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INCREASED CARBONIC ANHYDRASE ACTIVITY ASSOCIATED WITH SLEEP APNEA

Increased Carbonic Anhydrase Activity is Associated with Sleep Apnea Severity

and Related Hypoxemia

Tengyu Wang, MD; Davoud Eskandari, MSc; Ding Zou, MD, PhD; Ludger Grote, MD, PhD; Jan Hedner, MD, PhD

Center for Sleep and Vigilance Disorders, Department of Internal Medicine and Clinical Nutrition, Sahlgrenska Academy, University of Gothenburg,
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Study Objectives: The catalytic function of the enzyme carbonic anhydrase (CA) plays a fundamental role in carbon dioxide (CO,), proton
(H*), and bicarbonate (HCO,) homeostasis. Hypoxia and tissue acidosis have been proposed to increase physiological CA activity in various
compartments of the body. We hypothesized that CA activity in blood is upregulated in patients with obstructive sleep apnea (OSA).

Design: Cross-sectional analysis of a sleep clinic cohort.

Settings: Sleep laboratory at a university hospital.

Participants: Seventy referred patients with suspected OSA (48 males, age 54 + 13y, apnea-hypopnea index (AHI) median [interquartile range]
21 [8-41] n/h).

Interventions: N/A.

Measurements and Results: In-laboratory cardiorespiratory polygraphy was used to assess OSA. CA activity was determined by an in vitro
assay that quantifies the pH change reflecting the conversion of CO, and H,O to HCO, and H*. CA activity was positively associated with AHI
and 4% oxygen desaturation index (ODI4) (Spearman correlation r = 0.44 and 0.47, both P < 0.001). The associations (CA activity versus logAHI
and CA versus logODI4) were independent of sex, age, body mass index, presleep oxygen saturation, nocturnal oxygen saturation, hypertension
status, and use of diuretic medication in two generalized linear models (P = 0.007 and 0.011, respectively). Sitting diastolic blood pressure was
associated with CA activity after adjustment of sex, age, body mass index, mean oxygen saturation, and AHI (P = 0.046).

Conclusions: Carbonic anhydrase (CA) activity increased with apnea-hypopnea index and related nocturnal hypoxemia measures in patients with
obstructive sleep apnea (OSA). Altered CA activity may constitute a component that modulates respiratory control and hemodynamic regulation

in patients with OSA.
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INTRODUCTION

Obstructive sleep apnea (OSA) characterized by repetitive
upper airway collapse is associated with intermittent hypoxia,
hyperventilation, and transient arousals from sleep. These
consequences of OSA promote autonomic and neurohumoral
activation, oxidative stress, and inflammation which con-
tribute to increased cardiovascular and metabolic morbidities
in OSA.2

The enzyme carbonic anhydrase (CA) catalyzes intercon-
version of carbon dioxide (CO,) and water into carbonic acid,
protons (H"), and bicarbonate (HCOy). At least 16 CA isoen-
zymes have been characterized in mammals. A specific role
of CA in respiration and ventilatory control is suggested by
the presence of various CA isoforms in lung and brain cap-
illary endothelium, kidney, muscle, carotid bodies, and cen-
tral chemosensitive areas in the rostroventrolateral medulla
oblongata.>* In the erythrocyte membrane and cytoplasm
the prevailing isoforms are CA I and II and the majority of
CO, hydration is performed by CA I1.5 Several physiological
stressors such as acclimatization to chronic hypoxia at high
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altitude, intense physical exercise, and hyperventilation have
been associated with altered levels of CA activity.®® Patients
with OSA are exposed to numerous apnea/hypopnea episodes
and cyclical changes of hypoxia/hyperoxia and hypocapnia/
hypercapnia during sleep. However, the potential effect of
these repetitive changes on blood CA activity has not been
studied. Moreover, in patients with OSA, pharmacological in-
hibition of CA has been shown to reduce apneic events both at
low and high altitude.” "'

In the current study, we analyzed the association between
whole blood CA activity and sleep apnea in a clinical popula-
tion of patients with suspected OSA. We hypothesized that
OSA is associated with increased CA activity in a manner
proportional to the severity of the disease. The associa-
tion between CA activity and blood pressure (BP) was also
investigated.

