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Background: Circadian misalignment between behaviors such as feeding and
endogenous circadian rhythms, particularly in the context of shiftwork, is associated
with poorer cardiometabolic health. We examined whether insulin and leptin levels differ
between dayshift versus nightshift nurses, as well as explored whether the timing of food
intake modulates these effects in nightshift workers.

Methods: Female nurses (N=18; 8 dayshift and 10 nightshift) completed daily diet
records for 8 consecutive days. The nurses then completed a 24-h inpatient stay,
during which blood specimens were collected every 3 h (beginning at 09:00) and meals
were consumed at regular 3-h intervals (09:00, 12:00, 15:00, and 18:00). Specimens
were analyzed for insulin and leptin levels, and generalized additive models were used to
examine differences in mean insulin and leptin levels.

Results:Mean insulin and leptin levels were higher in nightshift nurses by 11.6 ± 3.8 mU/L
(p=0.003) and 7.4 ± 3.4 ng/ml (p=0.03), respectively, compared to dayshift nurses. In an
exploratory subgroup analysis of nightshift nurses, predominately eating at night (21:00 –

06:00) was associated with significantly higher insulin and leptin levels than consuming
most calories during the daytime (06:00 – 21:00).

Conclusions: In our study of hospital nurses, working the nightshift was associated with
higher insulin and leptin levels, and these effects were driven by eating predominately at
night. We conclude that although nightshift work may raise insulin and leptin levels, eating
during the daytime may attenuate some of the negative effects of nightshift work on
metabolic health.
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INTRODUCTION

Metabolism is modulated by the endogenous circadian system
and exogenous environmental and behavioral factors (1). Several
metabolic processes—including insulin sensitivity, insulin
secretion, postprandial insulin levels, and leptin—exhibit
rhythms across the 24-h day (2, 3). Some of these rhythms,
such as in insulin secretion and sensitivity, are driven by the
circadian system, whereas other metabolic rhythms such as
leptin appear to be driven by external factors, including the
timing of food intake (1, 2, 4, 5). In particular, insulin and leptin
are key metabolic hormones that play an important role in
glucose homeostasis and body weight through regulation of
glucose metabolism, energy expenditure, and food intake (6).
As such, there is interplay between the circadian system,
behavioral factors (e.g., meal timing), and metabolic health.

Conversely, disruption of these circadian rhythms has been
implicated in the development of cardiovascular and metabolic
diseases (7–10). In studies that simulate shiftwork over short
periods of time, light exposure in the evening/nighttime or
during daytime sleep increases insulin levels (11–14). Similarly,
acute circadian misalignment induced via a 28-h day Forced
Desynchrony Protocol disrupts glucose, insulin, and leptin
rhythms, resulting in higher glucose and insulin levels and
lower leptin levels (5, 15). Interestingly, some of these effects
may be mediated by changes in the timing of food intake, which
has also been shown to affect key metabolic rhythms, with
delayed meal timing altering the temporal patterns in leptin
levels (11, 12). These effects have been partially supported by
studies of occupational shift workers. Working the nightshift has
been associated with increased leptin levels, a higher prevalence
of metabolic syndrome, impaired glucose tolerance, and insulin
resistance (16–21). Numerous studies have reported associations
between shiftwork and a higher prevalence of cardiovascular and
metabolic disease (22).

Therefore, it is thought that circadian misalignment disrupts
key metabolic rhythms, which in turn increases the risk of
cardiometabolic disease among nightshift workers. However, it
is possible that acute studies of circadian misalignment may not
adequately represent the effects of long-term circadian
misalignment stemming from working the nightshift. Only a
handful of studies have examined metabolic hormones such as
insulin and leptin in chronic shift workers, and of these, all but
one study measured insulin and/or leptin at only one or two time
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points over a 24-h period (16–18, 20, 21) and one study
conducted repeated measurements of glucose and insulin over
a 24-h period (19). To our knowledge, there are no studies that
have examined both insulin and leptin hourly over a 24-h period
among day versus night shift workers.

Therefore, we investigated whether the 24-h rhythms in
insulin and leptin levels differ between chronic dayshift and
nightshift workers. To do so, we conducted a secondary data
analysis, leveraging data from an existing study that investigated
whether cardiometabolic risk factors, central clock hormonal
rhythms, and peripheral clock transcriptional rhythms varied in
dayshift versus nightshift nurses (23, 24). We hypothesized that
nightshift nurses would exhibit higher mean insulin levels but
lower mean leptin levels compared to dayshift nurses.
Additionally, we conducted a post hoc exploratory analysis in
the subgroup of nightshift nurses to examine whether the timing
of food intake modulates these effects.
MATERIALS AND METHODS

