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Context: Shift work is a risk factor for diabetes. The separate effects of the endogenous circadian
system and circadian misalignment (ie, misalignment between the central circadian pacemaker and
24-hour environmental/behavioral rhythms such as the light/dark and feeding/fasting cycles) on
glucose tolerance in shift workers are unknown.

Objective: The objective of the study was to test the hypothesis that the endogenous circadian
system and circadian misalignment separately affect glucose tolerance in shift workers, both in-
dependently from behavioral cycle effects.

Design: A randomized, crossover study with two 3-day laboratory visits.
Setting: Center for Clinical Investigation at Brigham and Women's Hospital.
Patients: Healthy chronic shift workers.

Intervention: The intervention included simulated night work comprised of 12-hour inverted behav-
ioral and environmental cycles (circadian misalignment) or simulated day work (circadian alignment).

Main Outcome Measures: Postprandial glucose and insulin responses to identical meals given at
8:00 am and 8:00 pm in both protocols.

Results: Postprandial glucose was 6.5% higher at 8:00 pm than 8:00 am (circadian phase effect),
independent of behavioral effects (P = .0041). Circadian misalignment increased postprandial
glucose by 5.6%, independent of behavioral and circadian effects (P = .0042). These variations in
glucose tolerance appeared to be explained, at least in part, by different insulin mechanisms:
during the biological evening by decreased pancreatic B-cell function (18% lower early and late
phase insulin; both P = .011) and during circadian misalignment presumably by decreased insulin
sensitivity (elevated postprandial glucose despite 10% higher late phase insulin; P = .015) without
change in early-phase insulin (P = .38).

Conclusions: Internal circadian time affects glucose tolerance in shift workers. Separately, circadian
misalignment reduces glucose tolerance in shift workers, providing a mechanism to help explain
the increased diabetes risk in shift workers. (J Clin Endocrinol Metab 101: 1066-1074, 2016)

n the United States, almost 15% of the workforce un-
dertakes shift work (1). Epidemiological studies indi-
cate that shift work is a risk factor for type 2 diabetes (2).
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Shift workers frequently undergo circadian misalignment
(ie, misalignment between their endogenous circadian sys-
tem and 24-hour environmental/behavioral rhythms such

Abbreviations: BMI, body mass index; SCN, suprachiasmatic nucleus; TST, total sleep time.
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Figure 1. Circadian alignment protocol (top panel) and circadian misalignment protocol (bottom
panel). On day 1 in both protocols, participants received an ad libitum lunch at approximately
12:00 pm. The letters B and D indicate the test meals at breakfast (first meal of the scheduled
wake episode) and dinner (last meal of the scheduled wake episode), respectively. Letters
following B or D indicate whether the test meals were consumed during the circadian alignment
(A) or circadian misalignment (M) protocol. To graphically represent the independent effects of
the behavioral cycle, circadian phase, and circadian misalignment in Figure 3, we did the
following: 1) averaged breakfast time (B and B™) and dinner time (D* and D) test meal values
separately across both protocols (behavioral cycle effect); 2) averaged 8:00 am (B” and D™) and
8:00 pv (D* and BM) test meal values separately across both protocols (circadian phase effect);
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Here, we tested the separate ef-
fects of circadian phase (biological
morning [defined loosely here as the
endogenous circadian phase equiva-
lent to approximately 8:00 am] vs bi-
ological [approximately
8:00 pm]) and of circadian misalign-
ment, both independent of the be-
havioral cycle (including wake/sleep,
activity/inactivity, and feeding/fast-
ing cycles) in shift workers. In order
to test these separate effects, we de-
termined glucose tolerance in re-
sponse to identical mixed meals
given at 8:00 aM and 8:00 pMm when
the behavioral cycle of shift workers
was aligned or misaligned with their
endogenous circadian system using
a rapid 12-hour shift of the behav-
ioral cycle (Figure 1). This was tested
using a randomized, within-partici-
pant, crossover design. Together these
protocols (aligned vs misaligned) al-

evening

and 3) averaged alignment (B* and D*) and misalignment (BM and DM) test meal values within
each protocol (circadian misalignment effect). Light levels (in the horizontal angle of gaze);
approximately 90 lux to simulate typical room light intensity, 30-minute periods of approximately
450 lux to simulate the morning commute preceding the simulated day shift and following the
simulated night shift, approximately 4 lux to permit assessment of dim-light melatonin levels, 0
lux during scheduled sleep opportunities. Light levels were also 90 lux during test meal

assessments.

