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Abstract
Approximately 10% of employees undertake night-work which is a significant predictor of
weight-gain, possibly because responses to activity and eating are altered at night. It is known that
the appetite-related hormone, acylated ghrelin is suppressed after an acute bout of exercise during
the day, but no researcher has explored whether evening exercise alters acylated ghrelin and other
appetite-related outcomes during a subsequent night-shift. Six healthy men (mean±SD: age 30±8
yrs, body mass index 23.1±1.1 kg/m2) completed two crossover trials (control and exercise) in a
random order. Participants fasted from 10:00 h, consumed a test meal at 18:00 h and then cycled at
50% peak oxygen uptake or rested between 19:00-20:00 h. Participants then completed light
activities during a simulated night-shift which ended at 05:00 h. Two small isocaloric meals were
consumed at 22:00 and 02:00 h. Venous blood samples were drawn via cannulation at 1-h
intervals between 19:00-05:00 h for the determination of acylated ghrelin, leptin, insulin, glucose,
triglyceride and non-esterified fatty acids concentrations. Perceived hunger and wrist actimetry
were also recorded. During the night-shift, mean±SD acylated ghrelin concentration was
86.5±40.8 pg/ml following exercise compared with 71.7±37.7 pg/ml without prior exercise
(P=0.015). Throughout the night-shift, leptin concentration was 263±242 pg/ml following exercise
compared with 187±221 pg/ml without prior exercise (P=0.017). Mean levels of insulin,
triglyceride, non-esterified fatty acids and wrist actimetry were also higher during the night-shift
that followed exercise (P<0.05). These data indicate that prior exercise increases acylated ghrelin
and leptin concentrations during a subsequent simulated night-shift. These findings differ from the
known effects of exercise on acylated ghrelin and leptin during the day, and therefore have
implications for energy balance during night-work.
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Introduction
At least 10% of employees in the USA and most other developed countries participate in a
shift-work schedule that involves periods of work in the evening or at night (U.S.
Department of Labor – Bureau of Labor Statistics, 2005). Shift-work is a significant risk
factor for weight gain (Suwazono et al., 2008), which is probably explained by behavioural-
and biological-based disruption of factors involved in energy balance (Atkinson et al.,
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2008). For example, circadian disruption has been shown to decrease circulating
concentrations of the anerexoic hormone, leptin (Scheer et al., 2009). Shift-workers also
tend to ‘graze’ on food during the night-shift (Reinberg et al., 1979) when postprandial
thermogenesis is lowest (Romon et al., 1993). Intuitively, a reduction in nocturnal feeding,
via some intervention which can alter hunger during a night-shift, could help maintain
energy balance and, therefore, benefit the long-term health of the shift-worker. One such
intervention could be exercise.

Acylated ghrelin and leptin act on the hypothalamus to control energy balance by increasing
(Wren et al., 2001) and decreasing (Halaas et al., 1995) preferred food intake, respectively.
It is known that an acute bout of non-exhaustive exercise lasting ≤90 min transiently (up to 9
h) suppresses plasma acylated ghrelin concentration (Broom et al., 2007, 2009), but
generally has little affect upon plasma/serum leptin level (Fisher et al., 2001; Hulver &
Houmard, 2003; Kraemer et al., 1999; Weltman et al., 2000). These findings relate to the
finding that exercise has been found to decrease hunger transiently post-exercise (Broom et
al., 2007, 2009; King & Blundell, 1995; King et al., 1994; Thompson et al., 1988;
Westerterp-Plantenga et al., 1997), although no change (King et al., 1997) or increases
(Lluch et al., 1998, Maraki et al., 2005) in hunger have also been reported. These data
indicate that acute bouts of exercise may prevent adipose tissue gain, not just via an increase
in energy expenditure but in helping to regulate energy intake. Nevertheless, all previous
related research has been undertaken during the hours of daylight on participants living a
‘normal’ diurnal existence. No previous researcher has examined the effects of prior evening
exercise on appetite regulation when awake throughout the night. Given the knowledge that
circadian rhythms exist in human metabolism (Holmbäck et al., 2002, 2003ab; Ribeiro et al.,
1998; Simon et al., 2000) and in the physiological responses to exercise (Drust et al., 2005),
we question whether the exercise-mediated responses of hunger, plasma acylated ghrelin
and serum leptin are different when awake and eating during a simulated night-shift
compared with the findings from previous studies undertaken during the day.