Participants
A convenience sample of female dayshift (07:00 – 19:00; n = 8)
and nightshift (19:00 – 07:00; n = 10) nurses aged 25-61 years
were recruited via flyers posted at the University of Alabama at
Birmingham (UAB) Hospital. Full details on the participants and
study protocol are reported elsewhere (23, 24). Briefly, nurses
were eligible if they 1) were employed full time (>26 hours per
week; 2) worked three consecutive 12-h shifts followed by three
or four consecutive days off for at least three weeks prior to study
enrollment (see Figure 1 for shift schedule); and 3) had at least
one year of work experience on their current shift (i.e., dayshift
or nightshift). Nurses were excluded from the current study if
they 1) had a psychiatric disorder as assessed by the Mini-
International Neuropsychiatric Interview (MINI); 2) worked
multiple jobs; 3) reported current cigarette smoking, excessive
alcohol use (more than 15 units per week), or illegal drug use;
4) reported using potentially sedating medications in the 30 days
prior to enrollment; or 5) reported using medications to treat
hypertension, diabetes, obesity, or hyperlipidemia. The study was
approved July 2014 by the UAB Institutional Review Board
(F120305016), and all participants provided written informed
consent prior to study participation. Nurses were compensated
$150 for the inpatient study.
FIGURE 1 | Nine-Day Testing Protocol. Nurses were scheduled to work three consecutive 12-h shifts (greyed out). Nurses tracked their food intake during their
work period starting at the beginning of their first work shift through the end of their last work shift. Nurses were admitted for a 24-h hospital stay beginning on the
morning of day 9.
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Diurnal Pattern of Food Intake
At baseline, participants self-reported their daily food intake
(type, quantity, and timing for each eating event) using a custom-
designed form for 8 consecutive days starting at the beginning of
their shift (i.e., for nightshift nurses, between 19:00 on the first
workday and 07:00 on the final workday). Energy intake for each
food or beverage item was calculated using Nutrition Data
System for Research (NDSR), a computer-based software
application developed at the University of Minnesota Nutrition
Coordinating Center (NCC) (25, 26). To analyze the distribution
of energy intake across the day, energy intake was binned into
3-h intervals coinciding with the timing of blood draws, as
described below. Nightshift nurses were considered to eat
predominantly during the nighttime if >50% of their food
intake occurred between 21:00-06:00 (n = 5) and to eat
predominantly during the daytime if >50% of their food intake
occurred between 06:00 – 21:00 (n = 4). One nurse was excluded
for having a pattern that did not fit into either category.

Inpatient Testing Protocol
On day 9 of the study, participants were admitted to the UAB
Hospital Clinical Research Unit (CRU). Participants then
completed a 24-h inpatient stay. During the inpatient stay,
participants were served three meals and one snack composed
of 25% fat, 50% carbohydrate, and 25% protein [as in Scheer
et al. (5)] at 09:00 (breakfast), 12:00 (lunch), 15:00 (snack), and
18:00 (dinner). Participants remained recumbent in a hospital
bed with limited motion for the duration of the inpatient
testing. To minimize the influence of the light-dark (LD)
cycle, room lighting was kept at <5 lux, hallway light was
blocked via an interior room curtain, and participants utilized a
combination of blue-light blocking glasses and screen covers on
electronic devices.

Measurement of Insulin and Leptin
Patients were asked to refrain from eating after 21:00 the night
prior to inpatient stay. Blood specimens were collected every 3 h
beginning at 09:00, for a total of 8 time points. Blood
components were immediately separated from anti-coagulated
whole blood (5 ml) with density gradient centrifugation (A7054
Histopaque-1077; Sigma-Aldrich, St. Louis, MO). Isolated
plasma was immediately flash-frozen in liquid nitrogen and
stored at −80°C until assayed. Plasma leptin and insulin were
assayed using Milliplex HADK2MAG-61K (Sigma-Aldrich, St.
Louis, MO), which has intra-assay CVs of 3-5% and 11-
13%, respectively.

Statistical Analysis
All analyses were conducted using two-sided tests with a = 0.05
in the software program R (version 4.1.0, R Core Team, 2021).
Insulin and leptin values were modeled using generalized
additive models. For each model, we treated shift timing
(dayshift vs. nightshift) as a fixed effect (representing the mean
24-h effect), modeled the main effect of time of day using a
penalized spine, included an interaction term between time of
day (as a categorical variable) and shift timing, and treated
Frontiers in Endocrinology | www.frontiersin.org 3
participant number as a random effect. We also conducted a
post hoc exploratory analysis among the subgroup of nightshift
nurses to test whether eating predominantly during the daytime
versus nighttime affects insulin or leptin levels, using similar
generalized additive models. Values are reported as mean ± SEM,
unless otherwise stated.
RESULTS

Participants
Nurses were predominately White (87.5% of dayshift nurses and
80.0% of nightshift nurses, respectively) and all were female.
Comparison of demographic and metabolic parameters by shift
type are presented inTable 1 [note that data from all dayshift and 9
out of 10nightshiftnurseswerepreviouslypublished (23)].Dayshift
andnightshift nursesdidnot significantlydiffer inage,BMI, average
24-hr energy intake, ormostmetabolic parameters assessed (fasting
glucose, fasting triglycerides, total cholesterol, and LDL
cholesterol). However, nightshift nurses exhibited significantly
higher HDL cholesterol compared to dayshift nurses.

