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Gut microbiota and glucometabolic alterations in
response to recurrent partial sleep deprivation in
normal-weight young individuals
Christian Benedict 1, Heike Vogel 2,3, Wenke Jonas 2,3, Anni Woting 4, Michael Blaut 4, Annette Schürmann 2,3,
Jonathan Cedernaes 1,*
ABSTRACT

Objective: Changes to the microbial community in the human gut have been proposed to promote metabolic disturbances that also occur after
short periods of sleep loss (including insulin resistance). However, whether sleep loss affects the gut microbiota remains unknown.
Methods: In a randomized within-subject crossover study utilizing a standardized in-lab protocol (with fixed meal times and exercise schedules),
we studied nine normal-weight men at two occasions: after two nights of partial sleep deprivation (PSD; sleep opportunity 02:45e07:00 h), and
after two nights of normal sleep (NS; sleep opportunity 22:30e07:00 h). Fecal samples were collected within 24 h before, and after two in-lab
nights, of either NS or PSD. In addition, participants underwent an oral glucose tolerance test following each sleep intervention.
Results: Microbiota composition analysis (V4 16S rRNA gene sequencing) revealed that after two days of PSD vs. after two days of NS, in-
dividuals exhibited an increased Firmicutes:Bacteroidetes ratio, higher abundances of the families Coriobacteriaceae and Erysipelotrichaceae, and
lower abundance of Tenericutes (all P< 0.05) e previously all associated with metabolic perturbations in animal or human models. However, no
PSD vs. NS effect on beta diversity or on fecal short-chain fatty acid concentrations was found. Fasting and postprandial insulin sensitivity
decreased after PSD vs. NS (all P < 0.05).
Discussion: Our findings demonstrate that short-term sleep loss induces subtle effects on human microbiota. To what extent the observed
changes to the microbial community contribute to metabolic consequences of sleep loss warrants further investigations in larger and more
prolonged sleep studies, to also assess how sleep loss impacts the microbiota in individuals who already are metabolically compromised.

� 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION

The last two decades have revealed an increasingly important role of
the gut microbiome for human health [1e3]. Differences in intestinal
microbiota composition have been uncovered between healthy con-
trols and those suffering from various diseases, including metabolic
pathologies such as obesity, the metabolic syndrome and type-2
diabetes mellitus (T2DM) [4e6]. An important role of the gut
microbiome for energy homeostasis is supported by studies showing
that germfree mice e which lack a functional microbiome e are
resistant to diet-induced obesity on a western diet [7]. Consistently,
transplanting the microbiota of genetically obese ob/ob mice or obese
humans to lean germfree mice increases the adiposity of the recip-
ient mice [8,9], indicating an increased capacity to harvest energy
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from gut nutrients in the obese state when identical nutrients are
provided [8,10]. Furthermore, similar transplantation of the micro-
biome from the obese but not normal-weight twin, to healthy germ-
free mice, also promotes adiposity and perturbs glucose metabolism
[9]. Providing evidence for the importance of a healthy microbiota,
beneficial effects concerning insulin sensitivity have been observed in
human trials of patients with metabolic syndrome who received the
transplants from lean donors [4].
The gut microbiome regulates nutrient availability through complex
interactions with dietary factors, and, consequently, the composition of
the microbiota has been found to regulate the metabolic response to
various such factors in humans [11,12]. Diet is a key pathophysio-
logical and treatment component for diseases such as T2DM [13], and
diet has a major impact on the gut microbiome as it is the most
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Table 1 e Baseline data for the study participants (n ¼ 9).

Parameter Mean � S.E.M.

