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Plasma Thioredoxin, a Novel Oxidative Stress Marker, in
Patients with Obstructive Sleep Apnea Before and After Nasal
Continuous Positive Airway Pressure
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SHUNICHI FUKUHARA,? JUNJI YODOI,* and MICHIAKI MISHIMA!

ABSTRACT

Obstructive sleep apnea (OSA) is associated with increased cardiovascular mortality, and oxidative stress was
suggested to play an important role. We hypothesized that the plasma TRX level, a novel oxidative stress
marker, is elevated in OSA patients. Plasma TRX and adiponectin levels, which are significantly associated
with cardiovascular mortality, were measured in 41 patients with severe OSA before (n  41) and after (n
27) nasal continuous positive airway pressure therapy mCPAP) for 1 month and in 12 subjects without OSA
(non-OSA group). The TRX level was significantly higher (»  0.02) and the adiponectin level was signifi-
cantly lower (p  0.02) in the OSA group than in the non-OSA group. After 1 month of nCPAP (n  27), the
TRX level significantly decreased (p  0.03), and the adiponectin level significantly increased (p  0.03).
Among the 14 patients with untreated OSA, the TRX and adiponectin levels did not significantly change over
a 1-month interval. Among the 53 (41 OSA 12 non-OSA) subjects, the TRX level was positively correlated
with the respiratory disturbance index (p  0.001) and percentage of time with Sao, 90% (p  0.0002). The
adiponectin level, but not the TRX level, was correlated with the BMI (n  33;p  0.02). Plasma TRX may
be a unique marker for evaluating oxidative stress and monitoring the effectiveness of nCPAP in OSA pa-
tients. Antioxid Redox Signal. 10, 0000—0000,

INTRODUCTION

THIOREDOXIN (TRX) is a small protein that contains a re-
dox-active site and has a variety of biologic functions in-
cluding cytoprotection against oxidative stress (23). Recent ex-
perimental studies showed that TRX is released from cells in
response to oxidative stress (31) and plays a protective role
against oxidant injury (13). In our previous studies, we found
that the plasma/serum level of TRX is elevated in patients with
oxidative stress—associated acute and chronic disorders such as
viral infection (36), ischemia-reperfusion (21), myocardial in-

farction (22), chronic heart failure (12), and nonalcoholic steato-
hepatitis (35). Obstructive sleep apnea (OSA) has been reported
to have significant effects on myocardial infarction (17),
chronic heart failure (30), and nonalcoholic steatohepatitis (38).
However, the blood levels of TRX in patients with OSA have
not been investigated.

The mortality rate is increased in untreated patients with
OSA, who are at increased risk for cerebrocardiovascular dis-
eases (17). In addition, the prevalence of significant OSA is
high (43). Recently, OSA has been associated with inflamma-
tion, endothelial dysfunction, and increased oxidative stress

!Department of Respiratory Medicine, Kyoto University Graduate School of Medicine; 2Department of Experimental Therapeutics, Transla-
tional Research Center, Kyoto University; *Department of Epidemiology and Health Care Research, Kyoto University Graduate School of Med-
icine; and “Department of Biological Responses, Institute for Virus Research, Kyoto University, Kyoto, Japan.
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(34), which are generated by repetitive nocturnal hypoxemia
and reoxygenation (Fig. 1). Oxidative damage is involved in
the pathogenesis of atherosclerosis and cardiovascular diseases
(6), as well as of inflammation (14).

To elucidate the involvement of oxidative stress in OSA, two
types of oxidative stress markers have been studied: (a) prod-
ucts of oxidation such as reactive oxygen species, oxidized pro-
teins, lipid oxidation, and DNA degeneration as the end prod-
ucts of oxidative stress; and (b) antioxidant proteins whose gene
expression is induced by oxidative stress. An antioxidant pro-
tein such as TRX (13, 31) not only has a role as an oxidative
stress marker, but also may potentially be protective against ox-
idative stress. Recently, oxidative stress has been investigated
in patients with OSA by measuring the levels of various prod-
ucts of oxidation (3; 5, 15, 32, 41). However, no antioxidant
protein has been measured in those reports.