The majority (90%, n = 9) of nightshift nurses slept primarily
during the night while off-work, specifically utilizing a sleep
strategy type defined in Gamble et al. (27) and Petrov et al. (28)
as a Switch Sleeper, which is characterized by switching between
nighttime sleeping and daytime sleeping by increasing sleep
duration on the first day of nightshift work or the first day off.
One nurse exhibited a pattern of frequent daytime napping,
which Gamble et al. (27) refer to as a Nap Proxy sleep strategy
(≥1 h napping for at least 4 off-work days when they would
normally be asleep when working night-shift). Additionally,
during the baseline study period, three of the night-shift nurses
were called off their third shift and, therefore, worked only two
shifts. Importantly, there were no differences between dayshift
and nightshift nurses in sleep duration, sleep efficiency, wake
after sleep onset, or the fragmentation index on days off, as
measured by actigraphy (24).

Insulin
Figure 2A displays the raw means ± SEMs for insulin as a
function of clock time among dayshift versus nightshift nurses.
Time of day had a similar effect on insulin levels within each
group, permitting the use of a single spline to model the effects of
TABLE 1 | Metabolic Characteristics of Dayshift Versus Nightshift Nurses.
Mean ± SD.

Dayshift (N = 8) Nightshift (N = 10) p

Age (years) 35 (9) 30 (1) 0.31
BMI (kg/m2) 28.5 (8.4) 27.2 (5.6) 0.70
Fasting glucose (mg/dl) 88 (8) 89 (10) 0.87
Fasting triglycerides (mg/dl) 99 (51) 72 (58) 0.31
Total cholesterol (mg/dl) 171 (42) 170 (34) 0.98
HDL cholesterol (mg/dl) 45 (10) 58 (13) 0.04
LDL cholesterol (mg/dl) 109 (35) 96 (37) 0.43
Total energy intake (kcal/day) 1715 (419) 1707 (409) 0.97
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time. Using generalized additive modeling, mean values of
insulin across the 24-h cycle were 18.9 ± 2.8 mU/L and 30.5 ±
2.5 mU/l among dayshift and nightshift nurses, respectively
(Figure 2B). Thus, working the nightshift was associated with
a 11.6 ± 3.8 mU/l increase in mean insulin levels relative to
working the dayshift (p = 0.003). Individual insulin values were
higher in nightshift nurses at every time point tested (p ≤ 0.02).

Leptin
Figure 3A displays the raw means ± SEM for leptin across the
24-h cycle among dayshift versus nightshift nurses. Time of day
had a similar effect on leptin levels within each group. Mean
leptin levels were 29.1 ± 2.5 ng/ml and 36.5 ± 2.3 ng/ml among
dayshift and nightshift nurses, respectively (Figure 3B). Thus,
working the nightshift was associated with a 7.4 ± 3.4 ng/ml
increase in leptin, relative to working the dayshift (p = 0.03).
Individual leptin values were higher in nightshift nurses in the
morning and at nighttime, whereas they fell short of statistical
significance at other times of day.
Frontiers in Endocrinology | www.frontiersin.org 4
Timing of Food Intake Among
Nightshift Nurses
We also conducted a post hoc analysis among nightshift nurses to
test whether predominantly eating during the daytime (n = 4)
versus nighttime (n = 5) while actively working the nightshift
affects insulin or leptin levels (Figure 4). Using generalized
additive modeling, eating predominantly at night (21:00 –
06:00) was associated with more than two-fold higher insulin
levels relative to eating predominantly during the daytime
(44.7 ± 4.3 vs. 15.0 ± 4.3 mU/L; D=29.7 ± 5.7 mU/L; p <
0.0001. Individual insulin values were higher at 12:00, 18:00,
and 21:00 h in nurses who ate predominantly at nighttime.
Similarly for leptin, eating predominantly at nighttime was
associated with a nearly two-fold increase in leptin levels
(47.1 ± 2.0 vs. 24.1 ± 2.3 ng/ml; D = 23.1 ± 3.1 ng/ml; p <
0.0001) relative to eating predominantly during the daytime.
Individual leptin values were higher in nurses who ate at
nighttime for all time points tested (p ≤ 0.04). Interestingly,
there were no differences in mean insulin (D = -3.8 ± 3.3 mU/L;
A B

FIGURE 3 | Leptin Levels in Dayshift (n = 8) Versus Nightshift Nurses (n = 10). (A) Raw values ± SEMs for leptin as a function of clock time and shift type. (B) Mean
24-h values ± SEM for leptin by shift type, as derived from generalized additive models. Meals were served at 09:00 (B, breakfast), 12:00 (L, lunch), 15:00 (S, snack),
and 18:00 (D, dinner) and are designated with a grey box. *p < 0.05.
A B

