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Study Objective: To determine the hormonal effects of reducing sleep duration under controlled feeding conditions.

Design: Randomized, crossover study.

Setting: Inpatient.

Participants: Twenty-seven normal weight, 30- to 45-yr-old men and women habitually sleeping 7-9 hr/night.

Intervention: Participants were studied under two sleep conditions: short (4 hr in bed) or habitual (9 hr in bed) sleep. A controlled diet was provided
for each 4-day study period.

Measurements and Results: Fasting blood samples were obtained daily and frequent blood samples were obtained throughout day 4. The main
outcomes measures included glucose, insulin, leptin, ghrelin, adiponectin, total glucagon-like peptide 1 (GLP-1) and peptide YY;4 (PYY,.4) con-
centrations. Body weights were reduced by 2.2 + 0.4 Ib and 1.7 £ 0.4 Ib during the habitual and short sleep phases, respectively (both P < 0.0001).
There was no effect of sleep duration on glucose, insulin, and leptin profiles (all P > 0.05). Ghrelin and GLP-1 responses differed by sex. Short sleep
increased fasting (P = 0.054) and morning (08:00-12:00) (P = 0.042) total ghrelin in men but not women. The reverse was observed for GLP-1:
afternoon levels (12:30-19:00) were lower (P = 0.016) after short sleep compared with habitual sleep in women but not men.

Conclusions: These data suggest that, in the context of negative energy balance, short sleep does not lead to a state of increased insulin resis-

tance, but may predispose to overeating via separate mechanisms in men and women.
Clinical Trial Information: Trial registration on http://www.clinicaltrials.gov. #£NCT00935402.
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INTRODUCTION

Epidemiologic studies report an association between self-
reported sleep duration and obesity.! In fact, obesity and
self-reported sleep duration show inverse trends with obesity
prevalence increasing over the past decades and sleep duration
decreasing.” Moreover, there is increasing evidence from clini-
cal studies showing that reducing sleep leads to greater food
intake relative to habitual sleep.*® Data on the role of physi-
cal activity and energy expenditure on the relationship between
sleep duration and obesity are controversial. We® and others?
have found no effect of reducing sleep on energy expenditure,
whereas Schmid et al.” found that sleep restriction decreased
physical activity and Jung et al.® found greater energy expen-
diture during total sleep deprivation relative to habitual sleep.

Hormone and metabolite data have also supported the view
that reducing sleep duration leads to a metabolic profile that
would predispose to overeating. Studies by Spiegel et al.!
have shown that reducing sleep to 4 hr/night in normal-weight
men increases ghrelin and decreases leptin, but others have
not observed a change in leptin*'! or ghrelin.* Short sleep fur-
thermore leads to a state of insulin resistance.'®'? The reasons
for the discrepant results between studies may lie in differ-
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ences in sex of the study populations and study design. Stud-
ies finding a significant effect of sleep duration on hormones
and metabolites have mostly been in men. The study by Ne-
deltcheva et al.* finding no effect of sleep on leptin and ghrelin
levels included both men and women. A study by Bosy-West-
phal et al.® conducted in women also found no effect of sleep
restriction on ghrelin levels. Also, the hormones and metabo-
lites measured are sensitive to food intake and energy balance.
The effect of sleep on hormones and metabolites could there-
fore be due to differences in food intake and energy balance,
rather than sleep itself, if participants are not consuming the
same foods or are not in identical states of energy balance dur-
ing each sleep phase.

The goal of our study was to test the effects of sleep dura-
tion on hormones and metabolites involved in energy balance
regulation. We enrolled both men and women and conducted
our study under controlled feeding conditions to ensure that en-
ergy balance was equal between periods of short and habitual
sleep. We hypothesized that a short sleep duration period of 4
hr/night in bed, for 3 consecutive nights, would lead to a hor-
monal profile predictive of greater energy intakes and glucose
dysregulation compared with a habitual sleep duration period
of 9 hr/night in bed for 3 nights.

METHODS

Participants

This study was a controlled inpatient study with two sleep pe-
riods of 6 days each. The details of participant recruitment and
inclusion/exclusion criteria are described in detail elsewhere.’