METHODS

Study Population

Patients referred to the Department of Sleep Medicine at
the Sahlgrenska University Hospital with suspected OSA were
randomly recruited in the study (n = 74). Patients with a known
history of chronic obstructive pulmonary disease or an obe-
sity hypoventilation condition were excluded from the analysis
(n = 4). All other relevant comorbidity was determined and
medication records were reviewed and documented. The study
protocol was approved by the Regional Ethics Committee for
Human Research at the University of Gothenburg. Informed
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Figure 1—Change of pH in two typical study patients and the control
condition using reference blank in the bioassay. The shaded area shows
the area under the curve calculated to represent carbonic anhydrase
(CA) activity in patient A. In this illustration patient A exhibited a higher
CA activity compared with patient B.

oral and written consent was obtained from all participants
prior to study procedures.

Study Protocol

All patients in the current protocol had been referred to
the sleep laboratory and all study-related investigations took
place in association with a full night attended cardiorespira-
tory polygraphic recording (Embletta, Embla, Buffalo, NY,
USA). Sitting systolic/diastolic BP and heart rate were mea-
sured in the evening before sleep recording. A venous blood
sample was obtained in the morning immediately following
the sleep study.

Sleep Study

The polygraphic recording montage consisted of a nasal
cannula, thorax and abdominal respiratory effort belts, and
finger pulse oximeter. Apnea-hypopnea events were manu-
ally scored according to the American Academy of Sleep
Medicine (AASM) criteria 2007.1> Apnea events were scored
if there was a > 90 % decrease in the amplitude of airflow.
Hypopnea events were scored if there was a > 30% reduc-
tion in airflow associated with a > 3% oxygen desaturation.
A minimum event duration of 10 sec was required. Apnea-
hypopnea index (AHI) was defined by total number of events
divided by analysis time (lights off to lights on during the
recording session). Oxygen desaturation index (ODI4) was
defined as total number of events with a > 4% reduction of
oxygen saturation per hour. Mean nocturnal oxygen satura-
tion (SpO,) was calculated as the mean oxygen saturation
measured by pulse oximetry during analysis time. The mean
SpO, of the first 3 min of the polygraphic recording was clas-
sified as presleep SpO,.

CA Activity Assessment

Venous blood samples (antecubital vein) were collected
in EDTA (Ethylenediaminetetraacetic acid) -coated tubes.
Whole blood was stored within 30 min at —20°C and subse-
quently transferred to —70°C. Prior to analysis, samples were
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slowly thawed, refrozen, and rethawed on ice in order to obtain
hemolysis. The assay was adapted from a method previously
described by Everaert et al."® In detail, a buffer consisting of
0.02M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid), 0.02M MES (2-(N-morpholino)ethanesulfonic
acid), 0.035M potassium chloride (KCl), and 0.015M sodium
chloride (NaCl) with a balanced capacity in the pH 6—8 range
was prepared. The subsequent analysis was conducted on ice
in order to maintain an ambient temperature around zero to
1°C. A separate solution constituting of 200 ml of zero to 1°C
distilled water was continuously flushed with 100% CO, and
kept at zero to 1°C for at least 30 min. The blood sample was
diluted (1:2000) in saline (0.9%) and 10 mL of the sample was
applied into a separate reaction vessel containing 10 ml of the
buffer solution. A calibrated pH meter (Docu-pH+, Sartorius,
Sweden) was used to continuously monitor pH in the reaction
vessel. A baseline pH of 8.00 + 0.03 was established during ap-
proximately 5 min at zero to 1°C. Ten mL of the CO,/distilled
water solution was rapidly added into the reaction vessel to
yield a final volume of 30 ml. The pH in the reaction vessel was
continuously monitored at 1 Hz during 120 sec and graphically
displayed (Figure 1). The analysis method was calibrated by
duplicate samples and repeated measurements. The intra-assay
and interassay variability was 5.0% and 7.6%, respectively.

pH curves were plotted and analyzed by self-developed
software. In order to reflect time of the catalyzed reaction we
calculated the area under the curve (AUC, range 802—837) as
the sum of all pH assessments during 120 sec. Hence, a higher
CA activity corresponds to a lower calculated value (shorter re-
action time). For illustrative purposes CA activity was defined
in arbitrary units as 850-AUC.

