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Abstract
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Obstructive sleep apnea (OSA) is characterized by episodes of repeated airway obstruction
resulting in cessation (apnea) or reduction (hypopnea) in airflow during sleep. These events lead to
intermittent hypoxia and hypercapnia, sleep fragmentation, and changes in intrathoracic pressure,
and are associated with a marked surge in sympathetic activity and an abrupt increase in blood
pressure. Blood pressure remains elevated during wakefulness despite the absence of obstructive
events resulting in a high prevalence of hypertension in patients with OSA. There is substantial
evidence that suggests that chronic intermittent hypoxia (CIH) leads to sustained
sympathoexcitation during the day and changes in vasculature resulting in hypertension in patients
with OSA. Mechanisms of sympathoexcitation include augmentation of peripheral chemoreflex
sensitivity and a direct effect on central sites of sympathetic regulation. Interestingly, the vascular
changes that occur with CIH have been ascribed to the same molecules that have been implicated
in the augmented sympathetic tone in CIH. This review will discuss the hypothesized molecular
mechanisms involved in the development of hypertension with CIH, will build a conceptual model
for the development of hypertension following CIH, and will propose a systems biology approach
in further elucidating the relationship between CIH and the development of hypertension.
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I. INTRODUCTION
Obstructive sleep apnea (OSA) is a disease of disordered breathing during sleep. An
estimated 40 million Americans suffer from OSA with a 3–7% prevalence in men and a 2–
5% prevalence in women.1 Patients with OSA have pharyngeal closure while asleep due to a
loss of tone of the upper airway muscles. As a result, they frequently stop breathing in sleep.
Complete pharyngeal closure results in an absence of airflow (apnea), while partial closure
results in a decrease in airflow (hypopnea) during breathing. Apneas and hypopneas can
result in significant oxygen desaturation (hypoxia) and significant increase in arterial carbon
dioxide (hypercapnia). Recurrent events of apneas and hypopneas lasting from a few
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seconds to almost a minute can occur throughout the sleep duration. These events are
terminated by an arousal from sleep associated with tremendous increases in intrathoracic
pressure that results in airway opening. Thus, these episodes are associated with chronic
intermittent hypoxia (CIH) and hypercapnia, increase in intrathoracic pressure, and sleep
fragmentation. Each of these episodes is associated with a marked surge in sympathetic
activity and abrupt increase in blood pressure.2 Severity of OSA is defined by the sum of
apnea and hypopneas per hour of sleep (apnea hypopnea index, or AHI). Normally there are
less than five apneas and hypopneas per hour of sleep. Mild OSA is defined as an AHI of 5–
15, moderate as an AHI of 15–30, and severe as an AHI of greater than 30 events per hour
of sleep.3 Obesity and certain craniofacial features are notable predisposing factors for OSA.
OSA occurs in obese patients during sleep as a result of increased fat deposition surrounding
the upper airway resulting in a smaller airway lumen and increased collapsibility. The
volume of adipose tissue is related to the presence and degree of OSA.4 Treatment of OSA
is most often with continuous positive airway pressure (CPAP). Positive pressure is applied
noninvasively through an airtight mask over the nose, or nose and mouth, during both
inspiration and expiration. CPAP acts as a mechanical splint preventing recurrent
obstruction of the airway during sleep, and is effective in the treatment of OSA.

II. HYPERTENSION AND OSA
NIH-PA Author Manuscript

The cardiovascular consequences of OSA are substantial, including hypertension, cardiac
arrhythmias, congestive heart failure, and stroke,5 and increasing severity of OSA has been
associated with an increased risk for the development of hypertension and stroke.6,7
Hypertension is highly prevalent in patient with OSA, with an incidence ranging from 30%
to 60%.8 Hypertension in patients with OSA is characterized by an absence of expected
normal nocturnal decline in systolic and diastolic pressures.9 Furthermore, blood pressure
remains elevated during wakefulness in spite of the absence of obstructive events, and
hypoxemia and is often difficult to control with drug therapy. Conversely, OSA is also
prevalent in patients with hypertension, with approximately 30% of hypertensive individuals
having OSA. The prevalence of OSA may be greater than 80% in middle-aged adults with
drug-resistant hypertension.10
Hypertension associated with sleep apnea could potentially be linked to sleep fragmentation,
changes in intrathoracic pressure, or to CIH. CIH has been implicated in the development of
hypertension through the activation of the sympathetic nervous system and through altered
vascular structure and function.2, 11