as light/dark, wake/sleep, activity/inactivity, and feeding/
fasting cycles). This misalignment has been proposed to
explain, in part, why shift work is a risk factor for type 2
diabetes (3). The mammalian circadian system is com-
posed of a central pacemaker in the suprachiasmatic nu-
cleus (SCN) of the hypothalamus along with circadian
oscillators in virtually all peripheral tissues and organs (4).
This system is entrained to the solar day by external photic
(ie, the light/dark cycle) and nonphotic (eg, nutrient in-
take) inputs and optimally times physiology and behaviors
relative to the solar day (4). The molecular genesis of cir-
cadian rhythms by the SCN and peripheral oscillators in-
volves transcriptional-translation feedback loops (4). In
nonshift workers and rodents, internal circadian time has
been shown to affect glucose metabolism and circadian
misalignment and other forms of circadian disruption (eg,
clock gene mutations) have been shown to adversely affect
glucose metabolism (5-24). However, the impact of either
the endogenous circadian system or circadian misalign-
ment, after accounting for behavioral cycle effects (includ-
ing the sleep/wake, fasting/feeding, and physical inactiv-
ity/activity cycles etc), on glucose tolerance in shift
workers is unknown.

low the separate assessment of behav-
ioral and circadian influences by
evenly scheduling behavioral and en-
vironmental factors (eg, sleep/wake,
fasting/feeding, and dark/light) rela-
tive to two distinct circadian phases. In
addition, the protocols allow the sep-
arate assessment of the impact of circadian misalignment by
comparing responses to identical test meals when the behav-
ioral and environmental cycles are aligned vs misaligned with
the timing of the endogenous circadian system.

Materials and Methods

Experimental design

Each participant underwent two 3-day laboratory protocols,
according to a crossover design, to test the separate effects of the
behavioral cycle, circadian phase, and circadian misalignment
on glucose metabolism (Figure 1). One protocol included a sim-
ulated day shift (circadian alignment protocol) and the other a
simulated night shift (circadian misalignment protocol). The vis-
its were separated by 3-8 weeks (mean = SD: § * 2 wk). Min-
imization was used to minimize imbalance, according to age,
gender, and body mass index (BMI), in the order of laboratory
visits (five participants undertook the circadian alignment first
and four participants undertook the circadian misalignment
first).

Participants
Nine, healthy, nonsmoking, drug- and medication-free (ex-
cept for oral contraceptives) adults completed this study (mean =
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SD [range] age 34 + 8 y [24—48 y]; BMI 24.2 *+ 3.4 kg/m*
[19.3-29.3 kg/m?]; three males). Health status was established
by medical history, physical examination, electrocardiography,
standard blood and urine analysis, and interview by a clinical
psychologist. All participants were currently employed shift
workers (= 12 mo of consecutive shift work), who had five or
more night shifts per month (6 h between 10:00 Pm and 8:00 AMm,
with no shift duration > 12 h). Participants’ mean = SD con-
secutive shift work experience was 4.5 * 7.7 years (range 1.1-
25.1y). Participants’ mean * SD lifetime cumulative shift work
experience was 5.3 = 7.7 years (range 1.1-25.1 y). Two partic-
ipants were rotating shift workers and seven participants were
permanent night shift workers. Participants’ camulative nap du-
ration while working a night shift was less than 1 hour. Partic-
ipants were excluded if they maintained their night shift sleep/
wake schedule (ie, sleeping during the day and awake at night)
while working day shifts and/or on days off from work. The
Partners Human Research Committee approved this research,
which was conducted in the Center for Clinical Investigation at
Brigham and Women’s Hospital (Boston, Massachusetts). All
participants provided written informed consent.

Preinpatient study conditions

For 14 days or longer (mean = SD: 19 = 5 d) before each
laboratory visit, participants wore an Actiwatch Spectrum
(Philips-Respironics) and recorded their bedtimes, wake times,
and work schedules in a diary and by reporting the information
to a time-stamped voicemail system (Supplemental Figure 1).
Participants were instructed to sleep between 11:00 pm and 7:00
AM on the night preceding each inpatient admission to reduce
possible sleep debt before entering the laboratory.

