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Study Objectives: The carbonic anhydrase inhibitor acetazolamide (AZT) modulates blood pressure at high altitude and reduces sleep-disordered breathing
in patients with obstructive sleep apnea (OSA). We aimed to investigate the treatment effect of AZT and in combination with continuous positive airway

pressure (CPAP) on blood pressure in patients with hypertension and OSA.

Methods: In a prospective, randomized, three-way crossover study, 13 male patients with hypertension and moderate to severe OSA (age 64 + 7 years, body
mass index 29 + 4 kg/m?, and mean apnea-hypopnea index 37 + 23 events/h) received AZT, CPAP, or AZT plus CPAP for 2-week periods. Antihypertensive
medication was washed out. Office and 24-hour blood pressure, arterial stiffness, polygraphic sleep study data, and blood chemistry were compared.
Results: AZT alone and AZT plus CPAP, but not CPAP alone, reduced office mean arterial pressure compared to baseline (-7 [95% CI 11 to -4], -7 [95%
Cl =11 to -4] and -1 [95% CI -5 to 4] mmHg, respectively; repeated- measures analysis of variance (RM-ANOVA; P = .015). Aortic systolic pressure and
augmentation index, assessed by radial artery oscillatory tonometry, were unaffected by CPAP but decreased after AZT and AZT plus CPAP (RM-ANOVA

P =.030 and .031, respectively). The apnea-hypopnea index was significantly reduced in all three treatment arms, most prominently by AZT plus CPAP
(RM-ANOVA P = .003). The reduction of venous bicarbonate concentration following AZT was correlated with the change of apnea-hypopnea index (r = 0.66,

P=.013).

Conclusions: AZT reduced blood pressure, vascular stiffness, and sleep-disordered breathing in patients with OSA and comorbid hypertension. Carbonic
anhydrase inhibition may constitute a potential target for drug therapy in patients with sleep apnea and comorbid hypertension.

Clinical Trial Registration: Registry: ClinicalTrials.gov; Identifier: NCT02220803; Title: A Short Term Open, Randomized Cross-over Trial Exploring the
Effect of Carbonic Anhydrase Inhibition by Acetazolamide on Sleep Apnea Associated Hypertension and Vascular Dysfunction; URL: https://clinicaltrials.gov/
ct2/show/NCT02220803 and Registry: EU Clinical Trials Register; EudraCT Number: 2013-004866-33; Title: A short term open, randomized cross over trial
exploring the effect of carbonic anhydrase inhibition by acetazolamide on sleep apnea associated hypertension; URL: https://www.clinicaltrialsregister.eu/

ctr-search/search?query=2013-004866-33
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BRIEF SUMMARY

Current Knowledge/Study Rationale: A pharmacological therapy of obstructive sleep apnea (OSA) is lacking. The effectiveness of the carbonic
anhydrase inhibitor acetazolamide to reduce blood pressure in patients with hypertension and OSA has not been systematically investigated.
Study Impact: In this randomized crossover study, we found that acetazolamide alone or in combination with continuous positive airway pressure
(CPAP) significantly reduced blood pressure and vascular stiffness compared to CPAP in patients with moderate to severe OSA who had withdrawn
antihypertensive medication. In addition, acetazolamide decreased the apnea-hypopnea index by 42% and this reduction was associated with

a decrease of bicarbonate concentration. Our findings suggest that carbonic anhydrase related mechanisms may be involved in blood pressure
regulation and sleep-disordered breathing in patients with OSA and comorbid hypertension.