III. CIH and The activation of the sympathetic nervous system
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Several animal and human studies have shown that CIH plays a major role in the
development of hypertension through the activation of the sympathetic nervous system. For
example, work in dogs12 and rats13 has shown that CIH alone can induce a persistent
hypertension due to elevated sympathetic tone,14, 15 and that renal sympathectomy or
adrenal medullectomy results in normalization of hypertension seen in rats exposed to
CIH.14 Elevated sympathetic tone in patients with sleep apnea is seen at night and persists
during the day,16, 17 and nasal CPAP therapy reduces the increased muscle sympathetic
nerve activity in patients with OSA.18 The causes of this sympathoexcitation after
withdrawal of the chemical stimuli remain uncertain, but evidence indicates that CIH leads
to sympathoexcitation by two mechanisms, namely, (i) augmentation of peripheral
chemoreflex sensitivity and (ii) direct effects on central sites of sympathetic regulation.
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IV. THE CAROTID BODY AND ITS CONTRIBUTION TO THE ENHANCED
SYMPATHETIC RESPONSES INDUCED BY CIH
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In order to maintain a normal internal milieu, central brain stem neurons obtain sensory
input about the level of arterial oxygen, carbon dioxide, and acid-base balance from
peripheral and central chemoreceptors. One important peripheral chemoreceptor is the
carotid body. The carotid body senses changes in arterial PO2, PCO2, and pH, releases
neurotransmitters, and through afferent sensory projections to brain stem neurons controlling
respiration and sympathetic outflow, causes changes in ventilation or sympathetic output.19
Glomus cells in the carotid body act as oxygen sensors, and are in close apposition to the
carotid sinus nerve terminals whose soma are in the petrosal ganglion. Second-order neurons
then project to the nucleus tractus solitarius in the brain stem that then send projections to
the hypothalamic paraventricular nucleus and brain stem sympathoexcitatory sites including
the C1 region of the rostral ventrolateral medulla (RVLM). Progressive hypoxia enhances
peripheral hypoxic chemosensitivity, manifesting as an exponential increase in carotid sinus
nerve activity.19 Several lines of evidence suggest that peripheral hypoxic chemosensitivity
is augmented by exposure to CIH in various species including rats, cats, and in mice.
Increase in carotid sinus nerve activity, increased sympathetic vasoconstrictor outflow, and
enhanced chemoreflex-induced sympathoexcitation during subsequent acute hypoxia
exposure have been reported in rats exposed to 14 days of cyclic hypoxia consisting of 20s
of hypoxia every 5 min, 8 h per day.20 Intermittent hypoxia also increases the slope and
intercept of sympathetic nerve activity in rats in response to acute hypoxia.21 In cats
exposed to intermittent hypoxia 8 h per day for four days, there is an increase in baseline
chemosensory discharge and the responses to acute mild and severe hypoxia.22 Carotid body
responses to acute hypoxia are also augmented in mice exposed to 10 days of CIH (15 s of
hypoxia followed by 5 min of normoxia, nine episodes per hour, 8 h per day).23 CIH induces
a long-lasting activation of baseline carotid body activity and has been termed sensory longterm facilitation (sLTF). sLTF is unique to the stimulus of CIH on the carotid body, since
comparative cumulative duration of chronic sustained hypoxia does not elicit such a
response.24

