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Angiotensin Receptor Expression and Vascular Endothelial
Dysfunction in Obstructive Sleep Apnea
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BACKGROUND

Obstructive sleep apnea (OSA) is associated with vascular endothelial
dysfunction (VED) in otherwise healthy patients. The role of renin-angi-
otensin system (RAS) in the OSA induced VED is not well understood.

METHODS

Recently diagnosed OSA patients with very low cardiovascular disease
(CVD) risk (Framingham score <5%) were studied at diagnosis and after
12 weeks of verified continuous positive airway pressure (CPAP) therapy.
Participants underwent biopsy of gluteal subcutaneous tissue at baseline
and after CPAP. Microcirculatory endothelial expression of angiotensin
receptors type-1 (AT-1) and type-2 (AT-2) was measured in the subcu-
taneous tissue using quantitative confocal microscopy techniques. The
ex-vivo effect of AT-1 receptor blockade (ARB) on endothelial superoxide
production was also measured before and after CPAP treatment.

RESULTS
In OSA patients (n = 11), microcirculatory endothelial AT1 expression
decreased from 873 (200) (fluorescence units) at baseline to 393 (59)

Patients with obstructive sleep apnea (OSA) who otherwise
have no apparent cardiovascular disease (CVD) manifest
vascular endothelial dysfunction (VED) that is reversible
with continuous positive airway pressure (CPAP).!3> VED
is the earliest predictor of subsequent development CVD
in the general population.*> Therefore, understanding the
mechanism of VED in OSA is critical to the understanding
and treatment of the cardiovascular consequences of OSA.
Nitric oxide (NO) availability in the vascular endothe-
lium is the critical determinant of endothelial function
and vascular health.*” We recently developed a method for
ex-vivo examination of the microcirculatory endothelium
in OSA patients.! Using this approach, we found decreased
expression of NO and increased production of superox-
ide (O,-) in the microcirculatory endothelium that were
reversible with CPAP. These studies support that dysfunc-
tion in endothelial NO synthase (eNOS) termed “eNOS
uncoupling” occurs in OSA patients who are otherwise

units after 12 weeks of CPAP (P = 0.02). AT2 expression did not decrease
significantly in these patients (479 (75) to 329 (58) post CPAP (P = 0.08)).
The ex-vivo addition of the losartan to the microcirculatory endothe-
lium resulted in decreased superoxide expression in the vascular walls
from 14.2 (2.2) units to 4.2 (0.8) P < 0.001; while it had no effect on post-
CPAP patient tissue (P = 0.64).

CONCLUSIONS

In OSA patients with no to minimal CVD risk, VED is associated
with upregulation of AT-1 expression that is reversible with CPAP.
Endothelial oxidative stress was reversible with ARB. RAS activation
may play an important role in the development of early CVD risk in
OSA patients.
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free of CVD.? eNOS uncoupling occurs in environments
with abundance of oxidants that can modify the function
or structure of eNOS protein.®-!° Consequently, identifica-
tion of the sources of endothelial oxidant stress is important
for understanding the pathogenesis of this abnormality in
the OSA patients endothelium. An important source of
endothelial O,— overproduction is the NADPH oxidase sys-
tem.!! In turn, the renin-angiotensin system (RAS) plays
a role in NADPH oxidase activation in CVD!? with conse-
quent O,— overproduction.'>13

Recent studies demonstrated that acute human exposure
to intermittent hypoxia (IH) results in angiotensin II (Ang
IT) dependent activation of the NADPH system.!* Similarly,
animal models of TH also demonstrate RAS activation and
overexpression of angiotensin receptors type-1(AT-1) in
association with VED.!>¢ Other studies in OSA patients
yielded conflicting results as far as the RAS activation and
circulating Ang II levels in patients.!”!3
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We sought to study OSA patients who are otherwise free
of CVD risk to better understand the profile of OSA-related
VED. Based on previous studies, we hypothesized that OSA-
related VED in this population is associated with early acti-
vation of RAS and endothelial O,— overproduction. In these
patients, an evidence of increased angiotensin activity and
involvement in the endothelial oxidant bursts would provide
a targetable mechanistic pathway to address early cardiovas-
cular risk in OSA patients who may be intolerant of CPAP.

