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A B S T R A C T

Chronic intermittent hypoxia (ChIH) is a dominant feature of obstructive sleep apnoea (OSA) and is associated to
metabolic alterations and oxidative stress (OS). Although management of OSA is well established, the research of
new biomarkers that are independent of confounding factors remains necessary to improve the early detection of
comorbidity and therapeutic follow-up.

In this study, the urinary metabonomic profile associated to intermittent hypoxia was evaluated in a mouse
model.

When exposed to intermittent hypoxia, animals showed a significant alteration in energy metabolism towards
anaerobic pathways and signs of OS imbalance. A compensatory response was observed over time. Our data also
indicates an excess production of vitamin B3, liver function modulations and a stimulation of creatine synthesis
which could be used to evaluate the ChIH repercussions. As well, TMAO and allantoin could constitute inter-
esting biomarker candidates, respectively in the context of cardiovascular risk and OS associated to OSA.

1. Introduction

Obstructive sleep apnoea (OSA) is one of the most frequent sleeping
disorder and is identified by the National Commission on Sleep
Disorders Research as being a major public health problem in particular
from resulting cardiovascular comorbidities (Destors et al., 2014;
Sánchez-de-la-Torre et al., 2013). This pathology affects at least 2–4%
of men and 1–2% of women over 50 years (Angelico et al., 2010;
Avellar et al., 2015; Dempsey et al., 2010) but the prevalence of OSA in
case of obesity exceeds 50% (Drager et al., 2010). This syndrome is
characterized by episodes of upper airway (UA) obstruction caused by
an inability of the UA muscles to maintain airway patency during sleep
(Carrera et al., 1999; Dempsey et al., 2010; McGuire et al., 2002).

Each apnoea episode is combined to a decreased haemoglobin
oxygen saturation and recurrent arousal inducing abrupt re-oxygena-
tion. Chronic intermittent hypoxia (ChIH) is a typical feature of OSA
which is known to lead to an increased inflammatory response, an
endothelial dysfunction and oxidative stress (OS) (Chiang, 2006; Lavie,
2003). The hypoxic stress is frequently associated to a metabolic

dysfunction characterized by an insulin resistance, type II diabetes or
metabolic syndrome (Chiang, 2006), in addition to cardiovascular
morbidity. The lipid metabolism is also affected and dyslipidaemia and
lipid peroxidation are observed in human and animal studies (Jun and
Polotsky, 2009, 2007). However, metabolic disruption in favour of a
decrease in either glycolytic or oxidative metabolism both exists in OSA
patients (Vanuxem et al., 1997) but these changes seem to be depen-
dent on exposure and severity of hypoxia (Clanton and Klawitter,
2001).

ChIH induces a compensatory response through the activation of
different transcription factors, to counteract the detrimental impact of
hypoxia. Among these, HIF1 (Hypoxia Inducible Factor 1) is known to
regulate the expression of numerous genes involved, inter alia, in glu-
cose metabolism in favour of anaerobic pathways (Gothié and
Pouysségur, 2002; Maes et al., 2012; Van Thienen et al., 2017).

Diagnosis and treatment of OSA are well codified. Currently, the
gold standard for OSA diagnosis is the polysomnography. However, this
diagnosis tool is time consuming and some important limitations exist
such as the cost and a reduced widespread availability (De Luca Canto

https://doi.org/10.1016/j.resp.2018.02.015
Received 18 July 2017; Received in revised form 26 January 2018; Accepted 27 February 2018

⁎ Corresponding author at: Lab. Respiratory Physiology and Rehabilitation, University of Mons, Avenue du Champ de Mars, 6, B-7000 Mons, Belgium.
E-mail address: alexandre.legrand@umons.ac.be (A. Legrand).

Abbreviations: AUC, area under the curve; ChIH, chronic intermittent hypoxia; CPAP, continuous positive airway pressure; FID, free induction decays; FIO2, fraction of inspired oxygen;
FMO3, flavin-containing monooxygenase-3; GAMT, guanidinoacetate methyltransferase; GLUT, glucose transporter; H2O2, hydrogen peroxide; HIF1, hypoxia inducible factor 1; HRE,
hypoxia responsive element; IH, intermittent hypoxia; NAFLD, nonalcoholic fatty liver disease; 1H NMR, proton nuclear magnetic resonance; NRF2, NF-E2 related factor 2; OS, oxidative
stress; OSA, obstructive sleep apnoea; PDK1, pyruvate dehydrogenase kinase 1; PLS-DA, partial least squares discriminant analysis; ROS, reactive oxygen species; SOD, superoxide
dismutase; TCA, tricarboxylic acid; TMA, trimethylamine; TMAO, trimethylamine N oxide; UA, upper airway

Respiratory Physiology & Neurobiology 256 (2018) 157–173

Available online 06 March 2018
1569-9048/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/15699048
https://www.elsevier.com/locate/resphysiol
https://doi.org/10.1016/j.resp.2018.02.015
https://doi.org/10.1016/j.resp.2018.02.015
mailto:alexandre.legrand@umons.ac.be
https://doi.org/10.1016/j.resp.2018.02.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resp.2018.02.015&domain=pdf


et al., 2015). Due to the lack of importance granted to excessive snoring
and daytime sleepiness, only 15% of people with suggestive symptoms
of OSA benefit from polysomnography in France. This percentage rises
to 26–28% in patients with other risk factors such as hypertension,
obesity and diabetes (Fuhrman et al., 2012). These data are notably
consistent with a study conducted in 2007 in the United States, where
19% of symptomatic patients had benefited from polysomnography
(Thornton et al., 2010). As regards the treatment, continuous positive
airway pressure (CPAP) is considered to be an effective treatment for
OSA. However, mild OSA is often not eligible for this treatment, even if
mild OSA is associated to an increased risk of cardiovascular and me-
tabolic comorbidity (Brown, 2007; Hla et al., 2015). A poor compliance
to this treatment is also not unusual and some patients continue to have
residual sleepiness in spite of therapy (Chiang, 2006; De Luca Canto
et al., 2015; Dempsey et al., 2010; Montesi et al., 2012; Somers et al.,
2008). Unfortunately, inadequately treated patients conserve a higher
risk of comorbidity (Campos-Rodriguez et al., 2014).

For all these reasons, scientists are looking for alternative diagnostic
and follow-up testing. To this aim, a special interest has centred around
potential OSA biomarkers (De Luca Canto et al., 2015). Inflammatory
(TNFα and IL6), metabolic (glucose regulation) and OS (8 isoprostane
and NO) markers as well as hypertension, are frequently evaluated in
this pathology. Although these potential biomarkers have proved to be
promising to improve the diagnostic and the treatment of OSA, these
are not considered to be ideal because of confounding factors (such as
obesity) which might interfere with data interpretation (De Luca Canto
et al., 2015; Jun and Polotsky, 2009; Montesi et al., 2012). To limit the
impact of these confounding factors in the understanding of patho-
physiological mechanisms involved in OSA, reductionist models can be
used to better characterize the ChIH component of the disease (Chopra
et al., 2016). In the literature, multiple protocols have been reported to
evaluate this component. The number and length of intermittent hy-
poxia (IH) cycles, the total period of exposure of these cycles and the
depth and duration of hypoxia are some of the major differences be-
tween reported methodologies (Béguin et al., 2005; Ishii et al., 2010;
McGuire et al., 2002). In our laboratory, ChIH exposure is performed by
using a device allowing to expose mice to rapid variation of oxygena-
tion mimicking the pattern observed in severe OSA (in terms of cycles
of hypoxia-reoxygenation and severity of desaturation) (Chodzyński
et al., 2013). Moreover, contrary to other models where submission to
the same air-conditions is not guaranteed (Béguin et al., 2005; Ishii
et al., 2010; McGuire et al., 2002), our device allows to submit all mice
to similar standardized and controlled air-flow conditions (Chodzyński
et al., 2013).