FIGURE 2 | Insulin Levels in Dayshift (n = 8) Versus Nightshift Nurses (n = 10). (A) Raw values ± SEMs for insulin as a function of clock time and shift type. (B) Mean
24-h values ± SEM for insulin by shift type, as derived from generalized additive models. Meals were served at 09:00 (B, breakfast), 12:00 (L, lunch), 15:00
(S, snack), and 18:00 (D, dinner) and are designated with a grey box. *p < 0.05.
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p = 0.25) or leptin (D = -6.0 ± 4.4 ng/mL; p = 0.18) levels between
dayshift nurses and nightshift nurses who ate predominantly
during the daytime.
DISCUSSION

While several studies have examined the impact of circadian
misalignment on metabolic hormones using simulated models
of shiftwork, few studies have characterized these associations
in chronic shift workers. One study examined glucose and
insulin levels over a 24-h period among chronic shift workers
but did not examine leptin (19). Therefore, we examined 24-h
rhythms in insulin and leptin among dayshift and nightshift
hospital nurses to determine how nightshift work may affect the
rhythms of these key hormones. Compared with dayshift
nurses, nightshift nurses exhibited significantly higher insulin
and leptin levels across the 24-h day. The magnitude of these
differences were moderate and clinically meaningful, as
working the nightshift was associated with 11.6 ± 3.8 mU/L
and 7.4 ± 3.4 ng/ml higher insulin and leptin levels,
respectively. We found that working the nightshift appeared
to influence only the mean values and did not induce any
Frontiers in Endocrinology | www.frontiersin.org 5
changes in the temporal patterns of circulating insulin
and leptin.

Our results for insulin are corroborated by studies employing
simulated shift work or circadian misalignment protocols, which
have reported that circadian misalignment increases insulin
levels (5, 13, 14, 29). For example, Scheer et al. (5) showed that
a 12-h phase delay in sleep, activity, and food intake increased
24-h mean insulin levels by 22% compared to no phase delay.
Additionally, a large population-based study of 1,351 workers
found that rotating shift workers exhibited higher fasting insulin
values compared to their dayshift counterparts, which
contributed to a 1.5-fold greater risk of metabolic syndrome
when combined with other observed risk factors (30). Our study
corroborates these findings but adds that chronically performing
nightshift work raises insulin levels, even on non-workdays. Our
finding of higher insulin levels likely reflects an underlying
increase in insulin resistance, as both acute circadian
misalignment and chronic nightshift work induce insulin
resistance (13, 14, 19–21, 31–35). Mechanistically, since
circadian misalignment alters the melatonin rhythm, which in
turn affects beta-cell function and insulin resistance, it is possible
that nightshift work and/or nighttime eating may mediate effects
on insulin levels via melatonin. However, in our small study, we
A B

DC

FIGURE 4 | Insulin and Leptin Levels in Predominant Daytime Eating (n = 4) Versus Predominant Nighttime Eating (n = 5) Nightshift Nurses. Nighttime eating in
nightshift nurses was associated with higher insulin and leptin levels. (A, C) Raw values ± SEMs for insulin and leptin as a function of clock time and shift type. (B, D)
Mean 24-h values ± SEM for insulin and leptin by shift type, as derived from generalized additive models. Meals were served at 09:00 (B, breakfast), 12:00 (L, lunch),
15:00 (S, snack), and 18:00 (D, dinner) and are designated with a grey box. *p < 0.05.
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found no correlations between the amplitude or phase of
melatonin and mean 24-hour insulin or leptin values (data not
shown). Further research is therefore needed on the role of
central and peripheral clocks in potentially contributing to the
elevation in insulin levels we observed in nightshift nurses.

However, our finding of higher leptin levels is largely contrary
to prior literature. The few studies that have previously examined
the acute effects of circadian misalignment and/or simulated shift
work have reported decreases in 24-h mean leptin levels (5, 15,
36). This discrepancy may be due to differences between short-
term versus long-term responses to circadian misalignment,
given that the aforementioned studies used experimental
protocols lasting 6 to 25 days, whereas the shift workers in our
study had been working night shifts for at least one year.
Consistent with our findings, one small preliminary study
conducted among workers of different shift types also reported
higher mean leptin levels among early morning and nightshift
workers compared to dayshift workers; however, the difference
between nightshift versus dayshift workers in the prior study was
only statistically significant at one time point (12:00) (37). We
found a statistically significant elevation in leptin levels at noon
among nightshift workers who ate at nighttime, but not in the
full sample of nightshift nurses. Since previous studies used
different testing protocols, it is unclear whether the differences
we observed were due to the study protocol or due to other
factors. Nonetheless, leptin levels were higher when aggregated
across the day in nightshift nurses. Since leptin regulates satiety
and food intake and working the nightshift is associated with
obesity, one possible explanation for our findings is that the
higher levels of leptin reflect an underlying state of leptin
resistance. We speculate that chronic circadian misalignment
may induce leptin resistance—a state characterized by reduced
satiety, over-consumption of nutrients, and increased total body
mass—and, in turn, adipose tissue attempts to compensate by
producing higher levels of circulating leptin. This hypothesis
may provide a mechanistic link through which circadian
misalignment promotes weight gain and obesity. However,
dayshift and nightshift nurses in our sample of young adults
did not differ in terms of BMI. Regardless of the underlying
mechanisms, our finding of higher leptin levels among chronic
nightshift workers merits further research.