METHODS
Participants

Patients with OSA. Newly diagnosed patients were
recruited from the Ohio State University Sleep Center within
2 weeks of their diagnostic polysomnography and prior to
the initiation of CPAP therapy. Only patients with an apnea
hypopnea index (AHI) >15 events per hour of sleep on the
polysomnography were included. Low cardiovascular risk
status was required in all participants and was defined by a
Framingham risk Score <5%.!° In particular, exclusion cri-
teria included any diagnosis or ongoing treatment of hyper-
tension, hypercholesterolemia (total cholesterol >200 mg/dl
regardless of age), diabetes, or smoking. None of the partici-
pants were on any prescribed medications; and supplements
were discontinued at least a week prior to participation. The
purpose of the restrictive inclusion criteria is to assure that
VED in participants is due to OSA only and not to other sub-
clinical cardiovascular risk factors.

Non-OSA participants. We enrolled healthy partici-
pants with no OSA to serve as controls. While the study
was designed to perform within subject comparison, meas-
urements from the non-OSA participants were used for
validation and sensitivity analyses. Non-OSA participants
underwent either a polysomnography or home sleep test to
rule out OSA. Participants met the same exclusion criteria as
the OSA patients.

Procedures

OSA patients provided a baseline visit within 2 weeks of
initial OSA diagnosis, prior to starting CPAP; and a con-
clusion visit after 12 weeks of CPAP therapy. Adherence to
CPAP was verified with device download during the con-
clusion visit. Each visit included endothelial reactivity study
and gluteal subcutaneous biopsy. Only patients who used
CPAP more than 4.5 hours per night proceeded to complete
the second visit with the biopsy and endothelial reactivity
studies. Non-OSA volunteers underwent both procedures
once. The protocol was approved by the OSU Institutional
Review Board (protocol number 2009H0212). The study
was registered in the National Clinical Trials database
(NCT01027078).

Gluteal subcutaneous biopsy. Incisional skin biopsy

techniques were used to obtain 2-3 cm? of subcutaneous tis-
sue from the lateral upper gluteal region of participants. The
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biopsy tissue was immediately sectioned and a portion fro-
zen in liquid nitrogen (N,) and kept in —80 °C for the confo-
cal microscopy studies.

Endothelial reactivity studies. Doppler ultrasound was
used to measure flow-mediated dilation (FMD) of the bra-
chial artery. Image acquisition was done with a linear array
transducer (7 MHz frequency) and color spectral Doppler
(GE Vivid 7). FMD measurements were performed accord-
ing to published guidelines® and our previously reported
studies."? Briefly, participants underwent the measurement
between 7 and 9 AM prior to the biopsy procedure. All par-
ticipants were instructed to abstain from caffeine for at least
12 hours prior to the measurements. None of the partici-
pants used tobacco, and all discontinued any supplements at
least 1 week prior to participation.

Measurements

Quantification of Ang Il receptors.  The expression of Ang
II type 1 (AT1) and type 2 (AT2) receptors in the microcir-
culatory vascular endothelium was measured using quanti-
tative confocal microscopy techniques. Subcutaneous tissue
was immediately cryopreserved and later cryosectioned into
5 uM thick sections. The sections were fixed (4% paraform-
aldehyde) and then incubated with either anti-rabbit-AT1
and -AT2 (Novus Biologicals). Following incubation with
the chosen primary antibodies (1:500 dilutions), the sections
were incubated with specific anti-rabbit IgG (Alexa Fluor
488-conjugated) secondary antibodies (1:1000 dilution)
and analyzed by Olympus Fluo-View 1000 confocal micro-
scope (Olympus America, NY) with 20x objective and with
the 405 nm and 488 nm excitations for Hoescht and green
fluorescence respectively. For quantitation of angiotensin
receptors, the respective fluorescence intensity was meas-
ured at the same laser setting for the green fluorophore and
averaged per each condition. Figure 1 shows representative
images of the AT1 and AT?2 fluorescence in an OSA patient
and a matched control.

