitti D, and Prabhakar NR. Chronic intermittent hy-
poxia induces hypoxia-evoked catecholamine efflux in adult rat
adrenal medulla via oxidative stress. J Physiol 575: 229–239,
2006.

21. Lavie L, Vishnevsky A, and Lavie P. Evidence for lipid peroxida-
tion in obstructive sleep apnea. Sleep 27: 123–128, 2004.

22. Ling L, Fuller DD, Bach KB, Kinkead R, Olson EB Jr, and Mitchell
GS. Chronic intermittent hypoxia elicits serotonin-dependent plas-
ticity in the central neural control of breathing. J Neurosci 21:
5381–5388, 2001.

23. Mitchell GS and Johnson SM. Neuroplasticity in respiratory mo-
tor control. J Appl Physiol 94: 358–374, 2003.

24. Montgomery-Downs HE, Krishna J, Roberts LJ 2nd, and Gozal D.
Urinary F(2)-isoprostane metabolite levels in children with sleep-
disordered breathing. Sleep Breath 10: 211–215, 2006.

25. Nieto FJ, Young TB, Lind BK, Shahar E, Samet JM, Redline S,
D’Agostino RB, Newman AB, Lebowitz MD, and Pickering TG.
Association of sleep-disordered breathing, sleep apnea, and hyper-
tension in a large community-based study: Sleep Heart Health
Study. JAMA 283: 1829–1836, 2000.

26. Narkiewicz K, van de Borne PJ, Pesek CA, Dyken ME, Montano
N, and Somers VK. Selective potentiation of peripheral chemore-
flex sensitivity in obstructive sleep apnea. Circulation 99:
1183–1189, 1999.

27. Patel SR, White DP, Malhotra A, Stanchina ML, and Ayas NT.
Continuous positive airway pressure therapy for treating sleepiness
in a diverse population with obstructive sleep apnea: results of a
meta-analysis. Arch Intern Med 163: 565–571, 2003.

28. Peng YJ and Prabhakar NR. Reactive oxygen species in the plas-
ticity of respiratory behavior elicited by chronic intermittent hy-
poxia. J Appl Physiol 94: 2342–2349, 2003.

29. Peng YJ and Prabhakar NR. Effect of two paradigms of chronic
intermittent hypoxia on carotid body sensory activity. J Appl Phys-
iol 96: 1236–1242, 2004.

30. Peng YJ, Overholt JL, Kline D, Kumar GK, and Prabhakar NR.
Induction of sensory long-term facilitation in the carotid body by
intermittent hypoxia: implications for recurrent apneas. Proc Natl
Acad Sci U S A 100: 10073–10078, 2003.

31. Peng YJ, Yuan G, Ramakrishnan D, Sharma SD, Bosch-Marce M,
Kumar GK, Semenza GL, and Prabhakar NR. Heterozygous HIF-
1alpha deficiency impairs carotid body-mediated systemic re-
sponses and reactive oxygen species generation in mice exposed
to intermittent hypoxia. J Physiol 577: 705–716, 2006.

32. Poets CF, Samuels MP, and Southall DP. Epidemiology and patho-
physiology of apnoea of prematurity. Biol Neonate 65: 211–219,
1994.

33. Prabhakar NR. O2 sensing at the mammalian carotid body: why
multiple O2 sensors and multiple transmitters? Exp Physiol 91:
17–23, 2006.

34. Prabhakar NR, Peng YJ, Jacono FJ, Kumar GK, and Dick TE. Car-
diovascular alterations by chronic intermittent hypoxia: importance
of carotid body chemoreflexes. Clin Exp Pharmacol Physiol 32:
447–449, 2005.

35. Rey S, Del Rio R, Alcayaga J and Iturriaga R. Chronic intermit-
tent hypoxia enhances cat chemosensory and ventilatory responses
to hypoxia. J Physiol 560: 577–586, 2004.

