Diabetologia (2020) 63:875-884
https://doi.org/10.1007/500125-019-05084-5

ARTICLE m

Check for
updates

Impact of sleep deprivation and high-fat feeding on insulin
sensitivity and beta cell function in dogs

Annelies Brouwer >3 . Isaac Asare Bediako” - Rebecca L. Paszkiewicz* - Cathryn M. Kolka® - Richard N. Bergman* -

Josiane L. Broussard ""*°

Received: 12 August 2019 /Accepted: 6 November 2019 /Published online: 4 February 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Aims/hypothesis Insufficient sleep is increasingly recognised as a major risk factor for the development of obesity and diabetes, and
short-term sleep loss in clinical studies leads to a reduction in insulin sensitivity. Sleep loss-induced metabolic impairments are
clinically relevant, since reductions in insulin sensitivity after sleep loss are comparable to insulin sensitivity differences between
healthy individuals and those with impaired glucose tolerance. However, the relative effects of sleep loss vs high-fat feeding in the
same individual have not been assessed. In addition, to our knowledge no diurnal (active during the daytime) non-human mamma-
lian model of sleep loss-induced metabolic impairment exists, which limits our ability to study links between sleep and metabolism.
Methods This study examined the effects of one night of total sleep deprivation on insulin sensitivity and beta cell function, as
assessed by an IVGTT, before and after 9 months of high-fat feeding in a canine model.

Results One night of total sleep deprivation in lean dogs impaired insulin sensitivity to a similar degree as a chronic high-fat diet
(HFD)(normal sleep: 4.95+0.45 mU™' 1"" min~'; sleep deprivation: 3.14+£0.21 mU™' I"' min~'; HFD: 3.74 £
0.48 mU " 1! min~'; mean + SEM). Hyperinsulinaemic compensation was induced by the chronic HFD, suggesting adequate
beta cell response to high-fat feeding. In contrast, there was no beta cell compensation after one night of sleep deprivation,
suggesting that there was metabolic dysregulation with acute sleep loss that, if sustained during chronic sleep loss, could
contribute to the risk of type 2 diabetes. After chronic high-fat feeding, acute total sleep deprivation did not cause further
impairments in insulin sensitivity (sleep deprivation + chronic HFD: 3.28 mU ™' I"' min").

Conclusions/interpretation Our findings provide further evidence that sleep is important for metabolic health and establish a
diurnal animal model of metabolic disruption during insufficient sleep.

Keywords Canine - Diabetes - Diet - Dog - Fat - Glucose - Insulin - Obesity - Sleep

Abbreviations NS-chow Normal sleep on a chow diet
Adipo-IR  Adipose tissue insulin sensitivity NS-HFD  Normal sleep on a high-fat diet
AlRg Acute insulin response to glucose SD-chow  Sleep deprivation on a chow diet
DI Disposition index SD-HFD  Sleep deprivation on a high-fat diet
HFD High-fat diet Sa Glucose effectiveness

Kg Glucose tolerance Sy Insulin sensitivity (index)
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What is already known about this subject?

e |Insufficient sleep is a risk factor for the development of obesity and diabetes

e The relative effects of insufficient sleep and unhealthy lifestyle are not known

What is the key question?

e How does insufficient sleep compare with an unhealthy diet in the same individual canine model?

What are the new findings?

e One night of total sleep deprivation in lean dogs impaired insulin sensitivity to a similar degree as chronic high-fat

feeding

e  Acute total sleep deprivation after chronic high-fat feeding did not lead to further impairments in insulin

sensitivity

e The canine is a valid non-human diurnal animal model for the study of sleep loss-induced insulin resistance

How might this impact on clinical practice in the foreseeable future?

e  Sleep loss has significant clinical relevance as one night of sleep deprivation can impair next day insulin sensitivity

to a similar degree as a long-term high-fat diet

Introduction

Rates of obesity in the USA have doubled over the last
30 years, as has the percentage of people with diagnosed type
2 diabetes, and both conditions are rapidly increasing world-
wide [1]. Although changes in diet and energy expenditure
have played an important role, sleep and circadian disruption
have emerged as novel risk factors for the development of
metabolic diseases and are often unavoidable in modern,
24 h society [2].