V. MOLECULAR MECHANISMS UNDERLYING CIH-INDUCED CAROTID
BODY CHEMOSENSORY POTENTIATION
A. Reactive Oxygen Species

NIH-PA Author Manuscript

Chronic intermittent hypoxia episodes cycle between progressive hypoxia followed by
progressive reoxygenation. These hypoxia-reoxygenation cycles result in the accumulation
of reactive oxygen species (ROS) and oxidative stress. Several human studies have
demonstrated the generation of ROS in OSA,25,26 and have shown that therapy with nasal
CPAP therapy reduces these oxidative stress markers.25 The NADPH oxidase (NOX) family
of enzymes share the capacity to transport electrons across the plasma membrane and
generate ROS.27 Animal studies have demonstrated that ROS is generated within the glomus
cell of carotid body following CIH24 through the activation of NOX, specifically NOX2.28
NOX2 not only generates cytosolic ROS, but decreases activity of complex I of the
mitochondrial electron transport chain, causing release of mitochondrial ROS.29 sLTF of the
carotid body following CIH is prevented by either pretreatment with superoxide anion
scavenger or inhibitors of NOX and in NOX2-deficient mice suggesting that the generation
of ROS is necessary for the sLTF of the carotid body following CIH exposure.28,30 In
addition ROS is necessary for the augmented responses of the carotid body to hypoxia
following CIH.31
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B. Hypoxia-Inducible Factor (HIF) and ROS
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The hypoxia-inducible factor (HIF) family of transcription factors regulate the expression of
various genes under condition of reduced oxygen availability. HIF-1 is composed of an
oxygen-regulated HIF-1α subunit and a constitutively expressed HIF-1β subunit. Under
normoxic conditions, HIF-1α is hydroxylated by prolyl hydroxylase domain proteins and
hydroxylated HIF-1α is targeted for proteosomal degradation. Under hypoxic conditions,
hydroxylation is inhibited and HIF-1α accumulates, dimerizes with HIF-1β, binds to
hypoxia response elements, and activates the transcription of hundreds of target genes.32
HIF-2, a heterodimer composed of HIF-1β and HIF-2α (a paralogue of HIF-1α that is also
regulated by oxygen-dependent hydroxylation), also mediates hypoxic responses, but is not
as ubiquitously present in all tissues as HIF-1α.32 Recent evidence suggests the CIH
upregulates HIF-1α but downregulates HIF-2α.33 Additionally, it has been shown that
HIF-1 α heterozygous mice deficient in HIF-1α do not show sLTF, enhanced carotid body
responses to hypoxia, and elevated ROS levels following CIH exposure, unlike wild-type
littermates, suggesting that HIF-1α is necessary for the generation of ROS. On the other
hand, in cell cultures exposed to intermittent hypoxia, HIF-1α accumulation has been shown
to be due to increased generation of ROS by NADPH oxidase.34 Thus, it is likely that CIH
initially activates NADPH oxidase, resulting in the generation of ROS that triggers
activation of HIF-1α. Activation of HIF-1α promotes persistent increase in ROS through the
transcriptional upregulation of pro-oxidants such as NOX.35 Recent evidence also suggests
that in addition to upregulation of prooxidants such as NOX, there is downregulation of
antioxidants such as superoxide dismutase-2 (SOD-2) with exposure to CIH.33, 36 It has
been hypothesized that the downregulation of antioxidants is as a consequence of the
downregulation of HIF-2α. Several lines of evidence support this hypothesis. HIF-2α
regulates the transcription of several antioxidants including SOD-2.2,37 Overexpression of a
transcriptionally active HIF-2α plasmid prevents intermittent hypoxia-induced
downregulation of SOD-2 activity in PC12 cell cultures.3,36 Intermittent hypoxia induces
downregulation of HIF-2α through calcium signaling. Calcium ions activate several
downstream effector molecules including calpains that are proteases that mediate HIF
degradation. ALLM, a potent inhibitor of calpains, rescues intermittent hypoxia-induced
HIF-2α degradation, restores Sod-2 activity, and prevents elevation of ROS.36
C. Cellular Targets Of ROS In The Carotid Body And Their Role In CIH-Induced
Hypertension