36. Row BW, Liu R, Xu W, Kheirandish L, and Gozal D. Intermittent
hypoxia is associated with oxidative stress and spatial learning
deficits in the rat. Am J Respir Crit Care Med 167: 1548–1553,
2003.

37. Sauter C, Asenbaum S, Popovic R, Bauer H, Lamm C, Klosch G,
and Zeitlhofer J. Excessive daytime sleepiness in patients suffer-
ing from different levels of obstructive sleep apnoea syndrome. J
Sleep Res 9: 293–301, 2000.

38. Schulz R, Mahmoudi S, Hattar K, Sibelius U, Olschewski H, Mayer
K, Seeger W, and Grimminger F. Enhanced release of superoxide
from polymorphonuclear neutrophils in obstructive sleep apnea:
impact of continuous positive airway pressure therapy. Am J Respir
Crit Care Med 162: 566–570, 2000.

39. Sica AL, Greenberg HE, Ruggiero DA, and Scharf SM. Chronic-
intermittent hypoxia: a model of sympathetic activation in the rat.
Respir Physiol 121: 173–184, 2000.

PRABHAKAR ET AL.1402



40. Semenza GL. Regulation of mammalian O2 homeostasis by hy-
poxia-inducible factor 1. Annu Rev Cell Dev Biol 15: 551–578,
1999.

41. Semenza GL and Prabhakar NR. HIF-1-dependent respiratory, car-
diovascular and redox responses to chronic intermittent hypoxia.
Antioxid Redox Signal (in press).

42. Shahar E, Whitney CW, Redline S, Lee ET, Newman AB, Nieto
J, O’Connor GT, Boland LL, Schwartz JE, and Samet JM. Sleep-
disordered breathing and cardiovascular disease. Am J Respir Crit
Care Med 163:19–25, 2001.

43. Thompson RJ, Jackson A, and Nurse CA. Developmental loss of
hypoxic chemo-sensitivity in rat adrenomedullary chromaffin cells.
J Physiol 498: 503–510, 1997.

44. Veasey SC. Serotonin agonists and antagonists in obstructive sleep
apnea: therapeutic potential. Am J Respir Med 2: 21–29, 2003.

45. Veasey SC, Davis C, Zhan G, Hsu YJ, Fenik P, Pratico D, and
Gow AJ. Long-term intermittent hypoxia in mice: protracted hy-
persomnolence with oxidative injury to sleep-wake brain regions.
Sleep 27: 194–201, 2004.

46. Veasey SC, Zhan G, Fenik P, and Pratico D. Long-term intermit-
tent hypoxia: reduced excitatory hypoglossal nerve output. Am J
Respir Crit Care Med 170: 665–672, 2004.

47. Wang H, Yuan G, Prabhakar NR, Boswell M, and Katz DM. Se-
cretion of brain-derived neurotrophic factor from PC12 cells in re-
sponse to oxidative stress requires autocrine dopamine signaling.
J Neurochem 96: 694–705, 2006.

48. Yamauchi M, Nakano H, Maekawa J, Okamoto Y, Ohnishi Y,
Suzuki T, and Kimura H. Oxidative stress in obstructive sleep ap-
nea. Chest 127: 1674–1679, 2005.

49. Young T, Palta M, Dempsey J, Skatrud J, Weber S, and Badr S.

The occurrence of sleep-disordered breathing among middle-aged
adults. N Engl J Med 328: 1230–1235, 1993.

50. Yuan G, Adhikary G, McCormick AA, Holcroft JJ, Kumar GK,
and Prabhakar NR. Role of oxidative stress in intermittent hypoxia-
induced immediate early gene activation in rat PC12 cells. J Phys-
iol 557: 773–783, 2004.

51. Yuan G, Nanduri J, Bhasker CR, Semenza GL, and Prabhakar NR.
Ca2�/calmodulin kinase-dependent activation of hypoxia inducible
factor 1 transcriptional activity in cells subjected to intermittent hy-
poxia. J Biol Chem 280: 4321–4328, 2005.

