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Exposure to Recurrent Sleep Restriction in the Setting
of High Caloric Intake and Physical Inactivity Results
in Increased Insulin Resistance and Reduced Glucose
Tolerance

Arlet V. Nedeltcheva, Lynn Kessler, Jacqueline Imperial, and Plamen D. Penev

Department of Medicine (A.V.N., LK., P.D.P.), and General Clinical Research Center (J.1.), University of
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Context: Epidemiological data indicate that reduced sleep duration is associated with increased
incidence of type-2 diabetes.

Objective: The aim of the study was to test the hypothesis that, when part of a Western-like
lifestyle, recurrent bedtime restriction may result in decreased glucose tolerance and reduced
insulin secretion and action.

Design and Setting: We conducted a randomized crossover study at a university clinical research
center and sleep research laboratory.

Participants: Eleven healthy volunteers (five females and six males) with a mean (+sp) age of 39 =
5 yr and body mass index of 26.5 + 1.5 kg/m? participated in the study.

Intervention: The study included two 14-d periods of controlled exposure to sedentary living with
ad libitum food intake and 5.5- or 8.5-h bedtimes.

Main Outcome Measures: Oral and iv glucose challenges were used to obtain measures of glucose
tolerance, glucose effectiveness, insulin secretion, and insulin sensitivity at the end of each inter-
vention. Secondary measures included circulating concentrations of the glucose counter-regula-
tory hormones, cortisol, GH, epinephrine, and norepinephrine.

Results: Bedtime restriction reduced daily sleep by 122 = 25 min. Both study periods were asso-
ciated with comparable weight gain; however, recurrent sleep restriction resulted in reduced oral
glucose tolerance (2-h glucose value, 144 =+ 25 vs. 132 = 36 mg/dl; P < 0.01) and insulin sensitivity
[3.3+1.1vs.4.0 + 1.6 (mU/liter) ' - min~"; P < 0.03], and increased glucose effectiveness (0.023 +
0.005 vs. 0.020 + 0.005 min~"; P < 0.04). Although 24-h cortisol and GH concentrations did not
change, there was a modest increase in 24-h epinephrine and nighttime norepinephrine levels
during the 5.5-h bedtime condition.

Conclusions: Experimental bedtime restriction, designed to approximate the short sleep times
experienced by many individuals in Westernized societies, may facilitate the development of in-
sulin resistance and reduced glucose tolerance. (J Clin Endocrinol Metab 94: 3242-3250, 2009)
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he pathogenesis of type-2 diabetes (T2D) is influenced
by genetic, environmental, and behavioral factors
and involves a complex interaction between deficits in
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insulin secretion and action (1). The development of in-
sulin resistance due to excessive adiposity and physical
inactivity and the failure of pancreatic B-cells to maintain

Abbreviations: AlRg, Acute insulin response to glucose; DI, disposition index; GEZI, glucose
effectiveness at zero insulin; IVGTT, iv glucose tolerance test; OGTT, oral glucose tolerance
test; Sg, glucose effectiveness at basal insulin concentration; S,, insulin sensitivity; T2D,
type-2 diabetes.
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a compensatory increase in insulin secretion are the main
forces behind the rising burden of T2D in Westernized
societies (2, 3). Although overeating and sedentary living
have emerged as two of the mostimportant modifiable risk
factors for T2D, the need for improved preventive strat-
egies continues to fuel the search for additional behavioral
determinants of diabetes risk (4). Recently, the hypothesis
that the lack of sufficient sleep may represent a risk factor
for T2D and related metabolic disorders has attracted
growing research interest and scientific debate (3, 6).

Many Americans today sleep fewer than 6 h/night (7, 8),
and individuals who report such short sleep times have an
increased risk of developing diabetes (9-12). Whether re-
duced sleep duration itself is involved in the pathogenesis of
this disorder (5) or reflects the presence of other unrecog-
nized risk factors remains unknown (8, 13). Few controlled
experiments have examined the effects of sleep loss on hu-
man insulin secretion and action as key processes in the de-
velopment of T2D. Increased insulin resistance (14) and
compensatory hyperinsulinemia (15) have been observed af-
ter one or two nights of total sleep deprivation, whereas sleep
restriction to 4 h in bed for five nights was found to interfere
with insulin secretion, but not sensitivity (16). Despite these
differences, reduced oral carbohydrate tolerance was re-
ported after 3-5 d of total sleep deprivation as well as six
nights of partial sleep deprivation (16, 17). Previous re-
searchers have also speculated that sleep loss-induced
changes in adrenocortical, somatotropic, and sympathetic
nervous system activity may contribute to the development
of glucose intolerance (16, 18, 19).

