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Introduction

Around 20% of the working population is required to work 
outside the regular working day (09:00–17:00 hours) and 
this number is increasing as economic demands push work 
hours into the night for many industries [1, 2]. Irregular 
schedules mean that shift workers often sleep during the day 
and are awake at night, resulting in a misalignment between 
the normal day/light-entrained internal physiological pro-
cesses and the external environment. Night-shift workers 
gain more weight after starting their jobs [3], have higher 
rates of obesity and type 2 diabetes (even after adjusting for 
lifestyle and socioeconomic circumstances), and those with 
type 2 diabetes have poorer glucose control [4–7]. However, 
night-shift workers also alter their eating patterns, habitually 
eating during the night shift [8, 9]. This transferral in eating 
behaviours could contribute to increased disease risk.

In non-shift workers, meals consumed after 20:00 hours 
are associated with increased weight, even after controlling 
for sleep timing and duration [10]. Eating later in the day 
reduces the effectiveness of weight-loss programmes, inde-
pendently of energy intake, dietary composition or sleep 
[11]. Thus, time-restricted eating (TRE), whereby food is 
consumed ad libitum throughout a restricted daytime period, 
has emerged as a novel therapeutic intervention to improve 
glucose and lipid metabolism in non-shift-working adults 
[12]. In rodents, night-shift work is simulated by periodically 
rotating the light–dark cycle. The metabolic consequences 
of simulated shiftwork in rodents are lessened by TRE [13], 
even when the animals are provided with high-fat diets [14]. 

While these results are promising, successful translation of 
these basic biological data into improved outcomes in shift-
working humans is lacking.

In a controlled laboratory setting, we conducted a small 
study (N=4–7/condition) that showed that not eating at night 
prevented impaired glucose tolerance after 4 days of simu-
lated night-shift work [15]. This suggested, for the first time, 
that glucose disturbance in shift workers was strongly medi-
ated by the temporal distribution of meals across the day and 
night. Another study subsequently extended this finding to a 
simulated rotating shiftwork schedule [16]. Thus, restricting 
eating to the day may prevent the misalignment between cen-
tral and peripheral circadian rhythms that occur in simulated 
night work [17].

To what extent the size of a night-time meal plays a role 
in this remains to be determined. It is important to resolve 
this, as redistributing the usual 24 h energy intake to only the 
daytime has notable practical implications. While one study 
identified that fasting during a night shift is feasible [18], 
many night-shift workers report snacking during the night 
shift [19] and may find it difficult to completely abstain from 
eating. In a pilot trial, we showed that consuming a small 
snack (840 kJ) at midnight during one simulated night shift 
did not impair glucose tolerance the following morning [20]. 
Thus, allowing a night-time snack would be both feasible 
and effective at mitigating glucose-metabolism impairment 
during night-shift schedules.

The aim of this three-arm, parallel-group, cluster ran-
domised controlled trial was to examine the effects of eat-
ing a meal at night vs a snack at night vs fasting at night on 
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glucose metabolism during simulated night-shift work in 
healthy non-shift-working adults. We hypothesised that fast-
ing at night and eating a snack at night would enable mainte-
nance of glucose tolerance following exposure to simulated 
night-shift work as compared with eating a meal at night.

Methods

Study details

An experimental, three-condition, between-group study 
design was used (electronic supplementary material [ESM] 
Fig. 1). The three conditions used were meal-at-night, snack-
at-night and fasting-at-night conditions. The primary out-
comes were glucose, insulin and NEFA AUC in response to 
an OGTT following 4 nights of simulated shift work plus 1 
night of recovery sleep as compared with baseline. Explora-
tory outcomes were: (1) fasting and postprandial glucose 
and insulin responses to a high carbohydrate breakfast meal 
after the first and fourth night of shiftwork; and (2) sleep 
health at baseline and following the third night of shiftwork 
and during the recovery sleep, assessed by polysomnography 
(PSG). The study was conducted between 28 June 2016 and 
4 March 2019 and approved by the University of South Aus-
tralia Human Research Ethics Committee (no. 0000033621). 
It was conducted according to the Consolidated Standards of 
Reporting Trials (CONSORT) guidelines and registered with 
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Initial screen for eligibility (n=423)

Telephone screen for eligibility (n=337)
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opportunity (TIB: 22:00–06:00 hours) to simulate the return 
to a daytime schedule (RTDS). Four nights were chosen to 
examine the cumulative impact of the eating schedules on 
glucose metabolism because most shiftwork schedules limit 
the number of consecutive nights worked to 4 or fewer [2].

