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The aim of this study was to determine the hormonal responses, which are dependent on the sleep-wake
cycle, to strenuous physical exercise. Exercise was performed after different nocturnal regimens: (i) a baseline
night preceded by a habituation night; (ii) two nights of partial sleep deprivation caused by a delayed bedtime
or by an early awakening; and (iii) two nights of sleep after administration of either a hypnotic compound
(10 mg zolpidem) or a placebo. Eight well-trained male endurance athletes with a maximal oxygen uptake of
63.5%3.8 ml-kg'-min™ (mean value * s,) were selected on the basis of their sleeping habits and their physical
training. Polygraphic recordings of EEG showed that both nights with partial sleep loss led to a decrease
(P<0.01) in stage 2 and rapid eye movement sleep. A delayed bedtime also led to a decrease (P < 0.05) in stage
1 sleep. Zolpidem had no effect on the different stages of sleep. During the afternoon after an experimental night,
exercise was performed on a cycle ergometer. After a 10-min warm-up, the participants performed 30 min
steady-state cycling at 75% VOZmax followed by a progressively increased workload until exhaustion. The
recovery period lasted 30 min. Plasma growth hormone, prolactin, cortisol, catecholamine and lactate concen-
trations were measured at rest, during exercise and after recovery. The concentration of plasma growth hormone
and catecholamine were not affected by partial sleep deprivation, whereas that of plasma prolactin was higher
(P < 0.05) during the trial after an early awakening. Plasma cortisol was lower (P < 0.05) during recovery after
both sleep deprivation conditions. Blood lactate was higher (< 0.05) during submaximal exercise performed
after both a delayed bedtime and an early awakening. Zolpidem-induced sleep did not affect the hormonal and
metabolic responses to subsequent exercise. OQur results demonstrate only minor alterations in the hormonal
responses to exercise after partial sleep deprivation.

Keywords: catecholamines, cortisol, exercise, growth hormone, hypnotic compounds, prolactin, sleep
deprivation.

Introduction

Sleep is a part of daily life and is assumed to be a restora-
tive process for the function of the central nervous
system. Disturbances to sleep may be experienced by
athletes who have to get up early in the morningto travel
to a competition or who cannot fall asleep because of
the stress of a major event. Such disturbed sleep might
have an effect on the sleep—wake cycle and on the
nocturnal secretion of, for example, growth hormone,
prolactin and cortisol. Thus, the chronobiological
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patterns of hormones may be affected by sleep depri-
vation. Few studies have assessed the function of the
endocrine system the day after disturbed sleep. Growth
hormone, prolactin and cortisol secretions are closely
related to the sleep-wake cycle (Takahashi er al.,
1968; Sassin et al., 1969; Weitzman et al., 1971; Bispink
et al., 1990; Spiegel er al., 1994, 1995; Van Cauter
et al., 1998). The release of growth hormone occurs
during the first ‘non-rapid eye movement’ (non-REM)
period of sleep. This hormone has often been associated
with slow wave sleep (Honda er al., 1969; Printz et al.,
1983; Jarrett ez al., 1990; Van Cauter ez al., 1998). Pro-
lactin secretion is enhanced during sleep and peaks
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early in the morning (Sassin ez al., 1973; Spiegel ez al.,
1994). Cortisol secretion is low during the first hours of
sleep, but increases dramatically during early morning
when the individual is still asleep (Krieger er al,
1971; Kupfer ez al., 1983). Such secretions are inhibited
by exposure to light (Kostoglou-Athanassiou et al.,
1998). However, sleep is not the only factor responsible
for the secretion of growth hormone, prolactin and
cortisol. These hormones are often secreted in response
to psychological and physical stress (Kindermann
et al., 1982; Galbo, 1983; Smallridge ez al., 1985; Melin
et al., 1998). Other hormones, such as adrenaline and
noradrenaline, also increase markedly during stress
(Christensen et al., 1979; Escourrou er al., 1984; De
Meirleir et al., 1985; Mazzeo and Marshall, 1989), but
they do not show any episodic burst during the night
(Lakatua ez al., 1986; Nishihara and Mori, 1988). Thus,
growth hormone, prolactin, cortisol and catecholamine
concentrations are usually considered good indices of
physiological stress. To our knowledge, no study has
shown that loss of sleep increases the stress imposed
by exercise. In an attempt to answer this question,
we assessed the effects of partial sleep deprivation on
plasma concentrations of growth hormone, prolactin,
cortisol, adrenaline and noradrenaline during a daytime
standardized exercise test and recovery in young highly
trained individuals. To prevent sleep loss, increasing
numbers of athletes are taking a hypnotic compound
to get a ‘good night’s sleep’ before competition. Thus,
in the present study, we also evaluated the effects of
an imidazopyridine drug, zolpidem, on the subsequent
hormonal responses to exercise.