Therefore, it is important and promising to investigate ox-
idative stress in patients with OSA with a sensitive antioxidant
marker, such as plasma TRX, because the plasma TRX level is
easy to measure and reflects the cellular response to oxidative
stress (12, 22). We hypothesized that the plasma TRX level in
OSA patients is elevated and that it is reduced by treatment.
We also hypothesized that the plasma TRX level in patients
with OSA is associated with inflammation and the pathogene-
sis of cardiovascular diseases.

Adiponectin is a cytokine produced exclusively by white adi-
pose tissue and appears to play a central role in metabolic syn-
drome (19) in addition to having antiatherogenic and antiin-
flammatory effects (39). Adiponectin may play an important
role in cardiovascular disorders (28). Therefore, we also mea-
sured the plasma adiponectin level in addition to plasma inter-
leukin-6 (IL-6) and serum C-reactive protein (CRP) levels,
which are known to be inflammatory markers predictive of car-
diovascular diseases (16) and have been reported to be elevated
in OSA patients (33, 42). We compared these parameters be-
tween the OSA patients and subjects without OSA and inves-
tigated the effect of nasal continuous positive airway pressure
(nasal CPAP) therapy on these parameters in OSA patients.

TAKAHASHI ET AL.
METHODS

Subjects

OSA patient group. We enrolled 50 consecutive pa-
tients with OSA who were determined to be candidates for nasal
CPAP treatment by polysomnography and clinical symptoms.
The diagnosis of OSA was established on the basis of clinical
symptoms such as excessive daytime sleepiness, unexplained
daytime fatigue, choking or gasping during sleep, and an apnea
hypopnea index (AHI) of 5 events per hour on polysomnog-
raphy. Five patients were excluded because they had a history
of myocardial infarction, brain infarction, chronic cardiac fail-
ure, or colon cancer or had a common cold at the time of the
study. Polysomnography was performed in the hospital before
CPAP treatment. Patients with an AHI of 20 events per hour
were candidates for nasal CPAP.

Hypertension was defined as a diastolic pressure 90 mm
Hg, a systolic pressure 140 mm Hg, or the use of antibyper-
tensive medication. Diabetes mellitus was defined as a fasting
blood glucose level of 126 mg/dl, increased blood glucose
level of 200 mg/dl 2 h after a 75-g oral glucose load, or the
use of antidiabetic medication. Hyperlipidemia was defined as
a total blood cholesterol level of 220 mg/dl, triglyceride level
of 150 mg/dl, or the use of lipid-lowering medication. The
OSA patients in this study received the same medical regimen
beginning 1 month before the start of this study and through-
out the study.

OSA untreated group. When a patient is diagnosed
with severe OSA at our hospital, nasal CPAP therapy is started
about 1 month later. To investigate whether significant changes
in the plasma TRX level occur in OSA patients who have not
received CPAP treatment, 15 OSA patients were randomly se-
lected from the 45 patients, and we planned to obtain blood
samples from them in the moming twice at about a 1-month in-
terval before nasal CPAP treatment was started. One patient did
not refurn to our clinic for follow-up. Therefore, 14 patients [13

FIG. 1. Polysomnographic data of one of

the OSA patients in this study who un-

derwent nasal CPAP therapy (man, 53

€k 2 8%k

years old; body mass index, 29.3

kg/m®). (a) Polysomnographic data of the

Sebaentnal offore

OSA patient before nasal CPAP treatment.

After cessations of nasal and oral air flow

with paradoxic chest and abdominal mo-
tions, periodical desaturations were ob-
served. (b) Polysomnographic data of the

same OSA patient after nasal CPAP treat-

ment for 3 days. The periodic cessations of

£hsest slfont

air flow and desaturations disappeared.
Spoy, Oxygen saturation measured with
pulse oximetry; Ob A., obstructive sleep

apnea.
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OXIDATIVE STRESS IN OSA PATIENTS