INTRODUCTION

Obstructive sleep apnea (OSA) is a common disorder associ-
ated with excessive daytime sleepiness as well as cardiovas-
cular and metabolic disease.! Comorbid systemic hypertension
(HT) is particularly frequent” and recent guidelines rank OSA
as the single most common cause of secondary HT.? Continu-
ous positive airway pressure (CPAP), the primary choice of
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treatment in OSA, is associated with limited adherence* and
has only a moderate effect on elevated blood pressure (BP)’ or
for the prevention of secondary cardiovascular events in pa-
tients with OSA, most of whom were hypertensive.® Conven-
tional antihypertensive medication reduces BP in patients with
HT and sleep apnea but has little effect on existing OSA sever-
ity.”? Hence, add-on CPAP treatment is needed to effectively
treat sleep-disordered breathing in these patients.
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The ubiquitous enzyme carbonic anhydrase (CA) facilitates
production, transport, and elimination of carbon dioxide (CO,)
via reversible catalysis of the hydration of CO, into bicarbonate
(HCO;").!1? CA thereby plays a fundamental role for the extent
of tissue acidification and maintenance of blood gas stability.
We have previously reported that higher CA activity in whole
blood was associated with apnea severity in patients with
OSA." Pharmacological inhibition of CA, by acetazolamide
(AZT) or other CA inhibitory drugs, induced a reduction of
OSA that may be attributed to respiratory stimulation follow-
ing tissue acidification.’*”"* Moreover, several studies demon-
strated that CA activity influences vascular tone in a manner
suggesting that CA may be involved in BP modulation.!-'® We
recently demonstrated an association between CA activity and
BP in patients with OSA' and the CA inhibitor zonisamide
reduced BP in a subgroup of patients with OSA and comorbid
HT." In addition, AZT was found to prevent BP elevation in
both healthy subjects" and patients with OSA?**' during high-
altitude sojourns. Hence, it is possible that the mechanisms re-
lated to CA activity directly may contribute to BP regulation in
patients with OSA and HT.

To our knowledge the use of AZT, alone or in combination
with CPAP, to reduce BP in patients with HT and OSA has
not been systematically explored. In the current study, we in-
vestigated the treatment effect of AZT, CPAP, and AZT plus
CPAP on BP and sleep apnea in patients with moderate to se-
vere OSA and comorbid HT (after antihypertensive medica-
tion withdrawn). The adherence-adjusted treatment efficacy of
CPAP and AZT was also compared.'>?

METHODS

The study was presented in accordance with the CONSORT
criteria.” The protocol was approved by the Ethics Committee
at the University of Gothenburg (977-13) and was registered at
ClinicalTrials.gov (NCT02220803) as well as European Clini-
cal Trials Database (EudraCT: 2013-004866-33). A written in-
formed consent was obtained from each study participant prior
to study entry.

Study Design

This was a single-center, open, randomized, crossover trial.
Following screening (Visit 1), antihypertensive medications
were withdrawn. Patients received, in randomized order,
AZT, CPAP, or a combination of AZT and CPAP during three
2-week periods separated by 2-week washout periods (baseline
assessments at Visits 2, 4, and 6 and treatment assessments at
Visits 3, 5, and 7). Variables recorded in conjunction with each
study visit included office and 24-hour BP, arterial stiffness as-
sessed by a noninvasive arteriograph system, overnight sleep
polygraphy, and anthropometrics. Blood samples including
HCO; were obtained at each visit and questionnaires (Epworth
Sleepiness Scale [ESS]** and Functional Outcomes of Sleep
Questionnaire [FOSQ]*) were collected. AZT was titrated to a
maximum of 750 mg/d and maintained in the 500-750 mg in-
terval in accordance with individual clinical tolerability. CPAP
was administered using the default setting of the autoregulated
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algorithm in the 5—15 cm H,O pressure range. Side effects were
continuously monitored.

Study Participants

A total of 14 male patients with OSA, treated systemic HT, and
planned for CPAP treatment at the Department of Sleep Medi-
cine, Sahlgrenska University Hospital were recruited for study
participation. The inclusion criteria were male sex, age 1875
years, ongoing antihypertensive medication (minimum one
medication), an apnea-hypopnea index (AHI) of > 15 events/h,
a body mass index < 35 kg/m? and an ESS score > 6. Exclu-
sion criteria were hypersensitivity to ongoing medication and/
or with other sulfonamides, seizure disorders, unstable car-
diovascular, pulmonary, or gastrointestinal disease, impaired
renal or hepatic function, depression, or any form of abuse.
Patients with documented severe nocturnal hypoxemia (> 10
episodes with an oxygen desaturation [SpO,] below 50%), with
a sleepiness-related potential occupational hazard or therapy-
resistant hypertension were excluded. One patient was ex-
cluded due to excessive blood pressure (systolic blood pressure
[SBP] > 165 mmHg and diastolic blood pressure [DBP] > 95
mmHg) during the washout period.