The physiological mechanisms by which insufficient sleep
increases the risk for type 2 diabetes and obesity are largely
unknown [3]. Findings from experimental studies in human
participants demonstrate that insufficient sleep impairs insulin
sensitivity [4-27], a primary pathophysiological mechanism
underlying type 2 diabetes [28]. The degree of insulin sensi-
tivity impairment induced by insufficient sleep in healthy indi-
viduals is comparable to the magnitude of insulin resistance in
people with obesity and type 2 diabetes compared with lean
controls [28, 29]. Yet, the relative effects of insufficient sleep
vs diet-induced insulin resistance, and their combined effects
on glucose metabolism in the same individual are unknown.
Understanding relative effects of these factors may provide
insight into how sleep loss may contribute to metabolic
disease progression.

The canine may be a suitable model in which to examine
and compare the relative effects of sleep deprivation vs a high-
fat diet (HFD). This model has been used extensively to study
the impact of high-fat feeding on insulin sensitivity and beta
cell compensation [30-34]. Furthermore, the canine is a
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diurnal mammal, rather than nocturnal, with sleep—wake
patterns and electroencephalography (measured by EEG)
similar to humans [35, 36].

Therefore, the aim of the present exploratory study was to
first evaluate the influence of acute total sleep deprivation on
insulin sensitivity and then investigate in a subset of animals
the relative effects of one night of sleep deprivation vs a
9 month HFD on glucose metabolism in the same animal.
Insulin sensitivity (S;), acute insulin response to glucose
(AIRg), and disposition index (DI) were assessed using
frequently sampled IVGTTs and were compared between four
conditions: normal sleep on a chow diet (NS-chow), sleep
deprivation on a chow diet (SD-chow), normal sleep after an
HFD (NS-HFD) and sleep deprivation after an HFD (SD-
HFD).

Methods

Research design We compared the impact on metabolic
outcomes of normal sleep vs sleep deprivation, assigned in
randomised order, with effects of a chronic HFD in dogs.
Assessments of the effects of one night of total sleep
deprivation vs normal sleep were performed during chow
feeding, as well as after approximately 9 months on an
HFD. See Fig. 1 for a schematic representation of the
experimental conditions and protocol. The study was
approved by the Cedars-Sinai Medical Center Institutional
Animal Care and Use Committee. The effects of high-fat feed-
ing on insulin sensitivity, cardiac function and insulin access
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Fig. 1 Schematic representation
of experimental conditions and
experimental protocol. IVGTTs
were conducted following one
night of normal sleep (dark
period) and one night of total
sleep deprivation (dim-light
period), assigned in random order
in 24 animals and separated by 18
+ 3 days (mean + SEM). A subset l
of eight animals then went on to

receive an HFD for

approximately 9 months, after

which IVGTTs were conducted

following one night of normal

sleep and one night of total sleep

deprivation, assigned in random

order
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to skeletal muscle in some of these animals have been reported
previously [30, 33].

Experimental animals Adult (>1 year of age), male, mixed-
breed, normal weight dogs were housed in the Cedars-Sinai
Medical Center Vivarium (Los Angeles, CA, USA) under
controlled kennel conditions, on a 12:12 h light-dark cycle
(lights off from 18:00 to 06:00 hours). The baseline chow diet
was provided daily between 09:00 and 10:00 hours and
consisted of a combination of moist and dry chow, providing
14,970 kJ/day (3578 kcal), with a breakdown of 39.2% carbo-
hydrate, 32.5% fat and 28.3% protein. Dogs were accepted
into the study only if weight was stable and they were judged
to be in good health as determined by visual inspection, body
temperature and haematocrit.

Interventions To assess the effects of total sleep deprivation
after baseline chow diet and after a chronic HFD, 24 dogs
were studied under two sleep conditions—normal sleep and
sleep deprivation. Normal sleep involved one night of undis-
turbed sleep (no researcher present, as this would have
aroused dogs and disturbed sleep), whereas sleep deprivation
involved constant human attention (petting by and interaction
with researchers) for 24 h (06:00-06:00 hours) to prevent
sleep. Lights were kept on between 06:00 and 18:00 and were
dimmed (<5 lux, during sleep deprivation) or off (during
normal sleep) from 18:00 to 06:00. The sleep conditions were
separated by at least 4 days (mean >2 weeks) to allow for
sufficient recovery sleep and were assigned in random order.

