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A B S T R A C T

This work evaluated the effects of moderate physical exercise performed under hypoxic conditions on melatonin
and sleep. Forty healthy men were randomized into four groups: Normoxia (N) (n=10); Hypoxia (H) (n=10);
Exercise under Normoxia (EN) (n= 10); and Exercise under Hypoxia (EH) (n= 10). The observation period for
all groups was approximately 36 h, beginning with a first night devoid of any intervention. Aerobic exercise was
performed by the EN and EH groups on a treadmill at 50% of the ventilatory threshold intensity for 60min. Sleep
evaluation was performed on the 1st and 2nd nights. Venous blood samples for the melatonin measurement were
obtained on the 1st and 2nd days at 7:30 AM as well as on the 1st and 2nd nights at 10:30 PM. On the 2nd night,
melatonin was higher in the H group than in the N group, but both were lower than values of the EH group. The
nocturnal increase in melatonin was inversely correlated with the oxygen saturation of hemoglobin (SaO2%) on
the 2nd night in the H group and on the 2nd day in the EH group. Diurnal remission of nocturnal melatonin
appeared to be postponed in the H group and even more so in the EH group. Thus, normobaric hypoxia, which is
equivalent to oxygen availability at an altitude of 4500m, acutely increases melatonin. Moreover, diurnal re-
mission of the nocturnal increase in melatonin seems to be delayed by hypoxia alone but even more so when
acting together with exercise.

1. Introduction

Melatonin orchestrates the interaction between the central biolo-
gical clock located in the suprachiasmatic nucleus of the anterior hy-
pothalamus and the gene-anchored peripheral clocks; it may induce
sleep in part by promoting adenosine signaling, thus linking circadian
and homeostatic control of sleep [1]. As a chemical mediator of dark-
ness and essentially representing an anabolic factor [2], melatonin (N-
acetyl-5 methoxytryptamine) is rhythmically secreted in mammals,
mainly by the epiphysis [3].

Beyond synchronizing biological clocks [4,5], melatonin also seems
to protect against various challenging conditions and functions as a
potentially useful therapeutic agent for improving sleep [6],

inflammation [7,8], oxidative stress [9,10,11,12], neurohumoral stress
[13], and even protection against cancer [14–18].

Hypoxia alters circadian rhythms in rodents [19,20] and in humans
[21,22], particularly rhythms inherent to metabolic activity [23]. These
changes may have an influence on sleep [24]. The influence of hypoxia
on melatonin remains controversial. A study performed with rats ex-
posed to hypobaric hypoxia showed an increase in plasma melatonin
[25], whereas plasma melatonin concentrations were decreased in hu-
mans following simulated high-altitude exposure in a hypobaric
chamber [26]. This hormone acts as an internal indicator of the length
of the night, contributes to good 24-h synchronization according to
cyclical photoperiod variations, and plays a role in human sleep with
respect to core body temperature, particularly during the sleep inducing
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phase, for example in athletes [27].
Acute physical exercise can influence melatonin serum in normoxia

[28]. However, there is some controversy about the effects of physical
exercise on the endogenous profile of melatonin secretion [29]. Mela-
tonin levels can increase [30,31], decrease [32,33], or remain un-
affected by exercise [34,35]. Thus, the present study, which to the best
of our knowledge is the first to assess the interaction between exercise,
serum melatonin, and sleep under hypoxia, aims to clarify some of these
interactions, as the effects of exercise in the hypoxia condition on
melatonin concentration is still unknown [36]. Our hypothesis was that
exercise may mitigate the effects of hypoxia on sleep which could be
useful for athletes, climbers, tourists, workers, and residents in high
altitude environments exposed to hypoxia. Thus, the objective of the
study was to evaluate the effects of exercise performed in hypoxia at a
simulated altitude of 4500m on melatonin concentration and sleep.

