Could Adjunctive Pharmacology Mitigate Cardiovascular
Consequences of Obstructive Sleep Apnea?

Najib T. Ayas'?3* Glen E. Foster*®, Neomi Shah®, John Floras’, and Ismail Laher*®

Sleep Disorders Program, 2Division of Respiratory Medicine and ®Division of Critical Care Medicine, Department of Medicine,

and ®Department of Anesthesmlogy, Pharmacology, and Therapeuhcs Faculty of Medicine, University of British Columbia, Vancouver, British
Columbia, Canada; “Canadian Sleep and Circadian Network and °Centre for Heart, Lung, and Vascular Health, School of Health and Exercise
Science, University of British Columbia, Kelowna, British Columbia, Canada; 6D|V|S|or1 of Pulmonary, Critical Care, and Sleep, Department of
Medlcme Icahn School of Medicine at Mount Slna| New York, New York; ‘and "Division of Cardiology, Department of Medicine, University
Health Network and Sinai Health System, University of Toronto, Toronto, Ontario, Canada

Compelling epidemiologic data strongly
implicate obstructive sleep apnea (OSA) in
the development of cardiovascular disease
(CVD) independent of obesity, diabetes,
hypertension, and other documented risk
factors (1). On the basis of studies of animals
exposed to chronic intermittent hypoxia
(CIH) and humans with OSA, several
potential mechanisms have been proposed,
including oxidative stress, systemic
inflammation, increased sympathetic
nervous system activity, activation of the
renin-angiotensin-aldosterone system
(RAAS), peripheral chemoreceptor reflex
neuroplasticity, dysfunction of nitric oxide
(NO) regulation, increased expression of
cell adhesion molecules, and dyslipidemia
(2). Despite this substantial body of evidence,
OSA is not incorporated into any
contemporary cardiovascular risk
algorithm (3). The consequence of the
absence of this “risk equivalent” may

be the underestimation, in patients with
OSA but without comorbidities such as
hypertension and diabetes, of future but
modifiable risk. In addition, no randomized
controlled trial to date has documented a
significant reduction in cardiovascular
events when OSA is treated by continuous
positive airway pressure (CPAP). Therefore,
the current clinical equipoise invites the
hypothesis that the coadministration of
pharmacologic adjunctive therapy could
counter this increased cardiovascular risk by
targeting adverse downstream physiologic
and biochemical consequences of
incompletely treated OSA.

The main utility of CPAP is in
effectively relieving OSA-associated
symptoms. However, in the general
population and in clinic populations, many
patients with OSA do not complain of
sleepiness (4), and the overall usefulness
of CPAP in these patients is unclear. In
the SAVE (Sleep Apnea Cardiovascular
Endpoints) study (5), patients with a
history of coronary artery/cerebrovascular
disease and moderate to severe OSA were
randomized to CPAP or usual care alone.
In the intention-to-treat analysis, CPAP
prescription did not reduce the rate of the
composite cardiovascular events compared
with usual care alone, with a hazard ratio of
1.10 (95% confidence interval, 0.91-1.32;
P=0.34). Of note, the average adherence to
CPAP was only 3.3 h/night, or less than
half the time asleep, suggesting that
significant periods of OSA remained
untreated. Furthermore, a recent systematic
review and meta-analysis (10 clinical trials;
N=7,266) concluded that the use of CPAP
compared with no or sham treatment
was not associated with reduced risk of
cardiovascular outcomes or death in
patients with OSA (6). These results create
an opportunity for other approaches for
stand-alone therapy (e.g., in patients who
cannot adhere to CPAP) or as adjunct
therapy to CPAP to reduce cardiovascular
events in these patients.

In this pulmonary perspective article,
we describe a potentially innovative
treatment approach with the goal of CVD
reduction in OSA. Specifically, adjunctive

pharmaceutical agents (alone or in
combination) could target the downstream
consequences of OSA. We focus on three
drug classes (statins, antioxidants, and
angiotensin receptor antagonists) that may
be of particular relevance (Figure 1). We
acknowledge that this is not an exhaustive
list and that other drugs, such as 3-blockers,
cyclooxygenase inhibitors, vitamin D,
angiotensin-converting enzyme inhibitors,
imidazoline receptor antagonists, and
mineralocorticoid receptor antagonists, may
also be useful in this regard. For example,
aspirin has both antiinflammatory and
antithrombotic properties. Even though
recent trials have suggested minimal effects
in terms of primary CVD prevention with
excessive bleeding risks (7), these patients
were not screened for OSA, and aspirin
might still be beneficial in OSA, particularly
if given before bedtime (8, 9). Also, our
discussion does not include drugs aimed at
improving OSA by stimulating upper airway
tone or improving breathing stability (10),
nor does it include lifestyle interventions
such as diet or exercise.