52. Zhan G, Serrano F, Fenik P, Hsu R, Kong L, Pratico D, Klann E,
and Veasey SC. NADPH oxidase mediates hypersomnolence and
brain oxidative injury in a murine model of sleep apnea. Am J
Respir Crit Care Med 172: 921–929, 2005.

Address reprint requests to:
Nanduri R. Prabhakar

Center for Systems Biology
Department of Medicine

MC 5068
5841 S. Maryland Avenue

University of Chicago
Chicago, IL 60637

E-mail: nanduri@uchicago.edu

Date of first submission to ARS Central, May 7, 2007; date of
acceptance, May 7, 2007.

ROS AND INTERMITTENT HYPOXIA 1403





This article has been cited by:

1. Kiichi HirotaHypoxia and Hypoxia-Inducible Factor in Inflammation 51-66. [CrossRef]

2. Jong-Shyan Wang, Tieh-Cheng Fu, Chao-Hung Wang, Szu-Ling Chou, Min-Hui Liu, Wen-Jin Cherng. 2012. Exertional
periodic breathing potentiates erythrocyte rheological dysfunction by elevating pro-inflammatory status in patients with
anemic heart failure. International Journal of Cardiology . [CrossRef]

3. Xia Yin, Yang Zheng, Quan Liu, Jun Cai, Lu Cai. 2012. Cardiac Response to Chronic Intermittent Hypoxia with a Transition
from Adaptation to Maladaptation: The Role of Hydrogen Peroxide. Oxidative Medicine and Cellular Longevity 2012, 1-12.
[CrossRef]

4. Siu-Yin Lam, Yu Liu, Kwong-Man Ng, Chi-Fai Lau, Emily C. Liong, George L. Tipoe, Man-Lung Fung. 2011. Chronic
intermittent hypoxia induces local inflammation of the rat carotid body via functional upregulation of proinflammatory
cytokine pathways. Histochemistry and Cell Biology . [CrossRef]

5. WH Ding, YH Liu. 2011. Genistein attenuates genioglossus muscle fatigue under chronic intermittent hypoxia by down-
regulation of oxidative stress level and up-regulation of antioxidant enzyme activity through ERK1/2 signaling pathway. Oral
Diseases no-no. [CrossRef]

6. Nanduri R. Prabhakar. 2011. Sensory plasticity of the carotid body: Role of reactive oxygen species and physiological
significance. Respiratory Physiology & Neurobiology . [CrossRef]

7. Gayatri Raghuraman , Apeksha Kalari , Rishi Dhingra , Nanduri R. Prabhakar , Ganesh K. Kumar . 2011. Enhanced
Neuropeptide Y Synthesis During Intermittent Hypoxia in the Rat Adrenal Medulla: Role of Reactive Oxygen Species–
Dependent Alterations in Precursor Peptide Processing. Antioxidants & Redox Signaling 14:7, 1179-1190. [Abstract] [Full
Text HTML] [Full Text PDF] [Full Text PDF with Links]

8. Shakil A. Khan , Jayasri Nanduri , Guoxiang Yuan , Brian Kinsman , Ganesh K. Kumar , Joy Joseph , Balaraman
Kalyanaraman , Nanduri R. Prabhakar . 2011. NADPH Oxidase 2 Mediates Intermittent Hypoxia-Induced Mitochondrial
Complex I Inhibition: Relevance to Blood Pressure Changes in Rats. Antioxidants & Redox Signaling 14:4, 533-542.
[Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

9. Y.-J. Peng, J. Nanduri, S. A. Khan, G. Yuan, N. Wang, B. Kinsman, D. R. Vaddi, G. K. Kumar, J. A. Garcia, G. L. Semenza, N.
R. Prabhakar. 2011. Hypoxia-inducible factor 2  (HIF-2 ) heterozygous-null mice exhibit exaggerated carotid body sensitivity
to hypoxia, breathing instability, and hypertension. Proceedings of the National Academy of Sciences 108:7, 3065-3070.
[CrossRef]

