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Abstract

There is conflicting evidence whether intermittent hypoxia in OSA influences oxidative stress. We
hypothesized that withdrawal of CPAP from patients with OSA would raise markers of oxidative
stress.

59 patients with CPAP-treated moderate-to-severe OSA (ODI, >20/hour) were randomized 1:1 to
either stay on CPAP (n=30), or change to sham CPAP (n=29) for 2 weeks. Using samples from
two similar studies at two sites, we measured early morning blood malondialdehyde (MDA, a
primary outcome in one study, secondary in the other), lipid hydroperoxides, total anti-oxidant
capacity, superoxide generation from mononuclear cells, and urinary F2-isoprostane. We also
measured superoxide dismutase as a marker of hypoxic pre-conditioning. ‘Treatment’ effects
(sham CPAP versus CPAP) were calculated via linear regression.

Sham CPAP provoked moderate-to-severe OSA (mean ODI 46/hour), but blood markers of
oxidative stress did not change significantly (MDA ‘treatment’ effect [95%Cls], —-0.02 [-0.23 to
+0.19] umol/l). Urinary F2-isoprostane fell significantly approximately 30% (—0.26 [-0.42 to
-0.10] ng/ml), and superoxide dismutase rose similarly (+0.17 [+0.02 to +0.30] ng/ml).

We found no direct evidence of increased oxidative stress in patients experiencing a return of their
moderate-to-severe OSA. The fall in urinary F2-isoprostane, and rise in superoxide dismutase,
implies that hypoxic pre-conditioning may have reduced oxidative stress.

INTRODUCTION

Obstructive sleep apnoea (OSA) is a common problem and usually attended by oscillations
in oxygen saturation. There is a clear association between OSA, and endothelial dysfunction,
[1,2] hypertension,[3] and cardiovascular disease,[4] but the potential mechanisms by which
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OSA may cause cardiovascular disease are still debated.[5] There is robust evidence from
randomized and controlled trials that increased catecholamine production occurs with OSA.
[1,6] There is additional evidence that intermittent hypoxemia, such as that observed in
OSA, may provoke endothelial dysfunction,[7] and therefore potentially the onset of
atherosclerosis.[8,9]

The evidence for a link between intermittent hypoxemia and vascular damage is
contradictory.[10,11] One proposed mechanism is that the repetitive oscillations in oxygen
levels may provoke increased oxidative stress, via so-called ischaemia/reperfusion injury.
[7,12,13] During periods of hypoxemia, antioxidant mechanisms are down regulated, such
that when oxygen levels rise again, more reactive oxygen species (ROS), or free radicals,
with one or more unpaired electrons, are produced in mitochondria, in excess of that which
can usually be quenched (by anti-oxidants such as superoxide dismutase). These excess
ROS, made up of unpaired oxygen atoms («O2~, superoxide, primary ROS), or oxygen-
containing molecules (secondary ROS, e.g. *OH), are then thought, amongst other things, to
provoke systemic inflammation, endothelial damage and dysfunction — the path to atheroma.
[12] There is also evidence that during hypoxic episodes, xanthine dehydrogenase is
converted to xanthine oxidase; hypoxic neutrophils then consume excessive ATP with
accumulation of purine catabolites (xanthine) which, following re-oxygenation, are
metabolised by the increased xanthine oxidase, thus producing abnormal amounts of
superoxide radical and hydrogen peroxide.[14] Part of the toxicity of primary ROS results
from the generation of many further toxic molecules such as hydrogen peroxide and
hydroxyl radicals (secondary ROS), and peroxynitrite (a reactive nitrogen species made from
nitric oxide (NO) and superoxide). Endothelial function and vasodilation may thus be
impaired, as it is dependent on NO. Increased levels of anti-oxidants have been shown to
partially prevent the damage from ischaemia/reperfusion injury.[14] The majority of
experimental evidence in support of this hypothesis comes from animal experiments, most of
which used more severe and prolonged periods of intermittent hypoxemia than are seen in
patients with OSA,[13-16] Whether the short cycle intermittent hypoxemia observed in
patients with OSA (approximately 1 minute cycle lengths) activates any of these
mechanisms is not clear, and the length and depth of the transient hypoxia may be
critical[17,18].

We have recently developed an experimental protocol to investigate the pathophysiology of
human OSA.[1] In patients with OSA, already established on continuous positive airway
pressure (CPAP), comparing two weeks of CPAP-withdrawal (versus continuing CPAP)
allows robust randomized controlled trials to be performed. Using this experimental
protocol, we have investigated the hypothesis that two weeks of OSA will increase
circulating markers of oxidative stress.