Hormonal Response to Short Sleep Differs by Sex—St-Onge et al

¥202 Iudy g uo 1senb Ag 9€06GGZ/E0S L/ 1 L/GE/eI1R/do8|s/W0o dnoolwapede.//:sdny wol) pepeojumo(d



Briefly, normal-weight men and women with body mass index
(BMI) 22-26 kg/m?, age 30-45 yr, sleeping 7-9 hr/night, and
without any sleep or metabolic/endocrine disturbances were
eligible for participation. Individuals with excessive caffeine
intake, smokers, shift workers, or those expecting to be travel-
ing across time zones during the study conduct were excluded.
The study was approved by the Institutional Review Boards of
St. Luke’s/Roosevelt Hospital Center and Columbia University
(New York, NY) and all participants provided informed consent
prior to enrollment.

Intervention

Upon entry into the study, participants were randomized in
pairs to either short sleep or habitual sleep. They returned for
the alternate sleep period after approximately 3 wk (23 days).
One male participant returned for the alternate sleep period
after 16 days due to personal reasons. During the short sleep
period, participants went to bed at 01:00 and woke up at 05:00;
during the habitual sleep period, bedtimes were 22:00-07:00.
Naps were not permitted and study personnel ensured that par-
ticipants remained awake throughout the planned wake time.
Sleep duration was determined using polysomnography (PSG)
as described previously.’

During the first 4 days of each sleep period, participants con-
sumed a controlled diet with fixed meal times. Energy require-
ments were estimated using the Harris-Benedict equation with
an activity factor of 1.3." Diets contained 30% of energy from
fat, 55% from carbohydrates, and 15% from protein. Meals each
provided 30% of daily energy requirements and were served at
08:00, 12:00, and 19:00. A snack providing 10% of the daily
energy requirements was given at 16:00.

Fasting blood samples were obtained daily at 07:30 except
on day 4, when the fasting sample was taken at 08:00. Addition-
ally, on day 4, blood samples were taken at 08:15, 08:30, 09:00,
09:30, 10:00, 12:00, 14:00, 16:00, 18:00, 20:00, 22:00, 24:00
(day 5), 02:00, 04:00, and 06:00. During that day, participants
continued to consume their usual meals at the specified time
but were required to consume lunch and dinner in < 15 min and
consume breakfast and snack in <5 min. Blood samples were
analyzed for glucose, insulin, leptin, ghrelin (total and active),
adiponectin, total glucagon-like peptide 1 (GLP-1), and peptide
YY;36 (PYY;50)

Hormone and Metabolite Measurements

All hormones and metabolites were analyzed in the New
York Obesity Nutrition Research Center Hormone and Metab-
olite Core Laboratory (St. Luke’s/Roosevelt Hospital, NY).
Glucose was measured in duplicate by the glucose oxidase
method (Analox Instruments, Lunenburg, MA) with a coef-
ficient of variation of < 2%. Plasma insulin was measured by
radioimmunoassay (RIA, Millipore, Billerica, MA) with a
limited sensitivity of 2 pU/mL and an intra-assay coefficient
of variation of 1.79-8.57%. Plasma leptin and adiponectin
were determined by RIA, with detection limits of 0.5 ng/mL
and 1 ng/mL and coefficients of variation 3.25-6.85% and
1.79-8.57%, respectively. RIA was also used to determine to-
tal and active ghrelin. Prior to analysis, samples collected for
active ghrelin were acidified with 1 N HCI. Sensitivities for
both assays were 93 pg/mL and 7.8 pg/mL and coefficients of

SLEEP, Vol. 35, No. 11, 2012

1504

variation were 3.34-6.12% and 3.16-6.87% for total and ac-
tive ghrelin, respectively. The 3-36 fragment of plasma PYY
(PYY,,) was also assayed by RIA with sensitivity levels 20
pg/mL and coefficient of variation 2.83-7.10%. Total GLP-1
was determined by RIA, after extraction with 95% ethyl al-
cohol. The assay measures all forms of GLP-1 [GLP-1(7-36)
amide, GLP-1(7-37), GLP-1(9-36) amide, GLP-1(9-37),
GLP-1(1-36) amide and GLP-1(1-37)] in plasma. GLP-1 as-
say sensitivity was 3 pM and intra-assay coefficient of varia-
tion was 3.97-6.27%.

