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Abstract
Aims/hypothesis Night-shift work causes circadian misalignment and impairs glucose metabolism. We hypothesise that 
food intake during night shifts may contribute to this phenomenon.
Methods This open-label, multi-arm, single-site, parallel-group controlled trial involved a 6 day stay at the University of South 
Australia’s sleep laboratory (Adelaide, SA, Australia). Healthy, non-shift-working adults without obesity (N=55; age 24.5 ± 
4.8 years; BMI 24.8 ± 2.8 kg/m2) were assigned to the next available run date and cluster randomised (1:1:1) to fasting-at-night 
(N=20), snack-at-night (N=17), or meal-at-night (N=18) conditions. One participant withdrew from each group, prior to starting 
the study. Due to study design, neither participants nor people collecting their measurements could be blinded. Statistical and 
laboratory staff were concealed to study allocation. Participants were fed at calculated energy balance, with the macronutrient 
composition of meals being similar across conditions. The primary outcomes were a linear mixed-effects model of glucose, 
insulin and NEFA AUC in response to a 75 g OGTT that was conducted prior to and after 4 consecutive nights of shift work 
plus 1 night of recovery sleep. Insulin sensitivity, insulinogenic and disposition indexes were also calculated.
Results Night-shift work impaired insulin sensitivity, as measured by insulin AUC (p=0.035) and the insulin sensitivity 
index (p=0.016) across all conditions. Insulin secretion, as measured by the insulinogenic index, was increased in the fasting-
at-night condition only (p=0.030), resulting in a day×condition interaction in glucose AUC (p<0.001) such that glucose 
tolerance was impaired in the meal-at night (+2.00 [95% CI 1.45, 2.56], p<0.001) and snack at-night (+0.96 [0.36, 1.56], 
p=0.022) conditions vs the fasting-at-night (+0.34 [–0.21, 0.89]) condition. A day×condition interaction was also observed 
in NEFA AUC (p<0.001), being higher in the meal-at-night (+0.07 [0.03, 0.10]. p=0.001) and snack-at-night (0.01 [–0.03, 
0.05], p=0.045) conditions vs the fasting-at-night condition (–0.02 [–0.06, 0.01]). No adverse events occurred.
Conclusions/interpretation The timing of food intake has a critical effect on glucose metabolism during simulated night-
shift work, which was readily amendable to a meal re-timing intervention.
Trial Registration Australian New Zealand Clinical Trials Registry (ANZCTR) ACTRN12616001556437
Funding This work was funded by the National Health and Medical Research Council (NHMRC), APP1099077.

Keywords Glucose metabolism · Meal size · Meal timing · Obesity · Shift work · Time-restricted eating · Type 2 diabetes

Abbreviations
ANZCTR   Australian New Zealand Clinical Trial 

Registry
CONSORT  Consolidated Standards of Reporting Trials
EER  Estimated energy requirements

IGI  Insulinogenic beta cell index
ISI  Insulin sensitivity index
NS1–4  Night shift 1–4
PSG  Polysomnography
REM  Rapid eye movement
RTDS  Return to a daytime schedule
TIB  Time-in-bed
TRE  Time-restricted eating
TST  Total sleep time
WASO  Wake after sleep onset

Stephanie Centofanti and Leonie K. Heilbronn contributed equally 
to this study.

Extended author information available on the last page of the article

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



 Diabetologia

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 
Australian New Zealand Clinical Trial Registry (ANZCTR; 
Australian clinical trials registration number (ACTRN) reg-
istration no. ACTRN12616001556437).

Participant recruitment and screening

Study participants Healthy, non-shift-working participants, 
aged 18–50 years (32 men, 23 women, self reported) were 
recruited from the general population via flyers and online 
advertisements. Race was self-reported with white (56%), 
Asian (21%), Latino (19%), or mixed race (2%). Latino were 
over-represented as compared to the general population. 
Exclusion criteria were the presence of self-reported medi-
cal or psychiatric disorders, or sleep-disordered breathing, 
as assessed by two commonly used questionnaires [21, 22] 
and confirmed by PSG. Participants were also required to 
have habitual sleep duration >7 h and <9 h, score <5 on the 
Pittsburgh Sleep Quality Index [23] and score between 22 
and 43 on the Composite Morningness questionnaire [24]. 
Participants were excluded if they met any of the following 
criteria: (1) any haematology or chemistry parameters out-
side of clinically accepted reference intervals, as assessed by 
a screening blood test ; (2) BMI was outside of the normal to 
overweight range (18.5–29.9 kg/m2); (3) regular medication 
use other than oral contraception; (4) drug and/or alcohol 