TaBLE 1. BASELINE CHARACTERISTICS OF THE OSA SUBJECTS AND NON-OSA SUBJECTS
Variable OSA Non-OSA p p*
Number 41 12
Male/Female (no.) 38/3 11/1 0.96
Age (yr) 498 10.0 467 11.2 0.22
Body mass index (kg/m?) 294 4.2 257 4.1 0.004
Respiratory disturbance index (events/h) 485 182 280 1.7 0.0001
Lowest Sa0, (%) 654 153 86.3 6.1 0.0001
% of time Sa0, 90% (%) 259 24 050 073 0.0001
Current smoking (no.) 11 3 0.92
Hypertension (no.) 27 6 0.41
Diabetes mellitus (no.) 10 3 0.97
Hyperlipidemia (no.) 16 4 0.77
Thioredoxin (ng/ml) 410 244 239 147 0.02 0.04
Adiponectin ( g/ml) 384 1.66 5.82  3.09 0.02 0.03
IL-6 (pg/ml) 156 249 099 094 0.77 0.92
CRP (mg/dl) 0.172 0147 0.087 0.096 0.02 0.07

Data are expressed as mean  SD.

p*, p value after adjustment for BMI; OSA, obstructive sleep apnea.

men, one woman, age, 52.7 8.3 years; AHI, 49.1 24.1
events/hour; body mass index (BMI), 28.2 3.2 kg/im?] were
included in the OSA-untreated group.

OSA treatment group. To investigate the effect of
nasal CPAP treatment, the remaining 30 patients with OSA un-
derwent CPAP titration manually, received CPAP treatment
[pressure (mean  SD), 9.6 3.1 cm H,O}, and underwent
polysomnography on the third night of CPAP therapy. There-
after, they received nasal CPAP therapy for 1 month at home
before revisiting the outpatient clinic. Three patients refused to
use nasal CPAP continuously. We checked the use time by read-
ing the time counter in each CPAP machine, and the remain-
ing 27 patients used nasal CPAP for 4 h per night. These 27
patients (25 men, two women; age, 48.3  10.7 years; AHI,

TaBLE 2. BASELINE CHARACTERISTICS OF THE OSA

48.2 14.8 events/hour; BMI, 30.1 4.6 kg /m*) were in-
cluded in the OSA treatment group. Blood samples were col-
lected in the moming before and 1 month afier beginning CPAP
use. The BMI after 1 month of nasal CPAP did not significantly
differ from that before CPAP therapy was started (p  0.26).
Forty-one (14 untreated and 27 treatment) OSA patients were
studied (Tables 1 and 2).

Non-OSA volunteer group. Twelve volunteers (11
men, one woman; age, 46.7 11.2 years; BMI, 257 4.1
kg/m?) who did not have OSA were enrolled in the non-OSA
group. They were not heavy snorers. In all of the volunteers,
the arterial oxygen saturation was continuously monitored dur-
ing sleep with a pulse oximeter (Pulsox-24; Minolta, Osaka,
Japan) over two consecutive nights. The severity of sleep ap-

TREATMENT GROUP AND OSA UNTREATED GROUP

Variable

OSA treatment OSA untreated p

Number 27 14

Male/Female (no.) 25/2 13/1 0.99
Age (¥yr) 48.3  10.7 527 829 0.21
Body mass index (kg/m?) 30.1 4.6 282 316 0.25
Apnea-hypopnea index (events/h) 482 148 49.1 241 0.83
Lowest arterial O, saturation (%) 652 165 65.8 134 0.67
Arterial O,  90% (% of time) 293 229 193 206 0.21
Thioredoxin (ng/ml) 43.6 230 359 271 0.15
Adiponectin ( g/ml) 355 1.37 440 204 0.20
IL-6 (pg/ml) 1.68 287 1.33 159 0.70
CRP (mg/dl) 0.178 0.156 0.161 0.130 0.46
Hypertension (no.) 18 9 0.90
Diabetes mellitus (no.) 6 4 0.74
Hyperlipidemia (no.) 10 6 0.76
Current smoking (no.) 8 3 0.67

Data are expressed as mean  SD.