Study Procedures

The randomization list was open and generated by an indepen-
dent monitor, blinded to the study protocol, at the University
Hospital Clinical Research Center. Medications were washed
out 14 days prior to randomization. Supine office SBP and DBP
and heart rate (HR) were determined in accordance with rec-
ommended guidelines.”® Twenty-four—hour BP assessments
were performed on the days prior to the study visits. Mean ar-
terial pressure (MAP) was calculated as one-third of the SBP
plus two-thirds of the DBP. The radial artery oscillatory to-
nometry was applied in the morning following the sleep study
to assess central hemodynamics and arterial stiffness.”” The
overnight ambulatory polygraphic recording was performed at
the patient’s home preceding each study visit. Habitual sleep
time was calculated as the mean of the lights-off to lights-on
time recorded during the six study visits.

Blood Pressure Assessment

Office SBP/DBP was assessed in the supine position after
10 minutes of rest at each study site visit. An appropriately
sized cuff was placed on the right arm at the heart level and
blood pressure was determined to the nearest | mmHg. The
mean of three automated sequential recordings (Omron M6,
Omron Healthcare, Kyoto, Japan) was used to express value
entries. HR was expressed as beats per minute. Twenty-four—
hour BP assessment (Watch BP03 device, Microlife, Widnau,
Switzerland) was performed on the days prior to the study vis-
its. Automatic assessments, with the cuff placed on the non-
dominant arm, were made every 15 minutes during daytime
(9:00AM—10:00PM) and every 20 minutes during the night
(10:00PM—9:00 AMm).

Vascular Function Assessment

Arterial stiffness and central hemodynamic parameters were as-
sessed by oscillometric tonometry (Arteriograph, TensioMed,
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Hungary) at the radial artery. All measurements were recorded
during fasting conditions between 8:00 AM—12:00 AM in a tem-
pered room and in a semirecumbent position after 10 minutes
of rest.

Sleep Study

The polygraphic sleep recording (Embletta X10, Embla, Colo-
rado, United States) montage consisted of a nasal cannula, tho-
rax and abdominal respiratory effort belts, and a finger pulse
oximeter. Sleep and respiratory events were manually scored
by one experienced technician (blinded to the protocol and
otherwise not involved in any study procedure) according to
the American Academy of Sleep Medicine criteria.”® In de-
tail, apnea events were scored if there was a > 90% decrease
in the amplitude of airflow. Hypopnea events were scored if
there was a > 50% reduction in airflow associated with a > 3%
oxygen saturation (SpO,) drop. Minimum event duration of 10
seconds was required. AHI was calculated as the total number
of apnea and hypopnea events divided by analysis time (lights
off to lights on during the recording session). Oxygen desatura-
tion index (ODI) was calculated as the total number of events
with a > 3% reduction of SpO, divided by analysis time. Mean
nocturnal minimum SpQO, was calculated from pulse oximetry
during the analysis period.

Drug Titration and Adherence Assessment
Acetazolamide (Diamox, Mercury Pharmaceuticals Ltd,
London, United Kingdom) was titrated starting with 250 mg
b.i.d. (morning and 2 hours prior to bedtime) for 3 consecu-
tive days and titrated to 250 mg t.i.d. during the remaining 2
study weeks. Adherence was assessed by tablet count. CPAP
was administered using autotitrating devices (S9TM, ResMed
Ltd, Sydney, Australia) in accordance with established clini-
cal routines. CPAP adherence was assessed at the end of each
treatment period by readouts from the built-in memory card of
the device and reported in terms of mean hours of use (aver-
aged to a nightly mean for the respective treatment period).
Side effects and safety were continuously monitored through-
out the entire study period. Safety measures were assessed
during each study visit, and patients were advised to contact
the study center in case adverse events/side effects occurred
between study visits.

Sample Size Estimation and Efficacy Variables

The sample size calculation was based on a previous study ex-
amining the effects of CPAP and a CA inhibitory drug on BP."
In detail, we assumed the difference in the relative reduction
(treatment minus baseline) of office MAP between AZT and
CPAP would exceed 8 mmHg, with a standard deviation of 10
mmHg. With a power of 80% for detecting a group difference
(a two-sided 5% significance level), 14 patients should be in-
cluded in this crossover study. The primary efficacy variable
was the change in office BP during the AZT, CPAP and AZT
plus CPAP treatment regimens. Secondary objectives included
24-hour BP, daytime vascular function, sleep-disordered
breathing (AHI, ODI as well as mean and minimum overnight
SpO,, venous blood gases, and subjective measures of daytime
sleepiness and sleep quality (ESS and FOSQ).
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In a subsequent post hoc analysis, the change in AHI and
ODI in the AZT group was adjusted for mean study drug ad-
herence (%). The effect of CPAP on sleep apnea was corrected
for adherence with therapy (h/night) by habitual subjective
sleep length in order to reflect the overall apnea exposure dur-
ing the treatment.

