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Background

Introduction

In recent years, increasing attention has been given to
hypoxia-based treatment for persons with neurodegen-
erative and mitochondrial disease, as reflected by the
significant rise in publications from basic [1], preclinical
[2] and clinical [3, 4] research groups. Hypoxia treatment
is based on the idea of hypoxic conditioning and adap-
tations induced by hypoxia. Recently, we published a
protocol paper to assess the safety, feasibility, and acute
symptomatic effects of single sessions of continuous
and intermittent hypoxia (for 45 min, at FiO2 0.133 and
0.163) in persons with Parkinson’s disease (PD) [3].

In Coste & Touitou’s recent correspondence [5] to our
protocol [6], they highlighted the potential for circadian
rhythm disturbances induced by hypoxia in PD. This
interesting insight is based on their two different studies,
in which a phase shift in circadian rhythm (as measured
by cortisol and melatonin) was observed after eight-
hours-long ‘chronic’ exposure to hypoxia [7, 8]. Coste
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& Touitou [6] carefully considered that hypoxia-based
interventions could therefore induce changes in circadian
rhythm, and this may in turn affect the outcome of these
interventions. Here, we discuss important differences
between chronic hypoxia, which resembles hypoxia as a
disease model for sleep apnea, and hypoxic conditioning.

Hypoxia: disease model or disease-modifying potential?
Neurophysiological responses to hypoxia are com-
plex and vary depending on dose, duration and frequency
(reviewed in [9]). The first important distinction between
chronic hypoxia and hypoxia-based treatment is the dif-
ference in experimental design. While chronic hypoxia
interventions induce hours-long hypoxia, therapeutic
hypoxia-based interventions are based on the principle
of hypoxic conditioning. Hypoxic conditioning effects are
induced by moderate, relatively brief, and repeated expo-
sure to a hypoxic stimulus. This controlled administra-
tion is suggested to lead to the activation of antioxidant
pathways through HIF-1-dependent and independent
pathways, including the Nrf2-Keapl signaling pathway.
Importantly, activation of these pathways does not appear
to cause significant enduring oxidative stress [10, 11].
Indeed, hypoxic conditioning might protect against oxi-
dative stress and subsequent neuro-inflammation from
later stressors [12—14]. Nevertheless, it is likely that
hypoxic conditioning interventions have a narrow thera-
peutic window, which has been reviewed comprehen-
sively previously [15]. We know of no published evidence
that brief (<60 min) exposure to IH causes enduring car-
diovascular adaptations or sleep disturbances in humans.
Chronic intermittent hypoxia (CIH) is the main
experimental model used to investigate the effects of
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obstructive sleep apnea (OSA) on neurodegeneration
[16]. OSA is a disorder characterized by recurrent epi-
sodes of partial or complete airway obstruction, result-
ing in intermittent hypoxia during nocturnal sleep (thus
typically imposed for 7-9 h) where oxygen saturations
below 80% are common [17]. As suggested by Coste &
Touitou [6], an hours-long experimental protocol may
adversely affect the circadian rhythm, either by dis-
turbed sleep or due to persistent sympathetic activation
[18, 19]. Although a causal relation between sleep apnea
and PD has not been established in humans, associations
between OSA incidence and PD risk have been reported
[20]. Moreover, preclinical evidence is strongly suggestive
of sleep apnea inducing nigrostriatal degeneration [21,
22].

The disparity between chronic hypoxia and hypoxic
conditioning might stem from differences at the molec-
ular level. Although both chronic hypoxia and hypoxic
conditioning activate the HIF-1 pathway, chronic hypoxia
induces enduring oxidative stress and sympathetic activa-
tion compared to hypoxia conditioning, adversely affect-
ing cardiovascular health [16, 23]. Furthermore, chronic
hypoxia induces prolonged NFkB pathway activation,
which is a primary driver of neuroinflammation. Indeed,
NFkKB and downstream pathways such as IL-6 and IL-1B
are presumed instigators of sleep apnea-induced neuro-
degeneration [24].