Effect of AT-1 blockade on O, production in the microcircu-
latory endothelium. 'We determined O,— in situ production
using dihydroethidium fluorescence microscopy techniques
as we reported previously.? Dihydroethidium is oxidized on
reaction with O,— to ethidium, which binds to DNA in the
nucleus and fluoresces red. Sections (5 um) of the subcuta-
neous tissue were incubated with dihydroethidium (10 pM)
along with Hoescht (1 uM) in dark for 30 minutes (at 37°C).
The sections then were rinsed with tris-buffered saline for
5 minutes, fixed with paraformaldehyde, and then mounted
with the antifade mounting medium, Fluoromount-G, by
overlaying the coverslip. In initial experiments, the super-
oxide dismutase mimetic (MnTBAP) at 50 uM was added
to the tissue sections and the resultant residual fluorescence
values subtracted from the total fluorescence to determine
the O,— derived signal. OSA patients’ tissue before and after
CPAP was incubated with losartan (AT1 receptor blocker—
ARB) to target the ang II effect on O,— in the tissue ex-vivo.
Figure 2 shows representative images of these studies.



Angiotensin Receptor Upregulation in OSA Patients

Control

AT-1

AT-2

Pre CPAP

Post CPAP

Figure 1. Detection of angiotensin receptors type 1 and 2 (AT-1 and AT-2) expression in the microcirculatory endothelium. Top: Representative confocal
microscopy images of AT-1 fluorescence (red) in the frozen sections (8 um) from one control and one OSA patient before and after treatment with CPAP.
Bottom AT-2 fluorescence (green) in the same control and OSA patient. Magnification, x20. Insets show higher magnifications of the endothelium/cells
within squares. Bars: 100 um. Abbreviations: AT, angiotensin receptors type; CPAP, continuous positive airway pressure; OSA, obstructive sleep apnea.

NO production in the microcirculatory endothelium.
This measurement was performed as a confirmation that
OSA patients with no to minimal CVD risk factors have
underlying VED.? We performed this measurement in add-
ition to the FMD evaluation which is an indirect measure-
ment of NO availability. Transverse sections (8 um) were
prepared from optimal cutting temperature-fixed tissue
and incubated with the NO probe CuFL (500 pM) in the
absence or presence of the NOS inhibitor: L-NG-Nitroargi-
nine Methyl Ester (L-NAME) (1 mM). The specificity of CuFL
fluorescence was confirmed by adding PTIO (NO scavenger,
50 uM) to the sections and confirmation of fluorescence
quenching. The slides were viewed with Olympus Fluo-View
1000 confocal microscope at a magnification of x20. The
digital images were quantitatively analyzed for fluorescence
intensities with the Olympus OIB software (FV10-ASW ver-
sion 2.0). The CuFL technique has been widely applied for
cellular and tissue measurements of NO.22 We have pre-
viously applied and validated the CuFL fluorescence along
with the electron paramagnetic resonance measurement of
NO.? Inhibition of the observed CuFL derived fluorescence
by NOS inhibition with L-NAME provides additional con-
firmation of specificity.

Design and analysis

For all microscopy studies and measurements, localiza-
tion of the signal to the luminal walls of arterioles of >50 p
was performed by an observer blinded to the OSA or treat-
ment status of the tissue source. All fluorescence and image
quantification experiments were done simultaneously on all
tissue in the same session. Intensity of the fluorescence was

measured on a per pixel basis and this per pixel fluorescence
intensity value was averaged for each contoured area of vas-
cular endothelium. Measurements were obtained from mul-
tiple images of at least 3 sections.

FMD was measured according to published guidelines
and our previously published work.! Importantly, vessel
images were obtained at baseline and at 60 seconds post
release of occlusion. The images were de-identified and
measured later by a blinded vascular imaging technologist.