Inpatient study conditions

On the first day of each 3-day laboratory protocol, partici-
pants were admitted to the Center for Clinical Investigation at
approximately 10:00 AM to undertake either the circadian align-
ment protocol or circadian misalignment protocol in a crossover
design (Figure 1). Participants remained in a private laboratory
room throughout each laboratory protocol to allow strict con-
trol of environmental conditions. In the circadian alignment pro-
tocol, participants’ sleep opportunity occurred from 11:00 pm
until 7:00 aMm for days 1-3. In the circadian misalignment pro-
tocol, on day 1 the participants’ sleep/wake cycle was inverted by
12 hours by including an 8-hour wake episode plus a 4-hour sleep
opportunity between 3:00 pM and 7:00 pm. The participants then
stayed awake for 16 hours until their next sleep opportunity,
which occurred from 11:00 am until 7:00 pm. This sleep/wake
cycle was maintained until the end of the protocol (d 3). Meta-
bolic responses to test meals were assessed on day 2 in the cir-
cadian alignment protocol and across days 2-3 in the circadian
misalignment protocol (see below for details). Light levels during
both protocols are shown in Figure 1.

Diet

Participants were given an ad libitum lunch around noon on
the first day of each laboratory protocol, after which they re-
ceived an isocaloric diet throughout the rest of the protocol,
calculated according to the Harris-Benedict equation with an
activity factor of 1.4. The diet consisted of 45%—50% carbohy-
drate, 30%-35% fat, and 15%-20% protein, 150 mEq Na*
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(£20%), 100 mEq K* (£20%), and at least 2.5 L of water per
24 hours. Participants were instructed to consume all food pro-
vided (verified by checking their food trays). Because the circa-
dian misalignment protocol was 12 hours longer (to enablea 12 h
slam shift of the behavioral cycle) than the circadian alignment
protocol, participants were given additional prorated food and
water in the circadian misalignment protocol (50 % of calculated
24 h calorie and water requirements). This additional food and
water was distributed across breakfast (8:00 M) and lunch

100 :

—o—alignment protocol
—e— misalignment protocol

T 75-

g

- 50

=

S

£ 25.

o

£

0-
12 AM 8 AM 4 PM 12 AM

clock time

100

g s
2
— 50
c
5
£ 251
o
£

0-

. . PEE—
8 16 24
time since wake (h)

Figure 2. Dim light melatonin levels in the circadian alignment and
misalignment protocols. Central circadian phase, as estimated by dim
light melatonin profile, was similar for the circadian alignment and
circadian misalignment protocol (top panel), resulting in an
approximately 12-hour difference in circadian alignment relative to the
behavioral cycle (bottom panel). Bottom panel, data are plotted
according to scheduled wake time; in the circadian alignment protocol,
data are plotted relative to a scheduled 7:00 am wake time on day 1,
whereas in the circadian misalignment protocol, data are plotted
relative to a scheduled 7:00 pv wake time on day 1 (start of wake
period 2). Black bar represents sleep opportunity. In the circadian
alignment protocol, no melatonin samples were obtained from 7:53
AM to 2:53 pm, whereas in the circadian misalignment protocol,
melatonin samples were obtained hourly for 24 hours. Samples for
melatonin measurement were collected under dim light conditions
(~<4 lux in the horizontal angle of gaze). Data are presented as
mean = SEM.
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(11:30 pMm) on day 1 (wake period 2) of the circadian misalign-
ment protocol, such that premeals and test meals were identical
in both protocols (see below for details). Other than the above-
mentioned additional food and water, the diet was identical
within each participant between laboratory visits. In each pro-
tocol, following the final sleep opportunity (d 3), participants
consumed an ad libitum breakfast before leaving the laboratory.