Recently, metabonomics, a new complementary tool to genomics
and proteomics, appears as one of the most powerful predictive tech-
nique to determine the systemic biochemical profiling by analysing
tissues and biofluids such as plasma or urine (Nicholson et al., 2002;
Shockcor and Holmes, 2002). This technique is based on the qualitative
and quantitative measurement of multiparameter metabolic response of
living systems in response to physiological stimuli or genetics mod-
ifications. The metabolome is constituted by all small-molecular-weight
compounds (< 1500 Da) contributing to intermediate metabolism
(Dunn et al., 2005; Lindon and Nicholson, 2008). In the present study,
proton nuclear magnetic resonance (1H NMR) spectroscopy was used.
This non-destructive and non-invasive technique provides detailed in-
formation on molecular structure and allows the detection of a wide
range of metabolites simultaneously (Beckonert et al., 2007; Lindon
et al., 2000).

To date, only few small sample-size metabonomic profiles have been
reported for OSA (Ferrarini et al., 2013; Ząbek et al., 2015) and the
temporal evolution of these profiles remains essentially unknown. Very
recently, one study determined a urinary metabolomic profiling in OSA
and simple snorers patients. Although these metabolite signatures could
potentially serve as an alternative diagnostic method to poly-
somnography, this pilot exploratory study was performed on a

relatively small sample size. Moreover, it seems necessary to clarify in
what extend any confounding factors and coexisting diseases may have
an impact on metabolomic results. Finally, there are no data available
regarding the effect of CPAP treatment or the impact of isolated IH on
metabolomic profiling (Xu et al., 2016). In addition, there is no avail-
able data concerning the temporal evolution of this metabolomic pat-
tern during IH exposure.

The present study aimed at better understanding the metabolic al-
terations specifically induced by ChIH. To this aim, we investigated, in
our reductionist ChIH murine model (Chodzyński et al., 2013), the
urinary metabonomic profile after either a short or a long exposure to
ChIH to evaluate modulations over time. Hypotheses regarding bio-
chemical pathways probably involved in the metabolic signature were
then verified. This approach allowed us to identify urinary markers
potentially useful for the diagnosis and follow-up of patients with OSA.

2. Methods

2.1. Ethical approval

All procedures met the standards of the national Belgian require-
ments regarding animal care and were carried out in accordance with
the Animal Ethics and Welfare Committee of the University of Mons.
Male C57BL6J mice (weighing 26 ± 2.4 g) were obtained from an in-
ternal breeding animal facility from the University of Mons (accred-
itation number LA1500022).

2.2. Animals

Except during the experimental periods, mice were housed at
35–40% relative humidity, a temperature of 20–23 °C under a 12:12
(light:dark) photoperiod and with an ad libitum access to food (RN-01-
20K12, Carfil quality) and water. At the age of 9 weeks, animals were
randomized in control (sham) or intermittent hypoxia (ChIH) groups.
Food intake and body weight were measured once a day during the first
4 days and then once a week during the following 5-week of the pro-
tocol. At the end of experimentation, animals were sacrificed by an
intraperitoneal injection of Nembutal ® (60mg/kg, Ceva santé animal)
and exsanguination by vena cava puncture.

2.3. Design of study

During the protocol, mice were placed in a validated device al-
lowing a controlled exposure to IH in individual chambers as described
in our previous publication (Chodzyński et al., 2013). Briefly, this
system was constituted to a nitrogen and an air compressor connected
respectively to a tank. The flow lines were controlled by two analogical
valves in order to obtain the required oxygen concentration. Two digital
valves allowed modulating the flow to obtain very fast variations of
ambient fraction of inspired oxygen (FIO2) in the exposition chamber.
An oxygen captor was placed at the end of circuitry to verify the
composition of gas mixture in real time. For the ChIH group, cycles of
30 s to the FIO2 of 6 ± 1% – 30 s to the FIO2 of 21 ± 1% were per-
formed. These cycles were repeated 8 h/d for 35 days. For the sham
group, air was distributed during the same time in identical chambers.
A schematic representation of the timeline is illustrated in Fig. 1 and the
number of animals per group and time points is indicated in the legend.

2.4. Metabonomic analyse

14 animals were randomly affected to either ChIH or Sham group,
and followed from days 0–35. At different time points (day 0 (= pre-
test urine), 1, 2, 3, 4, 7, 14, 21, 28 and 35, Fig. 1(3)), animals were
placed directly after IH or normoxic exposure in metabolic cages, and
samples of urine were collected for 16 h. As biofluids were very prone to
microbiological contamination, samples were collected into tubes
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containing 500 μl of NaN3 (0.1M) over ice. 200 μl of urine were then
added to 200 μl of distilled water and 200 μl of phosphate buffer
(Na2HPO4 0.2M and NaH2PO4 0.04M in a mix H2O/D2O (80:20); pH
7.4). The solution was then centrifuged at 13000g for 10min at room
temperature (RT). 50 μl of the solution containing 3-(trimethylsilyl)
propionic-2,2,3,3-d4 acid (TSP) (0.1 mM) and D2O were added to the
supernatant. 500 μl of sample were finally placed into 5mm NMR tube
for analysis. All the analyses were recorded at 297 K using a Bruker
Avance 500 spectrometer at 500MHz with 5mm BBI PROB for proton
observation (General, Organic and Biomedical Chemistry Department,
UMONS, Mons, Belgium). One-dimensional spectrum was acquired
using a NOESYPRESAT-1d pulse sequence. For each sample, 64 free
induction decays (FIDs) with 54832 data point per FID were collected
using a spectral width of 10330.5 Hz, an acquisition time of 2.65 s and a
pulse recycle delay of 3s. The FID was Fourier transformed and a line
broadening of 0.3 Hz was applied. The spectra were corrected and ca-
librated against TSP arbitrarily placed at 0.00 ppm using 5.3.0-4536
MestReNova software (MestreLab Research S.L., Santiago de Compos-
tela, Spain).

Spectral data were then converted into numerical data. To this goal,
the spectral regions (from 0.08 ppm to 10.00 pm) were reduced to 248
regions of 0.04 ppm width each and next integrated. Regions corre-
sponding to the residual water signal (from 4.50 ppm to 5.00 ppm) and
the daily urea variation (from 5.50 ppm to 6.00 ppm) were then ex-
cluded. Each integrated sub-region was normalized to the total spec-
trum area. The final data set was imported into SIMCA-P+ 12.0 soft-
ware (Umetrics, Umea, Sweden). After mean-centering of the data with
Pareto scaling, a partial least squares discriminant analysis (PLS-DA)
was performed. This analysis was carried out to discriminate the me-
tabolic patterns between treated and sham mice and also between hy-
poxic animals to observe differences over time. A scores scatter plot was
then realized to evaluate relationships between observations and a
loadings scatter plot to determine the spectral area differing between
the groups. The quality and reliability of the models were assessed by
the R2 and Q2 parameters. The goodness of fit parameter R2 represents
the explained variation in the data and the goodness of prediction
parameter Q2 uses cross-validation to estimate the predictive ability of
the model. A CV-ANOVA test was performed to evaluate statistical
significance (Eriksson et al., 2008). To further validate the established
model, a random permutation test with 50 permutations was performed
with PLS-DA. Metabolite identification was then realized with an
identification table on spectral area having a VIP (variable important in
projection)> 0.7.

2.5. Blood and tissue sampling and analyse

76 additional animals were allocated to ChIH or Sham group and
sacrificed at different time-points for blood and tissue sampling.

2.5.1. Haematocrit measurement
To confirm that exposure to ChIH (FIO2 21% – 6%, 30 s – 30 s, 8 h/

day) reproduced OSA characteristics, we first assessed the emergence of
a polycythaemia at different time-points (days 1, 3, 8, 14, 21, 28 and
35; Fig. 1(1)). Haematocrit measurement was immediately realized
after the 8-h IH or sham exposure.

