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Rationale: Obstructive sleep apnea (OSA) is a risk factor for cardio-
vascular disease. We hypothesized that patients with OSA and no
cardiovascular disease have oxidant-related microcirculatory endo-
thelial dysfunction.
Objectives: To evaluate the microcirculation in OSA.
Methods: This study included seven patients with OSA and seven age-
and weight-matched control subjects (mean age, 38 yr; mean body
mass index, 32.5 kg/m2). All participants were free of cardiovascular
risk factors. Participants received measurement of brachial artery
flow-mediated dilation and forearm subcutaneous biopsy. Patients
underwent repeated tests 12 weeks after treatment. Microcircula-
tory endothelial cells were isolated, and immunohistochemistry
staining for peroxynitrite in the microcirculation was performed.
Measurements and Main Results: Flow-mediated dilation was lower in
patients than in control subjects at baseline (mean 6 SEM: 5.7 6 0.5
vs. 9.5 6 0.6; P 5 0.02) and increased after treatment (5.7–7.3;
change, 1.7 6 0.6; P 5 0.04). Microcirculatory peroxynitrite deposit
was higher in patients compared with control subjects (44.0 6 1.6 vs.
21.8 6 1.9 stain density units; P , 0.001) and decreased after
treatment from 44.0 to 30.5 stain density units (change, 213.5 6

2.9; P 5 0.009). In patients, transcription of endothelial nitric oxide
synthase decreased from 5.2 to 21.3 after treatment (change, 6.5 6

2.5; P 5 0.05), and transcription of superoxide dismutase1 decreased
from 24.0 to 212.3 after treatment (change, 28.3 6 2.1; P 5 0.01).
These changes persisted after adjustment for weight and underlying
severity of OSA.
Conclusions: This is the first direct evaluation of the microcirculation
in OSA. Patients with OSA with low cardiovascular risk status had
increased oxidant production in the microcirculation and endothe-
lialdysfunction,bothofwhich improved with treatment. Endothelial
nitric oxide synthase transcription decreased with treatment.
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Obstructive sleep apnea (OSA) is increasingly recognized as
a cardiovascular risk factor (1–4). OSA is a cause of hyperten-
sion (5–7) and has strong association with atherosclerosis (8–
10), coronary heart disease (11, 12), diabetes (13, 14), stroke
(15–18), and fatal cardiovascular events (4). Endothelial dys-
function is a preclinical vascular abnormality that predicts
subsequent development of vascular disease (19, 20). Patients

with OSA demonstrate endothelial dysfunction in the absence
of any manifested vascular disease (21, 22). The mechanism of
endothelial dysfunction in OSA is largely unknown. Endothelial
dysfunction in OSA is reversible with antioxidants (22–24),
suggesting a role for oxidant overproduction in the decreased
NO availability in OSA. This provides parallels to other
cardiovascular diseases in which oxidative stress–induced endo-
thelial dysfunction is important (25, 26).

Recent studies reported evidence of dysfunction or de-
creased expression of endothelial nitric oxide synthase (eNOS)
in association with increased peroxynitrite in harvested venous
endothelial cells of patients with OSA (27). We endeavored to
perform the first direct quantification of microvascular endo-
thelial genes from patients with OSA. We developed a method
to directly isolate microvascular endothelial cells (MVECs)
from patients with OSA (28). We hypothesized that patients
with OSA who are free of cardiovascular disease have early
functional changes in the microcirculatory endothelial cells that
are associated with OSA and therefore would resolve with
treatment. Given the role of oxidative stress in the vascular
disease of OSA (22, 23), we expected to find evidence of
superoxide overproduction in the microcirculatory vessels. We
expected these functional changes to be reversible with treat-
ment of OSA.

A portion of the results of this study has been previously
reported in the form of an abstract (29).

METHODS

Participants

Patients with OSA were recruited from the Ohio State University
(OSU) Sleep Disorders Center within 4 weeks of their diagnostic
polysomnography. OSA was defined by an apnea/hypopnea index
(AHI) . 15 events per hour of sleep. Healthy control subjects were
recruited from the community or from the sleep center patients who
had negative sleep studies. OSA was ruled out in one patient by the

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

This study evaluates the microcirculation in patients with
obstructive sleep apnea (OSA). The techniques used enabled
real-time quantification of expression of critical endothelial
factors.

What This Study Adds to the Field

The findings of this study support that OSA leads to
microcirculatory endothelial dysfunction by up-regulating
eNOS and decreasing NO availability in the presence of
oxidative stress.
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absence of sleepiness or risk factors of OSA as defined by negative
Berlin questionnaire and negative Epworth Sleepiness Scale. Patients
with OSA and healthy control subjects had low (, 10%) cardiovascu-
lar risk status as defined by Framingham risk score (30). None of the
participants was on medications or supplements or had ever been
a smoker. The research protocol was approved by the OSU Institu-
tional Review Board (protocol number 2005H0221). The study was
registered in the National Clinical Trials database (NCT00701441).