BP and Heart Rate Assessment

Systolic/diastolic BP and heart rate were determined after a
minimum of 5 min rest (Omron M6, Omron Healthcare, Kyoto,
Japan). An appropriately sized cuff was placed on the right arm
at the heart level. Systolic and diastolic BP (nearest | mmHg)
was determined as the mean of two sequential recordings.
Heart rate was expressed as beats per min (bpm).

Statistics

Statistical analysis was performed using IBM SPSS 20
(SPSS Inc, Chicago, IL, USA). The Kolomogorov-Smirnov
test was used to determine the distribution of the data. Vari-
ables were expressed in median and interquartile range (IQR)
or mean =+ standard deviation (SD). Spearman correlation was
used to study the associations between CA activity, AHI, and
ODI4. Pearson correlation was used to study the relationship
between CA activity, nocturnal oxygen saturation, and sys-
tolic/diastolic BP. Mann-Whitney U test and Kruskal-Wallis
test were used for group comparisons. AHI and ODI4 were
logarithmized in order to enable parametric statistics. Two
multivariate generalized linear models (using logAHI and lo-
gODI4 as the dependent variable respectively) controlling for
age, sex, body mass index, hypertension status, use of diuretic
medication, presleep, and mean nocturnal SpO, were used to
address the independent association between CA activity and
OSA severity. Because CA in part is an intraerythrocytic en-
zyme,’ hemoglobin concentration was controlled in a subgroup
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Table 1—Study participant characteristics.
Non-OSA Mild OSA Moderate OSA Severe OSA
All Patients 5 <AHI 5<AHI<15 15<AHI<30 30 < AHI
(n=70) (n=15) (n=11) (n=16) (n=28)
Male sex (%) 68.6 46.7 63.6 75.0 78.6
Age (y) 53.7+129 54.5+13.2 56.6 + 12.2 546 +14.7 51.5+12.1
Body mass index (kg/m?) 300+56 28376 217154 288+34 324147
Systolic blood pressure (mmHg) 137.7£20.0 132.5+£19.0 136.3+£22.3 137.6 £21.7 1411 +£19.0
Diastolic blood pressure (mmHg) 83.8+£11.0 785+85 83.6+14.2 83689 87.0+11.1
Treated hypertension (%) 45.7 26.7 54.5 43.8 53.6
Apnea-hypopnea index (n/h) 21 [8-41] 2[1-3] 10 [8-13] 20 [17-28] 44 [36-62]
4% oxygen desaturation index (n/h) 21[5-42] 3[2-5] 9[4-13] 20 [13-24] 44 [35-60]
Presleep oxygen saturation (%) 94 +2 95+2 95+2 93+2 93+3
Mean nocturnal oxygen saturation (%) 932 95+2 94 +2 932 912
Epworth Sleepiness Scale 115 107 115 106 114
Carbonic anhydrase activity (units) 288+84 23755 252+83 27.3+6.0 339185
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Figure 2—Box plots of carbonic anhydrase activity in relation to obstructive sleep apnea severity class (Kruskal-Wallis test). (A) Apnea-hypopnea index
(AHI) severity category. (B) Quartiles [range] of 4% oxygen desaturation index.

of 46 patients with known hemoglobin value. The statistical
significance level was set to P < 0.05.

RESULTS

Patient Characteristics

A total of 70 patients were included in the study. Character-
istics of participants are shown in Table 1. A history of hyper-
tension, other cardiovascular disease (coronary artery disease/
stroke), or diabetes was found in 46%, 19%, and 4% of pa-
tients, respectively. The use of beta-blockers, calcium-channel
blockers, diuretics, angiotensin-converting enzyme inhibitors,
and angiotensin II blockers was 24.3, 11.4, 18.6, 17.1, and 5.7%,
respectively, in the patient cohort.

