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Abstract

Purpose Obstructive sleep apnoea (OSA) involves recurrent obstructive apnoeas and hypopnoeas which cause cyclic hypoxia,
reoxygenation and formation of reactive oxygen species (ROS). We aimed to investigate a member of the nicotinamide adenine
dinucleotide phosphate oxidase (NOX) family of enzymes, specifically (NOX4), not previously studied in humans, as well as 8-
OHdG/106dG, MDA and IMA, which are known to be associated with oxidative stress. We also evaluated these parameters in
predicting the presence and severity of OSA.

Methods All 120 subjects (90 with OSA, 30 healthy controls) underwent polysomnography and had blood serum samples taken
at the same time of day. Subjects were grouped by presence and severity of OSA, and serum markers were compared among
groups.

Results Age and body mass index were not significantly different among groups. In the OSA group, the levels of NOX4, IMA,
MDA and 8-OHdG/106dG were significantly higher than in the healthy control group. NOX4 and other parameters were
positively correlated with the severity of OSA. For all parameters, the highest levels were detected in patients with severe OSA.
Conclusions The repeated hypoxia of OSA is associated with increases in the serum levels of inflammatory mediators such as
MDA, IMA and 8-OHdG/106dG and the ROS NOX4. In this study, NOX4 and other markers were associated with the presence
and severity of OSA.

Keywords OSA -NOX4 - Oxidative DNA damage - Oxidative stress

Introduction

Obstructive sleep apnoea (OSA) is a disease that is character-
ized by repetitive obstructive apnoea and hypopnoea caused
by recurrent collapse of the upper respiratory tract during
sleep. In the clinical course of OSA, there is a significant
reduction or pause in airflow despite the respiratory effort
during sleep. Additionally, snoring, oxyhemoglobin
desaturation and recurrent arousal and fragmented sleep are
also often seen in the course of OSA [1]. Excessive daytime
sleepiness is responsible for impaired quality of life and
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neurocognitive performance in patients. It is also a chronic
disease associated with significant morbidity, especially in
the cardiometabolic functional area, and mortality [2]. OSA
affects at least 2-4% of the adult population, mainly older
adults, and its prevalence has been reported to exceed 30%
in patients aged 65 years and older [3].

OSA tends to cause episodic hypoxia and reoxygenation
that can lead to ischemia/reperfusion injury (I/R) [4].
Reoxygenation after hypoxia leads to the formation of the
reactive oxygen species (ROS). Therefore, many studies in-
vestigated the relationship between OSA and oxidative stress
(OS) [5]. Several apnoea markers were investigated in these
studies, including malondialdehyde (MDA, the end product of
lipid peroxidation), 8-hydroxy 2-deoxyguanosine (8-OHdG,
an indicator of oxidative damage of deoxyribonucleic acid
(DNA)), as well as activities of the antioxidant enzymes
(e.g., superoxide dismutase and glutathione peroxidase). It
was found that the markers of oxidative damage were signif-
icantly higher in patients with OSA [6]. Ischemia-modified
albumin (IMA) is a modified form of human serum albumin
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(HSA) formed under the OS with a diminished capacity to
bind metal ions compared to the normal HSA [7]. In recent
studies, a close relationship between increased IMA levels and
OSA was reported. However, the clinical use of IMA in OSA
has not been established yet [8].

Nicotinamide adenine dinucleotide phosphate oxidase
(NOX) enzyme family catalyses the oxidation of NADPH
and has seven members (NOX1-5 and DUOXI1 and 2). The
increase in the concentration of these enzymes is thought to be
responsible for the production of endogenous ROS [9].
NOX1, and especially NOX4, are the primary source of
ROS productions in the kidney-mediating redox signalling
in the presence of chronic intermittent hypoxia (CIH) [10].
In a rat model, NOX4 activity was reported to play an impor-
tant role in the pathogenesis of CIH-induced hypertension;
thus, it has been claimed that the inhibition of this enzyme
can be used clinically [11]. However, we could not find a
published study evaluating NOX4 activity in OSA patients.