Methods

Participants

Eight highly trained male athletes (mean *s.: age 24.0 £
0.8 years, height 1.77 £0.08 m, body mass 71.5%
1.8 kg) participated in the study after signing a con-
sent document approved by our institutional review
board. They were selected according to their maximal
oxygen uptake (VOZmax), which had been measured
directly during previous maximal exercise that consisted
of a progressively increased workload of 50 W every
3 min and then by 10 W every minute until exhaustion.
Their maximal oxygen uptake averaged 63.5+
3.8 ml-kg'-min™'. The participants were also selected
based on their chronotype using a sleep questionnaire
(Horne and Ostberg, 1976). They had an intermediate
chronotype, estimated their sleep duration to be
8.0 £ 0.4 h, they reported no sleep disturbances, no use
of alcohol or tobacco and none of them was taking any
medication.
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Experimental design

There were five sleep conditions:

® A reference night preceded by a habituation night
during which the lights were turned off from
approximately 22:30 h to about 07:00 h.

® Two nights at the beginning of which the participants
took a capsule, containing either 10 mg zolpidem
(Stilnox®) or a placebo, 10 min before going to bed.
Lights out was at approximately 22:30 h and the
lights were turned on again at approximately 07:00 h.
Zolpidem and placebo were randomized in a double-
blind design.

® A sleep-deprived night during which the participants
went to bed at 22:30 h and were woken at 03:00 h.
They were not allowed to sleep thereafter.

® A sleep deprived night during which the participants
were not allowed to sleep before 03:00 h; they were
then allowed to sleep until 07:00 h.

Sleep was recorded using electroencephalogram (EEG),
electromyogram (EMG) and electrooculogram (EOG)
electrodes. All sleep records were scored according to
the procedures of Rechtschaffen and Kales (1968) with
a paper speed of 15 mm-s™. During sleep deprivation,
the participants were kept awake by passive means
such as reading books or watching television. They were
not allowed to ingest food, caffeine or stimulants
and were observed continuously by a technician. Poly-
graphic EEG for the two nights of sleep deprivation was
recorded during sleep only.

Zolpidem pharmacology

Zolpidem, an imidazopyridine derivative, is a rapid-
acting hypnotic drug, with weak muscle relaxing
properties and no effects on memory or cognitive per-
formance. In clinical studies, it has been reported
to increase slow-wave sleep, but not to suppress rapid
eye movement (REM) sleep or to decrease performance
after waking up. Zolpidem is more rapidly and com-
pletely absorbed after oral administration than a benzo-
diazepine compound. It has an average maximum time
of 1.8 £ 0.3 h. The bioavailability of a 10-mg tablet is
about 70%. The ingestion of food, alcohol and caffeine
does not interfere with its rate of absorption. Zolpidem
is rapidly eliminated from the body with a half-life of
0.7-3.5 h. The metabolites are pharmacologically
inactive and also rapidly eliminated. No residual effect
has been observed (Lorizio ez al., 1990).

Exercise protocol

At 14:00 h on the day after each experimental night, the
participants exercised on a cycle ergometer (Siemens)
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as previously described by Mougin ez al. (1991). The
protocol consisted of a 10-min warm-up, 30 min at the
same predetermined steady-state work rate equivalent
to 75% VOZmax followed by a progressively increasing
work rate (10 W every minute) until exhaustion. The
recovery period lasted 30 min. Before each trial, a
catheter was inserted into a superficial forearm vein.
Blood specimens were obtained at rest, at the end of the
steady-state exercise, at exhaustion and after 30 min
into recovery.