Age 23.3 � 0.6 years
Body mass index 23.1 � 0.6 kg/m2

Waist circumference 79.1 � 2.0 cm
Hip circumference 98.2 � 1.6 cm
Waist:hip ratio 0.80 � 0.02
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important energy source for intestinal bacteria. Both acute [12,14e16]
and long-term [16,17] changes in diet have been demonstrated to alter
the abundance of bacterial species in the gut, as well as their func-
tional capacity to process various nutrients, with such changes being
detectable within days of dietary interventions in humans [15,16].
Macronutrients in our diets enable bacteria in the large intestine to
produce short-chain fatty acids (SCFAs), which include acetate, pro-
pionate, and butyrate. SCFAs can constitute about 2.2% of daily caloric
intake [18], but also exert effects locally in the gut, as well as on
hepatic glucose and lipid metabolism [19]. Butyrate and propionate
have recently been demonstrated to play a role in intestinal gluco-
neogenesis, which has beneficial effects on glucose and energy ho-
meostasis [20]. T2DM patients have been found to have a reduction in
butyrate-producing bacterial species, and lower levels of butyrate
biosynthesis when the microbiomes of T2DM patients are compared
with those of non-diabetic controls [6]. Instead, obesity has been
associated with an increase in total levels of SCFAs [10], and dietary
factors can also alter these levels [19,21]. Indeed, increased acetate
production by gut bacteria has been found recently to promote insulin
secretion, hyperphagia, and obesity [22], although there is also evi-
dence that acetate is able to decrease appetite [23].
The risk of T2DM and obesity e metabolic pathologies that have been
linked to dysregulated gut microbiotas e has been found to be
increased in subjects suffering from chronic sleep loss [24], which has
become increasingly common in modern stressful 24/7 lifestyle [25].
Merely curtailing sleep to half the recommended amount for a single
night acutely impairs fasting insulin sensitivity [26]. When prolonged,
sleep restriction can promote weight gain [27], possibly by altering
energy expenditure as well as food choices and the behavioral
response to especially hedonic food stimuli [24].
There is currently some evidence in both mice and humans that the gut
microbiota exhibits a circadian rhythm [28e30] and, correspondingly,
that this may be perturbed following circadian misalignment [28].
However, to date, there are no studies that have investigated the
impact of insufficient sleep on the composition of the human gut
microbiota. Studies are therefore lacking that assess whether impor-
tant adverse metabolic changes that may increase the risk of T2DM
and obesity, such as impaired insulin sensitivity, are associated with
changes in the gut microbiome and associated SCFAs that could result
from recurrent sleep loss. To this end, we conducted a study in which
the impact of sleep loss on the human gut microbiota was assessed, in
healthy, young normal-weight individuals.

2. METHODS

2.1. Participants
Out of a total of 16 male individuals recruited for the present study,
nine were able to provide fecal samples for both the baseline (see
below) and second day measurement for both sessions, and were
thus included for further analysis. All nine individuals had self-
reported 24-hr sleep-wake within the recommended range as
defined by the National Sleep Foundation (self-reported habitual
sleep duration 7e9 h during nocturnal hours; sleep onset latency
<30 min) and meal patterns (regular breakfast, lunch and dinner as
main meals) as assessed by sleep diaries (data not shown).
Participant data is shown in Table 1. Written and oral interviews of
participants’ current and prior physical and mental health were
conducted by a medical doctor (J.C.) before participants were
enrolled in the study, to ensure that participants were in general
good health, did not use any medication or supplements, and that
the participants did not suffer from or had been diagnosed with any
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psychiatric conditions, sleep disorders, or allergies. Participants
reported not to suffer from any gastrointestinal disorder and did not
experience regular or intermittent gastrointestinal discomfort.
Furthermore, none of the participants had suffered from any diar-
rheal or infectious gastrointestinal disease in the last two years. All
participants consumed a mixed normal diet, and none was a strict
vegetarian. Furthermore, none of the participants reported having
been born via caesarian section, and none of the participants had
been treated with antibiotics during the previous twelve months.
During the morning screening visit, fasting glucose (<6.1 mmol/L) and
normal blood count values were verified, followed by a 2-h oral glucose
tolerance test (OGTT), which confirmed that all participants had normal
glycemic control. Finally, about a week prior to the first session,
participants underwent a night-long laboratory polysomnography, in
order to habituate them to the experimental setting. All participants
provided informed consent; the study was approved by the Regional
Ethical Review Board in Uppsala (EPN 2014/242/1) and was conducted
in accordance with the Helsinki Declaration.