These data come from two, hospital-based, randomized, controlled trials with similar
protocols, that allowed us to evaluate the effects of 14 days CPAP withdrawal, versus
continuing CPAP, on measures of oxidative stress in patients with prior CPAP-treated OSA.
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The design is similar to that reported in an earlier trial from the same units,[1] except that in
the current study patients had more severe OSA.

Inclusion criteria: patients previously diagnosed with OSA, and treated with CPAP, who
were registered in a database of either the Oxford Centre for Respiratory Medicine,
Churchill Hospital Oxford, UK, or the Sleep Disorders Centre, University Hospital Zurich,
Switzerland, were eligible for the trial if they were aged between 20-75 years, had an
oxygen desaturation index (ODI, =4% dips) of >20/h during their original diagnostic sleep
study, had been treated with CPAP for >12 months (with an average compliance of =4h per
night), and had a residual AHI<10 on CPAP. Such patients were contacted and asked to take
part in the study, the first part of which was to establish that they had an ODI1>20/h during an
initial pre-trial period without CPAP. Exclusion criteria are described in the data supplement.

Intervention, Randomization and Blinding

Following the initial week of overnight oximetry (3 nights on CPAP to confirm efficacy, and
4 nights off CPAP to verify the return of sufficiently severe OSA prior to trial entry), the
patients returned to automatic CPAP (ResMed, Abingdon, UK) for a minimum of 2 weeks.
Patients were computer-randomized 1:1 (with minimisation for OSA severity and BMI;
MINIM, Attp://wwwr-users.york.ac.uk/~mb55/guide/minim.hitm) to either continue automatic
CPAP, or switch to subtherapeutic sham CPAP for two weeks. A description of sham CPAP
construction, and the limited blinding achieved, is included in the data supplement.

Sample preparation

The preparation of the samples for analysis is described in the data supplement.

Outcome measures

Continuing abolition of OSA by CPAP at baseline was further confirmed on a home
(Oxford) or hospital (Zurich) sleep study the night prior to randomization (Black Shadow,
Stowood Scientific Instruments, Oxford, UK or Alice5, Philips Respironics AG, Zofingen,
Switzerland), and the severity of any OSA after two weeks was similarly assessed with a
repeat sleep study. The additional measurements made, including blood pressure, are
described in the data supplement. The main outcome of this analysis was the change in
plasma MDA levels over the two weeks, CPAP withdrawal subjects versus control subjects.
In Oxford the primary outcome of the study was the change in plasma MDA levels, but in
Zurich the identical protocol was run with a different primary outcome (hyperaemic
myocardial blood flow); we took advantage of this and collected exactly similar samples to
combine with the Oxford data. Secondary outcomes were plasma oxidized low-density-
lipoprotein (OxLDL), serum total anti-oxidant capacity (TAC), urinary F2-isoprostanes
(fresh morning urine sample), and NADPH oxidase-derived superoxide generation from
peripheral blood mononuclear cells (PBMCs).
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Measurement of circulating markers

The laboratory techniques for measuring the markers of oxidative stress are described in the
data supplement.

Sample size and statistical analysis

The approach to a sample size calculation is described in the data supplement. ‘Treatment’
effects (CPAP withdrawal versus control) were modelled using linear regression (IBM
SPSS, version 17, Portsmouth, UK), controlling for the baseline values of the relevant
dependent variable, age, BMI, statins, antihypertensives, and smoking status. The 95%
confidence intervals of the observed treatment effects reveal the actual power of the study
for each of the primary and secondary endpoints.

RESULTS

Fifty-nine patients were included in this study (Zurich n=45, Oxford n=14) and recruited
between January 2013 and March 2014. The combination of samples from the two sites
provided data from more subjects than required by the power calculation, thus allowing
fewer numbers than intended to be recruited in Oxford. A full record of patients contacted,
but who declined participation, was not kept. No subjects dropped out following
randomisation. Figure 1 shows the subject flow chart. Baseline characteristics of the control
and CPAP-withdrawal groups are shown in Table 1. The two cohorts were well matched,
with no suggestion of large enough differences to bias the results.

Consistent with our previous study, conducted under a similar protocol,[1] in the CPAP-
withdrawal group there was a significant rise in morning office systolic blood pressure
(+6.1mmHg, 95%Cls +0.6 to +11.6, p=0.032), diastolic blood pressure (+4.2mmHg,
95%Cls +0.04 to +8.4, p=0.048), and heart rate (+8.3 beats/min, 95%ClIs +3.9 to +12.5,
p<0.001), compared to the continuing CPAP control group. Similarly, ESS rose (+3.6 points,
95%Cls +2.0 to +5.0, p<0.001), compared to the continuing CPAP control group.

