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Shift work causes circadian misalignment and is a risk factor for
obesity. While some characteristics of the human circadian system
and energy metabolism differ between males and females, little is
known about whether sex modulates circadian misalignment effects
on energy homeostasis. Here we show—using a randomized cross-
over design with two 8-d laboratory protocols in 14 young healthy
adults (6 females)—that circadian misalignment has sex-specific in-
fluences on energy homeostasis independent of behavioral/environ-
mental factors. First, circadian misalignment affected 24-h average
levels of the satiety hormone leptin sex-dependently (P < 0.0001),
with a ∼7% decrease in females (P < 0.05) and an ∼11% increase in
males (P < 0.0001). Consistently, circadian misalignment also in-
creased the hunger hormone ghrelin by ∼8% during wake periods
in females (P < 0.05) without significant effect in males. Females
reported reduced fullness, consistent with their appetite hormone
changes. However, males reported a rise in cravings for energy-
dense and savory foods not consistent with their homeostatic hor-
monal changes, suggesting involvement of hedonic appetite path-
ways in males. Moreover, there were significant sex-dependent
effects of circadian misalignment on respiratory quotient (P <
0.01), with significantly reduced values (P < 0.01) in females when
misaligned, and again no significant effects in males, without sex-
dependent effects on energy expenditure. Changes in sleep, ther-
moregulation, behavioral activity, lipids, and catecholamine levels
were also assessed. These findings demonstrate that sex modulates
the effects of circadian misalignment on energy metabolism, indi-
cating possible sex-specific mechanisms and countermeasures for
obesity in male and female shift workers.
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Approximately 20–30% of the workforce in the United States
and Europe are engaged in shift work, including permanent

night work, rotating shifts, and irregular schedules (1, 2). Shift
workers frequently undergo circadian misalignment, a state where
environmental/behavioral cycles are out of sync with the endoge-
nous circadian system (3). Circadian misalignment may predispose
individuals to weight gain by decreasing total energy expenditure
and altering dietary choices (4, 5). Indeed, shift work is a well-
recognized risk factor for excessive weight gain and obesity (6, 7).
Understanding the physiological mechanisms underlying such risk
can facilitate the development of evidence-based countermea-
sures. Importantly, many epidemiological studies also noticed sex
differences in shift work–related risk of metabolic disorders (8).
However, these studies appear contradictory, reporting shift work
as having either stronger (9–11) or weaker (12, 13) association
with obesity and/or metabolic syndrome in females as compared to
males. The inconsistency between these studies may be due to
systematic differences in the type of night work between males and
females in different studies (e.g., differing shift schedules, physical
activity, light exposure, food accessibility, eating patterns, etc).
Thus, only studies in which these variables are kept constant can

distinguish sex-specific effects of circadian misalignment on
biology—that is, independent of type of shift work and envi-
ronmental factors. To our knowledge, no such systematic studies
have been performed.
While controlled studies on the effects of circadian mis-

alignment on energy control are critically lacking, sex differences
have been well-characterized in the circadian system and energy
metabolism separately. For example, females are more likely to
be classified as morning types as compared to males (14). This is
consistent with underlying biology, in which females on average
also have a shorter intrinsic circadian period (cycle length) and
earlier timing of core body temperature and melatonin rhythms
than males (15, 16). Regarding the regulation of energy ho-
meostasis, there are also profound sex differences, including
more efficient fat storage, lower basal lipid oxidation, and more
serum leptin per kilogram of body fat in females than in males
(17). Females and males also show differences in the physiology
of homeostatic and hedonic eating (18). Given these substantial
sex differences and the deleterious metabolic consequences of
shift work, it is critical to understand the different metabolic
responses to circadian disruption in males and females. To
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address this knowledge gap, we performed a systematic assess-
ment of energy balance–related measures between males and fe-
males using a randomized, cross-over study design with 2 highly
controlled 8-d in-laboratory protocols (Fig. 1), including either cir-
cadian alignment or circadian misalignment conditions (a rapid 12-h
shift of the behavioral/environmental cycle for 3 test days).

Results
Demographics and characteristics were similar between female and
male participants, except that females had a higher body fat per-
centage, as expected (17) (Table 1; for details see SI Appendix, Table
S1 and Fig. S1). We did not detect any significant interaction effects
on the primary outcomes between “duration of exposure” (i.e.,
test day 1 vs. test day 3) and other main effects (i.e., misalignment
[circadian alignment vs. circadian misalignment], sex, misalignment ×
sex). Thus, here we report all results with test days 1 and 3 combined.