Procedures and Measurements

Patients with OSA provided all measurements at baseline before and
12 weeks after initiation of treatment with continuous positive airway
pressure (CPAP). Control subjects provided measurements only once.

Endothelial function. Endothelial function was evaluated by Dopp-
ler ultrasound of the brachial artery and measurement of flow-
mediated dilation (FMD) (31, 32). Image acquisition was performed
using a linear array transducer with frequency of 7 MHz and color
spectral Doppler ultrasound (Vivid 7; GE Healthcare, Milwaukee, WI).
This test was performed according to published guidelines (32).

Forearm subcutaneous biopsy. Clinical skin punch biopsy techniques
(33) were used to obtain a 6-mm-diameter cylinder of subcutaneous
tissue from the forearms of volunteers.

Laser microdissection and pressure catapulting for procurement of
MVECs. The subcutaneous tissue was prepared according to our pre-
viously published protocol (28) with modifications as detailed in the
online supplement. Frozen tissue blocks were cut into 12-mm cryostat
sections. Two to three sections were mounted on each RNAZap-treated
thermoplastic (polyethylene napthalate)-covered glass slide (PALM
Technologies, Bernreid, Germany) and treated with RNA Later solution
(Ambion, Austin, TX). The sections were stained with fluorescein-
labeled UEA I (Vector Labs, Burlingame, CA). Figure 1 shows an
arteriole with endothelial cells fluorescently stained that has been
selected for RNA isolation via laser microdissection and pressure
catapulting.

Quantitative immunohistochemistry staining for peroxynitrite.
Blocks of the subcutaneous tissue were cryosectioned into 10-mm
sections. Staining with antinitrotyrosine polyclonal antibody (Upstate
Biotechnology, Lake Placid, NY) was performed using an auto-stainer
in the OSU core facility. A positive slide indicating the top level of
stain density possible for a vessel was created. A negative slide
indicating the lower limit possible for a skin biopsy stained for
peroxynitrite was created by incubating the primary antibody with 10
mM nitrotyrosine in PBS for 1 hour at room temperature and using this
in place of the primary antibody. Figure 2 shows an example of
nitrotyrosine stain uptake in the microcirculation of a patient with
OSA.

Quantitative rtPCR. RNA isolation from the laser microdissection
and pressure catapulting samples was performed using the PicoPure
RNA Isolation Kit (Arcturus, Sunnyvale, CA). b-Actin and 18sRNA
gene expression was measured to correct for differences in extraction
efficiency between samples. Primers were from Super Array Bioscience
Corporation (Frederick, MD).

Analysis

For FMD, all diameter measurements were obtained at end-diastole
(peak R wave). At least three baseline measurements were obtained
and averaged for each participant. FMD was defined as the maximum
dilation between 30 to 60 seconds after deflation of the forearm cuff.
The three highest dilation measurements were averaged. The formula
used for calculation is:

Flow mediated dilation 5 ½ðaverage maximum dilation 30260 s post cuff

deflation2averaged baseline diameterÞ=averaged baseline diameter�100

For nitrotyrosine staining, the slides were scanned, and all sub-
cutaneous vessels were marked by a technician who was blinded to the
origin of the slides. The technician digitally dissected vessels that were
less than 300 mm in diameter for all slides. A pathologist confirmed that
the dissected vessels were arterioles. Another blinded observer used
image analysis software (BioImagene, Cupertino, CA) to quantify stain
densities in the deidentified vessels. The stain density was defined as
the amount of total of brown stain present in microvasculature from
tissue sections compared with the blue counterstain in the tissue.

For qPCR, we used DCt values in analyzing the PCR results,
correcting to an average of the two house-keeping genes. Because
these were measures of the mechanism behind the effectiveness of
treatment, we considered the comparison of gene transcription be-
tween pre- and post-treatment our focus. The qPCR experiments and
analysis were not designed for the comparison between patients and
control subjects, as was planned for FMD. The hypothesis was that if
peroxynitrite deposition in the microcirculation is due to increased
eNOS activity and superoxide overproduction, then eNOS and super-
oxide dismutase (SOD1) transcription should decrease with treatment

Figure 1. Microcirculatory endothelial cell isolation. (A) In fluorescein-

labeled UEA I–stained arterioles, localization of stain in microcirculatory

endothelial cells is performed to enable cell selection by laser capture

microdissection. (B) Area selected and marked for capture and RNA
isolation for creation of cDNA library.