Currently, polysomnography (PSG) is the gold standard for
OSA classification, used to diagnose and determine its sever-
ity. However, an assessment based solely on apnoea-
hypopnoea index (AHI) may not be sufficient to determine
I/R injury that may occur in patients with OSA as a result of
repeated hypoxia/reoxygenation. Therefore, there is a need for
biomarkers to assist in determining I/R injury in patients with
OSA. We aim to evaluate the levels of NOX4, MDA, IMA
and 8-OHdG/106dG in individuals with OSA classified by the
AHI index, to examine the possible relationship of these pa-
rameters with OSA severity and to compare these results with
healthy control individuals. These results may give informa-
tion about the extent of I/R injury that may occur as a result of
recurrent hypoxia/reoxygenation in these patients.

Material and methods

The study was carried out on 90 patients admitted to the sleep
unit of Van Yuzuncu Yil University Faculty of Medicine,
Chest Diseases Department, accepted to participate in the
study and diagnosed with OSA. Thirty healthy volunteers
participated in the study; they have no chronic inflammatory
disease, no hospitalizations within the last 6 months and were
not on any continuous medical or herbal medication. The vol-
unteers had no OSA disease as determined by PSG.

Sleep study

The scoring and definition of OSA were performed according
to the 2018 AASM manual using the following parameters,
detected with a digital 16-channel Embla (Medicare,
Reykjavik, Iceland) device. Sleep monitoring with airflow
through a nasal pressure transducer associated with thermistor
signals, pulse oximetry, arterial oxygen saturation,
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electrocardiography and abdominal and thoracic bands’
breathing efforts. Sleep staging was done with an electroen-
cephalogram (EEG), electrooculogram and submental and
pretibial electromyography (EMG) signals. Apnoea was de-
fined by a >90% reduction in the thermistor signal of the
airflow for > 10 s. Hypopnoea was defined as a reduction of
sat 3% in oxygen saturation or >50% reduction in the nasal
pressure signal lasting > 10 s with an associated decrease in
EEG stimulation. An event was defined as obstructive in the
presence of respiratory effort and centrally if such effort was
absent. The AHI was defined as the number of obstructive and
central apnoea and hypopnoea in 1 h of sleep and was calcu-
lated by dividing the total number of events by the total sleep
time. The patients were divided into three groups according to
the apnoea-hypopnoea index: severe (AHI>30), moderate
(15 < AHI < 30) and mild (5 < AHI< 15).

Analysis of study parameters

Blood samples (5 ml) from the patients and healthy
volunteers were divided into serum (3 ml of blood per
dry biochemistry tube with the gel) and whole blood
(2 ml of blood per tube with ethylenediaminetetraacetic
acid as the anticoagulant). The serum samples were ob-
tained by centrifugation at 3500xg for 10 min. Serum
and whole blood samples were kept at —80 °C.

NOX4 and IMA analyses were performed by commer-
cially available kits using enzyme-linked immunosorbent
assay (YLbiont ELISA kits from Shanghai, Chine). DNA
from leukocytes in the whole blood sample was isolated
by a DNA isolation kit (Invitrogen Purelink Genomic
DNA Mini kit, ThermoFisher Scientific, CA, USA). The
isolated DNA was hydrolysed with formic acid [12] and
analysed by high-performance liquid chromatography
(HPLC Agilent 1200 Series system, Agilent
Technologies, Waldbronn, Germany) with an electro-
chemical detector to determine 8-OHdG and dG concen-
trations as previously described [13].