abuse (>20 g of alcohol per day); (5) >2 h of structured 
high-impact activity/exercise per week; (6) food allergies; or 
(7) pregnancy. Trans-meridian travel in the 60 days prior to 
the study, a history of shiftwork to ensure stable sleep/wake 
patterns and circadian misalignment were also exclusion-
ary, as is standard in a sleep-laboratory study [15]. Female 
participants were scheduled to participate in the luteal phase 
of their menstrual cycle to control for changes in sleep, hor-
monal factors and basal metabolism.

Pre‑study conditions Respondents to advertisements under-
went initial telephone screening for eligibility and, after giv-
ing informed written consent, they attended two physical 
screening sessions for more detailed assessment of eligibil-
ity. If eligible, participants completed a 7 day sleep diary and 
wore an activity monitor (Phillips Respironics Actiwatch, 
Murrysville, PA, USA) to assess sleep patterns at home in 
the 7 days prior to the laboratory study. Participants were 
asked to keep a strict sleep schedule (22:00–23:00 hours 
to 06:00–07:00 hours) with no naps, with adherence sub-
sequently confirmed via actigraphy. They were required to 
refrain from caffeine, alcohol and over-the-counter medica-
tions. To confirm the absence of illicit substances (ampheta-
mines, opioids, benzodiazepines, cannabinoids and cocaine), 
urine toxicology was performed immediately prior to the 
laboratory study commencing.

Study design

Laboratory study conditions The study coordinator allo-
cated two to four participants to each study run based on 
their availability and order of appearance. All participants 
within each run cluster were studied simultaneously under 
identical conditions, with 55 participants assigned to one of 
15 study runs. Prior to the start of the study, the study run 
was randomly assigned to a condition (1:1:1) using a random 
number generator by the principal investigator, who had no 
contact with study participants. Upon arrival at the labora-
tory, one participant was found not to have adhered to the 
sleep schedule during the lead-in period and was excluded. 
Two participants were lost to contact during the lead-in 
period. Thus, 52 participants took part in and completed 
the trial (Fig. 1).

Participants lived in the controlled laboratory environment 
at the University of South Australia’s Sleep and Chronobiol-
ogy Laboratory (Adelaide, SA, Australia) for a 151 h period 
(7 days). All participants had an 8 h time-in-bed (TIB) sleep 
opportunity on the first night (ESM Fig. 1) from 22:00–06:00 
hours ahead of the baseline day. Participants then transitioned 
to simulated night work and remained on that schedule for 4 
nights (night shift 1–4 [NS1–4]), with a 7 h sleep opportu-
nity from 10:00–17:00 hours on each day. This experimen-
tal period was followed by a final night with an 8 h sleep 
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Initial screen for eligibility (n=423)

Telephone screen for eligibility (n=337)

Excluded (n=86)

• Age <18 (n=1)

• BMI <18.5 kg/m
2

(n=6)

• BMI >29 kg/m
2

(n=51)

• Overseas travel 30 days prior to study (n=1)

• Not willing to eat laboratory diet (n=8)

• Fear of needles (n=1)

• Medical (n=5)

• Medication (n=4)

• Nightshift worker (n=1)

• Not available on study dates (n=4)

• Current psychiatric illness (n=1)

• Withdrew (n=2)

• Smoker (n=1)

Excluded (n=214)

• Unable to contact (n=123)

• Current shift worker (n=2)

• Not willing to eat laboratory diet (n=33)

• Low level of proficiency in English language (n=2)

• Food allergies (n=3)

• Overseas travel 30 days prior to study (n=5)

• Medical (n=4)

• Takes melatonin (n=2)

• Not available on study dates (n=2)

• Not suitable for cannulation (n=2)

• Current psychiatric illness (n=1)

• History of psychiatric illness (n=6)

• Breathing problems during sleep (n=1)

• Not available for screening (n=9)

• Sleep issues (n=10)

• Smoker (n=1)

• Student of researcher (n=1)