Sex Differences in Effects of Circadian Misalignment on Appetite-
Regulating Hormones. We found no significant overall effects of
circadian misalignment on 24-h leptin levels (P = 0.23). This was
attributed to the fact that females and males had opposite leptin
responses to circadian misalignment (misalignment × sex: P <
0.0001; Fig. 2A). Indeed, circadian misalignment led to a decrease
in 24-h leptin levels in females (−6.9 ± 4.6%, adjusted [adj.] P =
0.033) but an increase in males (+10.5 ± 4.2%, adj. P < 0.0001).
We also tested the effects of circadian misalignment on appetite
hormones during scheduled wake periods (WP; feeding) and sleep
periods (SP; fasting) separately. This is because moderate changes
in appetite hormones may have different influences on direct food
intake during wakefulness versus sleep, given that the latter is less
likely to result in changes in caloric intake unless the hunger drive

is so strong that it crosses the threshold to arousal from sleep.
Consistent with the 24-h leptin profiles, there were sex differences
in the effects of circadian misalignment on WP and SP leptin
profiles (P < 0.0001 and P = 0.0027, respectively), with females
having significant decreases in WP leptin levels (−6.1 ± 4.6%, adj.
P = 0.033) and males having significant increases in both WP and
SP leptin levels when misaligned (+11.1 ± 4.2%, adj. P < 0.0001,
and +8.7 ± 5.1%, adj. P = 0.034, respectively).
In addition, circadian misalignment increased the levels of the

active form of the orexigenic hormone ghrelin during the wake period
(P = 0.029). Such an increase was mostly attributed to females
(misalignment × sex: P = 0.040; Fig. 2B), who had 7.8 ± 5.2% ele-
vated WP active ghrelin levels under circadian misalignment as
compared to alignment (adj. P= 0.020), while males did not show any
changes (+0.2± 1.5%, adj. P = 0.99). There were no overall effects of
circadian misalignment or its interaction effects with sex on 24-h
active ghrelin levels (both P ≥ 0.062). Both females and males had
similar reduction in active ghrelin levels during sleep under circadian
misalignment vs. alignment (misalignment × sex: P = 0.39; fe-
males: −12.6 ± 4.3%, adj. P = 0.020, males: −17.6 ± 5.1%, adj.
P < 0.0001).

Females Were Less Full under Circadian Misalignment, While Males Had
Increased Cravings for Energy-Dense and Savory Foods. Consistent
with the changes in appetite hormones, circadian misalignment
induced different changes in self-reported fullness during wake
periods in females and males (misalignment × sex: P = 0.008; Fig.
2C), with reduced fullness in females but not in males (−5.9 ± 3.6
[visual analog scale; 0–100], adj. P = 0.044 and +1.6 ± 1.5, adj. P =
0.62, respectively). There was no sex difference in the effect of
circadian misalignment on self-reported hunger (P = 0.31; Fig.
2D). Surprisingly, under circadian misalignment, females and
males also showed significantly different changes in cravings for
starches (P = 0.011), sweets (P = 0.041), salt (P = 0.0015), fruits
(P = 0.021), and vegetables (P = 0.0043). It seemed that while in
males the homeostatic control of food intake remained un-
disturbed under circadian misalignment, their cravings for energy-
dense and savory foods were significantly increased (starches:
+7.2 ± 5.4, adj. P = 0.0052; salt: +8.8 ± 6, adj. P = 0.0008; fruits:
+5.2 ± 4.7, adj. P = 0.014; vegetables: +7.7 ± 4.6, adj. P = 0.0004;
dairy: +5.4 ± 5.2, adj. P = 0.002; Fig. 3). Such sex differences in
misalignment-induced cravings for sweets and salt remained sig-
nificant (P < 0.05), and for vegetables close to significant (P =
0.055), after removing the male individual with the largest change.