2.2. Experimental procedure
A within-subject design was utilized for the current study: all partici-
pants took part in two separate experimental conditions (normal sleep,
NS; vs. partial sleep deprivation, PSD) in which participants had an
8.5-h long sleep opportunity (22:30e07:00 h) in the normal sleep
condition and a 4.25-h long sleep opportunity (2:45e07:00 h) in the
PSD condition. Fecal samples were collected before and after 1) two
nights of normal sleep and 2) after two nights of PSD. All experiments
were conducted at our sleep laboratories at the Biomedical Center at
Uppsala University, Sweden. Participants were randomly assigned
which experimental condition they would start with (NS vs. PSD); this
was counterbalanced for the total number of subjects included in the
larger study set, of which results have previously been reported [31]. It
should be noted, therefore, that in the present study, out of nine
participants six started with their PSD condition, while three instead
started with their normal sleep condition.
Participants maintained sleep diaries the week prior to admission to
each of the two sessions and were instructed to try to go to bed
around 22:00e24:00 h each night, and to get up after 7e9 h of
sleep, around 6:00e8:00 h. The sleep diaries preceding each
intervention did not reveal any significant differences for self-
reported total sleep duration (P ¼ 0.19, two-tailed). Participants
were also instructed to maintain similar dietary and activity habits
prior to each sleep intervention, including maintaining intake of
breakfast, lunch and dinner around their previously documented
regular hours. For each condition, participants came to the laboratory
at 17:30 h on the arrival day (day 0). Participants were provided with
a standardized dinner (33% of each participant’s estimated daily
calorie requirement), and were prepared for sleep (recorded by
polysomnography). During the additional hours of wakefulness in the
PSD condition (22:30e02:45 h), room lights were kept at <6 lux at
eye-level.
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As meal timing and nutrient composition can influence the gut
microbiota [30], these were kept constant across the two study con-
ditions. To further isolate the solitary impact of sleep on the microbiota
e separate from the previously documented impact of e.g. high-fat
diet [32] e participants were provided with a non-sugar sweetened,
low-fat diet throughout the three meals, the exception being the oral
glucose tolerance (OGTT) test on day 2; the OGTT was employed to test
the participants’ insulin sensitivity using the WHO-defined gold stan-
dard [33]. Participants were provided with yoghurt (Arla, 3 g fat/100 g)
and natural muesli (ICA, 7 g fat/100 g) for breakfast; pasta bolognese
for lunch (Findus, 2 g fat/100g); and a mix of potatoes, beef, rapeseed
oil and onion (Findus, 5.5 g fat/100 g) for dinner. Both lunch and dinner
were microwave-heated from frozen food packages within 15 minutes
of each respective meal. On day 1, participants were provided with
isocaloric meals (breakfast at 09:00 h, lunch at 13:00 h and dinner at
20:00 h; each providing 33% of each participant’s estimated daily
calorie requirement). On day 2, participants were first provided with a
glucose solution (for the OGTT, at 08:30 h), and were then provided
with a snack (400 kcal) around 11:00 h, followed by meal timing as on
day 1, i.e. lunch at 13:00 h, and dinner at 20:00 h. Each meal had to be
consumed in its entirety within 20 minutes of being served. Partici-
pants were allowed ad lib intake of regular water throughout the study
except for during the OGTT in order to avoid dilution-induced differ-
ences in the rate of glucose uptake from the intestine.
To avoid a sedentary activity profile, participants were taken on three
supervised walks at a standardized slow pace (walking pace w4 km/
h; 10 min at 11:15 h, 30 min at 14:00 h and 20 min at 17:00 h) on day
1 and 2. Participants were otherwise confined to their rooms, where
they could carry out activities at a sedentary level (e.g. reading,
watching movies, playing board games) while being monitored by the
experimenters.
On the morning of day 2, blood was collected through an indwelling
catheter in the forearm, starting at around 08:30 h (fasting state), after
which participants ingested the glucose solution for the OGTT (75 g
glucose in 250 ml of water) within 60 s. After lying on their right side
for five minutes (to ensure equal anatomical distribution of the glucose
solution across all subjects; [34]), additional blood samples were
collected every 30 min up to 2.5 h after ingestion of the glucose so-
lution. Participants remained in a semi-recumbent position throughout
the OGTT blood collection (w08:15 h to w11:00 h).
Plasma lipids were obtained in the fasting state after another night of
PSD or NS, this was followed by cognitive tests which have been re-
ported elsewhere [31].

2.3. Collection of fecal samples
Sterile stool collection kits (Cat #K708, WA Products, UK) were handed
out to the participants to collect fecal samples at home; these were
also provided to the participants during their sessions in our sleep
laboratory for continued fecal collection, which participants were
encouraged to do whenever possible. Participants were provided with
written and oral instructions on how to collect fecal samples before
coming into the lab. These instructions were also repeated on the day
that subjects were to collect their baseline samples, as well as when
subjects arrived in the lab on each session. For baseline fecal samples,
which were collected at home, participants were instructed to collect a
sample as close as possible (within 24 h) to arriving at the sleep
laboratory for each session. The participants were instructed to freeze
the sample (to �18 �C or colder) in the provided sterile container, and
to do so in a container filled with ice, enabling maintenance of sample
integrity during the brief transport to the sleep laboratory, where
samples were transferred to �80 �C freezer storage. Samples
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collected during the laboratory sessions were frozen at �80 �C as
soon as possible; all samples were stored at �80 �C until further
analyses. A total of 36 samples were utilized for the present analysis
(nine subjects, two conditions, baseline and day 2 time points); these
were aliquoted for subsequent analysis of microbial composition and
SCFA content.