MDA was determined by the HPLC system as de-
scribed by Khoschsor et al. [14]. The 50-pul serum sam-
ple, H3POy, (0.44 M, 0.75 mL) and a certain concen-
tration of thiobarbituric acid (42 mM, 0.25 mL) were
combined and incubated in a boiling water bath for
60 min. Then, 1500 ul of alkaline methanol (50 mL
MeOH+4.5 mL 1 M NaOH) was added, and the tubes
were centrifuged at 3000xg for 3 min. After adding the
supernatant colour complex to the HPLC system, MDA
concentrations were determined by an ultraviolet detec-
tor (532 nm). Analysis of MDA and oxidative DNA
damage was performed by HPLC method. The HPLC
system consists of the autosampler, column flame, gra-
dient pump, fluorescent detector and electrochemical de-
tector (Agilent 1200 series from USA).
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Statistical analysis

Statistical analyses were performed using SPSS 22.0 package
program (IBM Corp., Armonk, N.Y., USA). Normality analysis
of the data was performed by the Kolmogorov-Smirnov test.
Independent sample ¢ test was used to compare the normally
distributed data. One-way ANOVA test was used to compare
multiple numerical data. Mann-Whitney U and Kruskal-Wallis
tests were used for the analysis of numerical data of multiple
groups that did not conform to normal distribution.
Additionally, the ROC curves determined with Medcalc
(15.6.1) software program (MedCalc Software, Mariakerke,
Belgium) were used to examine the ability of parameters to dif-
ferentiate between OSA and healthy control groups. A p value
less than 0.05 was considered statistically significant. The sample
size was based upon the original observations of Sunnetcioglu
et al. [15]. We recruited the 90 individuals for the OSA patient
group and 30 individuals for healthy control group based on the
power calculation of 95% power with a 5% type I error level to
detect a minimal clinically significant difference.

Results

In our study, the mean of age in the OSA and healthy control
groups was 50.9 £+ 13.2 and 45.9 + 11.3, respectively. There was
no significant difference between the OSA and healthy control
groups in terms of age (p =0.129). When we compared the age
of patients with mild, moderate and severe OSA and the healthy
control group (48.4+13.2,49.5+13.5, 5424129 and 459+
11.3, respectively), there was no significant difference between
groups (p =0.191). In terms of gender, there was no statistically
significant difference between patients with mild (10 females, 20
males), moderate (13 females, 17 males) and severe (12 females,
18 males) OSA, and the healthy volunteers (14 females, 16
males) (p=0.751). The level of NOX4 in the OSA group was
significantly higher compared to the healthy control group
(p<0.001). Also, the level of IMA in the OSA group was sig-
nificantly higher than in the healthy control group (p <0.001).
When we investigated the lipid peroxidation and oxidative DNA

damage levels, we found that the levels of MDA and 8-OHdG/
10°dG in OSA were significantly higher than in the healthy con-
trol group. There was no significant difference in BMI between
the OSA and the healthy control groups (Table 1).

When the OSA group was classified as severe, mod-
erate and mild, we found the highest level of NOX4 in
the severe OSA group. The level of NOX4 in the mild
OSA group was higher than that in the healthy control
group, but not statistically significant. In addition, there
was no significant difference in NOX4 levels between
the mild and moderate groups. The level of NOX4 in
the severe OSA group was significantly higher than in
the other groups. Similarly, the level of MDA in the
severe OSA group was significantly higher than in the
other groups. The level of MDA in the moderate OSA
group was significantly higher than the mild OSA
group. There was no significant difference in MDA
levels between the mild OSA and the healthy control
groups. The highest and the lowest 8-OHdG/10°dG
levels were detected in the severe OSA and the healthy
control groups, respectively. The 8-OHdG/10°dG levels
were significantly different in each group. The upward
trend of IMA in the groups was similar to the MDA.
The level of IMA in the severe OSA group was signif-
icantly higher than the other groups. The level of IMA
in the moderate OSA group was significantly higher
than in the mild OSA group. There was no significant
difference in IMA levels between the mild OSA and
healthy control groups (Table 2).

We performed ROC analysis in all study populations
to determine OSA and healthy condition. The AUC
values for 8-OHAG/10°dG, IMA, MDA and NOX4 were
0.927, 0.914, 0.979 and 0.823, respectively, and no sig-
nificant difference was observed (Fig. 1). In the ROC
analysis, NOX4 was able to distinguish between the
OSA and health status with AUC 0.823. We summa-
rized sensitivity and specificity values in Table 3.