Association between Sleep Apnea and CA Activity
The CA activity in patients without OSA (AHI < 5) and
patients with mild (5§ < AHI < 15), moderate (15 < AHI < 30)
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and severe (AHI > 30) OSA was 23.7 £ 5.5, 25.2 + 8.3,
27.3 £6.0, and 33.9 + 8.5 units, respectively (Kruskal-Wallis
test, P = 0.001, Figure 2A). The difference was significant
between the severe and the non-OSA groups (Mann-Whitney
U test, P < 0.001). CA activity increased in a dose-response
manner along with ODI4 quartile (Kruskal-Wallis test,
P < 0.001, Figure 2B). CA activity was higher in the two
highest quartiles compared with the lowest quartile (Mann-
Whitney U test, for Q3 P=0.001 and for Q4 P <0.001). There
was a positive correlation between CA activity and AHI/
ODI4 (Spearman correlation, r = 0.44 and 0.47, respectively,
both P < 0.001, Figure 3A and 3B) as well as LogAHI/Lo-
gODI4 (see Figure S1 and Figure S2, supplemental material).
Mean nocturnal SpO, was negatively associated with CA ac-
tivity (Pearson correlation, R> = 0.091, P = 0.011, see Figure
S3, supplemental material). In two separate generalized
linear models controlling for age, sex, body mass index, pre-
sleep oxygen saturation, mean nocturnal SpO,, hypertension
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Figure 3—Spearman correlation between carbonic anhydrase activity and obstructive sleep apnea severity: (A) carbonic anhydrase activity and apnea-
hypopnea index. (B) Carbonic anhydrase activity and 4% oxygen desaturation index.

4% oxygen desaturation index (n/h)

Cl, confidence interval.

Beta Value
Male sex -0.028
Treated hypertension 0.058
Diuretics usage 0.049
Age -0.007
Body mass index 0.005
Presleep oxygen saturation 0.029
Mean nocturnal oxygen saturation -0.124
Blood carbonic anhydrase activity 0.020

Standard Error 95% CI P
0.129 -0.281 10 0.225 0.83
0.142 -0.220 t0 0.335 0.68
0.164 -0.273 10 0.371 0.77
0.005 -0.016 to 0.003 0.16
0.011 -0.017 t0 0.026 0.67
0.031 -0.031t0 0.089 0.35
0.030 -0.183 to -0.064 <0.001
0.007 0.006 to 0.035 0.007

Table 2—Generalized linear model 1: the association between logAHI and blood carbonic anhydrase activity controlling for sex, age, body mass index,
presleep oxygen saturation, mean nocturnal oxygen saturation, hypertension status, and use of diuretic medication.

Table 3—Generalized linear model 2: the association between logODI4 and blood carbonic anhydrase activity controlling for sex, age, body mass index,
presleep oxygen saturation, mean nocturnal oxygen saturation, hypertension status, and use of diuretic medication.

Beta Value Standard Error 95% Cl P
Male sex 0.082 0.116 -0.144 t0 0.309 0.48
Treated hypertension 0.039 0.126 -0.208 to 0.286 0.76
Diuretics usage 0.021 0.146 -0.265 t0 0.308 0.88
Age -0.007 0.004 -0.015 to 0.002 0.12
Body mass index 0.023 0.010 0.003 to 0.042 0.021
Presleep oxygen saturation 0.014 0.027 -0.040 to 0.067 0.62
Mean nocturnal oxygen saturation -0.118 0.027 -0.171 t0 -0.065 <0.001
Blood carbonic anhydrase activity 0.017 0.007 0.004 to 0.030 0.011
Cl, confidence interval.
status, and use of diuretic medication, CA activity was found Sitting BP and CA Activity

to be significantly associated with logAHI and logODI4
(P =0.007 and P = 0.011, respectively, Table 2 and Table 3).
This association remained significant after controlling for
hemoglobin concentration (see Table S1 and Table S2, sup-
plemental material).
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In a post hoc analysis accounting for all patients irrespec-
tive of hypertension status, CA activity was positively associ-
ated with resting diastolic BP (Pearson correlation, R?=0.142,
P =0.001), but not systolic BP (P =0.098) (Figure 4A and 4B).
Ina generalized linear model adjusting for sex, age, body mass

Increased CA Activity in OSA—Wang et al.
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Figure 4—Carbonic anhydrase activity in relation to (A) sitting diastolic blood pressure and (B) sitting systolic blood pressure. Filled circles depict patients
on antihypertensive treatment, while open circles represent patients without treatment.
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index, mean SpO,, and AHI, CA activity was significantly as-
sociated with diastolic BP (B =0.32, P =0.046). There was no
interaction between use of antihypertensive medication and
CA activity in relation to diastolic BP (P = 0.096).