2.4. Microbial sequencing
For assessing the microbiota composition of the obtained fecal
samples, nucleic isolation from fecal aliquots was carried out by
Second Genome (San Francisco, CA, USA). The MoBio PowerMag�

Microbiome kit (Carlsbad, CA, USA) was utilized according to
manufacturer guidelines, optimized for high-throughput processing.
Extracted sample DNA content was quantified with the Qubit� Quant-
iT dsDNA High Sensitivity Kit (Invitrogen, Life Technologies, Grand
Island, NY, USA). For subsequent library preparation, enrichment of
bacterial 16S V4 rDNA region was achieved by amplifying DNA with
the use of fusion primers, designed to target the surrounding
conserved regions, incorporating Illumina (San Diego, CA, USA)
adapters and indexing barcodes. PCR amplification was done with
two different barcoded V4 fusion primers for each sample. Samples
were then concentrated with a solid-phase reversible immobilization
method for the purification of PCR products and qPCR quantified.
Samples were finally pooled for 16S V4-enriched, amplified, bar-
coded sample sequencing, using MiSeq (Illumina, San Diego, CA),
and run for 250 cycles with custom primers designed for paired-end
sequencing. Samples were processed in a Good Laboratory Practices
(GLP) compliant service laboratory, with Quality Management Sys-
tems for tracking of samples and data.

2.5. Analysis of short-chain fatty acids
Fecal SCFA levels were analyzed in duplicates and determined as
previously described [35] with an HP 5890 series II gas chromato-
graph, but equipped with an HP-FFAP column. Helium served as carrier
gas at a flow rate of 1 mL/min. SCFA concentrations were calculated
using iso-butyric acid (12 mM) as internal standard.

2.6. Biochemical analyses
Plasma concentrations of glucose, triglycerides, as well as cholesterol
levels (LDL, HDL, and total levels), were analyzed with an Architect
C16000 chemistry analyzer (Abbott Laboratories, Chicago, USA).
Serum insulin and cortisol were analyzed using commercially available
ELISA kits (Cortisol Parameter Assay Kit, R&D Systems, Abington, UK).

2.7. Sleep assessment
To record sleep, Embla A10 recorders (Flaga hf, Reykjavik, Iceland)
were employed, and EEG signals were derived from C3, C4, Fp1, Fp2
(referenced to the contralateral mastoid). An experienced scorer blin-
ded to the study conditions adhered to standardized criteria for sub-
sequent sleep analysis [36]. The polysomnographic analysis revealed
that both on the first and second night, subjects slept
7 h:47min � 13 min and 8 h:00 min� 7 min, respectively, in the NS
condition (i.e. over the minimum 7 h per night as recommended for
adults by the US National Sleep Foundation). Instead, in the PSD
condition, participants slept 3 h:59 min� 4 min on the first night, and
4 h:3 min� 3 min on the second night.

2.8. Statistical analysis
Second Genome’s analysis software package was used for statistical
analysis composition and diversity of the microbiome; this utilized
permutational analysis of variance (PERMANOVA). Differential
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Figure 1: (A) High relative abundance of taxa within the phyla Firmicutes, Actinobacteria, and Bacteroidetes was observed across the fecal samples from the PSD (partial sleep
deprivation) and normal sleep (NS) condition. Subjects are arbitrarily numbered and clustered along the y-axis based on bacterial phylum composition. (B) In an analysis across
samples at the family level, high abundances were observed of Lachnospiraceae, Ruminococcaceae, Bifidobacteriaceae e and to lesser and more variable extent e of Cor-
iobacteriaceae. (C) The microbiome sequencing analysis of samples obtained after sleep and PSD revealed 136 families; firmicutes was the most diverse phylum, containing the
greatest number (69) of the classified families. d2, day 2.

Original Article

1178 MOLECULAR METABOLISM 5 (2016) 1175e1186 � 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


C

Figure 1: (continued ).
abundance of Operational Taxonomic Units (OTUs) was tested with a
negative binomial noise model and an intrinsic Poisson process; this
took into account both technical and biological variability between
experimental conditions. For this analysis, DESeq was run with default
settings and false discovery rate (FDR; q-values) was calculated with
the BenjaminieHochberg procedure. Wilcoxon signed rank test was
performed for paired comparisons of microbial composition at the
phylum or family level, whereas Student’s t-test was used for other
normally distributed parameters. Analyses of changes in the phyla,
families, or OTUs of sequenced gut bacteria were analyzed for the eight
most abundant features to minimize multiple comparisons. Repeated
measures ANOVA was conducted to investigate the effects of PSD vs.
NS on (a) glucose values (day 2), (b) insulin values (day 2), (c) baseline
vs. day 2 differences across the sleep conditions for SCFAs, as well as
for (d) the ratio of Firmicutes:Bacteroidetes. The factors sleep (PSD vs.
NS) and time (baseline vs. day 2) were utilized for these ANOVAs;
where applicable, normally distributed parameters were post-hoc
analyzed using Student’s t-test. Normal distribution of variables was
assessed by the ShapiroeWilk’s test for normality; parameters not
passing the normality test were log2-transformed before analysis. The
GreenhouseeGeisser method was used to correct ANOVA analyses for
sphericity deviations. Correlations were conducted using Pearson’s
correlation as all tested values were found to be normally distributed.
Two-sided P-values were utilized for the PERMANOVA, as we did not
have any a priori hypothesis regarding the influence of sleep loss on
beta diversity. One-sided P-values below 0.05 were considered sig-
nificant for microbiota-derived parameters (such as the
MOLECULAR METABOLISM 5 (2016) 1175e1186 � 2016 The Author(s). Published by Elsevier GmbH. This is a
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Firmicutes:Bacteroidetes ratio; [37e40]) that have previously been
associated with metabolic perturbations that also occur after acute
sleep loss, including insulin resistance and dysregulation of lipid
metabolism [34,41]. Finally, as previous data have demonstrated
increased insulin resistance following one or several nights of sleep
loss, with increased postprandial but not baseline glucose levels
[34,41], one-sided P-values were used for postprandial markers of
insulin resistance and for post-OGTT glucose values. Data are pre-
sented as means � standard deviation (for all analyses of microbial
composition) or standard error of the mean (S.E.M.; for all other
analyses).