For the severe, moderate and mild OSA groups, the highest
sensitivity and specificity values were (96%, 100%), (88%,
80%) and (60%, 70%), respectively (Fig. 2).

Table 1 The levels of OS

biomarkers, saturation % and OSA group (n=90)  Healthy control group (n=30) 95% CI p value

BMI in the OSA and healthy -

control groups Lower  Upper
NOX4 (umol/L 10.1 + 4.36 531+ 1.96 341 7.4 0.001
MDA (uM) 13.7 + 6.14 527 +1.14 5.95 1145 0.001
8-OHdG/10°dG 274 £0.74 1.14 £ 031 1.37 2.04  0.001
IMA (ng/mL) 65.4 + 18.6 40.7 £ 16.7 15.4 339 0.001
Mean of saturation %  86.8 + 7.85 91.8 £2.17 -8.59 —-142  0.007
BMI (kg/m?) 27.4 +3.11 26.4 +2.39 —0.52 246 0.199

95% CI 95% confidence intervals of difference
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Table 2 The levels of OS biomarkers, saturation % and BMI in the severe, moderate, mild OSA and healthy control groups

Severe OSA
group (n=30)

Moderate OSA
group (n=30)

Mild OSA
group (n=30)

Healthy control
group (n=30)

NOX4 (umol/L 15.5 £ 3.26a 7.96 + 2.134b 6.08 = 1.76bc 531 £ 1.96¢
MDA (uM) 20.15 & 5.56a 12.2 + 3.14b 7,63 £ 1.19¢ 527 £+ 1.14¢
8-OHAG/10°dG 3.38 £0.59a 2.94 £ 0.52b 1.68 + 0.44c 1.14 £ 0.31d
IMA (ng/mL) 81.8 £17.9a 62.7 £9.97b 44.6 + 4.28¢ 40.7 £ 16.7¢
Mean of Saturation % 83.7 £ 10.2b 87.8 + 7.11ab 89.5 + 3.75a 91.8 £2.17a
BMI (kg/m?) 28.8 £3.27a 27.1 £ 3.06ab 26.1 £2.29b 26.4 +2.39b

The different lowercase letters in the same row indicate statically significance (p < 0.05)

We found a statically significant correlation between the
levels of AHI and NOX4 (r=0.751, p<0.001). The scatter
plot of this correlation is shown in Fig. 3.

Discussion

OSA is a disease that can cause metabolic abnormalities
and is characterized by occlusion of the upper airways
during the sleep breathing with repeated pauses and in-
creased drowsiness during the day. It is often associated
with a decrease in blood oxygen saturation. In experi-
mental studies, intermittent hypoxia has been reported to
cause cell damage [S, 9, 16]. Reoxygenation after hyp-
oxia leads to the formation of the regenerative oxygen
radicals. For this reason, many studies have been con-
ducted on OSA patients and OS [17, 18]. OS, systemic
inflammation and endothelial dysfunction have been re-
ported to play a role in the pathogenesis of OSA [19].
Therefore, in this study, we analysed 8-OHdG/10%dG,
which is a marker of DNA damage, MDA and IMA,

known to be associated with OS, and NOX4 that has
not been studied in humans before.

The function of NOX4, which is a family member of
NAD(P)H oxidases producing ROS, has not been fully under-
stood and remains to be explained. NOX4 has been associated
with an increase in endogenous ROS production [9, 20]. In the
current study, NOX4 was significantly increased in the serum
of OSA patients, and this increase was positively correlated
with the AHI index. NOX4 levels were significantly higher in
the patients with severe and moderate OSA compared to those
with mild OSA and the healthy control group. This finding
supports the results of Bedard et al. [9] regarding the increase
in reactive oxygen radical production and NOX4 due to recur-
rent hypoxia. Previous studies have shown that night-time
hypoxia causes endothelial damage, and this damage was fre-
quently seen in severe OSA [16, 20, 21]. In experimental
studies, OS conditions occur under artificial hypoxia and
hyperglycaemia, contributing to the formation of NOX4 [20,
22, 23]. During OSA, recurrent hypoxia constitutes OS con-
ditions in relation to the AHI index, which is known to corre-
late with the severity of OSA [3]. Patients with the high AHI
index are expected to develop more frequent and recurrent
severe hypoxic conditions. While an association between the