Statistical Analysis

Correlation coefficients between the variables were com-
puted and checked for linear relationship. Then, for each hor-
mone measure, we performed an analysis with a linear mixed
model that takes into account repeated measures. Subject was
treated as a random effect variable; sleep (short vs. habitual)
was treated as a fixed effect; weight and sex were treated as
covariates. For fasting hormone levels, day was also treated as
a fixed effect variable. Fasting data from days 1 through 5 were
used in the linear mixed model analyses. Data from day 6 were
not used because participants were no longer consuming a con-
trolled diet from day 5 and therefore day 6 data were subject to
between-phase differences.

For the analyses with hourly hormone measurements taken
on day 4, day was replaced by categorized time period of the
day (as a fixed effect): morning (08:00-12:00, fasting morning
sample until before lunch); afternoon (12:30-19:00, postlunch
until before dinner); and night (19:30-06:00, after dinner and
through the night). For hourly measures, we also performed
separate analyses with a linear mixed model for each time pe-
riod category, with sex and weight as covariates, sleep as fixed
effect, and subject as a random effect. Additionally, all of the
above analyses were done separately for men and women.

Phase/period effect and carryover effect were tested by add-
ing a phase/period effect (fixed effect) and an interaction term
between phase and sleep in our linear mixed model analysis.
The P values for these terms were more than 0.2 in all cases.
Thus, we did not observe any phase/period effect or carryover
effect. Thereafter, we dropped the phase/period and interaction
term from the linear mixed model and redid the analysis (as
described in the previous paragraphs).

The hormone measures used in this study do not follow a
normal distribution. However, according to statistical large
sample theory, some normal-based tests can be performed for
large samples, even if the data are not normal. In particular, we
can perform the F-test, which is the basis of regression/analysis
of variance/linear model analyses for large samples even when
the data are not normal. As we have a large number (> 30) of
data points for each linear mixed model analysis, the normality
assumption is not required for these analyses. We also do not
need to use any transformations (such as a log-transformation)
to fit the data to normal, as the normality assumption is not
needed.

The software packages R (http://cran.r-project.org) and SAS
(version 9.2, SAS Institute, Cary, NC) were used for our analy-
ses. Data are presented as regression coefficients or means +
standard error of the mean (SEM). Raw data are presented in
tables and figures. Statistical significance was set at P < 0.05.
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Table 1—Sleep duration during a 5-night period of short or habitual sleep in normal weight men and women?

Effect of Effect of Sex x sleep

Sleep duration and percent Men Women sex  sleep phase phase interaction
time in each sleep stage Short sleep Habitual sleep Short sleep Habitual sleep P P P

Total sleep time, min 2252+15 4440+73 2268+2.2 4676+53 0.026 <0.0001 0.012

Sleep onset latency, min 47+0.7 16.5+24 45+1.0 179121 0.79 <0.0001 0.57

Sleep efficiency, % 936+06 822+13 942+10 862+1.1 0.097  <0.0001 0.025

Stage 1, % 79+10 121%1.0 6.0+0.7 11.0+1.0 0.25 <0.0001 0.31

Stage 2, % 468+28 54.0+19 46.7+£30 539+18 0.99 <0.0001 0.99

Slow wave sleep, % 265+39 138126 281+£34 141£19 0.82 <0.0001 0.58

Rapid eye movement sleep, % 189+12  20.2+0.7 191 +£1.1 21008 0.67 0.025 0.70

“Data are unadjusted means + SEM of days 1-5 of each sleep period, n = 27 (men, n = 14; women, n = 13).

Hormone/metabolite Short sleep
Glucose, mg/dL 87.9+9.2(4.88+0.51)
Insulin, pU/mL 9.9+3.2(68.8+22.2)
Leptin, ng/mL 6.7+52
Total ghrelin, pg/mL 9223 +£321.8
Active ghrelin, pg/mL 126.2 £70.6
Adiponectin, ug/mL 106 +5.6
Peptide YY; ., pg/mL 56.2+£23.5
Glucagon-like peptide-1, pM 81142

factors: glucose (mg/dL) = 18 x (mmol/L); insulin (uU/mL) x 6.945 = (pmol/L).

