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Abstract
Background and objective—OSA is associated with increased incidence of cardiovascular
diseases. Pathogenic mechanisms of vascular diseases include thickened vascular walls due to the
increased number of smooth muscle cells (SMC). Retinoic acid (RA) suppresses the growth of
SMC, and reduced retinoid levels are associated with vascular diseases. Oxidant signalling
promotes SMC growth, thus antioxidant levels may also influence the development of
cardiovascular diseases. The present study tested the hypothesis that plasmas from OSA patients
contain altered levels of retinoids, carotenoids and tocopherols.

Methods—Plasma samples were taken before and after sleep from patients with OSA (mostly
mild) without known cardiovascular diseases and from control subjects. Levels of retinoids,
carotenoids and tocopherols were measured using sensitive gas chromatograph-mass spectrometry
and high pressure liquid chromatography methods and total antioxidant capacity was assessed
fluorometrically.

Results—Results showed that plasmas from patients with OSA had significantly lower retinyl
palmitate and 9-cis RA compared with control subjects, while levels of retinol, all-trans RA and
13-cis RA were indifferent. All-trans β-carotene and 9-cis β-carotene were also lower in OSA
patients. Levels of all-trans RA and 13-cis RA in OSA patients were reduced after sleep compared
with before sleep. OSA patients showed significantly higher δ-tocopherol compared with controls.
Treatment of cultured human vascular SMC with post-sleep OSA patient plasmas promoted cell
growth, but not in controls.

Conclusions—Mild OSA exhibits altered levels of specific retinoids, carotenoids and
tocopherols, which may be markers and/or mediators for the increased susceptibility of patients to
vascular diseases.
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INTRODUCTION
OSA has been recognized as a risk for developing cardiovascular diseases.1–3 The
Wisconsin Sleep Cohort Study, a prospective study investigating a possible relationship
between OSA and high blood pressure, reported that sleep-disordered breathing is associated
with increased risk for the development of hypertension.4 The Sleep Heart Health Study
revealed a link between OSA and myocardial infarction as well as stroke.5 OSA may also
play a role in the development of congestive heart failure and coronary heart disease.6,7 The
prevalence of pulmonary hypertension in OSA patients has been reported in some studies to
be as high as 15–20%.8,9

Several mechanisms have been proposed for the relationship between OSA and
cardiovascular diseases including repeated episodes of hypoxia/reoxygenation (intermittent
hypoxia), hypercapnia, inflammation and changes in intrathoracic pressures.1 Abnormal
oxygenation and pressures result in compensatory responses including sympathetic nerve
activity, elevated urinary and plasma norepinephrine and endothelin, vasoconstriction and
haemodynamic modification.1,10,11 Hypertension (pulmonary or systemic) can result from
hyperresponsive vasoconstriction, vascular extracellular matrix remodelling, and smooth
muscle cell (SMC) growth.12–14 The normal phenotype of vascular SMC is contractile,
non-proliferative and non-migratory; however, SMC taken from patients with pulmonary or
systemic hypertension have been demonstrated to have increased proliferation compared
with normal controls.14,15 The growth of SMC is believed to be regulated by the balance
between factors which promote SMC proliferation and inhibit apoptosis and agents which
inhibit proliferation and induce apoptosis.14–16

Retinoic acid (RA) can negatively regulate cell growth. All-trans RA (ATRA) has been
shown to inhibit growth of cancer cells,17–19 epithelial cells20,21 and vascular SMC.22–26
In rats, ATRA reduces vascular remodelling in the carotid artery balloon injury model23 and
in monocrotaline-induced pulmonary hypertension. 27 In our previous study, plasmas taken
from patients with idiopathic pulmonary arterial hypertension were found to have reduced
levels of ATRA and 13-cis RA.22 Thus, RA may participate in maintaining the normal
balance of SMC growth inhibition, and alterations of RA levels may trigger vascular
changes. In this study of idiopathic pulmonary arterial hypertension,22 patients were also
found to have reduced levels of β-carotene (the primary source of retinoids) and α-
tocopherol (antioxidants and indicators of oxidative stress which may influence retinoid
metabolism). The present study examined whether plasmas from OSA patients contain
altered levels of retinoids, carotenoids, tocopherols and oxidative stress.