OSA, obstructive sleep apnea.
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nea in the volunteers was quantified by the 3% oxygen desat-
uration index (3%ODI), which was the number of oxygen de-
saturations of 3% or more below the baseline level per hour
during sleep. This index correlates well with the conventional
AHI (26). Subjects who had a 3%0DI of 5 were diagnosed
as not having OSA. The 3%O0DI of the 12 volunteers was 2.8
1.7 (range, 1.74-3.86).

The rates of hypertension, diabetes mellitus, hyperlipidemia,
and current smoking habit among the non-OSA group were not
significantly different from those among the 41 OSA patients
(see Table 1). The BMI was significantly lower in the non-OSA
group than in the OSA group. Therefore, the BMI was adjusted
in the data analysis afterward. Blood samples were obtained
from the non-OSA subjects at 8:00 in the morming after fasting
beginning at 20:00 on the previous night.

This study was approved by the medical ethics committee of
our university and was in accordance with the recommenda-
tions found in the Helsinki Declaration of 1975. All patients
and subjects in the study groups provided written informed con-
sent for participation in this study.

Polysomnography

Polysomnography was started at 21:00 and ended at 7:30 the
following morning (see Fig. 1). Polysomnography was per-
formed as previously described (4). Surface electrodes were
attached by using standard techniques to obtain an electroocu-
logram, electromyogram of the chin, and 12-lead electro-
encephalograph. Sleep stages were defined according to the
criteria of Rechtschaffen and Kales (29). Ventilation was mon-
itored by inductive plethysmography (Respitrace: Ambulatory

" Monitoring; Ardsley, NY). Airflow was monitored by thermis-
tors (Nihon Kohden, Tokyo, Japan) that were placed at the nose
and the mouth. Arterial oxygen saturation (Sao;) was moni-
tored continuously with a pulse oximeter (Pulsox-24; Minolta,
Osaka, Japan) (see Fig. 1).

Apnea was defined as a complete cessation of airflow at the
nose and mouth that lasts for 10s. Hypopnea was defined as
a decrease in thoracoabdominal motion of 50% that lasts for

10 sec and associated with a decrease in the baseline Sao, of

3% (1). Al AHI values were expressed as the number of
episodes of apnea and hypopnea per hour over the total sleep
time. Lowest Sao, during sleep and percentage of time of Sao,

90% during sleep also were calculated in each patient.

Respiratory disturbance index

The respiratory disturbance index (RDI) (27) was defined as
(a) AHI in OSA patients and (b) 3% ODI in the volunteers.

Measurement of plasma/serum factors

Blood samples were drawn at 8:00 in the morning after the
subjects had fasted beginning at 20:00 the previous night. Blood
samples were centrifuged immediately at 3,000 rpm at 4°C for
10 min. The separated samples were stored at  80°C until as-
say. The plasma levels of TRX (Redox Bioscience, Kyoto,
Japan; intra- and interassay coefficients of varation were 3.7%
and 4.8%, respectively) and adiponectin (Otsuka Pharmaceuti-
cals, Tokyo, Japan; intra- and interassay coefficients of varia-
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tion were 4.1% and 4.7%, respectively) were measured with en-
zyme-linked immunosorbent assay. The plasma level of IL-6
(R&D Systems, Minneapolis, MN; intra- and interassay coef-
ficients of variation were 7.8 and 4.6%, respectively) was mea-
sured with the chemiluminescent enzyme immunoassay. The
serum levels of high-sensitivity CRP (Dade Behring, Lieder-
bach, Germany; intra- and interassay coefficients of variation
were 1.7% and 4.9%, respectively) were measured by neph-
elometry.

Data analysis

Data were expressed as mean SD. The data for each pa-
rameter did not show a normal distribution. The Mann—Whitney
U test was used to compare two groups. Differences between two
intervals were compared with the Wilcoxon signed-rank test. Cor-
relation analyses were performed with Spearman’s correlation
coefficients (Rs). The BMI was significantly lower in the non-
OSA group than in the OSA group. Therefore, multiple linear re-
gression analysis was performed, with plasma TRX level as the
dependent variable. Logarithmic transformation was performed
on the plasma TRX levels to correct for the abnormal distribu-
tion of the values. This transformed variable was used in the
model. The independent variables that were entered were BMI
and OSA (presence or absence of OSA). Similarly, we performed
multiple linear regression analysis with adiponectin, 1L-6, and
CRP levels as the dependent variables. Statistical analyses were
performed by using StatView software for Windows (Version
5.0; Abacus Concepts, Berkeley, CA). A p value of 0.05 was
considered to be significant.