Table 2—Fasting hormone and metabolite concentrations during periods of short and habitual sleep in normal-weight men and women?

aData are unadjusted means + SD of days 1-5 of each sleep period, n = 27. Data are presented in metric units. Data in Sl units are in parentheses. Conversion

Mean paired difference between

Habitual sleep short sleep and habitual sleep

88.0+ 9.5 (4.88 + 0.53) 0.22+9.2(0.01 % 0.5)
114 +4.0 (792 + 27.8) 0.6+81(44+559)
75+58 06+27
892.7 + 329.0 405 + 1532
1245+738 82+708
11152 03+38
574 +21.1 35+ 157
78+43 02+43

RESULTS

Baseline Measures

A total of 15 men and 15 women were recruited to participate
in this study and 27 successfully completed both study periods.
One man was excluded after the first study period due to dis-
covery of periodic limb movement disorder, an exclusion factor
diagnosed by PSG. One woman discontinued her participation
after the first period for personal reasons and one woman was
dismissed on the first morning of the first period on disclosure
that she took antidepressant medication, an exclusion criterion
for this study. Study completers were on average 35.3 = 1.0 yr
of age and had a BMI of 23.6 + 0.2 kg/m?. Of the participants,
13 were white, 5 were black, 6 were Hispanic, 1 was Asian,
and 2 were of mixed ethnicity. Sleep duration, as determined by
PSG during the 5 nights of short sleep, was 226.4 + 1.4 min (ap-
proximately 3 hr 46 min) compared with 470.4 + 4.1 min (ap-
proximately 7 hr 50 min) for the habitual sleep phase (Table 1).
Average daily energy intakes, as provided during the controlled
feeding portion of the study, were 2,310 + 194 kcal/day for men
and 1,805 + 129 kcal/d for women.’ This level of energy intake
was, by design, the same during each sleep period.

Glucose and Insulin
When data from all participants were analyzed together, there
was no effect of sleep duration on fasting glucose (P =0.94) and
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insulin (P = 0.33) (Table 2). In women, fasting glucose con-
centrations were not affected by sleep duration (P = 0.64) but,
contrary to our hypothesis, fasting insulin was lower during the
period of short sleep relative to habitual sleep (regression co-
efficient + SEM: -1.39 + 0.62, P = 0.026) (Table 3). In men,
neither fasting glucose (P = 0.72) nor fasting insulin (P = 0.94)
were affected by sleep duration. There was no difference be-
tween sleep periods in insulin resistance measured by the ho-
meostatic model (P = 0.58).

Data from day 4 were divided into three distinct periods:
morning (08:00-12:00), afternoon (12:30-19:00), and night
(19:30-06:00). In all participants together, overall mean glucose
was not affected by sleep duration for any of the time periods
(all P> 0.30). Similar results were obtained for average insulin
(morning and afternoon, P > 0.80; night, P = 0.14). In women,
neither glucose nor insulin was affected by sleep duration at all
three time periods (all P > 0.20). Similar results were observed
in men (all P> 0.5 except nighttime insulin, P =0.17).

Leptin and Adiponectin

In all participants, fasting leptin was not affected by short
sleep duration relative to habitual sleep (-0.66 + 0.47 ng/mL,
P = 0.16) (Table 2) and results were similar when men and
women were analyzed separately (P = 0.34 and 0.23 for men
and women, respectively) (Table 3). Data from day 4 showed
similar results whereby morning, afternoon, and nighttime
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Table 3—Fasting hormone and metabolite concentrations during periods of short and habitual sleep in normal weight men and women?

P =0.054.

Men Women

Hormone/metabolite Short sleep Habitual sleep Short sleep Habitual sleep
Glucose, mg/dL 88.5+8.6(4.9+0.5) 88.4+£96(49+0.5) 87.1+£9.9(4.8+0.6) 874+94(49+0.5)
Insulin, pU/mL 10.0+£3.1(69.5+21.5) 11.4+£39(79.2+27.1) 9.8+34(68.1+£23.6)° 11.4+42(79.2+29.2)
Leptin, ng/mL 40+£20 41+£21 9.7+6.0 11.2+6.3
Total ghrelin, pg/mL 773.1 £ 157.8° 731.0+ 1324 1085.4 + 373.7 1056.8 + 384.3
Active ghrelin, pg/mL 100.2 £ 46.6 959+41.6 154.6 £81.2 154.5 £ 87.4
Adiponectin, ug/mL 8442 82+39 13.8+57 13252
Peptide YY,.5, pg/mL 56.3+16.8 60.4 £21.0 58.6 £29.8 5131205
Glucagon-like peptide-1, pM 8347 74+33 78+3.6 8.1+49