NIH-PA Author Manuscript

Vasoconstrictor peptides such as endothelin 1 (ET-1) are expressed in the glomus cells and
blood vessels of the carotid body.38 ET-1 acts at two receptors, i.e., the endothelin A (ETA)
receptor and the endothelin B (ETB) receptor. Functional studies with ETA receptor
antagonists suggest that ET-1 causes chemoexcitation of the carotid body at the ETA
receptor. Chronic hypoxia for 14 days increases expression of the ETA receptor and of
preproendothelin, the precursor of ET-1, in the carotid body. Furthermore, increases in
chemoreceptor activity within the carotid body parallels the increases in ET-1 and ETA
expression.39 In cats exposed to CIH for four days, expression of ET-1 was increased
tenfold in the carotid bodies and ETA/ ETB receptor antagonist bosentan inhibited the CIHinduced increase in basal and hypoxic chemosensory responses of these carotid bodies.22
More recently, Pawar et al. showed that administration of manganese tetrakis methyl
porphyrin pentachloride (MnTMPyP), a scavenger of free radicals, prevents the augmented
sensory responses and increase in ROS and ET-1 levels and ETA receptor mRNA following
10 days of CIH.31 These findings suggest that ROS-mediated increase in ET-1 levels and
upregulation of ETA receptors are involved in the augmented hypoxic chemosensitivity of
the carotid body following CIH exposure.
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In addition to vasoconstrictor peptides such as ET-1, the renin angiotensin system has also
been implicated in the enhancement of peripheral chemosensitivity. Similar to ET-1, Lam
and Leung et al. have shown that angiotensin II (Ang II) enhances carotid body
chemoreceptor activity.40 Recent evidence suggests a direct role for Ang II in enhancing
chemosensitivity within the carotid body and not as a consequence of altered arterial
pressure or blood flow. In an in vitro carotid body preparation, carotid sinus nerve activity is
increased by Ang II.40 Angiotensinogen, after cleavage by angiotensin-converting enzyme
forms Ang II. Angiotensinogen protein and mRNA have been found to be present in glomus
cells. Similar to ET-1, chronic hypoxia upregulates the transcriptional and
posttranscriptional expression of Ang II type 1 (AT1) receptors in the carotid body.41 CIH
also increases carotid body AT1 receptor expression and, additionally, CIH-induced increase
in ROS production is prevented by AT1 receptor blockade, suggesting that AngII signaling
plays a role in CIH-mediated ROS production.42 Although ET-1 and Ang II may enhance
chemoreceptor function, the constitutive isoforms of nitric oxide synthase (NOS), both
endothelial NOS (eNOS) and neuronal NOS (nNOS), may cause inhibition of the
chemoreceptor function. Similar to ET-1, eNOS and nNOS are present in the carotid body.
Recent evidence suggests that both eNOS and nNOS modulate carotid chemoreceptor
activity, 43 and that CIH causes a decrease in carotid body nNOS expression.42 Figure 1
describes a conceptual model of the molecular mechanisms involved in the sLTF and
increased hypoxic chemosensitivity of the carotid body following CIH.
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VI. CENTRAL SITES OF SYMPATHETIC ACTIVATION
Similar to enhancement in the hypoxic chemosensitivity of the peripheral chemoreceptors,
sites within the central sympathetic network may also show adaptations to chronic
intermittent hypoxia, resulting in an increase in sympathetic output. Outflow from
postganglionic sympathetic nerves are modulated by input from preganglionic neurons in the
spinal cord, which in turn receive inputs from sympathetic premotor neurons in the central
nervous system, including the rostral ventrolateral medulla (RVLM), the medullary raphe,
the A5 area of the pons, and the paraventricular nucleus of the hypothalamus (PVN). In
addition, these premotor neurons receive input from a number of central nervous system
locations including neurons within the circumventricular organs (CVOs) in the laminal
terminalis. All of these regions may be involved in sympathoexcitation, and many of these
regions are hypoxia sensitive.44