We assessed participants’ metabolic responses to identical
test meals (33.3% of calculated daily calorie intake) given both
1 hour and 13 hours after the scheduled wake time in the circa-
dian alignment protocol (wake period 2) and circadian misalign-
ment protocol (wake period 3). Participants chose one of two test
meals: 1) Glucola (0.45 g/kg), a bagel with butter, cereal with
milk and sugar, egg, and peanuts; or 2) Glucola (0.45 g/kg), a
bagel with butter, cereal with milk and sugar, turkey sausage,
and almonds. Glucola was consumed within the first minute and
other food items were consumed subsequently, in the order listed
above. Test meals were consumed within 20 minutes and were
identical within each participant across both protocols. The test
meal given 1 hour after scheduled wake time was preceded by the
same meal (ie, a test meal), consumed in the prior wake period
(8:00 pM in the circadian alignment protocol and 8:00 AM in the
circadian misalignment protocol). Thus, the meal preceding the
breakfast test meal was standardized. The test meal given 13
hours after the scheduled wake was preceded by a lunch premeal
(33.3% of calculated daily calorie intake), consumed at 11:30 AmM
in the circadian alignment protocol and 11:30 pm in the circadian
misalignment protocol. For the lunch premeal that preceded the
dinner test meal, participants preselected one of two meals,
which were identical within each participant across both proto-
cols. The above-mentioned lunch meal had the same macronu-
trient ratios as the test meals.

behavioral cycle effect

circadian phase effect
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Blood sampling

In the circadian alignment protocol, dim light melatonin sam-
ples were collected hourly from the middle of wake period 1 until
the end of sleep period 1, covering a 16-hour span. In the circa-
dian misalignment protocol, dim light melatonin samples were
collected hourly from the start of wake period 2 until the end of
sleep period 2, covering a 24-hour span (see Figure 2).

For metabolic test periods, 24-hour blood drawing for me-
tabolite and hormone assessment started shortly after bedtime
until bedtime 24 hours later, ie, between 11:00 pMm and 11:00 pPm
in the circadian alignment protocol (sleep opportunity 1 and
wake period 2) and between 11:00 AM and 11:00 AM in the cir-
cadian misalignment protocol (sleep opportunity 2 and wake
period 3). For each of the four test meals per participant, fasting
blood was drawn 7 minutes before each test meal, and postpran-
dial blood was drawn every 10 minutes for 90 minutes, starting
10 minutes after the participant began eating the test meal, and
every 30 minutes for the next 90 minutes, totaling 3 hours (see
Supplemental Information for assay details).

Polysomnography

Sleep was recorded by polysomnography (Vitaport; TEMEC
Instruments), in accordance with the American Academy of
Sleep Medicine recommendations (25), during sleep opportunity
1 in the circadian alignment protocol and during sleep oppor-
tunity 2 in the circadian misalignment protocol (see Supplemen-
tal Information for details).

Data analysis and statistics

Postprandial glucose was based on samples obtained from 10
to 90 minutes relative to the start of the meal. For test meal
analysis of insulin, early-phase response was based on samples

misalignment effect
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Figure 3. Effects of the behavioral cycle (left panels), circadian phase (middle panels), and circadian misalignment (right panels) on postprandial
glucose and insulin profiles. Data are derived from identical test meals given at 8:00 am and 8:00 pm in both the circadian alignment and
misalignment protocols. Data are derived as described in the legend of Figure 1. Green bars represent 20-minute test meals. Probability values:
behavioral cycle effect, breakfast vs dinner; circadian-phase effect, biological morning vs biological evening; misalignment effect, circadian

alignment vs circadian misalignment. Data are presented as mean * SEM.
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collected 10-30 minutes after the start of the meal, and the late-
phase response was based on samples obtained 40-90 minutes
relative to the start of the meal. The central circadian phase was
estimated from dim light melatonin onset and offset (see Sup-
plemental Information for details).

Statistical tests were performed with linear mixed models
(with participant included as a random factor) and with Spear-
man’s rank correlation coefficients, unless otherwise indicated.
Statistical significance was accepted as P < .05. Data are pre-
sented as mean * SEM, unless otherwise indicated. See Supple-
mental Information for details.