3Data are unadjusted means + SD of days 1-5 of each sleep period, n = 27. Data are presented in metric units. Data in Sl units are in parentheses. Conversion
factors: glucose (mg/dL) = 18 x (mmol/L); insulin (uU/mL) x 6.945 = (pmol/L). "Significant effect of sleep within sex, P = 0.026. °Effect of sleep within sex,

leptin concentrations were not affected by short sleep relative
to habitual sleep in all participants analyzed together (P = 0.39,
0.75, and 0.22, respectively) or women (all P > 0.25) and men
(all P> 0.40) alone. Peak leptin values between midnight and
04:00 were not different between short sleep and habitual sleep
(P=10.55).

Fasting adiponectin was not affected by sleep duration in the
sample as a whole (244.5 + 525.8, P=0.64) (Table 2) with simi-
lar results obtained when men and women were analyzed sepa-
rately (P=0.93 and 0.58, respectively) (Table 3). Data from day
4 showed similar results when men and women were analyzed
together (all P > 0.30). However, we found differences when
men and women were analyzed separately. Short sleep led to
generally lower 24-hr adiponectin levels in men (P = 0.0061),
but not in women (P = 0.56). This was mostly due to lower
nighttime adiponectin during the period of short sleep relative
to habitual sleep (-2453.4 = 882.2 ng/mL, P = 0.0064).

Gut Peptide Hormones: Ghrelin, PYY, ;, and GLP-1

Fasting total ghrelin levels were not affected by sleep when
men and women were grouped together (P = 0.23) (Table 2) but
showed a strong sex effect (P <0.0001). In women, sleep dura-
tion did not affect fasting total ghrelin levels (P = 0.65) whereas
fasting total ghrelin levels were higher during short sleep rela-
tive to habitual sleep in men (47.4 + 24.4 pg/mL, P = 0.054)
(Table 3). Similar results were obtained from the 24-hr data: no
difference in average total ghrelin levels was observed between
sleep phases for morning, afternoon, or night periods in men
and women together (all P> 0.4) and women alone (all P> 0.5)
but higher overall morning total ghrelin levels were observed
after short sleep relative to habitual sleep in men (42.5 £ 20.8
pg/mL, P=0.042) (Table 4, Figure 1). Afternoon and nighttime
levels of total ghrelin were not affected by sleep duration in
men (both P> 0.4).

Fasting active ghrelin levels were not affected by sleep dura-
tion in the group as a whole (P = 0.32) (Table 2) or as analyzed
separately for men (P = 0.20) and women (P = 0.77) (Table 3).
Similarly for the 24-hr data, sleep duration had no effect on ac-
tive ghrelin levels in the group as a whole (P = 0.35). In men,
morning, afternoon, and nighttime active ghrelin levels were
not affected by sleep duration (P =0.92, 0.84, and 0.14, respec-
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tively). In women, morning and afternoon active ghrelin were
not affected by sleep duration (P = 0.52 and 0.48, respectively)
but nighttime levels tended to be higher during short sleep com-
pared with habitual sleep (82.0 +45.6 pg/mL, P=0.079).

Fasting PYY,,, concentrations and PYY,, concentrations
during morning, afternoon, and night periods on day 4 were not
affected by sleep duration in all participants together (Table 2)
or in women and men separately (Table 3). Fasting total GLP-1
concentrations were not affected by short sleep relative to ha-
bitual sleep in all participants (P = 0.80) or women (P = 0.73)
and men (P = 0.49) separately (Table 3), despite a significant ef-
fect of sex on fasting total GLP-1 (P = 0.020). In all participants
together, day 4 total GLP-1 concentrations were not affected by
sleep duration for any of the time periods (all P> 0.3). Howev-
er, we found a strong effect of sex on 24-hr GLP-1 (P < 0.001)
and analyzed our data separately for men and women (Table
4, Figure 2). In women, there were trends for lower morning
(P =0.10) and nighttime (P = 0.12) GLP-1 and lower afternoon
(P =0.016) concentrations after short sleep relative to habitual
sleep. In men, afternoon GLP-1 concentrations tended to be
higher after short sleep than habitual sleep (P = 0.10) but morn-
ing and nighttime values were not affected by sleep duration
(both P> 0.30).