Figure 2. Peroxynitrite deposit in a microcirculatory ves-
sel of a patient with obstructive sleep apnea. Brown stain

indicates nitrated tyrosine residues in microcirculation. (A)

Section of pretreatment tissue stained with antinitrotyrosine
antibody. (B) Section of post-treatment tissue stained with

antinitrotyrosine antibody.
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as peroxynitrite production is decreased. All genes were tested in
triplicate.

Statistical Analysis

For comparing pre- versus post-treatment, paired t tests were used. For
comparing pretreatment with control subjects, we used linear models
that adjusted for body mass index (BMI), age, and sex to avoid
confounding bias that might be due to these variables. For each
variable and comparison, we tested at the 0.05 level with double-sided
P values. We only consider tests in the hypothesized direction
conclusive, so testing is conservative from that perspective. However,
we used no correction for multiple testing when declaring significance.

RESULTS

Characteristics of Participants

Table 1 lists the baseline characteristics of patients and control
subjects. There was no significant difference in BMI, age, or sex.
For patients with OSA, average CPAP use on device download
was (mean 6 SEM) 5.05 6 0.83 hours. Residual AHI was 3.3 6

0.7 events per hour.

Endothelial Function

FMD increased in patients after 12 weeks of CPAP treatment
from 5.7 6 0.5 to 7.3 6 0.9%, with a difference of 1.7 6 0.6%
(P , 0.04). Patients with OSA had lower FMD at baseline as
compared with control subjects (5.7 6 0.5% vs. 9.7 6 0.6%, with
a difference of 3.8 6 0.7%; P , 0.001). After adjustment for
BMI, age, and sex, the difference between OSA and control
remained significant (difference, 3.2 6 1.1; P 5 0.02). We also
explored relationships between change in FMD after treatment
with BMI, AHI, and compliance, and no clear associations were
found.

Peroxynitrite Deposit in the Microcirculation

Tissue was available for immunohistochemistry staining on five
patients with OSA and five control subjects. Peroxynitrite stain
density in the microcirculation decreased with CPAP treatment
from 44.0 6 1.6 stain density units (SDU) to 30.50 6 2.3 SDU,
with a difference of 213.5 6 2.9 SDU (P 5 0.009). Microcir-
culatory peroxynitrite stain density was increased in patients
with OSA compared with control subjects (44.0 6 1.6 SDU vs.
21.8 6 1.9 SDU, with a difference of 222.3 6 2.6 SDU; P ,

0.001). Figure 3 is an individual value line plot showing the
peroxynitrite deposit relationship in the microvasculature be-
tween patients and control subjects. We also adjusted for BMI,
age, and sex for the comparison between patients and control
subjects, and the adjusted difference remained significant
(difference, 223.1 6 6.4; P 5 0.02).

Quantitative PCR Studies

Transcription of zinc and copper SOD-1. Quantitative PCR
measurement of SOD-1 revealed a decrease in expression with
treatment of OSA from 24.0 to 212.1 DCt, with a difference of
28.3 6 2.1 DCt (P 5 0.011). Figure 4 is an individual value line

plot showing the relationship between transcription of SOD-1 in
patients before and after treatment.

Transcription of eNOS. There was a decrease in eNOS
transcription with CPAP treatment from 5.2 to 21.3 DCt, with
a difference of 26.5 6 2.5 DCt (P 5 0.05). Figure 5 provides the
individual changes with CPAP treatment and control subjects.

Transcription of inducible nitric oxide synthase. There was no
significant difference change in inducible nitric oxide synthase
RNA with CPAP treatment (24.3 6 5.7 DCt at baseline to 0.6
6 2.4 DCt after treatment, with a difference of 24.8 6 6.1 DCt;
P 5 0.46).

DISCUSSION

This study is the first direct evaluation of the microcirculation in
OSA. We examined the subcutaneous vascular tissue from
patients with OSA and low cardiovascular risk status. We found
increased peroxynitrite production in the microvascular walls of
patients with OSA, indicating overproduction of NO and
superoxide in the endothelial environment. A novel endothelial
cell isolation technique (28) enabled real-time quantification of
transcription of critical endothelial genes. The uptake of NO by
superoxide explains the decreased NO availability and endo-
thelial dysfunction in OSA. Additionally, the up-regulation of
SOD-1 in the MVECs confirms oxidant overproduction in the
endothelium. The finding of up-regulated eNOS at baseline in
patients with OSA provides a potential source for the over-
production of NO and superoxide. The findings of this study
persisted after adjustment to BMI, AHI, age, sex, and hours of
CPAP use.

