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Sleep apnea/hypopnea disorders include centrally originated diseases and obstructive
sleep apnea (OSA). This last condition is renowned as a frequent secondary cause
of hypertension (HT). The mechanisms involved in the pathogenesis of HT can be
summarized in relation to two main pathways: sympathetic nervous system stimulation
mediated mainly by activation of carotid body (CB) chemoreflexes and/or asphyxia, and,
by no means the least important, the systemic effects of chronic intermittent hypoxia
(CIH). The use of animal models has revealed that CIH is the critical stimulus underlying
sympathetic activity and hypertension, and that this effect requires the presence of
functional arterial chemoreceptors, which are hyperactive in CIH. These models of CIH
mimic the HT observed in humans and allow the study of CIH independently without
the mechanical obstruction component. The effect of continuous positive airway pressure
(CPAP), the gold standard treatment for OSA patients, to reduce blood pressure seems
to be modest and concomitant antihypertensive therapy is still required. We focus this
review on the efficacy of pharmacological interventions to revert HT associated with CIH
conditions in both animal models and humans. First, we explore the experimental animal
models, developed to mimic HT related to CIH, which have been used to investigate
the effect of antihypertensive drugs (AHDs). Second, we review what is known about
drug efficacy to reverse HT induced by CIH in animals. Moreover, findings in humans
with OSA are cited to demonstrate the lack of strong evidence for the establishment
of a first-line antihypertensive regimen for these patients. Indeed, specific therapeutic
guidelines for the pharmacological treatment of HT in these patients are still lacking.
Finally, we discuss the future perspectives concerning the non-pharmacological and
pharmacological management of this particular type of HT.
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CHRONIC INTERMITTENT HYPOXIA-RELATED DISORDERS
Is is well established that intermittent hypoxia (IH) affects control
of breathing, the autonomic nervous system and the cardiovas-
cular system (Foster et al., 2007). Chronic intermittent hypoxia
(CIH) is a feature that is present in interstitial lung disease
(Fletcher et al., 1992a) and sleep-disordered breathing (SDB), and
it has also been shown to occur in patients with hepatopulmonary
syndrome (Tanné et al., 2005; Ogata et al., 2006; Palma et al.,
2008). Since several years ago, there has been growing interest
concerning CIH due to the high relevance of the part assumed to
be played by sleep-related breathing disorders in chronic diseases.

Sleep apnea/hypopnea disorders include centrally originated
diseases and obstructive sleep apnea (OSA). Central sleep apnea
(CSA) is characterized by a lack of drive to breathe during
sleep, resulting in insufficient or absent ventilation and compro-
mised gas exchange (Eckert et al., 2007). In CSA, the cessation
of respiration during sleep is not associated with ventilatory
effort and there is sleep fragmentation due to arousals associ-
ated with reflexes activated by the ensuing hypoxemia (Paiva and
Attarian, 2014). The major manifestations of CSA include high

altitude-induced periodic breathing, idiopathic CSA, narcotic-
induced central apnea, obesity hypoventilation syndrome, and
Cheyne-Stokes breathing in heart failure (Eckert et al., 2007).
While the precipitating mechanisms involved in the several types
of CSA may diverge, unstable ventilatory drive during sleep is
the principal underlying feature (Eckert et al., 2007). CSA is
diagnosed in approximately 5% of the patients who undergo a
polysomnographic study (Khan and Franco, 2014). On the other
hand, OSA is briefly characterized by repetitive episodes of airflow
cessation (apnea) or airflow reduction (hypopnea) caused by an
obstructed or collapsed upper airway during sleep. Unlike CSA,
obstruction occurs in OSA despite the central drive to breathe
and inspiratory muscle activity (Levitzky, 2008). An apprecia-
ble number of factors are known to be linked to upper-airway
collapse, namely reduced airway dilator muscle activity during
sleep, upper-airway anatomy, obesity, decreased end-expiratory
lung volume, ventilatory control instability, and rostral fluid shifts
(Kapur, 2010). The repetitive episodes of apnea and hypopnea
characteristic of OSA are closely associated with CIH, hypercap-
nia and an increase in intrathoracic pressure, leading to recurrent

www.frontiersin.org September 2014 | Volume 5 | Article 361 | 1

http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/about
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/journal/10.3389/fphys.2014.00361/abstract
http://community.frontiersin.org/people/u/156402
http://community.frontiersin.org/people/u/183339
mailto:lucilia.diogo@fcm.unl.pt
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive


Diogo and Monteiro Antihypertensive drugs in CIH conditions

arousals and significant changes in sleep architecture. OSA is
affecting a growing proportion of the common population, and
the estimated prevalence in the 1990s was 9% for women and 24%
for men among middle-aged adults (Young et al., 1993). In addi-
tion, CSA can occur concomitantly with OSA. This last condition,
recently labeled complex sleep syndrome, is observed in approxi-
mately 15% of the patients following treatment with continuous
positive airway pressure (CPAP) (Paiva and Attarian, 2014). In a
few words, complex sleep syndrome is a form of SDB in which
CSA persists or emerges when obstructive events have disap-
peared using a positive pressure device (Khan and Franco, 2014).
In clinical practice, when a few central apneas are observed in
polysomnograms of patients with OSA, they are normally ignored
because we do not presently understand their potencial clinical
relevance.

Nowadays, it is well known that the outcomes of these sleep-
related breathing disorders can lead to vascular diseases, con-
tributing to a considerable increase in overall cardiovascular risk.
The desaturation-reoxygenation sequence, a typical pattern cou-
pled with the majority of respiratory events, is thought to be
responsible for most of the associated cardiovascular morbid-
ity (Lévy et al., 2012). Although OSA has been associated with
several cardiovascular conditions, it has been more closely etio-
logically connected to systemic HT (Kapa et al., 2008), and the
link between HT and OSA is now widely accepted and supported
by different findings. Most episodes of OSA are coupled with sleep
disruption, which per se increases sympathetic nerve activity and
blood pressure (Morgan et al., 1996). In addition, the occurrence
of arousals appears to enhance the pressor effects of asphyxia dur-
ing OSA (Morgan et al., 1998), contributing synergistically to
blood pressure increase. In any case, studies in both animals and
humans underline the major role of hypoxia itself in promoting
an increase in blood pressure (Brooks et al., 1997b; Tamisier et al.,
2011).

Regarding CSA, this SDB, like OSA, is strongly linked to car-
diac disease and cardiovascular outcomes (Brenner et al., 2008).
Indeed, the majority of patients with CSA have underlying car-
diovascular disease, primarily heart failure, which is considered
the most common risk factor for CSA, followed by atrial fibril-
lation (Bradley and Phillipson, 1992). Moreover, like OSA, CSA
has been implicated in heart failure pathophysiology (Mehra,
2014) and occurs in 30–50% of patients with left ventricular dys-
function and heart failure caused by HT, cardiomyopathy and
ischemic heart disease (Bradley and Floras, 2003). Thus, CSA
has significant co-morbidity with many cardiac conditions, which
clearly contributes to an increase in the associated mortality and
morbidity.

Besides systemic HT, chronic intermittent alveolar and sys-
temic arterial hypoxia-hypercapnia can cause pulmonary HT
(PH). SDB has also been found to be associated with PH, being
considered one of the potential etiologies of PH (Galie et al.,
2009). During episodes of OSA, the subsequent oscillations in
PaO2 lead to a cyclical pattern of vasoconstrictions and relax-
ations in the pulmonary circulation responsible for the marked
fluctuations observed in pulmonary arterial pressure (Dempsey
et al., 2010). The perpetuation of this pattern leads to fixed ele-
vations in pulmonary pressure (Dempsey et al., 2010). Some

data suggest that even slight changes in pulmonary function, in
the absence of lung disease, are able to induce PH in patients
with OSA. Furthermore, it is important to bear in mind that
PH could also be a cause of abnormal arterial blood gases dur-
ing wakefulness (Dempsey et al., 2010) and that OSA itself
can lead to PH (Sajkov and McEvoy, 2009). The major conse-
quence of the increased pulmonary artery pressure, together with
increased blood viscosity (a consequence of the renal release of
erythropoietin subsequent to hypoxemia), is the occurrence of
right ventricle hypertrophy leading to cor pulmonale (Levitzky,
2008). The prevalence of this chronic cardiopulmonary condition
among patients with SDB is estimated to range from 17 to 52%
(Minic et al., 2014), and 20–30% of untreated OSA patients suf-
fer from PH (Dumitrascu et al., 2013). Even if PH in this group of
patients is typically not severe (Badesch et al., 2010), OSA patients
with PH have a higher mortality rate than OSA patients without
PH (Minai et al., 2009). A recent meta-analysis shows that CPAP
is associated with a mild but statistically significant reduction in
pulmonary artery pressure in OSA patients (Sun et al., 2014). This
decrease might translate into a better outcome in patients with PH
secondary to OSA. However, more studies are needed to confirm
this assumption.

Taking into account its high prevalence and its associated
adverse impact on cardiovascular, metabolic and other health
outcomes, this review focuses on OSA and systemic HT.

OSA AND HT: HOW RELEVANT IS THIS LINKAGE?
Since 2003, OSA has formally been recognized as a frequent
and important secondary cause of HT and is one of the first
causes to be screened mainly in patients with a suggestive pheno-
type, refractory HT and a non-dipping profile (Chobanian et al.,
2003; Mancia et al., 2007). More recently, OSA has been iden-
tified as an independent risk factor for HT (Lavie et al., 2000;
Peppard et al., 2000; Marin et al., 2012), as one of the major clin-
ical conditions that favors poorly controlled HT (Oliveras and
Schmieder, 2013), and as the most common condition associ-
ated with resistant HT (Pedrosa et al., 2011). OSA and HT are
two prevailing risk factors for several cardiovascular events (Wang
and Vasan, 2005; Baguet et al., 2009). Due to their high preva-
lence and cardiovascular morbidity (Wolf et al., 2007; Malhotra
and Loscalzo, 2009), OSA and HT are now acknowledged as
public health problems. Epidemiological data show that the esti-
mated overall prevalence of HT among patients with OSA is
approximately 50% and an estimated 30–40% of hypertensive
patients are diagnosed with OSA (Calhoun, 2010), confirming
the bidirectional relationship between OSA and HT. Moreover,
OSA and HT are chronic diseases mostly diagnosed in active
adults and because of the associations between OSA and obe-
sity and advancing age, the public health burden of OSA related
to cardiovascular disease is expected to rise in the coming years
(Dempsey et al., 2010). The use of both antihypertensive drugs
(AHDs) and CPAP in these patients is for life and consequently
treatment is associated with a high impact both in terms of costs
and in patients’ quality of life. Indeed, OSA generates an impres-
sive economic burden, including medical costs, when compared
to other equally relevant chronic diseases (Kapur, 2010; Badran
et al., 2014).
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OSA AND HT: WHAT IS THE PROBLEM?
CPAP is considered the gold standard treatment for mild, mod-
erate and severe OSA due to its remarkable ability in providing
pneumatic splitting of the upper airway and effectiveness in
reducing the apnea-hypopnea index (AHI), symptoms, and car-
diovascular morbidity and mortality (Hla et al., 2002; Pepperell
et al., 2002; Wolf et al., 2007; Epstein et al., 2009; Mannarino
et al., 2012). Besides preventing hypoxemia, sleep disturbance
and apnea episodes, CPAP reduces sympathetic activity, systemic
inflammation and oxidative stress (Yorgun et al., 2014). However,
the results found for the effectiveness of CPAP on blood pres-
sure (BP) control are still controversial. Table 1 summarizes the
results of original studies in which the effect of CPAP on BP has
been analyzed. Whereas some studies and meta-analyses (Bakker
et al., 2014; Varounis et al., 2014) have reported modest effects for
CPAP in lowering BP, others tend to support the beneficial effect
of CPAP treatment on BP reduction and attenuating the risk of
developing HT. In any case, although the lowering effect of CPAP
on BP is relevant in terms of overall cardiovascular risk reduction,
this effect is very limited when compared to the performance of
AHDs in patients with essential HT (Pépin et al., 2009). Thus,
treating HT in patients with sleep apnea is proving to be a difficult
task and there is consensus that the use of AHDs is mandatory. In
spite of this, data on AHDs regimens in patients with OSA are
scarce and there is a lack of specific therapeutic guidelines for the
pharmacological treatment of HT in these patients. Furthermore,
the effects of AH agents on OSA patients are not consistent (Parati
et al., 2012) and there are no data on the efficacy of specific AHDs
regimens when associated with CPAP.

A new treatment for OSA patients is the oral appli-
ance/mandibular advancement device (Guralnick and Bakris,
2012). Oral appliance therapy is an important alternative to CPAP
for some patients with mild to moderate OSA (Iftikhar et al.,
2013). Despite a recent study (Andrén et al., 2013) and a recent
meta-analysis (Iftikhar et al., 2013) which have shown some
beneficial effects of this device in reducing blood pressure mea-
surements, larger and longer randomized control trials are needed
to confirm the effects of oral appliance therapy on BP control.

Clearly, more studies are required to identify first-line AHDs
regimens for optimal BP control in this particular group of
hypertensive patients (Tsioufis et al., 2010; Parati et al., 2013).
Moreover, HT related to OSA needs to be managed as a specific
entity and an earlier diagnosis of this type of HT seems to be as
relevant as the selection of AHDs regimens. This work provides,
for the first time, a systematic review on the efficacy of AHDs in
HT related to OSA.

WHAT MODELS ARE AVAILABLE TO STUDY HT RELATED TO
OSA?
Due to the high complexity and heterogeneity associated with
OSA, considerable variability can be observed between reports
addressed at the study of this disease. In addition, the scarcity of
opportunities for patient investigation, in particular at the cellular
level, has compromised progress in understanding the patho-
physiology of OSA and the development of novel and specific
treatments for this disorder. To overcome some of these limita-
tions, several animal models and more recently, a model of OSA

in healthy human volunteers (Tamisier et al., 2009, 2011) have
been developed. Animal models, especially of IH, mimic OSA
more easily than human models. The small size of rodents allows
more rapid and intense changes in SaO2 whereas humans require
longer periods of hypoxia to induce arterial oxyhaemoglobin
desaturation (Foster et al., 2007). The combination of these two
approaches is certain to contribute to the consolidation of preven-
tion strategies and the development of more suitable treatments
for OSA patients.

ANIMAL MODELS
The major advantage of the use of animal models is that they
allow single components of the disease to be evaluated, accu-
rately controlling the triggering events in terms of both severity
and duration, and providing homogeneous populations (Lévy
et al., 2012). These models also provide an excellent opportunity
to explore the underlying mechanistic pathways of HT related
to OSA and their consequences under controlled conditions.
Moreover, animal models have enabled the study of parameters
that have proved difficult to assess in humans, particularly due to
the need for organ harvesting to explore the mechanisms under-
lying the consequences of IH at the molecular level (Dematteis
et al., 2009). Thus, studies with animal models are good tools for
overcoming some confounding factors present in human studies
(e.g., the presence of comorbidities, disease duration, and behav-
ioral and environmental variables) (Badran et al., 2014), and for
providing more specific information concerning the efficacy of
drugs to be tested.

In 2009, Dematteis et al. used the terminology homologous
(sharing the cause or pathophysiology of the human disease),
predictive (responding to treatment similarly to the human dis-
ease) and isomorphic (displaying symptoms similar to those of
the human disease although their cause and pathophysiology may
differ) to categorize sleep apnea models (Dematteis et al., 2009).
According to these categories, most sleep apnea models are only
partially isomorphic, focusing on a specific aspect of the human
disease. As a matter of fact, none of the currently available ani-
mal models reproduce all aspects of human sleep apnea and
they present some important limitations. Nonetheless, the ani-
mal models of sleep apnea have brought out most of the available
knowledge in this field and furthermore, almost all cardiovascu-
lar diseases known to be present in patients with OSA have been
replicated in these models (Dumitrascu et al., 2013).

The effective use of animals to study sleep apnea implies
recognition of the natural similarities and differences between
animals and humans to ensure the reliability of the experimen-
tal results. For instance, as rodents are nocturnal animals, the
stimulus must be applied during the sleep-dominant phase of
the diurnal cycle. Moreover, in humans the circadian distribu-
tion of sleep tends to be consolidated and normally monophasic,
with a daily sleep duration of 7–8 h, whereas it is polyphasic,
relatively fragmented and with a duration of 12–15 h in rodents
(Toth and Bhargava, 2013). Another issue is related to the fact
that rodents sleep in the prone position (Golbidi et al., 2012);
it is well known that supine OSA is the dominant phenotype
of OSA syndrome and that the supine position favors upper
airway collapse in humans (Joosten et al., 2014). Furthermore,
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Table 1 | CPAP effect on blood pressure.

