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Daytime eating prevents internal circadian
misalignment and glucose intolerance in night work
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Night work increases diabetes risk. Misalignment between the central circadian “clock” and daily behaviors, typical
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in night workers, impairs glucose tolerance, likely due to internal misalignment between central and peripheral
circadian rhythms. Whether appropriate circadian alignment of eating can prevent internal circadian misalignment
and glucose intolerance is unknown. In a 14-day circadian paradigm, we assessed glycemic control during simulated
night work with either nighttime or daytime eating. Assessment of central (body temperature) and peripheral
(glucose and insulin) endogenous circadian rhythms happened during constant routine protocols before and
after simulated night work. Nighttime eating led to misalignment between central and peripheral (glucose)
endogenous circadian rhythms and impaired glucose tolerance, whereas restricting meals to daytime prevented
it. These findings offer a behavioral approach to preventing glucose intolerance in shift workers.

INTRODUCTION

Night shift work is highly prevalent in industrialized countries
(1,2) and is a risk factor for prediabetes and type 2 diabetes mellitus
(T2DM) (3-6). This increased risk is not fully explained by differ-
ences in lifestyle, family history, and/or socioeconomic status, rais-
ing the question of which other mechanisms are involved (7, 8).
Controlled human experimental studies show that misalignment
between the central circadian “clock” and daily behaviors, typical in
night workers, impairs glucose tolerance (9-13). Furthermore, eat-
ing during the nighttime impairs glucose tolerance (14), whereas not
eating at night does not impair glucose tolerance under simulated
night work conditions (15). These findings indicate adverse glycemic
effects of mistimed food intake. Animal work indicates that restrict-
ing food intake to the active phase in rodents can prevent adverse
metabolic effects of simulated shift work (16-19). Together, these
findings raise the question of whether appropriate meal timing can
prevent the adverse effects of circadian misalignment during night
work in humans. Animal work suggests that the adverse metabolic
consequences of circadian misalignment are due to a state of inter-
nal circadian misalignment between tissue “clocks” synchronized
by the central circadian pacemaker versus those synchronized by
the fasting/eating cycle (20). Consequently, metabolic organs would
receive “mixed messages” from different Zeitgebers (time cues)
that regulate their function, with subsequent temporal disruption of
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anabolic and catabolic processes, resulting in suboptimal metabolism
(21). While animal work convincingly shows internal circadian
misalignment (22, 23), in humans, there is limited evidence for it
(24, 25). Furthermore, there are no established interventions to
prevent internal circadian misalignment in humans.

We investigated whether humans exhibit internal circadian mis-
alignment and impaired glucose tolerance during simulated night
work, when they eat during the nighttime, and if so, whether daytime
eating can prevent it (Fig. 1, A and B). Healthy young participants
[12 men and 7 women; age, 26.5 £ 4.1 years; body mass index (BMI),
22.7 + 2.1 kg/m* hemoglobin Alc (HbA1c) range, 4.9 to 5.4%)] (fig. S1
and table S1) underwent a 14-day stringently-controlled circadian
laboratory protocol (Fig. 1C). First, to assess endogenous circadian
rhythms without masking effects from behaviors or environmental
factors (26), participants completed a baseline constant routine
(CR) protocol under constant behavioral and environmental condi-
tions (CR; 32-hour sustained wakefulness, semirecumbent posture,
dim light intensity [~3 Ix], and hourly isocaloric snacks (26)). CR
protocols were used in this laboratory study, as they allow dis-
entangling the relative contribution of the endogenous circadian
system from the acute influences of e.g., sleep/wake, fasting/eating,
rest/activity, and dark/light transitions (26). Subsequently, to simu-
late night work, participants underwent a forced desynchrony
(FD) protocol in dim light [~3 Ix] [four 28-hour “days,” which is
outside the range of circadian entrainment (27)]. By the fourth
FD “day” (simulated night work), participants were 12 hours out of
sync when compared to the first FD “day” (simulated day work;
baseline). In the Nighttime meal control (NMC) group (n = 10),
participants underwent a typical 28-hour FD protocol with all
behaviors kept on a 28-hour cycle, including the fasting/eating
cycle. Because of that, meals occurred at fixed times relative to
scheduled wake time with participants consuming food during
both the daytime and nighttime, a typical behavior among shift
workers. This approach has been found to cimpair glucose tolerance
(13). In the Daytime meal intervention (DMI) group (n = 9), partici-
pants underwent a modified 28-hour FD protocol with all behaviors
(sleep/wake, rest/activity, supine/upright posture, dark/light, etc.)
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Fig. 1. Conceptual scheme for meal timing effects in shift work settings, study aims, and experimental design. (A) Top: Night work, whereby meals typically occur
at night, is hypothesized to misalign central and peripheral circadian oscillators. Bottom: Night work, whereby meals occur during the day, is aimed to align central and
peripheral circadian oscillators (internal circadian alignment). (B) In this study, we tested whether endogenous circadian rhythms of metabolic markers (glucose and
insulin) can be entrained to an FD 28-hour sleep/wake and 28-hour fasting/eating cycles, resulting in a misalignment between the central circadian pacemaker and metabolic
organs, and in impaired glucose tolerance. We tested whether restricting food intake to the daytime (on a 24-hour cycle) during a 28-hour sleep/wake cycle maintains
internal circadian alignment and appropriate glucose tolerance. (C) The 14-day laboratory study design presented as relative clock time (for a participant whose habitual
wake-up schedule was 7 a.m.). Participants were randomized to the Nighttime meal control (NMC) group or the Daytime meal intervention (DMI) group (see Methods for
details on the study design). Meals consumed during the FD protocol (including the identical test meals) are included in the scheme (see text for detailed timings). Isocaloric

snacks were consumed hourly during the CR protocols.

scheduled on a 28-hour cycle, except for the fasting/eating cycle, which
was on a 24-hour cycle. Therefore, participants consumed meals
only during the daytime. At the end of each FD, all participants had
a 40-hour postmisalignment CR. The latter was used to assess the
aftereffect of the simulated night work on central circadian rhythms
[i.e., core body temperature (CBT), which is under tight control of
the central circadian pacemaker (28)], and on peripheral endoge-
nous circadian rhythms (through hourly blood samplings of glucose
and insulin).

RESULTS

Effects of meal timing intervention on endogenous

circadian rhythms of CBT and energy expenditure after
simulated night work

CBT

The meal timing intervention did not significantly modify the impact
of simulated night work on the endogenous circadian CBT rhythms
[cosinor mixed-model analyses; interaction of meal timing group,
simulated day/night work, and circadian effect: pFDR = not signifi-
cant (n.s.); Fig. 2, A and B]. Accordingly, simulated night work did
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not significantly affect the endogenous circadian CBT rhythms, as
compared to baseline, in the NMC group (Tukey’s post hoc test
adjusted for multiple comparisons, P = n.s.; Fig. 2A) or in the DMI
group (Tukey’s post hoc test adjusted for multiple comparisons,
P = n.s,; Fig. 2B). Furthermore, we also tested whether the meal
timing intervention affected the change in amplitude and phase
of the endogenous circadian CBT rhythms from baseline to simu-
lated night work. The change from baseline to simulated night work
in the amplitude of the endogenous circadian CBT rhythms did not
significantly differ between groups [95% confidence interval (CI):
NMC group, —0.3 to 0.2% (-0.1° to 0.2°C); DMI group, —0.2 to
0.1% (-0.1° to 0.2°C); two-sided, unpaired ¢ test, P = n.s.;
Fig. 2, E and F]. Likewise, the change from baseline to simulated
night work in the phase of the endogenous circadian CBT rhythms
did not significantly differ between groups (mean direction * circular
variance: NMC group, 0.63 £ 0.03 hours; DMI group, 0.57 + 0.03 hours;
Watson-Williams F test, P = n.s.; Fig. 2, E and F).