Statistics

Statistical analysis was conducted using SPSS version 22
(IBM Corp., Armonk, New York, United States). Data were
analyzed as per protocol. The Shapiro-Wilk test was used to
assess normality of data. The pre-post treatment effect was as-
sessed by paired ¢ test. Between-groups comparison at baseline
was analyzed using analysis of variance (ANOVA). Analysis
of difference between interventions over time was conducted
using repeated-measures ANOVA (RM-ANOVA) with Bon-
ferroni adjustment for post hoc analysis. Spearman correlation
was used to assess the associations between variables. Data
are presented as mean + standard deviation or mean and 95%
confidence interval (CI). A value of P < .05 was considered
statistically significant.

RESULTS

Thirteen male subjects were included in the final analysis (age
64 + 7 years, body mass index 29 + 4 kg/m? and mean AHI
37 £ 23 events/h; Figure 1). The mean values on prescribed
antihypertensive medication prior to wash-out period were of-
fice SBP/DBP: 146 + 14/82 + 9 mmHg and HR: 65 + 12 bpm.
For information regarding antihypertensive medication and
comorbidities prior to the study see Table S1 in the supple-
mental material. The mean study drug daily doses during the
AZT and AZT plus CPAP period were 659 + 91 and 658 + 91
mg, respectively. Mean CPAP usage was 4.8 +2.2 and 5.0+ 2.0
h/night and the mean pressure was 7.7 = 1.8 and 7.7 = 1.8 cm
H,O for the CPAP and AZT plus CPAP periods, respectively.
The mean reported habitual sleep time was 7.3 + 1.2 h/night.
One patient from the AZT plus CPAP treatment period was ex-
cluded due to poor study adherence. The three baseline assess-
ments did not differ with respect to anthropometrics, office and
24-hour BP, hemodynamic characteristics, or sleep-disordered
breathing (Table 1).

Primary Outcome Analysis

Compared to baseline, AZT plus CPAP, AZT but not CPAP
treatment significantly reduced office MAP (=7 [95% CI —11
to —4], =7 [95% CI —11 to —4] and —1 [95% CI =5 to 4] mmHg,
P = .001, .001 and .69, respectively; Figure 2). Both AZT
and AZT plus CPAP treatment reduced office SBP and MAP
whereas it remained unchanged after CPAP therapy (RM-
ANOVA P = .024 and .015, respectively; Table 2). There was
a statistical trend toward a difference in office DBP among the
three interventions (P = .053). Change of office HR did not
differ among the groups. The 24-hour SBP, MAP, DBP, and
HR did not differ between the three interventions although
there was a trend for 24-hour MAP and DBP (RE-ANOVA
P = .088 and .092 respectively). There was no difference in
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Figure 1—Study flow chart.
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AZT = acetazolamide, CPAP = continuous positive airway pressure.

the nighttime and daytime 24-hour BP with regard to ther-
apy given. Overall office BP after AZT, CPAP, or AZT plus
CPAP was similar to that of the screening visit (before an-
tihypertensive medication washout). The office SBP after
CPAP therapy was numerically higher than AZT, AZT plus
CPAP, and screening periods but this difference did not reach
statistical significance (ANOVA P = .073; Table S2 in the
supplemental material).

Hemodynamic and Arterial Stiffness Parameters

Compared to baseline, AZT plus CPAP, AZT but not CPAP
treatment significantly reduced aortic SBP and aortic aug-
mentation index (Table 2 and Figure 2). Brachialis aug-
mentation index reduced after AZT plus CPAP treatment
(P =.020). There was a statistical difference among treatments
in aortic SBP and aortic augmentation index but not brachialis
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augmentation index (RM-ANOVA P = .030, .031 and .203,
respectively).