In an exploratory analysis of nightshift nurses, we also
found that nurses who consumed most of their calories during
the nighttime on workdays exhibited significantly higher 24-h
insulin and leptin levels compared to nurses who predominantly
ate during the daytime on workdays. The effects were so large
that eating predominantly during the nighttime was associated
with roughly two-fold (or higher) levels of insulin and leptin.
Interestingly, there was no difference between mean insulin and
leptin levels between dayshift nurses and nightshift nurses who
ate predominantly during the daytime on workdays, suggesting
that eating predominantly at night was driving the increases in
insulin and leptin, not the nightshift work itself. These finding
are consistent with another recent study using an acute circadian
misalignment protocol, which found that eating during the
daytime during simulated nightshift work may prevent internal
Frontiers in Endocrinology | www.frontiersin.org 6
circadian misalignment and glucose intolerance (38). Our
findings are also consistent with both laboratory and field
studies establishing a connection between nighttime food
intake and metabolic outcomes (38–40). However, since our
sample size was small, our findings should be viewed with
caution and interpreted as hypothesis-generating, until it is
replicated. Of note, while a sub-sample of nightshift nurses ate
predominately at night when working, all nightshift nurses ate
predominately during the day when not working (23). Future
research is needed to determine the metabolic consequences of
intraindividual variability in meal timing resulting from
shiftwork (i.e., switching timing of food intake during work
versus off-work days).

Our study has both strengths and limitations. Our study is the
first to examine the associations of chronic nightshift work with
alterations in 24-h rhythms in insulin and leptin in an
occupational shiftwork population. We also collected detailed
information on the time of day of food intake across several
consecutive days, which enabled us to examine the interaction
between working the nightshift and meal timing. However, our
results should be interpreted in the context of several limitations.
The primary limitation of this study is its small sample size and
our recruitment of a convenience sample from only a single
hospital system, which may introduce sampling bias. For
instance, it is possible that the patterns of predominant
nighttime eating observed among nightshift workers in our
study may not be representative of the broader population of
nightshift nurses or other occupational shiftwork groups. We
only analyzed data on the pattern of food intake on workdays.
Therefore, further examination of differences in the timing of
food intake on workdays versus non-workdays will be an
important goal for future studies. Other limitations include the
self-reported nature of the nurses’ dietary food intake, as well as
the cross-sectional observational design, which necessarily
precludes determination of causality and/or directionality of
the examined relationships. Lastly, our sample consisted
primarily of younger white females, and the effects may be
moderated by age (including menopause status), sex, and/or
race/ethnicity.

This study provides novel findings in an occupational
population suggesting that nightshift work and/or eating
predominantly at night may be risk factors for elevated insulin
and leptin levels. These alterations in metabolic rhythms may
also explain how nightshift work leads to insulin resistance and
obesity. Conversely, although nightshift work may raise insulin
and leptin levels, eating during the daytime on workdays may
attenuate some of the negative effects of nightshift work on
metabolic pathways. More rigorous studies are needed among a
larger, more diverse sample to clarify the complex relationships
present among chronic shift work, meal timing on workdays
compared with non-workdays, and metabolic health.
Nevertheless, this study serves as a foundation for future
research and motivates future efforts toward establishing
empirically-based, circadian-informed dietary guidelines for
shift workers to curb the excess burden of cardiometabolic
disease among this population.
May 2022 | Volume 13 | Article 876752

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Molzof et al. Insulin and Leptin in Shiftwork
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by University of Alabama at Birmingham Institutional
Review Board. The patients/participants provided their written
informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

KG recruited participants, designed the study, contributed to data
collection, processed data, obtained funding, and reviewed/edited
the manuscript. HM analyzed food logs, processed data, and
contributed to data collection. RJ contributed to data collection,
analyzed samples and processed data. CP performed statistical
analyses, drafted sections of the manuscript, and reviewed
Frontiers in Endocrinology | www.frontiersin.org 7
literature. GG processed data and reviewed/edited the manuscript.
HM and ST processed data, assisted with statistical analyses,
researched literature, and wrote the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

This research was supported by the UAB Center for Clinical and
Translational Science (CCTS) Grant Number ULITR000165, the
UAB Department of Vision Sciences, the UAB Comprehensive
Diabetes Center, the UAB Department of Psychiatry Office of
Clinical Research, and American Heart Association Grant
Number 19CDA34660139 (ST).
ACKNOWLEDGMENTS

The authors would like to thank the following individuals for
making this study possible: the participants who gave their time,
Betty Darnell and the UAB Center for Clinical and Translational
Science Bionutrition Core, Sherer Thomson, and Brittny White.
REFERENCES
1. Poggiogalle E, Jamshed H, Peterson CM. Circadian Regulation of Glucose,