Study design n Study

duration

HT patients (%) AHDs (Y/N) Mean CPAP use

(h/night)

BP outcome References

RCT; parallel group;
blinded endpoint

194 12 weeks 100 Yes 5 ↓ 3.1 mmHg MBP
↓ 3.2 mmHg DBP
↓ 3.1 mmHg SBP (NS)

Martínez-García
et al., 2013

RCT; parallel group 118 4 weeks 10 Yes 4.9 ↓ 3.3 mmHg 24 h MBP Pepperell et al.,
2002

Case -controlled
study

48 4 weeks 79 Yes 5.1 ↓ 5.2 mmHg DBP
↓ 3.8 mmHg SBP (NS)

Zhao et al., 2012

Prospective
randomized trial

32 9 weeks 66 Yes 5.5 ↓ ± 10 mmHg MBP
↓ ± 10 mmHg DBP
↓ ± 10 mmHg SBP
(During both day and
night-time)

Becker et al.,
2003

RCT; multicenter;
parallel group

723 4 years 51.5 Yes 5.0 NS on new-onset HT Barbé et al.,
2012

Prospective,
single-center,
long-term follow-up

91 5 years 100 Yes NA NS on 24 h BP, SBP and DBP Kasiakogias
et al., 2013

RCT; parallel group 40 6 months 100 Yes 6.01 ↓ Awake SBP (6.5 mmHg)
and DBP (4.5 mmHg)
NS nocturnal SBP and DBP

Pedrosa et al.,
2013

Retrospective chart
review study

98 1 year 100 Yes 6.3 ↓ 5.6 mmHg MBP (resistant
HT group)
↓ 0.8 mmHg MBP (controlled
BP group)

Dernaika et al.,
2009

RCT; crossover 28 8 weeks 100 Yes 4.8 ↓ 2.1 mmHg 24 h MBP (CPAP
group)
↓ 9.1 mmHg 24 h MBP
(valsartan group)

Pépin et al.,
2009

Prospective cohort
study

86 6 months 55 Yes 4.8 ↓ 4.92 mmHg 24 h MBP Robinson et al.,
2008

Observational study 24 12 weeks 0 No NA ↓ 5.3 mmHg 24 h MBP Yorgun et al.,
2014

Prospective cohort
study

196 6 months 85 Yes NA ↓ 2.7 mmHg DBP
↓ 2.1 mmHg SBP

Börgel et al.,
2004

RCT; multicenter;
double-blinded

340 12 weeks 100 No 4.5 ↓ 1.5 mmHg MBP
↓ 1.3 mmHg mean DBP
↓ 2.1 mmHg mean SBP

Durán-Cantolla
et al., 2010

RCT; multicenter;
parallel group

44 6 weeks NA Yes 5.0 NS on 24 h SBP and DBP Barbé et al.,
2001

RCT; crossover
study; sham placebo

35 10 weeks 100 Yes 5.2 NS on overall 24 h MBP Robinson et al.,
2006

Observational,
monocentric; cohort
study

495 3.4 years 40.4 Yes NA ↓ Occurrence of systemic
arterial HT

Bottini et al.,
2012

(Continued)
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Table 1 | Continued

Study design n Study

duration

HT patients (%) AHDs (Y/N) Mean CPAP use

(h/night)

BP outcome References

RCT; single-blinded 44 13.2 weeks 100 Yes 5.1 Additional ↓ in office BP and
ambulatory BP monitoring
(CPAP+ 3 AHDs)

Litvin et al., 2013

RCT, multicenter 359 1 year 100 Yes 4.7 ↓ 2.19 mmHg DBP NS
↓ 1.89 mmHg SBP NS

Barbé et al.,
2009

RCT 36 3 months NA No 5.2 ↓ 2 mmHg office DBP
↓ 5 mmHg office SBP
↓ 5 mmHg 24 h DBP
↓ 5 mmHg 24 h SBP

Drager et al.,
2011

RCT; parallel group 64 3 months 100 Yes >5.8 ↓ 6.98 mmHg 24 h DBP
↓ 9.71 mmHg 24 h SBP

Lozano et al.,
2010

AHDs, antihypertensive drugs; BP, blood pressure; CPAP, continuous positive airway pressure; DBP, diastolic blood pressure; HT (%), percentage of hypertensive

patients; MBP, mean blood pressure; NA, information not available; NS, no significant effect; RCT, randomized controlled trials; SBP, systolic blood pressure; ↓,

decrease.

additional care must be taken to minimize external factors (e.g.,
light exposure, photoperiod, noise, disruptions in the home
environment, and post-surgical care in studies, for instance
requiring implantation of telemetric devices) able to influence
sleep in animals used in experimental research (reviewed in
Toth and Bhargava, 2013).

The experimental animal models developed to mimic OSA
have recently been reviewed (Dematteis et al., 2009; Golbidi
et al., 2012; Davis and O’Donnell, 2013; Toth and Bhargava,
2013) and assembled taking into account the main injuries trig-
gered by OSA. Despite attempts to use large animals (e.g., dogs,
lambs, and pigs) to simulate upper airway obstruction, most
research on the cardiovascular consequences of OSA has been
performed in rodents. Alternative models (e.g., cell cultures
incubated in specific devices that perform oxygen fluctuations
mimicking sleep apnea-related IH), mainly relevant to signal-
ing investigation (Kumar et al., 2003; Gozal et al., 2005; Ryan
et al., 2005), represent a complementary approach to the most
widely used sleep models. However, in spite of the recommen-
dations to refine, reduce and replace (the 3Rs programme),
these alternative models cannot replace animal models in the
study of HT.

The natural models of sleep apnea include the English bull-
dog, the historic natural model of spontaneous obstruction
(Hendricks et al., 1987), the sleep-related central apnea models
[e.g., Sprague-Dawley rats (Carley et al., 2000), spontaneously
hypertensive (SH) rats (Carley et al., 1998), C57BL/6J (Julien
et al., 2003; Liu et al., 2010)], and the Zucker obese rat in which
apnea is obesity-related (Ray et al., 2007; Lee et al., 2008; Iwasaki
et al., 2012). The experimentally-induced models (e.g., the sleep
deprivation model, induced airway obstruction and the CIH
model) are the most widely used. Due to model limitations and
lack of extensive study, we only briefly describe the induced airway
obstruction model and the sleep deprivation model. Special focus
will be given to the CIH model, based on the assumption that IH
is the most effective paradigm to induce HT related to OSA and

probably the most relevant stimulus regarding the cardiovascular
sequelae of OSA.

Induced airway obstruction model
Briefly, the airway obstruction model involves surgical interven-
tion (an endotracheal tube), which is an invasive procedure, or
alternatively the use of a specific chamber with a latex neck collar
that induces recurrent airway obstruction. This latter procedure,
developed by Farré et al. (2007), is associated with high levels
of stress due to the restriction of animal movement. In both
approaches, the degree of obstruction is adjustable (Golbidi et al.,
2012) and in the case of induction of obstruction through endo-
tracheal tube, the PaCO2 can be adjusted to mimic human sleep
apnea (Golbidi et al., 2012). Many experiments using this method
have not monitored the sleep state of the animals, but more recent
studies have incorporated sophisticated apparatus that is able to
detect sleep-awake states and allow close coordination between
the initiation of airway obstruction and sleep onset (Schneider
et al., 2000).

This model allows the study of the potential consequences of
strenuous breathing against an obstructed airway and can be used
to study the cardiovascular consequences and risk factors of OSA
(e.g., systemic inflammation and coagulation), and to investigate
the mechanisms that underlie OSA (Salejee et al., 1993; Nácher
et al., 2007, 2009; Almendros et al., 2008, 2011; Othman et al.,
2010). However, to the best of our knowledge, no study has yet
shown that this obstruction model is able to mimic HT related
to OSA. Furthermore, when testing AHDs, it became crucial to
ensure the selection of a stress-free paradigm as it has been shown
that any source of external stress on rodents can significantly
increase heart rate and blood pressure (Brown et al., 2000; Kramer
et al., 2000; Balcombe et al., 2004; Bonnichsen et al., 2005) and
therefore contribute to confounding the experimental results.
Finally, as the rat models of obstruction or asphyxia were devel-
oped in restrained or anesthetized rats, they are not good models
for chronic administration of oral drugs, particularly AHDs.
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Sleep deprivation model
In the last few years, several approaches have been used to trigger
sleep deprivation in different animals, the rat being the animal of
choice to date (Colavito et al., 2013). In the “multiple platform
technique,” the animal is aroused from sleep when the charac-
teristic loss of muscle tone that accompanies paradoxical sleep
causes it to fall off the platform (Suchecki and Tufik, 2000). The
“gentle handling” procedure, by far the most popular method, is
based on direct interaction with the experimenter, who actively
keeps the animal awake through the use of external stimulation
(e.g., mild noises, tapping or gentle shaking of the cage, or by
direct contact with the animal either using a soft brush or by
hand), or by the introduction of novel objects or nesting material
in the cages, which typically leads to active exploratory behavior
(Colavito et al., 2013).

These models are most often used to evaluate the neurophys-
iological aspects of OSA (Van Dongen et al., 2003; Haack and
Mullington, 2005; McKenna et al., 2007; Ward et al., 2009; Nair
et al., 2011) due to the high similarity between the structures of
the nervous systems of rodents and humans (Badran et al., 2014),
and to illustrate some mechanistic pathways induced by this trig-
ger (McGuire et al., 2008; Tartar et al., 2010; Liu et al., 2011;
Perry et al., 2011). Nevertheless, some studies have also aimed to
evaluate the cardiovascular outcomes induced by this OSA fea-
ture and have suggested that sleep fragmentation may have a far
more important role in cardiovascular changes observed in OSA
patients (Golbidi et al., 2012). Even so, sleep deprivation studies
have produced mixed results regarding BP outcomes.

In 1997, Brooks et al. suggested that sleep fragmentation, trig-
gered by auditory stimulus, induced only acute changes in BP
and did not affect daytime BP (Brooks et al., 1997a,b). In the
same way, Bao et al.’s results showed that sleep fragmentation in
rats, using acoustic stimuli for 35 days, did not elicit an increase
in BP, probably due to some adaptation behavior (Bao et al.,
1997). However, more recent studies have shown that sleep depri-
vation leads to increased plasma concentrations of epinephrine
and norepinephrine (Andersen et al., 2005), ET-1/2 levels (Palma
et al., 2002), and increased heart rate and systolic blood pres-
sure (Andersen et al., 2004; Perry et al., 2007). In addition,
sleep fragmentation enhances plasma inflammatory cytokines
(e.g., TNF-α, IL-6, IL-1α, and IL-1β), leading to increased oxida-
tive stress and inflammation (Yehuda et al., 2009). These results
add further evidence demonstrating that sleep deprivation may
lead to serious cardiovascular consequences and may aggravate
hypertensive features. However, despite the potential of the sleep
deprivation model to induce HT related to OSA, it does not
exactly mimic sleep fragmentation and presents one major short-
coming regarding the evaluation of AHDs efficacy that should be
taken into account. Sleep deprivation is a stressful method and
it is still unclear whether the method is itself a stressful stimulus
(Palma et al., 2002). Thus, in conclusion, sleep deprivation mod-
els are useful tools for unveiling various aspects of sleep function,
studying the effects of sleep loss on subsequent brain function
at the molecular, cellular and physiological levels, and evaluating
cognitive impairment, but should be used with caution when-
ever stress can act as a confounding factor and compromise data
interpretation.

CIH model
IH is now established as the dominant model of sleep apnea.
Generally, this model makes use of specific ventilated chambers
in which the animals are housed and cyclically exposed either
to normoxia/hypoxia or room air to mimic the most relevant
consequences of OSA. Hypoxic conditions can also be achieved
by surgical intervention (an endotracheal tube) or by the use of
a mask, which involves animal restraint and consequently high
levels of stress (Golbidi et al., 2012). In either case, animals
breathe nitrogen-enriched air alternating with oxygen or normal
air (Dematteis et al., 2009). Thus, as with O2, nitrogen plays an
important role in this model as the flushing of the chambers
with this gas allows the gradual lowering of O2. The duration
of the hypoxic and normoxic phases of the IH cycle, as well as
the slopes of FiO2, decrease and increase, and are dependent on
cage/chamber size and the gas flows and mixtures (Dematteis
et al., 2009).

The standard animal model of OSA was that described in
the landmark study of Fletcher and Bao (1996). Despite the
presence of some drawbacks, this model has successfully been
employed to study the changes in systemic arterial pressure and
the impact of IH on a wide range of cardiovascular outcomes.
One of the major limitations pointed to in this model is the
absence of recurrent upper airway obstruction, abolishing the
acute hemodynamic changes due to the negative intrathoracic
pressure (Badran et al., 2014). Marked negative intrathoracic
pressure induces acute hemodynamic changes that are probably
the starting point for chronic cardiovascular diseases (Bonsignore
et al., 1994). Despite the absence of upper airway occlusion, some
respiratory efforts (intermittent tachypnea) occur, correspond-
ing to a fluctuating hyperventilation that follows the IH cycles
(Dematteis et al., 2009). However, this disadvantage allows the
evaluation of CIH effects, namely chronic blood gas exchanges,
without the interference of the mechanical aspects of OSA.

This model also fails to reproduce the transient hypercapnia,
or at least eucapnia, which occurs in humans determined by air-
way occlusion. The first question concerning this issue should
be: is PaCO2 relevant in humans? Hypercapnia is not a standard
parameter analyzed in polysomnographic recordings in patients
and therefore there is no consensus on the impact of PaCO2 in
arterial blood pressure in patients with OSA. In clinical stud-
ies of patients with moderate OSA, the changes in PaCO2 have
seemed to be irrelevant (Epstein et al., 2001) or have shown a
slight increase (Tilkian et al., 1976) during the apneic events.
However, a PaCO2 increase may contribute to the severity of the
cardiovascular consequences of OSA (Cooper et al., 2005). The
results shown by Fletcher et al. in rats suggest that the exposure
to hypercapnia during IH is not a critical factor as the effect of
IH on diurnal BP is similar, independently of the lower or higher
levels of CO2 (Fletcher et al., 1995). Moreover, Bao et al. found
that eucapnic IH in rats is a more powerful stimulus for induc-
ing acute BP increase than hypocapnic IH (Bao et al., 1997).
Similarly, Lesske et al. showed comparable changes in BP between
two groups submitted to IH with or without hypercapnia (Lesske
et al., 1997). On the other hand, based on the results of differ-
ent CIH experimental protocols in rodents, Kanagy concludes
that the level of PaCO2 influences the magnitude of an increase
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in BP (Kanagy, 2009). Concretely, eucapnic hypoxia induces a
faster and greater increase than hypocapnic hypoxia (Kanagy,
2009), through mechanisms that presently remain unknown.
Moreover, the greatest increases in BP have been observed in stud-
ies in which hypocapnia was prevented by CO2 administration
(Morgan, 2009). Likewise, Tamisier et al., in a study performed
in humans, reported that hypercapnic hypoxia leads to greater
sympathetic activation than hypocapnic hypoxia (Tamisier et al.,
2009). In line with these findings, the presence of hypocap-
nic or eucapnic hypoxia conditions leads to an underestimated
increase in BP that must be taken into account. In conclusion,
although some data suggest that PaCO2 may influence physiolog-
ical responses to IH, further studies are needed to evaluate the
combined effect of IH and hypercapnia. Another drawback that
could be attributed to the IH paradigm is the fact that it is not
accompanied by sleep fragmentation and does not incorporate
monitoring of sleep.

Each group of researchers has applied its own specific
paradigm and these discrepancies may compromise the straight-
forward comparison of the results. The several paradigms of CIH,
which simulate the cyclical pattern of hypoxia experienced by
patients with OSA, diverge in some respects, namely in the animal
species involved, e.g., Sprague-Dawley rats (Fletcher et al., 1995;
Kanagy et al., 2001; Tahawi et al., 2001; Allahdadi et al., 2005;
Chen et al., 2005; Phillips et al., 2005; Lai et al., 2006), Wistar
rats (Dunleavy et al., 2005; Lefebvre et al., 2006), C57BL/6J mice
(Julien et al., 2003), and CF-1 mice (Rosa et al., 2011), the sever-
ity of hypoxia, the number of hypoxic episodes per hour of sleep,
the number of days of hypoxic exposure (exposure duration), and
CO2 manipulation. Table 2 summarizes the variability observed
in the CIH models.

These models typically create moderate to severe oxygen
desaturation, thereby mimicking severe forms of OSA and may
therefore not be applicable to mild and moderate clinical OSA
(Dematteis et al., 2009). CIH models with cycles of FiO2 of 5% or
less usually mimic severe forms of OSA in humans and produce
maximal changes in BP and heart rate (Dematteis et al., 2008).
However, higher FiO2 (8–10%) has been used in rodent models
of CIH (Soukhova-O’Hare et al., 2008; Knight et al., 2011; Perry
et al., 2011; Bathina et al., 2013).

The duration and frequency of hypoxic/normoxic periods
are adjustable; usually, the higher the frequency the shorter the
IH cycles (Golbidi et al., 2012). There is a sizeable discrepancy
regarding the duration of IH cycles, ranging from 120 cycles/h
(30 s cycle; Fletcher et al., 1992a; Julien et al., 2003; Dematteis
et al., 2008), 80 cycles/h (6 min cycle; Knight et al., 2011), 60
cycles/h (1 min cycle; Campen et al., 2005), and when the cham-
bers are larger, longer cycles are often used, reducing the number
of cycles/h (Zoccal et al., 2007, 2008; Silva and Schreihofer, 2011)
of daytime exposure, from 4 h/day (Kalaria et al., 2004), 6 h/day
(Lai et al., 2006), 7 h/day (Fletcher et al., 1992a), 8 h/day (Chen
et al., 2005; Belaidi et al., 2009; Zoccal et al., 2008, 2009; Knight
et al., 2011; Silva and Schreihofer, 2011; Dyavanapalli et al., 2014;
Schulz et al., 2014), 10 h/day (Liu et al., 2013) to 12 h/day (Lin
et al., 2007). The exposure duration of 8 h/day seems to be that
on which there is the greatest consensus (see Table 2). The dura-
tion of exposure seems to affect the study outcomes more than

the hypoxic nadir or the rate of hypoxic cycling (Davis and
O’Donnell, 2013).

An advantage of CIH models is they allow exposures that can
be extended over months, enabling the investigation of chronic
consequences that might occur in humans (Toth and Bhargava,
2013). The number of days necessary to induce an increase
in BP seems to be dependent on the CIH paradigm. Some
authors suggest that the BP increase triggered by CIH represents
a time-dependent effect (Prabhakar et al., 2001; Hui et al., 2003;
Dematteis et al., 2008; Zoccal et al., 2009). Moreover, both the
time and severity of hypoxia have been shown to play an impor-
tant role in the cardiovascular response (Li et al., 2007; Perry
et al., 2007). It has recently been shown that a period of 14 days
is not long enough to induce structural changes in cardiovascular
structures, but these are already apparent after 35 days of incuba-
tion (Dematteis et al., 2008). Moreover, Iturriaga et al. report that
the exposure of rats to CIH for 14 days enhanced the ventilatory
response to hypoxia and produced a significant shift in heart rate
variability, but these cardiorespiratory alterations occurred with-
out noticeable changes in mean arterial BP until 21 days of CIH
exposure (Iturriaga et al., 2010). Whereas some short-term pro-
tocols (7–14 days) cause a significant increase in BP (Belaidi et al.,
2009; Knight et al., 2011; Silva and Schreihofer, 2011; Bathina
et al., 2013), others show an increase in BP that occurs only after
long-term exposure (35 days) to CIH (Prabhakar et al., 2001,
2005; Chen et al., 2005; Zoccal et al., 2009) (see Table 2). Finally,
most IH paradigms in rodents do not include CO2 supplementa-
tion (Fletcher et al., 1999; Lin et al., 2007; Iturriaga et al., 2010;
Perry et al., 2011; Bathina et al., 2013). In fact, only some authors
have manipulated the CO2 levels (Ooi et al., 2000; Kantores et al.,
2006; Dyavanapalli et al., 2014) and fixed the values along the
protocol (see Table 2).