DISCUSSION

To our knowledge, our study is the largest controlled clini-
cal investigation of the effects of sleep reduction on hormonal
regulation of food intake. We strictly controlled food intake
for the 4 days during which we assessed hormonal and meta-
bolic profiles. In the context of equal food and caloric intakes,
we found no evidence of glucose dysregulation or changes in
leptin concentrations, as previously suggested.'®!> However, we
found some interesting sex differences related to ghrelin and
GLP-1 concentrations: short sleep increased total ghrelin levels
in men but not women and reduced GLP-1 levels in women but
not in men. These data, if replicated, could represent separate
mechanisms by which sleep duration affects food intake regula-
tion in men and women.

Our data, showing no effect of sleep duration on glucose
concentrations and a slight reduction in insulin relative to ha-
bitual sleep, were not expected. Based on studies by Spiegel
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Table 4—Resullts of the regression analysis for total ghrelin and glucagon-like peptide 1 concentrations during morning, afternoon, and evening after 3 nights
of short relative to habitual sleep in normal weight men and women?
Total ghrelin
Men Women
Morning Afternoon Evening Morning Afternoon Evening
Intercept
Coefficient 5444 + 871 882.5+ 1411 888.0 + 140.1 2038.5 +335.2 1564.3 + 456.4 2193.7 £ 354.5
P value <0.0001 <0.0001 <0.0001 <0.0001 0.001 <0.0001
Body weight
Coefficient 0.74 £ 0.51 -1.26 £ 0.82 -0.97 £ 0.81 -7.54 £242 -4.50 + 3.29 -8.92 +2.59
P value 0.15 0.13 0.23 0.0021 0.18 <0.001
Short sleep vs. habitual sleep
Coefficient 42.45 +20.78 25.43 + 33.51 19.92 £ 33.76 1.62 +56.72 115+ 77.56 38.83 + 62.81
P value 0.043 0.45 0.56 0.98 0.99 0.54
Glucagon-like peptide-1
Men Women
Morning Afternoon Evening Morning Afternoon Evening
Intercept
Coefficient 6.65+4.22 10.03 £5.71 2.50+4.48 -11.65 + 5.50 17.74 £10.79 0.73+5.85
P value 0.12 0.084 0.58 0.036 0.10 0.90
Body weight
Coefficient 0.029 + 0.024 -0.00083 + 0.033 0.046 + 0.026 0.18 £ 0.040 -0.0090 + 0.078 0.080 + 0.043
P value 0.24 0.98 0.079 <0.0001 0.91 0.064
Short sleep vs. habitual sleep
Coefficient 1.04 £1.07 2.39+142 0.29+1.13 -1.57 £0.96 -4.48 +1.81 -1.68 £1.07
P value 0.33 0.10 0.80 0.10 0.016 0.12
Data are regression coefficients + SEM, n = 14 men and 13 women.

et al.'"!? and others,'*'® we anticipated that short sleep would

lead to a state of relative insulin resistance with a rise in insulin
and glucose concentrations. However, others have also reported
no effect of short sleep duration on glucose and insulin lev-
els®'7 and Donga et al."® reported no effect of sleep duration on
fasting glucose and insulin despite a reduction in insulin sen-
sitivity measured by the hyperinsulinemic-euglycemic clamp.
In these studies, food intake was not controlled and either not
reported'”™® or increased by short sleep compared with habitual
sleep.® A few authors have suggested that differences between
study results may be due to a threshold effect whereby more pro-
nounced sleep reductions lead to a more adverse metabolic pro-
file.”!*!® In the current study, participants slept approximately 4
hr less during the short sleep phase relative to the habitual sleep
phase. This is a more pronounced sleep restriction than exerted
by Bosy-Westphal et al.,* who found no effect of progressively
reducing sleep from 8 hr to 4 hr/night over a 4-night period on
glucose and insulin and Nedeltcheva et al.,'s who found higher
2-hr glucose and glucose area under the curve after an oral glu-
cose tolerance test taken after 14 days of sleep restriction to
5.5 hr/night. However, our sleep restriction protocol involved
milder!®'>!* or similar'® reduction in sleep to others who found
significant effects of sleep duration on glucose and insulin.