Results

Phase of the central circadian pacemaker in the
circadian alignment and misalignment protocols as
assessed under dim light conditions

Two participants’ dim light melatonin onset (DLMOn)
or dim light melatonin offset (DLMOff) showed a phase
difference greater than 4 hours between alignment proto-
cols. Consequently, these two participants (females, both
aged 24 y witha BMIof 19.3 or 27.5 kg/m?) were excluded
from all subsequent data analysis because they had an
unstable timing of their central circadian clock, which
would otherwise have interfered with assessing the effect
of the scheduled circadian alignment vs misalignment.
This criterion regarding the phase difference limit has been
used previously (24). The dim light melatonin levels for the
remaining seven participants (mean *= SD [range], age,
37 + 7y [30-48 y]; BMI 24.4 + 3.1 kg/m? [21.0-29.3
kg/m?]; three males) are shown in Figure 2. There was no
significant difference in DLMOn between alignment con-
ditions (—0.80 = 0.47 h;range —2.82t0 +0.80 h; P = .14,
paired samples ¢ test). For the alignment condition,
DLMOn was at 8:11 pm = 54 minutes (range 6:34 PM to
1:22 am), and for the misalignment condition, DLMOn
was at 7:23 PM £ 34 minutes (range 5:54 pm to 10:33 pm).

Behavioral cycle effects, independent of circadian
effects: glucose tolerance was lower at dinner
time than at breakfast time

Postprandial glucose was 5% higher at dinner time
than breakfast time (P = .034; Figure 3), reflecting rela-
tively reduced glucose tolerance at dinner time. There was
no significant effect of the behavioral cycle on early-phase
postprandial insulin (P = .14; Figure 3), indicating similar
B-cell function at breakfast time and dinner time. Late-
phase postprandial insulin was 18 % higher at dinner time
than breakfast time (P = .001; Figure 3), suggesting de-
creased insulin sensitivity at dinner time (as evidenced by
dinner time postprandial glucose being higher despite late-
phase postprandial insulin also being higher). There were

J Clin Endocrinol Metab, March 2016, 101(3):1066-1074

no significant effects of the behavioral cycle on fasting
glucose or insulin (both P = .12; Supplemental Figure 2).

Circadian effects, independent of behavioral
effects: glucose tolerance and early- and late-
phase insulin were lower in the biological evening
than in the biological morning

Postprandial glucose was 6.5 % higher in the biological
evening than morning (P = .0041; Figure 3), reflecting
relatively reduced glucose tolerance in the biological eve-
ning. Early-phase postprandial insulin was 18% lower in
the biological evening than morning (P = .011; Figure 3),
indicating lower B-cell function in the biological evening.
Late-phase postprandial insulin was also 18 % lower in the
biological evening than morning (P < .0001; Figure 3),
further suggesting insufficient B-cell function in the bio-
logical evening (as evidenced by late-phase postprandial

250
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Figure 4. Effects of circadian misalignment on 24-hour glucose and
insulin levels. Black bar represents sleep opportunity; narrow green bar
represents a test meal; narrow blue bar represents a lunch meal.
Probability values from 24-hour area under the curve analyses are
shown. Data are presented as mean + SEM.
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insulin being lower despite postprandial glucose being
higher). Fasting glucose was 5% lower in the biological
evening than morning (P = .040; Supplemental Figure 2).
Fasting insulin was 28% lower in the biological evening
than morning (P = .005; Supplemental Figure 2).

Circadian misalignment reduced glucose tolerance,
independent of behavioral or circadian phase
effects

Postprandial glucose was 5.6 % higher in the circadian
misalignment than alignment condition (P = .0042; Fig-
ure 3), reflecting relatively lower glucose tolerance during
misalignment. Early-phase postprandial insulin was not
significantly affected by circadian misalignment (P = .38;
Figure 3). Late-phase postprandial insulin was 10%
higher in the circadian misalignment than alignment con-
dition (P = .015; Figure 3), suggesting decreased insulin
sensitivity during misalignment (as evidenced by misalign-
ment postprandial glucose being higher despite late phase
postprandial insulin also being higher). There were no
significant effects of circadian misalignment on fasting
glucose or insulin or on 24-hour glucose or insulin area
under the curves (all P = .061; Figure 4 and Supplemental
Figure 2).

Effect of circadian misalignment on 24-hour
cortisol levels

Circadian misalignment did not significantly affect 24-
hour mean cortisol levels (P = .079; Figure 5). Circadian
misalignment changed the timing of the cortisol profile
relative to the behavioral cycle (P < .0001; Figure §).
When misaligned, cortisol levels peaked toward the end of
the wake period, rather than at the start of the wake period
in the aligned condition.