10. Erica N. Chirico, Vincent Pialoux. 2011. Role of oxidative stress in the pathogenesis of sickle cell disease. IUBMB Life n/
a-n/a. [CrossRef]

11. Stephen T. Brown, Josef Buttigieg, Colin A. Nurse. 2010. Divergent roles of reactive oxygen species in the responses
of perinatal adrenal chromaffin cells to hypoxic challenges#. Respiratory Physiology & Neurobiology 174:3, 252-258.
[CrossRef]

12. Gabor Czibik. 2010. Complex role of the HIF system in cardiovascular biology. Journal of Molecular Medicine 88:11,
1101-1111. [CrossRef]

13. Nanduri R. Prabhakar . 2010. Redox Pioneer: Professor Gregg L. Semenza. Antioxidants & Redox Signaling 13:4, 559-564.
[Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links] [Supplemental material]

14. C. Soria-Valles, B. Caballero, I. Vega-Naredo, V. Sierra, C. Huidobro-Fernández, D. D. Gonzalo-Calvo, D. Tolivia, M. J.
Rodríguez-Colunga, A. Joel, A. Coto-Montes, A. Avivi. 2010. Antioxidant responses to variations of oxygen by the Harderian
gland of different species of the superspecies Spalax ehrenbergi. Canadian Journal of Zoology 88:8, 803-807. [CrossRef]

15. Laura V. González Bosc, Thomas Resta, Benjimen Walker, Nancy L. Kanagy. 2010. Mechanisms of intermittent hypoxia
induced hypertension. Journal of Cellular and Molecular Medicine 14:1-2, 3-17. [CrossRef]

16. Daniel B Zoccal, Julian FR Paton, Benedito H Machado. 2009. Do changes in the coupling between respiratory and
sympathetic activities contribute to neurogenic hypertension?. Clinical and Experimental Pharmacology and Physiology
36:12, 1188-1196. [CrossRef]

17. Rizwan Ahmad , Mahmood Khan , Deepti S. Vikram , Anna Bratasz , Periannan Kuppusamy EPR Oximetry: Method and
Application 100-110. [Abstract] [Summary] [Full Text PDF] [Full Text PDF with Links]

18. Gayatri Raghuraman , Vandana Rai , Ying–Jie Peng , Nanduri R. Prabhakar , Ganesh K. Kumar . 2009. Pattern-Specific
Sustained Activation of Tyrosine Hydroxylase by Intermittent Hypoxia: Role of Reactive Oxygen Species-Dependent
Downregulation of Protein Phosphatase 2A and Upregulation of Protein Kinases. Antioxidants & Redox Signaling 11:8,
1777-1789. [Abstract] [Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1201/b12696-6
http://dx.doi.org/10.1016/j.ijcard.2012.03.170
http://dx.doi.org/10.1155/2012/569520
http://dx.doi.org/10.1007/s00418-011-0900-5
http://dx.doi.org/10.1111/j.1601-0825.2011.01822.x
http://dx.doi.org/10.1016/j.resp.2011.05.012
http://dx.doi.org/10.1089/ars.2010.3353
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3353
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3353
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3353
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3353
http://dx.doi.org/10.1089/ars.2010.3213
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3213
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3213
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3213
http://dx.doi.org/10.1073/pnas.1100064108
http://dx.doi.org/10.1002/iub.584
http://dx.doi.org/10.1016/j.resp.2010.08.020
http://dx.doi.org/10.1007/s00109-010-0646-x
http://dx.doi.org/10.1089/ars.2010.3155
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3155
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3155
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3155
http://online.liebertpub.com/doi/suppl/10.1089/ars.2010.3155
http://dx.doi.org/10.1139/Z10-049
http://dx.doi.org/10.1111/j.1582-4934.2009.00929.x
http://dx.doi.org/10.1111/j.1440-1681.2009.05202.x
http://dx.doi.org/10.1089/9781934854068.100
http://online.liebertpub.com/doi/sum/10.1089/9781934854068.100
http://online.liebertpub.com/doi/pdf/10.1089/9781934854068.100
http://online.liebertpub.com/doi/pdfplus/10.1089/9781934854068.100
http://dx.doi.org/10.1089/ars.2008.2368
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2368
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2368