2.5.2. Glucose tolerance test
Because ChIH is known to stimulate anaerobic glycolysis pathway

by a series of adaptive responses, which prone to modify glucose tol-
erance (Goda and Kanai, 2012; Toffoli et al., 2007; Yuan et al., 2008), a
glucose tolerance test was performed directly after the 8 h of treatment
(corresponding to fasting) at different time points (day 0, 1, 3, 7, 14, 21,
28 and 34, Fig. 1(2)). To this aim, mice received an intraperitoneal
glucose injection (2 g/ kg body weight of D-glucose (Roth, Karlsruhe,
Germany). Glycemia was measured before and 30, 60 and 120min after
injection by using glucometer (OneTouch® Vita™, LifeScan, Inc., USA).
The area under the curve (AUC) of glycemia was then calculated.

2.5.3. HIF1α activation
Because HIF1α is known as a key mediator of the adaptive response

to hypoxia, its activation was evaluated by a relative quantification of
its nuclear protein abundance. To this aim, animals were sacrificed at
time points (Days 1 and 35) directly after the 8 h of IH. A liver sample
was harvested, placed in liquid nitrogen and kept at −80 °C.

To evaluate HIF1α activation, nuclear extracts were prepared from
liver tissue by using the NE-PER™ (Nuclear and Cytoplasmic Extraction
Reagent Kit, 78833, ThermoFisher Schientific) with protease and
phosphatase inhibitor cocktail (Sigma-Aldrich and VWR, respectively),
according to manufacturer’s instructions. 150 μg of nuclear extracts
were then separated by an 8% SDS-PAGE for 2h20 at 100 V and
transferred to a nitrocellulose membrane (GE Healthcare). The mem-
brane was then cut in 2 parts at around the 50 kD molecular weight
marker (Biorad).

On the upper part, after blocking with 5% non-fat dry milk-TBS for
1h30 at RT, membranes were incubated overnight at 4 °C with a rabbit
pAb directed against HIF-1α (1/500, NB100-479, Novus Biologicals).
After deionised rinsing, membranes were then incubated with a HRP-

Fig. 1. Study design timeline.
Mice were exposed to cycles of 30 s to the FIO2 of 6%
– 30 s to the FIO2 of 21%. These cycles were re-
peated 8 h/day (white square) interspersed by 16 h
normoxia (black square) for 35 days.
1. Haematocrit measurements were performed at
different time-points (1, 3, 8, 14, 21, 28, 35 days,
n= 7 per time point), directly after the 8 h of ex-
posure to IH or normoxia (white square). 2. Glucose
tolerance tests were conducted at different time-
points (days 0, 1, 3, 7, 14, 21, 28, 34, n= 9 for sham
and n=10 for ChIH per time point) directly after the
8 h of exposure to IH or normoxia (white square). 3.
Urine collection for metabonomic analysis. To
realize metabonomic analyses, another group of an-
imals were placed at days 0, 1, 3, 7, 14, 21, 28 and
34, directly after the 8 h of exposure to IH or nor-
moxia (white square), in metabolic cage during 16 h
normoxia (black square) and urines collected (n= 7
for each group and time-point). Biochemical path-
ways potentially involved in metabonomic changes
were then verified: HIF1α (hypoxia inducible factor
1α) nuclear abundance at days 1 (ChIH n=12,
Sham n=10) and 35 (ChIH n=8, Sham n=9) and

GAMT (GuanidinoAcetate MethylTransferase) abundance at day 35 (ChIH n=11, Sham n=10).
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conjugated secondary antibody (1/5000, NA934V, GE Healthcare) for
1 h at RT. The revelation step was performed using SuperSignal™ West
Femto Maximum Sensitivity Substrate (34095, ThermoFisher
Scientific).

On the lower part, after blocking with 5% BSA TBS-T for 1 h at RT,
membranes were incubated with a Rb mAb anti-RPLP0 (1/1000,
ab192866, Abcam). After TBS-T rinsing, membranes were then in-
cubated with a HRP-conjugated secondary antibody (1/5000, NA934V,
GE Healthcare) for 1 h at RT. The revelation step was performed using
ECL™ Western Blotting Reagents (GE Healthcare). The immunoreactive
bands were then submitted to a densitometric analysis using the Image
J software and data normalized to RPLP0 bands.

2.5.4. Creatine synthesis assessment
ChIH modulating energy metabolism towards anaerobic pathways,

we decided to investigate the last step of creatine synthesis by a relative
quantification of GuanidinoAcetate MethylTransferase (GAMT) protein
abundance by western blot. During protocol adjustments, different
bands, which potentially corresponded to dimeric or trimeric forms,
were immunodetected in liver extracts. Therefore, the relative amounts
of these GAMT forms were first determined on liver extracts obtained
by lysis in KPO4 buffer (1M K2HPO4, 1M KH2PO4 and protease in-
hibitor cocktail (Sigma-Aldrich)) using a non-reducing SDS-PAGE. This
analysis was also realized in strong reducing conditions by using liver
extracts realized in urea buffer (50mM Tris, 5M urea and 0.5% β-
mercaptoethanol, DTT and protease inhibitor cocktail (Sigma Aldrich)).

In both cases, 30 μg of total protein extract were separated by a 12%
gel (1h45, 100 V) and transferred to nitrocellulose membrane (GE
Healthcare). After blocking with 0.2% non-fat dry milk TBS-T for 1 h at
RT, membranes were probed with a primary Rb pAb anti-GAMT anti-
body (1/4000, 10880-1-AP, bio-connect) and then incubated with a
HRP-conjugated secondary antibody (1/5000, NA934V, GE Healthcare)
for 1 h at RT. The revelation step was performed using ECL™ Western
Blotting Reagents (GE Healthcare). The immunoreactive bands were
then submitted to a densitometric analysis using the Image J software
and data normalized to RPLP0 bands.

2.6. Statistics

For each analyse, normality and equal variance tests were assessed
using respectively Shapiro-Wilk test and Levene median test. All data
were represented as mean ± sem or boxplot (25th and 75th percentile)
for parametric or non-parametric statistical test, respectively. The mean
values of haematocrit, body weight and food intake were calculated and
assessed using a One Way ANOVA (haematocrit) or Two Way ANOVA
for Repeated Measure, followed by a Student-Newman-Keuls test.
Median, 25th and 75th percentile were calculated for HIF1 activation
measurement and glucose tolerance test results. Median of each ana-
lysis were then compared between sham and hypoxic mice by using an
Analysis of Variance on Ranks (Dunn’s Method). A student’s unpaired t-
test was used to determine the statistical significance of total GAMT
expression, whereas a Chi square was performed for GAMT distribution.
Differences were considered statistically significant for p < 0.05.

3. Results

Chronic intermittent exposure to hypoxia was well tolerated.
Besides a slight decrease of body weight at the beginning of the pro-
tocol, body weight (Appendix A(1), p= 0.121) and food intake
(Appendix A(2), p= 0.397) were not significantly affected.

3.1. Metabolic changes between hypoxic and sham animals

To investigate major differences in the urine metabolite composition
of sham and ChIH mice, multivariate data analysis was built using 1H
NMR data. The PLS-DA (R2Xcum=0.377; Q2cum=0.366) (Fig. 2(1))

showed a significant separation between sham and ChIH mice
(p= 5.58× 10−9, CV ANOVA test). The corresponding loadings plot
indicated an increase in the levels of lactate (1.32 ppm doublet and
4.13–4.17 ppm quadruplet), hippurate (3.97 ppm, doublet and
7.79 ppm doublet), sarcosine (3.61 ppm, singlet), glycine (3.53 ppm,
singlet), creatine and creatinine (3.93 ppm, singlet and 4.05 ppm,
singlet), trans-aconitate (3.45 ppm, singlet), trimethylamine N oxide
(3.21 ppm, singlet), allantoin (5.34 ppm and 5.42 ppm singlet) and
trigonelline (4.41 ppm, singlet). In parallel, decreased levels of pyr-
uvate (2.37 ppm, singlet), citrate (2.68 ppm, doublet), succinate
(2.44 ppm, singlet), acetoacetate (2.28 ppm, singlet), methionine
(2.16 ppm, singlet), isoleucine (0.92 ppm, multiplet), methylamine
(2.56 and 2.60 ppm, singlet), dimethylamine (2.72 ppm, singlet), tri-
methylamine (2.88 ppm, singlet) and taurine (3.41 ppm, triplet) were
also observed in ChIH urine (Appendix B, Table 1). The plot presented
in Fig. 2(2) indicated the validity of the established PLS-DA model.
Fig. 3 shows representative 500MHz 1HNMR spectra of urine samples
from sham and ChIH mice.