3. RESULTS

3.1. Effects of partial sleep deprivation on microbial beta diversity
The number of filtered sequenced reads for microbes for the 36
analyzed fecal samples ranged from 52,465 to 237,072. This number
was not significantly different between the two conditions (data not
shown). The gut microbiome of the studied individuals exhibited a
high relative abundance of taxa within the phyla Firmicutes, Acti-
nobacteria, and Bacteroidetes (Figure 1A). Except for one subject,
taxa from Lachnospiraceae, Ruminococcaceae, and Bifidobacter-
iaceae were also detected in the stool (Figure 1B). In total, the
analysis revealed 14 phyla, 136 families, and a total of 546 detected
species (Supplementary Table 1). Firmicutes was the most diverse
phylum across samples, containing 69 of the 136 classified families
(Figure 1C). However, it should be noted that out of this greater set
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Figure 2: Within and across-subject variation tests for alpha diversity for both conditions (normal sleep, NS; vs. partial sleep deprivation, PSD) and time points (baseline vs. day 2
(d2) sample), using Observed and Shannon methods. See Supplementary Table 2 for statistical comparisons.
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of identified phyla, less than two percent belonged to phyla other
than Firmicutes, Actinobacteria, Bacteroidetes, and Euryarchaeota
(Figure 2A).
Testing for within and across-subject variation for both condition
(NS vs. PSD) and time point (baseline vs. day 2), with alpha and
beta diversity using Observed and Shannon methods, did not reveal
any significant differences (Figure 2; all P > 0.05, two-sided; also
Supplementary Table 2).
For each variable of interest, we utilized a PERMANOVA analysis using
distance matrices to determine if the studied variables significantly
contributed to the beta-diversity of the samples (Table 2). Neither BMI
Table 2 e PERMANOVA analysis results to determine if the investigated
contrasts or parameters contributed to beta diversity of the samples. Neither
body mass index (BMI) nor age significantly impacted beta diversity when
only baseline fecal samples (from the first session; n ¼ 9) were considered
(see main text). Baseline, baseline sample; d2, day 2; HOMA-IR,
Homeostatic model assessment of insulin resistance; NS, normal sleep;
OGTT, oral glucose tolerance test; PSD, partial sleep deprivation. All
P-values are two-sided.

Variable P value Sample count

Time point 0.991 18, 18
Age 0.001 36
BMI 0.004 36

Paired tests P value Sample count

d2 PSD_vs. d2 NS 0.581 9, 9
Baseline NS vs. d2 NS 0.455 9, 9
Baseline PSD vs. d2 PSD 0.632 9, 9
HOMA-IR d2 0.121 18
OGTT Matsuda index 0.235 18
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nor age significantly impacted beta diversity when only baseline fecal
samples (from the first session; n ¼ 9) were considered (age:
P¼ 0.29, BMI: P¼ 0.677, both two-sided). Furthermore, neither sleep
condition nor fecal collection day (time effect) were found to be sig-
nificant drivers for beta diversity using weighted abundances or hi-
erarchical clustering (baseline vs. day 2, P ¼ 0.988; or day 2 samples
for PSD vs. NS, P¼ 0.574, both two-sided; Supplementary Fig. 1A); in
the clustering, samples were found to cluster primarily according to
participant (Supplementary Fig. 1B). When we assessed each of the
two studied conditions (PSD or NS) separately for baseline vs. day 2
differences, we also failed to find any impact on beta diversity over
time (Table 2).
3.2. Effects of partial sleep deprivation on microbial composition at
the phylum, family, and species level
In order to more closely examine the impact of sleep loss on the
microbiome, we next examined changes in the microbiota compo-
sition at the phylum, family, and species level in response to our
intervention. At baseline (i.e. before the sleep interventions were
started), no within-subject differences in microbiota composition
were noted, including for the beta diversity (P > 0.05 for all com-
parisons, two-sided). Following two nights of PSD vs. sleep, no
significant changes were noted at the OTU level, whereas we
observed a decrease in the Tenericutes phylum after PSD vs. NS
(0.129� 0.241% vs. 0.284 � 0.347%; P ¼ 0.030, one-sided;
Supplementary Fig. 2A; Table 3A), coupled with increased abun-
dances of the families Coriobacteriaceae and Erysipelotrichaceae
(9.61� 5.59% vs. 7.26� 3.30% and 3.37� 3.98% vs.
2.55� 2.97%, respectively; both P ¼ 0.049, one-sided;
Supplementary Fig. 2B; Table 3B).
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Table 3 e Wilcoxon signed rank test on the eight most abundant phyla (A)
and families (B) in fecal samples collected after two nights (d2) of either
partial sleep deprivation (PSD) or normal sleep (NS). Percent relative
abundance means are shown and values are shown as mean � SD. One-
sided P values are shown (significance is displayed in bold font). V, Wilcoxon
test statistic value.