The Case for Statins

In addition to their powerful lipid-lowering
effects, statins (inhibitors of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase) have
pleiotropic properties, including reducing
oxidative stress, atherosclerotic plaque
inflammation, vascular smooth muscle
proliferation, and platelet aggregation. In
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Figure 1. Proposed mechanisms whereby statins, antioxidants, and angiotensin Il type | receptor
(AT4R) antagonists might protect against the effects of chronic intermittent hypoxia (CIH). Cross-
marks denote where each drug class may offer benefit. Blue = statin; green = antioxidant;

red = angiotensin |l type | receptor antagonist. CVD = cardiovascular disease; ROS = reactive

oxygen species.

addition, they improve endothelial function
(11) and reduce blood pressure (12) and
central sympathetic outflow (13). Totoson
and colleagues (14) studied the impact of
CIH for 14 and 28 days on vascular injury
in rats and determined whether statin
administration prevented vascular injury
in the setting of CIH. They found that
systolic arterial pressure was significantly
higher in rats exposed to 14 days of CIH;
however, simultaneous atorvastatin
treatment eliminated the CIH-induced
increase. Atorvastatin prevented adverse
changes in carotid artery compliance and
endothelial function after 28 days of CIH.
Moreover, the increases in carotid intima-
media thickness in rats exposed to CIH
were annulled by atorvastatin.

Emin and colleagues (15) studied
venous endothelial cells from 76 untreated
patients with OSA and 52 without OSA.
Patients with OSA had increased internalization
of the antiinflammatory cell surface protein
CD59 compared with patients without
OSA. This decrease in the cell surface
concentrations of CD59 leaves endothelial
cells in patients with OSA more prone to
inflammatory damage. However, patients
with OSA treated with statins had preserved
concentrations of surface CD59 and were
similar to those of the control patients

552

without OSA, suggesting that concomitant
statin therapy in OSA was beneficial.

To date, only one multicenter
randomized controlled trial of statin therapy
has examined the impact of short-term
statin use in untreated patients with OSA
(16). In this study, 51 patients with severe
OSA (defined as an apnea-hypopnea index
=30/h) were randomized to atorvastatin
(40 mg/d) or placebo for 12 weeks. In the
intention-to-treat analysis, atorvastatin did
not significantly improve the primary endpoint
(reactive hyperemia index using peripheral
arterial tonometry, a surrogate of endothelial
function). However, systolic blood pressure
and cholesterol levels improved significantly
with atorvastatin. Whether the combination
of CPAP and statin therapy would have
beneficial effects on CVD in OSA is unknown
and requires further investigation (17).
Furthermore, initiating statin therapy earlier
may help mitigate the proatherosclerotic
influence of OSA, thereby minimizing the
vascular remodeling induced by CIH.

The Case for Antioxidants

Reactive oxygen species (ROS) are highly
reactive molecules characterized by an
unpaired electron in their outer atomic shell

(18). Under conditions of oxidative stress,
concentrations of ROS can increase
dramatically and can overwhelm the
antioxidant capacity for detoxification (19).
ROS can damage a variety of cellular
molecules, including proteins, DNA, RNA,
and lipids, which in turn can cause
membrane damage, cell death, apoptosis,
and activation of inflammation (20).
Oxidative stress is a contributor to CVD,
and ROS play a role in mediating the
adverse effects of many cardiovascular
risk factors, including diabetes, obesity,
smoking, and air pollution (21).

Owing to ischemia and subsequent
reperfusion, patients with OSA have
increased degrees of oxidative stress in
response to CIH (22). Oxidative stress in
OSA correlates with markers of CVD,
including reduced flow-mediated dilation,
arterial thickening, and hypertension (23).
Furthermore, rodents exposed to CIH
consistently show increased oxidative stress
(24), in addition to systemic inflammation,
vascular endothelial dysfunction, and
atherosclerosis (25, 26).

Oxidative stress could be an important
pathogenic pathway for the development of
premature CVD in patients with OSA.
Targeting oxidative stress may be useful;
however, few studies have addressed this
issue (27). In rodent CIH studies, treatment
with antioxidants (pitavastatin, allopurinol,
vitamin C/E, and tempol) improves
markers of oxidative stress (28). In a
study of 20 patients with OSA who
were randomized to the antioxidant
N-acetylcysteine or control for 1 month,
treatment reduced lipid peroxidation, a
marker of oxidative stress (29). In another
study, a single dose of intravenous vitamin C
improved endothelial function as measured
by brachial artery flow-mediated dilation in
10 patients with OSA (30).