Energy expenditure

The meal timing intervention did not significantly modify the impact
of simulated night work on the endogenous circadian resting energy
expenditure and respiratory quotient rhythms (cosinor mixed-model

20f 16



SCIENCE ADVANCES | RESEARCH ARTICLE

Nighttime meal control group (NMC) Daytime meal intervention group (DMI)
A Relative clock time (hour:min) B Relative clock time (hour:min)
04:00 08:00 12:00 16:00 20:00 00:00 04:00 04:00 08:00 12:00 16:00 20:00 00:00 04:00
102 L 102 38
38
E‘ —_
gl o &
o
R 7 £ 7
HEE : 3 ]
e ol 3 101 s S1004 373
[ s e 5 e
’6 E B o 2 e
Olgl & 5
«l o 3
98 36 98 36
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Circadian phase (°) Circadian phase (°)
C Relative clock time (hour:min) D Relative clock time (hour:min)
04:00 08:00 12:00 16:00 20:00 00:00 04:00 04:00 08:00 12:00 16:00 20:00 00:00 04:00
110 = L L 2 + 100 110 100
EE E
S ¢ < $
3 £ o 09| 'l’ *+ 3 £ 3
8l B, 140 c9eTge8 3 3 3
8 100 2 ¢ JY084 £ 8100 £
o - 87 © reo o = 0 g
= 1} (o) @ © @
— ° (e]19) Q o o
o 2 ) i o 8 = 8
P + ® g 3 (%
o o
- 2 l
2 3 (]
© r 80 © + 80
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Circadian phase (°) Circadian phase (°)
E F 0
-4 4
-6 6
-8 8
-10 10
-12
Change in acrophase Change in acrophase
(hours; postmisali 1t CR - baseline CR) (hours; postmisali 1t CR - baseline CR)

Captions for Panels (A) to (D)
Circadian core body temperature rhythm: interaction of meal timing group, simulated day/night work, and
circadian effect: P=n.s.
Circadian glucose rhythm: interaction of meal timing group, simulated day/night work, and
circadian effect: P=0.001
® Baseline CR (both meal timing groups)
@© Postmisalignment CR (NMC group)
® Postmisalignment CR (DMI group)
—— Circadian fit: Baseline CR (both meal timing groups), P < 0.05
Circadian fit: Postmisalignment CR (NMC group), P < 0.05
—— Circadian fit: Postmisalignment CR (DMI group), P < 0.05

Captions for Panels (E) and (F)

CBT: Postmisali CR - baseline CR (NMC group)
@ Glucose: Postmisali CR - baseline CR (NMC group)
Circular mean of CBT nadir: Post i CR-b line CR (NMC group)
Circular mean of glucose acrophase: Postmisali CR - baseline CR (NMC group)
v CBT:Postmisaligment CR - baseline CR (DMI group)
® Gl : P isali 1t CR - baseline CR (DMI group)
=== Circular mean of CBT nadir: Postmisaligment CR - baseline CR (DMI group)
—— Circular mean of glucose acrophase: Postmisali CR-b line CR (DMI group)

Fig. 2. Effects of meal timing intervention on central and peripheral circadian rhythms after simulated night work. (A and B) The meal timing intervention did not
significantly modify the impact of simulated night work on the endogenous circadian CBT rhythms. Accordingly, simulated night work did not significantly affect the
endogenous circadian CBT rhythms, as compared to baseline, in the NMC group (A) or in the DMI group (B). (C and D) The meal timing intervention significantly modified
the impact of simulated night work on the endogenous circadian glucose rhythms. Accordingly, simulated night work significantly affected the endogenous circadian
glucose rhythms, as compared to baseline, in the NMC group (C), but not in the DMI group (D). (E and F) The change from baseline to simulated night work in the phase
of the endogenous circadian CBT rhythms did not significantly differ between groups [inverted triangles in (E) and (F)]. In contrast, the change from baseline to simulated
night work in the phase of the circadian glucose rhythms significantly differed between groups [circles in (E) and (F)]. In the NMC group, the phase shift of the endogenous
circadian glucose rhythms closely matched the 12-hour shift of the sleep/wake cycle induced by the 28-hour FD protocol (which was not observed in the DMI group). Data in
(A) to (D) were grouped into 15°-circadian windows (~1-hour resolution) with SEM error bars and the top x axes were scaled to the approximate group-averaged time of the
CBT minimum for reference (i.e., relative clock time). Data in (A) to (D) correspond to the average (mean + SEM) across participants per simulated day/night work condition and
per meal timing group (n =10 in the NMC group and n=9in the DMI group). Individual (symbols) and group-averaged (arrows) data are presented in (E) to (F).
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analyses; interaction of meal timing group, simulated day/night
work, and circadian effect: pFDR = n.s.; fig. S2). Accordingly, sim-
ulated night work did not significantly affect the endogenous circa-
dian resting energy expenditure and respiratory quotient rhythms,
as compared to baseline, in the NMC group (Tukey’s post hoc test
adjusted for multiple comparisons, P = n.s.; fig. S2, A and C) or in the
DMI group (Tukey’s post hoc test adjusted for multiple comparisons,
P=ns,;fig. S2, B and D).

Effects of meal timing intervention on endogenous circadian
rhythms of glucose and insulin after simulated night work
Glucose

The meal timing intervention significantly modified the impact of
simulated night work on the endogenous circadian glucose rhythms
(cosinor mixed-model analyses; interaction of meal timing group,
simulated day/night work, and circadian effect: pFDR = 0.001;
Fig. 2, C and D). Accordingly, simulated night work significantly
affected the endogenous circadian glucose rhythms, as compared to
baseline, in the NMC group (Tukey’s post hoc test adjusted for mul-
tiple comparisons, P = 0.003; Fig. 2C), but not in the DMI group
(Tukey’s post hoc test adjusted for multiple comparisons, P = n.s.;
Fig. 2D). Furthermore, we also tested whether the meal timing
intervention affected the change in amplitude and phase of the
endogenous circadian glucose rhythms from baseline to simulated
night work. The change from baseline to simulated night work in
the amplitude of the endogenous circadian glucose rhythms did not
significantly differ between groups [95% CI: NMC group, —0.7 to
1.3% (—0.6 to 1.2 mg/dl); DMI group, —0.9 to 1.7% (-0.8 to 1.6 mg/dl);
two-sided, unpaired ¢ test, P = n.s.; Fig. 2, E and F]. In contrast, the
change from baseline to simulated night work in the phase of the
endogenous circadian glucose rhythms significantly differed between
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groups (mean direction * circular variance: NMC group, 9.81 + 0.11 hours;
DMI group, 0.57 + 0.11 hours; Watson-Williams F test, P < 0.001;
Fig. 2, Eand F).

Insulin

The meal timing intervention did not significantly modify the im-
pact of simulated night work on the endogenous circadian insulin
rhythms (cosinor mixed-model analyses; interaction of meal timing
group, simulated day/night work, and circadian effect: pFDR = n.s.;
Fig. 3, A and B). Accordingly, simulated night work did not
significantly affect the endogenous circadian insulin rhythms,
as compared to baseline, in the NMC group (Tukey’s post hoc test
adjusted for multiple comparisons, P = n.s.; Fig. 3A) or in the DMI
group (Tukey’s post hoc test adjusted for multiple comparisons,
P =n.s; Fig. 3B).

Restricting meals to the daytime mitigates impaired glucose
tolerance in simulated night work

To determine the impact of internal circadian alignment/misalignment
on glucose tolerance, we assessed the latter during the first and
fourth “days” of 28-hour FD protocol (i.e., during simulated day
and night work, respectively). We assessed the 3-hour postpran-
dial profiles of glucose and postprandial early-phase insulin (as an
estimate of B cell function) and late-phase insulin (as an estimate
of insulin sensitivity) following the breakfast and dinner test
meals (“breakfast” defined here as the first meal after extended
fast within each fasting/eating cycle and “dinner” as the last meal
within each fasting/eating cycle). During baseline [i.e. simulated
day work (first FD “day”)], no significant differences were observed
between groups for glucose and insulin levels immediately before
test meals or for postprandial glucose and early- and late-phase
insulin profiles (all pFDR = n.s).

Daytime meal intervention group (DMI)
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Fig. 3. Effects of meal timing intervention on endogenous circadian insulin rhythms after simulated night work. (A and B) The meal timing intervention did not
significantly modify the impact of simulated night work on the endogenous circadian insulin rhythms. [NMC group (A), DMI group (B)]. Bottom x axis: Data grouped into
15°-circadian windows (~1-hour resolution) with SEM error bars. We scaled top x axes to the time of the CBT minimum. Data in (A) and (B) correspond to the average
(mean £ SEM) across participants per simulated day/night work condition and per meal timing group (n=10in the NMC group and n=9 in the DMI group).
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Effects of meal timing intervention on the 3-hour postprandial
glucose profile after breakfast and dinner test meals
Breakfast test meal

The meal timing intervention significantly modified the impact of
simulated night work on postprandial the 3-hour glucose profile after
the breakfast test meal (mixed-model analyses of variance; interaction
of meal timing group and simulated day/night work: pFDR = 0.003).
In the NMC group, the 3-hour postprandial glucose profile during
the breakfast test meal under simulated night work significantly in-
creased by 19.4% [95% CI, 4.7 to 34.2% (18.4 mg/dl; 95% CI, 4.8 to
31.8 mg/dl); Tukey’s post hoc test adjusted for multiple comparisons,
P =0.002; Fig. 4A], as compared to baseline. Conversely, in the DMI
group, no significant changes occurred relative to baseline [95% CI,
-13.9t010.1% (—15.6 to 12.8 mg/dl); Tukey’s post hoc test adjusted
for multiple comparisons, P = n.s.; Fig. 4B].