2. Materials and methods

2.1. Participants

Forty healthy male volunteers were originally recruited for this
study; their characterization data (mean ± SD) are shown in Table 1.
The participants were randomized into 4 groups: Normoxia (N)
(n=10); Hypoxia (H) (n=10); Exercise under Normoxia (EN)
(n=10); and Exercise under Hypoxia (EH) (n=10). Two of the ori-
ginal participants in the EH group left the study because of severe
headaches and vomiting. All volunteers had previously performed ac-
tivities that included strength training, cycling, and running two or
three times a week for at least 6 months; their usual bedtime was ap-
proximately 10 p.m. and usual waking time 7 a.m. All participants were
males aged between 20 and 30 years old. The exclusion criteria were:
use of tobacco, alcohol or illicit drugs, or medications; exposure to
hypoxic conditions in the previous 12months; and heart problems or
sleep disorders, including obstructive sleep apnea, periodic limb
movement disorder (PLMD), or any other alterations that could in-
crease sleep fragmentation.

2.2. Experimental design

This study was designed in agreement with the guidelines described
in the International Declaration of Helsinki 1964 and was approved by
the Committee of Ethics in Research at the Federal University of São
Paulo - Hospital São Paulo (# 1110/08). This work was registered in
ClinicalTrials.gov; number: (NCT01386814). Fig. 1 summarizes the
experimental design. The participants attended the laboratory twice
before the main part of the study. On the first visit to the laboratory, the
volunteers performed a resting electrocardiogram evaluation as well as
an electrocardiogram during the physical effort. On the second visit, an
ergospirometric test was performed to determine the VO2peak and in-
dividual speeds of 50% of VO2peak for the protocol to be applied in the
treadmill exercise. On the third visit, the volunteers were submitted to
the experimental procedure according to randomization into four
groups.

The volunteers were blinded to the protocol. The H and EH groups

were exposed for 24 h, from 8:00 AM on the 1st day to 8:00 AM on the
2nd day, to a normobaric decrease in oxygen supply (FiO2 of 13.5%
O2), equivalent to oxygen availability at an altitude of 4500m. It was
presumed the participants in the N and EN groups remained at FiO2 of
20.9% throughout the study.

On the first night, the volunteers attended the laboratory to undergo
the first polysomnography. On the first day, the volunteers in the EN
and EH groups participated in a physical exercise session. During the
second night, 10 h after the first physical exercise session and 14 h after
starting the hypoxic condition, the volunteers underwent the second
polysomnography. On the second day, at 7:00 a.m. the volunteers
awoke after 23 h in hypoxic conditions. The experiment ended when
the volunteers' measurements returned to baseline levels.

Throughout the experiment, each volunteer remained alone in the
same room equipped for altitude simulation for 36 h beginning on the
1st night and ending on the morning of the 2nd day. The volunteers had
unrestricted access to TV, internet, books, magazines, and a cell phone.
Closed-circuit television allowed two-way communication at all times
between the participants and staff members. Dinner was served at
7:20 PM and breakfast at 7:40 AM. Lunch lasted from 12:20 to 1:20 PM,
followed by a snack at 4:00 PM. The caloric content of the food served
was based on the daily energy expenditure of each individual volunteer
(mean 1.784.8 ± 227.0 kcal/day). Daily energy expenditure was cal-
culated according to [37].

2.3. Physiological evaluations

2.3.1. Normobaric chamber
The study was conducted in a room equipped for altitude simula-

tions that can reach up to 4500m, which is equivalent to a barometric
pressure of 433mmHg (normobaric chamber, CAT - Colorado Altitude
Training ™ / 12 CAT-Air Unit, USA). The normobaric chamber began in
a normoxic condition at a FiO2 of 20.9% O2 and gradually reached a
FiO2 of 13.5%, equivalent to 4500m.

2.3.2. Oxygen saturation
Hemoglobin oxygen saturation (SaO2%) was assessed with a finger

oximeter (FingerPulse® model MD300C202) during the 1st and 2nd
nights at 10:30 PM and during the 1st and 2nd days at 7:30 AM.

2.3.3. Physical exercise protocol
The ergospirometry was performed using the Quark PFT -

Pulmonary Function Testing - FRC & DLCO - 4Ergo, Cosmed, Italy. A
silicone face mask, Hans Rudolph flow-by face mask (Kansas City, MO,
USA), was used for the comfort of the volunteers. This evaluation was
performed in normoxic conditions on a treadmill (Life Fitness 9700HR®
- IL, USA) with the speed increased by 1 km/h every minute and with an
initial load of 3min at 6 km/h. The test ended when the volunteer
reached maximum voluntary exhaustion. Throughout the test, a fixed
gradient of 1% was used. The variables evaluated in this study were
VO2peak and maximum heart rate.