DISCUSSION

In the current study we have shown that whole blood CA
activity was related to the severity of sleep apnea and the de-
gree of nocturnal intermittent hypoxia in patients with OSA.
Interestingly, we also found that CA activity was associated
with office diastolic BP independent of AHI. To the best of
our knowledge, this is the first study to quantify CA activity
in patients with OSA. Future studies are warranted to further
explore the association between CA activity and respiratory
control in OSA as well as the possible link between CA ac-
tivity and hemodynamic control in patients with sleep disor-
dered breathing.

The physiological and pathophysiological role of the CA
system in man is complex and multifaceted. Not only are there
multiple isoenzymes of CA but the enzymes appear to be in-
volved in specific functions at various locations in the body."
Previous studies suggest that hypoxia provides an important
influence on CA activity in human and chick embryonic devel-
opment.""® Tissue hypoxemia increased CA I and 1 activity in
the human fetus' and high- altitude hypoxic exposure was as-
sociated with increased CA activity in chicken embryo whole
blood."® We found that lower mean nocturnal SpO,, a marker
of reduced average oxygenation during the night in OSA, was
associated with increased CA activity in whole blood. In addi-
tion, there was an increased CA activity in OSA that was most
evident in patients with severe disease. Several mechanisms
may contribute to the increase of CA activity with hypoxia in
OSA. It has been shown that increased CA synthesis may be
directly induced by a lower oxygen tension at the molecular
level.”” A hypoxia-induced increase of plasma norepinephrine
stimulated the synthesis of red cell CA 1I in chick embryos."”
An alternative possibility is that hypoventilation-induced
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reduction of tissue oxygen tension following oxidative metab-
olism results in acidification of tissue, which in turn induces
elevated activity of enzymes and transporters involved in cel-
lular pH regulation and erythrocyte acid-base handling.® Both
mechanisms would result in increased CA activity in several
compartments of the body.

The effect of altered CA activity on ventilation is multi-
dimensional. Pharmacological inhibition of CA activity may
cause respiratory and metabolic acidosis, stimulate ventila-
tion, increase the ventilatory response to hypoxia, and slow
the rate of the ventilatory response to CO, in man.** Animal
experiments have suggested a role of CA in regulating the
speed and magnitude of the O, and CO, response in the carotid
body.?"?? The effect of increased blood CA on CO, elimination
and ventilatory control in patients with OSA remains unclear.
Injection of CA has been shown to increase catalysis of HCO3-
dehydration and excretion of CO, in rainbow trout after exer-
cise. In a CA Il-deficient mouse model, there was a mixed
respiratory and metabolic acidosis, probably attributed to CA
II deficiency in red blood cells and type II pneumocytes.? It is
likely that sleep apnea events lead to local tissue acidification
and CO, retention. These changes will induce increased tissue
and blood CA activity aiming to maintain acid-base balance by
rapid catalytic hydration of CO, to carbonic acid. However, al-
though upper airway collapsibility is an important determinant
of OSA,* it does not determine the severity of the condition.
Other factors, including ventilatory instability (high “loop
gain”), appear to be important for the frequency of events.?
The ventilatory instability in patients with the most severe
OSA may in part be due to increased CA, as observed in the
current study. This hypothesis is supported by experimental
protocols demonstrating a reduced loop gain and ventilatory
response to arousal after CA inhibition by acetazolamide in
patients with OSA.*"?® Future studies are needed to further
investigate the causal relationship between CA and OSA and
whether elevated CA activity in severe OSA can serve as a
target for novel sleep apnea treatment.

Increased CA Activity in OSA—Wang et al.