Independently of the paradigm used to induce HT related to
OSA, previous reviews are unanimous in reporting the develop-
ment of mild HT, despite the divergent changes in arterial blood
gases (Kanagy, 2009) (see Table 2). The exceptions found in this
review (Kalaria et al., 2004; Belaidi et al., 2009; Iturriaga et al.,
2010; Perry et al., 2011) are all related to the method used for
BP measurement. It is apparent that arterial catheterization is not
an accurate method of measuring BP in CIH models. The meth-
ods most often used for BP measurement (for a review, see Kurtz
et al., 2005) in IH models (see Table 2) are the tail-cuff method
(Allahdadi et al., 2005; Chen et al., 2005; Soukhova-O’Hare et al.,
2008; Belaidi et al., 2009; Totoson et al., 2013), radiotelemetry
(Fletcher, 2000; Tahawi et al., 2001; Lai et al., 2006; Knight et al.,
2011; Bathina et al., 2013; Sharpe et al., 2013; Dyavanapalli et al.,
2014; Schulz et al., 2014), and arterial catheterization (Kanagy
et al., 2001; Kalaria et al., 2004; Campen et al., 2005; Lin et al.,
2007; Belaidi et al., 2009; Zoccal et al., 2009; Iturriaga et al., 2010;
Perry et al., 2011; Silva and Schreihofer, 2011; Totoson et al.,
2013).

HUMANS
The variety of models of IH in healthy human subjects is much
less impressive than that observed for animal models of sleep
apnea. In terms of the exposure time, these models are usu-
ally divided into short-term and chronic (Foster et al., 2007). In
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Table 2 | Reports on the effects of CIH on blood pressure.

Species Hypoxia cycle, Nadir FiO2, duration

and CO2 manipulation (Y/N)

BP measurement Effect on BP References

Sprague-Dawley rats 20 cycles (90 s each) of 21–5% O2 and
0–5% CO2/h; 7 h/day; 35 days; Yes

Tail-cuff method ↑ MAP (25–28 mmHg) Allahdadi et al.,
2005

Sprague-Dawley rats 80 cycles (6 min each) 21–10%
O2/day; 8 h/day; 7 days; No

Telemetry ↑ MAP (7–10 mmHg) Knight et al., 2011

Sprague-Dawley rats 5% O2 12 times/h; 8 h/day; 7–21 days;
No

Arterial catheterization No changes in MAP Iturriaga et al., 2010

Wistar rats 10% O2 for 4 h/day and 21% O2 for
20 h/day; 56 days; Yes (PCO2 <

0.02%)

Arterial catheterization No differences in
systemic pressure

Kalaria et al., 2004

Sprague-Dawley rats 2/3–20.9% O2 (3–6 s +15–18 s; 2
cycles/min); 6–8 h/day; 35 days; No

Telemetry ↑ MAP (16 mmHg) Tahawi et al., 2001

C57BL/6J mice 21–5% O2 (60 s); 12 h/day; 5 weeks;
No

Arterial catheterization ↑ Systemic BP
(7.5 mmHg)

Campen et al., 2005

SHR + Wistar rats 21–10% O2 (1 min cycles: 20 s +
40 s); 8 h/day; 14 days; No

Tail-cuff method + Arterial
catheterization

Enhanced HT
development in SHR +
NS in Wistar rats

Belaidi et al., 2009

Sprague-Dawley rats 2/3–20.9% O2 (3–6 s + 12 s; 2
cycles/min); 6–8 h/day; 35 days; No

Telemetry ↑ MAP (10 mmHg) Fletcher, 2000

LCR and HCR 21–10% O2 (3 min cycles); 8 h/day; 7
days; No

Telemetry ↑ MAP in both groups Sharpe et al., 2013

Sprague-Dawley rats 20 cycles (90 s each) of 21–5% O2 and
0–5% CO2/h; 8 h/day; 11 days; Yes

Arterial catheterization ↑ MAP (30 mmHg) Kanagy et al., 2001

Sprague-Dawley rats 48 cycles (45 + 30 s) 20.9–2/6% O2/h;
6 h/day; 30 days; No

Telemetry ↑ MAP (19.3 mmHg) Lai et al., 2006

C57BL/6J mice 21–5.7% O2 (alternating every 6 min);
12 h/day; 90 days; No

Arterial catheterization ↑ MAP (19.8 mmHg) Lin et al., 2007

Sprague-Dawley rats 21–10% O2 for 5 s every 90 s;
10 h/day; 4 weeks; No

Tail BP telemeter ↑ MAP (37 mmHg) Liu et al., 2013

SHR 21–10% O2 (alternating every 90 s);
12 h/day; 30 days; No

Tail-cuff method ↑ SBP and DBP (NA
mmHg)

Soukhova-O’Hare
et al., 2008

Sprague-Dawley rats 21–4/6% O2 (every 60 s); 8 h/day; 5
days/week; 5 weeks; No

Tail-cuff method ↑ MAP (12 mmHg) Chen et al., 2005

Wistar rats 1 min cycles with 30 s of a 5% FiO2;
8 h/day; 14–21 days; No

Tail-cuff method + Arterial
catheterization

Rapidly ↑ MAP (NA
mmHg)

Totoson et al., 2013

Sprague-Dawley rats 21–6% O2 (9 min cycles); 8 h/day; 14
days; No

Arterial catheterization ↑ MAP (9 mmHg) Silva and
Schreihofer, 2011

Wistar rats 20.8–6% O2 (9 min cycles: 5 min Nx);
8 h/day; 10 days; No

Arterial catheterization ↑ MAP (12 mmHg)
↑ SBP (9 mmHg)
↑ DBP (8 mmHg)

Zoccal et al., 2009

Wistar- Hannover rats 21–10% O2 (2 min + 2 min);
1000–1600 h; Yes (PCO2 < 0.01%)

Arterial catheterization No differences in MAP Perry et al., 2011

(Continued)
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Table 2 | Continued

Species Hypoxia cycle, Nadir FiO2, duration

and CO2 manipulation (Y/N)

BP measurement Effect on BP References

Sprague-Dawley rats 10 cycles (6 min each) of 21–6% O2

and 0–5% CO2/h; 8 h/day; 28 days;
Yes

Telemetry ↑ SBP (39 mmHg)
↑ DBP (33 mmHg)

Dyavanapalli et al.,
2014

C57BL/6J mice 21–7% O2 (120 s each cycle); 5
days/week; 8 h/day; 6 weeks; No

Telemetry Significant ↑ MAP Schulz et al., 2014

Sprague-Dawley rats 21–10% O2 (cycle duration: NA);
8 h/day; 7 days; No

Telemetry ↑ MAP that persisted
after CIH exposure

Bathina et al., 2013

BP, blood pressure; CIH, chronic intermittent hypoxia; DBP, diastolic blood pressure; h, hour; HCR, high aerobic capacity rats; HT, hypertension; LCR, low aerobic

capacity rats; MAP, mean arterial pressure; NA, information not available; NS, no significant effect; Nx, normoxia; min, minutes; s, seconds; SBP, systolic blood

pressure; SHR, spontaneously hypertensive rats; ↑, increase.

short-term IH models, generally the exposure time (20–60 min)
and the duration of the hypoxia or voluntary apnea period (30 s)
are very limited. The protocols of Cutler et al. and Tamisier et al.
are good examples of short-term models (Cutler et al., 2004;
Tamisier et al., 2009). In contrast, Foster et al. made use of a
chronic model, exposing healthy human volunteers to an hour
of IH (5 min hypoxia alternating with 5 min normoxia) daily for
2 weeks (Foster et al., 2005). As in the animal models of IH,
only some studies have controlled the level of CO2 (Foster et al.,
2005), whereas others have not (Tamisier et al., 2009). Regardless
of the protocol followed, exposing humans to CIH implies careful
supervision.

In 2001, Xie et al. exposed nine healthy human subjects dur-
ing wakefulness to 20 min of isocapnic hypoxia (arterial O2

saturation, 77–87%) and 20 min of normoxic hypercapnia (end-
tidal PCO2, 15.3–8.6 Torr above eupnea) on two separate days.
The subjects breathed through a leak-free nasal mask and the
neurocirculatory and ventilatory responses to these two stimuli
were further evaluated (Xie et al., 2001). These authors found
that hypoxia induced a sympathetic activation that outlasted
the chemical stimulus, whereas hypercapnia evoked a short-lived
sympathetic activation (Xie et al., 2001). Years later, in a study
performed with a larger sample (n = 31), Cutler et al. used a
model of IH induced by voluntary apnea (30 s of hypoxic apnea
every 1 min—simulating an AHI of 60/h—for 20 min) to deter-
mine if the cessation of breathing is important in prolonged sym-
pathetic activation (Cutler et al., 2004). This study also included
two other groups that were exposed to intermittent hypercap-
nic hypoxia and to intermittent isocapnic/hypoxia, respectively
(Cutler et al., 2004). Their results support the hypothesis that
short-term exposure to intermittent hypoxic apnea results in sus-
tained elevation of post-ganglionic muscle sympathetic nerve
activity and that hypoxia is the primary mediator of this response
(Cutler et al., 2004). The data reported by Leuenberger et al.
one year later were in line with these results (Leuenberger et al.,
2005). They also found, in a study that enrolled 26 patients, a
sustained sympathetic activation and also a transient elevation of
BP following 30 min of voluntary end-expiratory apneas primed
with a hypoxic gas mixture and lasting for 20 s in each minute
(Leuenberger et al., 2005).

Foster et al. carried out three main studies in healthy human
volunteers. The first aimed to determine the ventilatory, cardio-
vascular and cerebral tissue oxygen response to two protocols of
IH (Foster et al., 2005). This study involved 18 patients randomly
assigned to short-duration IH (1 h of 12% O2 separated by 5 min
of normoxia) or long-duration IH (30 min of 12% O2). Both
groups had 10 exposures over 12 days. Their findings show a rise
in mean arterial blood pressure (MAP) that occurs throughout
the daily exposure to short-duration IH but not during expo-
sure to long-duration IH; moreover, they demonstrate that the
vascular processes required to control blood flow and O2 sup-
ply to cerebral tissue in a healthy human are delayed following
exposure to 12 days of isocapnic IH (Foster et al., 2005). In 2009,
the same group reinforced the enrollment of IH on the patho-
genesis of cardiovascular and cerebrovascular disease in patients
with OSA (Foster et al., 2009). They exposed 10 healthy subjects
to IH (2 min of hypoxia: nadir PET,O2 = 45.0 mmHg, alternat-
ing with 2 min of normoxia: peak PET,O2 = 88.0 mmHg for 6 h)
for 4 consecutive days and concluded that IH alters BP (MAP
increased by 4 mmHg) and induces an increase in cerebral vascu-
lar resistance (Foster et al., 2009). More recently, Foster et al. have
assessed the role of the type I angiotensin II receptor in mediat-
ing an increase in arterial pressure associated with a single 6-h IH
exposure (Foster et al., 2010). For that, they exposed nine healthy
subjects to sham IH, IH with placebo medication, and IH with the
type I angiotensin II receptor antagonist (losartan). Their find-
ings demonstrate a significant increase in arterial pressure after
exposure to isocapnic IH (Foster et al., 2010). Furthermore, since
this increase is prevented by the blockade of AT1 receptors, these
results suggest an important role for the rennin-angiotensin-
aldosterone system (RAAS) in the pathophysiology of HT related
to OSA (Foster et al., 2010).

Tamisier et al. have developed a novel model of nocturnal
CIH in healthy humans, which represents an important step
forward in the field, designed to overcome some of drawbacks
and confounding factors that are present in studies of both
animals and OSA patients (Tamisier et al., 2009). To investi-
gate the effects of CIH on sleep, BP and ventilatory control,
these authors make use of altitude tents to mimic the cyclical
arterial oxygen desaturations-resaturations of sleep apnea. They
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delivered O2 for 15 s every 2 min during sleep while subjects
breathed 13% O2 in a hypoxic tent to create 30 cycles/h of cyclic
desaturation-reoxygenation (SpO2 range: 95–85%), and exposed
subjects overnight for 8–9 h/day for 2 or 4 weeks (Tamisier et al.,
2009). Among other results, they show that waking normoxic
arterial pressure increased significantly at 2 weeks for systolic and
for diastolic at 4 weeks, that patients developed a sustained BP
increase during the day and exhibited a steeper BP decrease at
night compared to baseline BP values, and finally, that this model
produces clinically relevant fluctuations in SaO2 (Tamisier et al.,
2009). Although undoubtedly relevant, the authors recognize the
presence of several respects in which their model does not mimic
sleep apnea, e.g., no negative intrathoracic pressure development,
higher percentage of sleep time at <90% SaO2 and poikilocapnia
(Tamisier et al., 2009). However, some of these limitations can
be overcome to achieve a pattern of IH more akin to OSA fea-
tures. This model was further used by the same group in 2011 to
shed light on the profile of the BP increase previously described
to determine if it is sustained and to explore potential under-
lying physiological mechanisms. The authors found that only 2
weeks of severe IH exposure produces a sustained daytime BP
increase in the setting of sympathetic activation and blunted vas-
cular sympathic baroreflex gain in healthy volunteers (Tamisier
et al., 2011).

In conclusion, to date, only a small number of studies have
been conducted using healthy human models of IH and these
have primarily been aimed at elucidating the role of IH in sus-
tained sympathetic activation and cerebrovascular regulation.
Only a few studies have evaluated BP outcomes (Foster et al.,
2009, 2010; Tamisier et al., 2009, 2011) and none of these models
have truly been used to assess the efficacy of AHDs in the treat-
ment of HT related to OSA. In fact, in the later work of Foster
et al., losartan (the angiotensin II AT1 receptor antagonist) was
used only to demonstrate a mechanistic pathway rather than to
evaluate its efficacy (Foster et al., 2010). Thus, future research in
this field is clearly needed.

WHAT ARE THE MECHANISMS INVOLVED IN THE
PATHOGENESIS OF HT RELATED TO OSA?
Fletcher et al. were pioneers in demonstrating the hyperten-
sive effect of CIH (Fletcher et al., 1992a) and the role of the
sympathetic nervous system, peripheral receptors and rennin-
angiotensin system in this response (Fletcher et al., 1992b, 1999,
2002; Fletcher, 2000). This group also showed that surgical dener-
vation of peripheral chemoreceptors, adrenal demedullation and
chemical denervation of the peripheral nervous system prevented
the increase in BP in response to CIH stimulus (Fletcher et al.,
1992b; Bao et al., 1997). After Fletcher et al.’s first work, many
reports enabled confirmation of the relationship between IH and
BP increases and contributed to elucidating the underlying mech-
anisms. Kanagy et al. reported increased plasma endothelin-1
levels in rats exposed for 11 days to CIH, which also demon-
strated an appreciable increase in MAP (Kanagy et al., 2001).
In 2006, Lai et al. suggested that chronic IH-induced sustained
HT was associated with the facilitation of cardiovascular sympa-
thetic outflow followed by decreases in baroreflex sensitivity in
conscious rats (Lai et al., 2006). Along the same line, the work

undertaken by Zoccal et al. provided strong evidence to sup-
port the idea that rats submitted to CIH show an increase in
sympathetic activity, which seems to be essential in the mainte-
nance of high BP values in the CIH model (Zoccal et al., 2007).
Another group revealed that although elevated sympathetic ner-
vous system activity (SNA) may contribute to CIH-induced HT,
reduced adrenergic vascular reactivity buffers the cardiovascular
impact of exaggerated acute raises in SNA (Silva and Schreihofer,
2011). Data attained by Knight et al. indicated that CIH induces
an increase in FosB/�FosB in autonomic nuclei and suggested
that activator protein-1 (AP-1) transcriptional regulation may
contribute to stable adaptative changes that support chroni-
cally elevated BP (Knight et al., 2011). Also in 2011, Liu et al.
demonstrated that CIH activates the HIF-1α/endothelin system,
through CIH-NADPH oxidase-mediated ROS production, and
this enhances the development of resistant vasoconstriction and
elevates BP in rats (Liu et al., 2011). The study undertaken by
Bathina et al. revealed that the knockdown of tyrosine hydrox-
ylase in the nucleus of the solitary (NTS) tract reduces the
CIH-induced persistent increase in MAP, suggesting that nora-
drenergic A2 neurons in nucleus tractus solitarius play a role
in the cardiovascular responses to CIH (Bathina et al., 2013).
More recently, Schulz et al. have shown that NADPH oxidase
2 (NOX2) knockout blocks the development of HT induced by
CIH, suggesting that this type of HT is mediated by reactive oxy-
gen species (ROS) derived from the activation of NOX2 within
cells located outside the cardiovascular system (Schulz et al.,
2014).