At least 2 weeks following the final experiment on baseline
chow diet, a subset of eight animals began an HFD for
9 months (mean 37 weeks [range 31-42 weeks]), consisting
of'the baseline chow diet supplemented with 160 g of rendered

pork fat (lard) to achieve a 52% fat diet providing 21,025 kJ/
day (5025 kcal). Animal allocation to HFD was
predetermined based on availability and ongoing projects,
thus we did not have control over the selection of the subset
that went on to HFD. As mentioned above, effects of high-fat
feeding on insulin sensitivity, cardiac function and insulin
access to skeletal muscle in these animals have been reported
previously [30, 33].

For clinical comparisons, the typical American or
European diet contains approximately 36-40% fat, therefore
an HFD for humans might contain 50-60% of energy as fat
[37]. Thus, a baseline chow diet of approximately 33% fat and
a diet comprised of 52% fat are comparable to normal diets
and HFDs, respectively, typically consumed by humans.

The baseline chow diet was given on all experimental days,
including during HFD conditions, to rule out any acute dietary
effects on our outcome measures. All food given on experi-
mental days was therefore matched for energy levels and
macronutrient content across conditions.

Outcome measures Minimal model analyses of frequently
sampled IVGTTs were performed to assess whole body S,
AlRg, DI, glucose effectiveness (Sg) and glucose tolerance
(Kg). IVGTTs were performed at 08:00 hours immediately
following an overnight fasting period. Animals were mildly
restrained in a Pavlov sling during the procedure. An
intracatheter was inserted into the saphenous or cephalic vein.
Blood samples were drawn every 5 min for 15 min (3 basal
samples), after which (time = 0 min) glucose was given as an
intravenous bolus (0.3 g/kg body weight). Intravenous insulin
(0.02 U/kg body weight) was administered at time =20 min.
Blood samples were collected at 2, 3,4, 5,6, 8, 10, 12, 14, 16,
19, 22, 23, 24, 25, 30, 40, 50, 60, 70, 90, 100, 120, 140, 160
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and 180 min, and glucose and insulin concentrations deter-
mined. Sy was calculated using the minimal model of glucose
kinetics using MINMOD Millennium software (MINMOD
6.02, MinMod, Los Angeles, CA, USA). AIRg was calculated
as the AUC of the insulin concentrations above the mean of
the basal values from 0 to 10 min. DI was calculated as the
product of S; and AIRg. Kg was calculated as the negative
slope of the natural logarithm of the concentration of glucose
from 5 to 19 min. Adipose tissue insulin sensitivity (Adipo-
IR) was calculated as the product of fasting NEFA and insulin
concentrations in plasma [38].

Measures of NEFA, cortisol, noradrenaline (norepinephrine)
and adrenaline (epinephrine) were derived from fasting blood
samples taken immediately prior to each IVGTT on the morn-
ings immediately following one night of normal sleep or total
sleep deprivation. These blood samples were collected every
15 min from 06:30 hours until the start of the IVGTT (6
samples in total; concentrations are mean values).

Blood samples for the analysis of glucose, insulin, cortisol,
adrenaline and noradrenaline were collected in tubes that were
pre-coated with lithium heparin (Becton Dickinson, Franklin
Lakes, NJ, USA), and contained 50 pul EDTA (Sigma
Chemicals, St Louis, MO, USA). Tubes for the analysis of
NEFA contained only EDTA. Tubes were kept on ice and
centrifuged. Plasma was then separated, transferred to storage
tubes and placed on ice or at —20°C for the remainder of the
experiment. Upon completion of the experiment, samples
were transferred to —80°C freezers for storage until further
analysis. Glucose was measured using a YSI 2300 or 2700
autoanalyser (Yellow Springs Instruments, Yellow Springs,
OH, USA). Insulin was measured with an ELISA originally
developed for human serum or plasma (Linco Research, St.
Charles, MO, USA) and adapted for dog plasma [39]. Plasma
NEFA were measured using the NEFA C kit (Wako Pure
Chemical Industries, Richmond, VA, USA). Cortisol was
measured using an RIA (Diagnostic Products, Los Angeles,
CA, USA). Plasma adrenaline and noradrenaline were
measured with an ELISA (Rocky Mountain Diagnostics,
Colorado Springs, CO, USA).