Females Had Increased Energy Expenditure and Lipid Oxidation Rate
under Circadian Misalignment, While Males Remained Unchanged.
Either decreased energy intake or increased energy expendi-
ture can result in negative energy balance and up-regulation of
homeostatic appetite control (19). Because energy intake (per 24 h)

Fig. 1. Circadian alignment protocol (Top) and circadian misalignment pro-
tocol (Bottom) as part of the randomized, cross-over design. Twenty-four-hour
metabolic profiles were assessed on days 5 and 7 in the circadian alignment
protocol and across days 5/6 and 7/8 in the circadian misalignment protocol
(red and purple dashed lines as test day 1 and test day 3, respectively). Light
levels indicated are in the horizontal angle of gaze. Green and blue bars rep-
resent test meals (green), other meals (wide blue), and snacks (narrow blue).

Table 1. Characteristics of study participants

Female Male P values

Number 6 8 NA
Age (y) 27.8 ± 10 [20–45] 27.4 ± 9.4 [21–49] 0.93
BMI (kg/m2) 26.2 ± 2.6 [22.2–28.8] 24.8 ± 2.7 [21–29.5] 0.35
Body fat (%) 39 ± 7 [28.4–47.2] 25.3 ± 4.8 [19.1–33.5] <0.001
BMI category 2 normal 5 normal 0.14

4 overweight 3 overweight
Chronotype 2 moderate morning 3 moderate morning 0.85

4 intermediate 4 intermediate
1 moderate evening

Menstrual phase 2 in follicular phase NA NA
4 in luteal phase

Data are presented as n or mean ± SD [range]. No female participants
were on oral contraceptives during the study. NA, not applicable.
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in the 2 protocols was identical within each participant and body
weight was stable throughout the study, we examined whether
there were sex differences in energy expenditure under circadian
misalignment as compared to alignment. Interestingly, females had
a 4.5 ± 1.8% increase in fasting and postprandial energy expen-
diture under circadian misalignment (adj. P = 0.037) while males
had no alterations (0.2 ± 3.6%, adj. P = 0.99), although no sig-
nificant interaction effects were detected (misalignment × sex: P =
0.43; Fig. 4A).
Moreover, there were significant interaction effects of circadian

misalignment and sex on fasting and postprandial substrate utili-
zation as estimated by respiratory quotient (RQ; misalignment ×
sex: P = 0.006) and carbohydrate and lipid oxidation rates (P =
0.045 and P = 0.0093, respectively; Fig. 4). In females, circadian
misalignment reduced RQ (−0.03 ± 0.01, adj. P < 0.0001) by de-
creasing the carbohydrate oxidation rate (−0.25 ± 0.14 mg/kg ×min,
adj. P = 0.0055) and increasing the lipid oxidation rate (+0.16 ±
0.06 mg/kg × min, adj. P < 0.0001), while these measurements

remained unchanged in males (RQ: 0.0 ± 0.02, adj. P = 0.99; car-
bohydrate oxidation rate: −0.04 ± 0.27 mg/kg × min, adj. P = 0.92;
lipid oxidation rate: 0.01 ± 0.08 mg/kg × min, adj. P = 0.99).
Because physical activity is another crucial contributor to daily

energy expenditure (20), we next tested whether physical activity, as
estimated by accelerometry, was differently influenced in females
versus in males under circadian misalignment. Circadian mis-
alignment significantly reduced 24-h activity counts (misalignment:
P < 0.0001). And this effect was similar in females and males
(misalignment × sex: P = 0.90; females: −4.7 ± 8.5%, adj. P = 0.02;
males: −10.4 ± 4.9%, adj. P < 0.0001; SI Appendix, Fig. S2).

Rapid Shift in Behavioral Cycle by 12-hr Induced Circadian Misalignment
and Decreased Total Sleep Time Similarly in Females and Males. We
found similar changes in the fitted peak time and magnitude of
24-h melatonin and cortisol profiles [determined by non-
orthogonal spectral analysis (21)] in response to the 12-h shifted
behavioral cycle between females and males (all P ≥ 0.21;

Fig. 2. Effects of circadian misalignment on leptin (A) and active ghrelin (B) levels and hunger (C) and full (D) ratings in females (Left) and males (Middle). Gray bar
represents sleep opportunity; green dotted line represents a meal. Percentage changes (A and B) or absolute changes (C and D) under circadian misalignment as
compared to circadian alignment across 24 h or during SP andWP are shown in the bar graphs (Right). As aforementioned, since there were no significant interaction
effects of duration of exposure and other main effects, values are reported as both test days combined. Each black dot represents an individual value. P values,
statistical significance for interaction effect of misalignment and sex. Adj. P values for subgroup analysis by sex, *adj. P < 0.05; ***adj. P < 0.0001.
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SI Appendix, Fig. S3 and Table S2). There were also no signif-
icant differences between females and males in the changes in
stages 1, 2, and 3, REM sleep, and total sleep time under cir-
cadian misalignment as compared to circadian alignment (all
P ≥ 0.11; SI Appendix, Table S3). Thus, the above sex differ-
ences in the effects of circadian misalignment on metabolic
measures were not likely attributed to the differences in degree of
misalignment or sleep loss.