METHODS
Patients and control subjects

Patients attending the sleep clinics at Georgetown University Medical Center and George
Washington University-Medical Faculty Associates were recruited prospectively from
December 2004 through December 2006. Patients suspected of having OSA-hypopnea
syndrome, but without existing cardiovascular disease, cancer, liver or kidney disease,
underwent a full overnight polysomnography at either sleep clinic. The polysomnography
included recording of oronasal flow (using a thermistor), thoracoabdominal movements,
electrocardiography, submental and pretibial electromyography, electrooculography,
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electroencephalography and transcutaneous measurement of oxygen desaturation.
Obstructive apnoea was defined by the absence of airflow for more than 10 s, with
continuation of effort. Hypopnea was defined as any airflow reduction that lasted for more
than 10 s, accompanied by an oxygen desaturation of >4%, with or without an
electroencephalography arousal.28–30 The apnoea-hypopnea index (AHI) was defined as
the sum of the number of apnoeas and hypopneas per hour of sleep. An AHI < 5 was
considered to be OSA-negative. AHI between 5 and 15 signified mild disease, 15–30 was
moderate disease, and AHI > 30 was considered to be severe disease.28–30

Control individuals were selected by age/gender matching and no clinical suspicion for OSA
including excessive daytime hypersomnolence, snoring choking or gasping for air during
sleep, witnessed apneic episodes and neck circumference of greater than 42 cm. Controls
also had no known cardiovascular diseases, cancer, liver or kidney diseases, based on
clinical histories and most recent physician exams. Some controls underwent a full overnight
polysomnography and was found to be OSA-negative.

The Institutional Review Boards at Georgetown University and George Washington
University approved the protocols, and all participants gave written, informed consent. All
patient information was kept confidential in accordance with The Health Insurance
Portability and Accountability Act regulations. All subjects were identified with a unique
number. Relevant clinical information for collected plasma from each subject was recorded
in research charts and coded only with the unique code number. Research on plasma
samples was performed double-blind in coded tubes. Blood samples were taken from
peripheral veins of subjects at seated position before (~9 pm) and after sleep (~6 am). Night-
time samples were not taken under fasting condition; morning samples were taken right after
subjects woke up before eating or drinking. Immediately after sampling, blood samples were
centrifuged in heparin coated tubes, and plasma was transferred to a sterile tube. Samples
were stored at −80°C under N2 to prevent oxidation until analyses.

Measurements of retinoids, carotenoids and tocopherols
Retinol, carotenoids and tocopherols were analysed by high pressure liquid chromatography
(HPLC), and RA levels were determined by combining HPLC and gas chromatograph-mass
spectrometry (GC/MS) as previously described.22 In brief, 200 µL of plasma samples
with13C4-retinoic acid as an internal standard were extracted with chloroform/methanol (2 :
1 volume). The extract was dried under N2, and 200 µL of chloroform was added. Samples
were loaded onto an amino column (Phenomenex, Torrance, CA, USA) and the RA fraction
was eluted with diethyl ether/3% acetic acid. The residue was evaporated under N2, re-
suspended in ethanol, and then injected onto HPLC system. The RA peak was eluted at 7
min of the HPLC chromatogram, evaporated under N2 and derivatized for GC/MS analysis.

Measurement of total antioxidant performance
Plasma total antioxidant performance (TAP) was determined fluorometrically with a 1420-
multilabel counter (Wallac Victor 2; Perkin-Elmer Life Sciences, Boston, MA, USA) as
described previously31 with minor modifications. This method measures 1,3-butadienyl)-4-
bora-3a,4a-diaza-s-indacene-3-undecanoic acid (BODIPY581/591;Molecular Probes,
Eugene, OR, USA), a lipid-soluble fluorescent probe, and uses the lipid-soluble radical
initiator 2,2′-azobis(4-methoxy-2,4-dimethylvaleronitrile) (MeO-AMVN; Wako Chemicals,
Richmond, VA, USA). Oxidation was determined by monitoring the appearance of green
fluorescence of the oxidation product of BODIPY (λex = 500 nm, λem = 520 nm). The
results are expressed as TAP values (% protection), which represents the percentage of
inhibition of BODIPY oxidation in human plasma in respect to that occurring in a control
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sample, phosphatidylcholine liposomes (2.5 mg/mL) in PBS (100 mmol/L, pH 7.4) using the
equation: [(ValueControl − ValuePlasma)/ValueControl] × 100.31