Body weight, as well as the size of visceral and subcu-
taneous fat deposits in the abdominal region, were
assessed before and after the HFD. Size of fat depots were
assessed under general anaesthesia by MRI imaging using
a 3.0-T Siemens Scanner (MAGNETOM Verio, Siemens
Healthcare, Erlangen, Germany). Imaging software
(SliceOmatic 4.3, Tomovision, Magog, QC, Canada) was
used to distinguish fat and non-fat tissues based on pixel
intensity from 11 transverse 10 mm thick slices. Physical
activity on all experimental days was measured using a
collar-bound accelerometer (Actical, Respironics,
Murrysville, PA, USA). Food was weighed each day
before and after animals were fed to determine exact food
intake.
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Sample size On the basis of human studies on the effects of
insufficient sleep on insulin sensitivity and previous studies on
the effects of a chronic high-fat (lard) diet on insulin sensitiv-
ity in dogs, large effect sizes were expected for the effects of
these conditions on insulin sensitivity. During the planning of
this study, no information was available on the expected
differences in insulin sensitivity in response to sleep depriva-
tion vs a chronic HFD, nor on the effect of sleep deprivation
after a chronic HFD. Twenty-four dogs took part in the base-
line sleep study, which yielded 80% power for detecting medi-
um effect sizes (Cohen’s d of at least 0.60) regarding the
effects of total sleep deprivation under baseline conditions
(NS-chow vs SD-chow). Eight of these dogs completed an
approximate 9 month HFD, which yielded 80% power for
detecting a large effect size (partial n of at least 0.81) regard-
ing differences among the four conditions (NS-chow vs SD-
chow vs NS-HFD vs SD-HFD), assuming no correlation
(Pearson’s p of 0.0) between repeated measures, as well as
large effect sizes (Cohen’s d of at least 1.16) for post hoc
comparisons.

Statistical analyses Differences between baseline and total
sleep deprivation conditions before HFD are expressed in
mean absolute difference, with SEM, and effect size
(Cohen’s d) when relevant. Paired samples ¢ tests were used
to compare means between the two sleep conditions (NS-
chow vs SD-chow; n =24; results presented in Table 1).
Repeated measures ANOVA with post hoc ¢ tests was used
to compare means between the four conditions (NS-chow vs
SD-chow vs NS-HFD vs SD-HFD; n = 8; results presented in
Table 2). Significance was set at a p value of 0.05. Statistics
were performed using SPSS IBM Statistics 22 (Armonk, NY,
USA).

Results

One night of experimental sleep deprivation impairs insulin
sensitivity without beta cell compensation Total sleep depri-
vation significantly reduced S; by 21 +6%; (p =0.004; data
are mean = SEM; Table 1). AIRg was not elevated in response
to sleep deprivation, reflected by a significant reduction in DI
(p =0.006; Table 1). Furthermore, K5 was decreased in
response to sleep deprivation though this was not statistically
significant (p = 0.065; Table 1).

In the subsample of animals that went on to high-fat feed-
ing (n=38 out of 24), sleep deprivation following baseline
chow feeding impaired S; by 33+6% (p=0.001, Table 2)
although fasting insulin concentrations were not different
(p=0.062; Table 2).

No differences were detected between sleep conditions for
fasting glucose and NEFA concentrations, Sg or Adipo-IR
(Tables 1 and 2).
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Table 1 Effects of normal sleep vs sleep deprivation
Measure Normal sleep, Sleep deprivation, Mean difference (SEM) Test statistics

mean (SEM) mean (SEM)
Fasting glucose (mmol/l) 5.34 (0.07) 5.32 (0.07) 0.03 (0.07) t0.373,p=0.712
Fasting insulin (pmol/l) 52.78 (6.25) 56.25 (5.56) —3.24 (4.74) 10.684, p=0.501
Fasting, NEFA (mmol/l); n=8 0.53 (0.04) 0.55 (0.06) —0.01 (0.06) t0.210, p=0.840
Kg (%/min) 3.7(0.2) 32(0.2) 0.5(0.2) t1.942, p=0.065
Beta cell response, AIRg (mU/1 x min) 509.7 (32.0) 504.5 (31.1) 5.2 (18.4) t0.284, p=0.779
S;(mU™ ™" min™") 6.50 (0.62) 4.95(0.51) 1.55(0.48) t3.243, p =0.004**
DI 3195 (312) 2421 (283) 774 (254) t3.049, p =0.006**
SG (%/min) 0.041 (0.002) 0.039 (0.002) 0.002 (0.002) 10.926, p=0.364
Adipo-IR (mmol/l x pmol/l); n=8 31.11 (7.78) 36.81 (5.76) —5.72 (8.13) t—0.704, p=0.504
Fasting cortisol (pmol/l); n=12 5.13 (0.68) 4.00 (0.82) —1.13 (3.10) t1.261, p=0.233
Fasting adrenaline (pmol/l); n=12 365.8 (67.2) 322.1 (59.0) —43.7 (204.2) 10.743, p=0.473
Fasting noradrenaline (pmol/l); n=12 931.0 (251.2) 834.0 (253.6) —96.9 (334.0) t1.005, p=0.336
24 h physical activity (mean counts per h); n=7 273 (52) 261 (49) —12 (38) 10.326, p=0.756
Daytime physical activity (mean counts per h); n="7 491 (96) 481 (102) —10(75) t0.138, p=0.895
Night-time physical activity (mean counts per h); n=7 55(12) 40 (11) -15(22) 10.704, p=0.508