• Currently trying to conceive (n=1)

• Withdrew (n=6)

Physical screen for eligibility (n=123)

Excluded (n=52)

• Withdrew prior to screening (n=18)

• Did not complete screening (n=2)

• Veins not suitable for cannulation (n=1)

• Declined to eat laboratory diet (n=1)

• Haematology or chemistry parameters outside clinical 

accepted reference intervals (n=14)

• Extreme dizziness after bloods (n=1)

• Overseas travel prior to study (n=1)

• Menstrual period due during study (n=1)

• Extreme morning type (n=1)

• Polycystic ovary syndrome (n=1) 

• Pittsburgh Sleep Quality Index >5 (n=5)

• Recent nightshift worker (n=1)

• Sleep habits (n=4)

• Sleep paralysis (n=1)

Eligible for study (n=71)

• Withdrew interest prior to study (n=16)

Random allocation (n=55)

Fasting condition (n=20) 

• Completed study (n=19)

• Withdrawn – non-compliant 

with sleep protocol prior to 

starting study (n=1)

Snack condition (n=17) 

• Completed study (n=16)

• Did not attend study (n=1)

Meal condition (n=18) 

• Completed study (n=17)

• Did not attend study (n=1)

Fig. 1  Participant flow diagram showing the screening and recruitment process, and the final eligible study participants who were randomised, 
reasons for withdrawal, and numbers included in the final analysis set
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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 
the laboratory, participants consumed lunch at 12:00 hours 
(30% of 24 h energy intake) and dinner at 19:00 hours (40% 
of 24 h energy intake). On RTDS, all participants consumed 
a snack at 10:00 hours (10% of 24 h energy intake) and lunch 
at 12:00 hours (40% of 24 h energy intake) before leaving 
the laboratory. During the simulated shiftwork period, tim-
ing of food intake per 24 h depended on the study condi-
tion. In the meal-at-night condition, participants ate at 19:00 
hours (dinner; 40% EER), 00:30 hours (lunch; 30% EER) 
and approximately 06:30 hours (breakfast; 30% EER; tim-
ing similar to OGTT at baseline). In the snack-at-night con-
dition, participants ate at 19:00 hours (dinner; 40% EER), 
00:30 hours (snack; 10% EER), approximately 06:30 hours 

(breakfast; 30% EER) and 17:00 hours (snack; 20% EER). In 
the fasting-at-night condition, participants consumed food at 
19:00 hours (dinner; 40% EER), approximately 06:30 hours 
(breakfast; 30% EER), 09:30 hours (snack; 10% EER) and 
17:00 hours (snack; 20% EER). At baseline and RTDS, all 
participants completed an OGTT, with the glucose drink 
accounting for 10% EER.

Biological sampling After an overnight fast, at baseline and 
on the mornings after the RTDS sleep, an in-dwelling cath-
eter was inserted in the median cubital vein at 06:15 hours, 
and blood was sampled before and after a 75 g glucose 
drink (at −15 min, 0 min, 30 min, 60 min, 90 min, 120 min 
and 150 min) and assayed for glucose, insulin and NEFA 
levels. On the morning following NS1 and NS4, an in-
dwelling catheter was inserted in the median cubital vein at 
06:15 hours and blood was sampled before and after (at −15 
min, 0 min, 30 min, 60 min, 90 min, 120 min and 150 min) 
a high carbohydrate breakfast, comprising approximately 
76.0% carbohydrate, 13.8% protein, 7.5% fat and 2.6% fibre 
[26], and assayed for glucose and insulin levels. Sample lines 
were occasionally lost and not able to be replaced, or the 
sample volume obtained was too small; exact n values avail-
able for each assessment is included in the table footnotes.

Plasma glucose was analysed using a commercial assay 
kit, InfinityTM Glucose Hexokinase Liquid Stable Reagent 
(Thermo Scientific, Middletown, VA, USA), with the assay 
being performed on the Konelab 20XT (Thermo Scientific, 
Middletown, VA, USA). Intra- and inter-assay CVs for the 
assay were 4.5% and under 2.0%, respectively. Insulin was 
measured by radioimmunoassay (HI−14K; Millipore, Bill-
erica, MA, USA) at the Adelaide Research Assay Facility 
(University of Adelaide, Adelaide, SA, Australia). Samples 
were assayed directly as per the manufacturers’ protocol. 
The intra-assay CV was 4.9%, while the inter-assay CV was 
11.6% at the low-quality control level and 37.7% at the high-
quality control level.