Table 2 shows the results of the oxidative stress analyses. Despite the cardiovascular changes
and a clear difference in the degree of intermittent hypoxia (ODI), there was no evidence of
an increase in markers of oxidative stress. Interestingly, and contrary to our hypothesis, we
observed a significant reduction in urinary F2-1soprostane in the CPAP-withdrawal patients
as compared to controls (p=0.002). In addition, there was a significant correlation between
the ODI at 2 weeks and the fall in F2-Isoprostanes (r= -0.41, n=59, p=0.001).

DISCUSSION

This is the first randomized, controlled, study to look at the effect of two weeks CPAP-
withdrawal and consequent intermittent hypoxia on markers of oxidative stress in patients
with OSA. By selecting patients with moderate-to-severe OSA for entry into the CPAP-
withdrawal model, we were able to induce a clear difference in the degree of intermittent
hypoxia between the two groups (mean =4% ODI, 46/h versus 3/h at two weeks). In addition
there was a clear and large effect on both systolic and diastolic blood pressure, as well as
heart rate. Despite these substantial cardiovascular changes after two weeks of nocturnal
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intermittent hypoxia, we did not observe increased markers of oxidative stress. On the
contrary, the unexpected reduction in one marker, the urinary F2-isoprostanes, implied a
lessening of oxidative stress which seems counter-intuitive.

Our primary outcome, MDA levels, have been shown to be a sensitive marker of changes in
oxidative stress in many clinical and experimental situations, for example following
exercise,[19] statins,[20,21], and smoking.[22] The 95% Cls of our ‘treatment’ effect show
that we have effectively excluded a difference of about 15% due to the intermittent nocturnal
hypoxia (our study was powered to exclude a change of 220% with 90% power). However,
we may have missed a rise in MDA of less than 15%.

Because of the unexpected finding of a fall in F2-isoprostanes, we further investigated
whether intermittent hypoxia may have caused hypoxic (or ischaemic) pre-conditioning,
which can protect tissues from subsequent ischaemia if the period of prior ischaemia is long
enough.[14,23,24] This has been hypothesized as potentially occurring on OSA.[25-27] As
an exploratory analysis, not in the original protocol, we measured levels of superoxide
dismutase (SOD) by a commercial ELISA (Abcam, Cambridge, UK, Cat# ab119520). SOD
is an enzyme known to be increased in association with hypoxic pre-conditioning.[28] The
results of this additional analysis are shown in Table 3 and indicate a significant rise in SOD
of about 30% in the CPAP withdrawal group, compared to the group continuing on CPAP.
This supports the hypothesis that two weeks of intermittent nocturnal hypoxia from OSA has
in some way increased defences against oxidative stress and thus potentially lessened its
effects.

Other studies of OSA or intermittent hypoxia and their possible effects on oxidative stress,
have recently been well reviewed by Badr[13] and Lavie.[29] Although there are
associations between OSA and markers of oxidative stress, such cross sectional studies are
prone to confounding variables and cannot establish a causal relationship. Cross-sectional
and uncontrolled studies of CPAP have also shown conflicting results, with some finding a
relationship with OSA severity, or improvement with CPAP,[30-32] and others not.
[18,33,34] The only other similarly robust study to ours from Alonso-Fernandez et al,
looking at the effect of 12 weeks CPAP, versus sham CPAP, in a cross-over design, which
recruited 25 newly diagnosed patients with OSA, showed that plasma 8-isoprostane levels
were reduced following CPAP by about 40%, and total nitrates and nitrites rose nearly
threefold (suggesting increased NO production) compared to control.[35]

Animal studies of OSA have been conducted in a more rigorous fashion with appropriate
experimental controls. However, such studies generally use levels of hypoxia far more severe
than seen in most patients with OSA, and will also be associated with hyperventilation and
hypocapnia, rather than the hypoventilation and hypercapnia seen in OSA (which will tend
to promote vasodilation and preserve tissue oxygenation). Such animal studies have found
evidence of increased oxidative stress from intermittent hypoxia, for example Savransky et
al [36] showed that 6 months of intermittent hypoxia in mice quadrupled serum MDA levels
compared to control mice. There are animal models more closely simulating OSA, using
asphyxia rather than simple hypoxic gas mixtures, but these models have not been used to
study oxidative stress.
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Hypoxic preconditioning from intermittent hypoxia or OSA has not been as widely studied;
again this is well reviewed by Lavie.[29] It is clear that intermittent hypoxia, perhaps via
ROS themselves, may also up-regulate genes that control antioxidant pathways, such as
Nrf2.[37] The resulting balance of ROS production versus anti-oxidant production is likely
to be complex and depend on many factors such as hypoxia depth, cycle length and duration;
as well as the presence of co-morbidities and pre-existing levels of anti-oxidants. However,
in our model, that exactly reproduces the situation in human OSA, albeit for only two weeks,
it appears that anti-oxidant capacity dominates. It may be that there was inter-individual
variation in our patients, with some subjects increasing, and some decreasing, their levels of
oxidative stress markers, leading to no overall average effect on MDA. This is perhaps
partially supported by a non-significant increase in the SD of the MDA after two weeks of
CPAP withdrawal, but this effect was not seem in the other markers.