Methods
Participants

In previous experiments (Broom et al., 2007, 2009), exercise has been found to mediate
relatively large (26-35%) decreases in plasma acylated ghrelin concentration, which can be
measured with good within-assay precision (CV=4.8-6.6%). Our primary comparison was
the difference in plasma acylated ghrelin averaged over the simulated night-shift between
the exercise and no exercise trials. Using the above estimations of effect size and variance,
we estimated that a sample size of 6 would result in adequate statistical power (>80%) so
that the predicted magnitude of difference changes would be statistically significant in our
repeated-measures experiment. Therefore, we recruited 6 healthy males (mean±SD: age =
30±8 yrs, height = 178±8 cm, body mass index = 23.1±1.1 kg.m2, peak oxygen uptake =
49±7 ml.kg−1.min−1). Participants lived a conventional diurnal lifestyle prior to the
experiment (nocturnal sleep of 6-8 h.day−1) and provided written informed consent to
participate. None of the participants had been involved in night-work before or travelled
across more than 2-3 time-zones in the previous 6 months. The study was approved by the
local ethics committee and all procedures adhered to Chronobiology International guidelines
(Portaluppi et al., 2008).

Preliminary measurements
Before the first laboratory visit, participants refrained from exercise as well as consumption
of alcohol and caffeine for 24 h. Participants were instructed to consume 5 ml.kg−1 body
mass of water, and nothing else, in the 2 h before arrival. After height and body mass were
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measured (Seca Ltd, Birmingham, UK), participants completed a continuous incremental
test on a cycle ergometer (Ergo_bike, 8000 TRS, Daum Electronics, Fürth, Germany) to
determine their peak oxygen uptake (v̇o2peak), which was measured with an automated gas
analyzer (MetaMax, Cortex Biophysik, Leipzig, Germany). The first stage of the v ̇o2peak
protocol consisted of cycling at 100 Watts for 2 min. Exercise intensity was then increased
by 25 Watts every 2 min until the participants reached volitional fatigue. Immediately before
exercise began, heart rate was measured using short-range radio telemetry (Polar S610i;
Polar Electro Oy, Kempele, Finland) and was continuously monitored and recorded at 2 min
intervals, and at the point of exhaustion. Participants were deemed to have reached v̇o2peak
if one or more of the following criteria were met: a plateau in v ̇o2 (<2.1 ml.kg−1.min−1), a
respiratory exchange ratio of 1.15 or above, and/or a heart rate within 10 beats.min−1 of a
participant’s age-predicted maximum heart rate.

Experimental procedures
Approximately one week after undertaking the v̇o2peak test, participants performed the first
of two experimental trials which were administered in a random order and were separated by
≥7 days. Before both trials, participants abstained from exercise and the consumption of
alcohol and caffeine for ≥48 h. Participants were instructed to sleep between 23:00 and
07:00 h the night before each trial. On arrival at the laboratory, participants did not report
any atypical sleep characteristics (e.g., number of nocturnal awakenings and perceived sleep
latency) during this pre-test night. The stipulated bedtimes were within ± 1 h of the
participants ‘normal’ times of retiring and rising. Both trials began at 19:00 h and continued
until 05:00 h in a laboratory where mean (±SD) ambient temperature was 22°C (±0.3),
relative humidity was 47% (±4) and light intensity was 150 lux. Participants weighed and
recorded their food and drink intake, using a diary, during the two days that preceded their
first trial, and replicated it before their second trial.

On the day of each trial, participants reported to the laboratory at 17:30 h, after an 7.5 h fast
(this was confirmed by questioning the participant about their food and drink intake in the
previous 7.5 h). Thereafter, participants promptly adopted a semi-supine position and a
cannula was inserted into an antecubital vein. Before both trials began, participants
consumed a test meal at 18:00 h and consumed it within 15 min, then rested quietly. At the
start of the exercise trial, between 19:00-20:00 h, participants cycled at 50% v̇o2peak
(individual absolute power outputs ranged from 130-170 W) on the ergometer described
above. Participants completed self-paced mental and physical work at 21:00-21:05 h,
00:00-00:05 h and 05:00-05:05 h in order to simulate activities that may occur during a
night-shift. At 22:00 and 02:00 h participants consumed two isocaloric test meals.
Participants consumed 100 ml of water at 18:00 h and thereafter at 1 h intervals until 05:00
h. At all other times when participants were not completing tasks, eating or providing blood
samples, they rested quietly (e.g., sat watching television). The control trial was identical to
the intervention trial, except participants rested (e.g., sat whilst reading) quietly instead of
exercising between 19:00 and 20:00 h.