RESULTS

Effect of OSA on biomarkers

The plasma TRX level was significantly higher in the 41
OSA subjects before nasal CPAP therapy than in the 12 non-
OSA subjects (41.0  24.4 ng/ml vs. 23.9  14.7 ng/ml; p
0.02). Conversely, the plasma adiponectin level was signifi-
cantly lower in the OSA subjects than in the non-OSA subjects
(3.84 166 g/ml vs. 582 309 g/ml; p 0.02) (see
Table 1 and Fig. 2). The serum CRP level was significantly
higher in the OSA subjects than in the non-OSA subjects
(0.172  0.147 mg/dl vs. 0.087 0.096 mg/dl; p 0.02),
whereas the plasma IL-6 level did not significantly differ be-
tween the two groups (1.56 2.49 pg/ml vs. 099 0.94
pg/ml; p 0.77) (see Table 1 and Fig. 2).

We divided the 53 subjects into the RDI 40 not-severe OSA
group (NS-OSA: n  26) and the 40 RDI very severe OSA
group (VS-OSA:n  27). The plasma TRX level was signifi-
cantly higher in the VS-OSA subjects before nasal CPAP ther-
apy than in the NS-OSA subjects (p  0.002). The serum CRP
and plasma IL-6 levels were also significantly higher in the VS-
OSA subjects than in the NS-OSA subjects (p 0.05 and p
0.006). Conversely, the plasma adiponectin level was signifi-
cantly lower in the VS-OSA subjects than in the NS-OSA sub-
jects (p 0.03).

We also divided the subjects into the RDI 20 non-OSA (N-
OSA:n  12),20 RDI 40 moderate OSA (M-OSA:n 14),
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FIG. 2. Comparison of the plasma thioredoxin, adiponectin, IL-6, and serum CRP levels between the OSA group before

nasal CPAP therapy and the non-OSA group. The plasma TRX level was significantly greater in the OSA group (n

than in the non-OSA group (p

41)

0.02). Conversely, the plasma adiponectin level was significantly lower in the OSA group than

in the non-OSA group (p  0.02). The serum CRP level was significantly greater in the OSA group than in the non-OSA group

1t

0.02). The plasma IL-6 level did not differ significantly between the OSA and the non-OSA group (7 0.77). OSA, ob-

structive sleep apnea; IL-6, interleukin 6; CRP, C-reactive protein.

and 40 RDIsevere OSA (S-OSA:n  27) groups. The plasma
TRX level was significantly higher in the S-OSA subjects be-
fore nasal CPAP therapy than in the N-OSA subjects (p

0.004) and in the M-OSA subjects (p 0.02). The plasma
TRX level was not significantly different between the M-OSA
subjects before nasal CPAP therapy and the N-OSA subjects

(@ 05)

Relations between various parameters before
nasal CPAP treatment and plasma TRX

The following correlation analyses were performed by using
the baseline laboratory data of the 41 OSA subjects and the lab-
oratory data of the 12 non-OSA subjects. The plasma TRX level
was positively correlated with RDI (p  0.001;Rs  0.45) and
the percentage of time with Sao, 90% (p  0.0002; Rs
0.52) (Fig. 3). In addition, the plasma TRX level was positively
correlated with the plasma IL-6 (p 0.009; Rs 0.36) and
serum CRP levels (p  0.0002; Rs  0.51), and negatively cor-
related with the plasma adiponectin level (»p 0.02; Rs

0.32) (Fig. 4). The adiponectin level was negatively corre-
lated with RDI (p  0.01; Rs 0.35) and with the percent-
age of time with Sao, 90% (p  0.04; Rs 0.29) (see Fig.
3). The plasma TRX level was not correlated with BMI (p
0.09; Rs  0.23), whereas the plasma adiponectin level (p
0.02; Rs 0.32) and the serum CRP level (p  0.0009; Rs
0.46) were significantly correlated with BMI (Fig. 5).