The ambient temperature was 22±1°C, while light lev-
els were 100 lux during wakefulness to simulate an office 
work environment and <1 lux during sleep times. Access to 
clocks or social time cues (i.e. mobile phones, laptops, live 
television) was not permitted. During discretionary time, 
participants were able to watch movies, read or converse 
with staff. They were not able to engage in any exercise or 
consume stimulants (e.g. caffeine). Meals were strictly timed 
and controlled, with a similar amount of total energy and 
macronutrient intake each day across the conditions. On the 
morning after the baseline sleep and after the RTDS sleep, 
a 75 g OGTT was conducted. On the morning after NS2 and 
after NS4, a standardised high carbohydrate breakfast was 
consumed and glucose and insulin responses to the breakfast 
were measured. The OGTT is a clinical tool for diagnosis 
of type 2 diabetes, whereas a standardised meal provides a 
more physiologically relevant measure of meal-related meta-
bolic responses [25]. Due to the design of the study, neither 
participants nor study staff were blinded to study conditions 
during data collection, but laboratory staff and statistical 
analysis were performed blinded to study condition.

Meal conditions Participants consumed meals at specific 
times depending on the condition. Water and caffeine-free 
tea were allowed ad libitum. Each meal and snack were simi-
lar across conditions and were comprised of approximately 
40% carbohydrate, 33% fat, 17% protein and 23 g fibre. Par-
ticipants were encouraged to consume all food they were 
given within 15 min (breakfast), 30 min (snacks and lunch), 
or 45 min (dinner). Daily estimated energy requirements 
(EER) were individually calculated by validated reference 
equations, rounded to the nearest 500 kJ, and reduced by 
15% to allow for the extremely sedentary activity levels in 
the laboratory. Meal plans were analysed using Foodworks 
version 8 (Xyris, Spring Hill, QLD, Australia). On entry to 
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condition (p=0.016, data not shown). For fasting NEFA, 
there were condition×day (p<0.001) and condition 
(p<0.001) effects, with higher values on RTDS vs baseline 
in the meal-at-night condition (p<0.001), but not the snack-
at-night (p=0.627) or fasting-at-night (p=0.215) conditions. 
Post hoc comparison at RTDS revealed that NEFA levels 
were lower in the fasting-at-night condition vs snack-at-night 
(p=0.001) and meal-at-night (p<0.001) conditions (Table 2).

Responses to a breakfast meal

Postprandial glucose and insulin AUCs, and calcula-
tions of insulin secretion and sensitivity in response to 
a breakfast meal tolerance test after NS1 by condition 
are given in ESM Table 1. For glucose AUC, there was 
a condition×day interaction (p=0.017) and day effect 
(p<0.001) as shown in Table  3 and Fig.  3. Glucose 
AUC was higher the morning after NS4 compared with 
NS1 in each condition (p<0.002; Table 3), but post hoc 
comparisons did not detect a difference between condi-
tions. For insulin AUC, a significant effect of day was 
observed (p=0.025; Table 3
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and maintained glucose tolerance. The study indicates that 
meal timing is an effective intervention to mitigate impair-
ments in glucose metabolism due to night-shift work. To 
understand the effect of meal size as well as timing we also 
examined the effects of a snack on glucose metabolism. 
While a snack may be more tolerable for the individual than 
fasting overnight, glucose tolerance was still impaired in 
the snack-at-night vs fasting-at-night condition. It appears 
therefore, that avoiding eating at night is an important strat-
egy for mitigating the impacts of night-shift work on glucose 
metabolism.

Multiple studies have previously shown that disruptions 
in circadian rhythms, such as those caused by night-shift 
work or exposure to light at night, impair insulin sensitivity 
[32–35]. Two of these studies measured peripheral insulin 
sensitivity by the clamp technique [32, 35] and another study 
showed that insulin sensitivity in response to breakfast and 
dinner meals was impaired in chronic shift workers after 
three night shifts vs three day shifts [33]. In all studies, indi-
viduals were provided with meals during the night shift. 

As a result, there was co-exposure to wakefulness, light at 
night and nutrients. The current study shows that remov-
ing nutrients at night did not rescue insulin sensitivity, 
although gold-standard methods to assess insulin resistance 
were not performed. Of note, in the context of this study and 
previous trials [32, 33], night-shift work did not appear to 
alter HOMA-IR, but caution should be exercised in using 
HOMA-IR as an accurate measure of total-body, peripheral 
or hepatic insulin resistance [36].

The mechanisms underpinning an acute induction in insu-
lin resistance following night-shift work are likely to be mul-
tifactorial. Sleep restriction and higher levels of melatonin in 
the morning are both linked with poorer insulin sensitivity 
[37, 38]. In the current study, all participants were provided 
with a 7 h sleep opportunity following each night shift and, 
thus, sleep was not restricted. However, there were signifi-
cant reductions in duration and quality of sleep across all 
conditions, which were clearly indicative of the effects of 
shiftwork on both circadian and sleep systems. Elevations in 
plasma NEFA also induce insulin resistance [39]; however, 

Table
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plasma NEFA levels were elevated solely in the meal-at-
night condition, suggesting that these are unlikely to be a 
contributing factor in the development of insulin resistance 
across all three conditions. Disturbances in cortisol rhythms 
also occur in response to night-shift work [40] and are linked 
with impaired insulin sensitivity [41] and, therefore, may 
also play a role in this study.