Dinner test meal

The meal timing intervention did not significantly modify the impact
of simulated night work on the 3-hour postprandial glucose profile after
the dinner test meal (mixed-model analyses of variance; interaction of
meal timing group and simulated day/night work: pFDR = n.s.). Accord-
ingly, simulated night work did not significantly affect the 3-hour
postprandial glucose profile during the dinner test meal, as com-
pared to baseline, in the NMC group [95% CI, 9.7 to 14.3% (9.1 to
16.2 mg/dl); Tukey’s post hoc test adjusted for multiple comparisons,
P = n.s; Fig. 5A] or in the DMI group [95% CI, —12.5 to 6.4% (-11.1 to
6.3 mg/dl); Tukey’s post hoc test adjusted for multiple comparisons,
P =n.s; Fig. 5B].

Glucose profile: Interaction of meal timing group and simulated day/night work: P=0.003
Early-phase insulin: Interaction of meal timing group and simulated day/night work: P=0.008

Late-phase insulin: Interaction of meal timing group and simulated day/night work: P=n.s.
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Effects of meal timing intervention on the 3-hour postprandial
early-phase insulin after breakfast and dinner test meals
Breakfast test meal

The meal timing intervention significantly modified the impact of sim-
ulated night work on postprandial early-phase insulin after the breakfast
test meal (mixed-model analyses of variance; interaction of meal timing
group and simulated day/night work: pFDR = 0.008). In the NMC
group, simulated night work decreased postprandial early-phase insu-
lin after the breakfast test meal, changing it by —52.9% [95% CI, —98.6
to —7.1% (=23.5 pU/ml; 95% CI, —42.8 to —4.2 pU/ml); Tukey’s post
hoc test adjusted for multiple comparisons, P = 0.01; gray bar in
Fig. 4C], as compared to baseline. In contrast, it was not significantly
affected in the DMI group [95% CI, —39.8 to 3.4% (-24.1 to 1.3 uU/ml);
Tukey’s post hoc test adjusted for multiple comparisons, P = n.s;
gray bar in Fig. 4D].

Dinner test meal

The meal timing intervention did not significantly modify the impact
of simulated night work on postprandial early-phase insulin after the
dinner test meal (mixed-model analyses of variance; interaction of
meal timing group and simulated day/night work: pFDR = n.s.).
Accordingly, simulated night work did not significantly affect post-
prandial early-phase insulin after the dinner test meal, as compared
to baseline, in the NMC group [95% CI, —25.6 to 1.2% (-10.7 to
0.2 pU/ml); Tukey’s post hoc test adjusted for multiple comparisons,
P =n.s,; gray bar in Fig. 5C] or in the DMI group [95% CI, —23.3 to
17.7% (=7.3 to 6.9 uU/ml); Tukey’s post hoc test adjusted for multiple
comparisons, P = n.s.; gray bar in Fig. 5D].
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Fig. 4. Effects of meal timing intervention on glucose tolerance after the breakfast test meal. The meal timing intervention significantly modified the impact of
simulated night work on the 3-hour postprandial glucose and early-phase insulin profiles after the breakfast test meal. Simulated night work in the NMC group adversely
influenced the 3-hour postprandial glucose profile (A) and early-phase insulin (C) (gray bar) after the breakfast test meal. In contrast, no such effects occurred in the DMI
group (B and D). See Materials and Methods for details on the fasting duration before each breakfast test meal. Data correspond to the mean + SEM across participants
per simulated day/night work condition and per meal timing group (n=10in the NMC group and n =9in the DMI group).
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Glucose profile: Interaction of meal timing group and simulated day/night work: P=n.s.
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Early-phase insulin: Interaction of meal timing group and simulated day/night work: P=n.s.

Late-phase insulin: Interaction of meal timing group and simulated day/night work: P=n.s.
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Fig. 5. Effects of meal timing intervention on glucose tolerance after the dinner test meal. The meal timing intervention did not significantly modify the impact of
simulated night work on the 3-hour postprandial glucose and the early- and late-phase insulin profiles after the dinner test meal. Simulated night work in both the NMC group
(A and €) and the DMI group (B and D) did not affect the 3-hour postprandial glucose and the early- and late-phase insulin profiles after the dinner test meal (see Materials and
Methods for details on the fasting duration before each dinner test meal). Data correspond to the mean + SEM across participants per simulated day/night work condition

and per meal timing group (n=10in the NMC group and n=9in the DMI group).

Effects of meal timing intervention on the 3-hour postprandial
late-phase insulin after breakfast and dinner test meals
Breakfast test meal

The meal timing intervention did not significantly modify the impact
of simulated night work on postprandial late-phase insulin after the
breakfast test meal (mixed-model analyses of variance; interaction
of meal timing group and simulated day/night work: pFDR = n.s.).
Simulated night work did not significantly affect postprandial
late-phase insulin profile after the breakfast test meal, as compared to
baseline, in the NMC group [95% CI, —21.2 to 53.6% (-8 to
18.1 uU/ml); Tukey’s post hoc test adjusted for multiple comparisons,
P = n.s.; Fig. 4C] or in the DMI group [95% CI, —34.6 to 46.5%
(—21.4 to 22.7 pU/ml); Tukey’s post hoc test adjusted for multiple
comparisons, P = n.s.; Fig. 4D].

Dinner test meal

The meal timing intervention did not significantly modify the
impact of simulated night work on postprandial late-phase insulin
after the dinner test meal (mixed-model analyses of variance; interac-
tion of meal timing group and simulated day/night work: pFDR =n.s.).
Simulated night work did not significantly affect postprandial late-
phase insulin profile after the dinner test meal, as compared to base-
line, in the NMC group [95% CI, —23.7 to 29.1% (-10.5 to 13.2 uU/ml);
Tukey’s post hoc test adjusted for multiple comparisons, P = n.s.;
Fig. 5C] or in the DMI group [95% CI, —40.1 to 4.9% (-15.4 to
2.3 uU/ml); Tukey’s post hoc test adjusted for multiple comparisons,
P =n.s; Fig. 5D].
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Effects of prior sleep on glucose tolerance between the

meal timing groups

Sleep can influence glucose tolerance and increase diabetes risk (29);
hence, we tested the potential effects of prior sleep on glucose toler-
ance. Sleep structure before baseline and simulated night work did
not significantly differ between the meal timing groups (table S2).
Furthermore, sleep structure (i.e., wake between lights off and lights
on, non-rapid eye movement (NREM) sleep stages 1 to 3, REM
sleep, sleep efficiency, and total sleep time) did not significantly
modify the reported meal timing effects on postprandial glucose
and insulin profiles (pFDR = n.s).

Effects of meal timing intervention on 28-hour profiles

of glucose, insulin, CBT, and cortisol

Glucose

The meal timing intervention significantly modified the impact of
simulated night work on the 28-hour glucose profile (mixed-model
analyses of variance; interaction of meal timing group and simulated
day/night work: pFDR =0.003). In the NMC group, simulated night
work increased the average glucose profile by 6.4% relative to baseline
[95% CI, 2.7 to 10% (6.3 mg/dl; 95% CI, 3.3 to 9.7 mg/dl); Tukey’s
post hoc test adjusted for multiple comparisons, P = 0.003; Fig. 6A
and fig. S7A]. Conversely in the DMI group, no significant effects
were observed as compared to baseline [95% CI, —1.7 to 4.2% (-0.2 to
4.1 mg/dl); Tukey’s post hoc test adjusted for multiple comparisons,
P =n.s.; Fig. 6B and fig. S7B].
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Glucose profile: Interaction of meal timing group and simulated day/night work: P = 0.003
Insulin profile: Interaction of meal timing group and simulated day/night work: P = n.s.
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Fig. 6. Effects of meal timing intervention on the time course of glucose and insulin. The meal timing intervention significantly modified the impact of simulated
night work on the average values of glucose but not on insulin. Accordingly, simulated night work in the NMC group adversely influenced glucose profile, with overall
higher concentrations (A), but not the overall insulin concentrations (C). In contrast, simulated night work in the DMI group did not adversely affect glucose (B) or insulin
profiles (D). Data are shown on a 24-hour scale to highlight comparisons between baseline and simulated night work conditions matched by time of day (relative clock
time, 7 a.m. as habitual wake time). Data correspond to the average (mean + SEM) across participants per simulated day/night work condition and per meal timing group

(n=10in the NMC group and n=9in the DMI group).