Lipid, and Energy Metabolism in Humans. Metabolism (2018) 84:11–27. doi:
10.1016/j.metabol.2017.11.017

2. Shea SA, Hilton MF, Orlova C, Ayers RT, Mantzoros CS. Independent
Circadian and Sleep/Wake Regulation of Adipokines and Glucose in
Humans. J Clin Endocrinol Metab (2005) 90(5):2537–44. doi: 10.1210/
jc.2004-2232

3. Van Cauter E, Blackman JD, Roland D, Spire JP, Refetoff S, Polonsky KS.
Modulation of Glucose Regulation and Insulin Secretion by Circadian
Rhythmicity and Sleep. J Clin Invest (1991) 88(3):934–42. doi: 10.1172/
JCI115396

4. Schoeller DA, Cella LK, Sinha MK, Caro JF. Entrainment of the Diurnal
Rhythm of Plasma Leptin to Meal Timing. J Clin Invest (1997) 100(7):1882–7.
doi: 10.1172/JCI119717

5. Scheer FA, Hilton MF, Mantzoros CS, Shea SA. Adverse Metabolic and
Cardiovascular Consequences of Circadian Misalignment. Proc Natl Acad Sci
USA (2009) 106(11):4453–8. doi: 10.1073/pnas.0808180106

6. Davis JF, Choi DL, Benoit SC. Insulin, Leptin and Reward. Trends Endocrinol
Metab (2010) 21(2):68–74. doi: 10.1016/j.tem.2009.08.004

7. Boivin DB, Tremblay GM, James FO. Working on Atypical Schedules. Sleep
Med (2007) 8(6):578–89. doi: 10.1016/j.sleep.2007.03.015

8. Chen JD, Lin YC, Hsiao ST. Obesity and High Blood Pressure of 12-Hour
Night Shift Female Clean-Room Workers. Chronobiol Int (2010) 27(2):334–
44. doi: 10.3109/07420520903502242

9. Knutsson A, Akerstedt T, Jonsson BG, Orth-Gomer K. Increased Risk of
Ischaemic Heart Disease in Shift Workers. Lancet (1986) 2(8498):89–92. doi:
10.1016/S0140-6736(86)91619-3

10. Kroenke CH, Spiegelman D, Manson J, Schernhammer ES, Colditz GA,
Kawachi I. Work Characteristics and Incidence of Type 2 Diabetes in
Women. Am J Epidemiol (2007) 165(2):175–83. doi: 10.1093/aje/kwj355

11. Albreiki MS, Middleton B, Hampton SM. A Single Night Light Exposure
Acutely Alters Hormonal and Metabolic Responses in Healthy Participants.
Endocr Connect (2017) 6(2):100–10. doi: 10.1530/EC-16-0097

12. Gil-Lozano M, Hunter PM, Behan LA, Gladanac B, Casper RF, Brubaker PL.
Short-Term Sleep Deprivation With Nocturnal Light Exposure Alters Time-
Dependent Glucagon-Like Peptide-1 and Insulin Secretion in Male
Volunteers. Am J Physiol Endocrinol Metab (2016) 310(1):E41–50. doi:
10.1152/ajpendo.00298.2015
13. Hampton SM, Morgan LM, Lawrence N, Anastasiadou T, Norris F, Deacon S,
et al. Postprandial Hormone and Metabolic Responses in Simulated Shift
Work. J Endocrinol (1996) 151(2):259–67. doi: 10.1677/joe.0.1510259

14. Morris CJ, Yang JN, Garcia JI, Myers S, Bozzi I, Wang W, et al. Endogenous
Circadian System and Circadian Misalignment Impact Glucose Tolerance via
Separate Mechanisms in Humans. Proc Natl Acad Sci USA (2015) 112(17):
E2225–34. doi: 10.1073/pnas.1418955112

15. McHill AW, Melanson EL, Higgins J, Connick E, Moehlman TM, Stothard
ER, et al. Impact of Circadian Misalignment on Energy Metabolism During
Simulated Nightshift Work. Proc Natl Acad Sci USA (2014) 111(48):17302–7.
doi: 10.1073/pnas.1412021111

16. Cakan P, Yildiz S. Effects of Half- or Whole-Night Shifts on Physiological and
Cognitive Parameters in Women. Am J Med Sci (2020) 360(5):525–36. doi:
10.1016/j.amjms.2019.12.002

17. Holanda NCP, de Castro Moreno CR, Marqueze EC. Metabolic Syndrome
Components: Is There a Difference According to Exposure to Night Work?
Chronobiol Int (2018) 35(6):801–10. doi: 10.1080/07420528.2018.1450267

18. Nevels TL, Burch JB, Wirth MD, Ginsberg JP, McLain AC, Andrew ME, et al.
Shift Work Adaptation Among Police Officers: The BCOPS Study. Chronobiol
Int (2021) 38(6):907–23. doi: 10.1080/07420528.2021.1895824