Test meals
The test meal consumed at 18:00 h has been utilized previously (Broom et al., 2007). The
meal consisted of a sandwich (Cheddar cheese, mayonnaise and butter), crisps, a chocolate
bar and milk-shake. The meal provided 1.47 g carbohydrate, 0.34 g protein, 0.81 g fat and
60 kJ per kg body mass. The test meals consumed at 22:00 and 02:00 h were identical to the
abovementioned meal in content, but were halved in portion size. This feeding schedule was
chosen to replicate typical food intake of night-workers (Reinberg et al., 1979; Reeves et al.,
2004).
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Perceived hunger and activity
Perceived hunger was measured using a validated scale (Broom et al., 2009), ranging from 0
(not hungry) to 15 (very hungry). Perceived hunger was recorded at 1-h intervals between
19:00 and 05:00 h. Participant’s activity was recorded via an accelerometer (Actiwatch
AW4; Cambridge Neurotechnology Ltd, Cambridge, UK), attached at the wrist. Data were
recorded at 19:00 h until 05:00 h using 10 sec epocs.

Blood sampling
In both trials, and after participants had been in a semi-supine position for at least 10 min,
blood samples (10 ml) were collected into syringes at 19:00 h (immediately before the
exercise) and thereafter at 1 h intervals until 05:00 h, via a cannula placed in an antecubital
vein. At 20:00 h, in both trials, (i.e., at the end of exercise in the intervention trial) blood
was collected immediately after participants had adopted the semi-supine position. In order
to maintain cannula patency, 5 ml of non-heparinised saline was flushed through the system
after each sampling point. Moreover, 2-3 ml of blood/saline was drawn off at the beginning
of each sampling point to prevent a high concentration of saline being present in our
samples.

At each sampling point, blood was immediately dispensed into serum separator tubes, pre-
cooled lithium heparin and EDTA (some of which contained p-hydroxymercuribenzoic acid
to prevent the degradation of acylated ghrelin) tubes. Lithium heparin and EDTA (not
containing p-hydroxymercuribenzoic acid) tubes were placed in a refrigerated centrifuge
(4°C) within 15 min of collection, and spun at 4000 revs/min for 15 min. Serum separator
tubes, after standing at room temperature for 30-35 min were placed into a centrifuge and
spun, as detailed above. Immediately after collection, EDTA tubes containing p-
hydroxymercuribenzoic acid were placed into a refrigerated centrifuge (4°C) and spun for
10 min at 3500 revs.min−1. The resultant supernatant was dispensed into a microtube, and 1
M hydrochloric acid was then added (100 uL per mL of plasma) and the sample was
subsequently spun for 5 min at 3500 revs.min−1 in a refrigerated centrifuge (4°C).
Immediately after centrifuging, plasma/serum supernatants were dispensed into microtubes
and stored at −80°C for later analysis. Acylated ghrelin and non-esterified fatty acids
(NEFA) concentrations were determined from plasma derived from EDTA tubes. Leptin and
insulin levels were measured in serum. Glucose and triglyceride concentrations were
determined from plasma derived from lithium heparin tubes. At each sampling point,
hemoglobin concentraion and hematocrit percentage were determined in order to estimate
plasma volume changes (Dill & Costill, 1974).

Biochemistry
Plasma acylated ghrelin concentrations were determined by ELISA (SPI BIO, Montigny le
Bretonneux, France) with within- and inter-assay CVs of 14.0% and 1.7%, respectively.
Serum leptin and insulin concentrations were determined by Muliplexing, and had within-
and inter-assay CVs of 59.9%, 57.6%, 6.6% and 7.1%, respectively. Plasma concentrations
of glucose, triglyceride and non-esterified fatty acids were determined via enzymatic,
colorimetric methods (Randox Laboratories LTD, Cumlin, Northern Ireland) with within-
assay variations of 1.3%, 1.3% and 3.6%. Accuracy was monitored with quality control sera
(Randox Laboratories LTD, Cumlin, Northern Ireland) and samples from each participant
were analysed in the same batch to prevent inter-assay variation.