Biochemical pathways mainly deregulated in ChIH mice are sum-
marized on Fig. 9. Globally, the increase in lactate/pyruvate ratio and
trans-aconitate, together with the decreased level of citrate, succinate
and acetoacetate reflected TCA cycle disruption. This disturbance in-
dicated a switch to anaerobic metabolism in ChIH mice. Creatine, sar-
cosine, glycine and methionine could constitute another subgroup of
metabolites, all involved in creatine synthesis.

The increased level of the oxidized form of trimethylamine (TMAO)
was consistent with the lower level of methylamine, dimethylamine and
trimethylamine. Alterations of other pathways could also be suspected
at this stage such as oxidative stress (allantoin, taurine), vitamin B3
(trigonelline) and liver detoxification (hippurate).

3.2. Metabolic modulation over time of ChIH exposure

To better characterize metabolic changes occurring during early
events and chronic alterations induced by ChIH, data collected during
the first 4 days were compared to those from later time points
(7–35 days of exposure) (Fig. 4(1)). The PLS-DA performed on the ChIH
data only (R2Xcum=0.434; Q2cum=0.486) showed a clear separa-
tion between the early and the late time points (p= 9.07× 10−6, CV
ANOVA test). The validation of the established PLS-DA model is pre-
sented on Fig. 4(2). In urine samples collected at late time point, we
observed increased levels of methylamine (2.60 ppm, singlet), di-
methylamine (2.72 ppm, singlet), trimethylamine (2.88 ppm singlet),
hippurate (3.97 ppm, doublet, 7.55–7.59 ppm doublet and 7.63 triplet),
glycine (3.53 ppm singlet) and tryptophan (7.18 ppm, triplet; 7.26 and
7.3 ppm, quadruplet; 7.5 ppm, doublet; 7.71 ppm doublet), as com-
pared to earlier samplings. The loadings plot also showed a decrease in
levels of taurine (3.41 ppm, triplet), methionine (2.16 ppm, singlet),
allantoin (5.42 ppm, singlet), acetoacetate (2.28 ppm, singlet), crea-
tine/creatine phosphate or creatinine (3.01 and 3.05 ppm, singlet and
3.93 ppm singlet), sarcosine (3.61 ppm, singlet) and choline/carnitine
(3.17 ppm, singlet) after prolonged exposure to ChIH (Appendix C,
Table 2). A decrease in intermediate products of tricarboxylic acid
(TCA) cycle (succinate (2.40 ppm singlet), citrate (2.68 ppm doublet),
trans-aconitate (3.45 ppm, singlet), cis-aconitate (3.09 ppm, singlet))
was also observed.

As illustrated on Fig. 9, the increase in allantoin after a short ex-
posure to ChIH together with the decrease in taurine level at later time
point revealed a change in mechanisms of antioxidant defences over
time. The increased level of tryptophan over time coupled to the higher
level of trigonelline observed in 3.1, was in agreement with a pertur-
bation of vitamin B3 metabolism. The increased level of hippurate
noticed in the ChIH group was more apparent at late time point. An
increase in hepatotoxic metabolite (choline and carnitine) also ob-
served after a chronic exposure. Finally, the disturbance of energy
metabolism (TCA and creatine synthesis intermediates) was detectable
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at late time point.

3.3. Early increase of HIF1α nuclear abundance in liver in ChIH mice

As hypoxia is known to induce compensatory mechanisms mainly
mediated through a transient activation of HIF1α, with long-term ef-
fects notably in terms of energy metabolism (Toffoli et al., 2007; Yeung
et al., 2008; Yuan et al., 2008), we evaluated HIF1α activation by a
relative quantification of its nuclear abundance in liver samples. The
signal detected with the HIF-1 antibody shows multiple bands located
around the theoretical molecular weight (110 kD). Among those, the
upper ones likely correspond to various posttranslational modifications
such as phosphorylated or ubiquitinated forms (Ndubuizu et al., 2009)
whereas lower bands could be indicative of the presence of degradation
products (Fig. 5(1)). The densitometric analysis of bands located be-
tween 110 and 150 kD showed a significant increase of HIF1α protein
abundance after 1 day of ChIH as compared to sham animals, but this
increment was not maintained until 35 days (p < 0.01, ANOVA on

ranks, Fig. 5(1–2)).

3.4. ChIH mice exhibit an increased haematocrit and glucose tolerance over
time

One of the adaptive responses to hypoxia mediated by HIF1α is the
promotion of red blood cell formation. ChIH mice exhibited an in-
creased haematocrit from day 8 (ChIH: 44.36 ± 1.12% vs sham:
40.03 ± 0.98%) up to 35 (ChIH: 45.78 ± 1.29% vs sham:
39.64 ± 0.93%; p < 0.001, One Way Anova; Fig. 6). A reduction of
the hyperglycemic response after glucose injection was also observed
and indicated a better glucose uptake in ChIH mice. This improvement
in glucose tolerance was present on Day 7 (blood glucose area under the
curve: ChIH Day1: 19822 vs ChIH Day 7: 13507) and was maintained
until Day 35 (ChIH Day 35: 11077, p < 0.001, ANOVA on ranks). A
significant decrease in AUC was also observed from Day 7 when we
compared sham and ChIH data (p < 0.001, ANOVA on ranks, Fig. 7).
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Fig. 2. Metabonomic alteration induced during ChIH in mice.
1. PLS-DA (scores plot) of 1H NMR spectra of urine samples collected over a 16 h-period after 0, 1, 2, 3, 4, 7, 14, 21, 28 and 34 days of ChIH (black squares, n= 7 per time point) and
normoxia (green squares, n=7 per time point). The model parameters were: R2Xcum=0.377; R2Ycum=0.461; Q2cum=0.366; and Hotelling’s T2: 0.95. *p=5.58× 10-9, CV
ANOVA test. 2. Cross-validation plot with a permutation test repeated 50 times. The permuted R2 (in green) and Q2 (in blue) values located in the left side of the graph were lower than
the original points to the right and Q2 regression lines (in blue) have negative intercepts (Y axis intercepts: R2= (0.0, 0.129); and Q2= (0.0, −0.185)) indicate the validity of our PLS-DA
model.
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3.5. ChIH induces a modification of GAMT form proportions

Creatine being another anaerobic energy source for cells, the GAMT
protein abundance was assessed as the last step of creatine synthesis.
During protocol adjustments, 3 bands were observed at a molecular
weight of 25, 50 and 75 kD. Since the theoretical molecular weight of
the GAMT protein was of 25 kD, a blot comparison was performed using

non-denaturant and strong denaturant conditions. The results indicate
that 50 kD- and 75 kD-bands may correspond to dimeric and trimeric
forms, respectively (Appendix D). Consequently, a relative quantifica-
tion of the total GAMT and a proportion of each form were both per-
formed in this study. No significant difference was observed when we
compared groups regarding to the total signal obtained for all GAMT
forms detected upon strong denaturant conditions (p= 0.443, Stu-
dent’s unpaired t-test, Fig. 8(1)). Concerning multimeric forms dis-
tribution (Fig. 8(2)), the results obtained in non-denaturant conditions
are indicative of a change towards an increased level of the dimeric
form, as compared to sham animal (p < 0.05, Chi square).