Sleep-Disordered Breathing Parameters

CPAP, AZT, and AZT plus CPAP all significantly reduced
AHI and ODI and improved nighttime oxygenation (all
P < .05; Table 2). There was a significant difference in AHI,
ODI, mean SpO,, and minimum SpO, among treatments
(RM-ANOVA P = .003, .018, .009, and .002, respectively).
The resolution of AHI and ODI was more pronounced with
AZT plus CPAP compared with AZT (post hoc P = .011 and
.030, respectively). Compared to baseline, AZT reduced AHI
by 42% (95% CI, 26 to 59) and ODI by 46% (95% CI, 29 to
63). Both mean and minimum SpO, were increased after AZT
(1% [95% CL, 0 to 3] and 3% [95% CL, 1 to 5], P = .009 and
.011, respectively).
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Table 1—Patient characteristics at baseline following washout of medication during the three study conditions.

CPAP (n=13) AZT (n=13) AZT Plus CPAP (n=12) P
Body mass index (kg/m?) 294+39 294+40 294 +39 538
Epworth Sleepiness Scale score 73 9+4 8+5 104
Office SBP (mmHg) 155+ 13 156 + 9 154 +13 909
Office MAP (mmHg) 107 £ 10 109+8 108 +7 608
Office DBP (mmHg) 84 + 11 86+ 10 85+9 444
Office HR (bpm) 64 + 11 61+6 61+8 567
Mean 24-hour SBP (mmHg) 139+9 137 £12 139+ 11 606
Mean 24-hour MAP (mmHg) 102+8 101+9 102+9 495
Mean 24-hour DBP (mmHg) 858 83+9 83+8 373
Mean 24-hour HR (bpm) 679 68+8 66+7 .788
Apnea-hypopnea index (events/h) 35+24 38+19 40+ 18 704
Oxygen desaturation index (events/h) 37+24 38+19 38+18 714
Mean SpO; (%) 92+3 92+3 92+3 402
Minimum SpO, (%) 748 759 758 794
SBPao (mmHg) 165 + 26 169 + 20 158 £ 19 192
AlXao (%) 39+ 16 40+ 15 40 £13 .388
AlXbra (%) 3£32 5+30 5+25 390
HCO;™ (mmollL) 26.2+1.2 264+1.0 266+2.2 657

Data shown as mean + standard deviation. AlXao = aortic augmentation index, AlXbra = brachialis augmentation index, AZT = acetazolamide,
CPAP = continuous positive airway pressure, DBP = diastolic blood pressure, HCO;™ = venous standard bicarbonate, HR = heart rate, MAP = mean arterial
pressure, SBP = systolic blood pressure, SBPao = aortic systolic blood pressure, SpO, = oxygen saturation.

Figure 2—Hemodynamic changes following CPAP, acetazolamide, and acetazolamide plus CPAP treatments.
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refer to comparison within groups. CPAP = continuous positive airway pressure.

The overall therapeutic effect in sleep apnea was adjusted ~ in the CPAP group corresponded to 66 + 27% of reported
for adherence to therapy and treatment efficacy in a post hoc ~ habitual sleep time. The adherence to pharmacological
analysis. The time with effective positive pressure treatment  therapy was 95 + 7% and 95 + 8% in the AZT and AZT
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Table 2—Treatment effects of three interventions.

CPAP AZT AZT Plus CPAP P
Body mass index (kg/m?) 2(-0.1t00.4) -0.4 (-0.5t0-0.2) -0.4 (-0.6 to -0.1) .0012b
Epworth Sleepiness Scale score O (-1t02) -1(-2to 1) 0(-2t02) 695
Office SBP (mmHg) -2 (-81t05) -11 (=16 to -5) -11(-18t0 -3) 024
Office MAP (mmHg) -1(-5t0 4) -7 (-11to -4) -7 (-11to-4) 015
Office DBP (mmHg) 0(-5t05) -5(-9to-1) -5(-8t0-2) .053
Office HR (bpm) 0(-4to4) 2(1to4) 2(0to4) 559
Mean 24-hour SBP (mmHg) 2(-3t08) -4 (-11t03) -7(-15t0 1) .188
Mean 24-hour MAP (mmHg) 2(-2t05) -3 (-7to1) -5(-10to 1) .088
Mean 24-hour DBP (mmHg) 1(-1to4) -2(-5to 1) -4 (-8to 1) .092
Mean 24-hour HR (bpm) 0(-2t03) 0( 310 3) -2(-4to1) 519
Apnea-hypopnea index (events/h) -31(-44 to -18) -15(-22 to -8) -39 (-50 to -27) .003¢
Oxygen desaturation index (events/h) -34 (-50 to -18) -16 (-23 to -8) -35 (-46 to -24) .018°¢
Mean SpO; (%) 3(1tod) 1(0to03) 4 (3t 6) .009°
Minimum SpO; (%) 15 (9 to 20) 3(1to5) 12 (7 t0 17) .0022¢
SBPao (mmHg) 2(-141017) -17 (-27 to -6) -13(-24 to -2) .0302
AlXao (%) 3 (-4 t0 10) -7 (-12t0 -2) -7 (-12to -1) .031°
AlXbra (%) 5(-81019) -8 (-28to 12) -13(-24 to 3) 203
HCO;™ (mmollL) 0.1(-0.8t00.9) -6.8 (-7.4t0 -6.1) -7.0(-781t0 - <.001a°