Phylum NS d2 PSD d2 V P value

Firmicutes 65.8 � 9.6 67.2 � 12.5 28 0.277
Actinobacteria 20.2 � 11.6 21.7 � 14.2 28 0.277
Bacteroidetes 10.7 � 9.53 8.2 � 8.4 13 0.143
Euryarchaeota 1.12 � 2.76 1.34 � 2.74 20 0.407
Verrucomicrobia 0.813 � 1.75 0.839 � 1.49 17 0.277
Proteobacteria 0.992 � 1.72 0.498 � 0.42 15 0.204
Tenericutes 0.284 � 0.347 0.129 � 0.241 4 0.030
Cyanobacteria 0.0549 � 0.15 0.11 � 0.15 34 0.097

Family NS d2 PSD d2 V P value

Lachnospiraceae 32.4 � 14.6 33.5 � 11.6 24 0.453
Ruminococcaceae 16 � 7.02 16.4 � 7.84 20 0.407
Bifidobacteriaceae 12.9 � 10.8 11.9 � 10.6 18 0.318
Coriobacteriaceae 7.26 � 3.3 9.61 � 5.59 37 0.049
Streptococcaceae 6.13 � 6.36 5.96 � 6.19 22 0.5
Prevotellaceae 5.29 � 9.28 4.73 � 7.26 22 0.5
Bacteroidaceae 3.84 � 3.43 2.28 � 1.55 12 0.118
Erysipelotrichaceae 2.55 � 2.97 3.37 � 3.98 37 0.049
Given that changes in the phyla Firmicutes and Bacteroidetes e and
their ratio (F:B) e have been associated with obesity [40] and T2DM
[39], we also specifically conducted targeted post-hoc analyses into
how sleep loss impacted the relationship between these two phyla. A
repeated measures ANOVA of the F:B ratio based on the proportional
abundance of Firmicutes and Bacteroidetes revealed a trend for a main
effect of sleep (P ¼ 0.061, two-sided), but neither a time (P ¼ 0.540,
two-sided) nor interaction effect (P ¼ 0.254, two-sided). Subsequent
paired Student’s t-tests indicated that the trend for the sleep effect was
driven by an almost doubled F:B ratio after PSD vs. NS on day 2
(17.5� 13.7 vs. 9.1� 4.6, P ¼ 0.04, one-sided), without any sig-
nificant difference on baseline (13.1� 11.7 vs. 9.6� 7.2, P ¼ 0.18,
two-sided).

3.3. Changes in stool content of short-chained fatty acids following
short sleep
We analyzed the levels of five different SCFAs e and total SCFA levels
e in the samples obtained before and after two nights of NS and PSD.
Across the studied SCFAs, we found trends for time effects for acetate,
propionate, and for the total amount of fecal SCFAs (all P < 0.10, two-
sided). Notably, while these effects descriptively seemed to be driven
by decreasing levels of these SCFA parameters from baseline to d2 e
especially in the PSD condition, we did not observe any main effects of
sleep or any interaction effects, in the ANOVA (all P> 0.10, two-sided;
Table 4).