19. Morris CJ, Purvis TE, Mistretta J, Scheer FA. Effects of the Internal Circadian
System and Circadian Misalignment on Glucose Tolerance in Chronic Shift
Workers. J Clin Endocrinol Metab (2016) 101(3):1066–74. doi: 10.1210/
jc.2015-3924

20. Harris MA, Kim J, Demers P. Metabolic HealthMeasurements of ShiftWorkers in
a National Cross-Sectional Study: Results From the Canadian Health Measures
Survey. Am J Ind Med (2021) 64(11):895–904. doi: 10.1002/ajim.23283

21. Nagaya T, Yoshida H, Takahashi H, Kawai M. Markers of Insulin Resistance
in Day and Shift Workers Aged 30-59 Years. Int Arch Occup Environ Health
(2002) 75(8):562–8. doi: 10.1007/s00420-002-0370-0

22. James SM, Honn KA, Gaddameedhi S, Van Dongen HPA. Shift Work: Disrupted
Circadian Rhythms and Sleep-Implications for Health and Well-Being. Curr Sleep
Med Rep (2017) 3(2):104–12. doi: 10.1007/s40675-017-0071-6

23. Molzof HE, Wirth MD, Burch JB, Shivappa N, Hebert JR, Johnson RL, et al.
The Impact of Meal Timing on Cardiometabolic Syndrome Indicators in Shift
Workers. Chronobiol Int (2017) 34(3):337–48. doi: 10.1080/07420528.2016.
1259242

24. Resuehr D,Wu G, Johnson RLJr., YoungME, Hogenesch JB, Gamble KL. Shift
Work Disrupts Circadian Regulation of the Transcriptome in Hospital
Nurses. J Biol Rhythms (2019) 34(2):167–77. doi: 10.1177/0748730419826694
May 2022 | Volume 13 | Article 876752

https://doi.org/10.1016/j.metabol.2017.11.017
https://doi.org/10.1210/jc.2004-2232
https://doi.org/10.1210/jc.2004-2232
https://doi.org/10.1172/JCI115396
https://doi.org/10.1172/JCI115396
https://doi.org/10.1172/JCI119717
https://doi.org/10.1073/pnas.0808180106
https://doi.org/10.1016/j.tem.2009.08.004
https://doi.org/10.1016/j.sleep.2007.03.015
https://doi.org/10.3109/07420520903502242
https://doi.org/10.1016/S0140-6736(86)91619-3
https://doi.org/10.1093/aje/kwj355
https://doi.org/10.1530/EC-16-0097
https://doi.org/10.1152/ajpendo.00298.2015
https://doi.org/10.1677/joe.0.1510259
https://doi.org/10.1073/pnas.1418955112
https://doi.org/10.1073/pnas.1412021111
https://doi.org/10.1016/j.amjms.2019.12.002
https://doi.org/10.1080/07420528.2018.1450267
https://doi.org/10.1080/07420528.2021.1895824
https://doi.org/10.1210/jc.2015-3924
https://doi.org/10.1210/jc.2015-3924
https://doi.org/10.1002/ajim.23283
https://doi.org/10.1007/s00420-002-0370-0
https://doi.org/10.1007/s40675-017-0071-6
https://doi.org/10.1080/07420528.2016.1259242
https://doi.org/10.1080/07420528.2016.1259242
https://doi.org/10.1177/0748730419826694
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Molzof et al. Insulin and Leptin in Shiftwork
25. Feskanich D, Sielaff BH, Chong K, Buzzard IM. Computerized Collection and
Analysis of Dietary Intake Information. Comput Methods Programs Biomed
(1989) 30(1):47–57. doi: 10.1016/0169-2607(89)90122-3

26. Sievert YA, Schakel SF, Buzzard IM. Maintenance of a Nutrient Database for
Clinical Trials. Control Clin Trials (1989) 10(4):416–25. doi: 10.1016/0197-
2456(89)90006-8

27. Gamble KL, Motsinger-Reif AA, Hida A, Borsetti HM, Servick SV, Ciarleglio CM,
et al. Shift Work in Nurses: Contribution of Phenotypes and Genotypes to
Adaptation. PloS One (2011) 6(4):e18395. doi: 10.1371/journal.pone.0018395

28. Petrov ME, Clark CB, Molzof HE, Johnson RL Jr, Cropsey KL, Gamble KL.
Sleep Strategies of Night-Shift Nurses on Days Off: Which Ones Are Most
Adaptive? Front Neurol (2014) 5:277. doi: 10.3389/fneur.2014.00277

29. Ribeiro DC, Hampton SM, Morgan L, Deacon S, Arendt J. Altered
Postprandial Hormone and Metabolic Responses in a Simulated Shift Work
Environment. J Endocrinol (1998) 158(3):305–10. doi: 10.1677/joe.0.1580305

30. Sookoian S, Gemma C, Fernandez Gianotti T, Burgueno A, Alvarez A,
Gonzalez CD, et al. Effects of Rotating Shift Work on Biomarkers of
Metabolic Syndrome and Inflammation. J Intern Med (2007) 261(3):285–92.
doi: 10.1111/j.1365-2796.2007.01766.x