Circadian misalignment decreased total sleep time
(TST)

Circadian misalignment decreased TST during the
sleep opportunities preceding the test meals by 123 min-
utes (P = .005; Figure 6). Circadian misalignment de-
creased durations of N1 (stage 1), N2 (stage 2), and rapid
eye movement sleep by 5, 70, and 40 minutes, respectively
(all P = .040; Supplemental Figure 3). There was no sig-
nificant effect of circadian misalignment on N3 sleep (slow
wave sleep, or deep sleep) or latencies to either N1 or N2
sleep (all P = .14; Figure 6 and Supplemental Figure 3).

No correlation between circadian misalignment-
mediated changes in glucose metabolism and in
sleep measured by PSG

There were no significant correlations between circa-
dian misalignment-mediated changes in postprandial glu-
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Figure 5. Effects of circadian misalignment on 24-hour cortisol levels.
Upper panel, data are plotted according to clock time. Bottom panel,
data are plotted relative to scheduled wake time. TSW, time since
wake; black bar represents sleep opportunity; narrow green bar
represents a test meal; narrow blue bar represents a lunch meal. Data
are represented as mean = SEM.

cose, early- or late-phase postprandial insulin and circa-
dian misalignment-mediated changes in TST or any sleep
stage (all P = .094).

Discussion

Our results revealed separate effects of the endogenous
circadian system and of circadian misalignment, indepen-
dent from effects of the behavioral cycle, on glucose tol-
erance in chronic shift workers. Glucose tolerance was
lower in the biological evening than morning, independent
of the behavioral cycle; thus, the internal circadian time of
food intake may be an important factor to consider in shift
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may also be due to circadian phase
and alignment condition effects on
factors such as gastrointestinal ab-
sorption, hepatic glucose output
suppression, and noninsulin-depen-
dent glucose metabolic pathways.
Two of our findings suggest that
the circadian system, in part, con-

misaligned: P =.005

trols glucose tolerance by affecting
B-cell function in shift workers.
First, early-phase insulin response
was lower in the biological evening
than morning. Second, late-phase in-
sulin response was also lower in the
biological evening than morning,
despite glucose levels being higher.
The circadian system could control
B-cell function via multiple path-
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Figure 6. Effects of circadian misalignment on sleep duration and latency.

as mean = SEM.

workers and not just in people with a normal behavioral
cycle (ie, sleeping at night and awake during the day), as
we have shown before (10). Separately, circadian mis-
alignment, typical in shift workers, decreased glucose tol-
erance, and this may help explain why shift work is a risk
factor for type 2 diabetes (2). Third, glucose tolerance was
also lower at dinner time than at breakfast time, indepen-
dent of circadian phase. In nonshift workers and rodents,
we and others have previously shown that the circadian
phase affects glucose metabolism and that circadian mis-
alignment and other forms of circadian disruption (eg,
light at night and clock gene mutations) adversely impacts
glucose metabolism (5-10, 12, 13, 18, 20, 21, 23). Here,
for the first time, we show that circadian phase and cir-
cadian misalignment both affect glucose tolerance in shift
workers, whose circadian alignment with the behavioral
and environmental cycle is chronically and repeatedly dis-
rupted. This further suggests that chronic shift workers do
not become “immune” or are a self-selected population
that is resistant, against the adverse metabolic effects of
circadian misalignment. We found that the effect of the
circadian system and circadian misalignment on glucose
tolerance could be mediated, at least in part, by two dif-
ferent insulin mechanisms: 1) lower glucose tolerance in
the biological evening was related to a 18% lower early-
phase insulin response and a 18 % lower late-phase insulin
response, both implying reduced B-cell function; and 2)
lower glucose tolerance during circadian misalignment
that was associated with a 10% higher late-phase insulin
response despite elevated postprandial glucose concentra-
tions, suggesting decreased insulin sensitivity. Our results

ways. First, there are multisynaptic
projections from the SCN to the pan-
creas (26, 27). Second, there are cir-
cadian clocks in the pancreas, and
their specific disruption impairs insulin secretion and re-
duces glucose tolerance (14, 16). Third, circadian rhythms
in hormones such as cortisol and melatonin may help en-
train circadian clocks in the pancreas (28, 29). Fourth,
some circadian-controlled hormones such as melatonin
can acutely affect B-cell function (30, 31). The circadian-
phase effect on glucose tolerance is probably not only a
result of circadian modulation of B-cell function. For ex-
ample, it is known that the circadian system controls in-
sulin sensitivity in rodents (12, 13, 32). In this study, we
have no evidence for or against a circadian phase effect on
insulin sensitivity in shift workers. Future studies should
use techniques that directly assess insulin sensitivity (eg,

misaligned

Data are represented

hyperinsulinemic-euglycemic clamps).