VII. CELLULAR MECHANISMS OF CIH-INDUCED CHANGES IN
SYMPATHETIC NERVOUS SYSTEM
NIH-PA Author Manuscript

A. CIH Activates Transcription Factors within Brain Regions Involved in Autonomic
Control
FosB and Delta FosB are two proteins encoded by the Fos family of activator protein-1
(AP-1) complex transcription factors. In contrast to all other members of the Fos family,
Delta FosB is unique in that it is extremely stable and has a very long half-life, and is
induced in specific brain regions by repeated exposure to different stimuli. Once induced, it
remains in these tissues for a prolonged period of time. Delta FosB has therefore been
implicated in neuronal plasticity and adaptation.45 In a recent study examining the effect of
a paradigm of CIH that resulted in the development of hypertension within one week in rats,
it was found that staining for Delta FosB was increased in autonomic nuclei including in the
CVO, subfornicular organ, median preoptic nucleus, nucleus of the solitary tract, A5, and
RVLM. These findings suggest that AP-1 transcriptional regulation of central autonomic
nuclei may play a role in adaptation that results in chronically elevated sympathetic nerve
activity following CIH.46
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B. Role of Renin-Angiotensin System in Central Sympathetic Responses to CIH
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Although the kidney is the only organ that stores renin, components of the renin angiotensin
system have been found in the brain, and angiotenin II (AngII) acts as a neurotransmitter
involved in the regulation of sympathetic activity.47 Through the stimulation of AT1
receptors, AngII promotes sympathetic outflow and modulates the baroreflex. 48 AngIIcontaining neurons are sympathoexcitatory in the PVN, RVLM, and CVO.49 Interestingly,
reactive oxygen species appear to be the key mediators of the action of AngII in the
regulation of blood pressure in the central nervous system.50 AngII-induced pressor
responses in the RVLM are mediated by AT1-dependent increase in NOX-derived ROS
production.51 A recent study revealed augmented basal- and chemoreflex-stimulated lumbar
sympathetic output following exposure to CIH was ameliorated in the presence of losartan
(AT1 receptor blocker). Although the authors examined AT1 receptor and NOX subunit
expression in the carotid bodies, they could not rule out that the sympathoexcitatory effects
of CIH could also arise from the oxygen sensing neurons in the RVLM and that the effects
of losartan was from the blockade of AT1 receptors within the central sympathetic neural
network.42
C. Role of ET-1 in CIH-induced Increases in Sympathetic Responses
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In addition to its role in enhancing peripheral chemosensitivity to CIH, ET-1 appears to also
play a role in the central sympathetic responses to CIH. Rats exposed to three weeks of CIH
showed significantly greater sympathetic responses following intracerebroventricularly
administered ET-1 and a greater expression of ETA receptor protein in the subfornical
organs than sham-exposed animals.52
D. Role of nNOS in the Central Sympathetic Output Following CIH
The PVN contains neurons that express nNOS, and neuronal activity in the PVN is regulated
by NO.53 Direct administration of NO or a NO donor into the PVN decreases sympathetic
nerve activity and lowers blood pressure, while inhibition of NO synthesis in the PVN
results in sympathoexcitation.54 Thirty-five days of CIH resulted in the development of
hypertension and a suppression of NO production in the PVN.55
E. Role of HO-1 in the Responses of Hypoxic Sensitivity of Sympathetic Activity to Chronic
and Chronic Intermittent Hypoxia
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The C1 sympathoexcitatory neurons in the RVLM are hypoxia chemosensitive, and are
excited by local hypoxia.56 The mechanism of hypoxic chemosensitivity of the C1
sympathoexcitatory neurons involves a heme-type oxygen-sensing protein, heme oxygenase
(HO). HO catabolizes heme into biliverdin, iron, and carbon monoxide, and the likely
cellular signals regulating the excitability of the chemosensitive cells are CO and/or
biliverdin. Our recent findings have shown that HO is essential for the oxygen sensitivity of
this brain stem chemosensitive region, since blocking HO blocks the excitatory response of
neurons within this region to hypoxia.57 We have also shown that HO-1, which is an
enzyme that is activated by both HIF-1α and AP-1, is necessary for maintaining the hypoxia
chemosensitivity of this region during chronic hypoxia. 58 Preliminary data from our lab
also suggest that HO-1 is necessary for maintenance of hypoxic sensitivity of sympathetic
activity during 14 days of CIH. Since HO-1 is induced by HIF-1α, these findings suggest
that HO-1 may be downstream of the actions of HIF-1α in the activation of the sympathetic
nervous system following CIH. Figure 2 shows a conceptual model of the putative
molecular mechanisms by which CIH could induce hypertension.

Crit Rev Biomed Eng. Author manuscript; available in PMC 2013 April 24.

Sunderram and Androulakis

Page 7

VIII. CIH AND VASCULAR CHANGES: MOLECULAR MECHANISMS AND
RELATIONSHIP TO HYPERTENSION
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Endothelial dysfunction has been shown to be present following CIH in animals59 and in
patients with OSA, and improves with nasal CPAP therapy. 60 Interestingly, the same
molecules involved in the responses of the carotid body and central sympathetic pathways to
CIH appear to be involved in the vascular changes that are seen with CIH. Studies in
humans suggest that there is decreased bioavailability of NO in patients with OSA
secondary to intermittent hypoxia, and that nasal CPAP therapy increases NO
bioavailability.60–63 Additionally, plasma levels of AngII are elevated in patients with
OSA.64 ET-1 plasma concentrations increase in rats exposed to 15 days of CIH,65 and
patients with OSA have elevated plasma levels of ET-1.66 Pretreatment with a superoxide
dismutase (SOD) mimetic tempol in rats prevented CIH-induced hypertension and ROS
generation and the increase in plasma concentrations of ET-1 induced by CIH.67 These
findings link CIH to ROS generation, ET-1, and hypertension. ET-1 in turn activates nuclear
factor of activated T cells (NFAT). The NFAT family consists of four members of which
NFATc3 has been implicated in vascular development and maintenance of the contractility
of vascular smooth muscles.68, 69 A recent study demonstrated that CIH increases NFATc3
transcriptional activity in the aorta and mesenteric arteries and CIH-induced hypertension is
attenuated by an NFAT inhibitor (cyclosporine-A) and that NFAc3 knockout mice do not
develop hypertension following CIH. These findings suggest that ET-1 may act through
NFATc3 in the induction of hypertension following CIH. Thus, vasoactive molecules such
as endothelin, nitric oxide, and the renin-angiotensin system by acting on the vasculature
enhance the role that sympathetic activation plays in the development of hypertension
following CIH. Figure 3 shows the putative molecular mechanisms by which CIH could act
on the vasculature with resultant hypertension.