On the days of the experiment, there were two exercise sessions
with an intensity of 50% of VO2peak for 60min on a treadmill
(Trackmaster ® - Maryland, USA) with a slope of 1%. The exercise

Table 1
Characteristics of the sample- Results described in mean ± standard deviation and one-way ANOVA, p < 0.05. Body Mass Index (BMI), Heart rate max (HRM).

Measures N H EN EH P

Age (years) 22 ± 3 23 ± 2 26 ± 3 24 ± 2 0.06
Body mass (kg) 69 ± 1 67 ± 8 71 ± 10 72 ± 11 0.83
Height (m) 1.78 ± 0.05 1.75 ± 0.08 1.75 ± 0.07 1.78 ± 0.07 0.83
Energy expenditure (Kcal) 1757 ± 141 1718 ± 158 1751 ± 160 1858 ± 140 0,30
BMI (kg/m2) 21 ± 7 22 ± 2 23 ± 1 22 ± 1 0.56
HRM (bpm) 191 ± 3 194 ± 8 186 ± 11 197 ± 6 0.30
VO2 peak (ml/kg/min) 47 ± 4 47 ± 6 44 ± 5 49 ± 3 0.39
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began at 11.00 am and finished at 12.00 noon.

2.3.4. Polysomnography
All polysomnographies were performed between 10:00 p.m. and

7 a.m. An Embla N7000 polysomnography amplifier with Somnologica
Studio version 4 software (Flagahf, Reykjavik, Iceland) was used to
assess sleep patterns. Sleep parameters were evaluated according to the
criteria described by Iberetal. [38]. The following parameters were
assessed: total sleep time (TST) (min), sleep onset latency (min), and
sleep efficiency (%).

2.4. Laboratory evaluation

2.4.1. Plasma melatonin concentration
Blood samples (5 mL) were collected from the antecubital vein at

four time points: 10:30 p.m. and 7:30 a.m. on the 1st and 2nd nights
and the 1st and 2nd days. Remaining supernatant plasma was collected
in tubes with 125 IU heparin sodium and centrifuged at 690 x g for
15min at 4 °C, after which the plasma was separated and stored at
−80 °C. The plasma samples were analyzed in duplicate for melatonin
concentration by the ELISA method using commercial kits (Wuhan
Eiaab Science Co., Ltd.). All measurements followed the manufacturer's
specifications and recommendations.

2.5. Data analysis

2.5.1. Statistics
Data are reported as mean ± standard deviation and delta Δ.

Normality was verified by the Kolmogorov-Smirnov test. A repeated
measures and one-way analysis of variance (ANOVA) followed by
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Fig. 1. Summary of the experimental design of all the groups, including (N, H, EN and EH).

V. de Aquino Lemos et al. Physiology & Behavior 196 (2018) 95–103

97



Tukey's post hoc test were used to detect significant differences be-
tween groups. The correlations of SaO2 with PMC (pg/ml); and PMC
(pg/ml) with SL (min) and SE (%) were performed using Pearson's
correlation coefficient (r). The accepted significance level was p≤ .05.
Analyses were performed using Statistica® version 6.

3. Results

On the 2nd night (p < .001) and the 2nd day, the SaO2% was lower
in the H and EH groups than in the N and EN groups.

Fig. 2 shows that SaO2% and PMC were negatively correlated on the
2nd day in Hypoxia (r=−0.66, p < .05) (Fig. 2A), 2nd night in Hy-
poxia (r=−0.80, p < .05) (Fig. 2B), and on the 2nd day in Exercise
under Hypoxia (r=−0.72, p < .05) (Fig. 2C), 2nd night in Exercise
under Hypoxia (r=−0.89, p < .05) (Fig. 2D). For the Normoxia, the
correlations were (r=0.22) and for the Exercise under Normoxia
(r− 0.16) during the 2nd night and 2nd day respectively. Those cor-
relations no were statistically significant (p > .05).