Our primary hypothesis testing was the change in AT
expression between pre-and post-CPAP. Based on animal
studies evaluating the change in AT-1 expression with IH,!
we expected to see a similar effect in humans with CPAP (ap-
proximately 1 SD of change), and estimated a sample size
of 10 OSA patients was required to achieve 80% power to
detect this difference.

Patient characteristics are reported for OSA patients and
non-OSA controls as mean and SD for continuous variables
and count and percentage for sex. Median and interquar-
tile range are also reported for baseline AHI. These char-
acteristics were compared between groups using Wilcoxon
rank-sum tests for continuous variables and Fisher’s exact
test for sex.

NO expression and FMD were compared pre- vs. post-
CPAP within patient using paired t-tests. Pearsons correl-
ation coefficients were calculated between baseline FMD
and baseline AHI, age, and body mass index (BMI).

AT1 and AT?2 expression levels were compared using lin-
ear mixed models, with a separate model each for AT1 and
AT?2. The models contained a random patient intercept to
account for correlation between pre- and post-CPAP meas-
ures. The models also contained covariates for age and BMI
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to adjust for patient variability when making comparisons
to controls. Linear estimates were constructed to test each
hypothesis: pre CPAP vs. post CPAP within patient, pre
CPAP vs. control, and post CPAP vs. control. The primary

- Losartan + Losartan

Control

Pre CPAP|

Post CPAP

Figure 2. Representative fluorescence photomicrographs of confocal
optical sections of gluteal tissue biopsies from OSA patient before (pre)
and after (post) CPAP and non-OSA volunteer (control), labeled with DHE
with/without incubation of losartan. Each panel shows microvascular
endothelial cell regions. Original magnification: x20; bar, 100 um, for
all images. The intensity of DHE fluorescence measured from the cor-
responding sections (endothelium) of OSA patient (pre and post) CPAP
and control tisuse samples, and after pretreatment of sections with the
angiotensin inhibitor losartan (50 uM). Abbreviations: AT, angiotensin
receptors type; CPAP, continuous positive airway pressure; DHE, dihydro-
ethidium; OSA, obstructive sleep apnea.

hypothesis testing involved within-patient comparisons
using outcomes within the same OSA patients before and
after verified treatment with CPAP. We accepted that the
only change between the baseline visit and the conclusion
visit was the elimination of OSA by CPAP. Testing hypoth-
eses within-patient eliminates any effect of age, obesity, or
other cardiovascular risk factors that are not addressed by
the strict inclusion and exclusion criteria. For the losartan
experiments, paired ¢-tests were used to compare mean O,—
expression between samples with and without losartan incu-
bation within each group/time point (pre CPAP, post CPAP,
controls). All statistical tests were evaluated at the a = 0.05
significance level. All analyses were performed using SAS 9.4
(Cary, NC). The models controlled for age and BMI when
making comparisons to the controls.

RESULTS
Characteristics of participants

Eleven OSA patients and 10 non-OSA volunteers par-
ticipated in the study. Table 1 lists the characteristics of
OSA patients. All OSA participants had total cholesterol
<200 mg/dl as part of the inclusion criteria and were not on
any medications. In addition to the characteristics listed in
Table 1, AHI ranged from 12.6 to 120 events/min and de-
saturation index (4%) ranged from 6 to 90 episodes/h. OSA
patients used CPAP (mean + SD) 5.3 + 1.2 hours per night,
and had a post treatment AHI of 2.9 + 2.6 events/hour on
device download during the 12 week visit. Pre-CPAP weight
vs. post-CPAP weight was unchanged.

There were no significant differences in age, BMI, blood
pressure, or lipid profile between the 2 groups. However, given
the imbalance in BMI, adjustment to BMI was performed in
the 2 main comparisons in AT1 and AT2 expression between
OSA pre-CPAP patients and the non-OSA group.