Given the evidence described above,
antioxidants may be beneficial in reducing
oxidative stress and improving endothelial
function in patients with OSA. Ideally, one
consideration would be using an antioxidant
with antiinflammatory properties that is
able to access sites of ROS production. The
antioxidant o-lipoic acid has advantages
that may be useful in patients with OSA:
It has little toxicity; is able to scavenge
mitochondrial ROS; is able to upregulate
the transcription of cellular antioxidant
enzymes; can lead to regeneration of
endogenous vitamin C; and, importantly,
has potent antiinflammatory effects (31).
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Importantly, human trials of dietary
antioxidants such as vitamins C and E have
shown little improvement in cardiovascular
health and may potentially be harmful (32).
However, the prevalence of OSA in such
trials is unknown, and the possibility that
the benefits of antioxidants are specific

to such individuals remains untested. A
current concept is that antioxidant therapy
is best targeted at patients who manifest
increased oxidative stress; ROS are essential
for cellular function, and thus antioxidant
use in patients who are not in a state of
oxidative stress could theoretically be
harmful. Studying these types of agents in
the context of OSA may thus be useful.

The Case for Angiotensin
Receptor Blockers

An important driver of increased
cardiovascular risk in OSA includes the
activation of the sympathetic nervous
system by the carotid chemoreceptor reflex
through mechanisms dependent on
activation of AT R (Ang-II [angiotensin II]
type I receptor). In OSA, higher sympathetic
nerve activity is observed during the day,
and it can be reduced by hyperoxia,
suggesting that tonic carotid chemoreflex
activation is an important upstream
mediator (33). In animals and humans, CIH
exposure leads to an increase in carotid
chemoreflex activity that contributes to
hypertension, oxidative stress, and
endothelial dysfunction. CIH leads to greater
activation of the renal (34) as well as local
RAAS systems found within the carotid
body and central cardiovascular centers
(35-38). Circulating Ang-II activates the
AT R on the carotid body and centrally at
the subfornical organ to further augment
sympathetic nerve activity (37). Interestingly,
CIH also increases AT R expression on the
endothelium and, when activated by Ang-II,
leads to greater oxidative stress, reduced NO
bioavailability, and endothelial dysfunction
(39-41). Historical studies demonstrated
that rodents exposed to CIH developed
hypertension through a mechanism
dependent on activation of the AT;R and
the carotid chemoreflex (42). In this section,
we review evidence for cardiovascular
protection by ATR blockade based on
studies conducted in animals and humans
exposed to CIH and in patients with OSA.
Angiotensin-converting enzyme inhibitors
may also be useful in this context, but they
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have not been as well studied as AT,R
receptor blockers with respect to OSA.
CIH-induced increases in chemoreflex
activity may contribute to sympathetic
activation and hypertension in animals and
humans. Repetitive stimulation of AT,R in
the carotid body results in long-lasting
afferent activity in the carotid body, called
“sensory long-term facilitation” (43). This
activity likely contributes to the long-lasting
sympathetic outflow and the development
of hypertension in patients with sleep-
disordered breathing. When humans are
exposed acutely to intermittent hypoxia
(IH), sympathetic nerve activity is increased
and remains elevated even after its removal,
and this effect can be abolished by a single
dose of losartan (100 mg) to block the
AT/R (44). Likewise, humans exposed to
IH for as short as 6 hours to as long as
28 days develop lasting elevations in blood
pressure, similar to the hypertension
induced by OSA (45-48). When the AT,R
is blocked with losartan, the IH-induced
augmentation in blood pressure is
abolished (49). Similar improvements in
blood pressure are observed in patients
with OSA. In an 8-week randomized
controlled crossover trial in 23 hypertensive
patients with OSA (apnea-hypopnea index,
29 *+ 18/h), valsartan, another AT R
blocker, was compared with CPAP with
respect to blood pressure reduction (50).
The reduction in mean arterial pressure
with CPAP was similar to that in other
trials (—2.1 = 4.9 mm Hg; P <0.01);
however, the improvement in mean arterial
pressure with valsartan was much greater
(—9.1 = 7.2 mm Hg), with a difference
between treatments of —7.0 mm Hg (95%
confidence interval, —10.9 to —3.1 mm Hg;
P <0.001). A more recent trial comparing
the effectiveness of losartan in reducing blood
pressure in patients with hypertension with
(n=55) and without OSA (n=36) reported
that losartan was less effective in reducing
blood pressure in patients with OSA (51).
However, supplemental CPAP treatment
had no additional benefit in 24-hour mean
arterial pressure (except in highly compliant
patients), suggesting that losartan was as
effective as CPAP in treating hypertension
in OSA. Finally, losartan was tested in a
6-week randomized trial in 86 patients with
hypertension who had moderate to severe
OSA (52). AT,R blockade further reduced
blood pressure in patients adequately
treated with CPAP. Interestingly,
chemoreflex sensitivity and sympathetic

activity were not affected by AT R
blockade, but this may have been because
patients had already been treated effectively
with CPAP for more than 3 months
before study enrollment.