The mechanisms involved in the genesis of HT related to OSA
have recently been reviewed (Lavie and Lavie, 2009; Bosc et al.,
2010; Sunderram and Androulakis, 2012; Zhang and Si, 2012;
Lévy et al., 2013) and broadly include the following: sympa-
thetic nervous system stimulation mediated mainly by the activa-
tion of carotid body chemoreflexes, decreased vascular responses
to nitric oxide, increased plasma concentrations of endothe-
lin, and elevation of proinflammatory cytokines (TNF-α, IL-6,
VEGF). While for some of these mechanisms (e.g., activation
of the RAAS, endothelial dysfunction, systemic inflammation,
metabolic anomalies, and genetic contribution) the relationship
with OSA and subsequent cardiovascular morbidity remain par-
tially unclear and there is a need to gather more evidence, for
others (e.g., the increase in sympathetic activity and acute effects
of negative intrathoracic pressure), there seems to be more agree-
ment on the linkage and it is well-documented (Parati et al.,
2013). In fact, based on data attained from patients with OSA,
it is widely accepted that sympathetic activation, inflammation
and oxidative stress play major roles in the pathophysiology of
this particular type of HT. In addition, the use of animal models
has revealed that CIH is the critical stimulus underlying sympa-
thetic activity and HT, and that this effect requires the presence
of functional arterial chemoreceptors (Fletcher, 2000). However,
it should be also mentioned that HT related to OSA probably
results not only from increased carotid chemoreflex but also from
decreased baroreceptor activity (Dumitrascu et al., 2013). It is also
important to highlight the potential role of obesity as an interme-
diate factor in the pathway of HT related to OSA (Young et al.,
2007; O’Connor et al., 2009).
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The mechanisms involved in the pathogenesis of HT can be
summarized in relation to two main pathways: sympathetic ner-
vous system stimulation mediated mainly by activation of carotid
body (CB) chemoreflexes and the systemic effects of CIH, mainly
due to the activation of NOX2 and subsequent ROS produc-
tion. Figure 1 illustrates the hypothesized pathways by which
intermittent hypoxia leads to HT.

WHAT IS ALREADY KNOWN CONCERNING THE EFFICACY OF
AHDs?
HUMANS
Despite the considerable number of studies involving OSA
patients, only a few have investigated the efficacy of different
AHDs and in general, they tend to be individual drug studies.
Moreover, most of the studies only take into account the number
of drugs taken by patients to adjust this variable and are difficult
to interpret as most of the patients were already under AHDs reg-
imens. This lack of information could be attributed to the large
number of possible different AHDs regimens observed in OSA
patients. Table 3 summarizes the most relevant studies that have
investigated the efficacy of AHDs in OSA patients.

In a study undertaken by Pelttari et al., the AH effects of four
different AHDs (atenolol: a beta-blocker; isradipine: a calcium
channel blocker; hydrochlorothiazide: a diuretic; spirapril: an
angiotension-converting enzyme inhibitor) in obese patients with
OSA and HT were compared using ambulatory blood pressure
monitoring (ABPM) (Pelttari et al., 1998). This study revealed
that although daytime HT was quite easily controlled by the
single use of these drugs (especially with atenolol and isradip-
ine; diuretics did not significantly lower BP) none of the AHDs
were able to produce a significant decrease in nocturnal BP
(Pelttari et al., 1998). Mayer et al. carried out another compara-
tive study between cilazapril (an angiotension-converting enzyme
inhibitor) and metoprolol (a beta-blocker) (Mayer et al., 1990).
Their findings showed that despite the short period of therapy (1
week), both metoprolol and cilazapril lowered nighttime BP in
OSA patients (Mayer et al., 1990).

A multiple crossover study examined the BP-lowering
effect of the five major AHDs classes (atenolol: beta-blocker;
amlodipine: calcium channel blocker; enalapril: angiotension-
converting enzyme inhibitor; hydrochlorothiazide: diuretic;
losartan: angiotensin receptor blocker) and showed that atenolol
induced the most pronounced effect in lowering BP (Kraiczi
et al., 2000). Atenolol was more efficient in reducing mean night-
time diastolic and systolic BP (measured by ABPM) compared to
amlodipine, enalapril, hydrochlorothiazide, and losartan (Kraiczi
et al., 2000). Salo et al. investigated the effects of four AHDs
(atenolol; isradipine: a calcium channel blocker; hydrochloroth-
iazide; spirapril: an angiotension-converting enzyme inhibitor)
on cardiovascular autonomic control and reactivity in HT OSA
patients (Salo et al., 1999). This group reported that of the four
drugs, only atenolol effected BP variability (Salo et al., 1999).
Thus, the results of these two pilot studies are in line with those
arguing the involvement of the sympathetic system in the patho-
physiology of HT related to OSA, suggesting that beta-blockers, in
particular atenolol, may have beneficial effects beyond BP reduc-
tion in patients with OSA. However, both studies presented low

FIGURE 1 | Schematic diagram summarizing the pathways by which

intermittent hypoxia leads to hypertension. Repetitive obstructive
apneas or hypopneas lead to increased intrathoracic pressure, sleep
fragmentation, recurrent hypercapnia, and intermittent hypoxia (IH). This
last phenomenon plays a pivotal role in triggering several intermediary
mechanisms and molecular pathways that contribute to the initiation and
progression of cardiac and vascular pathology. First, IH enhances
sympathetic nervous system activity, leading to vasoconstriction and
systemic hypertension through RAAS activation, and an increase in
catecholamine secretion and plasma level of vasoconstrictive ET-1. Episodic
hypoxia also favors the stabilization of HIF-1α and the production of ROS,
which is followed by increased expression of NF-κB and decreased NO
bioavailability, the most important vasodilatory molecule synthesized by the
endothelium. AT II and ET-1 both seem to be implicated in vascular
remodeling and ROS formation, which is increased through the activation of
vascular NADPH oxidase and xanthine oxidase. ROS molecules induce a
cascade of inflammatory pathways linked to an overexpression of adhesion
molecules and pro-inflammatory cytokines, and oxidative stress may trigger
sympathetic hyperactivation and vice versa. ROS production is required for
HIF-1α induction and HIF-1α induction is required for ROS production. In
addition, HIF-1α promotes the expression of ET-1 and transcriptional
activation of VEGF and other growth factors. Activation of NF-κB also
seems to be central in inflammation induced by IH due to its regulatory role
in the production of pro-inflammatory mediators (e.g., TNF-α, IL-6, IL-8,
ICAM-1, and CRP). These signaling pathway proteins, combined with
RAAS, decreased expression of eNOS, and increased ROS production and
stabilization of HIF-1, participate in the molecular mechanisms underlying
the endothelial dysfunction induced by IH. Together, these mechanisms
progress to fluid retention, changes in cardiac output and vascular tone, and
vascular remodeling, leading to systemic HT, one of the major
consequences of OSA. AT II, angiotensin II; CA, catecholamine levels; CRP,
C- reactive protein; CB, carotid body; ET-1, endothelin 1; HIF-1α,
hypoxia-inducible factor α; IH, intermittent hypoxia; IL, interleukin; ICAM-1,

(Continued)
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FIGURE 1 | Continued

intercellular adhesion molecule; NO, nitric oxide; eNOS, endothelial nitric
oxide synthase; NF-κB, nuclear factor-κ-light chain enhancer of activated B
cells; RAAS, renin-angiotensin-aldosterone system; ROS, reactive oxygen
species; TNF- α, tumor necrosis factor α; VEGF, vascular endothelial growth
factor.

levels of causation, which could have limited the ability to detect
differences between classes.

Nevertheless, it has been advanced that angiotension-
converting enzyme inhibitors (ACEi) treatment could exacerbate
OSA by inducing upper airway inflammation (Cicolin et al.,
2006). The comparison between chronic treatments of ACEi and
angiotensin AT1 receptor antagonists in terms of AH efficacy and
levels of inflammatory markers has never been performed either
in humans with OSA or in animal models. More recently, other
study compared the effect of doxazosin (an α1- adrenergic recep-
tor antagonist) and enalapril (an angiotensin-converting enzyme
inhibitor) on nocturnal BP control and concluded that the for-
mer has a proportionally poorer effect than the latter (Zou et al.,
2010). In 1994, Grote et al. performed a study aimed at assessing
the effectiveness of cilazapril (an angiotension-converting enzyme
inhibitor) in managing high BP in patients with OSA. Although
the study comprised a small sample size, the results suggested that
cilazapril is effective in reducing BP in all sleep stages (Grote et al.,
1994). In another small study, Heitmann et al. evaluated the effect
of nebivolol (a third generation beta-blocker) on BP reduction
and sleep apnea activity in HT patients with mild to moder-
ate OSA in comparison with valsartan (an angiotensin receptor
blocker) and concluded that the effect of these AHDs were similar
(Heitmann et al., 2010). Despite the same limitations, these stud-
ies highlight the role of the renin-angiotensin-aldosterone system
(RAAS) in the pathophysiology of HT related to OSA.

In two past studies (Lozano et al., 2010; Litvin et al., 2013),
patients either received CPAP in combination with AHDs or
alternatively, the pharmacological treatment alone, allowing the
evaluation of the effects of CPAP and AHDs independently or in
conjunction. In the study undertaken by Lozano et al., patients
were under an AHDs regimen with at least three drugs at adequate
doses, including a diuretic (Lozano et al., 2010). The authors
noted a significant decrease in the mean 24-h diastolic BP in
patients who received CPAP in addition to conventional treat-
ment, suggesting that resistant HT treated with both CPAP and
AHDs provides greater BP reduction than AHDs alone (Lozano
et al., 2010). However, in patients who used CPAP less than the
average (5.6 ± 1.52 h/night) and for those treated with conven-
tional treatment alone, there was no significant difference in the
24-h ambulatory BP values (Lozano et al., 2010). These find-
ings are in line with those reported by Litvin et al., attained with
patients who received stepped dose titration of AHDs treatment
(valsartan 160 mg + amlodipine 5–10 mg + hydrochlorothiazide
25 mg) for 3 months before CPAP was added (Litvin et al., 2013).
These findings seem to suggest that the best strategy to treat
HT related to OSA involves the combination of OSA treatment
with CPAP and the use of AHDs. This combination is likely to
be more effective in lowering both daytime and nighttime BP

than either treatment alone (Phillips and O’Driscoll, 2013). In
addition, Pépin et al. explored RAAS inhibition using losartan in
a crossover randomized control trial. In this study, the authors
compared the efficacy of CPAP and valsartan in reducing BP in
HT patients with OSA never treated for either condition (Pépin
et al., 2009). They reported that although the BP decrease was
significant with CPAP treatment, valsartan induced a four-fold
higher decrease in mean 24-h BP than CPAP in this specific
sample (Pépin et al., 2009).

In an earlier report, 74 of the 393 OSA patients using AH med-
ications on a regular basis for more than 6 months were deemed
to have been treated “ineffectively” (Lavie and Hoffstein, 2001),
but the characterization of these medications was not reported.
The same limitation is found in the study of Deleanu et al., which
aimed to study the effect of medication-controlled HT on OSA
patients (Deleanu et al., 2014). The authors suggested that con-
trolled BP abates sleepiness and reduces remaining symptoms
(e.g., headaches, impotence and morning fatigue). These findings
could be much more interesting if the regimens responsible for
these effects were revealed.

In a very recent study, Kario et al. aimed to evaluate the
effects of bedtime dosing of vasodilating (nifedipine, a calcium
channel blocker) vs. sympatholytic (carvedilol, a non-selective β-
blocker/α1-blocker) AH agents on the sleep BP profile in HT OSA
patients (Kario et al., 2014). For this, they made use of a new
BP monitoring method, the trigger sleep BP monitoring (TSP)
method, which is based on the automated fixed-interval measure-
ment function with an additional oxygen-triggered function that
initiates BP measurement when oxygen desaturation falls below
a set variable threshold continuously monitored by pulseoxime-
try (Kario et al., 2014). The BP lowering effects of nifedipine
on the mean and minimum sleep systolic BP were stronger than
those of carvedilol; moreover, sleep systolic BP surge (the differ-
ence between the hypoxia peak systolic BP—SBP—measured by
the oxygen-triggered function and SBP within 30 min before and
after the peak SBP) was only significantly reduced by carvedilol
(Kario et al., 2014). Thus, both drugs are effective in decreasing
sleep BP (Kario et al., 2014) but the effect of carvedilol seems to
be related more specifically to the hypoxia stimuli than nifedipine.

Finally, Cichelero et al. recently published the protocol of their
randomized double-blind clinical trial, which seeks to compare
the efficacy of chlorthalidone (a diuretic) with amiloride (also
a diuretic) vs. amlodipine (a calcium channel blocker) as a first
drug option in patients older than 40 years of age with stage I HT
and moderate OSA (Cichelero et al., 2014). The findings of this
study have not yet been reported.

In summary, individual drug studies find that the blockade
of β1-adrenergic receptors (e.g., atenolol and nebivolol) and the
renin-angiotensin-aldosterone (RAA) pathway, including both
ACEi and angiotensin AT1 receptor antagonists, might be help-
ful. Spironolactone (a mineralocorticoid receptor antagonist) has
been proposed has a very useful tool in cases of resistant HT
(Ziegler et al., 2011a,b), a very prevalent condition in OSA
patients (Oliveras and Schmieder, 2013; Solini and Ruilope, 2013)
in which aldosterone levels are generally elevated, as well as for
severe OSA patients (Ziegler et al., 2011a). Moreover, a study
performed by Gaddam et al. (2010) has provided preliminary
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evidence that treatment with this drug substantially reduces the
severity of OSA and improves BP in patients with both OSA and
resistant HT (Gaddam et al., 2010). These results seem promising
but need to be confirmed in further larger studies. In contrast,
despite volume overload appears to play a large role in the devel-
opment of OSA (Owen and Reisin, 2013), diuretics, namely
thiazide, have not been very effective AH agents in OSA patients
without fluid retention (Ziegler et al., 2011b). Calcium channel
blockers, although effective in lowering BP, seem to present an
effect less related to hypoxia stimuli. Moreover, Nerbass et al.
reported that the use of these drugs might impact negatively on
sleep duration in HT patients with OSA (Nerbass et al., 2011).
They reported that the use of calcium channel blockers was asso-
ciated with significant reduction in total sleep time and lower
sleep efficiency (Nerbass et al., 2011). Thus, their prescription can
be questionable in these patients.

Despite the findings of these studies, they present some lim-
itations and important data are missing. The major limitations
comprise the following: the variability of subjects included in
the studies as most of them were performed in non-AHDs naïve
patients; the severity and chronicity of HT, which were not
taken into account and consenquently the clinical relevance of
BP reduction is questionable; the drug effectiveness in reduc-
ing nocturnal BP, which was not assessed in some studies; the
confounding risk factors for HT that might be present in OSA
patients (e.g., obesity) and were not properly addressed in most
studies. Furthermore, we can point out several questions that
are still unanswered, e.g., how many OSA patients are controlled
under monotherapy with beta- blockers, angiotensin-converting
enzyme inhibitors (ACEis), and angiotensin II receptor blockers
(ARBs)? Beta-blockers or RAAS blockers are apparently effective,
but should they be used alone or in combination? How many
OSA patients remain uncontrolled despite the use of two or more
AHDs? How do different AHDs behave when included in an
AHDs regimen? In addition, the impact of these studies in clinical
practice is unknown because epidemiological studies designed to
investigate the AH medication profile in OSA patients are lacking.
In addition, the more recent recommendations for the manage-
ment of patients with OSA and HT are inconclusive regarding
the use of AHDs and recognize the lack of strong evidence for
the establishment of a first-line AHDs regimen for these patients
(Parati et al., 2013). Other authors support the idea that as there is
no clear evidence for prefering a specific class of AHDs, the selec-
tion should primarily be guided by the patient’s cardiometabolic
profile and associated comorbidities (e.g., obesity, metabolic syn-
drome, diabetes mellitus, and cardiovascular diseases) (Tsioufis
et al., 2010). Moreover, these authors recommend that due to
the lack of relevant trials focused on the use of associations of
AHDs in OSA patients, the choice should rely on current HT
guidelines and the adverse effects of AHDs also need to be con-
sidered (Tsioufis et al., 2010). The limited evidence base restricts
the ability to make informed treatment choices. Thus, larger scale
observational and clinical studies are needed to address these
and possibly other limitations and bring new insights to the
field.

Another problem concerning the studies carried out in
humans is that HT is frequently not recognized in patients with
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OSA (Baguet et al., 2009), and it is important to highlight that
patients with elevated BP who do not carry the diagnosis of
HT may be misclassified as non-HT (Wang and Vasan, 2005).
Consequently, aggressive control of BP must be warranted in OSA
patients and an accurate method for BP measurement should be
used in the early diagnosis of clinically suspected OSA patients.
Taking into account the advantages and limitations of the several
methods of BP measurement, 24-h ABPM seems to be superior
to office BP measurement and home BP monitoring in diagnos-
ing HT in patients with suspected OSA (for a review, see Parati
et al., 2012).

ANIMALS
As previously stated, a rather wide variety of animal models has
been used to evaluate the cardiovascular consequences of OSA
and to study the cause-effect mechanisms in OSA. As CIH causes
a moderate increase in BP, drugs can be tested further to modulate
this effect. However, studies aimed at investigating the AH effect
of drugs on animal models are scarce. Table 4 summarizes the
studies that have evaluated the effects of AHDs on BP in animal
models of CIH.

In a study undertaken to clarify the role of renal sympathetic
nerve activity and plasma renin activity (PRA) in the diurnal BP
response to chronic IH, Fletcher et al. demonstrated that the phar-
macological blockade of the RAAS with losartan prevented the
rise in BP induced by CIH (Fletcher et al., 1999, 2002). Losartan
and other angiotensin antagonists (A-779, an Ang-(1–7) antag-
onist; ZD7155, an AT1 antagonist; PD123319, an AT2 receptor
antagonist) were further used by da Silva et al. (2011) to inves-
tigate the role of endogenous angiotensin peptides within the
hypothalamic paraventricular nucleus (PVN) neurons to control
BP in a rat model of CIH-induced HT. These authors concluded
that endogenous angiotensin peptides acting in the PVN con-
tribute to IH-induced increases in MAP observed in this rat
model. In 2013, losartan was used once again to test the role of
the brain RAAS in CIH HT (Knight et al., 2013). The work of this
group provided evidence that brain RAAS contributes to CIH HT
and that brain RAAS appears to be critical for the development
and maintenance of the sustained HT during normoxia (Knight
et al., 2013).