No Sex Differences in Effects of Circadian Misalignment on Markers of
the Autonomic Nervous System. The autonomic nervous system
(ANS) plays an important role in the regulation of energy ex-
penditure (22). Catecholamines are often used as measures of
systemic sympathetic activity and are powerful stimulators of
lipid oxidation (23). To examine whether the ANS may con-
tribute to the sex differences in changes in energy metabolism
under circadian misalignment, we examined estimates of 24-h
systemic sympathetic activity from 24-h urinary norepinephrine
and epinephrine excretion. We did not find significant sex dif-
ferences in urinary catecholamines under circadian misalignment
(misalignment × sex: both P ≥ 0.56; SI Appendix, Fig. S4A).
Moreover, there were no interaction effects of circadian mis-
alignment and sex on parasympathetic markers assessed by fre-
quency and time indices of heart rate variability (all P ≥ 0.20; SI
Appendix, Fig. S5B).

No Sex Differences in Effect of Circadian Misalignment on Circulating
Free Fatty Acids or Triglyceride Levels. Since increased lipid fuel
availability can elevate lipid oxidation with a reciprocal decrease
in glucose oxidation (24), we tested whether circulating free fatty
acid (FFA) and triglyceride (TG) concentrations could explain
the sex differences in substrate utilization under circadian mis-
alignment. However, we did not detect significant interaction
effects of misalignment and sex on either 24-h or WP circulating
FFA and TG levels (all P ≥ 0.48; SI Appendix, Fig. S6).

Core Body Temperature. Because a 1 °C increase in body temper-
ature has been associated with a 10–13% increase in metabolic
rate in humans (25), we tested whether changes in core body
temperature (CBT) may help explain the increased energy ex-
penditure in females under circadian misalignment. There was a
significant sex difference in the effect of circadian misalignment
on 24-h CBT (misalignment × sex: P = 0.043; SI Appendix, Fig.
S7). However, we did not find significant changes in 24-h CBT
under circadian misalignment as compared to alignment in either
females or males (females: 0.26 ± 0.21% [equivalent to ∼0.1 °C
increase in CBT], adj. P = 0.14; males: 0.14 ± 0.09% [∼0.05 °C
increase in CBT], adj. P = 0.33).

Discussion
Here we have demonstrated sex differences in the effects of cir-
cadian misalignment on the regulation of energy homeostasis in
healthy humans. Since we strictly controlled for food intake, ac-
tivity, sleep timing, and light exposure, we could examine whether
the influence of circadian misalignment per se differs between
females and males. Here, we found that females had lower 24-h
leptin levels and higher WP active ghrelin levels under circadian
misalignment than under alignment, while males, opposite to fe-
males, had higher 24-h leptin levels when misaligned and no
changes in WP active ghrelin levels. Consistent with the change in
appetite hormones, females reported less fullness in circadian
misalignment than in alignment. Interestingly, while circadian
misalignment did not alter homeostatic hunger ratings (i.e., hun-
gry and full) in males, males reported higher cravings for energy-
dense and savory foods, indicating that males were more suscep-
tible to hedonic eating than females when misaligned. On the
other end of the energy balance equation, while physical activity
estimates were reduced in both sexes under circadian mis-
alignment, only females showed significant changes in energy ex-
penditure (EE) and substrate utilization at rest, with ∼5%
increased EE and decreased RQ (by decreased carbohydrate ox-
idation and increased lipid oxidation). Our results show that cir-
cadian misalignment alters energy balance factors in females and

Fig. 3. Effects of circadian misalignment on cravings for various foods in females (Left) and males (Middle). Green dotted line represents a meal. Changes
under circadian misalignment as compared to circadian alignment are shown in the bar graphs (Right). Values are reported as both test days combined. Each
black dot represents an individual value. P values, statistical significance for interaction effect of misalignment and sex. Adj. P values for subgroup analysis by
sex, *adj. P < 0.05; **adj. P < 0.01.
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males through different pathways. While females showed more
disturbances in the energy homeostasis process, males experienced
increases in hedonic appetite accompanied by no increases in en-
ergy expenditure and no changes in homeostasis appetite, pointing
to a direction of energy gain. These data have potential implications
for sex-specific weight gain prevention in shift work populations.