100 |- .. . .
LD T T L e NOX4 and OS conditions has been reported in experimental
B or animal studies [11], this association remains unexplored in
8o patients with OSA. Therefore, ours is the first study examin-
i ing the association between NOX4 and severity of OSA in
! humans. We found that NOX4 levels were significantly in-
> 60 [+ creased in serum of patients with severe and moderate OSA,
5 !
@ a0l
i Table 3  The sensitivity and specificity values of NOX4, 8-OHdG/
B 10°dG, IMA and MDA for all volunteers
8-OHdG
20+ — IMA
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Fig.1 The comparison of 8-OHdG/10°dG, IMA, MDA and NOX4 AUC MDA >7.51 88.5(78.7-94.9) 100 (93.2-100)
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@ Springer




Sleep Breath (2021) 25:529-536

533

NOX4 a
100 - [}
" | Sensriviey 060
b | Spececay 1000
. | Ctencn: >0 63
80 M
> 60 }
3 B
= 5
$ Wl
20 H
] = R T i ——— = 1 1
o 20 40 60 80 100
100-Specificity
NOX4 c
100 |- —
80}
Crtenon »6 23
60
z
£
20
° e Sl b 1
) 20 40 60 80 100

100-Specificity

100

Sensitivity

40

NOX4 b

I Y . LSS O, G L |

100

Sensitivity

Sensitiv ity 60,0
SpecHicty 70,0
Crtenon: >5.3
1 " 1 M 1 1
(o] 20 40 60 80 100
100-Specificity
NOX4 d
. Semstiviey 78.0
B Specdicty. 800
Crtenion »6.23
R Y ] o S k] M R T (e R SO ] BT VY ) |
o 20 40 60 80 100
100-Specificity

Fig.2 a The ROC for severe OSA patients and healthy controls. b The ROC curve for mild OSA patients and healthy controls. ¢ The ROC for moderate
OSA patients and healthy controls. d The ROC for all OSA patients and healthy controls

Fig. 3 The figure shows the
correlation between the AHI and
NOX4 in all study populations

NOX4 (umoliL)

25,00

20,007

15,00

10,00

5,00

R? Linear = 0,564

00

T
20,00

T T T T
40,00 60,00 80,00 100,00

ApnealHypoapne index

@ Springer



534

Sleep Breath (2021) 25:529-536

supporting previous experimental studies reporting an in-
crease of NOX4 under OS conditions. Also, the low levels
of NOX4 in the mild OSA and healthy control groups com-
pared to the moderate and severe OSA groups support our
conclusion that NOX4 production is associated with the se-
verity of recurrent hypoxia in OSA.

Many studies have explored MDA, another indicator of the
cellular OS [6, 24, 25]. MDA is the last lipid oxidation prod-
uct, caused by ROS, which attacks the cell membrane and the
electron transport chain [24, 25]. However, there are also op-
posite results reported in the MDA studies. For example,
Sunnetcioglu et al. reported a significant increase in serum
MDA in OSA and lung cancer patients compared with healthy
controls in a prospective and case-cross-sectional study [15].
Similarly, Tichanon P et al. showed that MDA serum levels in
OSA patients were significantly higher than those of the con-
trol group, and this high MDA serum level decreased signif-
icantly after treatment [26]. Nevertheless, in a rat-based ani-
mal model, Kang et al. found no association of OSA with
DNA damage measured by comet assays or OS according to
serum MDA levels [6]. In their model, an OS condition is
induced by artificial hypoxia, similar to the course of OSA,
and a significant increase in serum MDA levels was observed
in rats. In their study, the fact that MDA was significantly
increased in all patient groups compared to the control group
supports previous studies’ findings and our study’s findings
that revealed the relationship between MDA and OSA.
Therefore, we believe that measuring the serum level of
MDA can be an important indicator of the OSA severity use-
ful for monitoring response to treatment.