Multiple linear regression analysis was performed on the 53
subjects, with plasma TRX level as the dependent variable and
BMI and OSA as the independent variables. BMI was not sig-
nificantly associated with the plasma TRX level (p  0.45).
Conversely, OSA was significantly associated with the plasma
TRX level (p  0.04). The adjusted correlation coefficient (R)
for the model was 0.36. After adjustment for BMI, age, and
current smoking habit, the difference in plasma TRX levels be-
tween the OSA patients and non-OSA subjects was significant
(p 0.04;R 0.38). The RDI was more significantly associ-
ated with the TRX level (p  0.02) than with the adiponectin
level (p  0.13)independent of BMI (R 0.43). Moreover, af-
ter adjustment for BMI, age, current smoking habit, and co-
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FIG. S. Correlation analyses between BMI and the plasma thioredoxin or adiponectin level. The plasma adiponectin level,

but not the plasma thioredoxin level, was negatively correlated with BML Solid circles, OSA subjects (n
12). BMI, body mass index.

subjects in the non-OSA group (n

morbidities, the difference in plasma TRX level between the
OSA patients and non-OSA subjects was still significant (p
0.02; R 0.48). The plasma TRX level was not significantly
associated with BMI (p  0.15), whereas it was significantly
associated with RDL. (p  0.004; R 0.53).

Effect of nasal CPAP treatment on
the biomarkers

In the OSA-treatment group, nasal CPAP for 1 month sig-
nificantly improved noctumal hypoxemia/reoxygenation pa-
rameters including the RDI (48.2 14.8 events/h to 1.81
1.21 events’h; p  0.0001), lowest noctumal Sao, (65.2
16.5%1t088.1 4.04%;p 0.0001)and the percentage of time
with Sao,  90% (29.3 22.9%t0 0.37 0.45% of time; p
0.0001). Although the BMI did not significantly change, the
TRX, IL-6, CRP, and adiponectin levels changed significantly

41); open circles,

after 1 month of nasal CPAP use. The plasma TRX level
(43.6 230 ng/ml to 33.3 208 ng/ml;n 27;p 0.03)
significantly decreased after 1 month of nasal CPAP treatment.
Conversely, the plasma adiponectin level (3.55 1.37 g/ml
0379 1.14 g/ml;p 0.03) significantly increased (Table
3, Fig. 6). The plasma IL-6 (1.68 . 2.87 pg/ml to 0.634
0.619 pg/ml; p 0.0008) and serum CRP levels (0.178
0.156 mg/dl to 0.120 0.120 mg/dl; p  0.01) also signifi-
cantly decreased (see Table 3 and Fig. 6).

We performed correlation analyses between the “basal” serum
TRX level before nasal CPAP treatment and the therapeutic re-
sponse, such as the change in RDI or Pao;. The TRX level was
not correlated with the change in RDI ¢ 0.13; Rs  0.30), the
change in lowest Sao, (p  0.99; Rs  0.003), or the change in
the percentage of time with Sao, 90% (»p 0.11; Rs  0.31).

In the OSA-untreated group, the TRX, IL-6, CRP, and
adiponectin levels did not significantly differ (all the p values

TaBLE 3. CHANGES IN THE LEVELS OF MEDIATORS DURING THE MEASUREMENT
InTERVAL IN THE OSA TREATMENT GROUP AND OSA UNTREATED GROUP

Variable First blood sample Second blood sample P
Thioredoxin (ng/ml) OSA treated 436 230 333 203 0.03
OSA untreated 359 271 325 158 0.64
Adiponectin ( g/ml) OSA treated 355 137 379 1.14 0.03
OSA untreated 440 204 430 2.06 0.29

IL-6 (pg/ml) OSA treated 1.68 2.87 0.63 0.62 0.0008
OSA untreated 133 1.59 094 0.8 0.78
CRP (mg/dl) OSA treated 0.178 0.156 0.120 0.117 0.01
OSA untreated 0.161 0.130 0.119  0.091 0.27

Data are expressed as mean  SD.
OSA, obstructive sleep apnea.
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