Current trial experience

Based on preclinical evidence on the effects of hypoxic
conditioning in neurodegenerative diseases [1, 4, 25], we
initiated the first hypoxia trial in people with PD [3]. The
aim of this currently ongoing double-blinded placebo-
controlled study is to assess the safety, feasibility and
acute responses of hypoxic interventions in individuals
with PD. For the first time, this will allow us to directly
investigate the physiological, respiratory and symptom
responses to hypoxia in this population. We investigate
the acute and delayed response (up to three days post-
intervention) to four different hypoxia interventions
and a placebo intervention, all with a 45-min duration.
Hypoxia interventions are either continuous or intermit-
tent (5 min of hypoxia interspersed with normoxia), at a
fraction of oxygen (FiO2) of 0.133 or 0.163. The trial is
conducted in 20 individuals with Hoehn & Yahr stage 1.5
to 3 and consists of multiple N-of-1 trials, which allows
each participant to be his or her own control and thereby
allows for intra-individual outcome analysis.

To address the remarks that were raised in the Comment
by Coste & Touitou, we have investigated the amount of
reported adverse events (AEs) to date in our study, as well
as the nature of AEs per protocol [3]. Across four differ-
ent hypoxia protocols and one placebo, three sleep-related
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AEs occurred, two of which were related to restlessness
and REM-sleep behaviour disorder. Sleep-related AEs
occurred in three different protocols, one of which was a
placebo. Therefore, the incidence of sleep-related AEs does
not seem to be higher in hypoxia protocols in our study.

In addition to sleep-related AEs, we evaluated sleep
quality in our study population as part of non-motor
symptom severity scores on a 4-point Likert scale (zero
indicating worst sleep quality). The mean sleep quality
rating score in the week following a placebo intervention
was 3.0 (SD 0.9) and there was no significant difference
with hypoxia interventions (mean sleep quality rating
score ranged between 2.9 and 3.2). We are not aware of
any other studies reporting an association between the
timing of hypoxia conditioning and subsequent circadian
disturbances. A potential implication of Coste & Toui-
tou’s raised points is that hypoxia administration in the
morning might be preferable. As this was also the case in
our current study, we cannot draw conclusions on time-
dependent circadian disturbances. Taken together, our
data do not show an adverse effect of hypoxia interven-
tions on sleep-related events or sleep quality.

Lastly, in our study we will also monitor vital param-
eters, including arterial blood gas, blood pressure, heart
rate (variability), and serum cortisol in the acute phase of
administering both intermittent and continuous hypoxia
for 45 min. These data will provide insight into the influ-
ence of hypoxia on the acute and subacute sympathetic
system activation and stress response. However, despite
these measures, and in light of Coste & Touitou’s cor-
respondence [6], we think it is appropriate to include
an exploratory outcome for sleep quality and circadian
rhythm to any follow-up studies in PD hypoxia trials.
Further safety and response-related results from this
phase 1 study will be addressed in separate reports. Fol-
low-up trials will investigate the effects of hypoxia condi-
tioning, administered multiple times per week.

Conclusion

Hypoxia conditioning is a potentially novel treatment
strategy for mitochondrial and neurodegenerative diseases
and differs from hypoxia as a disease model for ischemia
and obstructive sleep apnea in a number of key aspects.
Importantly, these differences determine the molecular
pathways that are induced at a clinically relevant level and,
ultimately, the consequences of long-term application. For
that reason, it is essential to carefully consider the hypoxic
dose, duration and administration frequency when design-
ing clinical trials. Furthermore, monitoring of physi-
ological parameters and induction of downstream target
mechanisms is necessary to determine the therapeutic
window. Although our preliminary results do not support
an adverse effect of hypoxia interventions in persons with
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PD, further exploration of the effects of hypoxia on circa-
dian rhythm may be warranted in future studies.

Acknowledgements
No further acknowledgements.

Authors’ contributions
JMJID and IS wrote the first version of the manuscript, and MJM, PNA, DHJT
and BRB critically reviewed the final version of the manuscript.

Funding

This study is supported by the Michael J. Fox Foundation (MJFF, Therapeutic
Pipelines Program, MJFF-019201). The funder will be consulted and informed
during the study, but is not involved in study design, data collection, analysis
or interpretation, or in writing or publication matters. The Centre of Expertise
for Parkinson & Movement Disorders was supported by a Centre of Excellence
grant by the Parkinson Foundation.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate

The study is performed according to the 2013 'Declaration of Helsinki’and

‘the Medical Research Involving Human Subjects Act (WMO)' of the Civil Code
of the Netherlands. This study has been approved by the Medical Research
Ethics Committee East Netherlands, The Netherlands, (reference number
NL.77891.091.22) and has been registered at clinicaltrials.gov (ClinicalTrials.gov
Identifier: NCT05214287). Participants are covered by trial insurance issued
specifically for this study by Radboud University Medical Center.