Unfortunately, our understanding of the mechanisms
that link reduced sleep duration with increased risk of
T2D in previous studies is clouded by a number of limi-
tations. First, experiments that have documented the ad-
verse effects of sleep loss on carbohydrate metabolism, so
far, have restricted sleep to abnormally low levels. Sleep
restriction to less than 4 h/night is difficult to tolerate for
more than a few days and is unusual among chronic short
sleepers (6, 20), the majority of whom report sleeping 5-6
h a day (8, 11, 12). Second, due in part to the severity of
such interventions, these studies documented only the
acute effects (<7d) of sleep loss on carbohydrate metab-
olism. Whether exposure to less severe but more pro-
longed sleep restriction has any adverse impact on human
insulin secretion and sensitivity remains unknown. Third,
the diet and activity of the participants in prior studies
with more than two nights of sleep deprivation were not
documented during the entire intervention period (16, 17).
Finally, earlier studies included mainly young lean male
volunteers (14-16, 19), and no controlled experiments
have described the impact of sleep loss on the carbohy-
drate metabolism of middle-aged men and women, despite
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the fact that these individuals have the shortest self-re-
ported sleep times in the United States (8).

In the present study, we tested the hypothesis that re-
current bedtime restriction to 5.5 h/night in middle-aged
adults can result in reduced glucose tolerance and de-
creased insulin secretion and sensitivity. We also exam-
ined whether such bedtime restriction, designed to ap-
proximate the short sleep times experienced by many
individuals in real life, will be accompanied by changes in
the circulating levels of the glucose counter-regulatory
hormones, cortisol, GH, epinephrine, and norepineph-
rine. Because sleep curtailment is an increasingly common
aspect of the Western lifestyle, which is characterized by
physical inactivity and overeating, these experiments were
carried out under controlled laboratory conditions of sed-
entary living with ad libitum access to palatable food and
were part of a broader study of the effects of sleep loss on
human energy metabolism (21).

Subjects and Methods

Participants

Eleven sedentary adults (six females and five males) with
mean * spage 39 = S yr, body massindex 26.5 + 1.5 kg/m?, and
self-reported sleep duration 7.6 = 0.7 h/d completed the study.
Research volunteers gave written informed consent and were
paid for their participation (see supplemental data published
on The Endocrine Society’s Journals Online web site at
http://jcem.endojournals.org).

Study protocol

The study protocol was approved by the University of Chicago
Institutional Review Board. The experimental design has been de-
scribed in detail (21). Briefly, each subject completed two 14-d study
periods with sedentary activity, ad libitum food intake, and sched-
uled bedtimes of 5.5 or 8.5 h/night in random order at least 3
months apart (see supplemental data). Exposure to this environ-
ment resulted in a positive energy balance and similar weight gain,
irrespective of the presence or absence of sleep loss (Table 1).

Starting at 2000 h on the last day of each bedtime condition,
participants were transferred to the General Clinical Research Cen-
ter for 48 h of additional testing. During the last 24 h of this period,
subjects remained at bed rest and blood was sampled every 30 min,
except for the first hour after meals and the first 2 h of scheduled
bedtime, when blood was collected every 15 min. Bedtimes were
maintained at 5.5 or 8.5 h according to the assigned experimental
condition. In the morning of the first day, after a 14-h overnight fast,
study participants underwent a 3-h oral glucose tolerance test
(OGTT) as follows: baseline blood samples were collected at —15
and 0 min for measurements of glucose and insulin, 75 g glucose was
administered orally, and additional samples were collected at 30,
60, 90, 120, 150, and 180 min after the glucose challenge. An iv
glucose tolerance test (IVGTT) was performed under similar set-
tings starting at 0900 h on the second day. The IVGTT was incor-
porated in the ongoing sequence of 24-h blood sampling as follows:
a 0.3 g/kg iv glucose bolus was given after the 0900-h blood col-
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TABLE 1. Glucose tolerance test results