Sleep quality and quantity were recorded using PSG 
(Compumedics Grael Recorders, Australia) during the base-
line-night sleep opportunity (TIB: 8 h), the daytime sleep 
following NS3 (TIB: 7 h), and the RTDS sleep opportunity 
(TIB: 8 h). PSG electrode placements were at the F3, F4, 
C3, C4, O1 and O2 sites referenced to a contralateral mas-
toid (M1, M2). PSG data were analysed using Rechtschaffen 
and Kales sleep stage scoring criteria [27]. On the baseline 
night, respiratory measures (scored according to American 
Academy of Sleep Medicine criteria) [28] were also used 
to confirm absence of sleep-disordered breathing, which no 
participants exhibited. Variables analysed were total sleep 
time (TST), wake after sleep onset (WASO), sleep efficiency, 
sleep-onset latency (SOL), and the total time (in min) of 
rapid eye movement (REM), stage 1, stage 2, stage 3 and 
stage 4 sleep.
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Statistical analyses

Analyses were completed using IBM SPSS Statistics, ver-
sion 26.0. (IBM, Armonk, NY, USA). In all analyses, results 
were considered statistically significant if the p value was 
<0.05. AUC was calculated using the trapezoidal estima-
tion method for 150 min [29]. The oral insulin sensitivity 
index (ISI), insulinogenic beta cell index (IGI) and disposi-
tion index were calculated according to previously validated 
methods [30, 31]. ISI was calculated using the following 
equation:

where 0 refers to timepoint 0 (prior to drinking glucose).
The IGI was calculated using the following equation:

where 0 refers to timepoint 0 and 30 refers to timepoint at 
30 min.

The disposition index was calculated using the following 
equation:

Based on an α value of 0.05 and the effect size from a 
previously published pilot study [20], we estimated that 
52 participants would be required to detect a significant 
day×condition interaction, and condition and day effects 
with 80% power for the three primary outcomes, which 
were prespecified as change in postprandial glucose, insu-
lin and NEFA AUC in response to the OGTT (ANZCTR 
registration no. 12616001556437). All other outcomes, 
including fasting glucose, fasting insulin, postprandial glu-
cose and insulin AUC in response to a breakfast meal after 
the first and fourth night of shiftwork, and PSG-assessed 
sleep health at baseline, following NS3 and RTDS, are 
considered exploratory and thus not adjusted for multi-
plicity. A linear mixed-model analysis was conducted for 
each outcome variable with a fixed effect of condition, day 
and their interaction, and a random effect of participant on 
the intercept. Results from the models presented include F 
values, df (with Satterthwaite-adjusted, rounded denomi-
nator) and p values for the fixed effects, and the estimated 
change from baseline with 95% CIs by condition. When 
significant condition×day interactions were found, post 
hoc comparisons were conducted for each condition and 
between conditions. For sleep variables, when a signifi-
cant effect of day was observed, pairwise comparisons 
were also conducted for day effects (at baseline, NS3 and 
RTDS).

10,000 ÷
√

(fasting glucose 0 × fasting insulin 0)

× (mean glucose during OGTT

×mean insulin during OGTT)

(insulin 30 − insulin 0)∕(glucose 30 − glucose 0)

ISI × IGI

Results

Participant demographics at baseline are shown in Table 1. 
As shown in the CONSORT diagram (Fig. 1), 52 partici-
pants completed the study and were included in the analyses; 
n=19 in the fasting-at-night condition, n=16 in the snack-
at-night condition and n=17 in the meal-at-night condition. 
No serious adverse events occurred.