Blood specimens were immediately placed on ice and
centrifuged for 10 min at 2500 g at 4°C. The plasma
was stored at —75°C until assayed. Plasma growth
hormone and prolactin determinations were performed
by radioimmunoassay (RIA) techniques using an
RIA kit (Biomerieux, Craponne, France). Cortisol
was evaluated using a different RIA kit (Amersham,
Les Ulis, France). Adrenaline and noradrenaline con-
centrations were determined from 1 ml plasma using
high-performance liquid chromatography with electro-
chemical detection (Guilland and Klepping, 1986).
Lactic acid was assayed using an enzymatic ultraviolet
method (Boehringer).

Staristical analysis

The results for the different conditions (after reference
night, hypnotic and placebo nights and sleep-deprived
nights) were compared using analysis of variance.
Post-hoc analysis was performed using the Fisher test.
Statistical significance was accepted at P < 0.05.

Results

Sleep

The polygraphic variables were modified by partial
sleep loss. Both a delayed bedtime and an early
awakening resulted in a decrease in total sleep and in
the percentages of stage 2 and REM sleep (< 0.01;
Table 1), but no change in the percentages of stage 3
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and 4 sleep. Only a delayed bedtime led to a decrease
in stage 1 sleep (P < 0.05), when compared with the
reference and placebo nights. Zolpidem 10 mg did not
result in a change in total sleep or in any of the stages
of sleep compared with the reference conditions.

Maximal workload

The maximal work rate developed by the participants
appeared to be significantly lower after the delayed
bedtime and after an early awakening (294 £11 and
292 + 13 W, respectively; P < 0.01) compared with the
baseline night (309 = 10 W). However, maximum work
rate was not significantly different between the zolpidem
and placebo treatments (312 £ 13 and 301.2+9.6 W,
respectively).

Lactate concentration

There was a rise in lactate concentrations between rest
and maximal exercise followed by a fall after recovery.
After partial sleep loss, lactate concentrations increased
dramatically for the same workload compared with
after the baseline night. Maximal and recovery lactate
concentrations were unchanged, possibly because of the
lower maximal sustained workload. Zolpidem adminis-
tration had no effect on plasma lactate concentrations
(Table 2).

Hormone concentrations

In all conditions, plasma growth hormone, prolactin,
cortisol and catecholamines showed a significant pro-
gressive increase related to the intensity of exercise.
Plasma growth hormone fell after 30 min recovery,
but prolactin and cortisol remained elevated (Tables 3
and 4, Figs 1 and 2).

After the two partial sleep deprivation conditions, the
exercise-induced changes in plasma growth hormone
and catecholamines were similar to those observed
when exercise was performed after the reference night

Table 1. Time (min) spent in the different stages of sleep for the five experimental conditions (7 = 8; mean * s,)

Stage 1 sleep

Stage 2 sleep

Stage SWS sleep Stage REM sleep

Reference night 8.2+54 310.8+16.4 63.2+8.9 69.2+£8.7
Placebo night 159+£7.6 289.5+13.1 68.2+9.2 87.8+13.7
Zolpidem night 18.2£8.0 29045+17.3 73.4+8.8 81.8+7.9
Delayed bedtime 4.8+ 3.0% 160.0 £ 16.2** 55.8+£8.6 34.7 £7.9%*
Early awakening 17.8+10.1 166.0+ 11.1** 45.0£8.1 27.6 £ 7.7%*
F=2.60;P<0.05 F=6.85;P<0.001 F=2.50;N.s. F=14.5;P<0.001

*P<0.05, ** P< 0.01 compared with the reference night. SWS = slow wave sleep, REM = rapid eye movement sleep.
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Table 2. Blood lactate concentration (mmol+1"") measured at rest, during exercise and after recovery for the five experimental
conditions (# = 8; mean *s.)