4. Discussion

4.1. ChIH mice as a reductionist model of OSA

ChIH, a key component in the OSA pathophysiology, is known to
induce a lot of modifications on the lipid and glucose metabolism to
counteract the detrimental impact of hypoxia. However, numerous
confounding factors present in OSA limit the understanding of patho-
logical mechanisms by interfering with data interpretations. In this
study, using a 1H NMR metabolic profiling approach, a characterization
of our reductionist model of OSA was firstly performed to better char-
acterize the specific impact of ChIH. Our metabonomic evaluation
performed on urine samples showed a significant separation between
sham and ChIH mice profiles and revealed multiple metabolic changes
depending on the duration of exposure. A schematic representation of
metabolite modification in ChIH was illustrated in Fig. 9. These mod-
ulations could not be attributed to any variation in body weight or food
intake, those parameters being not significantly modified during the
ChIH protocol.

Table 1
List of metabolites with changes in urine concentration in ChIH as compared to sham
urines. Identification of spectral sub-region screening a VIP (Variable important in pro-
jection) values> 0.7. Singlet (s), doublet (d), triplet (t), multiplet (m), quadruplet (q).

Increase Decrease

Identification Chemical
shift

VIP Identification Chemical
shift

VIP

Lactate 1.32 (d) 1.08 Isoleucine/Leucine 0.88 to
0.92 (m)

1.77

Trimethylamine N
oxide

3.21 (s) 1.29 Isoleucine 1.20 (m) 1.08

Trans-aconitate 3.45 (s) 1.14 Methionine 2.16 (s) 1.57
Glycine 3.53 (s) 1.76 Acetoacetate 2.28 (s) 1.05
Sarcosine 3.61 (s) 1.93 Pyruvate 2.36 (s) 0.87
Creatine 3.93 (s) 2.90 Succinate 2.4 to 2.44

(s)
3.48

Hippurate 3.97 (d) 1.01 N acetylaspartate 2.52 (q) 3.86
Creatinine 4.05 (s) 1.32 Methylamine 2.56 to

2.60 (s)
4.10

Lactate 4.13 to
4.17 (q)

1.34 Citrate 2.68 (d) 4.52

Trigonelline 4.41 1.03 Dimethylamine 2.72 (s) 1.39
Allantoin 5.34 (s) 1.02 Trimethylamine 2.88 (s) 2.85
Hippurate 7.79 (d) 0.77 Taurine 3.25 (t) 2.61

Taurine 3.41 (t) 1.18

Fig. 3. Representative 500MHz 1HNMR urine spectra from sham and ChIH animals.
a – creatine; b – citrate; c – methylamine; d – dimethylamine; e – tryptophan; f – carnitine; g – sarcosine; h – glycine; i – choline; j – trans-aconitate; k – creatinine; trimethylamine (TMA);
trimethylamine N oxide (TMAO).
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ChIH is known to stimulate anaerobic glycolysis pathway by a series
of adaptive responses, notably through HIF1α activation (Toffoli et al.,
2007; Yeung et al., 2008; Yuan et al., 2008, 2005). Indeed, under hy-
poxic condition, the HIF1α subunit is translocated into the nucleus and
forms a complex with HIF1β. This complex interacts with hypoxia re-
sponsive elements (HRE) located in the promoter regions of hypoxia-
responsive genes (Gothié and Pouysségur, 2002; Maes et al., 2012;
Nanduri et al., 2015). Among other effects, HIF1 pathway activation is
known to stimulate tissue glucose uptake by increasing the expression
and the translocation of glucose transporters (GLUT) (Goda and Kanai,
2012). Accordingly, we observed a decrease in the glycemia AUC in
ChIH mice, starting on Day 7 and maintaining up to Day 35. On the
other hand, these results may appear surprising given that OSA and
ChIH during sleep are commonly associated with insulin resistance and
diabetes (Chiang, 2006; Dempsey et al., 2010; Polak et al., 2013; Wang
et al., 2015). This could reflect the direct effect of ROS production as it
was described to interfere with insulin intracellular signalling pathways

(Tiganis, 2011). Indeed, while insulin interact with its receptor, an
H2O2 production occurs through NADPH oxidase, inducing notably
GLUT translocation via PI3K/Akt signalling pathway or AMP/ATP ratio
increment (Barbieri and Sestili, 2012; Espinosa et al., 2016; Higaki
et al., 2008; Horie et al., 2008; Kwang, 2015; Mahadev et al., 2001;
Mason and Wadley, 2014). However, this association is still con-
troversial (Chopra et al., 2016; Polotsky et al., 2003; Rafacho et al.,
2013), and we do not exclude the appearance of an insulin resistance in
our ChIH murine model at very long-term. Future studies will be ne-
cessary to determine the exact mechanism underlying glucose tolerance
changes upon ChIH.

HIF1 is also known to induce enzymes expression of the glycolytic
pathway including hexokinases 1 and 3, phosphoglycerate kinase 1 and
to upregulate lactate dehydrogenase A, stimulating NAD+ regenera-
tion, a process necessary for the maintenance of glycolysis (Goda and
Kanai, 2012). The metabolic consequences of this adaptation were
observed in our model by an increase of lactate/pyruvate ratio,
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Fig. 4. Evolution of metabonomic alteration induced during ChIH exposition.
1. PLS-DA (scores plot) of 1H NMR spectra of urine samples collected over a 16h-period after 0,1,2,3,4 days (early event, red squares, n=7 per time point) and 7, 14, 21, 28, 34 days
(chronic alteration, blue squares, n= 7 per time point) of ChIH. The model parameters were: R2Xcum=0.434; R2Ycum=0.69; Q2cum=0.486; and Hotelling’s T2: 0.95.
*p=9.07× 10-6, CV ANOVA test. 2. Cross-validation plot (R2 in green, Q2 in blue with a permutation test repeated 50 times. The permuted R2 (in green) and Q2 (in blue) values located
in the left side of the graph were lower than the original points to the right and Q2 regression lines (in blue) have negative intercepts (Y axis intercepts: R2= (0.0, 0.188); and Q2= (0.0,
−0.201)) indicate the validity of our PLS-DA model.
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according to Pastoris et al. (1995) study realized on the gastrocnemius
muscle from rats exposed to mild and severe ChIH. Moreover, decreases
of citrate and succinate levels were observed in ChIH mice. Such al-
terations in various TCA cycle intermediates indicate that ChIH does
alter oxidative phosphorylation performance. The increase of trans-
aconitate, another intermediate of TCA cycle, also reflects an alteration
of oxidative phosphorylation. Indeed, the presence of this metabolite
indicates that cis-aconitate was not used by cells (Ganong, 2005). These
signs of an altered TCA cycle seem more important after a long-term
exposure to ChIH, indicating the development of a mitochondrial dys-
function over time. These results corroborate those observed by Pastoris
et al. on gastrocnemius muscle from rat exposed to mild or severe
normobaric IH for 4 weeks. This group showed a decreased citrate
concentration after mild exposure and of citrate and α-ketoglutarate
levels after severe IH (Pastoris et al., 1995). These perturbations of
mitochondrial metabolism could also be mediated through the activa-
tion of HIF1 signaling pathway. Indeed, this transcription factor induces
expression of pyruvate dehydrogenase kinase 1 (PDK1), which inhibits
pyruvate dehydrogenase. By this way, the conversion of pyruvate to
acetylCoA, necessary to the function of TCA cycle, is inhibited (Goda
and Kanai, 2012; Kim et al., 2006).