Impaired endothelial function and
vascular reactivity in patients with OSA may
contribute to their heightened risk for CVD,
and this too is modifiable by blockade of
the AT R. Activation of the ATR leads
to ROS generation, and therefore its
blockade improves endothelial function (22).
Endothelial dysfunction (including decreased
bioavailability of NO) and inflammation
can occur as a result of increased production
of ROS after CIH. Indeed, animals and
humans exposed to IH have increased
markers of oxidative stress, nitrosative stress,
and reduced NO bioavailability. Blockade
of AT,Rs with losartan reduces ROS
production, normalizes NO bioavailability,
and restores endothelial function (39-41).
Interestingly, IH exposure in humans
augments the number of plasma exosomes
released from the endothelium (53). When
these exosomes are applied to IH-naive
human endothelial cells in culture, they
directly impair NO synthase expression.
This effect is absent when IH-naive human
endothelial cells are pretreated with losartan,
suggesting a protective influence on the
endothelium (54). In a small group of
patients with OSA (n=11) with low CVD
risk, endothelial function (as measured by
flow-mediated dilation) was reduced and
AT/R expression on the vascular endothelium
was upregulated compared with control
patients without OSA (n=10) (41). Both
measurements were normalized by CPAP
therapy. When ex vivo tissue samples were
studied for superoxide production, application
of losartan was beneficial, suggesting that
oxidative stress in the vasculature can be
improved by treatment with losartan.

A significant number of patients with
OSA are already being preferentially
prescribed AT R blockers for the treatment
of hypertension. By reducing sympathetic
activation, decreasing oxidative stress,
improving endothelial function, and
preventing the hypertensive effects of IH,
AT/R blockade may also benefit patients
with OSA with normal blood pressure. It is
unclear whether such benefits pertain to all
AT/R antagonists as a class or are particular
to specific blockers because such autonomic
and vascular effects may relate to the
magnitude of central nervous system
penetration and pleiotropic properties,
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including ligand activity of the peroxisome
proliferator-activated receptor-v.

Conclusions

OSA exerts multiple adverse physiologic
effects that could initiate or accelerate
the progression of CVD. On the basis of
animal studies, the CIH consequent to
OSA probably has the greatest impact (55),
but arousal and hypercapnia may also
contribute to this increased risk (56, 57).
Nevertheless, further preclinical and human
work is required to assess through what
mechanisms hypercapnia, arousal, and ITH
interact to predispose patients to future
CVD. Because the onset of OSA usually
precedes diagnosis by many years, the
impact of chronicity of CIH and the temporal
window during which cardiovascular risk
may be reversed with pharmaceuticals or
other interventions also need further study.
Contemporary guidelines advocating
treatment of dyslipidemia, hypertension,
and other disorders emphasize the estimate
of a patient’s long-term cardiovascular risk
rather than absolute quantitative thresholds
(3). If OSA is given weight as an
independent CVD risk factor, then its
detection in a patient who would
traditionally be considered low or

borderline risk could trigger
consideration of medication for primary
prevention, in addition to CPAP
treatment. The evidence reviewed
supports the hypothesis that statins,
antioxidants, and angiotensin receptor
antagonists, alone or in combination,
could benefit patients with OSA lacking
contemporary clinical indications for
their specific prescription.

More precise phenotyping of patients
with OSA to identify molecular or
physiologic biomarkers of heightened risk
(e.g., hypoxic burden or inflammatory
markers) (58) could help enrich future
trials and may offer the potential for
individualized precision therapy. Although
OSA can cause inflammation, sympathetic
activation, RAAS activation, and oxidative
stress, there is likely substantial
interindividual variability with respect to
how OSA impacts a particular patient.
Specifically, the impact on these markers
could vary according to OSA severity,
obesity, genetic (59), or other factors.
Though speculative, a high degree of
oxidative stress may identify a patient who
may be more likely to respond to an
antioxidant and a patient with greater
concentrations of inflammatory markers
who may be more likely to respond to
a statin.

There will be many challenges and
considerations in the design of future trials.
One issue may be selection of patients
because many patients with OSA likely have
clinical indications for statins or other
medications. The rigid exclusion of patients
may be problematic for trial design. For
example, given prior studies that have
shown a beneficial impact of statin therapy
in patients with elevated CRP (C-reactive
protein) in large randomized controlled
trials (60), it may be difficult to justify
enrolling patients with elevated CRP in a
trial of statin therapy. However, CRP may
be the marker of the patients with OSA
most likely to respond to a statin, and
exclusion of these patients may result in a
negative trial result. Other pertinent issues
for trial design include whether a single
agent or combination of agents should be
tested; whether patients intolerant of CPAP
should be specifically studied; and whether,
in nonsleepy patients, the allocation of
CPAP also should be randomized (i.e., in a
two-by-two factorial test of CPAP and
drugs, alone and in combination). Closer
collaborations with the cardiology
community will be important to further
advance this field.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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