When insulin resistance is present, normally function-
ing pancreatic beta cells increase the secretion ens.el2insuli 
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by condition, although a trend (p=0.052) towards reduced dis-
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secretion and glucose tolerance being higher and insulin 
clearance being lower in the morning as compared with the 
evening [43, 44]. Studies have shown that the peripheral 
clocks located within pancreatic islets cyclically regulate 

insulin secretion [45]. Additional experiments in rodents 
have revealed that the circadian clock in pancreatic beta cells 
directly controls the expression of key genes involved in 
insulin secretion, such as genes encoding glucose transporter 

Table 4  PSG measures of sleep at baseline, following NS3 and RTDS

p values (with F values and df) are derived from mixed-effects ANOVA
† p<0.05 for between-time-point post hoc comparisons: BL>NS3, RTDS
‡ p<0.05 for between-time-point post hoc comparisons: NS3<baseline<RTDS
§ p<0.05 for between-time-point post hoc comparisons: RTDS>baseline and NS3
¶ p<0.05 for between-time-point post hoc comparisons: RTDS<baseline and NS3
Ψ  p<0.05 for between-time-point post hoc comparisons: NS3<baseline and RTDS
BL, baseline; SE, sleep efficiency; SOL, sleep-onset latency

Variable/time point Condition (mean±SD) p value (F,df)

Fasting-at-night Snack-at-night Meal-at-night Condition Day Condition×day

TST (h) 0.926 (F2,98=0.1) <0.001 (F1,98=25.9)† 0.654 (F2,98=0.6)
 BL 7.2 ± 0.4 7.0 ± 0.5 7.1 ± 0.7
 NS3 5.8 ± 1.1 6.3 ± 0.6 6.0 ± 1.1
 RTDS 5.8 ± 1.9 5.7 ± 1.7 5.8 ± 1.2
SOL (min) 0.474 (F2,97=0.8) <0.001 (F1,97=25.7)‡ 0.852 (F2,97=0.3)
 BL 17.7 ± 12.3 29.9 ±23.1 19.3 ± 14.9
 NS3 8.4 ± 14.7 6.0 ± 3.9 4.8 ± 3.1
 RTDS 52.3 ± 72.6 60.7 ± 55.3 44.9 ± 37.9
WASO (min) 0.861 (F2,98=0.2) <0.001 (F1,98=9.3)§ 0.269 (F2,98=1.3)
 BL 29.8 ± 18.6 26.9 ±15.9 32.7 ±32.5
 NS3 65.1 ± 57.8 34.7 ± 34.9 41.8 ± 54.2
 RTDS 59.4 ± 64.4 78.3 ± 95.2 86.4 ± 86.6
SE (%) 0.814 (F2,98=0.2) <0.001 (F1,98=28.1)¶ 0.501 (F2,98=0.8)
 BL 90.1 ± 4.7 88.1 ± 6.2 89.1 ± 8.4
 NS3 82.5 ± 15.7 90.3 ± 8.8 88.8 ± 12.9
 RTDS 72.1 ± 23.2 70.9 ± 21.2 72.7 ± 14.7
Stage 1 (min) 0.519 (F2,98=0.7) 0.115 (F1,98=2.2) 0.770 (F2,98=0.5)
 BL 5.5 ± 4.2 6.6 ± 5.2 8.1 ± 6.9
 NS3 5.2 ± 3.5 6.6 ± 3.8 6.7 ± 4.7
 RTDS 7.2 ± 5.9 7.8 ± 5.7 7.8 ± 4.8
Stage 2 (min) 0.823 (F2,98=0.2) <0.001 (F1,98=24.5)Ψ 0.656 (F2,98=0.7)
 BL 159.9 ± 34.9 161.3 ± 57.3 164.7 ± 49.9
 NS3 105.7 ± 36.7 122.5 ± 43.6 112.4 ± 39.6
 RTDS 148.3 ± 62.5 144.9 ± 67.1 161.1 ± 46.9
Stage 3 (min) 0.827 (F2,98=0.1) <0.001 (F1,98=19.7)† 0.513 (F2,98=0.8)
 BL 85.0 ± 33.2 79.4 ± 32.5 77.3 ± 24.6
 NS3 54.8 ± 21.7 64.3 ± 21.5 59.9 ± 21.9
 RTDS 60.2 ± 35.7 62.8 ± 45.1 56.4 ± 23.4
Stage 4 (min) 0.760 (F2,98=0.3) <0.001 (F1,98=98.7)¶ 0.386 (F2,98=0.4)
 BL 86.9 ± 28.2 85.0 ± 46.2 79.9 ± 34.0
 NS3 88.2 ± 29.4 98.8 ± 41.9 83.7 ± 41.4
 RTDS 47.8 ± 28.8 42.1 ± 26.8 40.8 ± 24.3
REM (min) 0.709 (F2,98=0.3) 0.049 (F1,98=3.1)¶ 0.933 (F2,98=0.2)
 BL 93.6 ± 19.9 90.4 ± 20.2 96.7 ± 31.4
 NS3 92.8 ± 29.6 86.4 ± 20.2 97.2 ± 33.8
 RTDS 82.6 ± 34.3 82.7 ± 30.6 82.7 ± 24.9
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permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.
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