Responses to the OGTT (primary outcomes)

For glucose AUC, there were condition×day (p<0.001), con-
dition (p=0.018) and day (p<0.001) effects. Compared with 
baseline, glucose AUC was higher at RTDS in the meal-
at-night (p<0.001) and snack-at-night (p<0.01) conditions, 
but not the fasting-at-night (p=0.220) condition (Table 2, 
Fig. 2). Post hoc comparison at RTDS revealed that glucose 
AUC was lower in the fasting-at-night condition vs snack-
at-night (p=0.022) and meal-at-night (p<0.001) conditions. 
The results were similar for 2 h glucose values (Table 2). 
For insulin AUC, a condition-only effect was observed 
(p=0.047), with higher insulin AUC in the fasting-at-
night condition vs other conditions (data not shown). For 
NEFA, there was a condition×day (p=0.001) and a condi-
tion (p=0.024) effect, with higher AUC from baseline in 
the meal-at-night (p<0.001), but not the snack-at-night 
(p=0.700) or fasting-at-night condition (p=0.146) (Table 2). 
Post hoc comparison at RTDS revealed NEFA AUC was 
lower in the fasting-at-night vs snack-at-night (p=0.045) 
and meal-at-night (p<0.001) conditions. For ISI, there was 
a main effect of day only (p=0.016; Table 2), with lower 
ISI on RTDS compared with baseline. For the insulinogenic 
index, a condition×day interaction (p=0.037) and a condi-
tion effect (p<0.001) was observed, with higher values from 
baseline in the fasting-at-night condition (p=0.030). Post 
hoc comparison at RTDS revealed that ISI for the meal-
at-night condition was lower than snack-at-night (p=0.046) 
and fasting-at-night (p<0.001) conditions. For the disposi-
tion index, there was a main effect of condition (p=0.011; 
Table 2), being higher in the fasting-at-night vs meal-at-
night condition (p=0.004) but with the difference not reach-
ing statistical significance for the snack-at-night condition 
(p=0.052, data not shown). While not significant, there was 
also a reduction in disposition index from baseline in the 
meal-at-night condition only (p=0.052).

Overnight fasting plasma glucose, insulin and NEFA

There were no main or interaction effects for fasting glucose 
(Table 2). For fasting insulin, there was an effect of condi-
tion only (p=0.043; Table 2), such that insulin was higher 
in the fasting-at-night condition relative to the meal-at-night 
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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), being higher after NS4 as 
compared with NS1. For ISI, there was a main effect of 
day only (p<0.001), such that values were lower after 
NS4 compared with NS1. For the insulinogenic index, 
there was a significant effect of condition only (p=0.032; 
Table 3), such that values were higher in fasting-at-night 

vs meal-at-night condition (p=0.009, data not shown). For 
disposition index, there was a significant effect of day only 
(p=0.008; Table 3), such that disposition index was lower 
on NS4 compared with NS1 (data not shown).

Sleep assessment

For all variables except for stage 1 sleep, a main effect of day 
only was observed (Table 4). Post hoc comparisons showed 
less TST and stage 3 sleep on NS3 and RTDS relative to 
baseline, but faster sleep onset on NS3 vs BL vs RTDS 
(Table 4). Stage 2 sleep was lower at NS3 vs RTDS and 
baseline. Participants displayed more WASO, reduced sleep 
efficiency, and less stage 4 and REM sleep at RTDS vs base-
line and NS3 (Table 4).

Discussion

The potential for modified meal timing as a therapeutic strat-
egy to prevent chronic disease has rarely been examined 
under controlled conditions during simulated night-shift 
work in adults. In this study, we found that individuals who 
ate either a meal or a snack at 00:30 hours during simulated 
nightwork displayed reduced glucose tolerance. Those who 
fasted at night displayed compensatory hyperinsulinaemia 

Table 1  Demographic 
information by condition at 
baseline, prior to starting 
shiftwork

Values for continuous variables are presented as mean±SD, unless stated otherwise
a n=18
b n=15
c n=12
d n=10
e n=16
AU, arbitrary units; AUC, AUC from OGTT; DI, disposition index