Culture of human vascular SMC
Human pulmonary artery SMC (Cell Applications, San Diego, CA, USA) were used for
experiments after three to six passages in cell culture at 5%CO2 and 37°C in medium
supplied by the manufacturer. To prepare lysates, the cells were washed in PBS and
solubilized with 50 mmol/L Hepes solution (pH 7.4) containing 1%(v/v) Triton X-100, 4
mmol/L thylenediaminetetra-acetic acid, 1 mmol/L sodium fluoride, 0.1 mmol/L sodium
orthovanadate, 1 mmol/L tetrasodium pyrophosphate, 2 mmol/L phenylmethylsulphonyl
fluoride, 10 µg/mL leupeptin and 10 µg/mL aprotinin. Total protein concentrations were
determined spectrophotometrically using Bio-Rad Protein Assay reagent (Bio-Rad
Laboratories, Hercules, CA, USA). Neutral comet assays to measure double-stranded DNA
breaks, as indication of apoptosis, were performed as previously described.32 Briefly, cells
were washed in PBS and embedded in 1% agarose before being placed in lysis solution (2.5
mol/L NaCl, 1% Na-lauryl sarcosinate, 100 mmol/L EDTA, 10 mmol/L Tris base, 0.01%
Triton X-100) for 30 min. Nuclei were electrophoresed for 20 min, and then stained using
SYBR Green. Comet tails were visualized at 478-nm excitation and 507-nm emission
wavelengths.

Statistical analysis
Statistical comparisons using the Student’s t-test were performed for OSA patients versus
control subjects. Pair Student’s t-test was performed to compare before and after sleep using
SPSS software 15.0 (Chicago, IL, USA). Statistical significance was determined at P < 0.05.

RESULTS
Patients

Sixteen patients who underwent sleep studies without known cardiovascular diseases were
recruited to the study. Nine subjects were found to be positive for OSA, while seven subjects
were negative. Plasma samples were taken, and sensitive and reliable methods were used to
assess the levels of retinoids, carotenoids, tocopherols and total antioxidant capacity. At the
end of the study, HPLC and GC/MS results on the plasma levels of retinoids, carotenoids
and tocopherols were successfully measured in nine OSA patients and in age/gender
matched control subjects. All subjects were healthy with apparent normal dietary intake of
vitamin A and vitamin E, according to the analyses of plasma retinol and total tocopherol
levels. The median age of OSA patients was 43.7 ± 2.9 (range 31–55 years), while the
median age for controls was 44.3 ± 3.5 (range 27–60 years). The body-mass indices of the
OSA patients were not significantly different from controls (26 ± 3 vs 29 ± 6). The profiles
of OSA patients include mean weight of 88.6 kg and the AHI of 18.0 ± 5.7 events/h with
mostly mild OSA (Table 1).

Retinoid levels
Retinoids were measured in plasma samples of OSA patients and control subjects before
sleep using the sensitive and reliable HPLC and GC/MS techniques (Table 2). In contrast to
the previous study of idiopathic pulmonary arterial hypertension patients,22 plasma levels of
ATRA and 13-cis RA in OSA patients were not significantly different from those of control
subjects. Interestingly, however, the mean 9-cis RA level in OSA patients was about 40%
lower than that of control subjects (P < 0.05). Notably, while the levels of the major vitamin
A, retinol were not different, the level of retinyl palmitate in OSA patients was only 1/3 of
the control (P < 0.01).
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Examination of before and after sleep levels of retinoids in OSA patients revealed that
plasma ATRA and 13-cis RA, but not 9-cis RA, were significantly reduced after sleep (P <
0.05) (Table 3). Neither retinol nor retinyl palmitate levels were altered by sleep in OSA
patients (Table 3). No significant changes in any of retinoids were noted in plasmas from
OSA-negative individuals before and after sleep (data not shown). These results demonstrate
that otherwise healthy OSA patients have altered plasma retinoid levels. Specifically, pre-
sleep levels of retinyl palmitate and 9-cis RA are lower in OSA patients compared with
control subjects; and post-sleep levels of ATRA and 13-cis RA are lower compared with
pre-sleep levels in OSA patients.