Data from all animals after normal sleep and sleep deprivation, after following a chow diet (NS-chow and SD-chow)

n =24 unless otherwise noted; due to IV issues leading to reduced plasma available for assays, fasting NEFA and Adipo-IR were measured in n=8
animals, and fasting cortisol, adrenaline and noradrenaline were measured in n = 12 animals

To convert S; values to SI units, multiply by 0.167
Paired samples ¢ test statistic reported with p value; **p <0.01

Chronic high-fat feeding induces weight gain, insulin resis-
tance and beta cell compensation Nine months on an HFD
resulted in significant weight gain (4.2+ 1.0 kg; t 4.084, p =
0.005; mean baseline weight: 31.6 kg), which included a
significant increase in visceral fat volume (6.3 2.2 cm?;
p <0.023; mean baseline volume: 11.3 cm3), but not subcuta-
neous fat volume (2.3 +1.0 cm’; »=0.069; mean baseline
weight: 10.9 cm?).

Chronic high-fat feeding resulted in a 21 £11%
decrease in S; (p =0.038) with a concomitant increase in
AIRG (p =0.012; Table 2; Fig. 2). As a result, DI remained
unchanged (Table 2; Fig. 2). The chronic HFD resulted in
significantly higher fasting insulin concentrations (p =
0.028; Table 2). In contrast, no differences were detected
in fasting glucose or NEFA concentrations, nor Kg, Sg, or
Adipo-IR (Table 2).

Impact of sleep deprivation vs chronic high-fat feeding
Reductions in Sy were not different when comparing one night
of total sleep deprivation and 9 months of chronic high-fat
feeding (Table 2; Fig. 2). No differences were detected
between conditions for fasting glucose, insulin, NEFA
concentrations, nor Kg, Sg or Adipo-IR (Table 2).

Impact of sleep deprivation in conjunction with a chronic HFD
Total sleep deprivation following 9 months of HFD
significantly reduced S; by 32+5% compared with

baseline chow and habitual sleep (»p=0.001). However,
the combination did not result in a further decrease in
S; (p=0.154; Cohen’s d effect size 0.57), nor any
changes to AIRg or DI (Table 2; Fig. 2) when
compared with HFD and habitual sleep. Similarly, no
differences were detected between these conditions for
fasting glucose, insulin, and NEFA concentrations, nor
Kg, Sg or Adipo-IR (Table 2).

Cortisol, adrenaline and noradrenaline Fasting cortisol
concentrations did not differ between any study conditions
(Tables 1 and 2). Catecholamines also did not differ
between normal sleep and sleep deprivation during base-
line chow feeding but were elevated following the chronic
HFD (adrenaline p =0.054, noradrenaline p=0.017;
Tables 1 and 2).

Physical activity and food intake Physical activity data from
accelerometry are shown in Tables 1 and 2. Mean daytime
activity counts (06:00—18:00 hours) were higher than
night-time activity counts (18:00—06:00 hours) in all
conditions. There was a significant effect of diet on 24 h
and daytime physical activity (Table 2). No effects of
sleep deprivation on physical activity were observed.
Food given to animals was identical on all experimental
days and actual food intake was not different between
study conditions (data not shown).
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Fig. 2 Effects of one night of sleep deprivation vs a chronic HFD.
IVGTTs were used to assess insulin sensitivity (as Sy) (a), beta cell
response (as AIRg) (b) and DI (¢) in eight animals following one night
of normal sleep and one night of total sleep deprivation, assigned in