Consent for publication
The authors declare no competing interests.

Competing interests

Bastiaan R. Bloem has received honoraria from serving on the scientific
advisory board for Abbvie, Biogen, UCB, and Walk with Path; has received fees
for speaking at conferences from AbbVie, Zambon, Roche, GE Healthcare, and
Bial; and has received research support from The Netherlands Organisation for
Scientific Research, the Michael J. Fox Foundation, UCB, Abbvie, the Stichting
Parkinson Fonds, the Hersenstichting Nederland, the Parkinson Foundation,
Verily Life Sciences, Horizon 2020, the Topsector Life Sciences and Health, and
the Parkinson Vereniging. The other authors have nothing to disclose.

Received: 8 May 2023 Accepted: 7 June 2023
Published online: 19 June 2023

References

1. Jain IH, Zazzeron L, Goli R, Alexa K, Schatzman-Bone S, Dhillon H, Goldberger
O, Peng J, Shalem O, Sanjana NE, et al. Hypoxia as a therapy for mitochon-
drial disease. Science. 2016;352(6281):54-61.

2. JainH, Zazzeron L, Goldberger O, Marutani E, Wojtkiewicz GR, Ast T, Wang
H, Schleifer G, Stepanova A, Brepoels K, et al. Leigh Syndrome Mouse Model
Can Be Rescued by Interventions that Normalize Brain Hyperoxia, but Not
HIF Activation. Cell Metab. 2019;30(4):824-832 e823.

3. Janssen Daalen JM, Meinders MJ, Giardina F, Roes KCB, Stunnenberg BC,
Mathur S, Ainslie PN, Thijssen DHJ, Bloem BR. Multiple N-of-1 trials to inves-
tigate hypoxia therapy in Parkinson’s disease: study rationale and protocol.
BMC Neurol. 2022;22(1):262.

4. Burtscher J, Syed MMK, Lashuel HA, Millet GP. Hypoxia Conditioning
as a Promising Therapeutic Target in Parkinson’s Disease? Mov Disord.
2021,36(4):857-61.

5. Kelly VE, Samii A, Slimp JC, Price R, Goodkin R, Shumway-Cook A. Gait
changes in response to subthalamic nucleus stimulation in people with Par-
kinson disease: a case series report. J Neurol Phys Ther. 2006;30(4):184-94.

Page 3 of 3

6.  Coste O, Touitou Y. Hypoxia treatment of Parkinson's disease may disrupt
the circadian system. BMC Neurol. 2023. https://doi.org/10.1186/
$12883-023-03270-y.

7. Coste O,Van Beers P, Touitou Y. Hypoxia-induced changes in recovery sleep,
core body temperature, urinary 6-sulphatoxymelatonin and free cortisol
after a simulated long-duration flight. J Sleep Res. 2009;18(4):454-65.

8. Coste O,Beaumont M, Batejat D, Beers PV, Touitou Y. Prolonged mild hypoxia
modifies human circadian core body temperature and may be associated
with sleep disturbances. Chronobiol Int. 2004;21(3):419-33.

9. Puri S, Panza G, Mateika JH. A comprehensive review of respiratory, auto-
nomic and cardiovascular responses to intermittent hypoxia in humans. Exp
Neurol. 2021;341: 113709.

10. ShuL,Wang C,Wang J, Zhang Y, Zhang X, Yang Y, Zhuo J, Liu J. The neu-
roprotection of hypoxic preconditioning on rat brain against traumatic
brain injury by up-regulated transcription factor Nrf2 and HO-1 expression.
Neurosci Lett. 2016;611:74-80.

11. Gangwar A, Paul S, Ahmad Y, Bhargava K. Intermittent hypoxia modulates
redox homeostasis, lipid metabolism associated inflammatory processes
and redox post-translational modifications: Benefits at high altitude. Sci Rep.
2020;10(1):7899.