P
8.5-h bedtime 5.5-h bedtime value
Initial body weight (kg) 75.0 £9.0 77.3 £10.2 0.056
Initial BMI (kg/m?) 263+ 1.7 27.0+ 1.8 0.065
Initial body fat (kg) 243 *+6.9 25.6 = 5.9 0.120
14-d change in body 2.1 %21 19+16 0.676
weight (kg)
OGTT
Fasting insulin (mU/liter) 8.4+ 39 7.8+ 32 0.535
Fasting glucose (mg/dl) 91 %5 92 £5 0.639
2-h glucose (mg/dl) 132 + 36 144 + 25 0.006
AUC-glucose 0-180 min 23,595 = 3,616 24,800 + 3,896 0.042
(mg - dl~" - min)
AUC-insulin 0-180 min 11,229 £ 6,464 11,216 = 6,273 0.819
(mU - liter =" + min)
IVGTT
S, (mU/liter)™" + min~" 40+16 33*1.1 0.026
AlRg (mU - liter ™" - min) 507 = 198 523 + 209 0.927
DI 1915 = 910 1581 *= 658 0.174
Sg (min™") 0.020 = 0.005 0.023 = 0.005 0.039
GEZI (min~") 0.018 = 0.005 0.021 = 0.005 0.037

Data are mean =+ sp (n = 11). Paired t-tests were used to compare
initial body weight and composition variables. The results from the
glucose tolerance tests at the end of each bedtime condition were
compared using a generalized estimating equation model with order
of treatment and body weight as time-varying covariates. AUC, Area
under curve.

lection, followed by a 0.03 U/kg bolus of regular insulin 20 min
later; samples were taken 2, 3,4, 6,8,10,12,14,16,19,22,24,25,
27,30,40,50,60,70,80,90,100,120, 140,160, and 180 min after
the glucose bolus; and the usual 24-h blood drawing sequence was
resumed at 1230 h. Identical carbohydrate-rich meals were served
at 1400 and 1900 h on both testing days (22).

Sleep monitoring

Sleep was recorded polygraphically and scored according to
standard clinical criteria. Total sleep time was calculated as the
sum of all sleep epochs (21).

Assays

Plasma glucose was measured at the bedside in whole venous
blood (STAT-2300 YSI Analyzer; YSI, Inc., Yellow Springs,
OH). Serum insulin, total cortisol, and GH concentrations were
measured using human chemiluminescent enzyme immunoas-
says (Immulite; Diagnostic Products Corp., Los Angeles, CA).
Due to limitations in sample volume, plasma epinephrine and
norepinephrine were measured in seven of the 11 study partic-
ipants as previously described (22).

Data analysis

Fasting glucose and insulin concentrations were calculated as
the average of the —15 and 0-min OGTT readings. The 120-min
glucose concentration provided a clinically relevant measure of
oral glucose tolerance. The areas under the 3-h OGTT glucose
and insulin curves were calculated using the trapezoidal rule.
IVGTT-based estimates of insulin sensitivity (S;), glucose effec-
tiveness at basal insulin concentration (S¢), glucose effectiveness
at zero insulin (GEZI), and the acute insulin response to glucose
(AIR) were derived by minimal model analysis (MINMOD,
version 5.01; BeBos Assoc., Boston, MA). To assess 3-cell com-
pensation for the degree of insulin resistance, we also calculated
the disposition index, DI, as the product of AIR and S;.

In addition to comparing the 24-h hormone concentrations
during each sleep condition, we analyzed cortisol, GH, epineph-
rine, and norepinephrine levels during the following time inter-
vals: 1) 0900-2300 h, daytime period; 2) 2300-0900 h, over-
night period; and 3) 0900-1300 h, post-iv-glucose period. Rates
of GH secretion were derived by deconvolution using a one-
compartment model for GH clearance and subject-adjusted half-
lives selected to minimize the number of false-negative secretory
rates (18). GH profiles were interpolated at 15-min intervals, and
volume of distribution was assumed to be 7% of body weight.

To characterize the diurnal rhythm of serum cortisol, we de-
rived best-fit regression curves based on the 24-h concentrations
of each subject using a robust locally weighted procedure (www.
ibridgenetwork.org/uctech/chronobiological-series-analyzer-csa)
with a 4-h window. The maximum and minimum of each re-
gression curve defined the acrophase and nadir of the 24-h
rhythm. Amplitude was equal to half the difference between ac-
rophase and nadir. To allow comparisons with previously pub-
lished data (16), we also determined the “quiescent period” of
overnight cortisol secretion as the time when cortisol concentra-
tions remained below 5 pg/dl.