For the first time, we show that circadian misalignment
reduces glucose tolerance in shift workers. This may be
partly explained by circadian misalignment decreasing in-
sulin sensitivity, as evidenced by glucose levels being
higher despite insulin levels also being higher in the cir-
cadian misalignment condition. Reduced insulin sensitiv-
ity is an early defect in the development of type 2 diabetes
(33). Thus, the circadian misalignment-mediated decrease
ininsulin sensitivity we observed in shift workers may help
explain why epidemiological studies report that shift work
is a risk factor for type 2 diabetes (2). In this study, we
could not determine why circadian misalignment de-
creased insulin sensitivity. In rodents, peripheral clocks in
metabolic tissues such as the liver and pancreas are rapidly
entrained to a reversed feeding schedule, whereas the cen-
tral circadian clock is not (34, 35). This results in internal
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desynchrony between central and peripheral clocks,
which could cause mistimed/conflicting signals between
different circadian clocks controlling metabolism. Thus,
internal desynchrony may underlie the adverse metabolic
effects of circadian misalignment (3). Currently there is no
evidence for or against internal desynchrony occurring in
humans. We found no evidence for short-term circadian
misalignment affecting B-cell function. However, various
forms of chronic circadian disruption (eg, clock gene mu-
tations or repeated desynchrony between the circadian
systems and 24-hour behavioral and environmental cy-
cles) have been shown to impair B-cell function in rodents
(11, 14, 20, 24, 36).

Sleep restriction and N3 sleep suppression reduce glu-
cose tolerance, B-cell function, and insulin sensitivity (37—
39). In this study, circadian misalignment decreased total
sleep time by 123 minutes, and this reduction could help
explain why we found circadian misalignment reduced
glucose tolerance. However, we found no significant
correlation between circadian misalignment-mediated
changes in glucose metabolism and circadian misalign-
ment-mediated changes in any of our sleep parameters.
This may be a result of insufficient statistical power. Cir-
cadian misalignment can reduce insulin sensitivity, inde-
pendent of sleep loss in nonshift workers (23).

Strengths of our study include studying chronic shift
workers in highly-controlled, laboratory conditions. Lim-
itations of our study also need to be considered. First, our
sample size was small, owing to the arduous task of re-
cruiting currently employed chronic shift workers to un-
dertake two 3-day in-laboratory stays. Thus, our study
was probably statistically underpowered to detect some
effects. Second, we tested the effect of only short-term
circadian misalignment on glucose metabolism; longer-
term studies are needed. Third, we assessed glucose and
insulin responses to meals consumed at only two phases of
the behavioral cycle and circadian cycle. Thus, we may be
underestimating the impact of the behavioral cycle and/or
circadian cycle if we missed the peak and/or trough of the
behavioral and/or circadian effect on glucose metabolism.

Summary

We have tested the separate effects of the behavioral
cycle, circadian phase, and circadian misalignment on glu-
cose and insulin responses to test meals in shift workers.
We found that glucose tolerance is lower in the biological
evening than morning, independent of behavioral cycle
effects. This suggests that the internal circadian time of
food intake may be an important factor to consider in shift
workers. The circadian effect on glucose tolerance seemed
to be partly explained by lower B-cell function in the bi-
ological evening than biological morning. We also found

press.endocrine.org/journal/jcem 1073

that circadian misalignment decreases glucose tolerance in
shift workers, independent of behavioral or circadian ef-
fects. This effect appeared to be partly explained by a cir-
cadian misalignment-mediated decrease in insulin sensi-
tivity. These adverse metabolic effects of circadian
misalignment we observed in shift workers may help ex-
plain why shift work is a risk factor for type 2 diabetes.
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