Data shown as mean (95% confidence interval). Superscript letters indicate: a = P < .05 for AZT to CPAP comparison, b = P < .05 for AZT plus CPAP
to CPAP comparison, ¢ = P < .05 AZT to AZT plus CPAP comparison. AlXao = aortic augmentation index, AlXbra = brachialis augmentation index,
AZT = acetazolamide, DBP = diastolic blood pressure, HCO;™ = venous standard bicarbonate, HR = heart rate, MAP = mean arterial pressure, SBP = systolic
blood pressure, SBPao = aortic systolic blood pressure, SpO, = oxygen saturation.

Figure 3—Reduction in AHI.
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Interaction Between Bicarbonate, Hemodynamic
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Variables and OSA After AZT

AZT alone or in combination with CPAP reduced HCO;", pH,
and base excess concentration (all P < .01; Table 2 and Table
S3 in the supplemental material). The reduction of HCO;™ con-
centration, following AZT, was correlated with the reduction
of AHI (Spearman correlation, » = 0.66 P = .013; Figure 4).

plus CPAP group, respectively. After adjustment of adher-
ence, there was no significant difference between the AZT
and CPAP treatment periods in terms of net AHI reduction
(Figure 3).
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There was no association between the change of OSA severity
and any hemodynamic variable studied after AZT.

Subjective Outcome Measures, Side Effects and Safety
The ESS and FOSQ scores remained unchanged in all treat-
ment groups. The most frequently reported adverse events
were paresthesia (46%, 33%, and zero) and dyspepsia (31%,
25%, and zero) during the AZT, AZT plus CPAP, and CPAP-
alone treatment, respectively (Table S4 in the supplemental
material). The intensity of side effects was mild and in part
controlled by dose reduction if applicable. There was no early
study termination due to side effects.

DISCUSSION

In this prospective randomized crossover study, compared to
CPAP, 2-week treatment of AZT or AZT plus CPAP reduced
office SBP/MAP and improved arterial stiffness (reduction of
aortic augmentation index) in patients with OSA and estab-
lished hypertension. Unlike other antihypertensive medica-
tions,” the CA inhibitor AZT reduced AHI by 42% and the
improvement was associated with a reduction of HCO; ", a sur-
rogate marker of CA activity. In line with previous findings,'""*
our study supports the notion that altered CA activity may
constitute a potential mechanism for BP regulation in OSA.
This randomized controlled trial also suggests that a combined
pharmacological CA inhibition and mechanical therapy may
induce cardiovascular effects that potentially provide benefits
on top of AHI reduction by CPAP in patients with HT and OSA.

Epidemiological and clinical data suggest a strong associa-
tion between OSA and arterial HT, in particular therapy-re-
sistant HT.?*3! However, results from randomized controlled
studies in patients with HT and OSA suggested that the BP
reduction effect of CPAP may be limited.®**% However,
some*** but not all studies™® reported AHI reduction after
antihypertensive treatment in patients with HT and OSA, but
the effectiveness seems modest. Although limited in size, our
study is the first to show that clinically relevant reduction of
both BP and AHI may be achieved by pharmacological CA
inhibition. In our study we found a potent reduction not only
of blood pressure but also arterial vascular stiffness after AZT
in patients with OSA. A similar BP lowering effect was pre-
viously shown in patients with HT and OSA after treatment
with the CA inhibitor zonisamide.”® The exact mechanism be-
hind the hypotensive effect of CA inhibition by AZT in OSA
remains unclear but several explanations may be considered.
First, CA inhibition may cause tissue hypercapnia and a sub-
sequent compensatory vasodilatory response aiming to reduce
CO, levels.’*® Second, the CA inhibitor AZT exhibits weak
diuretic properties, possibly reflected by a slight body weight
reduction in the current study, which in part may have con-
tributed to the lowering of BP.*° Third, a previous experimen-
tal study reported a rapid vasodilation after AZT in a forearm
flow model.** A modulation of membranous calcium-activated
potassium channels as well as altered nitric oxide metabolism
was proposed as possible mechanisms behind this vasodila-
tory response.'®7*! These findings indicate that BP reduction
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by AZT suggests that CA mechanisms may contribute to BP
regulation in OSA.