Statistics

Measures of insulin secretion and sensitivity and glucose tol-
erance at the end of each study were compared using generalized
estimating equation regression models with bedtime condition
(5.5vs.8.5h), order of treatment (initial vs. crossover study), and
final body weight as time-varying factors (21). Using 14-d weight
change or energy balance instead of final body weight did not
alter the results of these analyses (data not shown). Paired #-tests
were used for exploratory comparisons of cortisol and GH levels
between the two sleep conditions. Plasma catecholamine mea-
surements were compared using the Wilcoxon paired sign rank
test. ANOVA with bedtime condition and post-iv-glucose time
(four consecutive 1-h intervals between 0900 and 1300 h) as
repeated measures was used to explore the hormonal changes
after the iv-glucose challenge. Statistical analyses were per-
formed using SPSS, version 16.0 (SPSS Inc., Chicago, IL). Results
in the text are reported as mean * sp.

Results

Sleep duration

As bedtime changed from 8.5 to 5.5 h, subjects went to
bed later, 0031 vs. 2316 h, and got out of bed earlier, 0602
vs. 0742 h (=39 min). Mean sleep duration was reduced
by 122 = 25 min/d from 7 h 13 min (*+26 min) with 8.5-h
bedtimes to 5 h 11 min (*7 min) with 5.5-h bedtimes (P <
0.001).

Glucose tolerance, B-cell function, and insulin
sensitivity

There were no differences in fasting glucose and insulin
concentrations between the two sleep conditions (Table
1). In contrast, 2-h glucose values and the area under the
3-h OGTT curve for glucose, but not insulin, were signif-
icantly increased at the end of the bedtime restriction pe-
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riod (Fig. 1). Recurrent sleep curtailment also resulted in
reduced S; and higher Si; and GEZI (Table 1). There were
no statistically significant differences in AIR; and DI be-
tween the two bedtime conditions (Table 1).

Cortisol

The area under the 24-h curve of serum cortisol was sim-
ilar between the 5.5-and 8.5-h bedtime conditions (10,286 =
1,850 vs. 9,993 + 1,180 ug-dl~" - min; P = 0.55). Mea-
sured profiles had comparable peak (18.3 = 3.0 vs. 18.8 =
2.2 pg/dl), trough (1.5 = 0.9 vs. 1.7 = 0.7 pg/dl), daytime
(7.4 £ 1.6 vs. 6.8 = 0.8 ug/dl), and nighttime (6.8 = 2.0 vs.
7.1 = 1.4 pg/dl) cortisol concentrations (Fig. 2A).

Compared with the 8.5-h bedtime period, the best-fit 24-h
cortisol curves at the end of the restricted sleep condition (Fig.
2B) tended to have lower acrophase (11.0 = 2.3 vs. 12.2 =
2.0 pg/dl; P = 0.058), similar nadir, and significantly de-
creased amplitude (4.3 = 0.8 vs. 4.9 = 0.8 ug/dl; P = 0.014).
The time of nadir during the recurrent sleep restriction was
delayed from 0027h (=115 min) to 0138h (=87 min) (P =

180 A
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FIG. 1. Mean (+sE) concentrations of glucose (A) and insulin (B) in
response to a 75-g oral glucose challenge at the end of the 8.5-h
(open circles) and 5.5-h (solid circles) bedtime condition. Asterisk
indicates that both the 2-h value and the 3-h AUC were significantly

different between the two sleep conditions. AUC, Area under the
curve.
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0.012) and acrophase advanced from 0749h (* 47 min) to
0705h (= 53 min) (P = 0.012). The 5.5-h bedtime condition
was accompanied by a small increase in cortisol concentra-
tions between 2000 and 2200 h (4.9 = 1.1 vs. 3.5 = 0.7
pg/dl; P < 0.01). This difference, although statistically sig-
nificant, was very small and did not have a measurable effect
on the duration of the corresponding “quiescent periods” (7
h 55 min = 2 h 49 min vs. 8 h 02 min = 3 h 24 min).

Serum cortisol concentrations declined progressively
during the IVGTT period of the 8.5-h bedtime condition.
The corresponding hormone levels during the 5.5-h bed-
time intervention followed a different time course (P =
0.018 for sleep-condition-IVGTT-time interaction) char-
acterized by a significant rise in cortisol concentrations
during the third and fourth hours (P < 0.02) after the
iv-glucose challenge (Fig. 3C).