Our results fit with the hypothesis that TCA cycle perturbations are
mediated, at least partly, through HIF1 activation upon ChIH.
Accordingly, a decrease in acetoacetate, a ketone body, was observed in
ChIH mice and seem to be more important following chronic exposure.
It is known that acetyl-CoA produced by the beta-oxidation of fatty
acids or during the conversion of pyruvate, can be metabolized to ke-
tone bodies when acetyl-CoA is in excess (Evans et al., 2016). There-
fore, the decreased acetoacetate concentration could reflect an altered
beta-oxidation or a decreased pyruvate dehydrogenase activity medi-
ated by HIF1 activation. Indeed, HIF activation, and hypoxia itself, was
shown to downregulate the expression of MCAD and LCAD (medium-
and long-chain acylCoA dehydrogenases), two enzymes which catalyze
the first steps of fatty acid oxidation (Huang et al., 2014; Zaugg et al.,
2011). Moreover, ChIH is also know to block the beta-oxidation and
induce mitochondrial dysfunction through HIF1 activation (Aron-
Wisnewsky et al., 2016).

In addition to switch towards anaerobic metabolism, polycythaemia
(typically observed in most patients with OSA (Dempsey et al., 2010;
Nasser and Rees, 1992)) appeared in our ChIH mouse model after one
week of exposure and was maintain until 35 days, according to other
studies (McGuire and Bradford, 1999; O’Halloran et al., 2002; Shortt
et al., 2014; Skelly et al., 2012). Enhanced haematocrit is also most
probably mediated by an activation of HIF1 transcription factor and its
downstream pathways regulating compensatory mechanisms in re-
sponse to hypoxia. This result confirmed the efficiency of exposure to
ChIH (Haase, 2013).

Fitting with the observed metabolic perturbations and poly-
cythaemia and to test the hypothesis of HIF1α activation, nuclear
quantification of this transcription factor was performed on animals
exposed to 1 and 35 days of ChIH. The nuclear quantification of HIF1α
showed a significant increase in liver tissue after 1 day of exposure to
IH. Accordingly, other studies also described an up-regulation of pro-
tein level HIF1α in rodent liver at different time points of exposure to
IH (da Rosa et al., 2012; Li et al., 2016). In our study, a recovery to
basal level of HIF1α was observed after 35 days. This result could be
explained by the kinetics of HIF-1 expression, protein stabilization and
nuclear translocation upon IH. Regarding this point, Stroka et al. (2001)
observed that 1 h of continuous hypoxia (at a FIO2 of 6%) was sufficient
to increase HIF1α protein nuclear level in mice liver, with a highest
expression after 1–2 h of exposure. Thereafter, the signal declined after
3–4 h of hypoxia (Stroka et al., 2001). Moreover, kinetics of HIF1α
induction is tissue-specific. Indeed, Sacramento et al. (2016) have re-
cently described a downregulation of HIF1α expression in skeletal
muscle upon ChIH (FIO2 21%–5%, 7min–3.5 min, 10.5 h/day). Inter-
estingly, this condition was associated to an insulin resistance

Table 2
List of metabolites with changes in urine concentration in chronic alteration of ChIH as
compared to early event. Identification of spectral sub-region screening a VIP (Variable
important in projection) values>0.7. Singlet (s), doublet (d), triplet (t), multiplet (m),
quadruplet (q).

Increase Decrease

Identification Chemical
shift

VIP Identification Chemical
shift

VIP

Methylamine 2.60 (s) 0.92 Isoleucine/Leucine 0.88 (m) 0.98
Dimethylamine 2.72 (s) 2.05 Methionine 2.16 (s) 1.67
Trimethylamine 2.84 to 2.88

(s)
5.93 Acetoacetate 2.28 (s) 0.78

Glycine 3.53 (s) 1.73 Succinate 2.4 to 2.44
(s)

1.35

Hippurate 3.97 (d) 1.76 N acetylaspartate 2.52 (q) 0.91
Tryptophan 7.18 (t) 1.19 Citrate 2.68 (d) 1.49
Tryptophan 7.26 to 7.30

(q)
1.61 Creatine/creatinine 3.01 to

3.05 (s)
3.20

Tryptophan 7.50 (d) 1.25 Cis-aconitate 3.09 (d) 1.18
Hippurate 7.55 and

7.59 (d)
1.82 Choline/carnitine 3.17 (s) 0.78

Hippurate 7.63 (t) 1 Taurine 3.25 (t) 4.12
Tryptophan 7.71 (d) 1.07 Taurine 3.41 (t) 3.96
Hippurate 7.83 to 7.87

(d)
1.65 Trans-aconitate 3.45 (s) 1.19

Sarcosine 3.61 (s) 0.96
N,n-Dimethylglycine 3.73 1.21
Creatine 3.93 (s) 2.67
Allantoin 5.42 (s) 1.21

Fig. 5. Effect of ChIH on HIF1α nuclear abundance in liver.
1. Representation blot of HIF1 activation after a ChIH exposure. HIF1α protein
abundance in the liver after 1 day of ChIH. The positive control corresponds to nuclear
extract of Raw cells exposed to continuous hypoxia during 24 h. 2. HIF1α nuclear
abundance in liver. HIF1α nuclear abundance in the liver after 1 day of normoxia
(n=10) or ChIH (n=12) and 35 days of normoxia (n= 9) or ChIH (n= 8). Median,
percentile 25 and 75%, *p < 0.01 between ChIH, *p < 0.01 sham vs ChIH, ANOVA on
ranks.

S. Conotte et al. Respiratory Physiology & Neurobiology 256 (2018) 157–173

164



appearing after 35 days of exposure but not present at 28 days
(Sacramento et al., 2016). HIF1 activation being most probably influ-
enced by the pattern of exposure and ROS production (Belaidi et al.,
2016; Pialoux et al., 2009; Yuan et al., 2008), further analysis will be
necessary to determine the exact mechanisms underlying HIF1 spatio-
temporal expression after short and long-term exposure to ChIH.

4.2. Biomarker research

Although OSA diagnosis and treatment are considered to be effec-
tive, this pathology is often underdiagnosed and present some limita-
tions such as the cost and a poor compliance with CPAP. Therefore, the
identification of potential biomarkers remains necessary for OSA early
diagnosis as well as to improve patient follow-up. The research of
metabolic profiling on the ChIH reductionist model allow to determine
ChIH specific potential biomarkers by avoiding OSA confounding fac-
tors.

4.2.1. Signs of adaptive mechanisms of antioxidant defenses in ChIH mice
Urinary levels of allantoin were significantly increased after a short

ChIH exposure, a metabolite commonly considered as a urinary marker
of OS. This oxidation product of uric acid is, therefore, a metabolic end
product of xanthine metabolism (Fig. 9) (Serkova et al., 2005). In
mammals, allantoin is produced either through a specific enzymatic

reaction via uricase or through a simple oxido-reduction favored by
many types of free radicals (Dall’Acqua et al., 2016; Hellsten et al.,
1997; Mikami et al., 2000; Serkova et al., 2005). In humans, since
uricase activity has not been reported to date, allantoin detection is
most likely related to a non-enzymatic reaction by a direct action of
reactive oxygen species (ROS). Serkova et al. also observed an increased
concentration of allantoin in blood and renal tissue after reperfusion of
ischemic tissue in a rat kidney transplant model, known to induce a
ROS production (Awad et al., 2013). The authors attribute this mod-
ulation either to an increased xanthine degradation or to a higher hy-
drogen peroxide (H2O2) production (Serkova et al., 2005).

At later time points, the decreased taurine level reinforces the hy-
pothesis of an OS imbalance during ChIH exposure. This derivative of
sulphur amino acid, found at relatively high concentrations in excitable
cells and tissues exposed to high level of ROS (De Luca Canto et al.,
2015; Hansen et al., 2006; Schuller-Levis and Park, 2003), contributes
to a series of antioxidant defenses such as a direct scavenging of hy-
pochlorous acid (Schaffer et al., 2010). Increases of glutathione and
glutathione peroxidase synthesis, two antioxidant defense reducing
H2O2, were also reported to be promoted by taurine (Anand et al.,
2011; Nonaka et al., 2001). Moreover, taurine is known to increase
thioredoxin reductase action which allows to maintain the reduced
state of the antioxidant thioredoxin (Yildirim et al., 2007) and improve
zinc intracellular incorporation (Harraki et al., 1994), a metal necessary

Fig. 6. Effect of ChIH on haematocrit.
Haematocrit measurement performed at different time points (1, 3, 8, 14, 21, 28, 35 days) directly after the 8 h of exposure to IH (n=7 per time point) or normoxia (n=7 per time point
excepted days 14 and 28). Mean ± sem * p < 0.001 One way ANOVA.