12. Nimje MA, Patir H, Tirpude RK, Reddy PK, Kumar B. Physiological and oxida-
tive stress responses to intermittent hypoxia training in Sprague Dawley
rats. Exp Lung Res. 2020;46(10):376-92.

13. Gonzdlez-Candia A, Candia AA, Paz A, et al. Cardioprotective Antioxidant
and Anti-Inflammatory Mechanisms Induced by Intermittent Hypobaric
Hypoxia. Antioxidants (Basel). 2022;11(6):1043. Published 2022 May 25.
https://doi.org/10.3390/antiox11061043.

14. Gangwar A. Pooja, Sharma M, Singh K, Patyal A, Bhaumik G, Bhargava K,
Sethy NK: Intermittent normobaric hypoxia facilitates high altitude accli-
matization by curtailing hypoxia-induced inflammation and dyslipidemia.
Pflugers Arch. 2019:471(7):949-59.

15. Navarrete-Opazo A, Mitchell GS. Therapeutic potential of intermittent
hypoxia: a matter of dose. Am J Physiol Regul Integr Comp Physiol.
2014;307(10):R1181-1197.

16. Prabhakar NR, Peng YJ, Nanduri J. Hypoxia-inducible factors and obstructive
sleep apnea. J Clin Invest. 2020;130(10):5042-51.

17. Wang L, Wei DH, Zhang J, Cao J. Time Under 90% Oxygen Saturation and
Systemic Hypertension in Patients with Obstructive Sleep Apnea Syndrome.
Nat Sci Sleep. 2022;14:2123-32.

18  Xie A, Skatrud JB, Puleo DS, Morgan BJ. Exposure to hypoxia produces
long-lasting sympathetic activation in humans. J Appl Physiol (1985).
2001,91(4):1555-62.

19. Gabryelska A, Turkiewicz S, Karuga FF, Sochal M, Strzelecki D, Biatasiewicz P
Disruption of Circadian Rhythm Genes in Obstructive Sleep Apnea Patients-
Possible Mechanisms Involved and Clinical Implication. Int J Mol Sci.
2022;23(2):709. Published 2022 Jan 10. https.//doi.org/10.3390/ijms23020709.

20. Sun AP Liu N, Zhang YS, Zhao HY, Liu XL. The relationship between obstruc-
tive sleep apnea and Parkinson’s disease: a systematic review and meta-
analysis. Neurol Sci. 2020:41(5):1153-62.

21. Sapin E, Peyron C, Roche F, Gay N, Carcenac C, Savasta M, Levy P, Dematteis
M. Chronic Intermittent Hypoxia Induces Chronic Low-Grade Neuroinflam-
mation in the Dorsal Hippocampus of Mice. Sleep. 2015;38(10):1537-46.

22. Snyder B, Shell B, Cunningham JT, Cunningham RL. Chronic intermittent
hypoxia induces oxidative stress and inflammation in brain regions associ-
ated with early-stage neurodegeneration. Physiol Rep. 2017;5(9):e13258.
https.//doi.org/10.14814/phy2.13258.

23. McNicholas WT, Bonsigore MR. Management Committee of ECAB: Sleep
apnoea as an independent risk factor for cardiovascular disease: current evi-
dence, basic mechanisms and research priorities. Eur Respir J. 2007,29(1):156-78.

24. Wu X, Gong L, Xie L, GuW, Wang X, Liu Z, Li S. NLRP3 Deficiency Protects
Against Intermittent Hypoxia-Induced Neuroinflammation and Mitochon-
drial ROS by Promoting the PINK1-Parkin Pathway of Mitophagy in a Murine
Model of Sleep Apnea. Front Immunol. 2021;12: 628168.

25. Zhang Z,Yan J, Chang Y, ShiDu Yan S, Shi H. Hypoxia inducible fac-
tor-1 as a target for neurodegenerative diseases. Curr Med Chem.
2011;18(28):4335-43.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1186/s12883-023-03270-y
https://doi.org/10.1186/s12883-023-03270-y
https://doi.org/10.3390/antiox11061043
https://doi.org/10.3390/ijms23020709
https://doi.org/10.14814/phy2.13258

	Reply to: Hypoxia treatment of Parkinson’s disease may disrupt the circadian system
	Background
	Introduction
	Hypoxia: disease model or disease-modifying potential?
	Current trial experience
	Conclusion

	Acknowledgements
	References