Other groups have found that the systemic administration
of endothelin (ET) receptor antagonists in rodents prevents
the increase in BP during CIH exposure (Kanagy et al., 2001;
Allahdadi et al., 2008; Belaidi et al., 2009). The data provided
by Allahdadi et al. showed that an endothelin receptor antago-
nist (ETA: BQ-123) acutely decreased the MAP dose dependently
in rats exposed to IH but not sham rats, suggesting that target-
ing ETA receptors may be a selective and effective treatment of
HT related to OSA (Allahdadi et al., 2008). Belaidi et al. used
SH rats and bosentan, a mixed endothelin receptor antagonist
(Belaidi et al., 2009). Their results showed that the administra-
tion of bosentan during chronic IH prevented the increase in BP
and reinforced the idea that endothelin antagonists could be use-
ful therapeutic tools in HT related to OSA (Belaidi et al., 2009).
The same effects were reported by Kanagy et al. for PD145065,
a non-selective endothelin receptor antagonist (Kanagy et al.,
2001).

Soukhova-O’Hare et al., designed a study based on the
assumption that ROS and altered L-Ca2+ channel activity may
underlie the post-natal programing of exaggerated BP and cardiac
remodeling (Soukhova-O’Hare et al., 2008). To test this hypothe-
sis, these authors used nifedipine, an L-calcium channel blocker,
and a superoxide dismutase mimetic (MnTMPyP pentachloride);
both attenuated BP (Soukhova-O’Hare et al., 2008). Their results
suggested that Ca2+ and reactive oxygen species-mediated sig-
naling during IH are critical mechanisms underlying post-natal
programing of an increased severity of HT in SH rats. Kumar
et al. reported similar results for the same superoxide dismutase
mimetic (Kumar et al., 2006). A year before, Troncoso Brindeiro
et al. used another superoxide dismutase mimetic, tempol, and
showed that scavenging superoxide prevents both the increase
in ET-1 production and vascular ROS levels induced by CIH
exposure (Troncoso Brindeiro et al., 2007). The later work of
Del Rio et al., using the antioxidant ascorbic acid, showed that
this substance prevented the increased plasma peroxidation and
nitrotyrosine formation within the carotid body, as well as HT
(Del Rio et al., 2010), supporting the essential role of oxidative
stress in the generation of carotid body chemosensory potenti-
ation and systemic cardiorespiratory alterations induced by IH
(Del Rio et al., 2010).

More recently, Hung et al. tested the hypothesis that mela-
tonin, previously shown to ameliorate oxidative injury and
inflammation, could have a protective effect against IH-induced
HT and endothelial dysfunction. This assumption was confirmed
as melatonin promoted a decrease in systolic BP and prevented
endothelial dysfunction with ameliorated levels of nitric oxide,
endothelial-dependent relaxation, and expressions of eNOS and
antioxidant enzymes (Hung et al., 2013).

Based on the studies described, we can conclude that most
reports on CIH animal models in which drugs have been tested
were not designed to respond to pharmacological issues: they have
been used solely as pharmacological tools to address physiologi-
cal mechanisms. The experiments evaluate prevention but not the
effectiveness of treatment. They must be planned first to induce
HT and then evaluate the efficacy of cumulative doses of drugs
because the translation of the results to humans obtained with
simultaneous induction of HT and drug administration is not
relevant. Other limitations of the pharmacological approaches
included in these works are the absence of dose-response curves
and comparison of the effectiviness of different drugs in the same
animal model. Thus, other studies must be designed to overcome
these drawbacks.

WHAT ARE THE POTENTIAL NON-PHARMACOLOGICAL
APPROACHES TO THE MANAGEMENT OF HT RELATED TO
OSA?
Taken in perspective, the pathophysiology of HT related to OSA,
which involves an increase in sympathetic activity, renal dener-
vation seems to be a logical approach for patients with this type
of HT as renal sympathetic nerves are involved in the regula-
tion of BP. Indeed, the beneficial role of this novel approach in
the management of resistant HT and other cardiovascular dis-
eases has been reported and reviewed extensively (Grassi et al.,
2012; Pimenta and Oparil, 2012; Böhm et al., 2013; Ukena et al.,
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2013; Urban et al., 2013; Faselis et al., 2014; Tsioufis et al., 2014).
Moreover, Shantha and Pancholy (2014) have recently undertaken
a systematic review of the effect of renal sympathetic denervation
on AHI in patients with OSA. Curiously, they concluded that this
approach is associated with a significant reduction in mean AHI
(Shantha and Pancholy, 2014). However, as the authors pointed
out, these results need further validation due to the low causal
basis of the studies included in the analysis and due to the fact that
only one of these studies was performed fully in a specific popu-
lation of OSA patients; in the remaining studies, the diagnosis of
OSA was only established after inclusion (Shantha and Pancholy,
2014). In a recent pilot study, the effect of renal denervation
on BP control in patients with OSA was explored (Witkowski
et al., 2011). Despite the low causal basis (n = 10), their findings
demonstrated a significant BP decrease within 3 months, which
was further enhanced at 6 months, exhibiting a drop pattern sim-
ilar to clinical studies in resistant HT (Witkowski et al., 2011).
Nontheless, further studies are needed to support this impres-
sive effect of renal denervation and to ensure the safety of this
technique for patients with HT related to OSA.

Like renal denervation, carotid baroreceptor stimulation has
also been proposed as a novel AH therapy based on the recent
evidence that baroreceptors might play an important role even
in long-term BP regulation (Papademetriou et al., 2011; Grassi
et al., 2012; Lovic et al., 2014). The main similarities and differ-
ences between these two novel approaches have been reviewed
extensively by a group of Italian researchers (Grassi et al., 2014;
Seravalle et al., 2014). Although electrical baroreflex stimulation
appears to be safe and effective, and might represent a useful tool
for managing resistant HT (Lovic et al., 2014), to the best of our
knowledge, the effectiveness of this approach has not been yet
tested in models of IH. Thus, further investigation in this specific
field would be welcome.

In line with the pioneer study performed by Fletcher et al.
(1992c) that established that carotid body (CB) ablation elimi-
nated the hypertension related to CIH, McBryde et al. (2013) have
shown that CB deafferentation, through bilateral carotid sinus
nerve denervation, promotes an effective and lasting AH response
in SH rats and reduces the overactive sympathetic activity. They
have also demonstrated that associated with renal denervation,
carotid sinus nerve denervation remains effective and produces
a cumulative response (McBryde et al., 2013). In line with these
findings, they propose carotid sinus nerve denervation as an
effective AH treatment in patients with sympathetically mediated
diseases (McBryde et al., 2013).

More recently, Burchell et al. have reviewed the potential of a
new device for the control of arterial HT (Burchell et al., 2014).
The ROX coupler device creates an anastomosis between the
iliac artery and vein, diverting a calibrated amount of arterial
blood into the venous system, reducing vascular resistance and
increasing arterial compliance (Burchell et al., 2014). This non-
pharmacological approach seems to be a promising tool in the
management of patients with resistant HT due to its ability to pro-
vide an immediate and sustained reduction in BP (Burchell et al.,
2014). The safety and efficacy of the ROX coupler in the treatment
of this type of HT is now being evaluated in a European multi-
center randomized study (Burchell et al., 2014). Positive results in
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patients with drug-resistant HT leave open the possibility of the
use of the ROX coupler device becoming a new strategy for the
management of HT related to OSA.

CONCLUSIONS AND FUTURE PERSPECTIVES IN THE
MANAGEMENT OF HT RELATED TO OSA
There is consensus that HT related to OSA is gaining more
relevance as an independent nosological condition that needs
a systematic approach to identify the best therapeutic strategy.
One major challenge is gaining an understanding of whether the
blockade of the reflex pathways triggered by CB activation is suf-
ficiently effective to control BP in itself in HT related to OSA.
Eventually, other pathways directly stimulated by hypoxia at a cel-
lular level should be explored in depth and manipulated to attain
relevant clinical control of these patients.

Drugs that have proved to be useful in essential HT treat-
ment should be tested promptly in studies specifically designed
for secondary HT induced by CIH. On the other hand, given the
particularities of HT related to OSA, the recourse to tailored treat-
ments should be considered as a possibility. Furthermore, it also
appears to be imperative to look for new AHDs able to reverse HT
quickly and effectively in patients with OSA as BP control is still
not achievable in a significant proportion of these patients.

The contribution of animal models to this approach is unques-
tionable in terms of avoiding the confounding risk factors for HT
that tend to be present in OSA patients. In addition, drugs that
have been used as pharmacological tools to understand patho-
physological mechanisms should now be investigated regarding
their efficacy in reverting HT induced by CIH.

AUTHOR CONTRIBUTIONS
Lucilia N. Diogo and Emília C. Monteiro wrote the manuscript
and approved the final version.

ACKNOWLEDGMENTS
The authors would like to thank the Portuguese Fundação
para a Ciência e a Tecnologia (FCT) and CEDOC (Chronic
Diseases Research Centre, Lisbon, Portugal). Lucilia N. Diogo
is supported by an FCT fellowship (SFRH/BD/48335/2008;
PTDC/SAU-TOX/112264/2009).

REFERENCES
Allahdadi, K. J., Cherng, T. W., Pai, H., Silva, A. Q., Walker, B. R., Nelin, L. D., et al.

(2008). Endothelin type A receptor antagonist normalizes blood pressure in rats
exposed to eucapnic intermittent hypoxia. Am. J. Physiol. Heart Circ. Physiol.
295, H434–H440. doi: 10.1152/ajpheart.91477.2007

Allahdadi, K. J., Walker, B. R., and Kanagy, N. L. (2005). Augmented endothelin
vasoconstriction in intermittent hypoxia-induced hypertension. Hypertension
45, 705–709. doi: 10.1161/01.HYP.0000153794.52852.04

Almendros, I., Carreras, A., Ramírez, J., Montserrat, J. M., Navajas, D., and Farré,
R. (2008). Upper airway collapse and reopening induce inflammation in a sleep
apnoea model. Eur. Respir. J. 32, 399–404. doi: 10.1183/09031936.00161607

Almendros, I., Farré, R., Planas, A. M., Torres, M., Bonsignore, M. R., Navajas, D.,
et al. (2011). Tissue oxygenation in brain, muscle, and fat in a rat model of sleep
apnea: differential effect of obstructive apneas and intermittent hypoxia. Sleep
34, 1127–1133. doi: 10.5665/sleep.1176

Andersen, M. L., Martins, P. J., D’Almeida, V., Bignotto, M., and Tufik, S.
(2005). Endocrinological and catecholaminergic alterations during sleep depri-
vation and recovery in male rats. J. Sleep Res. 14, 83–90. doi: 10.1111/j.1365-
2869.2004.00428.x

Andersen, M. L., Martins, P. J., D’Almeida, V., Santos, R. F., Bignotto, M., and
Tufik, S. (2004). Effects of paradoxical sleep deprivation on blood parameters
associated with cardiovascular risk in aged rats. Exp. Gerontol. 39, 817–824. doi:
10.1016/j.exger.2004.02.007

Andrén, A., Hedberg, P., Walker-Engström, M. L., Wahlén, P., and Tegelberg, A.
(2013). Effects of treatment with oral appliance on 24-h blood pressure in
patients with obstructive sleep apnea and hypertension: a randomized clinical
trial. Sleep Breath. 17, 705–712. doi: 10.1007/s11325-012-0746-7

Badesch, D. B., Raskob, G. E., Elliott, C. G., Krichman, A. M., Farber, H. W., Frost,
A. E., et al. (2010). Pulmonary arterial hypertension: baseline characteristics
from the REVEAL Registry. Chest 137, 376–387. doi: 10.1378/chest.09-1140

Badran, M., Ayas, N., and Laher, I. (2014). Insights into obstructive sleep apnea
research. Sleep Med. 15, 485–495. doi: 10.1016/j.sleep.2014.01.009

Baguet, J. P., Barone-Rochette, G., and Pépin, J. L. (2009). Hypertension and
obstructive sleep apnoea syndrome: current perspectives. J. Hum. Hypertens. 23,
431–443. doi: 10.1038/jhh.2008.147

Bakker, J. P., Edwards, B. A., Gautam, S. P., Montesi, S. B., Durán-Cantolla, J.,
Barandiarán, F. A., et al. (2014). Blood pressure improvement with continu-
ous positive airway pressure is independent of obstructive sleep apnea severity.
J. Clin. Sleep. Med. 10, 365–369. doi: 10.5664/jcsm.3604

Balcombe, J. P., Barnard, N. D., and Sandusky, C. (2004). Laboratory routines cause
animal stress. Contemp. Top. Lab. Anim. Sci. 43, 42–51.

Bao, G., Randhawa, P. M., and Fletcher, E. C. (1997). Acute blood pressure elevation
during repetitive hypocapnic and eucapnic hypoxia in rats. J. Appl. Physiol. 82,
1071–1078.

Barbé, F., Durán-Cantolla, J., Capote, F., de la Peña, M., Chiner, E., Masa, J. F., et al.
(2009). Long-term effect of continuous positive airway pressure in hyperten-
sive patients with sleep apnea. Am. J. Respir. Crit. Care Med. 181, 718–726. doi:
10.1164/rccm.200901-0050OC

Barbé, F., Durán-Cantolla, J., Sánchez-de-la-Torre, M., Martínez-Alonso, M.,
Carmona, C., Barceló, A., et al. (2012). Effect of continuous positive airway pres-
sure on the incidence of hypertension and cardiovascular events in non-sleepy
patients with obstructive sleep apnea: a randomized controlled trial. JAMA 307,
2161–2168. doi: 10.1001/jama.2012.4366

Barbé, F., Mayoralas, L. R., Duran, J., Masa, J. F., Maimó, A., Montserrat, J. M.,
et al. (2001). Treatment with continuous positive airway pressure is not effec-
tive in patients with sleep apnea but no daytime sleepiness. a randomized,
controlled trial. Ann. Intern. Med. 134, 1015–1023. doi: 10.7326/0003-4819-134-
11-200106050-00007

Bathina, C. S., Rajulapati, A., Franzke, M., Yamamoto, K., Cunningham, J. T.,
and Mifflin, S. (2013). Knockdown of tyrosine hydroxylase in the nucleus of
the solitary tract reduces elevated blood pressure during chronic intermittent
hypoxia. Am. J. Physiol. Regul. Integr. Comp. Physiol. 305, R1031–R1039. doi:
10.1152/ajpregu.00260.2013

Becker, H. F., Jerrentrup, A., Ploch, T., Grote, L., Penzel, T., Sullivan, C. E., et al.
(2003). Effect of nasal continuous positive airway pressure treatment on blood
pressure in patients with obstructive sleep apnea. Circulation 107, 68–73. doi:
10.1161/01.CIR.0000042706.47107.7A

Belaidi, E., Joyeux-Faure, M., Ribuot, C., Launois, S. H., Levy, P., and Godin-
Ribuot, D. (2009). Major role for hypoxia inducible factor-1 and the endothelin
system in promoting myocardial infarction and hypertension in an animal
model of obstructive sleep apnea. J. Am. Coll. Cardiol. 53, 1309–1317. doi:
10.1016/j.jacc.2008.12.050

Böhm, M., Linz, D., Urban, D., Mahfoud, F., and Ukena, C. (2013). Renal sympa-
thetic denervation: applications in hypertension and beyond. Nat. Rev. Cardiol.
10, 465–476. doi: 10.1038/nrcardio.2013.89

Bonnichsen, M., Dragsted, M., and Hansen, A. K. (2005). The welfare impact of
gavaging laboratory rates. Anim. Welf. 14, 223–227.

Bonsignore, M. R., Marrone, O., Insalaco, G., and Bonsignore, G. (1994). The
cardiovascular effects of obstructive sleep apnoeas: analysis of pathogenic mech-
anisms. Eur. Respir. J. 7, 786–805. doi: 10.1183/09031936.94.07040786

Börgel, J., Sanner, B. M., Keskin, F., Bittlinsky, A., Bartels, N. K., Büchner,
N., et al. (2004). Obstructive sleep apnea and blood pressure. Interaction
between the blood pressure-lowering effects of positive airway pressure
therapy and antihypertensive drugs. Am. J. Hypertens. 17, 1081–1087. doi:
10.1016/j.amjhyper.2004.06.026

Bosc, L. V., Resta, T., Walker, B., and Kanagy, N. L. (2010). Mechanisms of
intermittent hypoxia induced hypertension. J. Cell. Mol. Med. 14, 3–17. doi:
10.1111/j.1582-4934.2009.00929.x

Frontiers in Physiology | Integrative Physiology September 2014 | Volume 5 | Article 361 | 18

http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive


Diogo and Monteiro Antihypertensive drugs in CIH conditions

Bottini, P., Taranto-Montemurro, L., Novali, M., Bettinzoli, M., Roca, E., Andreoli,
C., et al. (2012). Effects of CPAP on systemic hypertension in OSAH:A
monocentric, observational, cohort study. Respir. Med. 106, 1329–1334. doi:
10.1016/j.rmed.2012.05.007

Bradley, T. D., and Floras, J. S. (2003). Sleep apnea and heart fail-
ure: Part II: central sleep apnea. Circulation 107, 1822–1826. doi:
10.1161/01.CIR.0000061758.05044.64

Bradley, T. D., and Phillipson, E. A. (1992). Central sleep apnea. Clin. Chest Med.
13, 493–505.

Brenner, S., Angermann, C., Jany, B., Ertl, G., and Störk, S. (2008). Sleep-disordered
breathing and heart failure a dangerous liaison. Trends Cardiovasc. Med. 18,
240–247. doi: 10.1016/j.tcm.2008.11.006

Brooks, D., Horner, R. L., Kimoff, R. J., Kozar, L. F., Render-Teixeira, C. L., and
Phillipson, E. A. (1997a). Effect of obstructive sleep apnea versus sleep frag-
mentation on responses to airway occlusion. Am. J. Respir. Crit. Care Med. 155,
1609–1617. doi: 10.1164/ajrccm.155.5.9154865

Brooks, D., Horner, R. L., Kozar, L. F., Render-Teixeira, C. L., and Phillipson, E. A.
(1997b). Obstructive sleep apnea as a cause of systemic hypertension. Evidence
from a canine model. J. Clin. Invest. 99, 106–109. doi: 10.1172/JCI119120

Brown, A. P., Dinger, N., and Levine, B. S. (2000). Stress produced by gavage
administration in the rat. Contemp. Top. Lab. Anim. Sci. 39, 17–21.