Discussion

We investigated the effects of one night of total sleep depriva-
tion on metabolism in canines and compared the influence of
sleep deprivation and a chronic HFD in a subset of the same
individual animals. We found that one night of total sleep
deprivation in lean dogs impaired insulin sensitivity to a simi-
lar degree as 9 months of chronic high-fat feeding. The DI—
an index of beta cell function relative to insulin sensitivity, and
an important predictor of type 2 diabetes—was maintained
during chronic high-fat feeding, reflecting normal beta cell
compensatory mechanisms to insulin resistance. In contrast,
sleep deprivation led to a reduction in DI, suggesting that beta
cells did not compensate for the reduction in insulin sensitiv-
ity. Finally, sleep deprivation following the induction of diet-
induced insulin resistance did not cause any further impair-
ments to insulin sensitivity or DI.

Our findings are consistent with results from previous stud-
ies of insufficient sleep in human participants [4-26] and
chronic HFD studies in dogs [30-34], which report impaired
insulin sensitivity during both conditions. Consistent with
findings from human studies in which food intake was
controlled, insufficient sleep in the canine was also accompa-
nied by a reduction in DI due to a lack of compensatory beta
cell response [4, 6, 13, 24, 40].

We previously reported that 2—6 weeks of HFD (using the
same HFD as in the present study) is required to elicit
hyperinsulinaemic compensation [32, 41]. Furthermore, results
from a clinical study of insufficient sleep in which food intake
was allowed ad libitum also reported hyperinsulinaemic
compensation [25]. Thus, it is possible that hyperinsulinaemic
compensation would occur if insufficient sleep is sustained
chronically.

Our previous work suggests that the specific signal for
insulin compensation in response to insulin resistance is
elevated nocturnal NEFA [32, 41]. Results from the same
canine model showed that nocturnal NEFA are significantly
elevated following 6 weeks of high-fat feeding and correlate
with insulin secretion, without changes in morning fasting
NEFA [32]. In humans, three nights of insufficient sleep

NS-chow SD-chow NS-HFD SD-HFD
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T T
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random order, before and after approximately 9 months on an HFD.
Data are represented as mean + SEM with individual animals represented
by coloured data points. To convert S; values to SI units, multiply by
0.167 *p<0.05

resulted in elevated nocturnal NEFA [4]. Since overnight
blood sampling in our canine model would have disrupted
sleep, it was not possible to investigate the relationship
between nocturnal NEFA and insulin secretion in the current
study.

Following 9 months of high-fat feeding, one night of sleep
deprivation did not result in further reductions in insulin sensi-
tivity or changes in beta cell response. These findings may
imply that, once insulin sensitivity is impaired, there could
be a ‘floor effect’ such that further reductions are not possible.
This possibility is supported by a recent study in human
volunteers that demonstrated no additional changes in param-
eters of fat and glucose metabolism occurred when sleep
deprivation took place after 1 week of deliberate overfeeding
[42]. Alternatively, a diet high in fat is known to disrupt sleep
and circadian rhythms in rodents [43] and the percentage of
energy derived from saturated fat intake is associated with
reduced slow wave sleep in humans [44]. Sleep in our animals
during the HFD, therefore, may already have been disrupted,
leading to a reduced impact of our intervention and smaller
differences between sleep conditions after chronic high-fat
feeding.

Another important consideration is the impact of a long-
term HFD combined with chronic insufficient sleep, as is
common in modern society. We and others have previously
reported that insufficient sleep increases the risk for develop-
ing obesity by increasing subjective hunger and appetite, as
well as the hunger hormone ghrelin when food intake is
controlled [45]. Furthermore, when palatable food is readily
available, insufficient sleep leads to a significant increase in
energy intake [45, 46]. Since our dogs were not given free
access to food during this study, they were unable to increase
energy intake during sleep deprivation. However, we
hypothesise that, if animals had been maintained on chronic
insufficient sleep in conjunction with ad libitum access to the
HFD, further reductions in insulin sensitivity would have been
observed.

Finally, this study may have been underpowered to detect
an impact of sleep deprivation after an HFD (medium-sized
effect [Cohen’s d of 0.57]), as it was only powered for the
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detection of large effect sizes. Studies in larger samples are
needed to further elucidate the effects of insufficient sleep in
metabolically compromised individuals.