Statistical analysis
Paired-samples t-tests or Wilcoxon signed ranked tests (if the paired differences did not
follow a Guassian distribution) were used to determine if baseline values were significantly
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different between trials. No significant differences at baseline were found for all but one of
the outcome variables studied (P≥0.17). Therefore, the post-exercise data for hormones,
metabolites and activity counts were analyzed with two factor (trial x time) repeated
measures linear mixed models (Cnaan et al., 1997). The P-value for the baseline differences
in mean hunger rating approached significance (P=0.081). Therefore, an analysis of
covariance using baseline values from both trials as covariates was used to analyse this
particular outcome variable (Vickers & Altman, 2001). Within-subjects correlations (Bland
& Altman, 1995) were calculated to explore relations between the changes in the different
variables during the exercise trial over time. Plasma volume changes were not significantly
different between trials, thus unadjusted values for metabolites and hormones were analysed
and are reported. All statistical procedures were performed via SPSS for Windows version
15 (SPSS, Inc., Chicago, USA). Descriptive data are presented as means±SD, unless
otherwise stated.

Results
Mean plasma acylated ghrelin concentration was 86.5±40.8 pg/ml during the night-shift
(20:00-05:00) after exercise compared with 71.7±37.7 pg/ml in the control trial (95%
confidence interval for trial main effect = 2.9 to 26.7 pg/ml, P=0.015; Figure 1A). During
the night-shift, serum leptin concentration was also significantly higher in the exercise
(263±242 pg/ml) than control trial (187±221 pg/ml; P=0.017; Figure 1B). No significant
interactions between trial and time were found for acylated ghrelin and leptin (P>0.05).

Throughout the night-shift, serum insulin concentration was significantly higher when
preceded by exercise (193±127 pg/ml) compared with rest (128±98 pg/ml; P=0.001; Figure
2A) and plasma triglyceride concentration was also significantly higher in the exercise trial
(1.8±0.7 mmol/L) than control (1.6±0.6 mmol/L; P=0.004; Figure 2B). Similarly, NEFA
concentration was significantly higher when preceded by exercise (0.36±0.16 mmol/L)
compared with rest (0.26±0.14 mmol/L; P<0.0005). Plasma glucose was 5.8±0.9 mmol/L
during night-work in the exercise trial and 5.5±1.0 mmol/L in the rest trial, the differences
between trials not reaching statistical significance (P=0.090; Figure 2C).

Night-shift activity counts were significantly higher in the exercise (263±139) than control
trial (178±104; P<0.0005). Mean hunger during the night-shift generally reduced as meals
were ingested throughout the night-shift (Figure 1C), but a significant interaction between
trial and time was found (P=0.015). With the baseline values of hunger added as covariates,
hunger was found to decrease more rapidly over time during the night-shift when no even
exercise had been undertaken. There was no significant effect of trial on hunger (P=0.120;
Figure 1C). Within-subjects correlation coefficients of 0.24 (P=0.078; df=100), −0.27
(P=0.043; df=100) and −0.31 (P=0.022; df=100) were found between hunger scores and
plasma concentrations of acylated ghrelin, triglyceride and NEFA, respectively. No
significant correlations were found between hunger and the other outcomes (P≥0.133;
df=100).

Discussion
No previous researcher has published data regarding appetite regulation during nocturnal
waking after a bout of prior exercise in the evening. Our novel findings are that an early-
evening bout of exercise mediated higher values of circulating concentrations of acylated
ghrelin and leptin during a subsequent night-shift compared to no prior exercise. These
findings contrast with those from similar investigations undertaken during the daytime
which have shown that exercise suppresses acylated ghrelin level (Broom et al., 2007,
2009), but has no effect upon leptin concentrations (Weltman et al., 2000). This indicates
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that time of day is an important factor to consider in the exploration of relationships between
exercise and the abovementioned regulators of appetite.