In addition to a possible sleep restriction dose effect, we
propose that energy balance may play a role in the effects of
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sleep duration on glucose regulation. In the current study, par-
ticipants were fed the same meals in the same quantities and at
the same time of day for both short and habitual sleep phases.
No other study has been done with such rigorous control over
feeding patterns. Most other studies have permitted participants
to self-select their intakes for at least part of the time over the
days preceding the measurement period.'*'*'%!® We and others
have shown that short sleep duration leads to overeating rela-
tive to habitual sleep.’* Knowing that glucose and insulin con-
centrations are sensitive to meal intakes and energy balance,
it is possible that this may explain some of the discrepancies
in study results. Moreover, in the current study, the use of the
Harris-Benedict equation to estimate energy requirements led
to an underestimation of weight maintenance requirements
and participants lost approximately 0.9 kg (2 Ib) over the con-
trolled feeding period in both sleep phases. Therefore, the effect
of sleep deprivation was assessed under mild negative energy
balance conditions, which may have contributed to the lack of
effect of sleep restriction on glucose tolerance and insulin resis-
tance. However, there was no statistical difference in starting
body weight between the two sleep phases.

Our study showed no effect of sleep duration on leptin lev-
els after controlling for sex and body weight. Again, previous
literature highlights controversy with respect to the effect of
sleep duration on leptin levels with some studies showing low-
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Figure 1—Total ghrelin concentration during a day of frequent blood
sampling after 3 nights of either habitual (9 hrin bed, black squares) or short
(4 hrin bed, white squares) sleep in men (panel A) and women (panel B).
Time is presented as min from fasting sample. Fasting sample was taken
at 08:00. Meals and snack were served after the 0, 240, and 480 min blood
draw and at 660 min. Bedtimes were at 840 min (habitual sleep) and 1,020
min (short sleep) relative to the fasting blood draw (equivalent to 22:00 and
01:00 for habitual and short sleep, respectively). Higher morning ghrelin
levels were observed after short sleep relative to habitual sleep in men;
no differences between sleep periods were observed in women. Data are
unadjusted means and SEM, n = 14 men or 13 women.

er, higher, or no difference between short and habitual or longer
sleep. *!1%171% Such study differences may be due to differences
in sleep reduction, energy balance, and feeding conditions, in-
cluding diet composition.

We found a strong sex effect for ghrelin levels and analyzed
our data separately for men and women. These analyses re-
vealed that sleep duration affected total ghrelin levels in men
but not in women. These results are in agreement with other
studies that have been conducted in men.”'"?° Interestingly,
studies that have found no effect of sleep duration on ghrelin
levels*® included women in their participant population. Unlike
those two studies, our study was large enough to allow separate
analyses by sex. It may be that men and women have different
responses to sleep restriction for food intake regulation. It has
also been proposed that ghrelin concentrations only increase
with short sleep relative to habitual sleep under conditions
of negative energy balance.”’ In the studies by Nedeltcheva
et al.,*** when participants overate during short sleep relative to
habitual sleep,* ghrelin was not affected, whereas ghrelin levels
were higher during negative energy balance.” This is a hypoth-
esis that deserves further attention.

This study is the first to examine the effects of sleep dura-
tion on other gut hormones, such as PYY,,, and total GLP-1.
Although PYY,,, and GLP-1 are secreted by the same L cells
in the intestine, we found that sleep duration affected each hor-
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Figure 2—Total GLP-1 concentration during a day of frequent blood
sampling after 3 nights of either habitual (9 hrin bed, black squares) or short
(4 hrin bed, white squares) sleep in men (panel A) and women (panel B).
Time is presented as mins from fasting sample. Fasting sample was taken
at 08:00. Meals and snack were served after the 0, 240, and 480 min blood
draw and at 660 min. Bedtimes were at 840 min (habitual sleep) and 1,020
min (short sleep) relative to the fasting blood draw (equivalent to 22:00 and
01:00 for habitual and short sleep, respectively). Morning (P = 0.10) and
night time levels (P = 0.12) tended to be lower and afternoon levels were
significantly lower (P = 0.016) during short sleep compared with habitual
sleep in women whereas in men, afternoon GLP-1 concentrations tended
to be higher after short sleep than habitual sleep (P = 0.10). Data are
unadjusted means and SEM, n = 14 men or 13 women.