Variable Fasting-at-night Snack-at-night Meal-at-night

Participants (n) 19 16 17
Sex (male/female) 11/8 8/8 10/7
Age (years) 24.7 ± 5.4 25.4 ± 5.6 23.5 ± 3.5
BMI (kg/m2) 23.9 ± 2.3 23.6 ± 1.9 24.6 ± 3.2
Fasting glucose (mmol/l)a 5.2 ± 0.5a 5.4 ± 0.6b 5.3 ± 0.5
2 h glucose (mmol/l) 6.4 ± 1.3a 7.0 ± 1.2b 6.7 ± 1.7
Glucose AUC (mmol/l × min) 7.4 ± 1.5a 7.9 ± 0.8b 7.8 ± 1.3
Fasting insulin (pmol/l) 145.2 ± 53.5a 118.1 ± 43.1c 113.2 ± 35.4
Insulin AUC (pmol/l × min) 732.1 ± 373.8a 688.6 ± 493.1c 574.3 ± 202.7
HOMA-IR (AU) 4.9 ± 2.0a 4.1 ± 1.6c 3.9 ± 1.3
NEFA (mmol/l) 0.32 ± 0.13a 0.42 ± 0.16c 0.34 ± 0.18
NEFA AUC (mmol/l × min) 0.15 ± 0.06a 0.17 ± 0.06c 0.16 ± 0.07
ISI (AU) 42.5 ± 20.7a 43.4 ± 15.4d 48.3 ± 30.8
Insulinogenic index (AU) 35.7 ± 27.1a 20.2 ± 10.7d 21.4 ± 11.2e

DI (AU) 1453 ±  1422a 861 ±  575d 919 ±  420e
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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 2  Change in fasting and postprandial glucose, insulin and NEFA indices in response to an OGTT conducted at baseline and following 
RTDS after 4 nights of simulated night-shift work

p values (with F values and df) are derived from mixed-effects ANOVA. For significant condition×day interactions, significant within-partici-
pant changes from baseline are indicated; *p<0.05, **p<0.01, ***p<0.001
† p<0.05 for between-condition post hoc comparisons at RTDS: fasting-at-night<snack-at-night and meal-at-night
‡ p<0.05 for between-condition post hoc comparisons at RTDS: fasting-at-night<snack-at-night<meal-at-night
§ p<0.05 for between-condition post hoc comparisons at RTDS: meal-at-night<snack-at-night and fasting-at-night
AU, arbitrary units; AUC, AUC from OGTT; BL, baseline; DI, disposition index

Variable p value (Fdf) Estimated change from BL (95% CI)

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

Glucose AUC 
(mmol/l × min)

0.018 (F2,47=4.4) <0.001 
(F1,47=46.0)

<0.001† 
(F2,47=9.5)

0.34 (−0.21, 0.89) 0.96 (0.36, 
1.56)**

2.00 (1.45, 2.56)***

2 h glucose 
(mmol/l)

0.006 (F2,47=5.8) <0.001 
(F1,47=63.6)

<0.001‡ 
(F2,47=11.0)

0.89 (−0.02, 1.80) 1.77 (0.76, 
2.76)**

3.87 (2.93, 4.80)***

Insulin AUC 
(pmol/l × min)

0.047 (F2,46=3.3) 0.111 (F2,46=2.6) 0.316 (F2,46=1.2) 262.5 (22.5, 
502.5)*

112.1 (−195.6, 
419.8)

−0.5 (−250.0, 40.8)

NEFA AUC 
(mmol/l × min)

0.024 (F2,44=4.1) 0.099 (F1,44=2.9) 0.001† (F2,44=8.0) −0.02 (−0.06, 
0.01)

0.01 (−0.03, 0.05) 0.07 (0.03, 0.10)***

ISI (AU) 0.576 (F2,42=0.6) 0.016 (F1,42=6.3) 0.932 (F2,42=0.1) −8.85 (−19.94, 
2.24)

−7.39 (−22.27, 
7.49)

−10.76 (−22.17, 
0.65)

Insulinogenic 
index (AU)

0.001 (F2,41=5.7) 0.147 (F1,41=0.02) 0.037§ (F2,41=3.9) 13.3 (1.6, 25.1)* 11.7 (−4.1, 27.4) −7.9 (−20.4, 4.5)

DI (AU) 0.011 (F2,41=5.0) 0.400 (F1,41=0.72) 0.230 (F2,41=1.5) 31.4 (−388.7, 
451.5)

59.1 (−504.5, 
622.7)

−441.0 (−886.6, 
4.6)

Fasting glucose 
(mmol/l)

0.111 (F2,47=2.3) 0.987 (F1,47<0.1) 0.373 (F2,47=1.0) −0.16 (−0.44, 
0.12)

0.12 (−0.19, 0.42) 0.04 (−0.25, 0.33)

Fasting insulin 
(pmol/l)