It is known that intravenous infusions of glucose (Nakagawa et al., 2002), insulin (Möhlig et
al., 2002) and NEFA (Gormsen et al., 2006) suppress total circulating ghrelin levels. In our
study, there was no significant difference in plasma glucose concentration between trials,
although circulating levels of insulin and NEFA were found to be higher nocturnally after
prior exercise. These findings offer evidence that the relationships between these metabolic-
and appetite-related outcomes change at night, when energy intake is controlled. Growth
hormone may suppress circulating concentrations of ghrelin, this suggestion derives from
studies which have shown that acromegalic patients have lower concentrations of ghrelin
than normal individuals (Cappiello et al., 2002). Post-exercise (approximately 2 h after)
suppression of growth hormone is greater in evening than morning (Kanaley et al., 2001).
This finding may explain why we found an increase, rather than a decrease in plasma
acylated ghrelin level as reported in daytime studies (Broom et al., 2007, 2009). Ghrelin
secretion is also known to be regulated by somatostatin, melatonin, glucagon,
parasympathetic nervous activity and thyroid hormones (van der Lely et al., 2004).
Melatonin might be a focus of further study, given its known role in the circadian system
and the fact that it is responsive to exercise (Atkinson et al., 2003).

Researchers have reported that acute intravenous infusion of insulin increases circulating
leptin concentrations (Malmström et al., 1996; Utriainen et al., 1996), whereas others have
observed no effect (Dagogo-Jack et al., 1996; Ryan & Elahi, 1996). In our study, the
exercise-mediated increase in nocturnal serum insulin concentration occurred concurrently
with increased serum leptin level. Intravenous infusion of milk (98% triglycerides)
significantly induces leptin resistance at the blood-brain barrier (Banks et al., 2004). In our
study, triglyceride concentration was significantly higher during the night-shift when
preceded by evening exercise than rest. Besides this finding having significant health
implications itself (Gill, 2004), it may explain why leptin concentration were higher in the
exercise than control trial. Circulating leptin levels are affected by factors other than insulin
and triglycerides, such as glucocorticoids and the sympathetic nervous system (Trayhurn et
al., 1998). A commonly known glucocorticoids is cortisol, this hormone is known to
increase after exercise (Kanaley et al., 2001) and increases circulating levels of leptin
(Dagogo-Jack et al., 2005; Laferrère et al., 2006). Therefore, in this study, it is possible that
evening exercise mediated an increase night-shift cortisol levels which in turn increased
circulating levels of leptin. Peak post-exercise serum cortisol response is dependent upon
time of day, with a greater response from baseline occurring in the eveing compared to
morning (Kanaley et al., 2001). This dirunal variation may explain why we observed an
increase in post-exercise leptin level rather than no effect reported in many day time
investigations (Fisher et al., 2001; Weltman et al., 2000).

The nocturnal level of plasma acylated ghrelin was approximately 21% higher during the
night-shift that followed exercise compared with control. Circulating concentrations of the
anorectic hormones leptin and insulin (Woods et al., 1984) were also higher after exercise.
Therefore, we found little evidence of a reciprocal relationship between ghrelin and leptin in
our study on post-exercise nocturnal responses. Hunger was found to decrease more rapidly
during the night-shift when no evening exercise had been undertaken, which may suggest
the exercise-modulated increase in leptin (a hormone which decreases preferred food intake)
was more influential on the hunger ratings than the increase in acylated ghrelin. However,
no significant association between hunger and leptin concentration was found. Nevertheless,
it is noted that despite our attempts to control for baseline differences in hunger with an
ANCOVA model, two of the participants remained relatively hungry after consuming the
test meal at 18:00 h in the non-exercise trial. Consequently, this may have accentuated the
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decrease in hunger after eating the test meal at 22:00 h in the no exercise condition. It seems
that the effects of exercise on hunger are also inconsistent with daytime studies, with
increases (Lluch et al., 1998, Maraki et al., 2005) and decreases (Broom et al., 2007, 2009;
King & Blundell, 1995; King et al., 1994; Thompson et al., 1988; Westerterp-Plantenga et
al., 1997) in hunger being reported after exercise. The exercise intensity used in our study
was lower than that chosen by other investigators who have reported post-exercise hunger
suppression, and this could be an important factor. Nevertheless, we deemed it important to
select a moderate rather than a high exercise intensity that was feasible for night-workers to
adopt. Furthermore, it should also be noted that our study was not powered to detect
between trials differences in regard to hunger and therefore related inferences should be
viewed with caution.