Carotenoid levels
Retinoids, the active forms of vitamin A, cannot be synthesized by mammalian cells and
must be obtained from the diet as provitamin A carotenoids or as retinyl esters.33 Although
isomerases exist for retinoids, the primary source of a specific RA stereoisomer is the
corresponding stereoisomer of β-carotene.34 Therefore, we hypothesized that the reduction
of 9-cis RA in the plasma of OSA patients may be reflected by a reduction 9-cis β-carotene
in these patients.

Pre-sleep levels of carotenoids are shown in Table 4. Plasma all-trans β-carotene was ~50%
lower in OSA patients compared with controls (P < 0.05); and 9-cis β-carotene was ~35%
lower (P < 0.05). No significant differences were noted for other carotenoids. Further, none
of carotenoids were different before and after sleep in OSA patients (Table 5) or in OSA-
negative subjects (data not shown).

Antioxidant levels
Oxidative stress has been shown to occur in OSA patients and may alter regulatory
mechanisms for retinoid and carotenoid metabolism.35 Tocopherols in human plasma have
important cellular functions as antioxidants.36,37 However, we found no significant
differences between OSA and control levels of major vitamin E, α-and γ-tocopherols (Table
6). Interestingly, OSA patients had a significantly higher (about twofold) level of a minor
vitamin E constituent, δ-tocopherol (P < 0.05). Tocopherol levels were further examined in
OSA patients in samples obtained before and after sleep. The data revealed a significant
reduction in the level of δ-tocopherol after sleep (P < 0.01), while other major vitamin E
isoforms were not altered by sleep in these patients (Table 7). Tocopherol levels were
unaltered by sleep in OSA-negative individuals (data not shown).

Total antioxidant performance measurements, which provide a more global antioxidant
capacity, did not revealed significantly different oxidative stress levels between OSA
patients and control subjects (Fig. 1a) or between before and after sleep in OSA patients
(Fig. 1b).

Effects of plasma from OSA patients on vascular smooth muscle cell growth
In the previous study, we found that ATRA has ability to suppress cell growth in human
pulmonary artery SMC.22 Thus, we hypothesized that plasma of OSA patients after sleep
may have the capacity to promote SMC growth. To test this hypothesis, equal numbers of
human pulmonary artery SMC were plated in wells of six-well plates and plasma samples
were added at 5% final concentration. After 3 day, cells were harvested and total protein
content was determined to estimate cell growth. As shown in Figure 2a, we found that the
total protein content of cells plated in wells which contained post-sleep OSA patients was
significantly higher than that from pre-sleep OSA patients (P < 0.05). In contrast, no
significant differences were noted between the effects of plasma samples from post- and pre-
sleep subjects without OSA. The growth of SMC is depending on events which regulate cell

Day et al. Page 5

Respirology. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hyperplasia, cell hypertrophy and cell survival. Our experiments using neutral comet assay
revealed that ATRA has capacity to induce apoptosis of human pulmonary artery SMC (Fig.
2b).

DISCUSSION
The major findings of the present study are that plasma levels of specific retinoids,
carotenoids and tocopherols, some of which have been shown to regulate growth of vascular
SMC, are altered in otherwise healthy patients with mostly mild OSA; and that post-sleep
plasmas from these patients exhibit higher capacity to promote SMC growth. Pre-sleep
retinyl palmitate and 9-cis RA levels were significantly lower in OSA patients compared
with control subjects. Levels of ATRA and 13-cis RA, which were previously found to be
lower in idiopathic pulmonary arterial hypertension patients,22 were significantly reduced
after sleep in OSA patients. Reduced 9-cis RA may be related to lower 9-cis β-carotene, but
carotenoid levels appear not to be responsible for reduced ATRA and 13-cis RA levels after
sleep. While the levels of major vitamin E constituents and the total antioxidant capacity are
similar between OSA patients and control subjects, OSA patients were found to have
significantly higher plasma δ-tocopherol. Although the relationship between retinoids,
carotenoids and tocopherol levels and vascular biology is not completely understood, these
results showing the altered levels of specific retinoids, carotenoids and tocopherols in
otherwise healthy patients with mostly mild OSA may have clinical importance in the
mechanism of increased risk for cardiovascular diseases in OSA patients.