The associations between PMC and SaO2% in the total cohort were

evaluated, as well as over both the total hypoxia exposure and total no
hypoxia groups. The sum of the Hypoxia and Exercise under Hypoxia
were negatively correlated during 2nd night (r=−0.90, p < .05)
(Fig. 2E), and during 2nd day (r=−0.70, p < .05) (Fig. 2F). In the
sum of the Normoxia and Exercise under Normoxia, there were not
significant correlations during 2nd night or 2nd day respectively
(r=−0.22 and r=0.09, p > .05).

Fig. 3 shows that associations between the PMC, SL, and SE were
also performed. The PMC and SL were negatively correlated during 2nd
night in Normoxia (r=−0.79, p < .05) (Fig. 3A) and Exercise under
Normoxia (r=−0.81, p < .05) (Fig. 3C), PMC and SL were positively
correlated during 2nd night in Hypoxia (r=0.76, p < .05) (Fig. 3B)
and Exercise under Hypoxia (r=0.93, p < .05) (Fig. 3D).

Fig. 4 shows that PMC and SE were positively correlated during 2nd
night in Normoxia (r=0.73, p < .05) (Fig. 4A) and Exercise under
Normoxia (r=0.79, p < .05) (Fig. 4C). The PMC and SE were nega-
tively correlated during 2nd night in Hypoxia (r=−0.75, p < .05)
(Fig. 4B) and Exercise under Hypoxia (r=−0.88, p < .05) (Fig. 4D).

Fig. 5 shows that in Normoxia the PMC was lower during 1st day in

Fig. 2. Correlations between SaO2% and Plasma Melatonin Concentration (PMC) during the 2nd day in Hypoxia (fig. 2A), 2nd night in hypoxia (fig. 2B) 2nd day in
Exercise under Hypoxia (fig. 2C), 2nd night in Exercise under Hypoxia. Cohort study of 2nd night in Hypoxia and Exercise in Hypoxia (fig. 2E) and 2nd day in
Hypoxia and Exercise in Hypoxia (fig. 2F). Pearson's correlation coefficient (r) and p < 0.05.
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relation to 1st night (p= .002) and during 2nd day in relation to 2nd
night (p= .001). In Hypoxia the PMC was lower during 1st day in re-
lation to 1st night (p= .004), during 2nd night was high in relation to
1st day (p= .003) and during 2nd day was higher in relation to 1st day
(p= .003). In Exercise under Normoxia, the PMC was lower during 1st

day in relation to 1st night (p= .002) and during 2nd day in relation to
2nd night (p= .001). In Exercise under Hypoxia PMC was lower during
1st day in relation to 1st night (p= .001), on the other hand during 2nd
night was higher in relation to 1st day (p= .001). During 2nd day was
higher in relation to 1st day (p= .004). The PMC was higher during

Fig. 3. Correlations between Plasma Melatonin Concentration (PMC) and Sleep Latency (SL) (min) during the 2nd night in Normoxia (Fig. 3A), Hypoxia (Fig. 3B),
Exercise under Normoxia (Fig. 3C) and Exercise under hypoxia (Fig. 3D). Pearson's correlation coefficient (r) and p < 0.05.

Fig. 4. Correlations between Plasma Melatonin Concentration (PMC) and sleep efficiency (SE) (%) during the 2nd night in Normoxia (Fig. 4A), Hypoxia (Fig. 4B),
Exercise under Normoxia (Fig. 4C) and Exercise under hypoxia (Fig. 4D). Pearson's correlation coefficient (r) and p < 0.05.
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2nd night in Hypoxia compared to Normoxia (p= .004), while during
2nd day it was higher in Hypoxia compared to 2nd day in Normoxia
(p= .003). Finally, in Exercise under Hypoxia, the PMC was higher
during 2nd night compared to Hypoxia (p= .001), and during 2nd day
compared to Normoxia (p= .002) and in Exercise under Normoxia
(p= .001).

Fig. 6 demonstrates the PMC in the delta between the 2nd and 1st
nights. An increase was observed in Hypoxia compared to Normoxia
(p= .001). In addition, it was observed an increase in Exercise under
Hypoxia in relation to Hypoxia and Exercise under Normoxia
(p= .002).