The treatment effect of AZT on OSA in our study supports
previous findings in uncontrolled studies'> ™ as well as a con-
trolled study at high altitude. However, the current study spe-
cifically addressed patients with OSA and unmedicated HT.
Several therapeutic mechanisms of AZT in OSA have been
proposed. The CA inhibitor AZT is known to induce meta-
bolic acidosis following a reduction of renal tubular hydrogen
ion secretion along with an increased secretion of sodium, po-
tassium, HCO;, and water.!? In addition, reduced conversion
of CO, into HCO;™ leads to increased tissue and blood CO,
concentration compatible with increased ventilatory drive.?
Indeed, AZT has been shown to reduce loop gain in OSA.™ It
may be speculated that a strong ventilatory response to arousal,
in association with high CA activity, may cause instability of
the control of breathing during sleep. In fact, the extent of
HCOj5™ reduction following AZT in our study was found to be
linearly related to the degree of improvement of OSA. Another
mechanism relates to the fact that several CA inhibitors such
as AZT exhibit diuretic properties and may thereby reduce the
extracellular fluid volume, which would result in a reduction of
caudal to rostral fluid displacement during sleep and horizontal
body positioning. This effect may have contributed to a relative
reduction of upper airway collapsibility in OSA.*>* It is worth
noticing that the reduction of OSA by AZT in the current con-
trolled trial was comparable to that obtained by adherence-ad-
justed CPAP therapy, suggesting that pharmacological therapy
may be feasible in patients with OSA intolerant to CPAP.

The current study had several specific strengths. The pro-
spective crossover design with different treatment conditions
provides a powerful way to ascertain whether AZT acts via
OSA improvement alone or via other mechanisms. Further-
more, the study contained a washout of antihypertensive medi-
cation that enabled us to preclude any influence of medication
on the intervention. Vascular function (eg, arterial stiffness)
was assessed. Study limitations included the small sample size,
an open-label design, and the rather short treatment period of
2 weeks that may have led to an underestimation of the actual
treatment effect of CPAP on respiration and BP. Polysomnogra-
phy was not performed in the study; hence, the effect of AZT on
sleep in unknown. Finally, neither female subjects nor patients
with HT without OSA were studied in the current protocol.

CONCLUSIONS

This is, to our knowledge, the first study with a controlled de-
sign to compare the effect of AZT and CPAP, alone or in com-
bination, on BP and respiratory disturbance in patients with
HT and OSA. CA inhibition by AZT led to a reduction of BP
and vascular stiffness, which was superior to that observed
after CPAP. Conversely, CPAP was more effective than AZT
in terms of OSA elimination, but this difference was reduced
after adjustment for adherence to therapy. Our findings suggest
that CA activity influences BP regulation and sleep-disordered
breathing in patients with OSA. Larger placebo-controlled
clinical trials addressing both effect and long-term outcome
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are warranted to fully explore the potential of CA-inhibitory

drug therapies in OSA.

ABBREVIATIONS

AHI, apnea-hypopnea index

AZT, acetazolamide

BP, blood pressure

CA, carbonic anhydrase

CI, confidence interval

CO,, carbon dioxide

CPAP, continuous positive airway pressure
DBBP, diastolic blood pressure

ESS, Epworth Sleepiness Scale

FOSQ, Functional Outcomes of Sleep Questionnaire
HCOjs", bicarbonate

HR, heart rate

HT, hypertension

MAP, mean arterial pressure

ODI, oxygen desaturation index

OSA, obstructive sleep apnea
RM-ANOVA, repeated-measures ANOVA

—_
o
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SBP, systolic blood pressure
SpO,, oxygen saturation
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