Fig. 7. Evolution of ChIH effect on glycemia.
Blood glucose area under the curve (AUC glycemia) during a glucose tol-
erance test (D-Glucose 2 g/kg b.w. over 120min) performed at different
time points (before and at day 1, 3, 7, 14, 21, 28 and 34) directly after the
exposure to ChIH (in grey, n= 10 per time point) or normoxia (in black,
n= 9 per time point). Median, percentile 25 and 75%, *p < 0.001 be-
tween ChIH, *p < 0.001 sham vs ChIH, ANOVA on ranks.
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to the catalytic action of superoxide dismutase 1 (SOD1). A decrease of
methionine, an essential amino acid allowing to the formation of
taurine with the cysteine, is also observed. These decreases in urinary
level of taurine and methionine indicate an increased consumption of
this antioxidant upon ChIH.

Our results confirm the importance of IH component in OS devel-
opment, as described in data relative to OSA that clearly attested the
presence of OS damages in patients and categorized the pathology as an
OS trouble (Barceló et al., 2006; Lavie, 2003; Lavie et al., 2004; Lavie
and Lavie, 2009; Yamauchi et al., 2005). In view of these results, it
seems appropriate to target biomarkers linked to OS during patient
diagnosis and follow-up. Allantoin could be a good candidate since, in
human, this metabolite was reported to be only present in urine fol-
lowing a production of ROS (Serkova et al., 2005). Although CPAP
treatment is known to reduce OS (et al., 2006, 2000; Lavie et al., 2004;
Minoguchi et al., 2006), we could suggest its association with an anti-
oxidant therapy. This treatment could bring an interesting therapeutic
value in view of OS repercussion in OSA pathophysiology. Antioxidant
supplementation has been tested in mouse models of ChIH (Inamoto
et al., 2010; Shortt et al., 2014; Skelly et al., 2012; Williams et al.,
2010a) and was associated to an improvement of muscular function.
However, this beneficial effect was observed after 1–2 weeks of inter-
mittent hypoxia exposure. The present study emphasizes the temporal
evolution of the OS and an increase of the antioxidant defenses at late
time-points. The real benefit of antioxidant observed in previous studies
must therefore be interpreted cautiously and any further evaluation
should be based on long-term studies.

4.2.2. Modulation of NAD+ precursors in ChIH mice
An increase in trigonelline (N-methylnicotinic acid) is observed in

ChIH mice as compared to sham. This metabolite is known as the
principal end-product of nicotinic acid metabolism (also called niacin,
vitamin B3 or vitamin PP metabolism) (Huff and Perlzweig, 1941;
Mason and Kodicek, 1970; Robinson, 2013). Consequently, the

increment in trigonelline could reflect a vitamin B3 excess production
inducing excretion of the excess in urines. Vitamin B3 is a precursor of
coenzymes NAD+ and NADP+, which by interconversion with their
reduced forms, NADH and NADPH, participate in several redox reac-
tions and play important roles in energy metabolism (Gerhard, 1999;
Sauve, 2007). Moreover, Vitamin B3 is also able to lower cholesterol
levels, presumably by a reduction of VLDL production (Johnson, 2008;
Pullinger et al., 2002), suggesting an anti-atherosclerotic role in hy-
poxic condition (Pang, 2014). An increase in tryptophan level is also
observed after chronic alteration as compared to early event. This
amino acid increment could corroborate the hypothesis suggesting that
a more important production of vitamin B3 occurs in ChIH mice
(Gerhard, 1999). However, the use of these 2 metabolites as potential
biomarkers is not ideal. Indeed, vitamin B3 is a water-soluble vitamin,
meaning that the organism is not able to store it. In patients, results
could be distorted by a diet rich in meat and fish (Gerhard, 1999; Sauve,
2007).

4.2.3. Trimethylamine N oxide as a potential biomarker of OSA
The urine levels of methylamine, dimethylamine and trimethyla-

mine were all decreased in the ChIH group as compared to sham. A
concurrent increase in the level of trimethylamine N oxide (TMAO) was
also observed at early and late time-points of the study. TMAO is a
product derived from trimethylamine oxidation in the liver by the
flavin-containing monooxygenase-3 (FMO3). These data suggest that an
increased production of TMAO occurs upon ChIH condition, probably
due to a stimulation of FMO3 activity. Although it is well established
that TMAO plays a protective role in the maintenance of cell volume in
case of osmotic or hydrostatic pressure stresses, numerous evidences
indicate that TMAO could also play others functions (Lin et al., 2009;
Ufnal et al., 2015). Indeed, TMAO was recently identified as a mod-
ulator of cholesterol and sterol metabolism leading, notably, to foam
cells formation from macrophage, a key process in the development of
atherosclerosis (Koeth et al., 2013; Randrianarisoa et al., 2016; Ufnal

Fig. 8. GAMT protein abundance after 35 days of ChIH.
1. Total GAMT protein abundance in liver. p=0.443, Student’s unpaired t-test. 2. Proportions of GAMT forms. *p < 0.05, Chi square. 3. Densitometric analysis of total GAMT
protein abundance. Representative blot realized using reducing PAGE SDS followed by a Western Blot. RPLP0 was used as loading control. 4. Densitometric analysis of GAMT forms
proportions. Representative blot realized using non-reducing PAGE SDS followed by a Western Blot.
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et al., 2015). Accordingly, numerous clinical studies also described a
positive correlation between a high TMAO plasmatic level and an in-
creased risk of cardiovascular disease (Koeth et al., 2014, 2013;
Randrianarisoa et al., 2016; Sun et al., 2016; Teft et al., 2017; Wang
et al., 2011). Randrianarisoa et al. showed that TMAO levels was as-
sociated with an increase carotid intima-media thickness
(Randrianarisoa et al., 2016). Sun et al. demonstrated in culture cell
that TMAO induce excessive OS (with ROS production and a decrease in
SOD level), inflammatory conditions and endothelial dysfunction in
HUVECs in a time and dose dependent manner (Sun et al., 2016).
Moreover, recent studies suggest that FMO3 may also directly play a
crucial role in the promotion of atherosclerosis and cardiovascular
disease in mice (Bennett et al., 2013; Miao et al., 2015; Schugar and
Brown, 2015; Shih et al., 2015; Wang et al., 2011; Warrier et al., 2015).

Nevertheless, although numerous studies suggested that the TMAO
could have a role in the development of cardiovascular diseases, other
studies suggested that TMAO may play a protective role by reducing
deleterious effects of OS by acting as an electron acceptor (Barrett and
Kwan, 1985; Lupachyk et al., 2013), neutralizing ROS leaking from the
mitochondrial electron transport chain. Moreover, an increase of TMAO
levels by a L-carnitine supplementation has been found to decrease
markers of vascular injury and OS (ICAM-1, VCAM-1 and mal-
onaldehyde) in patients under hemodialysis and presenting carnitine
deficiency (Fukami et al., 2015). The possible pro-atherogenic or anti-

atherogenic effects of TMAO and/or FMO3 in our model need to be
further investigated in the aim to clarify its possible involvement in
cardiovascular co-morbidities in OSA (Baguet et al., 2003; Chan and
Wilcox, 2010; Dempsey et al., 2010; Destors et al., 2014; Marin et al.,
2005). In any case, we envision that this metabolite could constitute a
suitable candidate as a potential biomarker for OSA, whatever its role in
the pathophysiology of cardiovascular risks. Indeed, patients with OSA
have a higher risk to develop cardiovascular disorders such as en-
dothelial dysfunction, atherosclerosis, cardiac hypertrophy, hyperten-
sion and dyslipidemia (Baguet et al., 2012; Dempsey et al., 2010;
Destors et al., 2014). Therefore, TMAO urine level could potentially
constitute a useful marker to evaluate repercussion of apnoea on the
cardiovascular system. An assessment of TMAO urine level upon CPAP
treatment will be necessary to examine its usefulness in the context of
cardiovascular risks and OSA associations.