IMA is a modified form of HSA formed under OS conditions;
it has a lower capacity to bind metal ions than HSA [8]. It is
known that IMA levels in circulating serum increase within mi-
nutes after the onset of OS, and this increase lasts up to 24 h [27].
Although IMA has been shown to play a potential role in clinical
diseases other than OSA, the effect of OSA and apnoea-induced
hypoxia on IMA has not been fully established until recently.
However, several studies have shown that OSA may have an
impact on IMA [15]. In a meta-analysis, Varikasuvu SR et al.
[8] showed that OSA was associated with a significant increase in
IMA levels, and this increase was more prominent in patients
with severe OSA compared to those with mild to moderate OSA.
Similar to this result, the IMA was found to be significantly
increased in our OSA patients. However, unlike the results of
this meta-analysis, we found that the increase occurred not only
in patients with severe OSA but also in patients with moderate
OSA. Therefore, our study shows that IMA levels are related to
OSA severity and may be an indicator of OS and ischaemic
damage resulting from recurrent hypoxia.

Previous studies reported that 8-OHdG could be used to
evaluate the oxidative DNA damage [28, 29]. However, there
are different insights about the use of 8-OHdG as a marker of
OS. Sunnetcioglu et al. [30] compared serum levels of 8-
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OHJG in patients with OSA and COPD, in lung cancer pa-
tients and healthy individuals; they found significant increases
only for cancer patients. In their study, no significant differ-
ence of 8-OHdG levels was found between COPD, OSA and
lung cancer patients. Similar to our result, they found that
serum 8-OHAG levels were elevated in OSA patients, al-
though this increase was not significant compared with the
control group. In our study, 8-OHdG/10°dG showed oxidative
damage in leukocyte DNA, but Sunneticoglu et al. analysed
the 8-OHdG level in serum samples. This difference may be a
reason for the differences between the results of the two stud-
ies. While Chen CY et al. [31] found no significant increase in
8-OHdG levels in OSA patients, the analysis was done in
urine samples, potentially accounting for the observed differ-
ence. Wang et al. [29] reported significantly higher levels of 8-
OHAG urine of inpatients with OSA compared to those with-
out, and their results are similar to ours despite the sample
difference. Dayyat EA et al. [32] observed significantly ele-
vated 8-OHdG in rodents exposed to recurrent hypoxia and
OS, as seen in patients with OSA in our study. Elevated 8-
OHAG is associated with cardiovascular diseases, chronic in-
flammatory diseases and cancer risk [33, 34]. Increased 8-
OHAG/10°dG in OSA patients may play a role in the devel-
opment of severe conditions, e.g., cardiovascular diseases and
cancer, because modified bases in DNA induce alteration in
transcription and translation of encoded enzymes and hor-
mones. Therefore, our results regarding oxidative DNA dam-
age are important. Additionally, 8-OHdG may be used as an
indicator of the presence and severity of OSA.

Results of the study indicate that a relationship exists be-
tween OSA-related repetitive hypoxia/reoxygenation and bio-
markers of oxidative stress. One limitation of this study is a
significant difference between the sample size in the patient
and control groups. Another limitation is a non-consecutive
enrolment of participants, so selection bias might exist.

Conclusions

In conclusion, this study is the first report to suggest that
NOX4 can be used as an indicator of OS in patients with
OSA. Additionally, we think that the investigated parameters
are associated with OSA severity. We believe that these pa-
rameters can be used as predictive markers for the severity of
OSA. Further studies are needed to investigate the effects of
NOX4 inhibition on OS parameters in experimental animal-
based models.
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