Previous studies reported that endothelial dysfunction in
patients with OSA was reversible with administration of
antioxidants (22, 24). In this study, we found direct evidence
of increased peroxynitrite production in the microcirculation of
patients with OSA, providing an explanation for the role of
antioxidants. Only one previous study reported increased
circulating levels of peroxynitrite, but the researchers did not
localize the abnormality to the microcirculation (27). Oxidative
stress has been demonstrated in patients with OSA (34, 35).
Oxidant overproduction in OSA may be a manifestation of
systemic inflammatory response and increased activated circu-
lating leukocytes and oxidative burst (36, 37). This study
supports increased oxidant production directly in the microcir-
culatory endothelium of patients with OSA. This study was not
designed to evaluate the effects of obesity or other demographic
factors on the response to treatment in OSA. However, un-
derlying BMI and AHI were not associated with the change in
endothelial function or peroxynitrite in the OSA group. Eval-
uation of a possible obesity-specific effect of CPAP on the
vascular abnormality profile of OSA would require a larger
study that compares treatment effects in obese with nonobese
patients with OSA.

Peroxynitrite is the product of NO and superoxide. There
are several potential sources for superoxide in the endothelium
(38–40). However, increased transcription of eNOS in the

TABLE 1. BASELINE CHARACTERISTICS OF PATIENTS AND CONTROL SUBJECTS

Control OSA Group (Pretreatment) Control vs. Pretreatment

Mean (SEM) n Mean (SEM) n Mean Difference (SEM) P Value

Age, yr 36.4 (2.3) 7 39.4 (5.4) 7 23.0 (5.9) 0.6

BMI, kg/m2 30 (2) 7 35 (2) 7 25 (3) 0.17

AHI 3 (1) 6 35 (10) 7 232 (12) 0.018

Sex, % male 71 (18) 7 71 (18) 7 0 (0.3) 1.00

Definition of abbreviations: AHI 5 apnea/hypopnea index; BMI 5 body mass index; OSA 5 obstructive sleep apnea.
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endothelial cells of patients with OSA supports that eNOS may
be a source of superoxide overproduction in this setting (41, 42).
Up-regulation of eNOS occurs in several cardiovascular dis-
eases in the presence of decreased NO availability (43, 41, 44).
Although overexpression of eNOS by gene transfer can increase
NO activity in the vessel wall, constitutive overexpression of
eNOS is associated with accelerated atherosclerosis and in-
creased oxidative stress (45). A recent study reported decreased
eNOS protein in harvested venous endothelial cells of patients
with OSA (27). The technique we used provides absolute
quantification of transcription of eNOS in mainly arteriolar
endothelial cells. The explanation for the different findings may
be related to the method and site of isolation. Our findings also
support possible functional suppression of eNOS or ‘‘uncou-
pling’’ of eNOS from critical cofactors (42). Superoxide has very
high rate constant for the reaction with NO, producing perox-
ynitrite (46). In turn, peroxynitrite has strong predilection of
oxidizing tetrahydrobiopterin (47, 48), a critical eNOS cofactor,
resulting in eNOS uncoupling and production of superoxide
directly. It has been established that vascular disease occurs in

the presence of eNOS overexpression and superoxide over-
production (41, 45, 49). Superoxide generation by eNOS has
been implicated in a variety of experimental and clinical
vascular disease states, including diabetes (43, 50), hypertension
(51), and atherosclerosis (52). Studies evaluating eNOS function
and superoxide production in the endothelial cells of patients
with OSA are needed to confirm our findings.

Microcirculation, and particularly the arterioles, is critical
for the peripheral vascular resistance in hypertension and
vascular disease. Our functional studies were done on the
brachial artery, a conduit vessel, and the structural and PCR
studies were done on subcutaneous arterioles. Correlation
between endothelial dysfunction in the two beds has been
confirmed (53, 54). We did not compare the gene expression
between control subjects and patients at baseline. We planned
the gene testing to explain the treatment effect on peroxynitrite
production in the microcirculation. Once we established the
difference from control subjects for clinical variables, we only
wanted to show that treatment affected mechanistic variables in
the hypothesized pathway.

In this direct examination of the microcirculation, we found
evidence of increased oxidant production in the microcircula-
tion of patients with OSA who are free of cardiovascular disease
or risk factors. These microcirculatory changes were indepen-
dent of age, weight, or sex. WE concluded that these changes
were only related to OSA because they reversed with treat-
ment. The presence of peroxynitrite makes it highly likely that
superoxide is overproduced directly in the microcirculation of
patients with OSA. This is further supported by the findings of
up-regulated SOD. Superoxide is likely to be generated directly
in the endothelial cell, but this must be verified with direct
measurement of superoxide production in the endothelium.
This study supports that endothelial dysfunction in OSA is not
related to decreased transcription of eNOS. This study also
reports the first direct quantification of critical genetic markers
of endothelial function in humans with OSA, providing a novel
method of further studying vascular disease.
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Figure 4. Superoxide dismutase transcription in microvascular endo-

thelial cells of patients and matched control subjects. Quantitative PCR
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