Appetites and Appetite Hormones. Findings from prior human in-
laboratory studies suggest that appetite hormones are altered
during circadian misalignment when food intake is controlled to
meet energy balance in the aligned condition (26–28). Contrary
to some of these studies (26, 28), we did not find that circadian
misalignment decreased satiety hormone leptin levels in all
participants combined, but found significant interaction effects
with sex. According to the sex difference we uncovered here, the
conflicting results from ours and prior studies could be partially
influenced by the number of females in each study, with a high
proportion of females contributing to a negative effect. Indeed,
both studies with at least half female participants found that
circadian misalignment lowered leptin (26, 28), while the study
with fewer than half females, like the current study, saw no
changes (27). The contrasting results could also be attributed to
differences in study design. Our previous study utilized a 28-h-
“day” forced desynchrony protocol under dim light conditions,
which was less similar to the conditions experienced by real-life
shift workers. Moreover, the 28-h day included an extra ∼4 h in

addition to the ∼24-h circadian cycle. In the circadian-aligned
day, the extra 4-h window was close to the peak of the endoge-
nous circadian rhythm of leptin (circadian phase 0°–60°), while it
was close to the trough (circadian phase 180°–240°) in the
circadian-misaligned day (29). With a 16% peak-to-trough am-
plitude of mean leptin levels (29), such difference could have
contributed to the observed lower leptin levels in the misaligned
day than in the aligned day. As for the McHill et al. (26) study,
the transient reduction in 24-h leptin levels on the first simulated
night shift could have been partly due to the acute response to
short-term negative energy balance (30, 31), which was brought
about by the increased total daily EE (∼350 kJ more) and ex-
tended fasting duration (∼14.5 h for the first night shift vs. ∼11 h
at baseline) during the preceding transition day. In the current
study, we minimized some of the above limitations by measuring
24-h profiles of leptin (a full circadian cycle) and applying the
same fasting durations in both alignment and misalignment
protocols. In the aforementioned study, McHill et al. (26) also
reported no changes in 24-h total ghrelin levels at 2 d of simu-
lated night shift conditions (26), which is consistent with our
finding of 24-h active ghrelin levels—the primary form for
ghrelin’s appetite-stimulating action (32). We further found that
circulating active ghrelin changed differently under circadian
misalignment during wake (increase) versus sleep (decrease)
periods. This can be attributed to the endogenous circadian
rhythm of active ghrelin, for which the nadir (in the biological

Fig. 4. Effects of circadian misalignment on energy expenditure (A), respiratory quotient (B), glucose oxidation rate (C), and lipid oxidation rate (D) in females
(Left) and males (Middle). Green bar represents a meal. Percentage changes (A and B) or absolute changes (C and D) under circadian misalignment as compared to
circadian alignment are shown in the bar graphs (Right). Values are reported as both test days combined. Each black dot represents an individual value. P values,
statistical significance for interaction effect of misalignment and sex. Adj. P values for subgroup analysis by sex, *adj. P < 0.05; **adj. P < 0.01, ***adj. P < 0.0001.
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day) coincides with the sleep episodes of the circadian mis-
alignment protocol and the peak (in the biological evening/night)
coincides with the wake periods during circadian misalignment
(33, 34). Moreover, we found that the change in active ghrelin
during misaligned wake periods was modulated by sex, with fe-
males as the major contributors to the overall increase. Females
also consistently reported reduced fullness. Considering that
ghrelin infusion can acutely increase food intake (35), the elevated
levels while awake may stimulate caloric intake. Future studies are
needed to examine whether the decreased self-reported fullness in
females leads to overeating when misaligned. Surprisingly, despite
elevated leptin levels and unchanged hunger/fullness ratings,
males reported greater cravings for energy-dense and savory foods
when misaligned. This suggests that hedonic or reward-based ap-
petite regulation can override the homeostatic pathway in males
during circadian misalignment.