Retinoid regulation of cell growth is mediated by two families of nuclear receptors as well
as cytoplasmic binding protein. SMC contain these as well as enzymes for the metabolism
and storage of retinoids. Interestingly, relative expressions of some of these enzymes are
altered between the SMC synthetic and contractile phenotypes.25,26 9-cis RA and ATRA
are the isoforms that bind to and activate the nuclear receptors and are important for gene
regulation.38 Therefore, our findings of the reduction of retinoids, which negatively regulate
SMC growth, may have implications for the predisposition of OSA patients to
cardiovascular diseases. Consistent with this hypothesis, in post-sleep OSA patient plasma,
in which ATRA and 13-cis RA levels are reduced compared with before sleep, the ability to
promote SMC growth was increased.

It appears that there are cellular mechanisms by which OSA patients have reduced levels of
retinoids. Plasma levels of retinyl palmitate may increase after a meal containing a large
amount of provitamin A39 and fasting levels of retinyl ester are significantly increased with
the intake of vitamin A supplement.40 However, since vitamin A (retinol) levels in plasma
of both OSA patients and control subjects are similar, differences from controls are not
likely due to differences in dietary intake and the specific isomers may be homeostatically
controlled.

Some studies have suggested that intestinal absorption of vitamins and antioxidants is
inversely associated with the systemic inflammatory response, independent of underlying
diseases such as cancer.41 Increased oxidative stress markers, such as exhaled 8-
isoprostane, are also detected in OSA following a night of apneic events.35,42 Thus,
increased oxidative stress and inflammation in OSA could potentially contribute to reduced
absorption of vitamin A precursors and analogues. Oxidative stress and inflammatory
diseases also down-regulate levels and activities of retinoid and carotenoid binding proteins
and receptors.43 This would potentially exert compounding effects of reduced retinoids/
carotenoids and down-regulated activities of responsive proteins. The activities of retinoid
isomerases, esterases and retinyl ester synthases may also be affected by oxidative stress. In
these patients with mostly mild OSA, however, we did not detect significant alterations of
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oxidative stress parameter such as total vitamin E levels and total radical quenching
activities. Lloret, et al.44 recently reported their studies of collecting plasma from OSA
patients during sleep using a catheter in the antecubital vein, allowing concurrent
measurement of oxygen desaturation, increases in lipid peroxidation and oxidized blood
glutathione levels with the first apneic events. Their studies show time-specific detection of
oxidative stress, indicating that timing of sample collections may be critical for detecting
oxidative stress in OSA patients. In this regard, measurements of oxidative stress response
genes might give more stable assessments of oxidative stress as recently reported by Somers
and co-workers.45

Interestingly, we found that one minor vitamin E constituent, δ-tocopherol, was found to be
twofold higher in OSA patients than in controls. The antioxidant capacities of tocopherols
have been extensively studied, and the relative antioxidant capacities have been rated as α ≫
γ > δ.36 As reactive oxygen species may mediate cell signal transduction,46 cell growth
inhibitory properties of tocopherols may be associated with their antioxidant activities. Thus,
the significance of the specific increase in δ-tocopherol in OSA is not known, but it is
intriguing to speculate that this minor vitamin E constituent may play specific roles in cell
growth signalling.

Limitations of the present study are that, while statistically significant differences were
obtained in some of the measurements as described in this report, the sample size of the
study is small and further investigations with a larger sample size are needed to validate the
importance of the findings in this initial study. This study, however, provided evidence for
promising novel biological events associated with OSA, which may help elucidating
pathogenic mechanisms of OSA-associated complications as well as obtaining clinically
useful biomarkers. The future studies should also include examining the effects of CPAP
therapy on biological changes observed in this study.