GH

Study participants had similar 24-h mean (1.03 = 0.57 vs.
1.09 = 0.38 ug/liter), daytime (0.88 + 0.66 vs. 0.82 = 0.52
pg/liter),and nighttime (1.31 + 0.63 vs. 1.57 = 0.83 pg/liter)
GH concentrations during the 5.5- and 8.5-h bedtime con-
ditions. Comparable results were obtained when these anal-
yses were repeated using GH secretory rates instead of serum
concentrations (Fig. 2, C and D). Recurrent sleep loss was
associated only with lower GH concentrations during the
first 4 h of the assigned bedtime period (1.63 = 0.88 vs.
2.35 * 1.73 ugfliter; P = 0.04). This effect was notable
mainly in male subjects, who had the highest GH concen-
trations during the first half of their sleep (Fig. 2E), and was
not apparent in female participants, who had intervals with
higher GH concentrations both at night and during the day
(Fig. 2F).

There were no significant differences in GH levels dur-
ing the IVGTT period between the two sleep conditions.
Hormone concentrations remained low during the first 2 h
of the test and increased significantly during the third (P =
0.001) and fourth hours (P = 0.021) after the iv glucose
challenge (Fig. 3B).

Plasma catecholamines

Integrated daytime (36 * 15 vs. 30 = 11 pg/ml; P =
0.027), nighttime (20 = 8 vs. 16 * 5 pg/ml; P = 0.046),
and 24-h epinephrine concentrations (29 + 12 vs. 24 + 8
pg/ml; P = 0.042) were higher during the 5.5-h compared
with the 8.5-h bedtime condition (Fig. 2G). Epinephrine
levels increased during the third and fourth hours of the
IVGTT period during both bedtime conditions (IVGTT-
time effect, P = 0.001), but reached significantly higher levels
at the end of the short-sleep study (P < 0.05; Fig. 3C).

Recurrent sleep restriction was accompanied by increased
overnight (198 + 91 vs. 160 * 74 pg/ml; P = 0.043), but not
daytime (291 * 129 vs. 284 = 168 pg/ml) or 24-h (252 +
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FIG. 2. Mean (+sk) 24-h profiles of circulating counter-regulatory hormones measured at the end of the 8.5-h (open circles) and 5.5-h (solid circles) bedtime
condition. Significant differences in the 24-h, daytime (0900-2300 h), and nighttime (2300—0900 h) concentrations between the two bedtime conditions are
identified with an asterisk. A, Serum cortisol concentrations (n = 11); B, best-fit regression curves illustrating the 24-h cortisol rhythm (n = 11); C, GH secretory
rates derived by deconvolution analysis (n = 11); D, serum GH concentrations (n = 11); E, serum GH concentrations in male study participants (n = 6); F, serum
GH levels in female study participants (n = 5); G, plasma epinephrine (E) concentrations (n = 7); H, plasma norepinephrine (NE) concentrations (n = 7). The
timing of the iv glucose challenge and lunch and dinner meals is marked by vertical gray lines and gray shaded bars, respectively.

113 vs. 232 = 127 pg/ml) norepinephrine levels (Fig. 2H).
There were no statistically detectable differences in plasma
norepinephrine concentrations during the IVGTT period be-
tween the two bedtime conditions (Fig. 3D).

Discussion

Using a protocol of recurrent bedtime restriction, we were
able to modify the amount of sleep of sedentary middle-

aged men and women from over 7 h/d, which in epidemi-
ological studies represents the sleep duration category
with lowest metabolic risk, to less than 6 h/d, which cor-
responds to a sleep category associated with increased in-
cidence of T2D (9-12). The key finding of our study is that
recurrent bedtime restriction to 5.5 h/night in an environ-
ment that promotes overeating and physical inactivity was
accompanied by higher 2-h OGTT glucose levels (Table 1)
and a significantly increased area under the OGTT glucose
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FIG. 3. Mean (+sk) profiles of circulating counter-regulatory hormones measured before (baseline, BL) and every 30 min after an iv glucose
challenge at the end of the 8.5-h (open circles) and 5.5-h (solid circles) bedtime conditions. Significant differences between the two bedtime
conditions are identified with an asterisk. A, Plasma glucose concentrations during the IVGTT (n = 11); B, serum insulin concentrations during the
IVGTT (n = 11); C, hourly serum cortisol concentrations (n = 11); D, hourly plasma epinephrine (E) concentrations (n = 7); E, hourly serum GH
concentrations (n = 11); F, hourly plasma norepinephrine (NE) concentrations (n = 7). *, P < 0.05 in post hoc comparisons between the two

bedtime conditions based on repeated measures ANOVA.

curve (Fig. 1). Whereas prior studies have focused on the
acute effects of total or severe partial sleep loss on human
glucose metabolism (14-17), this is the first controlled
experiment to document that recurrent bedtime restric-
tion, which approximates the short sleep times experi-
enced by many people in everyday life, can result in de-
creased oral glucose tolerance.