There are several limitations to our study, firstly in terms of the generalizability of our data
to real shift-workers. We administered high-fat, energy dense meals in keeping with the
previous daytime-based studies on the acylated ghrelin responses to exercise (Broom et al.,
2007; 2009). Although some shift-workers tend to eat high-fat, energy dense foods on the
night-shift, it is possible that some shift-workers consume meals with different
macronutrient and energy content, and therefore our results may not be applicable to all
shift-workers. Our participants were not permanent night-workers. Therefore our findings
may have been different if we had been able to study participants over a number of night-
shifts. Nevertheless, Folkard (2008) concluded that very few (<3%) fixed night-workers
exhibit full circadian adjustment and therefore our findings may be indeed relevant to these
permanent workers as wells as those who switch from days to nights frequently.

Under conditions of controlled diet but only partially-controlled activity, we found that prior
exercise increased wrist activity measured during the night-shift. Therefore, it is unclear
whether, in real shift-work circumstances, the overall increase in energy expenditure
modulated by an exercise bout may or may not cause a negative energy balance when night-
workers are completely free to choose their diet. Future researchers into this question might
measure energy expenditure via more valid methods (e.g., wearing an accelerometer on the
waist rather than the wrist) throughout both trials under conditions of ‘free-living’ whilst
measuring food intake during the night-shift.

As in almost all exercise-related experiments of this type, it was extremely difficult to blind
participants as to which experimental trial they were undertaking before arriving to the
laboratory. Thus, it is possible that the expectation of exercising may have influenced our
hunger vaules, but it unlikely to have impacted upon the biological blood-borne data. A
future study might involve a comparison of different exercise intensities which may help
reduce such an expectancy effect.

Our experiment is novel, it involved participation in exercise as well as rigorous longitudinal
physiological monitoring (including cannulation) when awake during the night. Therefore,
only a relatively small sample of young non-shift-working men participated. Nevertheless,
we found relatively large and statistically significant effects of prior exercise on our primary
outcome (i.e. main effect of trial on plasma acylated ghrelin concentration) and some
secondary outcomes, and so a type II error and any associated concerns about statistical
power are not as relevant to our primary and many secondary findings. However, it is
acknowledged that our study could have been underpowered to detect significant
interactions between trial and time for some of our outcome variables. Statistical power is
relevant only in terms of a type II error, i.e. when differences between trials were not
significant. Statistical significance is also an indicator that effect sizes are large relative to
error variance. The error variance in our repeated measures study is defined by the test-retest
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coefficient of variation (rather than the between-subjects variability indicated by the error
bars in our Figures). The CVs were relatively small for most of our outcomes.

Finally, it is recognised that exercise may induce a phase-shift to some circadian rhythms,
such as melatonin and core body temperature (Atkinson et al., 2007). It is possible that
evening exercise caused a phase-shift in our outcome variables and this could explain our
findings. However, we found it difficult to recruit participants in a multi-day study so that
enough data for circadian rhythm description were obtained. Any future attempt at this
would need to carefully control for the masking effects of being awake at night.

Conclusion
No previous researcher has examined the effects of prior exercise on appetite regulation
when participants are awake at night. We researched this situation given its application to a
change from day to night-work. We found that a prior bout of early evening exercise has no
effect on mean hunger scores but increases circulating levels of acylated ghrelin and leptin
during a simulated night-shift compared with no prior exercise. In previous research,
participants exercised during the hours of daylight (usually mid-morning) and contrasting
results were generally reported. These data indicate that time of day is an important factor to
consider in the exploration of relationships between exercise, metabolism and appetite in
order to explain why shift-work is a risk factor for long-term weight-gain. Although our
findings indicate no effect (i.e., no benefit or harm) of evening exercise upon night-shift
hunger, it is possible that evening exercise is beneficial regard to other health related factors
(e.g., blood pressure). Thus, night-workers should still be encouraged to undertake evening
exercise.
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Figure 1.
Circulating acylated ghrelin (A) and leptin (B) concentrations and hunger (C) during
exercise and control trials (mean±SD). Solid rectangle, cycling; grey square, test meal
consumption.
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Figure 2.
Circulating insulin (A) and triglyceride (B) and glucose (C) concentrations during exercise
and control trials (mean±SD). Solid rectangle, cycling; grey square, test meal consumption.
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