Burchell, A. E., Lobo, M. D., Sulke, N., Sobotka, P. A., and Paton, J. F.
(2014). Arteriovenous anastomosis: is this the way to control hypertension?
Hypertension 64, 6–12. doi: 10.1161/HYPERTENSIONAHA.114.02925

Calhoun, D. A. (2010). Obstructive sleep apnea and hypertension. Curr. Hypertens.
Rep. 12, 189–195. doi: 10.1007/s11906-010-0112-8

Campen, M. J., Shimoda, L. A., and O’Donnell, C. P. (2005). Acute and chronic
cardiovascular effects of intermittent hypoxia in C57BL/6J mice. J. Appl. Physiol.
99, 2028–2035. doi: 10.1152/japplphysiol.00411.2005

Carley, D. W., Berecek, K., Videnovic, A., and Radulovacki, M. (2000). Sleep-
disordered respiration in phenotypically normotensive, genetically hyperten-
sive rats. Am. J. Respir. Crit. Care Med. 162, 1474–1479. doi: 10.1164/ajr-
ccm.162.4.9911033

Carley, D. W., Trbovic, S. M., and Radulovacki, M. (1998). Diazepam sup-
presses sleep apneas in rats. Am. J. Respir. Crit. Care Med. 157, 917–920. doi:
10.1164/ajrccm.157.3.9710006

Chen, L., Einbinder, E., Zhang, Q., Hasday, J., Balke, C. W., and Scharf, S. M. (2005).
Oxidative stress and left ventricular function with chronic intermittent hypoxia
in rats. Am. J. Respir. Crit. Care Med. 172, 915–920. doi: 10.1164/rccm.200504-
560OC

Chobanian, A. V., Bakris, G. L., Black, H. R., Cushman, W. C., Green, L. A., and
Izzo, J. L. Jr., et al. (2003). Seventh report of the joint national committee
on prevention, detection, evaluation, and treatment of high blood pressure.
Hypertension 42, 1206–1252. doi: 10.1161/01.HYP.0000107251.49515.c2

Cichelero, F. T., Martinez, D., Fuchs, S. C., Gus, M., Moreira, L. B., and Fuchs, F.
D. (2014). The effect of antihypertensive agents on sleep apnea: protocol for a
randomized controlled trial. Trials 15:1. doi: 10.1186/1745-6215-15-1

Cicolin, A., Mangiardi, L., Mutani, R., and Bucca, C. (2006). Angiotensin-
converting enzyme inhibitors and obstructive sleep apnea. Mayo Clin. Proc. 81,
53–55. doi: 10.4065/81.1.53

Colavito, V., Fabene, P. F., Grassi-Zucconi, G., Pifferi, F., Lamberty, Y., Bentivoglio,
M., et al. (2013). Experimental sleep deprivation as a tool to test memory deficits
in rodents. Front. Syst. Neurosci. 7:106. doi: 10.3389/fnsys.2013.00106

Cooper, V. L., Pearson, S. B., Bowker, C. M., Elliott, M. W., and Hainsworth, R.
(2005). Interaction of chemoreceptor and baroreceptor reflexes by hypoxia and
hypercapnia - a mechanism for promoting hypertension in obstructive sleep
apnoea. J. Physiol. 568, 677–687. doi: 10.1113/jphysiol.2005.094151

Cutler, M. J., Swift, N. M., Keller, D. M., Wasmund, W. L., and Smith, M. L.
(2004). Hypoxia-mediated prolonged elevation of sympathetic nerve activity
after periods of intermittent hypoxic apnea. J. Appl. Physiol. 96, 754–761. doi:
10.1152/japplphysiol.00506.2003

da Silva, A. Q., Fontes, M. A., and Kanagy, N. L. (2011). Chronic infusion of
angiotensin receptor antagonists in the hypothalamic paraventricular nucleus
prevents hypertension in a rat model of sleep apnea. Brain Res. 1368, 231–238.
doi: 10.1016/j.brainres.2010.10.087

Davis, E. M., and O’Donnell, C. P. (2013). Rodent models of sleep apnea. Respir.
Physiol. Neurobiol. 188, 355–361. doi: 10.1016/j.resp.2013.05.022

Deleanu, O. C., Mãlãuþ, A. E., Nebunoiu, A. M., Micheu, M. M., and Mihãlthan,
F. D. (2014). Obstructive sleep apnea syndrome and arterial hypertension—a

complicated relationship? The role of controlling blood pressure values in
patients with OSAS. Pneumologia 63, 36–43.

Del Rio, R., Moya, E. A., and Iturriaga, R. (2010). Carotid body and cardiorespira-
tory alterations in chronic intermittent hypoxia: the oxidative link. Eur. Respir.
J. 36, 143–150. doi: 10.1183/09031936.00158109

Dematteis, M., Godin-Ribuot, D., Arnaud, C., Ribuot, C., Stanke-Labesque, F.,
Pépin, J. L., et al. (2009). Cardiovascular consequences of sleep-disordered
breathing: contribution of animal models to understanding the human disease.
ILAR J. 50, 262–281. doi: 10.1093/ilar.50.3.262

Dematteis, M., Julien, C., Guillermet, C., Sturm, N., Lantuejoul, S., Mallaret,
M., et al. (2008). Intermittent hypoxia induces early functional cardiovascu-
lar remodeling in mice. Am. J. Respir. Crit. Care Med. 177, 227–235. doi:
10.1164/rccm.200702-238OC

Dempsey, J. A., Veasey, S. C., Morgan, B. J., and O’Donnell, C. P. (2010).
Pathophysiology of sleep apnea. Physiol. Rev. 90, 47–112. doi: 10.1152/phys-
rev.00043.2008

Dernaika, T. A., Kinasewitz, G. T., and Tawk, M. M. (2009). Effects of noc-
turnal continuous positive airway pressure therapy in patients with resistant
hypertension and obstructive sleep apnea. J. Clin. Sleep Med. 5, 103–107.

Drager, L. F., Pedrosa, R. P., Diniz, P. M., Diegues-Silva, L., Marcondes, B., Couto, R.
B., et al. (2011). The effects of continuous positive airway pressure on prehyper-
tension and masked hypertension in men with severe obstructive sleep apnea.
Hypertension 57, 549–555. doi: 10.1161/HYPERTENSIONAHA.110.165969

Dumitrascu, R., Heitmann, J., Seeger, W., Weissmann, N., and Schulz, R.
(2013). Obstructive sleep apnea, oxidative stress and cardiovascular disease:
lessons from animal studies. Oxid. Med. Cell. Longev. 2013:234631. doi:
10.1155/2013/234631

Dunleavy, M., Dooley, M., Cox, D., and Bradford, A. (2005). Chronic intermit-
tent asphyxia increases platelet reactivity in rats. Exp. Physiol. 90, 411–416. doi:
10.1113/expphysiol.2004.029306

Durán-Cantolla, J., Aizpuru, F., Montserrat, J. M., Ballester, E., Terán-Santos, J.,
Aguirregomoscorta, J. I., et al. (2010). Continuous positive airway pressure as
treatment for systemic hypertension in people with obstructive sleep apnoea:
randomised controlled trial. BMJ 341:c5991. doi: 10.1136/bmj.c5991

Dyavanapalli, J., Jameson, H., Dergacheva, O., Jain, V., Alhusayyen, M., and
Mendelowitz, D. (2014). Chronic intermittent hypoxia-hypercapnia blunts
heart rate responses and alters neurotransmission to cardiac vagal neurons.
J. Physiol. 16, 1–13. doi: 10.1113/jphysiol.2014.273482

Eckert, D. J., Jordan, A. S., Merchia, P., and Malhotra, A. (2007). Central
sleep apnea: pathophysiology and treatment. Chest 131, 595–607. doi:
10.1378/chest.06.2287

Epstein, L. J., Jervis, O. J. Jr., Henderson, J. H. 2nd., Sullivan, M., and Mohsenifar,
Z. (2001). Measurement of gastric P(CO2) as an index of tissue hypoxia during
obstructive sleep apnea. Respiration 68, 28–34. doi: 10.1159/000050459

Epstein, L. J., Kristo, D., Strollo, P. J. Jr., Friedman, N., Malhotra, A., Patil, S. P., et al.
(2009). Clinical guideline for the evaluation, management and long-term care
of obstructive sleep apnea in adults. J. Clin. Sleep Med. 5, 263–276.

Farré, R., Nácher, M., Serrano-Mollar, A., Gáldiz, J. B., Alvarez, F. J., Navajas, D.,
et al. (2007). Rat model of chronic recurrent airway obstructions to study the
sleep apnea syndrome. Sleep 30, 930–933.

Faselis, C., Doumas, M., Kokkinos, P., Tsioufis, C., and Papademetriou, V. (2014).
The role of renal nerve ablation for the management of resistant hypertension
and other disease conditions: benefits and concerns. Curr. Vasc. Pharmacol. 12,
38–46. doi: 10.2174/15701611113119990139

Fenik, V. B., Singletary, T., Branconi, J. L., Davies, R. O., and Kubin, L.
(2012). Glucoregulatory consequences and cardiorespiratory parameters in rats
exposed to chronic-intermittent hypoxia: effects of the duration of exposure and
losartan. Front. Neurol. 3:51. doi: 10.3389/fneur.2012.00051

Fletcher, E. C. (2000). Effect of episodic hypoxia on sympathetic activity and
blood pressure. Respir. Physiol. 119, 189–197. doi: 10.1016/S0034-5687(99)
00114-0

Fletcher, E. C., and Bao, G. (1996). The rat as a model of chronic recurrent episodic
hypoxia and effect upon systemic blood pressure. Sleep 19, S210–S212.

Fletcher, E. C., Bao, G., and Li, R. (1999). Renin activity and blood pres-
sure in response to chronic episodic hypoxia. Hypertension 34, 309–314. doi:
10.1161/01.HYP.34.2.309

Fletcher, E. C., Bao, G., and Miller, C. C. 3rd. (1995). Effect of recurrent episodic
hypocapnic, eucapnic, and hypercapnic hypoxia on systemic blood pressure.
J. Appl. Physiol. 78, 1516–1521.

www.frontiersin.org September 2014 | Volume 5 | Article 361 | 19

http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive


Diogo and Monteiro Antihypertensive drugs in CIH conditions

Fletcher, E. C., Lesske, J., Behm, R., Miller, C. C. 3rd., Stauss, H., and Unger, T.
(1992c). Carotid chemoreceptors, systemic blood pressure, and chronic episodic
hypoxia mimicking sleep apnea. J. Appl. Physiol. 72, 1978–1984.

Fletcher, E. C., Lesske, J., Culman, J., Miller, C. C., and Unger, T. (1992b).
Sympathetic denervation blocks blood pressure elevation in episodic hypoxia.
Hypertension 20, 612–619. doi: 10.1161/01.HYP.20.5.612

Fletcher, E. C., Lesske, J., Qian, W., Miller, C. C. 3rd., and Unger, T. (1992a).
Repetitive, episodic hypoxia causes diurnal elevation of blood pressure in rats.
Hypertension 19, 555–561. doi: 10.1161/01.HYP.19.6.555

Fletcher, E. C., Orolinova, N., and Bader, M. (2002). Blood pressure response to
chronic episodic hypoxia: the rennin-angiotensin system. J. Appl. Physiol. 92,
627–633.

Foster, G. E., Brugniaux, J. V., Pialoux, V., Duggan, C. T., Hanly, P. J., Ahmed, S.
B., et al. (2009). Cardiovascular and cerebrovascular responses to acute hypoxia
following exposure to intermittent hypoxia in healthy humans. J. Physiol. 587,
3287–3299. doi: 10.1113/jphysiol.2009.171553

Foster, G. E., Hanly, P. J., Ahmed, S. B., Beaudin, A. E., Pialoux, V., and Poulin,
M. J. (2010). Intermittent hypoxia increases arterial blood pressure in humans
through a Renin-Angiotensin system-dependent mechanism. Hypertension 56,
369–377. doi: 10.1161/HYPERTENSIONAHA.110.152108

Foster, G. E., McKenzie, D. C., Milsom, W. K., and Sheel, A. W. (2005). Effects
of two protocols of intermittent hypoxia on human ventilatory, cardiovascular
and cerebral responses to hypoxia. J. Physiol. 567, 689–699. doi: 10.1113/jphys-
iol.2005.091462

Foster, G. E., Poulin, M. J., and Hanly, P. J. (2007). Intermittent hypoxia and vascu-
lar function: implications for obstructive sleep apnoea. Exp. Physiol. 92, 51–65.
doi: 10.1113/expphysiol.2006.035204

Gaddam, K., Pimenta, E., Thomas, S. J., Cofield, S. S., Oparil, S., Harding, S. M.,
et al. (2010). Spironolactone reduces severity of obstructive sleep apnoea in
patients with resistant hypertension: a preliminary report. J. Hum. Hypertens.
8, 532–537. doi: 10.1038/jhh.2009.96

Galie, N., Hoeper, M. M., Humbert, M., Torbicki, A., Vachiery, J. L., Barbera,
J. A., et al. (2009). Guidelines for the diagnosis and treatment of pulmonary
hypertension. Eur. Respir. J. 34, 1219–1263. doi: 10.1183/09031936.00139009

Golbidi, S., Badran, M., Ayas, N., and Laher, I. (2012). Cardiovascular consequences
of sleep apnea. Lung 190, 113–132. doi: 10.1007/s00408-011-9340-1

Gozal, E., Sachleben, L. R. Jr., Rane, M. J., Vega, C., and Gozal, D. (2005). Mild sus-
tained and intermittent hypoxia induce apoptosis in PC-12 cells via different
mechanisms. Am. J. Physiol. Cell Physiol. 288, C535–C542. doi: 10.1152/ajp-
cell.00270.2004

Grassi, G., Seravalle, G., Brambilla, G., Bombelli, M., Dell’Oro, R., Gronda, E.,
et al. (2012). Novel antihypertensive therapies: renal sympathetic nerve abla-
tion and carotid baroreceptor stimulation. Curr. Hypertens. Rep. 14, 567–572.
doi: 10.1007/s11906-012-0312-5

Grassi, G., Seravalle, G., Brambilla, G., Cesana, F., Giannattasio, C., and Mancia,
G. (2014). Similarities and differences between renal sympathetic denervation
and carotid baroreceptor stimulation. Curr. Vasc. Pharmacol. 12, 63–68. doi:
10.2174/15701611113119990142

Grote, L., Heitmann, J., Schneider, H., Ploch, T., Penzel, T., Peter, J. H., et al.
(1994). Twenty-four-hour blood pressure control: effect of cilazapril on con-
tinuous arterial blood pressure during sleep, and physical and mental load in
patients with arterial hypertension and sleep apnea. J. Cardiovasc. Pharmacol. 3,
S78–S82.

Guralnick, A., and Bakris, G. L. (2012). Approaches for targeting blood pressure
control in sleep disorders. Curr. Opin. Nephrol. Hypertens. 21, 469–474. doi:
10.1097/MNH.0b013e32835623f5

Haack, M., and Mullington, J. M. (2005). Sustained sleep restriction reduces emo-
tional and physical well-being. Pain 119, 56–64. doi: 10.1016/j.pain.2005.09.011

Heitmann, J., Greulich, T., Reinke, C., Koehler, U., Vogelmeier, C., Becker, H. F.,
et al. (2010). Comparison of the effects of nebivolol and valsartan on BP reduc-
tion and sleep apnoea activity in patients with essential hypertension and OSA.
Curr. Med. Res. Opin. 26, 1925–1932. doi: 10.1185/03007995.2010.497326

Hendricks, J. C., Kline, L. R., Kovalski, R. J., O’Brien, J. A., Morrison, A. R., and
Pack, A. I. (1987). The English bulldog: a natural model of sleep-disordered
breathing. J. Appl. Physiol. 63, 1344–1350.