Energy Expenditure and Substrate Utilization. Previous studies ex-
ploring effects of circadian misalignment on EE in humans have
reported mixed results (26, 27, 36–38). The inconsistency may be
attributed to variations in participants’ prior energy balance status
(positive, negative, or neutral), degree of sleep debt, physiologi-
cal state (e.g., resting vs. postabsorptive, 24 h vs. sleep or wake pe-
riod), or the endogenous circadian phase at the time of assessment
(resting and postprandial EE have circadian variations [37, 39]).
Here we measured resting and postprandial EE, and ensured that
the indirect calorimetry sessions between alignment and mis-
alignment protocols had comparable fasting durations, circadian
phases, and energy balance status. As we have previously pub-
lished, we found no significant effects of circadian misalignment
on resting and postprandial EE (39). This result is in line with 2
previous reports of no changes in resting EE after either 3 d or 3 wk
of circadian misalignment induced by forced desynchrony proto-
cols (27, 37). Surprisingly, when examining females and males
separately, we found that females had a significant increase in
EE (resting and postprandial combined) under circadian mis-
alignment. In addition, sex differences were observed for substrate
utilization in responses to circadian misalignment. Such sex dif-
ferences could not be explained by variations in sleep efficiency or
degree of circadian misalignment (40, 41), since females and males
had similar sleep loss and change in timing or amplitude of cir-
cadian markers when misaligned. We also did not detect any sex-
specific changes in autonomic markers and circulating FFA and
TG, which suggested that pathways other than sympathetic acti-
vation or substrate availability may contribute to the increased EE
and lipid oxidation in females. Interestingly, there was a significant
interaction effect of sex and circadian misalignment on 24-h CBT,
although we may have lacked the power to detect significant
changes in females and males, separately, in responses to mis-
alignment. Since body temperature has been positively associated
with metabolic rate (42, 43), future studies are required to in-
vestigate whether sex differences in thermoregulation play a role
in sex-specific changes in energy metabolism. We permitted par-
ticipants to have some low-intensity free movement, which allowed
us to observe the reduction in spontaneous physical activity in both
females and males under circadian misalignment. This reduction
may have contributed to a positive energy balance in males, as
their energy intake and EE at rest remained unchanged and thus
may have resulted in the aforementioned higher leptin levels un-
der circadian misalignment. As for females, since we did not have
24-h EE measurement, it was not clear whether the reduced
physical activity EE was offset by the increased EE at rest. Thus,
further investigation is needed to see whether the decreased leptin
levels in females are caused by potential transient negative energy
balance under circadian misalignment. If not, this suggests that
circadian misalignment may predispose females to weight gain by
lowering their satiety signaling (leptin).

Strength and Limitations. The strengths of this study include within-
participant comparison of circadian alignment and circadian
misalignment, comprehensive assessments of measures related to
energy balance, and highly controlled in-laboratory protocols that
were able to determine the impact of circadian misalignment and
its interaction effect with sex independent of any behavioral and
environmental factors. The limitations of the study include rela-
tively small sample size, no measurements of sex hormones, and
no power to test the effect of different menstrual phases. None-
theless, this sample size is in keeping with similar prolonged,
highly controlled within-participant studies.

Materials and Methods
Participants. Fourteen healthy, drug- and medication-free young adults (mean
age ± SD, 28 ± 9 y; body mass index [BMI], 25.4 ± 2.6 kg/m2, 6 females; see
details in Table 1) completed the study in the Intensive Physiological Moni-
toring (IPM) Unit of the Brigham and Women’s Hospital Center for Clinical
Investigation research facilities. No females were on oral contraceptives during
the study (3 had never been on oral contraceptives, 2 had stopped >3 y before
the study, and 1 had stopped 2 mo before the first in-laboratory visit). Health
status was determined by extensive medical history and physical, psychologi-
cal, and laboratory examination. For details on exclusion criteria, see previous
publications (44–46). All participants provided written informed consent prior
to enrollment, and ethical approval for all study procedures was granted by
the Partners Healthcare Institutional Review Board.

Preinpatient Study Conditions. To ensure a stable circadian rhythmicity, par-
ticipants maintained a regular sleep–wake cycle of 8-h sleep per night for
more than 11 d immediately before admission to the laboratory (verified by
sleep/wake diaries, call-ins to a time-stamped voice recorder, and wrist
actigraphy). Participants refrained from exercise and were provided with a
standardized diet 3 d before each in-laboratory visit to ensure energy
balance upon admission.