0.043 (F2,46=3.4) 0.199 (F1,45=1.7) 0.429 (F2,45=0.9) 27.0 (−3.2, 57.2) 12.2 (−27.0, 51.3) −0.1 (−32.6, 30.0)

HOMA-IR (AU) 0.077 (F2,44=2.7) 0.250 (F1,43=1.4) 0.657 (F2,43=0.4) −0.63 (−1.62, 
0.36)

−0.47 (−1.77, 
0.82)

−0.00 (−1.02, 1.01)

Fasting NEFA 
(mmol/l)

<0.001 (F2,44=9.5) 0.024 (F1,44=5.4) <0.001† 
(F2,44=10.1)

−0.05 (−0.14, 
0.03)

0.03 (−0.08, 0.13) 0.21 (0.13, 0.30)***
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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 of insulin 
to maintain blood glucose levels. In the current study, glu-
cose tolerance was maintained solely in the fasting-at-night 
condition, potentially through an increase in insulin secre-
tion, as measured by the insulinogenic index. In contrast, 
glucose tolerance deteriorated by 11–25%, respectively, in 

the snack-at-night and meal-at-night conditions, with the 
meal-at-night condition increasing 2 h glucose levels by 3.9 
mmol/l. Although not akin to shiftwork, the findings of this 
study are consistent with a previous trial that showed that 
holding a daytime eating pattern during four 28 h ‘days’ pre-
vented impairments in first-phase insulin secretion and glu-
cose tolerance [16]. Together these studies show that fasting 
at night is more beneficial for insulin secretion and glucose 
control, although longer studies are needed to determine the 
longevity of effect.

Disposition index reflects the hyperbolic relationship 
between insulin secretion and sensitivity, with a reduced dis-
position index indicating a closer path towards diabetes [31]. In 
the current study, disposition index was not differentially altered 

Fig. 2  (a–c) Postprandial 
plasma glucose, insulin and 
NEFA in response to a 75 g 
OGTT at baseline (BL) and 
after 4 nights of simulated 
night-shift work plus 1 night 
of sleep to RTDS at Time = 0, 
30, 60, 90, 120 and 150 min. 
Presented as means and SEM
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by condition, although a trend (p=0.052) towards reduced dis-
position index in response to simulated night-shift work was 
observed in the meal-at-night condition. A previous study has 
shown that night-shift work impaired insulin secretion and dis-
position index as assessed by the C-peptide minimal model 
[42]. In that study, nurses worked two consecutive day or night 
shifts before testing in the day or night, respectively, and, so it 

cannot be determined whether the differences observed were 
due to natural circadian variation or the shiftwork itself. Since 
C-peptide was not assessed in the current study, we acknowl-
edge that changes in insulin clearance, not insulin secretion, 
could also explain the effects that we observed.

Insulin secretion and hepatic clearance of insulin are 
both known to be under circadian regulation, with insulin 

Table 3  Change in postprandial glucose and insulin in response to identical high carbohydrate breakfast meals provided in the morning after 1 
night (NS1) and 4 nights (NS4) of simulated night-shift work

p values (with F values and df) are derived from mixed-effects ANOVA
a Since condition×day interaction is significant, between-condition post hoc comparisons at RTDS were conducted. There were no significant dif-
ferences between conditions at NS4 vs NS1 following post hoc analysis
AU, arbitrary units; AUC, AUC from breakfast meal; DI, disposition index

Variable p value (Fdf) Estimated change from NS1 (95% CI)

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

Glucose AUC 
(mmol/l × min)

0.528 (F2,46=0.7) <0.001 
(F1,46=69.8)

0.017a (F2,46=4.5) 0.63 (0.25, 1.02)** 0.81 (0.41, 
1.22)***

1.45 (1.03, 1.87)***

Insulin AUC 
(pmol/l × min)

0.088 (F2,42=2.6) 0.025 (F1,42=5.4) 0.495 (F1,42=0.7) 109.0 (−2.8, 
220.2)

20.1 (−111.1, 
151.4)

116.0 (−10.4, 
242.4)

ISI (AU) 0.322 (F2,42=1.2) <0.001 
(F1,42=25.5)

0.813 (F1,42=0.8) −9.9 (−15.3, −4.6) −8.5 (−14.9, −2.2) −7.4 (−13.5, −1.3)