Insulin

The meal timing intervention did not significantly modify the impact
of simulated night work on the 28-hour insulin profile (mixed-model
analyses of variance; interaction of meal timing group and simulated
day/night work: pFDR = n.s.). Simulated night work did not signifi-
cantly affect the average insulin profiles, relative to baseline, in the
NMC group [95% CI, —8.5 to 0.4% (=6 to 0.1 pU/ml); Tukey’s post
hoc test adjusted for multiple comparisons, P = n.s.; Fig. 6C and fig.
S7C] or in the DMI group [95% CI, —9.4 to 4.1% (-6.3 to 2 pU/ml);
Tukey’s post hoc test adjusted for multiple comparisons, P = n.s.;
Fig. 6D and fig. S7D].

CBT and cortisol

The meal timing intervention did not significantly modify the
impact of simulated night work on the 28-hour profiles of CBT
and cortisol (mixed-model analyses of variance; interaction of meal
timing group and simulated day/night work: all pFDR = n.s.).
Accordingly, simulated night work did not significantly affect the
CBT and cortisol profiles, as compared to baseline, in either group
(Tukey’s post hoc test adjusted for multiple comparisons, all P = n.s.;
Fig. 7 and fig. S8). As expected for outputs under strong central
circadian control (27), their profiles followed the 24-hour clock
time more closely than the behavioral sleep/wake and fasting/
eating cycles.

Chellappa etal., Sci. Adv. 7, €abg9910 (2021) 3 December 2021

Association of internal circadian misalignment with glucose
intolerance during simulated night work

Last, we assessed whether there was an association between the mag-
nitudes of internal circadian misalignment with that of impaired
glucose tolerance during circadian misalignment. Accordingly, the
degree of internal circadian misalignment was positively associated
with impaired glucose tolerance during simulated night work (r = 0.86,
P <0.001; fig. S9).

DISCUSSION

We found evidence for human internal circadian misalignment and
impaired glucose tolerance during simulated night work. Our data
indicate that a DMI, with meals allocated to the habitual daytime
rather than to the nighttime, can maintain internal circadian align-
ment and prevent the adverse effects of simulated night shift work
on glucose tolerance and pancreatic B cell function.

Human internal circadian misalignment and the role

of appropriate meal timing

Our findings in the NMC group (during postmisalignment CR) in-
dicate a state of marked internal circadian misalignment, whereby
the phase shift of the endogenous circadian glucose rhythms closely
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CBT profile: Interaction of meal timing group and simulated day/night work: P = n.s.
Cortisol profile: Interaction of meal timing group and simulated day/night work: P = n.s.
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Fig. 7. Effects of meal timing intervention on the time course of CBT and cortisol. The meal timing intervention did not significantly modify the impact of simulated
night work on the average values of CBT and cortisol. Accordingly, simulated night work did not significantly impact the overall levels of CBT (A and B) and cortisol (C and
D), as compared to baseling, in either group. Results are shown relative to 24-hour clock time, as a proxy for circadian phase. As expected for outputs under strong central
circadian control, CBT and cortisol profiles closely followed the 24-hour clock time. Data correspond to the average (mean + SEM) across participants per simulated day/
night work condition and per meal timing group (n=10in the NMC group and n=9in the DMI group).

matched the 12-hour shift of the sleep/wake cycle induced by the
FD protocol. Conversely, in the DMI group, in which food was con-
strained to the daytime, the endogenous circadian glucose rhythms
remained virtually identical to that under baseline despite the sim-
ulated night work condition. Moreover, the endogenous circadian
glucose rhythms remained phase-locked to the endogenous circadian
CBT rhythms, thereby preserving internal circadian alignment.
These findings suggest that food timing synchronizes peripheral
metabolic circadian rhythms, but not central circadian rhythms,
possibly resulting in an uncoupling between peripheral and central
circadian rhythms (22). The circadian system needs to continuously
adapt to and synchronize with environmental, behavioral, and phys-
iological signals to organize different cellular oscillators and combine
tissue subnetworks into a coherent network to orchestrate metabolic
function (30). Food intake is a powerful zeitgeber for peripheral
circadian oscillators such that that inverting the time of feeding in
mouse models can affect the phase of circadian gene expression in
peripheral cell types by up to 12 hours, whereas no such changes
occur in the suprachiasmatic nucleus (22). Peripheral oscillators
regulate the response to nutrient challenges through cellular tran-
scription factors that modulate gene expression with regulatory
roles in nutrient transport, uptake, utilization, and storage (31). When
the fasting/eating cycle is in alignment with the central circadian

Chellappa etal., Sci. Adv. 7, €abg9910 (2021) 3 December 2021

pacemaker, the circadian timing system initiates nutrient-sensing
pathways to maintain nutrient homeostasis (31). However, if the
fasting/eating cycle is out of sync with the central circadian pace-
maker (32), then this can disrupt the internal alignment among
peripheral oscillators and metabolite rhythms (24, 33). Nutrient-
responsive pathways may provide feedback to circadian oscillators
to “phase shift” in anticipation to the fasting/eating cycle, which
may involve metabolic and genomic reprogramming (34). Conse-
quently, this disordered temporal compartmentalization might
hypothetically render humans incapable of appropriately responding
to metabolic challenges. The resultant internal circadian misalign-
ment might underlie the adverse glucoregulatory consequences of
shift work. Our findings suggest that the marked differences in the
endogenous circadian glucose rhythms between meal timing groups
(i.e., inverted circadian phase between groups) are unlikely due to
differences in the endogenous circadian insulin rhythms that were
abolished after simulated night work in both groups. Other factors,
including insulin sensitivity (12) or endogenous glucose production
(35), which is produced in the liver and is exquisitely sensitive to
food as a zeitgeber (22, 36), might play a role in the meal timing
intervention effects on endogenous circadian glucose rhythms.

In the DMI group, we show that humans maintain internal cir-
cadian alignment when the fasting/eating cycle is aligned with the
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central circadian pacemaker, irrespective of exposure to circadian
misalignment of the sleep/wake cycle. Animal work indicates that
restricting food intake to their habitual active phase ameliorates
weight gain and metabolic dysfunction (19, 21). Because food-elicited
signals can entrain peripheral oscillations (22, 32), food timing may
be a determining factor for the loss of balance at the circadian and
metabolic levels resulting in internal circadian misalignment, as
well as a powerful means to ameliorate it (see Fig. 8 for a conceptual
framework). Collectively, these results might explain why shift
workers have increased metabolic risk and highlight the importance
of effective behavioral interventions, e.g., meal timing to mitigate
internal circadian misalignment and glucose intolerance during
shift work schedules.

Nighttime meal control group (NMC)

Central circadian rhythm

Biological day :IGIGEIEINIT

Fasting/eating cycle
TG ABiclogical night)

Sleeplwake cycle
Biological night

Meal timing as a behavioral intervention against impaired
glucose tolerance

In the NMC group, simulated night work increased the postprandial
glucose profile consistent with previous human laboratory stud-
ies that have shown impaired glucose tolerance due to circadian
misalignment (11, 13). Furthermore, the decreased postprandial
early-phase insulin response to a glycemic challenge was consistent
with the concept that circadian misalignment may induce pancreatic
beta cell dysfunction (37). Simulated night work did not affect
late-phase insulin, which is in contrast to a previous reported ~15%
increase due to circadian misalignment (11), probably because of
differences in study design and/or statistical power. These reported
effects likely depend on the interplay of the circadian timing of