3.4. Effects of partial sleep deprivation on glucometabolic
parameters and lipid metabolism
After two days of restricted vs. normal sleep, participants exhibited
almost 40% greater increased insulin resistance as assessed by the
HOMA-IR index in the fasting state on the third day (1.01 � 0.12 vs.
0.72� 0.08, P¼ 0.014, one-sided; Figure 3). Correspondingly, fasting
insulin values were 34% higher following PSD than after NS
(4.26� 0.48 vs. 3.17� 0.35 mU/mL, P¼ 0.006, one-sided), whereas
glucose values were not significantly different at baseline (5.27� 0.07
vs. 5.12 � 0.10 mmol/L; P ¼ 0.14, one-sided). The subsequent OGTT
MOLECULAR METABOLISM 5 (2016) 1175e1186 � 2016 The Author(s). Published by Elsevier GmbH. This is a
www.molecularmetabolism.com
demonstrated that two days of restricted sleep also decreased partic-
ipants’ postprandial insulin sensitivity by w22%, as assessed by the
Matsuda index (8.0� 0.90 vs. 10.2� 0.78, P¼ 0.017, one-sided [42];
Figure 3). There were, however, no differences in the insulinogenic
(0.78� 0.10 vs. 0.74� 0.14, P¼ 0.38, one-sided) or disposition index
(5.97� 0.91 vs. 7.346� 1.57, P¼ 0.16, one-sided) after PSD vs. NS.
Furthermore, separate repeated measures ANOVA for glucose and in-
sulin values revealed a trend for a significant interaction effect for
glucose but not insulin (F ¼ 4.402, P ¼ 0.069 for glucose; F ¼ 3.177,
P ¼ 0.113 for insulin, both two-sided), and no main effect of sleep
condition for either factor (F¼ 0.781, P¼ 0.546 for glucose; F¼ 0.284,
P ¼ 0.886 for insulin, both two-sided) (Figure 3). Instead, significant
time effects were noted for both factors (F ¼ 32.011, P ¼ 0.000 for
glucose; F ¼ 89.499, P ¼ 0.000 for insulin, both two-sided).
Given that the microbiota and microbiota-derived products such as
SCFAs have been shown to exert effects on metabolism, specifically on
insulin sensitivity, we also investigated whether beta diversity on day 2
was associated with the decreased insulin sensitivity observed on the
same day following sleep loss, but we did not find any significant effect
(PERMANOVA P ¼ 0.121 and P ¼ 0.235 for effects related to the
HOMA-IR and Matsuda index, respectively, both two-sided).
As our results indicated a shift in the F:B ratio, we investigated whether
this was related to changes in HOMA-IR or the Matsuda index within
each sleep condition. We found that the F:B ratio at baseline in the NS
condition was significantly positively correlated with the second day
HOMA-IR (baseline: r¼ 0.79, P¼ 0.006; d2: r¼ 0.16, P¼ 0.39, both
one-sided) as well as with the OGTT-derived Matsuda index (baseline:
r ¼ �0.75, P ¼ 0.011; d2, r ¼ �0.33, P ¼ 0.20, both one-sided). In
contrast, correlations with the baseline fecal sample were observed
only for the HOMA-IR index in the PSD condition (HOMA-IR, baseline:
r¼ 0.62, P¼ 0.038; d2: r¼ 0.25, P¼ 0.26; Matsuda index, baseline:
r ¼ �0.36, P ¼ 0.17; d2: r ¼ �0.03, P ¼ 0.47, all one-sided).
We also assessed changes in plasma levels of LDL, HDL, total
cholesterol, as well as triglyceride levels but did not find any significant
differences between PSD and NS in our limited number of subjects (all
P > 0.05, two-sided; Table 5), suggesting that the observed changes
to Coriobacteriaceae and Erysipelotrichaceae e previously linked to
obesity and lipid, primarily cholesterol, metabolism [43e45] e did not
acutely impact lipid metabolism.

4. DISCUSSION

Given that sleep loss negatively impacts glucose metabolism and that
the gut microbiome can respond rapidly to exogenous factors such as
diet, we carried out the first investigation into whether recurrent
restricted sleep duration alters the human gut microbiota and whether
these changes are associated with altered insulin sensitivity as a result
of sleep loss. Two days of short vs. normal sleep was found to reduce
insulin sensitivity without any associated changes in gut species di-
versity, which has previously been found to be altered in obese or
T2DM patients vs. healthy normal-weight subjects.
We observed an increased Firmicutes:Bacteroidetes ratio following two
nights of restricted sleep vs. normal sleep. An increase in this ratio in
some [40], but not all [10] studies, has been found to be associated
with obesity in humans as well as in genetically or diet-induced obese
mice [40,46,47], and weight loss can increase the already lower
abundance of Bacteroidetes in obese subjects [40]. Complementary to
our findings, increased abundance of Firmicutes and reduced abun-
dance of Bacteroidetes in the gut microbiota have been observed in
mice subjected to sleep fragmentation for 4 weeks [48]. Such changes
may promote increased energy uptake from the gut [8,49], and could
n open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 1181

http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


Table 4 e Fecal levels of individual and total short-chained fatty acids in the normal sleep (NS) and partial sleep deprivation (PSD) condition, at baseline and
after two days of each intervention (d2). Statistical trends (0.10> P> 0.05; two-sided values) in the ANOVA are indicated in italic bold. Values shown as mmol/g
Dry mass (DM) and as means � S.E.M.