Our previous studies established an inverse association between pulmonary arterial
hypertension and the levels of specific retinoids (ATRA and 13-cis RA), carotenoids (β-
carotene) and tocopherols (α-tocopherol),22 and reduced levels of these retinoids,
carotenoids and tocopherols may play roles in the development of vascular disease. In the
present study, results from state-of-the-art measurements in human plasma in conjunction
with experiments using cultured human pulmonary artery SMC revealed that otherwise
healthy individuals with mild OSA could have higher capacity to develop vascular
remodelling and cardiovascular diseases. These events may be regulated by complex
mechanisms involving various forms of retinoids, carotenoids and tocopherols. Notably, the
present study revealed the possible importance of putative novel cell regulators, retinyl
palmitate and δ-tocopherol, whose biological properties are not currently well understood.

SUMMARY AT A GLANCE

The present study tested the hypothesis that plasmas from OSA patients contain altered
levels of retinoids, carotenoids and tocopherols. Results showed that mild OSA exhibits
altered levels of specific retinoids, carotenoids and tocopherols, which may be markers
and/or mediators for increased susceptibility of patients to vascular diseases.
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Figure 1.
Antioxidant capacity. (a) Total antioxidant activity was measured in plasma samples from
OSA patients and control subjects fluorometrically as described in Methods. Values
represent means ± SEM (n = 8). (b) Total antioxidant activity was measured in plasma
samples from OSA patients before and after sleep. Values represent means ± SEM (n = 6–
8).
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Figure 2.
Effects of plasma from OSA patients on human pulmonary artery smooth muscle cell
growth. (a) Human pulmonary artery smooth muscle cells were treated with 5% plasma
from OSA patients and individuals who were found to be negative for OSA (cont) before
(pre) or after (post) sleep for 3 days. Cell lysates were prepared and total protein content was
monitored by Bradford assay. The values represent means ± SEM of fold increase in protein
content relative to pre-sleep controls (n = 5–7). * denotes significant difference from the pre-
sleep control value at P < 0.05. (b) Human pulmonary artery smooth muscle cells were
treated with all-trans retinoic acid (ATRA) (2 µmol/L) for 24 h. Incidence of apoptosis was
determined by the neutral comet assay. The values represent means ± SEM of percentage
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apoptotic cells (n = 4). * denotes significant difference from the untreated control value at P
< 0.05.
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Table 6

Levels of tocopherols

Subject
α-Tocopherol,

(µg/dL)
γ-Tocopherol,

(µg/dL)
δ-Tocopherol,

(µg/dL)

OSA-A 929.2 127.4 3.3

OSA-B 1371.2 466.6 32.7

OSA-C 1087.6 343.6 14.2

OSA-D 864.2 186.0 6.7

OSA-E 835.4 108.6 7.9

OSA-F 2465.1 122.6 13.8

OSA-G 1298.7 145.2 15.9

OSA-H 1301.7 287.3 8.7

OSA-I 1112.3 542.1 26.2

Mean 1252 259 14.4 *

SEM 165 54 3.1

Cont-A 1473.5 199.0 6.3

Cont-B 1227.2 73.6 2.7

Cont-C 779.4 423.3 12.5

Cont-D 1691.3 84.8 3.4

Cont-E 1173.0 173.8 4.5

Cont-F 1330.3 122.7 11.4

Cont-G 1739.2 172.8 2.6

Cont-H 1204.2 292.8 9.4

Cont-I 1906.7 150.4 4.7

Mean 1392 118 6.4

SEM 116 36 1.3

*
denotes significant difference from control, P < 0.05.

Samples were obtained before sleep.

Cont, control.
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Table 7

Before and after sleep levels of tocopherols

OSA group
α-Tocopherol,

(µg/dL)
γ-Tocopherol,

(µg/dL)
δ-Tocopherol,

(µg/dL)

Before mean 1264 214 14

SEM 214 52 3

After mean 1335 202 8**

SEM 230 56 2

**
denotes significant difference from before sleep level, P < 0.01.

Paired t-test was performed on seven patients.
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