The mechanisms by which sleep loss impairs insulin sensi-
tivity are yet to be unravelled, but roles for sympathetic
nervous system and hypothalamic—pituitary—adrenal axis acti-
vation, as well as increased inflammation, have been
suggested [3]. Studies assessing cortisol, adrenaline and
noradrenaline during insufficient sleep have reported mixed
findings, with some studies reporting no increases [4, 6, 11,
12, 14, 17, 47] or modest increases [4, 14, 15, 19, 40] in some
or all of these factors. In the present study we did not detect
changes in cortisol or catecholamines in response to one night
of sleep deprivation. Furthermore, physical activity and food
intake during the experimental days did not differ between the
normal sleep and sleep deprivation conditions, ruling out the
possibility that acute differences in either behaviour could
have impacted on insulin sensitivity after one night of sleep
deprivation. In contrast, fasting noradrenaline was higher after
9 months of high-fat feeding, which may have contributed to
impaired insulin sensitivity. However, due to sample-size limi-
tations it was not feasible to test whether effects of the HFD
were mediated in part by changes in these variables.

Contrary to studies in human volunteers, we did not observe
any indication of adipose tissue insulin resistance in response to
sleep deprivation, as assessed by Adipo-IR—the product of
fasting NEFA and insulin concentrations in plasma [38]. This
may be due in part to protocol differences between studies. For
example, the current study assessed Adipo-IR after one night of
total sleep deprivation. In contrast, results from human studies
suggest chronic partial sleep loss impairs adipose tissue function
as indicated by impaired insulin signalling [5], increased noctur-
nal NEFA [4] and impaired NEFA rebound [27]. Therefore, a
longer duration of insufficient sleep may be necessary to induce
alterations in Adipo-IR. In contrast, reports from another clinical
study found that a single night of sleep deprivation was indeed
sufficient to induce changes in adipose tissue assessed from
biopsies [48, 49]. Together these results suggest that our method
for assessing adipose tissue function using fasting plasma NEFA
and insulin was unable to uncover potential alterations in
adipose tissue due to one night of insufficient sleep.

In summary, the canine model appears to be a valid large,
diurnal animal model for the study of sleep loss-induced insu-
lin resistance. Future studies in dogs could elucidate the patho-
physiological mechanisms by which sleep loss impairs insulin
sensitivity in ways not possible in human volunteers, for
example using physical or pharmacological denervation of
specific metabolic tissues to examine whether the impact of
insufficient sleep on glucose metabolism is established
through altered sympathetic innervation.

However, the results of this study must be interpreted with
some limitations in mind. First, insulin resistance induced by a
single night of total sleep deprivation is unlikely to truly
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compare to insulin resistance induced by a hypercaloric
HFD, as the impact of sleep loss on insulin sensitivity can
be reversed following a period of recovery sleep. For example,
reports from experimental sleep restriction studies in humans
indicate that two nights of recovery sleep is sufficient to
restore insulin sensitivity [23], although some studies report
only partial restoration of insulin sensitivity [24, 26]. In
contrast, moderate weight loss of 5% or more is typically
required to improve insulin sensitivity in people with obesity,
which takes weeks or months of intense intervention to
achieve [50]. Second, the pilot nature of the protocol resulted
in a small all-male sample size, in particular for the subgroup
that went on to chronic high-fat feeding, which yielded power
for the detection of large effect sizes only. As a consequence,
medium or small differences between conditions could not be
detected or statistically confirmed by this study. Related to
this, the subset of eight animals that went on to an HFD had
larger reductions in S; during sleep deprivation than the larger
group of 24 animals, and therefore may not be a true repre-
sentative subgroup. Third, we did not measure sleep directly,
for example by using EEG, and therefore we cannot provide
information on the duration or quality of sleep throughout the
protocol. Previous research in experimental dogs suggests a
sleep—wake pattern similar to humans, with a third of the time
sleeping, and most of sleep occurring overnight [35, 36].
Fourth, the sleep study conditions differed, not only based
on sleep duration, but also based on the absence (normal
sleep) or presence (sleep deprivation) of the researcher during
the experimental night. We do not expect this to have influ-
enced our findings, however, as the dogs were considerably
habituated to investigators prior to study, and no differences
were detected in fasting cortisol, adrenaline and noradrenaline
concentrations between conditions.

In conclusion, our findings indicate that one night of total
sleep deprivation is as detrimental to insulin sensitivity as
9 months of an HFD. These results emphasise the importance
of sleep for glucometabolic health. Furthermore, the canine
may represent a new model to study mechanisms by which
sleep loss causes acute metabolic dysfunction.
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