Fig. 7A shows that during 2nd night, the SL (min) in Hypoxia was
higher compared to Normoxia (p= .002). During 2nd night in Exercise
under Normoxia the SL was reduced compared to Normoxia (p= .003)
and decreased in Exercise under Hypoxia compared to Hypoxia
(p= .001). There was an increase in SL during 2nd night compared to
1st night in Hypoxia (p < .001), same occurred for Exercise under
Hypoxia (p= .002), already in Exercise under Normoxia there was a
reduction during 2nd night compared to 1st night. TST (min) in Hy-
poxia was reduced during 2nd night compared to Normoxia (p= .002)
and compared to 1st night in Hypoxia (p= .009). It was increase in
Exercise under Normoxia during 2nd night (p= .001) compared to
Normoxia. In addition, the TST was lower during 2nd night in Exercise
under Hypoxia compared to Hypoxia (p= .001) and Exercise under
Normoxia (p= .006) (Fig. 7B). SE (%) in Hypoxia was decreased during
2nd night (p= .002) and 1st night in Hypoxia (p= .003) compared to
Normoxia. In Exercise under Normoxia the 2nd night was higher than
Hypoxia. Finally, during 2nd night in Exercise under Hypoxia were
lower in comparison to Exercise under Normoxia (p= .003) and higher
than Hypoxia (p= .003) (Fig. 7C).

4. Discussion

In the present study, we observed that worsening sleep in hypoxia
may be mediated by melatonin modification. Conversely, one hour of
moderate physical exercise improved sleep onset latency, total sleep
time, and sleep efficiency after 24 h of hypoxia. The hypoxia was si-
milar to conditions experienced at an altitude of 4500m.

Melatonin, a synchronizer of circadian rhythms, represents one of
the pivotal factors interrelating environmental influences (light,
oxygen) with cellular responses. Chronic circadian misalignment can
lead to pre-diabetic manifestations [39]. There is also a clear linkage
between sleep disturbance, glucose deregulation, and predisposition to
metabolic disorders [23].

Melatonin can act as a neuroprotective antioxidant in both nor-
moxia and hypobaric hypoxia, which can prevent and counteract the
deleterious effects of oxidative stress including neuronal cell death,
reactive astrogliosis, and cognitive impairment [40]. Melatonin can
stabilize and strengthen the coupling of circadian rhythms, particularly
of core temperature and sleep-wake rhythms [41]. One hypothesis for
the increase in melatonin in hypoxia observed in this study is that hy-
poxia causes a drop or oscillations in body temperature, which alter
circadian rhythms and can lead to alterations in sleep, as observed in
the present study in the H group [42,43]. This change in circadian
rhythm may influence the melatonin plasmatic concentration, which
can consequently deregulate sleep [44]. Conversely, in the EH group,
there were improvements in sleep onset latency, total sleep time, and
sleep efficiency compared to the H group. This may have occurred as
hypoxia can increase the fragmentation of sleep, which may lead to
greater secretion of melatonin to try to consolidate sleep and reduce
fragmentation. However, the role of melatonin in adaptation in cases of

Fig. 5. Plasma Melatonin Concentration (PMC). Values express in pg/ml. Dates presented as mean± standard deviation (SD). Repeated measures ANOVA and
Tukey’s Post Hoc and p< 0.05. a Different in relation to 1st night, b Different in relation to 1st day, c Different in relation to 2nd night, d Different in relation to
Normoxia, e Different in relation to Hypoxia, f Different in relation to Exercise under Normoxia. The letters a,b, and c refers to analysis within the same experimental
group, and d,f refers to analysis within the same time period.

Fig. 6. The Delta (2nd night -1st night) of Plasma Melatonin Concentration (PMC) presented in delta Δ and one way ANOVA, p < 0.01). a Different in relation to
Normoxia, b Different in relation to Hypoxia, c Different in relation to Exercise under Normoxia.
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chronic exposure to hypoxia should be investigated.
One hypothesis is that physical exercise modulates circadian

rhythm, thus improving the quality of sleep [45]. Increased levels of
melatonin can decrease alertness at work and affect safety [46]. Driving
at night, particularly at higher altitudes, may increase the risk of ac-
cidents if melatonin secretion is not suppressed by adequate lighting,
including short-wavelength light between approximately 440 and
470 nm, which is most effective at stimulating the human circadian

rhythm system to reduce plasma levels of melatonin [47,48]. Nocturnal
melatonin elevation tends to persist, under hypoxic conditions, in the
early morning, as observed in the present study (Fig. 3). Eckel et al.
[49] reported that a delay in nocturnal melatonin remission under
hypoxic conditions may represent an additional factor promoting
sleepiness and accidents.