Daytime meal intervention group (DMI)
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Fig. 8. Conceptual scheme for meal timing effects on internal circadian alignment and glucose tolerance. In the NMC group (left), there is a misalignment of the
fasting/eating cycle (i.e., night eating) and the sleep/wake cycle (i.e., night work) with the central circadian rhythm. This scenario results in (1) internal circadian misalignment
across circadian oscillators (illustrated by hypothesized out-of-phase clocks) and with the misalignment of circadian peripheral rhythms (e.g., endogenous circadian
glucose and insulin rhythms) relative to the central circadian rhythm (e.g., endogenous circadian CBT rhythm). It also results in (2) impaired glucose tolerance, predicted
to occur because of decreased insulin release and insulin sensitivity, thereby causing dysglycemia. In contrast, the DMI group (right) maintains the alignment of the
fasting/eating cycle (i.e., day eating) with the central circadian rhythm, despite the misalignment of the sleep/wake cycle (i.e., night work). Consequently, this leads to
(1) internal circadian alignment and (2) normalized glucose tolerance. This state of normoglycemia may prevent glucose intolerance in individuals experiencing circadian

rhythm disruption, as in the case of night workers.
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meals, circadian alignment/misalignment, and fasting duration. We
showed that the 3-hour postprandial glucose levels increased only
after the breakfast test meal during the simulated night work in the
NMC group (Fig. 4 and fig. S4). In contrast, no statistical differences
occurred after the dinner test meal during the simulated night work
in the NMC group (Fig. 5 and fig. S5). While these findings may
seem unexpected at first glance, this is predicted because of the
combined effects of circadian misalignment and circadian phase
(10-12). These studies showed that glucose tolerance was impaired by
circadian misalignment per se. Moreover, these same studies also
showed that glucose tolerance was impaired during the circadian
evening as compared to the circadian morning. Therefore, the
glucose intolerance observed after the breakfast test meal during the
simulated night work compared to baseline in the NMC group
was expected given the combined effects of circadian misalign-
ment and the change from the circadian morning (e.g., at ~7 a.m.)
to the circadian evening (e.g., at ~7 p.m.), with both effects decreas-
ing glucose tolerance. Conversely, glucose tolerance assessed af-
ter dinner test meal during simulated night work as compared to
baseline in the NMC group was affected by the opposing effects of
circadian misalignment (decreasing glucose tolerance) and the change
from the circadian evening (e.g., at ~7 p.m.) to the circadian morning
(e.g., at ~7 a.m.) (increasing glucose tolerance). The net effect would
result in similar glucose excursions assessed after the dinner test
meal during both simulated day work and night work conditions.
Notably, a similar finding was observed in a previous laboratory
study using a 28-hour FD protocol as in the current study (13) in
which glucose tolerance was markedly impaired when breakfast was
misaligned but changed minimally when dinner was misaligned.
Consistently, the inversion of the sleep/wake cycle in our current
NMC protocol resulted in a very large impairment only for break-
fast, whereas a very small difference occurred for dinner. Furthermore,
to isolate the effect of circadian misalignment while accounting for
that of circadian phase, we averaged the glucose and insulin levels
after the breakfast and dinner during the simulated night versus sim-
ulated day shift conditions (figs. S3 and S6). By averaging the glucose
and insulin levels during, e.g., ~7 a.m. and ~7 p.m., thus accounting
for circadian phase effects, circadian misalignment per se was shown
to clearly impair glucose tolerance in the NMC group. In contrast,
glucose tolerance remained virtually identical for the average of the
breakfast and dinner test meals under the simulated night versus
simulated day shift conditions in the DMI group. Collectively, what
this unveiled was that circadian misalignment of both the sleep/wake
and fasting/eating cycles combined relative to the central circadian
clock resulted in glucose intolerance in the NMC group. Conversely,
by avoiding the circadian misalignment of the fasting/eating cycle
despite the misalignment of the sleep/wake cycle, glucose intolerance
was prevented in the DMI group. Together, these observations in-
dicate that circadian misalignment of the fasting/eating cycle with
the central circadian clock, and not circadian misalignment of the
sleep/wake cycle with the central clock, primarily underlies the
adverse effect of circadian misalignment on glucose tolerance.
Animal work shows that the timing of food intake can prevent
detrimental metabolic effects of circadian disruption (16, 17). A
human laboratory study previously showed that eating at night
can increase postprandial glucose area under the curve (AUC) fol-
lowing meal tolerance tests, compared to not eating at night, after
4 days of simulated night work (15). In a similar vein, we show that
daytime meal timing avoids the adverse effects of stimulated night
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work on glucose tolerance. Our study is therefore an important
step, as it demonstrates that a behavioral intervention can mitigate
adverse glucoregulatory effects induced by a mistimed sleep/wake
schedule in humans. There were no changes in postprandial glucose
and insulin profiles between simulated night work and day work for
in the DMI group. Critically, the laboratory design of both groups
was identical (i.e., caloric and macronutrient intake, physical ac-
tivity, posture, scheduled sleep duration, and lighting conditions)
except for the timing of meals. The meal timing effects on glucose
tolerance are unlikely driven by group differences before the laboratory
protocol since screening comprehensive metabolic panel, thyroid-
stimulating hormone (TSH), complete blood count (CBC), and HbAlc
were within typical range for all participants, and participant demo-
graphics and study-related characteristics did not differ between
groups (table S1). Moreover, sleep structure before the baseline and
simulated night work conditions did not differ between groups
(table S2), and it did not statistically modify the reported meal timing
effects on glucose tolerance. In our trial, we enrolled participants
who were healthy, without sleep disorders, other comorbidities, or
medication use. Thus, participants were potentially less susceptible
to the effects of the laboratory protocol on sleep duration and quality.
We scheduled one-third of the time (to match 8-hour sleep oppor-
tunity during a regular 24-hour day) as protected sleep, in a private,
quiet, dark, and temperature-controlled environment, thus conducive
to sleep. Moreover, the study included multiple adaptation days to
accommodate to the laboratory protocol before the FD protocol.
Last, we scheduled the baseline and the simulated night work con-
ditions to occur under an FD protocol, not under a total sleep depri-
vation or a sleep restriction paradigm. Total sleep time and N3 sleep
in both meal timing groups were substantially more than in (simi-
larly short-term) sleep restriction paradigms that negatively affect
glucose tolerance (38, 39). Collectively, these factors are likely
reasons why the subtle sleep structure differences did not modify
the reported meal timing effects on glucose tolerance.

Differences in fasting duration before the test meals are unlikely
to have mediated the effects of meal timing on glucose tolerance. In
both NMC and DMI groups, fasting duration before the breakfast
test meal during baseline was ~12 hours. In the NMC and DMI
groups, fasting duration before the breakfast test meal during the
simulated night work was respectively ~16 and ~12 hours. This du-
ration is in accordance with the recommended fasting duration for
clinical glucose tolerance tests by the American Diabetes Association,
which recommends overnight fasting for at least 8 hours, with varying
durations of 8 to16 hours (40, 41). Currently, most laboratory studies
have compared overnight fasting (~12 hours) with more extreme
and prolonged fasting durations of e.g., 3 days (42). A laboratory
study comparing a 12-hour fast with a 36-hour fast found no statis-
tical difference in glucose AUC after identical test meals (43).
Hence, we expect that the subtle differences in fasting duration in
our laboratory protocol have a negligible effect on glucose tolerance.
The meal timing effects were also not likely driven by changes in
CBT (Fig. 7, A and B, and fig. S8, A and B) or cortisol during the
simulated night work (Fig. 7, C and D, and fig. S8, C and D), both
of which under strong central circadian control (27), and not statis-
tically different between groups. The preserved glycemic control in
the DMI group during simulated night work was likely due, at least
in part, to the maintenance of normal pancreatic p cell function,
as no impairments occurred for the postprandial early-phase insu-
lin response. Consequently, this suggests improved pancreatic p
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cell function with important ramifications for glucose tolerance
(44). This daytime eating pattern may allow optimizing metabolic
function by timing food intake to the acrophase of endogenous
metabolic rhythms (31), which may consolidate circadian rhyth-
micity in gene expression and circadian activation of numerous
metabolic pathways (45). By rendering the fasting/eating cycle and
the central circadian pacemaker aligned, this may ultimately im-
prove whole-body insulin sensitivity and glycemic control with a
possible beneficial effect on metabolic health outcomes in shift
work conditions.

Night shift workers often reschedule their meal intake to the
nighttime, as they are awake during those hours (46, 47). Exposure
to circadian misalignment may also impair glucose tolerance and
insulin sensitivity in real-life shift workers (10), raising the possibility
that long-term exposure to circadian misalignment contributes to the
increased risk of prediabetes or T2DM in this population. In this
context, our findings may help in the development of evidence-based
circadian strategies (e.g., timing of eating) to prevent glucose in-
tolerance in individuals experiencing circadian rhythm disruption.
The effects of a daytime eating pattern on glucose tolerance likely
extend to most types of shift workers. Only under exceptional situ-
ations, e.g., oilrigs and Arctic stations, the central circadian pacemaker
can show an adaptation to night work (48, 49). Moreover, less than
a quarter of night workers show sufficient adjustment to derive any
benefit (50-52). As permanent or rotating night shifts are unlikely
to result in adequate circadian adjustment in most individuals, the
alignment of fasting/eating cycle to the central circadian pacemaker
may prevent glucose intolerance in most shift workers. Future transla-
tional studies with individuals undergoing real-life shift work
schedules (e.g., permanent, rotating or irregular night shifts, morning
shifts, and evening shifts) are required to establish if our reported
beneficial effects on glucose tolerance (as well as other health and
performance outcomes) apply to this vulnerable population.