IX. SYSTEMS BIOLOGY APPROACHES TO HYPOXIA
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Significant effort has been invested in understanding the neural mechanisms controlling
respiratory rhythm generation through computational modeling, 70–75 And, in addition, in
understanding the interplay between major physiological parameters in the context of
respiration through more integrated computational models of the upper airway to simulate
anatomic and physiologic manipulations of respiratory mechanics in sleep apnea76 and
control-theoretic approaches.77–79 However, in recent years it is becoming ever more
evident that it is important in gaining a deeper and more fundamental understanding of the
signaling and transcriptional implications of hypoxia-induced alterations, the eventual hope
being the integration of physiological, neuronal, and cellular-level information in developing
a unified, predictive model of the link between hypertension and CIH. Comparative gene
expression profiling offers the possibility of elucidating the emergent cellular responses to
varying levels of hypoxic stress. This final section will aim at opening a discussion along
two directions, namely, global expression profiling for deciphering the transcriptional and
signaling details of the response, and systems biology models aimed at elucidating the
interactions leading to said dynamic responses.
Global transcriptional analyses have been performed in cell cultures, model organisms, and
mammals, shedding light on a complex response. Seta and Millhorn80 evaluated the oxygensensing capabilities of clonal cell lines in response to hypoxia. Using focused cDNA
libraries along with microarray analyses, they studied the molecular and cellular basis of
oxygen chemosensititvity and the regulation mechanisms of O2-responsive genes. The
choice of the particular cell type (PC12 cell line) was based on its resemblance to carotid
body type I cells. The purpose of the study was, specifically, to identify the implications of
absence or presence of extracellular Ca2+. Van der Meer and coworkers81 examined changes
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in gene expression in zebra fish exposed to hypoxia in an attempt to shed light on the
evolution of hypoxia tolerance as an adaptive response in vertebrates. Fish were exposed to
a gradual decrease in oxygen over a period of four days, from 80–90% to 10% oxygen
saturation, and were kept at this level for 21 days, with a control group maintained at the 80–
90% level. Branchial arches on gill coves (an aquatic respiratory organ) were dissected and
homogenized, and mRNA was analyzed. Following the analysis of the high-throughput
mRNA data, a variety of hypoxia-induced gene expression changes were identified, and
possibly contributed to a multitude of alternative adaptation mechanisms. Aiming at
evaluating changes at the cellular level within the carotid body chemoreceptor, Ganforina
and coworkers82 exposed female mice to normoxic and hypoxic conditions for 24 h, and the
adrenal medulla and carotid bodies were subsequently dissected and mRNA was quantified.
The study once again aimed at evaluating hypoxia-regulated genomescale changes in
chemoreceptor cells. This was among the first transcriptional profiling studies of mouse
carotid body response to physiologically sustained hypoxia, and led to the postulation of
putative functional interactions among carotid body hypoxia regulated genes. This becomes
a critically important component as we move toward a systems biology model of hypoxia.
Of particular importance are kinetic models, at the cellular and molecular level, elucidating
the implications of hypoxia-induced activation of critical transcription factors.
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Qutub and Popel83 explored a critical component of the oxygen-sensing mechanism,
namely, the switchlike changes in HIF-1 expression in response to gradual decreases in
oxygen concentration. HIF-1 dynamics are particularly critical since it is estimated to
regulate the expression of over 200 genes.84 An ordinary differential equation model
describing the kinetics of 17 compounds was proposed to contribute toward a better
understanding of the hypoxic response at the molecular level. Along the same line of
thought, Zhang and coworkers85 proposed a systems biology approach to elucidate the
implications of Nrf2-mediated responses. The interesting aspect of this work is that it begins
to integrate principles of control theory and feedback regulation to assess the homeostatic
control role of Nrf2-mediated regulation. Once again, gene and transcription factor
dynamics are integrated in the context of a unified cellular level network model.
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Availability of network structures composed of elements (genes, proteins) that are
functionally related allows for the evaluation of alternative relationships in interpreting
observed phenotypes. In that respect, a key property of HIF signaling has been extensively
studied experimentally, and offers a great test bed for systems biology approaches. HIF
plays a central role as a master regulator of oxygen-sensitive gene expression. However,
evidence suggests an exponentially increased sensitivity as oxygen concentration drops.86
This “switchlike” behavior has been approximated computationally through alternative
systems biology approaches. Starting with a basic interaction map of hypoxia-dependent
genes, Kohn and coworkers87 demonstrated the possibility of a core subsystem that, in the
absence of a feedback mechanism, can exhibit a HIF activity switchlike dependence on
oxygen levels. By accounting for HIF-1 synthesis, the model can integrate growth factors
and regulation of hypoxia responsive element (HRE)–dependent genes within a unique
unifying framework. More recently, Yu and coworkers88 explored a more complex 23
molecular species network, further decomposed, by exploring tools from metabolic network
analysis, into extreme pathways in an attempt to characterize activation/ deactivation of
subpathways responsible for the observed switchlike behavior of HIF dependence. The
value of the last two representative papers is that they demonstrate (i) the need for, and
benefits from, integration of network information from large-scale genome-wide studies and
advanced computational methods, and (ii) the possibility of generating mechanistic-based
hypotheses able to interpret observed complex phenotypes in the context of implication of
hypoxia.
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Clearly, more work is needed to advance the state of the art lining physiology (outcome) as
described in the early part of this review and cellular-level mechanisms (processes) driving
those. Systems biology tools can definitely enable the rationalization, and more importantly
close the loop, between outcome (hypertension) and processes (oxygen sensing). Initial
efforts in this direction, albeit in a different context, are beginning to bear results.89
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FIGURE 1.