31. Gonnissen HK, Rutters F, Mazuy C, Martens EA, Adam TC, Westerterp-
Plantenga MS. Effect of a Phase Advance and Phase Delay of the 24-H Cycle
on Energy Metabolism, Appetite, and Related Hormones. Am J Clin Nutr
(2012) 96(4):689–97. doi: 10.3945/ajcn.112.037192

32. Qian J, Dalla Man C, Morris CJ, Cobelli C, Scheer F. Differential Effects of the
Circadian System and Circadian Misalignment on Insulin Sensitivity and
Insulin Secretion in Humans. Diabetes Obes Metab (2018) 20(10):2481–5. doi:
10.1111/dom.13391

33. Wefers J, van Moorsel D, Hansen J, Connell NJ, Havekes B, Hoeks J, et al.
Circadian Misalignment Induces Fatty Acid Metabolism Gene Profiles and
Compromises Insulin Sensitivity in Human Skeletal Muscle. Proc Natl Acad
Sci USA (2018) 115(30):7789–94. doi: 10.1073/pnas.1722295115

34. Bescos R, Boden MJ, Jackson ML, Trewin AJ, Marin EC, Levinger I, et al. Four
Days of Simulated Shift Work Reduces Insulin Sensitivity in Humans. Acta
Physiol (Oxf) (2018) 223(2):e13039. doi: 10.1111/apha.13039

35. Leproult R, Holmback U, Van Cauter E. Circadian Misalignment Augments
Markers of Insulin Resistance and Inflammation, Independently of Sleep Loss.
Diabetes (2014) 63(6):1860–9. doi: 10.2337/db13-1546
Frontiers in Endocrinology | www.frontiersin.org 8
36. Nguyen J, Wright KPJr. Influence of Weeks of Circadian Misalignment on
Leptin Levels. Nat Sci Sleep (2010) 2:9–18. doi: 10.2147/nss.s7624

37. Crispim CA, Waterhouse J, Damaso AR, Zimberg IZ, Padilha HG,
Oyama LM, et al. Hormonal Appetite Control Is Altered by Shift Work: A
Preliminary Study. Metabolism (2011) 60(12):1726–35. doi: 10.1016/
j.metabol.2011.04.014

38. Chellappa SL, Qian J, Vujovic N, Morris CJ, Nedeltcheva A, Nguyen H, et al.
Daytime Eating Prevents Internal Circadian Misalignment and Glucose
Intolerance in Night Work. Sci Adv (2021) 7(49):eabg9910. doi: 10.1126/
sciadv.abg9910

39. Grant CL, Coates AM, Dorrian J, Kennaway DJ, Wittert GA, Heilbronn LK,
et al. Timing of Food Intake During Simulated Night Shift Impacts Glucose
Metabolism: A Controlled Study. Chronobiol Int (2017) 34(8):1003–13. doi:
10.1080/07420528.2017.1335318

40. Al-Naimi S, Hampton SM, Richard P, Tzung C, Morgan LM. Postprandial
Metabolic Profiles Following Meals and Snacks Eaten During Simulated Night
and Day Shift Work. Chronobiol Int (2004) 21(6):937–47. doi: 10.1081/CBI-
200037171
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Molzof, Peterson, Thomas, Gloston, Johnson and Gamble. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
May 2022 | Volume 13 | Article 876752

https://doi.org/10.1016/0169-2607(89)90122-3
https://doi.org/10.1016/0197-2456(89)90006-8
https://doi.org/10.1016/0197-2456(89)90006-8
https://doi.org/10.1371/journal.pone.0018395
https://doi.org/10.3389/fneur.2014.00277
https://doi.org/10.1677/joe.0.1580305
https://doi.org/10.1111/j.1365-2796.2007.01766.x
https://doi.org/10.3945/ajcn.112.037192
https://doi.org/10.1111/dom.13391
https://doi.org/10.1073/pnas.1722295115
https://doi.org/10.1111/apha.13039
https://doi.org/10.2337/db13-1546
https://doi.org/10.2147/nss.s7624
https://doi.org/10.1016/j.metabol.2011.04.014
https://doi.org/10.1016/j.metabol.2011.04.014
https://doi.org/10.1126/sciadv.abg9910
https://doi.org/10.1126/sciadv.abg9910
https://doi.org/10.1080/07420528.2017.1335318
https://doi.org/10.1081/CBI-200037171
https://doi.org/10.1081/CBI-200037171
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Nightshift Work and Nighttime Eating Are Associated With Higher Insulin and Leptin Levels in Hospital Nurses
	Introduction
	Materials and Methods
	Participants
	Diurnal Pattern of Food Intake
	Inpatient Testing Protocol
	Measurement of Insulin and Leptin
	Statistical Analysis

	Results
	Participants
	Insulin
	Leptin
	Timing of Food Intake Among Nightshift Nurses

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