We have also demonstrated an association between whole
blood CA activity and diastolic BP independent of sleep apnea,
antihypertensive medication, and conventional confounders.
Several CA isoenzymes have been intimately associated with
physiological regulation of diuresis, fluid shift, vascular resis-
tance, and cardiac contractility.”*? The proposed mechanisms
of action at the molecular level include, but are not limited
to, modulation of membranous calcium-activated potassium
channels (KCa) and nitric oxide metabolism.**% This opens
for the possibility that elevated CA activity may be involved
in hemodynamic control and particularly in cases associated
with hypoxia. It has been shown that reduced CA activity
following CA inhibition by acetazolamide included rapid va-
sodilation in a forearm flow model and reduced pulmonary
vascular resistance in an animal model of chronic hypoxia.’'-3
Moreover, acetazolamide counteracted BP elevation in normo-
tensive subjects at high altitude, suggesting that CA activity
may be involved in blood pressure regulation under hypoxic
conditions.”” The isoenzymes CA I and II, both found in eryth-
rocytes and vascular walls, are particularly relevant in the con-
text of hemodynamic regulation.®® It is also worth noting that
a wealth of data suggests an elevation of sympathetic activity
in OSA.**4 Interestingly, both in vitro and experimental data
suggest that adrenergic agonists induce activation of CA I and
IT in erythrocytes and vascular smooth muscle.* The elevated
CA activity demonstrated in our study may therefore provide
an additive mechanism, on top of sympathetic activation, to
modulate hemodynamic control in OSA. Such a potential in-
teraction needs to be addressed in future detailed studies of
vascular dynamics in patients with OSA.

Several study limitations need to be addressed. Our study
population was a clinical cohort and a normal control group
was lacking in the data analysis. Blood gas assessments were
not performed in the study. The cross-sectional design did not
allow us to draw any conclusions on the causality of the asso-
ciation between apnea severity and CA activity. Future studies
including elimination of OSA by continuous positive airway
pressure are needed to further address this issue. It cannot be
excluded that ongoing medication may have affected CA ac-
tivity. However, an analysis controlling for use of diuretics did
not suggest that this was the case. Our analysis method only
permitted assessment of total CA activity in whole blood. It
remains unknown whether OSA was associated with altera-
tion of specific CA isoenzymes or a change of CA activity in
other compartments of the body. Finally, because of a change
of clinical routines, hemoglobin data were only available in
a subgroup of patients. However, our subgroup analysis sug-
gested that the association between CA activity and apnea se-
verity was independent of hemoglobin concentration.

It is concluded that CA activity was positively associated
with AHI and measures of nocturnal hypoxemia in OSA.
Altered CA activity may also be involved in blood pressure
control and hypertension development in patients with OSA.
Interventional studies are needed to further explore these
associations.
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SUPPLEMENTAL MATERIAL
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concentration (n = 46).

Male sex

Treated hypertension

Diuretics usage

Age

Body mass index

Presleep oxygen saturation

Mean nocturnal oxygen saturation
Blood carbonic anhydrase activity
Hemoglobin

Dependent variable: logAHI. Cl, confidence interval.

Beta Value
-0.125
-0.037

0.079
-0.007
-0.005

0.032
-0.123

0.024

0.000

Standard Error

0.182
0.165
0.193
0.006
0.015
0.037
0.037
0.008
0.007

95% Cl
-0.482 t0 0.233
-0.361 to 0.286
-0.299 to 0.456
-0.019 to 0.004
-0.034 to 0.023
-0.039 to 0.104
-0.196 to -0.050

0.009 to 0.039
-0.014t0 0.013

Table S1—Generalized linear model addressing the association between logAHI and blood carbonic anhydrase activity controlling for sex, age,
body mass index, presleep oxygen saturation, mean nocturnal oxygen saturation, hypertension status, use of diuretic medication, and hemoglobin

0.49
0.82
0.68
0.22
0.72
0.38
0.001
0.002
0.95

concentration (n = 46).

Male sex

Treated hypertension

Diuretics usage

Age

Body mass index

Presleep oxygen saturation

Mean nocturnal oxygen saturation
Blood carbonic anhydrase activity
Hemoglobin

Dependent variable: logODI4. Cl, confidence interval.

Beta Value
-0.050
0.061
0.117
-0.012
0.011
0.023
-0.131
0.020
0.002

Standard Error

0.174
0.157
0.184
0.006
0.014
0.035
0.035
0.007
0.007

95% Cl
-0.392 to 0.291
-0.247 t0 0.370
-0.243t0 0.477
-0.024 to -0.001
-0.016 t0 0.039
-0.045 to 0.092
-0.200 to -0.061

0.006 to 0.034
-0.011t0 0.015

Table S2—Generalized linear model addressing the association between logODI4 and blood carbonic anhydrase activity controlling for sex, age,
body mass index, presleep oxygen saturation, mean nocturnal oxygen saturation, hypertension status, use of diuretic medication, and hemoglobin

0.77
0.70
0.52
0.035
0.42
0.51
<0.001
0.006
0.78
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