MATERIALS AND METHODS

Trial procedures and participants

The protocol was approved by the Partners HealthCare’s institutional
review board (IRB) and performed in accordance with the principles
of the Declaration of Helsinki, and participants provided written
informed consent. IRB guidelines were followed with human indi-
viduals. Laboratory protocols were conducted at the Center for
Clinical Investigation at Brigham and Women’s Hospital, Boston,
United States, between 19 March 2015 and 29 August 2018. The
study ended when the laboratory protocol for the final randomized
participant was completed.

Participants admitted to laboratory protocols were free from
medical conditions and medical suitability using clinical history,
biochemical and toxicology blood and urine screenings, and physical
and psychological exams. Biochemical blood panels at screening in-
cluded a comprehensive metabolic panel, TSH, CBC, and HbAlc,
all of which had to be within typical range for study inclusion. Par-
ticipants were not taking medications (excepting oral contraceptives),
caffeine, smoking, or using recreational drugs (verified with urine
toxicological panel). After screening, participants were randomly
assigned to one of two meal timing groups: NMC group, which in-
cluded simulated day work with day eating (baseline) followed by
simulated night work with night eating, typical in night shift work-
ers; and DMI group, which included simulated day work with day
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eating (baseline) followed by simulated night work with day eating
(see the “Study design” section for details of the laboratory proto-
col). Participants were randomized using minimization (Minim.
exe, MS-DOS free access program for randomizing participants
into the arms of a clinical trial) to minimize imbalance between
meal timing groups. Minimization was performed—in decreasing
sequence of importance—by sex, BMI, and age (these factors were
dichotomized, i.e., woman or man, 18.5 to 24.9 kg/m* or 25 to
29.9 kg/m? and 18 to 26 years or 27 to 35 years, respectively). While
participants were informed that they might be sleeping and eating
at different times of day or night, they were unaware that there were
different meal timing groups. Therefore, our study comprises a
randomized, parallel, controlled, single-blinded trial from a single
center. We randomized 24 participants to the laboratory protocols.
Four participants discontinued because of mild adverse events
unrelated to the intervention. One participant reported headache
before the simulated night work in the DMI group, two had loose
stools before the simulated night work (one in the NMC and one in
the DMI group), and one could not consume all provided meals
during simulated day work (baseline) in the NMC group. No data
are available for these participants, as they did not complete the
entire study. We removed these four participants from the mini-
mization model (and from the randomization) after each dis-
continuation and the minimization otherwise continued. Therefore,
20 participants [mean age, 26.6 years (SD, 4.2 years; range, 18 to
35 years); eight women; BMI range, 18.5 to 29.9 kg/m% HbAlc
range, 4.9 to 5.4%] were randomized to our study: Ten were allo-
cated to the NMC group and 10 to the DMI group (fig. S1). Four
women underwent the laboratory protocol on menstrual cycle days
1 to 5 (two women per meal timing group) and four during days 14
to 19 (two women per meal timing group).

The final study sample included 10 participants for the NMC
group [mean age, 27 years (SD, 4.4 years); four women; BMI,
22.5 kg/m?* (SD, 3.5)] and 9 participants for the DMI group
[mean age, 26.2 years (SD, 4.1 years); three women; BMI, 23 kg/m*
(SD, 3.1)]. We excluded data from one participant in the DMI
group due to their inability to consume all meals during the simu-
lated night work. No statistical differences in participant demo-
graphics and study-related characteristics (including age, sex, BMI,
and HbA1c values) occurred between groups (table S1). No import-
ant harms or serious adverse effects occurred in either meal tim-
ing groups.

Study design
Before the laboratory protocol, participants maintained a fixed,
self-selected habitual bedtime with 8-hour time in bed per day
for 2 weeks. We verified compliance using ambulatory actigraphy
(Actiwatch, Respironics), sleep logs, and time-stamped voicemails.
During the 3 days before the laboratory study, participants received
all meals from the metabolic kitchen to meet dietary requirements
(Harris-Benedict formula with an activity factor of 1.4) and controlled
macronutrient distribution (45 to 50% carbohydrate, 15 to 20%
protein, and 30 to 35% fat, with 150 meq of Na* (£20%) and 100 meq
of K¥ (£20%), which matched the subsequent laboratory diet.
During the laboratory study, participants remained in individual
suites in an environment free of time cues. Throughout the study,
when participants were not involved in a study task, they could
undertake leisure activities, such as reading, writing, watching movies,
crafts, etc. We monitored each participant’s activity for compliance
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by means of closed circuit TV and wrist-worn actigraphy. During
the CR protocol (see below), a study staff member remained with
the participant in the room to ensure they remained awake through-
out scheduled wakefulness. Participants did not nap or perform
exercise during the study. Each suite had a porthole for 24-hour
blood sample collection without disturbing the participant’s sleep.
Days 1 and 2 comprised the laboratory adaptation days, and on
days 3 and 4, there was a baseline CR (Fig. 1C) that allowed for a
circadian baseline assessment on metabolic markers and CBT. The
CR protocol enables the assessment of endogenous circadian
rhythms because it minimizes the influences of behavioral and envi-
ronmental factors by maintaining constant wakefulness, constant
semirecumbent posture, markedly limited physical activity, dim light
conditions, and evenly distributing isocaloric snacks (26). During
baseline CR, participants spent 32-hour continuously awake in a
constant semirecumbent body posture, without physical exertion, in
dim light (~3 Ix in the horizontal angle of gaze) and eating hourly
isocaloric CR snacks (see also the “Diet” section). Following base-
line CR, participants had a 12-hour sleep opportunity to recover.
On days 5 and 6, participants had further recovery from the baseline
CR. On day 7, participants underwent a 28-hour FD protocol to
induce circadian misalignment with 28-hour sleep/wake cycles under
dim light (~3 Ix), to which the central circadian pacemaker in
humans cannot entrain (27). We used a 28-hour FD protocol to
assess the impact of circadian misalignment on metabolic function
(see also the “Diet” section) (13). During each 28-hour cycle, the
ratio of scheduled wakefulness (18 hours:40 min) and sleep
(9 hours:20 min) was maintained at 2:1, to match the self-selected
8-hour habitual time in bed per 24 hours. The participant’s sleep
episodes were split into three identical blocks, each separated by
1 hour of scheduled wakefulness in dim light (~3 Ix) while remain-
ing at rest in a semirecumbent posture in bed. This allowed the
participants to consume food during the circadian day when other-
wise they would be sleeping. Participants woke during each sleep
episode irrespective of meal consumption to ensure that both study
groups had three equal sleep blocks during the FD protocol. On the
first 28-hour sleep/wake cycle, participants had normal circadian
alignment (waking up at their habitual wake-time, e.g., 7 a.m,;
baseline). In contrast, on the fourth sleep/wake cycle, participants
were 12-hour misaligned as compared to the fourth cycle (wake
up at, e.g. 7 p.m.; simulated night work) in both meal timing groups.
The NMC group (Fig. 1C, top) is a traditional 28-hour FD protocol
with all behaviors, including the fasting-feeding cycle, main-
tained on a 28-hour cycle. Because of that, three meals and a snack
were scheduled at fixed times relative to scheduled wake time
(at 0 hours:10 min, 4 hours:10 min, 8 hours:10 min, and 12 hours:10 min
since scheduled awakening, during baseline and simulated night
work). Thus, each meal was shifted to 4 hours later each cycle in
alignment with the sleep/wake cycle. Participants thus consumed
food during both the circadian day and night, which is a typical
behavior of night shift workers. In contrast, the DMI group (Fig. 1C,
bottom) is a nontraditional 28-hour FD protocol, with all behaviors
identically scheduled on a 28-hour cycle, except for the fasting/feeding
cycle (maintained on a 24-hour cycle). Accordingly, participants had
standardized meals at 0 hours:10 min, 4 hours:10 min, 8 hours:10 min,
and 12 hours:10 min since scheduled awakening, during base-
line, whereas meals occurred at 0 hours:10 min, 12 hours:10 min,
16 hours:10 min, and 20 hours:10 min since scheduled awaken-
ing, during the simulated night work. This meal timing approach

Chellappa etal., Sci. Adv. 7, €abg9910 (2021) 3 December 2021

allowed alignment of the fasting/eating cycle to the ~24-hour central
circadian cycle and ensured meal consumption during the circadian
day at the same clock time during each FD cycle. Subsequent to the
4 “days” of a 28-hour FD protocol, participants underwent a post-
misalignment CR (days 11/12/13) that allowed assessing the aftereffect
of circadian misalignment on endogenous central and peripheral
circadian rhythms. During the postmisalignment CR, participants
spent 40-hour under the same experimental conditions described
for the baseline CR. Thereafter, participants were scheduled to
12-hour sleep opportunity to allow them to recover partially from
the postmisalignment CR protocol and then were discharged from
the study.