To examine the effects of recurrent bedtime restriction
on insulin secretion and sensitivity as key factors in the
pathogenesis of T2D, we obtained measures of AIR, Sy,
and DI at the end of each sleep condition. The finding of
decreased insulin sensitivity at the end of our restricted
bedtime condition is important because in previous ex-
periments only total sleep deprivation has been associated
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with increased insulin resistance (14) and compensatory
hyperinsulinemia (15), whereas partial sleep loss did not
have a significant effect (16). Our data now indicate that,
when part of a Western-like lifestyle, recurrent sleep re-
striction can also result in reduced insulin sensitivity.

As S; declines, AIR; increases and individual DI re-
mains stable to maintain normal glucose tolerance (23).
Despite the decrease in S;at the end of the short-sleep study
period, there was no significant difference in AIR( be-
tween the two bedtime conditions (Table 1), which raises
the possibility that recurrent sleep restriction might inter-
fere with B-cell compensation. The lack of hyperinsulin-
emia, despite the increase in the area under the OGTT
glucose curve at the end of the 5.5-h bedtime intervention
(Fig. 1), is also consistent with this hypothesis. However,
compared with the considerable decrease in insulin secre-
tion after more acute and severe sleep restriction when
AIR, was reduced by 30% (16), the more moderate and
prolonged sleep restriction in our study had no such im-
pact on B-cell function. Indeed, analysis of DI as a measure
of B-cell compensation for the degree of insulin resistance
showed no significant differences in this variable at the end
of the 5.5-h bedtime condition (Table 1). Because DI is a
derivative measure with very large variability, it is possible
that our analysis did not have sufficient power to detect a
smaller than expected change in this endpoint. Alterna-
tively, recurrent exposure to more moderate sleep restric-
tion may have allowed the B-cell to adapt, at least par-
tially, to the increase in systemic insulin resistance. Even
when such B-cell compensation is entirely normal, this can
result in higher OGTT glucose levels and increased long-
term risk of T2D (23).

The increase in Si; and GEZI at the end of the bedtime
restriction period (Table 1) illustrates another previously
unknown and potentially significant effect of recurrent
sleep restriction on human glucose metabolism. Increased
glucose effectiveness in association with reduced insulin
sensitivity has been reported in healthy offspring of pa-
tients with T2D and is thought to represent an important
compensatory mechanism for the maintenance of normal
glucose tolerance (24). The rise in S;; and GEZI in our
experiment may, therefore, occur in response to the
development of insulin resistance caused, e.g. by proin-
flammatory, oxidative, and endoplasmic reticulum stress
pathways during the period of recurrent sleep restriction
(25-27). The putative role of mammalian sleep in main-
taining the energy stores of the brain has led others to
propose that sleep deprivation results in increased meta-
bolic demands to support neuronal activity during ex-
tended wakefulness (28, 29), depletion of glycogen in
some areas of the brain (27), and activation of neuroen-
docrine mechanisms to enhance the supply of glucose to
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the central nervous system (30). According to this hypoth-
esis, the rise in S;; and GEZI during our 5.5-h bedtime
condition may reflect a state of increased brain glucose
utilization, which triggers secondary changes in auto-
nomic nervous system activity, release of counter-regula-
tory hormones, and reductions in peripheral insulin se-
cretion and sensitivity. There have been conflicting reports
in support of this hypothesis: reduced insulin secretion or
sensitivity was associated with markers of enhanced sym-
pathetic activity and changes in plasma cortisol and GH
levels during short-term sleep restriction (16, 18, 19), but
not necessarily in studies of total sleep deprivation (14,28,
30). Similarly, increased levels of brain glucose metabo-
lism were found in chronic insomnia sufferers (31),
whereas more acute sleep loss has been associated with
decreased S¢; (16) and cerebral glucose metabolism (32).