IGI (AU) 0.032 (F2,42=3.8) 0.097 (F1,42=2.9) 0.522 (F2,42=0.7) −4.3 (−20.9, 12.3) −17.7 (−37.3, 1.8) −4.9 (−24.0, 14.3)
DI (AU) 0.279 (F2,43=1.3) 0.008 (F1,43=7.9) 0.678 (F2,43=0.4) −671 (−1584, 

242)
−1191 (−2266, 

117)
−588 (−1643, 467)

Fig. 3  (a, b) Postprandial 
glucose and insulin in response 
to identical high carbohydrate 
(76%) breakfast meals given in 
the morning immediately fol-
lowing NS1(N1) and NS4 (N4) 
at Time = 0, 30, 60, 90, 120 and 
150 min. Presented as means 
and SEM
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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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2 [46]. Moreover, disruption of circadian rhythms by 
chronic light exposure impairs beta cell function in mice 
and results in the loss of rhythmic islet gene expression and 
diurnal chromatin accessibility [47]. Importantly, this study 
also showed beta cell function was restored by TRE [47]. 
Impaired insulin secretion has also been associated with dis-
ruptions in melatonin rhythm, triggered by night-time light 
exposure [48], and melatonin administration in the morn-
ing reduced insulin secretion [37]. We speculate, therefore, 
that fasting during a night shift enables the maintenance of 
pancreatic peripheral clocks, whereas food intake impairs 
beta cell recovery and has an impact on the insulin secre-
tory response [49]. Elevations in morning plasma NEFA 
were also observed in the snack-at-night and meal-at-night 
conditions vs the fasting-at-night condition upon RTDS in 
the current study. While elevated NEFA levels are known 
to stimulate insulin secretion in vitro, this is dependent on 
the type of fatty acid used in experiments [50] and high 
systemic NEFA levels are also linked with impaired insulin 
secretion [51].

While fasting at night prevented impairments in glucose 
metabolism, the acceptability of a complete overnight fast 
in night-shift workers is not well established [18]. There-
fore, we also tested the effects of reducing the size of the 
meal during the night shift. While consumption of a snack 
appeared to have an intermediary effect, glucose tolerance 
was still impaired in the snack-at-night vs fasting-at-night 
conditions. It should be noted that only the energy content 
of the snack was manipulated and we did not alter macronu-
trient content. Replacing carbohydrates with protein could 
have resulted in a different outcome.

The strengths of this study are that it simulated real-world, 
night-shift work conditions in a controlled laboratory envi-
ronment in healthy individuals who had not previously been 
exposed to regular night-shift work. Importantly, the GTT 
was performed after a return to day-shift schedule, meaning 
that all participants had identical fasting lengths prior to test-
ing. While we additionally performed a breakfast meal chal-
lenge after the first and fourth night shift, there were marked 
differences in the fasting lengths before breakfast due to the 
protocol design, which limits the interpretation of the data. 
We did not assess C-peptide, which is secreted in equimolar 
amounts with insulin and avoids hepatic degradation, thus 
providing a better indication of insulin secretory capacity. 
The study was not powered to analyse by sex and so this 
analysis was not conducted. The findings from this study are 
limited to healthy, non-shift working adults without obesity 
or metabolic disease.

The study was performed under simulated conditions, 
but fasting at night may also be effective for shift work-
ers under real-world conditions [52], although one study 
showed that fasting overnight also increased food intake 
the following day [53]. Future studies could consider 

manipulating the carbohydrate content of late-night 
snacks to determine whether eating a protein-enriched 
snack would also prevent deteriorations in glucose toler-
ance. Optimal meal timing may also be a moving target 
across the number of nights that shift work is performed; 
thus, further studies could also determine whether night-
shift workers should adjust meal timing, daily, in accord-
ance with a shift in central and peripheral clocks.

To date, the potential of manipulating meal timing as a 
therapeutic strategy to prevent chronic disease has rarely 
been examined in night-shift working adults. The cur-
rent study clearly shows that simulated night-shift work 
induced insulin resistance, which was not rescued by 
altering either meal timing or meal size. However, insulin 
secretion was increased in the fasting-at-night condition, 
which prevented acute deteriorations in glucose tolerance. 
Meal timing advice should be considered for existing die-
tary guidelines, industry recommendations and workplace 
policy to improve health and reduce the burden of meta-
bolic disease on night-shift workers.
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