Molecular mechanism of sensory long-term facilitation (sLTF) and increased hypoxic
chemosensitivity of the carotid body following CIH. Chronic intermittent hypoxia leads to
an increase in AT1 receptor expression which in turn results in NOX mediated increases in
cytosolic and mitochondrial ROS. ROS activates HIF-1 α and induces sLTF in the carotid
body through Endothelin 1. (AT1—angiotensin II type 1 receptor; NOX—NADPH oxidase;
HIF— hypoxia inducible factor; SOD—super oxide dismutase; ETC—electron transport
chain; ROS—reactive oxygen species; ET-1—endothelin 1; ETA—endothelin A receptor;
nNOS—neuronal nitric oxide synthase).
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FIGURE 2.

NIH-PA Author Manuscript

Putative molecular mechanisms by which CIH induces increases in central sympathetic
activation; “?” is used to designate hypothesized mechanism that has not been proven yet.
Chronic intermittent hypoxia activates transcription factors such as Delta Fos B within brain
regions involved in autonomic control. Additionally CIH induces a pressor response in the
RVLM mediated by an AT-1 dependent increase in NOX-derived ROS production. ET1
mediated increases in ETA expression in the CVO, reduction in nNOS in the PVN and
HIF-1 mediated increases in HO-1 all play a role in central sympathoexcitation following
CIH. (AT1—angiotensin II type 1 receptor; NOX— NADPH oxidase; HIF—hypoxiainducible factor; HO-1—heme oxygenase-1; ROS—reactive oxygen species; ET-1—
endothelin 1; ETA—endothelin A receptor; nNOS—neuronal nitric oxide synthase; CVO—
circumventricular organ; PVN—paraventricular nucleus; RVLM—rostralventrolateral
medulla).
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FIGURE 3.
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Putative molecular mechanisms by which CIH induces changes in vascular tone, resulting in
the development of hypertension; “?” is used to designate hypothesized mechanism that has
not been proven yet. Angiotensin II, ET1 and nNOS also play a role in CIH induced
vascular changes resulting in hypertension. NFATc3, a nuclear factor involved in
maintenance of vascular smooth muscle reactivity appears to be downstream of ET1 and
appears to be important in the vascular changes and hypertension induced by CIH. (AT1—
angiotensinII type 1 receptor; NOX—NADPH oxidase; ROS—reactive oxygen species;
ET-1—endothelin 1; ETA—endothelin A receptor; nNOS— neuronal nitric oxide synthase;
NFATc3—nuclear activator of T cells).
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