In our study, the increase in trimethylamine, dimethylamine and
methylamine was concomitant to a decrease in choline or carnitine
after chronic exposure to ChIH. The increase of these hepatotoxic me-
tabolites is known to reduce VLDL synthesis and excretion leading to
triglyceride accumulation and in fine to the development of nonalco-
holic fatty liver disease (NAFLD) (Leung et al., 2016; Zeisel et al.,
1989). Moreover, NAFLD seems to be more aggressive in patients pre-
senting a decrease in choline follow an increased choline metabolism in
the gastrointestinal microbiota. Numerous studies show also an

Fig. 9. Schematic representation of metabolic modifications induced by ChIH exposure.
Red arrow indicates a metabolite decrease and green arrow a metabolite increase in urine sample of ChIH. Chronic intermittent hypoxia (ChIH), xanthine oxidase (XO), reactive oxygen
species (ROS), hypoxia inducible factor 1 (HIF1), lactate dehydrogenase (LDH), pyruvate dehydrogenase kinase 1 (PDK1), pyruvate dehydrogenase (PDH), acetylCoA (AcCoA), tri-
methylamine (TMA), dimethylamine (DMA), methylamine (MA), trimethylamine N oxide (TMAO), cardiovascular (CV), methionine (Met.), glycine (Gly.), sarcosine (Sarc.), guanidi-
noacetate (Guanido.), guanidinoacetate methyltransferase (GAMT).
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association between OSA severity and NAFLD progression (Arısoy et al.,
2016; Aron-Wisnewsky et al., 2016; Cakmak et al., 2015; Frija-Orvoën,
2016; Mesarwi et al., 2016). Future studies will determine the possible
NAFLD development upon ChIH, i.e. by a triglyceride quantification
throughout exposure.

4.2.4. Stimulation of creatine synthesis upon ChIH
Increases in creatine, sarcosine, glycine concomitantly to a decrease

in methionine were noticed in ChIH mice. We hypothesize that these
metabolic variations could reflect GAMT (guanidinoacetate methyl-
transferase) stimulation (Hu et al., 2013; Shen et al., 2012; Zhu and
Prives, 2009). GAMT intervenes in the last step of creatine synthesis
from guanidoacetate. The stimulation of this enzyme induces an in-
creased activity of methylation cycle and so reduces the level of me-
thionine. It also stimulates the synthesis of glycine and sarcosine (also
known as N-methylglycine) through the folate cycle. Arginine glycine
amidinotransferase (AGAT) then transforms glycine into guanidoace-
tate (Dahlhoff et al., 2013; Ide et al., 2010). To verify this hypothesis, a
quantification of total GAMT protein abundance in liver and proportion
of GAMT forms was performed. A significant modulation of GAMT form
distribution was observed after 35 days of ChIH. However, the differ-
ential level of activity of each GAMT multimeric forms remains un-
explained. This stimulation is known to be mediated by p53 activation
in hypoxic condition (Hu et al., 2013; Shen et al., 2012; Zhu and Prives,
2009).

Finally, the higher level of creatine in urine sample of ChIH mice
may also be indicative of muscle damages upon ChIH (Ganong, 2005).
This increase seems to be more important at early time points. In the
context of biomarker research, the measurement of these 4 metabolites
(increased in creatine, sarcosine, glycine and decreased in methionine)
in urine could be particularly useful to evaluate the paraclinical re-
percussion of hypoxemia during the follow-up of OSA patients. How-
ever, additional research is needed to determine the exact mechanism
of GAMT stimulation following ChIH exposure.

4.2.5. Signs of an increased phase-two detoxification in liver of ChIH mice
Hippurate is a routine clinical marker of liver function. Indeed, this

metabolite is the metabolic by product of benzoic acid conjugation
(Lees et al., 2013). A slow conversion of benzoic acid to hippurate
suggests an impaired phase-two detoxification while a high hippurate
level in urine indicates that phase-two is functioning strongly (Lavalle
and Yale, 2004). In the present study, an increased hippurate level was
observed and seems to develop after long-term hypoxia-reoxygenation
exposure.

Regarding hippurate increase upon ChIH, two hypotheses could be
suggested: (i) a more important activity of the gastrointestinal micro-
biota could be at the origin of an increase benzoic acid which could be
subject to conjugation in the liver by N-acyltransferase (Moreno-Indias
et al., 2015; Poroyko et al., 2016; Williams et al., 2010b; Zhang and
Davies, 2016) (ii) the increase of phase-two detoxification enzyme ac-
tivity could reflected to an activation of NRF2 (NF-E2 related factor 2)
by OS induction (Buelna-Chontal and Zazueta, 2013; Chen et al., 2015;
Tkachev et al., 2011).

5. Conclusion

In conclusion, this first metabonomic urinary profiling in a ChIH
murine model allows a better understanding of systemic effects of this
key component of OSA pathophysiology. Indeed, our results indicate
that ChIH, per se, is sufficient to recapitulate key feature of OSA: a
switch towards anaerobic pathways, a polycythaemia and an increased
glucose tolerance which are likely related to an early HIF1 activation.

As well, our study confirm that ChIH-induced OS is a dominant feature
in OSA pathophysiology. Regarding biomarker research, OS imbalance
in vivo, followed by a modulation of antioxidant defence over time
seems to be an interesting track. Among metabolites linked to OS, al-
lantoin, a metabolite only produced by ROS action in humans, could be
useful to monitor during OSA patient’s treatment follow-up. It could
also offer a basis for personalised treatment with antioxidant supple-
mentation. The improvement in antioxidant defences in the time course
of our study highlighted the need of chronic studies to validate the
benefit of this approach. The TMAO metabolite could constitute an-
other interesting biomarker, particularly in the context of cardiovas-
cular risk associated to OSA. Coupled to polysomnography, TMAO
urine level could constitute a non-invasive diagnostic tool and, poten-
tially, a new indication for earlier CPAP treatment and a new tool for
patient follow-up. Moreover, an increased creatine synthesis may be
suspected upon ChIH, this hypothesis being reinforce through a mod-
ification of GAMT form distribution. Urine level of creatine synthesis
intermediates could be interesting method to evaluate the paraclinical
repercussion of apnoea but the exact mechanism of GAMT stimulation
remains to be clarified.

Besides increasing our understanding of OSA pathophysiological
mechanisms, this study opens new perspectives in terms of diagnosis
and patient monitoring. The clinical translation of these experimental
results could lead to the identification of new biomarkers of OS and
cardiovascular risk, two mechanisms involved in OSA co-morbidities.
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Appendix A. Evolution of ChIH effect on body weight and food intake

1. Body Weight evolution. Mean ± sem, NS (p=0.121), Two way Repeated Measures ANOVA. 2. Food intake evolution. Mean ± sem, NS,
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Two way Repeated Measures ANOVA (p=0.397).

Appendix B. Variable Important in projection (VIP) of spectral sub-region after a ChIH exposition

Plot of different spectral sub-region whose concentration were modified and screening a VIP > 0.7 follow a ChIH exposition compared to
normoxic condition.
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Appendix C. Variable Important in projection (VIP) of spectral sub-region during an exposure of chronic intermittent hypoxia (ChIH)

Plot of different spectral sub-region whose concentration were modified over the hypoxic condition and screening a VIP > 0.7.
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Appendix D. Analysis of GAMT forms using non-reducing conditions and reducing SDS-PAGE on liver extracts from sham mice

Representative blot. Ponceau Red was used as loading control.
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