Endothelial function and NO availability. In OSA
patients (n = 11), baseline NO expression in the microcir-
culatory endothelium was 1.6 (0.9) fluorescence units and
increased after 12 weeks of CPAP to 6.6 (1.6) P < 0.001.

Table 1. Baseline patient characteristics

Characteristic OSA patients (n = 11) Controls (n = 10) P value?
Age 40.5 (12.6) 36.8 (9.2) 0.51
BMI 36.0 (8.1) 30.4 (3.8) 0.07
Sex, male 11 (100%) 3 (30%) 0.001
SBP 134 (13) 127 (18) 0.37
DBP 83 (4) 79 (8) 0.14
ESS 13.4(5.1),n=9 10.1 (4.8),n=7 0.30
Oxygen desaturation nadir 80 (6),n=10 91(3),n=8 0.004
AHI; mean (SD); median (IQR, range) 35 (27); 28 (1746, 11-100) 1.4 (1.7); 0.8 (0.4—1.5,0-4.5),n=9 0.002

Mean (SD) or n (%). Abbreviations: AHI, apnea hypopnea index; BMI, body mass index; DBP, diastolic blood pressure; ESS, Epworth

sleepiness scale; IQR, interquartile range; SBP, systolic blood pressure.
aWilcoxon rank—sum tests except for sex (Fisher’s exact test).
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Similarly, FMD was 4.59 (2.29) % at baseline in OSA
patients (n = 8) and increased to 6.71 (3.17) %. In non-OSA
controls (n = 9), FMD was 7.06 (3.83) %. Baseline FMD
correlated negatively with the baseline AHI in patients
(r = —0.72, P = 0.001). There was no correlation between
FMD and age, or BMI in the OSA patients.

These data confirmed that OSA patients with low to no
CVD risk status have baseline subclinical VED.

Expression of AT receptors in the microcirculatory
endothelium of OSA patients

AT1 decreased from 873 (200) (fluorescence units) pre
CPAP (n =9) to 393 (59) units post CPAP (p = 0.02). AT-1
expression was 262 (32) fluorescence units in the control

group (n = 8) and was significantly different from the pre-
CPAP group (P = 0.02) but not significantly different from
post CPAP (P = 0.74) (Figures 1 and 3a).

AT?2 expression decreased in OSA patients (n = 11) with
CPAP from 479 (75) to 329 (58) P = 0.08. Controls (n = 9)
had an expression of 196 (48) units and were significantly
different from pre-CPAP (P = 0.009) and not from post
CPAP (Figures 1 and 3b).

Effect of ARB on endothelial O, in OSA. We analyzed
the effect of incubation with losartan on the microvascu-
lar endothelial O,— ex-vivo using the confocal microscopy
techniques described above. In pre-CPAP tissue (n = 11),
incubation with losartan decreased O,— expression from
14.2 (2.2) units to 4.2 (0.8) P <0.001; while it had no effect
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Figure 3. Microvascular angiotensin receptors (type 1 and 2) expression in OSA patients and controls. (a) AT1 expression. (b) AT2 expression.
Abbreviations: AT, angiotensin receptors type; CPAP, continuous positive airway pressure.
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Figure 4. Ex-vivo effect of losartan on endothelial superoxide expres-
sion in OSA patients before and after CPAP therapy. Abbreviations: CPAP,
continuous positive airway pressure; OSA, obstructive sleep apnea.

on post-CPAP patient tissue 4.4 (1.0) to 3.5 (0.8) P = 0.64
(Figure 4). In a group of 3 controls, there was no change in
0O,— with losartan 2.4 (1.6) to 3.1 (0.9) P = 0.85 (data not
depicted in Figure 4).

DISCUSSION

In this study, we measured for the first time in humans
with OSA the expression of angiotensin receptors in the
microcirculatory vascular walls. We targeted OSA patients
who are free of CVD risk in order to characterize the path-
ways underlying VED that would be attributable only to
OSA in the absence of other cardiovascular risk factors in
these individuals. Our findings confirm the role of the RAS
activation in the preclinical cardiovascular consequences
of OSA. In addition, the study demonstrated that ARB
decreased the expression of superoxide in the vascular endo-
thelium ex-vivo.