Hla, K. M., Skatrud, J. B., Finn, L., Palta, M., and Young, T. (2002). The effect of
correction of sleep-disordered breathing on BP in untreated hypertension. Chest
122, 1125–1132. doi: 10.1378/chest.122.4.1125

Hui, A. S., Striet, J. B., Gudelsky, G., Soukhova, G. K., Gozal, E., Beitner-Johnson,
D., et al. (2003). Regulation of catecholamines by sustained and intermittent
hypoxia in neuroendocrine cells and sympathetic neurons. Hypertension 42,
1130–1136. doi: 10.1161/01.HYP.0000101691.12358.26

Hung, M. W., Kravtsov, G. M., Lau, C. F., Poon, A. M., Tipoe, G. L., and Fung, M. L.
(2013). Melatonin ameliorates endothelial dysfunction, vascular inflammation,
and systemic hypertension in rats with chronic intermittent hypoxia. J. Pineal
Res. 55, 247–256. doi: 10.1111/jpi.12067

Iftikhar, I. H., Hays, E. R., Iverson, M. A., Magalang, U. J., and Maas, A. K.
(2013). Effect of oral appliances on blood pressure in obstructive sleep apnea:
a systematic review and meta-analysis. J. Clin. Sleep Med. 9, 165–174. doi:
10.5664/jcsm.2420

Iturriaga, R., Moya, E. A., and Del Rio, R. (2010). Cardiorespiratory alterations
induced by intermittent hypoxia in a rat model of sleep apnea. Adv. Exp. Med.
Biol. 669, 271–274. doi: 10.1007/978-1-4419-5692-7_55

Iwasaki, Y. K., Shi, Y., Benito, B., Gillis, M. A., Mizuno, K., Tardif, J. C.,
et al. (2012). Determinants of atrial fibrillation in an animal model of obe-
sity and acute obstructive sleep apnea. Heart Rhythm 9, 1409–16.e1. doi:
10.1016/j.hrthm.2012.03.024

Joosten, S. A., O’Driscoll, D. M., Berger, P. J., and Hamilton, G. S. (2014). Supine
position related obstructive sleep apnea in adults: pathogenesis and treatment.
Sleep Med. Rev. 18, 7–17. doi: 10.1016/j.smrv.2013.01.005

Julien, C., Bayat, S., and Levy, P. (2003). Vascular reactivity to norepinephrine
and acetylcholine after chronic intermittent hypoxia in mice. Respir. Physiol.
Neurobiol. 139, 21–32. doi: 10.1016/j.resp.2003.09.005

Kalaria, R. N., Spoors, L., Laude, E. A., Emery, C. J., Thwaites-Bee, D., Fairlie, J.,
et al. (2004). Hypoxia of sleep apnoea: cardiopulmonary and cerebral changes
after intermittent hypoxia in rats. Respir. Physiol. Neurobiol. 140, 53–62. doi:
10.1016/j.resp.2004.01.003

Kanagy, N. L. (2009). Vascular effects of intermittent hypoxia. ILAR J. 50, 282–288.
doi: 10.1093/ilar.50.3.282

Kanagy, N. L.,Walker, B. R., and Nelin, L. D. (2001). Role of endothelin in
intermittent hypoxia-induced hypertension. Hypertension 37, 511–515. doi:
10.1161/01.HYP.37.2.511

Kantores, C., McNamara, P. J., Teixeira, L., Engelberts, D., Murthy, P., Kavanagh,
B. P., et al. (2006). Therapeutic hypercapnia prevents chronic hypoxia-induced
pulmonary hypertension in the newborn rat. Am. J. Physiol. Lung Cell. Mol.
Physiol. 291, L912–L922. doi: 10.1152/ajplung.00480.2005

Kapa, S., Sert Kuniyoshi, F. H., and Somers, V. K. (2008). Sleep Apnea and
Hypertension: interactions and implications for management. Hypertension 51,
605–608. doi: 10.1161/HYPERTENSIONAHA.106.076190

Kapur, V. K. (2010). Obstructive sleep apnea: diagnosis, epidemiology, and eco-
nomics. Respir. Care 55, 1155–1167.

Kario, K., Kuwabara, M., Hoshide, S., Nagai, M., and Shimpo, M. (2014). Effects
of nighttime single-dose administration of vasodilating vs. sympatholytic anti-
hypertensive agents on sleep blood pressure in hypertensive patients with
sleep apnea syndrome. J. Clin. Hypertens. 16, 459–466. doi: 10.1111/jch.
12327

Kasiakogias, A., Tsioufis, C., Thomopoulos, C., Aragiannis, D., Alchanatis, M.,
Tousoulis, D., et al. (2013). Effects of continuous positive airway pressure on
blood pressure in hypertensive patients with obstructive sleep apnea: a 3-year
follow-up. J. Hypertens. 31, 352–360. doi: 10.1097/HJH.0b013e32835bdcda

Khan, M. T., and Franco, R. A. (2014). Complex sleep apnea syndrome. Sleep
Disord. 2014:798487. doi: 10.1155/2014/798487

Knight, W. D., Little, J. T., Carreno, F. R., Toney, G. M., Mifflin, S. W.,
and Cunningham, J. T. (2011). Chronic intermittent hypoxia increases
blood pressure and expression of FosB/DeltaFosB in central autonomic
regions. Am. J. Physiol. Regul. Integr. Comp. Physiol. 301, R131–R139. doi:
10.1152/ajpregu.00830.2010

Knight, W. D., Saxena, A., Shell, B., Nedungadi, T. P., Mifflin, S. W., and
Cunningham, J. T. (2013). Central losartan attenuates increases in arterial pres-
sure and expression of FosB/�FosB along the autonomic axis associated with
chronic intermittent hypoxia. Am. J. Physiol. Regul. Integr. Comp. Physiol. 305,
R1051–R1058. doi: 10.1152/ajpregu.00541.2012

Kraiczi, H., Hedner, J., Peker, Y., and Grote, L. (2000). Comparison of atenolol,
amlodipine, enalapril, hydrochlorothiazide, and losartan for antihypertensive
treatment in patients with obstructive sleep apnea. Am. J. Respir. Crit. Care Med.
161, 1423–1428. doi: 10.1164/ajrccm.161.5.9909024

Frontiers in Physiology | Integrative Physiology September 2014 | Volume 5 | Article 361 | 20

http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive


Diogo and Monteiro Antihypertensive drugs in CIH conditions

Kramer, K., Voss, H. P., Grimbergen, J. A., Mills, P. A., Huetteman, D., Zwiers, L.,
et al. (2000). Telemetric monitoring of blood pressure in freely moving mice: a
preliminary study. Lab. Anim. 34, 272–280. doi: 10.1258/002367700780384663

Kumar, G. K., Kim, D. K., Lee, M. S., Ramachandran, R., and Prabhakar, N. R.
(2003). Activation of tyrosine hydroxylase by intermittent hypoxia: involvement
of serine phosphorylation. J. Appl. Physiol. 95, 536–544. doi: 10.1152/japplphys-
iol.00186.2003

Kumar, G. K., Rai, V., Sharma, S. D., Ramakrishnan, D. P., Peng, Y. J., Souvannakitti,
D., et al. (2006). Chronic intermittent hypoxia induces hypoxia-evoked cate-
cholamine efflux in adult rat adrenal medulla via oxidative stress. J. Physiol. 575,
229–239. doi: 10.1113/jphysiol.2006.112524

Kurtz, T. W., Griffin, K. A., Bidani, A. K., Robin, L., Davisson, R. L., and
Hall, J. E. (2005). Recommendations for blood pressure measurement in
humans and experimental animals: part 2: blood pressure measurement in
experimental animals. a statement for professionals from the subcommit-
tee of professional pressure research and public education of the ameri-
can heart association council on high blood. Hypertension 45, 142–161. doi:
10.1161/01.HYP.0000150857.39919.cb

Lai, C. J., Yang, C. C., Hsu, Y. Y., Lin, Y. N., and Kuo, T. B. (2006). Enhanced
sympathetic outflow and decreased baroreflex sensitivity are associated with
intermittent hypoxia-induced systemic hypertension in conscious rats. J. Appl.
Physiol. 100, 1974–1982. doi: 10.1152/japplphysiol.01051.2005

Lavie, L., and Lavie, P. (2009). Molecular mechanisms of cardiovascular dis-
ease in OSAHS: the oxidative stress link. Eur. Respir. J. 33, 1467–1484. doi:
10.1183/09031936.00086608

Lavie, P., Herer, P., and Hoffstein, V. (2000). Obstructive sleep apnea as a
risk factor for hypertension: population study. BMJ 320, 479–482. doi:
10.1136/bmj.320.7233.479

Lavie, P., and Hoffstein, V. (2001). Sleep apnea syndrome: a possible contributing
factor to resistant. Sleep 24, 721–725.

Lee, S. D., Kuo, W. W., Bau, D. T., Ko, F. Y., Wu, F. L., Kuo, C. H., et al. (2008).
The coexistence of nocturnal sustained hypoxia and obesity additively increases
cardiac apoptosis. J. Appl. Physiol. 104, 1144–1153. doi: 10.1152/japplphys-
iol.00152.2007

Lefebvre, B., Godin-Ribuot, D., Joyeux-Faure, M., Caron, F., Bessard, G., Levy,
P., et al. (2006). Functional assessment of vascular reactivity after chronic
intermittent hypoxia in the rat. Respir. Physiol. Neurobiol. 150, 278–286. doi:
10.1016/j.resp.2005.05.020

Lesske, J., Fletcher, E. C., Bao, G., and Unger, T. (1997). Hypertension caused
by chronic intermittent hypoxia—influence of chemoreceptors and sympa-
thetic nervous system. J. Hypertens. 15, 1593–1603. doi: 10.1097/00004872-
199715120-00060

Leuenberger, U. A., Brubaker, D., Quraishi, S., Hogeman, C. S., Imadojemu, V.
A., and Gray, K. S. (2005). Effects of intermittent hypoxia on sympathetic
activity and blood pressure in humans. Auton. Neurosci. 121, 87–93. doi:
10.1016/j.autneu.2005.06.003

Levitzky, M. G. (2008). Using the pathophysiology of obstructive sleep apnea
to teach cardiopulmonary integration. Adv. Physiol. Educ. 32, 196–202. doi:
10.1152/advan.90137.2008

Lévy, P., Ryan, S., Oldenburg, O., and Parati, G. (2013). Sleep apnoea and the heart.
Eur. Respir. Rev. 22, 333–352. doi: 10.1183/09059180.00004513

Lévy, P., Tamisier, R., Arnaud, C., Monneret, D., Baguet, J. P., Stanke-Labesque, F.,
et al. (2012). Sleep deprivation, sleep apnea and cardiovascular diseases. Front.
Biosci. 4, 2007–2021.

Li, J., Savransky, V., Nanayakkara, A., Smith, P. L., O’Donnell, C. P., and Polotsky,
V. Y. (2007). Hyperlipidemia and lipid peroxidation are dependent on the
severity of chronic intermittent hypoxia. J. Appl. Physiol. 102, 557–563. doi:
10.1152/japplphysiol.01081.2006

Lin, M., Liu, R., Gozal, D., Wead, W. B., Chapleau, M. W., Wurster, R., et al.
(2007). Chronic intermittent hypoxia impairs baroreflex control of heart rate
but enhances heart rate responses to vagal efferent stimulation in anesthetized
mice. Am. J. Physiol. Heart Circ. Physiol. 293, H997–H1006. doi: 10.1152/ajp-
heart.01124.2006

Litvin, A. Y., Sukmarova, Z. N., Elfimova, E. M., Aksenova, A. V., Galitsin, P. V.,
Rogoza, A. N., et al. (2013). Effects of CPAP on “vascular” risk factors in patients
with obstructive sleep apnea and arterial hypertension. Vasc. Health Risk Manag.
9, 229–235. doi: 10.2147/VHRM.S40231

Liu, C., Cao, Y., Malhotra, A., and Ling, L. (2011). Sleep fragmentation atten-
uates the hypercapnic (but not hypoxic) ventilatory responses via adenosine

A1 receptors in awake rats. Respir. Physiol. Neurobiol. 175, 29–36. doi:
10.1016/j.resp.2010.09.003

Liu, J. N., Zhang, J. X., Lu, G., Qiu, Y., Yang, D., Yin, G. Y., et al. (2010). The effect of
oxidative stress in myocardial cell injury in mice exposed to chronic intermittent
hypoxia. Chin. Med. J. (Engl.) 123, 74–78.

Liu, X., Deng, Y., Shang, J., Yang, X. H., Liu, K., Liu, H. G., et al. (2013). Effect
of NADPH oxidase inhibitor apocynin on the expression of hypoxia-induced
factor-1α and endothelin-1 in rat carotid body exposed to chronic intermit-
tent hypoxia. J. Huazhong Univ. Sci. Technolog. Med. Sci. 33, 178–184. doi:
10.1007/s11596-013-1093-z

Lovic, D., Manolis, A. J., Lovic, B., Stojanov, V., Lovic, M., Pittaras, A., et al.
(2014). The pathophysiological basis of carotid baroreceptor stimulation for
the treatment of resistant hypertension. Curr. Vasc. Pharmacol. 12, 16–22. doi:
10.2174/15701611113119990141

Lozano, L., Tovar, J. L., Sampol, G., Romero, O., Jurado, M. J., Segarra, A., et al.
(2010). Continuous positive airway pressure treatment in sleep apnea patients
with resistant hypertension: a randomized, controlled trial. J. Hypertens. 28,
2161–2168. doi: 10.1097/HJH.0b013e32833b9c63

Malhotra, A., and Loscalzo, J. (2009). Sleep and cardiovascular disease: an overview.
Prog. Cardiovasc. Dis. 51, 279–284. doi: 10.1016/j.pcad.2008.10.004

Mancia, G., Fagard, R., Narkiewicz, K., Redon, J., Zanchetti, A., Böhm, M.,
et al. (2007). Guidelines for the management of arterial hypertension: the task
force for the management of arterial hypertension of the European Society of
Hypertension (ESH) and of the European Society of Cardiology (ESC). Eur.
Heart J. 28, 1462–1536. doi: 10.1093/eurheartj/eht151

Mannarino, M. R., Di Filippo, F., and Pirro, M. (2012). Obstructive sleep apnea
syndrome. Eur. J. Intern. Med. 23, 586–593. doi: 10.1016/j.ejim.2012.05.013

Marin, J. M., Agusti, A., Villar, I., Forner, M., Nieto, D., Carrizo, S. J.,
et al. (2012). Association between treated and untreated obstructive sleep
apnea and risk of hypertension. JAMA 307, 2169–2176. doi: 10.1001/jama.
2012.3418

Martínez-García, M. A., Capote, F., Campos-Rodríguez, F., Lloberes, P., Díaz
de Atauri, M. J., Somoza, M., et al. (2013). Effect of CPAP on blood
pressure in patients with obstructive sleep apnea and resistant hyperten-
sion: the HIPARCO randomized clinical trial. JAMA 310, 2407–2415. doi:
10.1001/jama.2013.281250

Mayer, J., Weichler, U., Herres-Mayer, B., Schneider, H., Marx, U., and Peter, J. H.
(1990). Influence of metoprolol and cilazapril on blood pressure and on sleep
apnea activity. J. Cardiovasc. Pharmacol. 16, 952–961. doi: 10.1097/00005344-
199012000-00014

McBryde, F. D., Abdala, A. P., Hendy, E. B., Pijacka, W., Marvar, P., Moraes,
D. J., et al. (2013). The carotid body as a putative therapeutic target for the
treatment of neurogenic hypertension. Nat. Commun. 4, 2395. doi: 10.1038/
ncomms3395

McGuire, M., Tartar, J. L., Cao, Y., McCarley, R. W., White, D. P., Strecker, R.
E., et al. (2008). Sleep fragmentation impairs ventilatory long-term facilitation
via adenosine A1 receptors. J. Physiol. 586, 5215–5229. doi: 10.1113/jphys-
iol.2008.158121

McKenna, J. T., Tartar, J. L., Ward, C. P., Thakkar, M. M., Cordeira, J. W., McCarley,
R. W., et al. (2007). Sleep fragmentation elevates behavioral, electrographic
and neurochemical measures of sleepiness. Neuroscience 146, 1462–1473. doi:
10.1016/j.neuroscience.2007.03.009

Mehra, R. (2014). Obstructive sleep apnea research: challenges and new horizons.
Sleep Med. 15, 483–484. doi: 10.1016/j.sleep.2014.03.004

Minai, O. A., Ricaurte, B., Kaw, R., Hammel, J., Mansour, M., McCarthy, K.,
et al. (2009). Frequency and impact of pulmonary hypertension in patients
with obstructive sleep apnea syndrome. Am. J. Cardiol. 104, 1300–1306. doi:
10.1016/j.amjcard.2009.06.048

Minic, M., Granton, J. T., and Ryan, C. M. (2014). Sleep disordered breathing in
group 1 pulmonary arterial hypertension. J. Clin. Sleep Med. 10, 277–283. doi:
10.5664/jcsm.3528

Morgan, B. J. (2009). Intermittent hypoxia: keeping it real. J. Appl. Physiol. 107, 1–3.
doi: 10.1152/japplphysiol.00304.2009

Morgan, B. J., Crabtree, D. C., Puleo, D. S., Badr, M. S., Toiber, F., and Skatrud,
J. B. (1996). Neurocirculatory consequences of abrupt change in sleep state in
humans. J. Appl. Physiol. 80, 1627–1636.

Morgan, B. J., Dempsey, J. A., Pegelow, D. F., Jacques, A., Finn, L., Palta, M., et al.
(1998). Blood pressure perturbations caused by subclinical sleep-disordered
breathing. Sleep 21, 737–746.

www.frontiersin.org September 2014 | Volume 5 | Article 361 | 21

http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive


Diogo and Monteiro Antihypertensive drugs in CIH conditions

Moya, E., Arias, P., Carlos, V., Oyarce, M., and Iturriaga, R. (2014). Ebselen prevents
the carotid body chemosensory potentiation and reverses the hypertension
induced by intermittent hypoxia (873.1). FASEB J. 28, 873.871.

Nácher, M., Farré, R., Montserrat, J. M., Torres, M., Navajas, D., Bulbena, O., et al.
(2009). Biological consequences of oxygen desaturation and respiratory effort
in an acute animal model of obstructive sleep apnea (OSA). Sleep Med. 10,
892–897. doi: 10.1016/j.sleep.2008.09.014

Nácher, M., Serrano-Mollar, A., Farré, R., Panés, J., Seguí, J., and Montserrat, J.
M. (2007). Recurrent obstructive apneas trigger early systemic inflammation
in a rat model of sleep apnea. Respir. Physiol. Neurobiol. 155, 93–96. doi:
10.1016/j.resp.2006.06.004

Nair, D., Zhang, S. X., Ramesh, V., Hakim, F., Kaushal, N., Wang, Y., et al. (2011).
Sleep fragmentation induces cognitive deficits via nicotinamide adenine dinu-
cleotide phosphate oxidase-dependent pathways in mouse. Am. J. Respir. Crit.
Care Med.184, 1305–1312. doi: 10.1164/rccm.201107-1173OC

Nerbass, F. B., Pedrosa, R. P., Genta, P. R., Drager, L. F., and Lorenzi-Filho, G.
(2011). Calcium channel blockers are independently associated with short sleep
duration in hypertensive patients with obstructive sleep apnea. J. Hypertens. 29,
1236–1241. doi: 10.1097/HJH.0b013e3283462e8b

O’Connor, G. T., Caffo, B., Newman, A. B., Quan, S. F., Rapoport, D. M., Redline, S.,
et al. (2009). Prospective study of sleep-disordered breathing and hypertension:
the sleep heart health study. Am. J. Respir. Crit. Care Med. 179, 1159–1164. doi:
10.1164/rccm.200712-1809OC

Ogata, T., Nomura, M., Nakaya, Y., and Ito, S. (2006). Evaluation of episodes of
sleep apnea in patients with liver cirrhosis. J. Med. Invest. 53, 159–166. doi:
10.2152/jmi.53.159

Oliveras, A., and Schmieder, R. E. (2013). Clinical situations associated
with difficult-to-control hypertension. J. Hypertens. 31, S3–S8. doi:
10.1097/HJH.0b013e32835d2af0

Ooi, H., Cadogan, E., Sweeney, M., Howell, K., O’Regan, R. G., and McLoughlin, P.
(2000). Chronic hypercapnia inhibits hypoxic pulmonary vascular remodeling.
Am. J. Physiol. Heart Circ. Physiol. 278, H331–H338.