Adaptive responses to aerobic exercise also seem to require mela-
tonin [50]. It would be of interest to establish whether the acute effects

Fig. 7. Shows Sleep Latency (SL) (min) (Figure 7A), Total Sleep Time (TST) (min) (Figure 7B) and sleep efficiency (SE) (%) (Figure 7C). Repeated measures ANOVA
and Tukey’s Post Hoc, p< 0.05. a Different in relation to 1stnight, b Different in relation to normoxia, c Different in relation to hypoxia, d Different in relation to
exercise under normoxia.
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of hypoxia and physical exercise on melatonin, as observed in the
present study, persist in the long term at high altitude. Physical exercise
may improve sleep as observed in this study; however, it was likely not
mediated by melatonin, which remained high. The correct conclusion
may be as follows: there may have been a loss of sensitivity to hy-
pothalamic melatonin or other mechanisms still unknown that were
more intense than melatonin. Therefore, hypoxia may decrease mela-
tonin sensitivity and physical exercise cannot reverse this decrease. The
mechanism of action of physical exercise in this study remains un-
known.

In the present study, melatonin was measured in subjects exposed to
normoxic hypoxia under controlled laboratory conditions to discern
between the effects of hypoxia and exercise. In apparent contrast to the
present results obtained on exposure to normobaric hypoxia (Fig. 3), a
condition of hypobaric hypoxia has been found to decrease nocturnal
melatonin [26]. This conflict can be resolved on the basis of differences
in the overall pressure being applied. As opposed to normobaric hy-
poxia, the hypobaric condition affects not only the supply of oxygen but
also that of other gases, such as nitric oxide [51]. Interestingly, a de-
crease in nitric oxide affects circadian rhythmicity [52]. Whether
melatonin is involved in the nitric oxide induced alteration of circadian
rhythmicity remains to be elucidated.

The increase in melatonin observed in the present study could be
attributed to hypoxia as the hormone levels were negatively correlated
with SaO2% only in the H and EH groups (Fig. 2). Hypoxia is defined as
the lack of oxygen in relation to the demand by ATP [53]. In our study,
the aerobic physical exercise performed by the EH group appeared to
potentiate the effect on melatonin observed in the H group (Fig. 3).
Studies show that in the hypoxia condition there is an increase in oxi-
dative stress and, consequently, in the production of ROS [54,55]. In
addition, higher intensity physical exercise may increase oxidative
stress and contribute to ROS formation resulting from metabolic ac-
tivity or damage to skeletal muscle [56]. Oxidative stress may con-
tribute to the increase in ROS in the condition of hypoxia without
physical effort, however, when added to exercise can potentialize the
increase [57]. Any condition involving hypoxia and reoxygenation in-
volves the possibility of tissue damage by reactive oxygen species
(ROS). Metabolism influences clock function via redox status [58].
Thus, the increase in nocturnal melatonin in the H and E groups (Fig. 3)
may also be observed in the context of the well-known antioxidant ef-
fect of melatonin [12,59]. The increase in melatonin in hypoxia may
therefore be interpreted as a protective effect induced by the lack of
oxygen, as a possible countermeasure suppressing concomitant oxida-
tive stress. Another documented protective effect of melatonin refers to
neurohumoral stress. Peripheral effects of exacerbated sympathetic
activity are indeed mitigated by melatonin [13].

5. Conclusion

In summary, we found that, in relation to sleep, one hour of mod-
erate physical exercise improved sleep onset latency, total sleep time,
and sleep efficiency, after 24 h of hypoxia. Our main conclusion is that
normobaric hypoxia, equivalent to oxygen availability at an altitude of
4500m, acutely increases melatonin. Diurnal remission of the noc-
turnal increase in melatonin seems to be delayed by hypoxia and to an
even greater extent if acting together with exercise. However, studies
with other experimental designs should be performed, taking into ac-
count the circadian variation of melatonin concentration. Thus, it
would be interesting to perform serial evaluations including 6 to 8
measurements throughout the day. In addition, it would also be pos-
sible to evaluate whether the effects of the exercise remain at other
times of the day.
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