19. Naz Chaudary, Richard P Hill. 2009. Increased expression of metastasis-related genes in hypoxic cells sorted from cervical
and lymph nodal xenograft tumors. Laboratory Investigation 89:5, 587-596. [CrossRef]

20. Richard P. Hill, Delphine T. Marie-Egyptienne, David W. Hedley. 2009. Cancer Stem Cells, Hypoxia and Metastasis.
Seminars in Radiation Oncology 19:2, 106-111. [CrossRef]

21. Jianxiang Xu, Yun-Shi Long, David Gozal, Paul N. Epstein. 2009. #-cell death and proliferation after intermittent hypoxia:
Role of oxidative stress. Free Radical Biology and Medicine 46:6, 783-790. [CrossRef]

22. J. Nanduri, N. Wang, G. Yuan, S. A. Khan, D. Souvannakitti, Y.-J. Peng, G. K. Kumar, J. A. Garcia, N. R. Prabhakar. 2009.
Intermittent hypoxia degrades HIF-2  via calpains resulting in oxidative stress: Implications for recurrent apnea-induced
morbidities. Proceedings of the National Academy of Sciences 106:4, 1199-1204. [CrossRef]

23. P MACFARLANE, J WILKERSON, M LOVETTBARR, G MITCHELL. 2008. Reactive oxygen species and respiratory
plasticity following intermittent hypoxia. Respiratory Physiology & Neurobiology 164:1-2, 263-271. [CrossRef]

24. J NANDURI, G YUAN, G KUMAR, G SEMENZA, N PRABHAKAR. 2008. Transcriptional responses to intermittent
hypoxia. Respiratory Physiology & Neurobiology 164:1-2, 277-281. [CrossRef]

25. Guoxiang Yuan, Jayasri Nanduri, Shakil Khan, Gregg L. Semenza, Nanduri R. Prabhakar. 2008. Induction of HIF-1#
expression by intermittent hypoxia: Involvement of NADPH oxidase, Ca 2+ signaling, prolyl hydroxylases, and mTOR.
Journal of Cellular Physiology 217:3, 674-685. [CrossRef]

26. Manuela Milani, Adrian L. Harris. 2008. Targeting tumour hypoxia in breast cancer. European Journal of Cancer 44:18,
2766-2773. [CrossRef]

27. Jaap Keijer, Evert M van Schothorst. 2008. Adipose tissue failure and mitochondria as a possible target for improvement by
bioactive food components. Current Opinion in Lipidology 19:1, 4-10. [CrossRef]

28. Keith A. Webster . 2007. Hypoxia: Life on the Edge. Antioxidants & Redox Signaling 9:9, 1303-1308. [Abstract] [Full Text
PDF] [Full Text PDF with Links]

29. Dipak K. Das Methods in Redox Signaling . [Citation] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1038/labinvest.2009.16
http://dx.doi.org/10.1016/j.semradonc.2008.12.002
http://dx.doi.org/10.1016/j.freeradbiomed.2008.11.026
http://dx.doi.org/10.1073/pnas.0811018106
http://dx.doi.org/10.1016/j.resp.2008.07.008
http://dx.doi.org/10.1016/j.resp.2008.07.006
http://dx.doi.org/10.1002/jcp.21537
http://dx.doi.org/10.1016/j.ejca.2008.09.025
http://dx.doi.org/10.1097/MOL.0b013e3282f39f95
http://dx.doi.org/10.1089/ars.2007.1730
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1730
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1730
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1730
http://dx.doi.org/10.1089/9781934854068
http://online.liebertpub.com/doi/full/10.1089/9781934854068
http://online.liebertpub.com/doi/pdf/10.1089/9781934854068
http://online.liebertpub.com/doi/pdfplus/10.1089/9781934854068