Rest Steady state, 30 min Maximal exercise Recovery, 30 min
After reference night 1.28+0.41 4.42+t1.23 8.51+1.49 2.68+0.68
After placebo night 1.64+0.37 5.15+1.69 9.22+1.83 3.03+1.31
After zolpidem night 1.32+0.26 4.20+1.87 9.23+1.98 2.65+0.76
After delayed bedtime 1.50+0.48 5.83 £ 1.26** 9.16+1.68 2.57%+0.60
After early awakening 1.36 £0.29 5.31 £ 1.45* 9.10+2.53 2.90*+1.35
F=1.20;N.s. F=3.35,P<0.05 F=0.42;N.s. F=1.57;N.s.

*P<0.05, ** P< 0.01 compared with the reference night.

Table 3. Plasma growth hormone concentration (ng-ml™") measured at rest, during exercise and
after recovery for the five experimental conditions (# = 8; mean * s;)

Steady state, Maximal Recovery,
Rest 30 min exercise 30 min

After reference night 35t1.3 42.1+3.3 55.8%+3.1 26.8+1.9
After placebo night 3715 46.0+4.0 60.3+4.4 26.4+£2.0
After zolpidem night 5.2+2.2 47.4+7.5 53.1+£6.5 24.0+3.2
After delayed bedtime 5.4+2.6 36.31+6.7 41.2%+6.0 20.9t4.6
After early awakening 3.1x1.1 40.4+5.0 445+55 17.7£3.1

15 i . .

Prolactin (ng-mi™")

Rest Steady-state Exhaustion Recovery

(F=2.60, P <0.05) (F=2.75,P <0.05) (F=2.76,P <0.05)
?ﬂ Reference night D Placebo night Zolpidem night
. Delayed bedtime . Early awakening

Fig. 1. Plasma prolactin concentration (ng- ml™") measured at rest, at the end of steady-state exercise, at exhaustion and 30 min
post-exercise in the five experimental conditions (n = 8; mean * s5;). * P < 0.05 compared with after the reference night.

(Tables 3 and 4). The exercise-induced increase in pro- while it was markedly higher at the end of submaximal
lactin concentration observed after a delayed bedtime and maximal exercise and at 30 min post-exercise after
was also identical to that seen after the reference night, an early awakening (P < 0.05; Fig. 1). After both partial
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sleep deprivation conditions, the exercise-induced rise
in plasma cortisol was similar during the exercise test,
but a significant decrease in this hormone was seen 30
min post-exercise (P < 0.05; Fig. 2).

After the zolpidem and placebo treatments, all modi-
fications to hormone concentrations observed during
exercise and recovery were identical to those observed
after the reference night (Tables 3 and 4, Figs 1 and 2).

Discussion

In the present study, we found that partial sleep depriva-
tion did not change markedly the subsequent hormonal
responses to a strenuous exercise bout performed in
the early afternoon. However, after an early awakening,
the plasma prolactin response was increased during
submaximal exercise and at exhaustion. Moreover,
zolpidem-induced sleep did not modify the responses
of any hormone measured.

In a previous study, we showed that partial sleep
deprivation altered some physiological responses to
subsequent exercise (Mougin et al., 1991). Increases
in ventilation, heart rate and plasma lactate concen-
tration have been observed after both submaximal
and maximal exercise (Mougin et al, 1991). These

Mougin et al.

changes could be linked to alterations in some endo-
crine responses to exercise after sleep deprivation.
Indeed, hormonal secretions vary under different con-
ditions, such as exercise, sleep, circadian rhythmicity
and stress (Leproult er al., 1997). To the best of
our knowledge, the present study is the first to assess
the endocrine responses caused by exercise after a short
night’s sleep and the administration of a hypnotic
compound. In these conditions, the question arises as
to whether partial sleep deprivation increases ‘stress-
sensitive hormones’ or affects the circadian rhythmicity
of these hormones?