Previous studies have examined the RAS pathway in the
pathogenesis of vascular disease in OSA patients and yielded
mixed results.!®2*25 In an animal model of IH, Marcus et al.
reported a role for AT-1 overexpression in IH-related VED.!
Similarly, Pialoux et al. reported that short-term IH exposure
in healthy adults was associated with oxidative response that
could be abolished with ARB.!* The current study makes
the distinct contribution of demonstrating the upregulation
of AT receptors in the peripheral microcirculation of OSA
patients who are free of CVD risk factors. In addition, the
ex-vivo effect of ARB, further supports a role for AT-1 in the
OSA-related endothelial superoxide overproduction.

The cardiovascular effects of AT1 and AT2 and their inter-
action with Ang II in CVD are complex.?® Chronic AT-1
blockade attenuates Ang II-induced vasoconstriction via
AT-2 NO dependent pathway.?” Furthermore, AT-2 expres-
sionis upregulated in the resistance arteries of diabetic hyper-
tensive patients who were treated with AT-1 blockade and
contributed to an Ang II-induced vasodilatory response.?
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Our findings of more significant decrease in AT-1 than AT-2
expression with CPAP may support a similar role for AT-1in
the pathogenesis of VED in OSA patients. However, further
studies are needed to elucidate the interactions between the
AT-1 and AT-2 in the pathogenesis of CVD in OSA patients
and the effect of therapy.

A possible consequence of RAS activation is the upregula-
tion of NADPH oxidase is a one likely effect of Ang II on the
endothelium.'? We previously found that OSA patients with
no CVD risk factors have eNOS uncoupling which requires
an environment of superoxide overproduction. The find-
ings of this study of a relationship between AT-1 blockade
and decreased superoxide expression may provide a poten-
tial mechanism for the eNOS uncoupling and VED in OSA
patients. While the use of ARB for treatment of hyperten-
sion OSA patients is effective,? it is unclear whether such
approach would be an appropriate intervention to modify
the early subclinical cardiovascular risk in OSA patients.
Nevertheless, given that adherence to long-term therapy with
CPAP is limited,***! the need for supplementary pharmaco-
logical intervention targeting CVD risk in OSA patients is
likely justified.

This study as well as others provide evidence that OSA
is associated with subclinical cardiovascular risk status.
Nevertheless, recent trials have demonstrated that treatment
of OSA does not decrease cardiovascular events in patients
with advanced CVD.*! Reconciling these seemingly contra-
dictory observations requires better understanding of the
mechanism of CVD in OSA. One speculation is that OSA
patients who already have established advanced CVD no
longer can realize a relatively small incremental cardiovas-
cular benefit of eliminating OSA. Another possibility is that
current treatment of OSA with CPAP is simply not adequate
to reverse the cardiovascular consequences fully.

Limitations and technical considerations

This study utilized quantitative confocal microscopy tech-
niques to test the primary hypotheses of this research. Other
methods for quantifying O,— such as electron paramagnetic
resonance are more specific but less sensitive. However, the
limited amount of available tissue in these human studies,
precluded its application at this time.?**? This approach
allows the immediate preservation of microcirculatory ves-
sels within the biopsy tissue no later than few minutes after
the biopsy procedure. In addition, being able to localize the
superoxide, NO, and AT receptors directly to the endothelial
layer of the microcirculatory vessels enhanced the sensitivity
and specificity of the measurements.

An important limitation that should be addressed in sub-
sequent studies is the lack of a direct measurement of RAS
activation. Only participants with very low cardiovascular
risk status were included in this study. Therefore, the VED
observed in OSA participants before treatment was attrib-
utable only to OSA. Furthermore, the primary comparisons
were within subject before and after treatment eliminating
any confounding effects of weight, age, or unidentified car-
diovascular risk on the findings.
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