Although we adopted an 77 vivo human model for the investigation of OSA, with appropriate
controls, there are still some limitations. As mentioned above, the intermittent hypoxia only
occurred for two weeks. It is possible that both shorter and/or longer periods might have
produced different results, and might explain the difference between our results and those of
the 12 week study by Alonso-Ferndndez et al., referred to above. [35] In measuring one-off
blood markers of oxidative stress early in the morning, we have not assessed if changes
might have been missed in markers with very short half-lives. This might explain why the
F2-isoprostanes showed changes not reflected in the blood markers, as urine collections will
represent a more integrated measure covering the last hours of sleep. In addition, of course,
all these measures are indirect and may not fully represent what is happening within the
mitochondria and cytosol. Although statins and antihypertensive medications can influence
oxidative status, their use was corrected for in the effect size calculation, and a post-hoc
analysis found no significant difference in any of the outcome measures dependant on
whether these medications were being taken or not. Finally, the patient population studied
will not be typical of all patients on CPAP for OSA, as they were selected for greater
severity than average, had to be willing to stop CPAP for two weeks (which many patients
are not prepared to do), and had to demonstrate a rapid return of moderate-to-severe OSA
within 4 nights off CPAP.

In conclusion, this randomized controlled study of OSA has demonstrated a reduction in a
marker of oxidative stress after two weeks of intermittent hypoxia, as evidenced by a
significant decrease of urinary F2-isoprostanes. A further exploratory analysis showed a rise
in plasma superoxide dismutase, which is an anti-oxidant known to be increased by hypoxic
preconditioning. Our findings support the hypothesis that OSA may actually reduce
oxidative stress in the short term, and highlight the targets for future investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Patients with OSA:-

+ on CPAP for >1y

+ average compliance >4h/n
* ODIoff CPAP >20/h

|

Baseline measurements
Randomised (n=59)
L
L ]
Allocatedto continue CPAP Allocated to sham CPAP
normally for 2 weeks for 2 weeks
n=30 n=29
Lost to follow-up (n=0) Lost to follow-up (n=0)
Discontinued intervention Discontinued intervention
(n=0) (n=0)
; \L Repeat - \L
Primary outcome analysed Primary outcome analysed
measurements
(n=30) (n=29)
at 2 weeks

Page 10

Flow chart of study subjects. OSA, obstructive sleep apnoea. CPAP, continuous positive
airway pressure. ODI, oxygen desaturation index.
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Patient baseline characteristics

Table 1

Age (SD)
BMI (SD)

Males : Females (n : n)

Epworth Sleepiness Score (SD)

ODI on CPAP (SD)

ODI during 4 nights preliminary CPAP withdrawal (SD)
Morning laboratory systolic blood pressure (mmHg)
Morning laboratory diastolic blood pressure (mmHg)

Morning laboratory heart rate (beats/min)

On statins (n,%)

On anti-hypertensive drugs (n,%)

Smoking status (never : ex-smoker : current smoker)

Control (30)

59.2 (9.2)
34.3(6.3)
25:5

6.5 (3.7)
2.6 (2.4)
33.4 (14.4)
1335 (14.2)
83.6 (13.0)
68.7 (8.9)
14 (47)

17 (57)
14:9:7

CPAP-withdrawal (29)
62.1 (10.3)
35.1(7.3)
23:6

6.6 (3.5)
3.9(3.8)
38.7 (16.2)
125.9 (14.6)
80.8 (9.8)
68.3 (9.33)
11 (38)

14 (48)
10:15:4
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SD = standard deviation, BMI = body mass index (kg/mz), ODI = overnight oxygen desaturation index (events/hour), CPAP = continuous positive

airway pressure.
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Table 3

Marker of hypoxic preconditioning

Control (n=30)

Mean

SD

CPAP withdrawal (n=29)
Mean

SD

‘Treatment’effect
95%Cls

p

Superoxide dismutase

(ng/ml)

Baseline 2 weeks
0.54 0.42
0.30 0.26
Baseline 2 weeks
0.51 0.58
0.20 0.28
+0.17

+0.02 to +0.30

0.02

s1dLIOSNUBIA JoLINy sispund JINd 8doin3 g
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SD = standard deviation, 95%Cls = 95% confidence intervals, CPAP = continuous positive airway pressure.
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“Treatment” effect was controlled for the baseline value of the relevant dependent variable, age, BMI, statins, antihypertensives, and smoking status.
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