Diet

CR protocol

Participants received an isocaloric diet (i.e., CR snacks) that was
calculated according to the Harris-Benedict equation with an activity
factor of 1.2 (as participants had decreased activity). The diet con-
sisted of 45 to 50% carbohydrate, 15 to 20% protein, 30 to 35% fat,
with 150 meq of Na* (£20%), 100 meq of K* (£20%), and at least
2.5 liters of water per 24 hours. CR snacks comprised two alternat-
ing CR options (e.g., CR snack A, then CR snack B, then CR snack
A, and so forth) based on a food preference form for each partici-
pant’s two CR preselected CR snack choices (two of six snack choices
with different ingredients but same macronutrient composition).
CR snacks were calculated with the same two snack options and same
caloric level throughout the both CR protocols per participant. Par-
ticipants had 10 to 15 min to consume the CR snacks and were
instructed to consume all food provided (verified by checking their
food trays). During the CR protocol, actual energy consumption in
the NMC group was 99.9% (SEM, 0.01) and 99.9% (SEM, 0.04%)
during baseline CR and postmisalignment CR, respectively. In the
DMI group, it was 98.6% (SEM, 1.9%) and 99.9% (SEM, 0.01%)
during baseline CR and postmisalignment CR, respectively.

FD protocol

Participants received meals (breakfast, lunch, snack, and dinner) that
were standardized across days based on a food preference form for
each participant. Meals were calculated according to a 28-hour day
for the NMC group and to a 24-hour day for the DMI group during
the four days in the FD protocol. Diet was calculated according to
the Harris-Benedict equation with an activity factor of 1.4 and con-
sisted of 45 to 50% carbohydrate, 15 to 20% protein, 30 to 35% fat,
with 150 meq of Na* (£20%), 100 meq of K* (+20%), and at least
2.5 liters of water per 24 hours. The energy content of the meals
(percentage of total day’s calorie intake) was as follows: break-
fast, 33.3% (%35 kcal); lunch, 23.4% (20 kcal); snack, 10% (+10
kcal); dinner, 33.3% (+35 kcal). Breakfast and dinner test meals (used
for glucose tolerance assessment; see the subsection below) were
preselected (one of two test meal choices based on a food preference
form for each participant). Test meals included a dextrose solu-
tion of glucose (0.45 g/kg) [provided as glucose drink (Glucola)
with a glycemic index of 60 to 65]. For the test meals, participants
chose one of the following: (i) Glucola, a bagel with butter, cereal
with milk and sugar, egg, and peanuts; or (ii) Glucola, a bagel with
butter, cereal with milk and sugar, turkey sausage, and almonds.
Test meals were consumed within 20 min. Glucola was consumed
within the first 1 min, and other food items were consumed subse-
quently in the order listed (from high to low glycemic index foods).
The food items and their sequence of consumption was thus identical
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during test meals within each participant. These breakfast and dinner
test meals were preceded by isocaloric “premeals.” The dinner be-
fore the both breakfast test meals was identical within each partici-
pant. The lunch and snack before both dinner test meals were also
identical within each participant. Participants were instructed to
consume all food provided (verified by checking their food trays).
During the FD protocol, actual energy consumption (expressed as a
percentage of planned caloric intake) in the NMC group was 99.8%
(SEM, 0.3) and 99.7% (SEM, 0.9%) during baseline and simulated
night work, respectively. In the DMI group, it was 99.8% (SEM,
0.4%) and 99.2% (SEM, 1.6%) during baseline and simulated night
work, respectively.

During the other segments of the laboratory protocol, participants
received an isocaloric diet, calculated according to the Harris-Benedict
equation with an activity factor of 1.4. The diet had the same macro-
nutrient composition as for the CR and FD segments, which was 45
to 50% carbohydrate, 15 to 20% protein, 30 to 35% fat, with 150 meq
of Na* (£20%), 100 meq of K* (+20%), and at least 2.5 liter of water
per 24 hours. Participants were instructed to consume all food
provided (verified by checking their food trays).

Glucose tolerance assessment

To assess glucose tolerance, four identical test meals per participant
were strictly timed at 0 hours:10 min and 12 hours:10 min since
scheduled wakefulness (thus 12 hours apart) on the days of baseline
and simulated night work (during the FD protocol). Test meals
occurred once during the morning (e.g., 7:10 a.m., for a participant
with a habitual wake time of 7 a.m.) and once during the evening
(e.g., 7:10 p.m., for a participant with a habitual wake time of 7 a.m.)
per baseline and per simulated night work. In the NMC and DMI
groups, fasting duration before the first test meal (breakfast) during
baseline was ~12 and ~ 4 hours before the second test meal (dinner).
In the NMC group, fasting duration before the first test meal
(breakfast) during the simulated night work was ~16 and ~ 4 hours
before the second test meal (dinner). In the DMI group, fasting du-
ration before the second test meal (breakfast) during the simulated
night work was ~12 and ~ 4 hours before the first test meal (dinner).

Venous blood collection and processing

On admission to the laboratory, an 18-gauge intravenous catheter
was inserted into the participant’s forearm. The catheter was con-
nected to a triple-stopcock manifold (Cobe Laboratories Inc.,
Lakewood, CO) via an intravenous loop with a 12-foot small-lumen
extension cable (Sorex Pharmaceuticals, Salt Lake City, UT) through
which blood sampling could continue in the next room without dis-
turbing sleep. Between samples, infusion of a solution of 0.45% saline
with 5000 IU/liter heparin at one drop every 5 to 10 s maintained
patency. Blood was transferred to 5-cm” vacutainer tubes and centri-
fuged at 4°C, pipetted into polystyrene tubes, and frozen at —80°C
until analysis. Participant’s hematocrit and hemoglobin were mea-
sured on each CR day and on FD day 1 and day 4 (when blood
measurements took place) to assess whether levels remained within
normal range.

Outcome measures

During the CR protocols, one primary outcome was central circadian
measurement (circadian phase), which was determined from CBT
during the CR protocols. We used nonorthogonal cosinor analyses
for each participant’s CBT data to estimate circadian phase. Fitted
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circadian CBT minimum was the reference phase marker of 0° for
each individual, and data were then assigned a specific circadian
phase (0° to 359°). Peripheral metabolic circadian rhythms were de-
termined from plasma glucose and insulin measurements (primary
outcomes), which were obtained through hourly blood samples
during the CR protocols. Given that participants received hourly
isocaloric snacks throughout the CRs, glucose and insulin levels
hence correspond to a mixed pre- and postprandial states.

Energy expenditure (i.e., resting energy expenditure and respira-
tory exchange ratio) was an exploratory outcome and an additional
circadian measure during the CR. We assessed energy expenditure
using a validated indirect calorimeter with ventilated hood (VMAX
Encore 29 N, Carefusion, San Diego, CA) over 20-min stable resting
windows every 2 hours during the CR protocols, thus a total of
~36 times per participant.