mone differently. GLP-1 concentrations, but not PYY,,, con-
centrations, were affected by sleep duration in women but not in
men. This sex difference has not been reported before. These ob-
servations further support the notion that a different mechanism
of action exists for sleep duration to affect food intake regula-
tion between men and women. Men may be more susceptible to
overeating during short sleep than during habitual sleep because
of increases in the orexigenic hormone ghrelin, whereas women
may be more susceptible to overeating as a result of reduced
concentration of the satiety hormone GLP-1. Therefore, men
would respond to short sleep with enhanced appetite whereas
women would experience lesser satiety signals. However, hun-
ger and appetite ratings obtained on day 4 were not different be-
tween periods of short and habitual sleep.’ Nevertheless, despite
not reporting differences in hunger and appetite, participants ate
approximately 300 kcal more on day 5, during a day of ad libi-
tum feeding, during short sleep compared with habitual sleep.’
Our hypothesis of enhanced appetite in men and lessened satiety
in women is based on the available objective data derived from
this study. The associated subjective feelings reported by our
participants do not, unfortunately, add to this argument.
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Although our study has various strengths, including large
numbers of measurements and equal numbers of men and
women, controlled feeding and sleep conditions, and numer-
ous hormone measurements related to food intake regulation,
it has some limitations. First, our participants were in a state
of mild negative energy balance during the controlled feed-
ing period. Due to the short duration of this study, we could
not adjust intakes in time to compensate for the loss in body
weight. Future studies should assess weight maintenance en-
ergy requirements more precisely with resting metabolic rate
measurements. Nevertheless, this raises interesting questions
surrounding the role of energy balance in the effects of sleep
duration on glucose and insulin regulation. Our data suggest
that sleep restriction does not seem to affect glucose homeosta-
sis detrimentally in a state of negative energy balance. Second,
we only measured fasting hormones and metabolites and post-
prandial levels in response to regular meals. We did not assess
insulin sensitivity using an intravenous glucose tolerance test or
hyperinsulinemic-euglycemic clamp and therefore do not have
an assessment of insulin sensitivity. Our participants were all
healthy, normal-weight individuals. We do not know if similar
results would be observed in overweight participants. Only one
study to date enrolled all overweight individuals's and they also
suggest that energy balance may be instrumental in the role of
sleep in modulating glucose concentrations. Also, we did not
measure cortisol levels. However, although some studies sug-
gest that cortisol is elevated during short sleep compared with
habitual sleep,'®**? others do not find differences between
short and habitual sleep duration.'>!%!826 In this study, we found
trends for higher morning systolic blood pressure (P =0.07) and
resting heart rate (P = 0.11) during a period of short sleep but
no effect on diastolic blood pressure (P = 0.50) (data submitted
elsewhere). Finally, although the 3-wk washout period ensured
that participants were tested exactly 28 days apart, we did not
control for menstrual phase and women may have been in ei-
ther the luteal or follicular phase of their menstrual cycle during
both phases of our study. However, this is unlikely to be a major
factor in our results because each person acted as their own
control and each woman would have been in the same phase of
her menstrual cycle for each measurement.

In conclusion, in the context of a mild energy deficit, short
sleep duration does not lead to adverse glucose and insulin con-
centrations in healthy, normal-weight adults. It is possible that
the adverse effects of short sleep on glucose regulation may
only be observed in an environment that allows overeating and
positive energy balance. The negative energy balance in which
our participants were during the controlled feeding portion of
the study may have masked the effects of sleep on our outcome
variables. Such proposition is speculative and more research is
necessary to address the role of energy balance on the effects
of sleep duration on metabolic risk profiles. Our study also re-
vealed sex differences in the hormones implicated in the con-
trol of feeding behavior during periods of short sleep relative to
habitual sleep. Future studies should be sure to enroll adequate
numbers of men and women to further explain how sleep dura-
tion can affect energy intake and body weight regulation dif-
ferently in men and women. Our study suggests two separate
hormonal control mechanisms for men and women: one that in-
volves ghrelin and possibly enhanced appetite for men and one
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that implicates GLP-1 and reduced satiety for women. Finally,
these data showing enhanced levels of an appetite-promoting
hormone in men and reduced levels of an appetite-suppressing
hormone in women support a causal role of sleep duration on
energy intake and weight control.

ABBREVIATIONS
ANOVA, analysis of variance
BMI, body mass index
GLP-1, total glucagon-like peptide-1
PSG, polysomnography
PYY, peptide YY
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