Exercise induces a general stress response involving
the activation of the neuroendocrine system, reflected
here by the high concentrations of growth hormone,
prolactin and cortisol. If we consider the concentrations
of these hormones as indices of physical stress, there is
no evidence that loss of sleep increases the stress of sub-
sequent exercise. However, there are some discrepancies
in the hormonal data of sleep-loss studies. O’Connor
er al. (1991) reported a decrease in salivary cortisol after
a swim of 183 m at an intensity equal to 90% of maximal
speed, performed after sleep disturbance caused by jet
lag. However, they did not take into account the 4-h
phase delay of the circadian rhythm caused by travelling
across time zones. Therefore, the changes in cortisol
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(F =2.70, P < 0.05)
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Fig. 2. Plasma cortisol concentration (ng-100 ml™") measured at rest, at the end of steady-state exercise, at exhaustion and
30 min post-exercise in the five experimental conditions (n = 8; mean * s5;). * P < 0.05 compared with after the reference night.
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concentrations are probably due to the 4-h phase delay
of the circadian rhythm rather than sleep loss. However,
Martin etz al. (1986) found no change in cortisol con-
centrations during 3 h of mild exercise after prolonged
sleep loss, or during 30 min of exercise at 65% VOZmax
after two nights of fragmented sleep. In individuals
exposed to 107 h with less than 2 h sleep, Opstadt
et al. (1980) reported an increase in plasma cortisol
on day 3 and then a decrease on day 5. In our
study, the concentrations of cortisol were lower only
at 30 min post-exercise after the two partial sleep
deprivation conditions. This drop in plasma cortisol
may be the result of an exaggerated fatigue that
represses adrenocortical activity (Francesconi et al.,
1978). This fatigue is reflected in our athletes by a
marked lactate acidosis response to exercise (Chin
and Evonuk, 1971). This high concentration of lactate
could resultin changes in the rate of secretion of cortisol
or changes in its catabolism. Some authors have also
reported a possible decrease in activity after sleep
deprivation (Murawski and Crabbe, 1960; Francesconi
et al., 1978). Our results, however, cannot be compared
with those of previous studies because individuals were
often exposed to total sleep deprivation for many days
or the duration of exercise was different.

In the present study, partial sleep deprivation and
the administration of zolpidem before bedtime did
not affect the plasma growth hormone response to
daytime exercise and recovery. It has been demon-
strated that, when sleep onset is delayed, the pulse
of growth hormone release, which is associated with
stage 3 and 4 sleep, is also delayed (Takahashi er al.,
1968; Sassin ez al., 1969). Nocturnal secretion of growth
hormone is decreased or eliminated only in the absence
of slow wave sleep (Sassin ez al., 1969; Karacan er al.,
1971); rapid eye movement sleep has no effect on the
pattern of growth hormone secretion (Honda et al.,
1969). However, Steiger et al. (1987) suggested that
resting in bed during the late evening hours or waiting
for permission to sleep may be sufficient to trigger the
release of growth hormones. So, in the present study,
we suggest that changes in sleep schedules or in sleep
structure had no influence on the nocturnal and
exercise-induced secretion of growth hormone.

Plasma prolactin was higher during exercise and
recovery after the night during which the participants
were awoken at 03:00 h. The prolactin concentrations
observed during the conditions in which the parti-
cipants went to bed late (03:00 h) or when they
took 10 mg zolpidem before sleep were identical to
those observed after the control trial. The increased
prolactin response to exercise after an early awakening
could be the result of a disruption to the fluctuation
of this hormone. Peak secretion, which usually occurs
at about 05:30 h, could be removed by deprived
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sleep (Bispink ez al., 1990) with a reappearance during
exercise.

Both adrenaline and noradrenaline did not differ
in any of the experimental conditions. The peripheral
adrenergic and noradrenergic system is markedly
activated by physical stress (Escourrou ez al., 1984).
However, this stress does not appear to be exaggerated
when exercise is performed after sleep deprivation.
Finally, our results are in line with those of previous
studies in which minor catecholamine changes were
shown to be due to loss of sleep (for a review, see Horne,
1978).

In conclusion, it appears that sleep deprivation affects
the exercise recovery processes, as reflected in lowered
cortisol concentrations related to an exaggerated fatigue.
Early awakening appeared to be more important than
a late bedtime for disturbances to cortisol concen-
trations, although both conditions were less stressful
than we had anticipated. Indeed, growth hormone and
catecholamines were secreted in the same way during
exercise and recovery after sleep deprivation as after
the control night’s sleep. However, stress owing to
long-term sleep deprivation remains an open question
and relationships between sleep EEG parameters and
hormones secreted during exercise the next day need
to be investigated further.
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