During the FD protocol, the primary outcome measures were the
3-hour postprandial glucose profile, postprandial early-phase insulin
profile (first 40 min after test meals, during which time glucose levels
rose similarly between conditions and protocols, allowing estimation
of B cell function), and postprandial late-phase insulin profile
(beyond 40 min until 3 hours after test meals). These primary out-
comes are well-established indices of glucose control, and circadian
misalignment adversely affects those (11). We report time series
analyses of glucose and early-phase and late-phase insulin profiles,
as it captures the rapid increases and decreases in glucose and insulin
profiles following exposure to a glycemic challenge. Measurements
of plasma glucose and insulin happened immediately before each of
the four test meals (fasting blood was drawn ~7 min before the test
meals), and thereafter every 10 min for 90 min and then every 30 min
for another 90 min. From 3 hours after the start of the test meals,
sample collection frequency was every 60 min. Assessments of glu-
cose and insulin occurred only during baseline and simulated night
work. CBT and plasma cortisol were measured as exploratory out-
comes to verify that participants were under circadian misalign-
ment during simulated night work in both meal timing groups, as
CBT and cortisol are under strong circadian control (28). Continuous
CBT measurements occurred throughout the laboratory protocol.
Participants used a flexible rectal temperature sensor (Yellow Springs
Instrument Company, OH, USA), and they used it continuously
throughout the laboratory protocol (except for during showers and
bowel movements) for CBT measurement. CBT was assessed every
1 min across the baseline and simulated night work, and plasma
cortisol was assessed every 60 min across the baseline and simulated
night work. Furthermore, we assessed the influence of prior sleep
on glucose control before the baseline and simulated night. Sleep
was measured by electroencephalography (EEG), electrooculography
(EOQG), and submental electromyogram using American Academy
of Sleep Medicine recommended EEG derivations (C3/4, F3/4, 01/2,
referenced to M2/1) (Vitaport recorder, TEMEC, Netherlands).
Sleep structure included wake during sleep, NREM sleep stages 1 to 3,
REM sleep, sleep efficiency, and sleep onset latency.

Statistical analysis

We performed statistical analyses using SAS version 9.4 (SAS Institute,
Cary, NC, USA), NCSS 2020, v20.0.3 (for the circular data analyses)
and SigmaPlot version 14.0 for the linear regressions and illustrations.
The sample size was derived from the difference in the effect of mis-
alignment on glucose tolerance (3-hour postprandial glucose
profiles) between the meal timing groups. To determine a large effect
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size (d = 1.5) with ~80% power, eight participants per group were
required (total sample = 16). We increased the number of partici-
pants per group to 10 to mitigate potential data losses. We compared
participants’ characteristics with Yates’s chi-square tests or t tests
for independent groups, and their demographics and study-related
characteristics did not statistically differ between the meal timing
groups (table S1). Moreover, we did not test for sex differences and
for differences in menstrual phase in the effects of the intervention
because of limited sample size.

For the CR data, we normalized CBT, glucose, and insulin data
using an average of each participant’s levels measured throughout
the baseline CR to minimize interindividual differences in baseline
temperature and glycemic control. Notably, parallel study designs in
particular require data normalization. The first 5 hours after start-
ing the CRs were excluded from analysis, as is standard, to allow for
stabilization of circadian rhythms. The effects of the circadian cycle
and circadian alignment condition were assessed by cosinor analyses
using mixed model analyses of variance (PROC MIXED, SAS), which
were applied to the CBT, glucose, and insulin data (primary out-
comes), and to the energy expenditure data (exploratory outcomes).
These cosinor mixed-models included circadian effect (a funda-
mental circadian component of ~24 hours), time since scheduled
waketime (hours into the CR protocol), simulated day/night work
(baseline CR versus postmisalignment CR), and the interaction of
meal timing group, simulated day/night work, and circadian effect
(interaction effect reported in Figs. 2 and 3 and fig. S2). For the CBT
data, a main effect harmonic (a component of ~12 hours) was
included. Participant was included as a random factor. We used
cosinor analyses to identify statistically significant endogenous cir-
cadian rhythms for the primary and exploratory outcomes (CBT:
fitted nadir; glucose, insulin, and energy expenditure: fitted peak).
Post hoc comparisons used the Tukey’s test to adjust for multiple
testing. Comparison of the amplitude of the endogenous circadian
CBT and glucose rhythms was performed with two-sided, unpaired
t tests for the meal timing group effect. Comparisons of the phase of
the endogenous circadian CBT and glucose rhythms were performed
using circular statistical data analyses. Accordingly, we tested equal
directions (i.e., changes in phase) using the Watson-Williams F test
(53), which assumes a Von Mises data distribution with equal k > 1.
We show the mean direction (8) and circular variance (designed to
assess and compare the variation in the data, where 1 = high data
dispersion, 0 = little dispersion) for the polar plots (Fig. 2, E and F),
which depict changes in phase of the endogenous circadian CBT
and glucose rhythms from baseline CR to postmisalignment CR. Last,
we applied linear regression models to test the association of internal
circadian misalignment with glucose tolerance during simulated
night work (fig. S9).

For the FD data, all primary and exploratory outcomes were
normalized using an average of each participant’s levels measured
throughout the baseline day to minimize any effect of interindividual
differences in baseline e.g., glycemic control. This normalization is
needed when using a parallel study design. Mixed-model analyses of
variance (PROC MIXED, SAS) included three main factors: (i) meal
timing group (NMC group versus DMI group); (ii) simulated day/
night work [baseline (simulated day work) versus simulated night
work]; (iii) time (time after start of test meals for 3-hour postprandial
profiles). This statistical model was used for the breakfast and dinner
test meals separately. The interaction of meal timing group and
simulated day/night work was used to identify whether the meal
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timing intervention significantly modified the impact of simulated
night work on the 3-hour postprandial glucose and postprandial
early- and late-phase insulin profiles after the breakfast and the
dinner test meals separately (reported, respectively, in Figs. 4 and
5). Post hoc comparisons used the Tukey’s test to adjust for
multiple testing. In addition, we averaged baseline postprandial
glucose and insulin responses to the two test meals (breakfast and
dinner) into one profile per primary outcome variable. Averaging of
test meals that were exactly 12 hours apart (see Fig. 1C) reflects
the overall glucose tolerance that varies throughout a given day,
while simultaneously matching for circadian phase and duration
since scheduled wakefulness when comparing the baseline with the
simulated night work. Mixed-model analyses of variance (PROC
MIXED, SAS) included three main factors: (i) meal timing group
(NMC group versus DMI group); (ii) simulated day/night work
[baseline (simulated day work) versus simulated night work]; and
(iii) time (time after start of test meals for 3-hour postprandial
profiles). The interaction of meal timing group and simulated day/
night work was used to identify whether the meal timing interven-
tion significantly modified the impact of simulated night work on
the 3-hour postprandial glucose and postprandial early- and late-
phase insulin profiles after the test meals (reported in fig. S3). In
addition, a second statistical model was performed using the above-
mentioned mixed-model analyses, where the main factor time
corresponded to hours into each simulated day and night shift cycles
(reported in Figs. 6 and 7 and figs. S7 and S8). Post hoc comparisons
used the Tukey’s test to adjust for multiple testing. We performed
exploratory analyses on the 3-hour postprandial glucose and insulin
AUC, which was determined from start of the test meal until
180 min after it and results are presented in the Supplementary
Materials. AUC was calculated using the trapezoidal method. The
significance of any effects of the meal timing intervention on the
change in 3-hour postprandial glucose and insulin AUC from
baseline to simulated night work was determined using two-sided,
unpaired f test comparisons for each test meal separately (figs. S4
and S5). Moreover, in exploratory analyses to isolate the effects of
circadian misalignment independent of circadian phase and fasting
duration, we determined the effects of the meal timing intervention
on the change in 3-hour postprandial glucose and insulin AUC
from baseline to simulated night work using two-sided, unpaired
t test comparisons, on the average of both test meals (fig. S6).
Because sleep can influence glucose tolerance, we assessed sleep
structure characteristics before the baseline and simulated night work
conditions in both meal timing groups using mixed-model analyses
of variance with main factors meal timing group and simulated day/
night work, as well as their interaction (table S2). Moreover, we tested
whether sleep structure before the baseline and simulated night work
conditions in both meal timing groups affected the reported effects.
We thus performed mixed-model analyses of variance including
sleep structure (i.e., wake between lights off and lights on, NREM
sleep stages 1 to 3, REM sleep, sleep efficiency, and total sleep time)
as covariates. Last, we performed a linear regression model to assess
whether there was an association between the magnitudes of inter-
nal circadian misalignment (change from baseline CR to postmis-
alignment CR) with impaired glucose tolerance during circadian
misalignment (change from baseline to simulated night work).
Participant was included as a random factor. Post hoc comparisons
were derived using the Tukey-Kramer test. Missing data were not
included in the analyses (0.79 and 1.6% of observations for the 3-hour
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postprandial glucose and insulin profiles, respectively). To control
overall type I error in null hypothesis testing when conducting mul-
tiple comparisons, P values from the mixed-model analysis for the
primary outcomes of the CR and FD protocols were adjusted using
false discovery rates (pFDR) (PROC MULTTEST, SAS). P values
for primary outcomes of the CR and FD protocols correspond to
pFDR. Unless specified, data correspond to the mean and SEM.
Significance for all statistical tests was set as P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg9910

View/request a protocol for this paper from Bio-protocol.
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