Othman, M., Gordon, S. P., and Iscoe, S. (2010). Repeated inspiratory
occlusions in anesthetized rats acutely increase blood coagulability as
assessed by thromboelastography. Respir Physiol Neurobiol. 171, 61–66. doi:
10.1016/j.resp.2010.01.010

Owen, J., and Reisin, E. (2013). Obstructive sleep apnea and hypertension: is the
primary link simply volume overload? Curr. Hypertens. Rep. 15, 131–133. doi:
10.1007/s11906-013-0345-4

Paiva, T., and Attarian, H. (2014). Obstructive sleep apnea and other sleep-related
syndromes. Handb. Clin. Neurol. 119, 251–271. doi: 10.1016/B978-0-7020-
4086-3.00018-7

Palma, B. D., Gabriel, A. Jr., Bignotto, M., and Tufik, S. (2002). Paradoxical sleep
deprivation increases plasma endothelin levels. Braz. J. Med. Biol. Res. 35, 75–79.
doi: 10.1590/S0100-879X2002000100011

Palma, D. T., Philips, G. M., Arguedas, M. R., Harding, S. M., and Fallon, M.
B. (2008). Oxygen desaturation during sleep in hepatopulmonary syndrome.
Hepatology 47, 1257–1263. doi: 10.1002/hep.22143

Papademetriou, V., Doumas, M., Faselis, C., Tsioufis, C., Douma, S., Gkaliagkousi,
E., et al. (2011). Carotid baroreceptor stimulation for the treatment of resistant
hypertension. Int. J. Hypertens. 2011:964394. doi: 10.4061/2011/964394

Parati, G., Lombardi, C., Hedner, J., Bonsignore, M. R., Grote, L., Tkacova, R.,
et al. (2012). Position paper on the management of patients with obstruc-
tive sleep apnea and hypertension: joint recommendations by the European
Society of Hypertension, by the European Respiratory Society and by the
members of European COST (COoperation in Scientific and Technological
research) ACTION B26 on obstructive sleep apnea. J. Hypertens. 30, 633–646.
doi: 10.1097/HJH.0b013e328350e53b

Parati, G., Lombardi, C., Hedner, J., Bonsignore, M. R., Grote, L., Tkacova,
R., et al. (2013). Recommendations for the management of patients with
obstructive sleep apnoea and hypertension. Eur. Respir. J. 41, 523–538. doi:
10.1183/09031936.00226711

Pedrosa, R. P., Drager, L. F., de Paula, L. K., Amaro, A. C., Bortolotto, L. A., and
Lorenzi-Filho, G. (2013). Effects of obstructive sleep apnea treatment on blood
pressure in patients with resistant hypertension: a randomized trial. Chest 144,
1487–1494. doi: 10.1378/chest.13-0085

Pedrosa, R. P., Drager, L. F., Gonzaga, C. C., Sousa, M. G., de Paula, L. K., Amaro, A.
C., et al. (2011). Obstructive sleep apnea: the most common secondary cause of

hypertension associated with resistant hypertension. Hypertension 58, 811–817.
doi: 10.1161/HYPERTENSIONAHA.111.179788

Pelttari, L. H., Hietanen, E. K., Salo, T. T., Kataja, M. J., and Kantola, I. M. (1998).
Little effect of ordinary antihypertensive therapy on nocturnal high blood pres-
sure in patients with sleep disordered breathing. Am. J. Hypertens. 11, 272–279.
doi: 10.1016/S0895-7061(97)00469-X

Pépin, J. L., Tamisier, R., Barone-Rochette, G., Launois, S. H., Lévy, P., and Baguet,
J. P. (2009). Comparison of continuous positive airway pressure and valsartan
in hypertensive patients with sleep apnea. Am. J. Respir. Crit. Care Med. 182,
954–960. doi: 10.1164/rccm.200912-1803OC

Peppard, P. E., Young, T., Palta, M., and Skatrud, J. (2000). Prospective study of
the association between sleep-disordered breathing and hypertension. N. Engl.
J. Med. 342, 1378–1384. doi: 10.1056/NEJM200005113421901

Pepperell, J. C., Ramdassingh-Dow, S., Crosthwaite, N., Mullins, R., Jenkinson, C.,
Stradling, J. R., et al. (2002). Ambulatory blood pressure after therapeutic and
sub-therapeutic nasal continuous positive airway pressure for obstructive sleep
apnea: a randomised parallel trial. Lancet 359, 204–210. doi: 10.1016/S0140-
6736(02)07445-7

Perry, J. C., Bergamaschi, C. T., Campos, R. R., Andersen, M. L., Casarini, D. E.,
and Tufik, S. (2011). Differential sympathetic activation induced by intermittent
hypoxia and sleep loss in rats: action of angiotensin (1-7). Auton. Neurosci. 160,
32–36. doi: 10.1016/j.autneu.2010.11.006

Perry, J. C., D’Almeida, V., Souza, F. G., Schoorlemmer, G. H., Colombari, E., and
Tufik, S. (2007). Consequences of subchronic and chronic exposure to intermit-
tent hypoxia and sleep deprivation on cardiovascular risk factors in rats. Respir.
Physiol. Neurobiol. 156, 250–258. doi: 10.1016/j.resp.2006.10.004

Phillips, C. L., and O’Driscoll, D. M. (2013). Hypertension and obstructive sleep
apnea. Nat. Sci. Sleep 5, 43–52. doi: 10.2147/NSS.S34841

Phillips, S. A., Olson, E. B., Lombard, J. H., and Morgan, B. J. (2005). Chronic
intermittent hypoxia alters norepinephrine reactivity and mechanics of skeletal
muscle resistance arteries. J. Appl. Physiol. 100, 1117–1123. doi: 10.1152/jap-
plphysiol.00994.2005

Pimenta, E., and Oparil, S. (2012). Renal sympathetic denervation for treat-
ment of hypertension. Curr. Treat. Options Cardiovasc. Med. 14, 127–135. doi:
10.1007/s11936-012-0166-9

Prabhakar, N. R., Fields, R. D., Baker, T., and Fletcher, E. C. (2001). Intermittent
hypoxia: cell to system. Am. J. Physiol. Lung Cell Mol. Physiol. 281, L524–L528.

Prabhakar, N. R., Peng, Y. J., Jacono, F. J., Kumar, G. K., and Dick, T. E. (2005).
Cardiovascular alterations by chronic intermittent hypoxia: importance of
carotid body chemoreflexes. Clin. Exp. Pharmacol. Physiol. 32, 447–449. doi:
10.1111/j.1440-1681.2005.04209.x

Ray, A. D., Magalang, U. J., Michlin, C. P., Ogasa, T., Krasney, J. A., Gosselin, L. E.,
et al. (2007). Intermittent hypoxia reduces upper airway stability in lean but not
obese Zucker rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 293, R372–R378.
doi: 10.1152/ajpregu.00038.2007

Robinson, G. V., Langford, B. A., Smith, D. M., and Stradling, J. R. (2008).
Predictors of blood pressure fall with continuous positive airway pressure
(CPAP) treatment of obstructive sleep apnea (OSA). Thorax 63, 855–859. doi:
10.1136/thx.2007.088096

Robinson, G. V., Smith, D. M., Langford, B. A., Davies, R. J., and Stradling, J.
R. (2006). Continuous positive airway pressure does not reduce blood pres-
sure in nonsleepy hypertensive OSA patients. Eur. Respir. J. 27, 1229–1235. doi:
10.1183/09031936.06.00062805

Rosa, D. P., Martinez, D., Picada, J. N., Semedo, J. G., and Marroni, N. P. (2011).
Hepatic oxidative stress in an animal model of sleep apnoea: effects of different
duration of exposure. Comp. Hepatol. 10:1. doi: 10.1186/1476-5926-10-1

Ryan, S., Taylor, C. T., and McNicholas, W. T. (2005). Selective activation of inflam-
matory pathways by intermittent hypoxia in obstructive sleep apnea syndrome.
Circulation 112, 2660–2667. doi: 10.1161/CIRCULATIONAHA.105.556746

Sajkov, D., and McEvoy, R. D. (2009). Obstructive sleep apnea and
pulmonary hypertension. Prog. Cardiovasc. Dis. 51, 363–370. doi:
10.1016/j.pcad.2008.06.001

Salejee, I., Tarasiuk, A., Reder, I., and Scharf, S. M. (1993). Chronic upper airway
obstruction produces right but not left ventricular hypertrophy in rats. Am. Rev.
Respir. Dis. 148, 1346–1350. doi: 10.1164/ajrccm/148.5.1346

Salo, T. M., Kantola, I., Voipio-Pulkki, L. M., Pelttari, L., and Viikari, J. S. (1999).
The effect of four different antihypertensive medications on cardiovascular reg-
ulation in hypertensive sleep apneic patients—assessment by spectral analysis of

Frontiers in Physiology | Integrative Physiology September 2014 | Volume 5 | Article 361 | 22

http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive


Diogo and Monteiro Antihypertensive drugs in CIH conditions

heart rate and blood pressure variability. Eur. J. Clin. Pharmacol. 55, 191–198.
doi: 10.1007/s002280050617

Schneider, H., Schaub, C. D., Chen, C. A., Andreoni, K. A., Schwartz, A. R., Smith,
P. L., et al. (2000). Effects of arousal and sleep state on systemic and pulmonary
hemodynamics in obstructive apnea. J. Appl. Physiol. 88, 1084–1092.

Schulz, R., Murzabekova, G., Egemnazarov, B., Kraut, S., Eisele, H. J.,
Dumitrascu, R., et al. (2014). Arterial hypertension in a murine model
of sleep apnea: role of NADPH oxidase 2. J. Hypertens. 32, 300–305. doi:
10.1097/HJH.0000000000000016

Seravalle, G., Mancia, G., and Grassi, G. (2014). Role of the sympathetic nervous
system in hypertension and hypertension-related cardiovascular disease. High
Blood Press. Cardiovasc. Prev. 21, 89–105. doi: 10.1007/s40292-014-0056-1

Shantha, G. P., and Pancholy, S. B. (2014). Effect of renal sympathetic denervation
on apnea-hypopnea index in patients with obstructive sleep apnea: a systematic
review and meta-analysis. Sleep Breath 1–6. doi: 10.1007/s11325-014-0991-z

Sharpe, A. L., Andrade, M. A., Herrera-Rosales, M., Britton, S. L., Koch, L. G., and
Toney, G. M. (2013). Rats selectively bred for differences in aerobic capacity have
similar hypertensive responses to chronic intermittent hypoxia. Am. J. Physiol.
Heart Circ. Physiol. 305, H403–H409. doi: 10.1152/ajpheart.00317.2013

Silva, A. Q., and Schreihofer, A. M. (2011). Altered sympathetic reflexes and vas-
cular reactivity in rats after exposure to chronic intermittent hypoxia. J. Physiol.
589, 1463–1476. doi: 10.1113/jphysiol.2010.200691

Solini, A., and Ruilope, L. M. (2013). How can resistant hypertension be identified
and prevented? Nat. Rev. Cardiol. 10, 293–296. doi: 10.1038/nrcardio.2013.23

Soukhova-O’Hare, G. K., Ortines, R. V., Gu, Y., Nozdrachev, A. D., Prabhu, S.
D., and Gozal, D. (2008). Postnatal intermittent hypoxia and developmental
programming of hypertension in spontaneously hypertensive rats: the role of
reactive oxygen species and L-Ca2+ channels. Hypertension 52, 156–162. doi:
10.1161/HYPERTENSIONAHA.108.110296

Suchecki, D., and Tufik, S. (2000). Social stability attenuates the stress in the mod-
ified multiple platform method for paradoxical sleep deprivation in the rat.
Physiol. Behav. 68, 309–316. doi: 10.1016/S0031-9384(99)00181-X

Sun, X., Luo, J., and Xiao, Y. (2014). Continuous positive airway pressure is
associated with a decrease in pulmonary artery pressure in patients with
obstructive sleep apnoea: a meta-analysis. Respirology 19, 670–674. doi: 10.1111/
resp.12314

Sunderram, J., and Androulakis, I. P. (2012). Molecular mechanisms of chronic
intermittent hypoxia and hypertension. Crit. Rev. Biomed. Eng. 40, 265–278. doi:
10.1615/CritRevBiomedEng.v40.i4.30

Tahawi, Z., Orolinova, N., Joshua, I. G., Bader, M., and Fletcher, E. C. (2001).
Altered vascular reactivity in arterioles of chronic intermittent hypoxic rats. J.
Appl. Physiol. 90, 2007–2013.

Tamisier, R., Gilmartin, G. S., Launois, S. H., Pépin, J. L., Nespoulet, H., Thomas,
R., et al. (2009). A new model of chronic intermittent hypoxia in humans:
effect on ventilation, sleep, and blood pressure. J. Appl. Physiol. 107, 17–24. doi:
10.1152/japplphysiol.91165.2008

Tamisier, R., Pépin, J. L., Rémy, J., Baguet, J. P., Taylor, J. A., Weiss, J. W.,
et al. (2011). 14 nights of intermittent hypoxia elevate daytime blood pressure
and sympathetic activity in healthy humans. Eur. Respir. J. 37, 119–128. doi:
10.1183/09031936.00204209

Tanné, F., Gagnadoux, F., Chazouilleres, O., Fleury, B., Wendum, D., Lasnier, E.,
et al. (2005). Chronic liver injury during obstructive sleep apnea. Hepatology
41, 1290–1296. doi: 10.1002/hep.20725

Tartar, J. L., McKenna, J. T., Ward, C. P., McCarley, R. W., Strecker, R. E., and
Brown, R. E. (2010). Sleep fragmentation reduces hippocampal CA1 pyrami-
dal cell excitability and response to adenosine. Neurosci. Lett. 469, 1–5. doi:
10.1016/j.neulet.2009.11.032

Tilkian, A. G., Guilleminault, C., Schroeder, J. S., Lehrman, K. L., Simmons,
F. B., and Dement, W. C. (1976). Hemodynamics in sleep-induced apnea.
Studies during wakefulness and sleep. Ann. Intern. Med. 85, 714–719. doi:
10.7326/0003-4819-85-6-714

Toth, L. A., and Bhargava, P. (2013). Animal models of sleep disorders. Comp. Med.
63, 91–104.

Totoson, P., Fhayli, W., Faury, G., Korichneva, I., Cachot, S., Baldazza, M., et al.
(2013). Atorvastatin protects against deleterious cardiovascular consequences
induced by chronic intermittent hypoxia. Exp. Biol. Med. (Maywood) 238,
223–232. doi: 10.1177/1535370212473696

Troncoso Brindeiro, C. M., da Silva, A. Q., Allahdadi, K. J., Youngblood, V., and
Kanagy, N. L. (2007). Reactive oxygen species contribute to sleep apnea-induced

hypertension in rats. Am. J. Physiol. Heart Circ. Physiol. 293, H2971–H2976. doi:
10.1152/ajpheart.00219.2007

Tsioufis, C., Dimitriadis, K., Thomopoulos, C., Doumas, M., Papademetriou, V.,
and Stefanadis, C. (2014). Renal and cardiac effects of renal sympathetic dener-
vation and carotid baroreceptor stimulation. Curr. Vasc. Pharmacol. 12, 55–62.
doi: 10.2174/15701611113119990144

Tsioufis, C., Kasiakogias, A., Thomopoulos, C., Manolis, A., and Stefanadis, C.
(2010). Managing hypertension in obstructive sleep apnea: the interplay of con-
tinuous positive airway pressure, medication and chronotherapy. J. Hypertens.
28, 875–882. doi: 10.1097/HJH.0b013e328336ed85

Ukena, C., Mahfoud, F., Ewen, S., Cremers, B., Laufs, U., and Böhm, M. (2013).
Renal denervation in the treatment of hypertension. Curr. Hypertens. Rep. 15,
363–369. doi: 10.1007/s11906-013-0363-2

Urban, D., Ewen, S., Ukena, C., Linz, D., Böhm, M., and Mahfoud, F. (2013).
Treating resistant hypertension: role of renal denervation. Integr. Blood Press.
Control. 6, 119–128. doi: 10.2147/IBPC.S33958

Van Dongen, H. P., Maislin, G., Mullington, J. M., and Dinges, D. F. (2003). The
cumulative cost of additional wakefulness: dose-response effects on neurobe-
havioral functions and sleep physiology from chronic sleep restriction and total
sleep deprivation. Sleep 26, 117–126.

Varounis, C., Katsi, V., Kallikazaros, I. E., Tousoulis, D., Stefanadis, C., Parissis, J.,
et al. (2014). Effect of CPAP on blood pressure in patients with obstructive sleep
apnea and resistant hypertension: a systematic review and meta-analysis. Int. J.
Cardiol. 175, 95–98. doi: 10.1016/j.ijcard.2014.04.240

Wang, T. J., and Vasan, R. S. (2005). Epidemiology of uncontrolled
hypertension in the United States. Circulation 112, 1651–1662. doi:
10.1161/CIRCULATIONAHA.104.490599

Ward, C. P., McCoy, J. G., McKenna, J. T., Connolly, N. P., McCarley, R. W., and
Strecker, R. E. (2009). Spatial learning and memory deficits following exposure
to 24 h of sleep fragmentation or intermittent hypoxia in a rat model of obstruc-
tive sleep apnea. Brain Res. 1294, 128–137. doi: 10.1016/j.brainres.2009.07.064

Witkowski, A., Prejbisz, A., Florczak, E., Kądziela, J., Śliwiński, P., Bieleń,
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