Study Design. The study design is graphically depicted in Fig. 1. Each par-
ticipant underwent one circadian alignment and one circadian misalignment
protocol in a randomized, cross-over fashion, with a washout of 3–8 wk in
between (detailed in SI Appendix). Females were admitted to the laboratory
either on days 3–5 (n = 2, follicular phase) or on days 12–18 (n = 4, luteal
phase) of their menstrual cycle. For their second visit, females were admitted
at the menstrual phase similar to that of their first visit (mean ± SD for the
difference between visits, −1.3 ± 1.2 menstrual cycle days). For both proto-
cols, participants arrived at the IPM Unit at ∼10:30 AM and were admitted to
a private, sound-attenuated, temperature-controlled suite. In the circadian
alignment protocol, the sleep opportunity occurred between 11 PM and 7
AM for all 8 d. Days 1–3 of the circadian misalignment protocol had the same
schedule as those of the circadian alignment protocol. Then on day 4 of the
circadian misalignment protocol, a 12-h shifted behavioral cycle was
achieved by including an 8-h wake episode and a 4-h sleep opportunity, thus
maintaining the same scheduled sleep-to-wake ratio (1:2). Metabolic as-
sessments were performed on days 5 and 7 in the circadian alignment pro-
tocol and across days 5/6 and 7/8 in the circadian misalignment protocol (1st
and 3rd test days, respectively). 24-h blood samples (n = 14) were collected
hourly starting shortly after bedtime (SI Appendix provides assay details).

Diet. Participants consumed an isocaloric diet per 24 h after day 1 in each
laboratory protocol, calculated according to the Harris-Benedict equation
(activity factor of 1.4; 45–50% carbohydrate, 30–35% fat, 15–20% protein,
and at least 2.5 L of water per 24 h). Participants were required to consume
all their food. The diet was identical within each participant between the 2
in-laboratory visits (detailed in SI Appendix).

Hunger and Appetite Ratings. Every hour during wake periods, participants
used computerized visual analog scales (VASs; 0 as “not at all” and 100 as “very
much”/“extremely”) to rate hunger, appetite, and food preferences (n = 14).

Indirect Calorimetry. Indirect calorimetry measurements (n = 11; 5 females)
for test meal sessions were obtained with a calibrated, open-circuit, venti-
lated hood system (Vmax Encore 29N; VIASYS Healthcare; detailed in SI Ap-
pendix). Technical difficulties precluded indirect calorimetry measurements
in 3 of the 14 participants.
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Statistical Analysis. Participants’ characteristics (Table 1) and changes in mel-
atonin and cortisol profiles were compared between groups with χ2 and
t tests. The outcomes, including leptin, active ghrelin, and energy expenditure,
were expressed as percentages of each participant’s average levels under
control conditions (circadian alignment protocol) to focus on the percentage
changes in response to circadian misalignment. Other outcomes, including
hunger and appetite ratings, RQ, and carbohydrate/lipid oxidation rate, were
expressed as raw values to focus on the absolute change in response to cir-
cadian misalignment. Linear mixed-effects model analyses were used with the
participant as a random factor and 4 main fixed factors: 1) alignment condi-
tion (circadian alignment vs. circadian misalignment); 2) sex (female vs. male);
3) test day (test day 1 vs. test day 3); and 4) time (time since start of test meal
for indirect calorimetry measurements; time since scheduled wake for all
others). Mixed-model analyses included the interaction sex vs. alignment
condition. Other 2/3-way interactions and “sequence” (the order of circadian
alignment/misalignment conditions) were included if significant. Sequence did
not alter any of the main fixed effects and their interactions. BMI was also
tested as covariate, but was excluded from the final model since it was not
statistically significant. To account for the autocorrelation of time-course
measurements, we assumed a first-order autoregressive covariance structure.
Two-sided P values of 0.05 were considered for statistical significance. Sub-
group analyses were performed by females and males separately using a
mixed-effect model to test the effects of alignment condition in each group.
To reduce type I error for multiple comparisons, Bonferroni correction was applied

for subgroup analyses. Analyses were performed with SAS software, version
9.4 (SAS Institute). Unless specified, data are presented as mean ± SEM.

Additional details of the study protocol, including polysomnography,
physical activity measures, assays, etc., are provided in SI Appendix,Materials
and Methods.

Data Availability. The data that support the findings of this study are available
upon request from the corresponding author. The data are not publicly
available due to privacy or ethical restrictions.
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