We also measured circulating cortisol, GH, epineph-
rine, and norepinephrine concentrations to examine
whether 24-h changes in these counter-regulatory hor-
mones may have contributed to the decline in glucose tol-
erance during the period of recurrent sleep restriction. Un-
like the effects of more acute and severe bedtime restriction
(16), our short-sleep intervention did not result in signif-
icantly increased exposure to high levels of GH or cortisol.
The small increase in cortisol concentrations between
2000 and 2200 h (Fig. 2A) did not exceed the level of
concentrations seen during the “quiescent period” of cor-
tisol secretion and, by itself, was unlikely to have a sig-
nificant impact on glucose tolerance and S; (33). Similarly,
the rise in late-evening GH levels observed in lean young
men during more acute and severe sleep restriction (18)
was not present in our study. Instead, recurrent sleep re-
striction was accompanied by lower GH concentrations
during the first 4 bedtime hours in our male subjects (Fig.
2E). The potential for chronic sleep loss to decrease the
secretion of this and other anabolic hormones in men (34),
and thus to modify their long-term risk of T2D (11), may
warrant additional investigation.

The most consistent effect of sleep restriction on the
counter-regulatory hormones in this study was the 20—
25% increase in overnight catecholamine levels (35). Al-
though exposure to higher levels of epinephrine and nor-
epinephrine can result in reduced insulin sensitivity and
impaired glucose tolerance, it is not known whether the
increase of plasma catecholamine levels within the human
physiological range during the 5.5-h bedtime condition
can have similar direct consequences (36, 37). These bi-
omarkers of increased sympathetic and adrenomedullary
release, however, suggest that sleep curtailment may be
accompanied by widespread changes in autonomic ner-
vous system activity that affect insulin secretion and sen-
sitivity (38).
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A closer look at the hormonal profiles during the re-
stricted sleep condition also indicates that epinephrine lev-
els tended to increase when the supply of exogenous glu-
cose dwindled 3-4 h after the iv glucose challenge and
during the late postprandial period (Fig. 2G). The com-
bination of increased Si; and GEZI with these changes in
plasma epinephrine levels raises the possibility that the
lack of sufficient sleep may amplify the neuroendocrine
defense of humans against declines in exogenous glucose
delivery (26, 30). This is perhaps best illustrated by the
increased release of counter-regulatory hormones during
the post-IVGTT period of the restricted sleep condition
(Fig. 3, C and D); however, the impact of recurrent sleep
restriction on the human neuroendocrine response to in-
terruptions in the supply of exogenous glucose remains
unexplored.

Our study has several limitations. First, we could not
define the target tissues that were responsible for the ef-
fects of recurrent sleep restriction on whole-body insulin
sensitivity using routine oral and iv glucose tolerance tests.
Second, counter-regulatory responses to hypoglycemia
during the insulin-assisted IVGTT may result in lower es-
timates of S; (39). Although there were no significant dif-
ferences in cortisol, GH, and catecholamine levels during
the first 2 h of the IVGTT (Fig. 3), methods that avoid the
relative hypoglycemia of the test may be particularly in-
formative when assessing insulin sensitivity in the presence
of recurrent sleep restriction. Similarly, the accuracy of
IVGTT-based estimates of glucose effectiveness in sleep-
deprived subjects has not been established, and our novel
S and GEZI findings will require confirmation using al-
ternative model-independent approaches. Finally, al-
though the overall intake of energy and macronutrients
was comparable between the two sleep conditions, recur-
rent bedtime restriction modified the amount, composi-
tion, and timing of snack consumption (21). Although
incorporating statistical control for the intake of energy
from snacks did not change the results of our study (data
not shown), the long-term effects of differences in snack-
ing behavior on insulin secretion and sensitivity in indi-
viduals with self-reported short sleep are not known (40).

In summary, experimental exposure to recurrent bed-
time restriction in an environment that promotes overeat-
ing and physical inactivity was accompanied by reduced
glucose tolerance, lower Sy, increased S; and GEZI, and no
statistically significant changes in AIR; and DI. These
findings suggest that combining the adverse metabolic ef-
fects of Westernized lifestyles with chronically reduced
sleep duration may increase the long-term risk of devel-
oping impaired glucose tolerance and T2D. Although this
hypothesis is consistent with current epidemiological
data, our conclusions are based on the detailed evaluation
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of a small group of subjects over a limited period of time
under carefully controlled laboratory conditions. Addi-
tional intervention studies will be needed to examine the
impact of habitual sleep curtailment on human glucose
metabolism under free-living conditions.
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