Parameter NS baseline NS d2 PSD baseline PSD d2 Sleep effect Time effect Interaction effect

Acetate (C2) [mmol/g DM] 297.6 � 45.6 290.3 � 37.5 287.4 � 44.4 203.2 � 29.6 P ¼ 0.375 P ¼ 0.080 P ¼ 0.261
Propionate (C3) [mmol/g DM] 77.6 � 11.2 68.9 � 8.0 70.2 � 11.2 60.7 � 10.4 P ¼ 0.545 P ¼ 0.077 P ¼ 0.967
Butyrate (C4) [mmol/g DM] 67.0 � 16.4 60.6 � 7.3 64.0 � 9.5 52.45 � 25.17 P ¼ 0.872 P ¼ 0.454 P ¼ 0.418
Valerate (C5) [mmol/g DM] 7.6 � 2.1 7.8 � 1.2 7.3 � 1.2 6.1 � 0.7 P ¼ 0.376 P ¼ 0.172 P ¼ 0.220
Iso-valerate (iC5) [mmol/g DM] 9.9 � 2.1 11.3 � 1.3 8.9 � 1.0 10.4 � 1.4 P ¼ 0.690 P ¼ 0.168 P ¼ 0.816
Total SCFAs [mmol/g DM] 459.8 � 70.5 438.9 � 51.0 437.8 � 56.5 332.8 � 43.7 P ¼ 0.445 P ¼ 0.084 P ¼ 0.374
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therefore constitute a possible mechanism through which chronic
sleep loss can increase the risk of weight gain. However, we did not
find any significance between sleep-loss induced changes in insulin
sensitivity and the Firmicutes:Bacteroidetes ratio. This suggests that
changes in the proportions of the dominant phyla in the gut may not
represent e at least in the short-term e a central mechanism through
which one or several nights of curtailed sleep reduces insulin sensi-
tivity in humans. Other factors may be more causally involved,
including changes in peripheral tissues’ circadian clocks [34], together
Figure 3: Glucometabolic values in response to normal sleep (black bar and solid lines)
and partial sleep deprivation (white bar and dashed lines) for two consecutive nights.
HOMA-IR and Matsuda index in the upper panel were obtained in the fasting state and
from an oral glucose tolerance test (OGTT), respectively. Curves for plasma glucose
(middle panel) and insulin (lower panel) were obtained from pre and post (up to
120 min) OGTT values. n ¼ 9; *, P < 0.05.
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with associated and independent perturbations in metabolic pathways
regulating peripheral glucose metabolism, insulin signaling, or proper
insulin secretion from the pancreas [50e52].
Notably, we observed increased levels of the families Coriobacter-
iaceae and Erysipelotrichaceae (phylum Actinobacteria and Firmicutes,
respectively), with a lower abundance of the phylum Tenericutes,
following two nights of PSD compared with two nights of normal sleep.
These increased levels have been associated previously with changes
in hepatic and lipid metabolism in humans and various rodent species
[44,45,53e55]. Notably, Tenericutes has been demonstrated to
decrease following diet-induced obesity in mice [47], and among
families of the phylum Firmicutes, specifically Erysipelotrichaceae has
instead been found to increase several fold in mice exposed to both a
high-fat or Western diet [56]. Consistent with these animal findings,
smaller studies in humans have found that morbidly obese subjects
harbor higher proportions of Coriobacteriaceae and Erysipelotrichaceae
[43] and that levels of the latter positively correlate with changes in
liver fat following a 2-month long dietary choline manipulation [44].
Given that we did not observe any changes to systemic markers of lipid
and cholesterol metabolism, it remains to be determined whether the
changes in these families of gut bacteria are more accentuated in
chronic sleep loss conditions and, if so, whether these changes over
longer time periods are associated with sleep loss-induced impaired
metabolic integrity, such as increased risk of weight gain [57] and
disrupted lipid metabolism [58,59].
To determine whether our sleep loss paradigm functionally affected the
intestinal microbiome, we measured levels of fecal SCFAs. These are
produced by colonic bacteria and serve important metabolic roles after
being readily absorbed through the large intestinal wall [19]. Both
animal and human studies indicate that cholesterol synthesis and other
liver functions can be influenced by gut-derived SCFAs, even over short
time scales [60e63]. Bacteria producing SCFAs are less abundant in
obesity and T2DM [6], but, strikingly, some studies found higher fecal
SCFA concentrations in obese subjects [10,64]. Evidence suggests that
supplementation with these molecules may impact insulin sensitivity
and energy expenditure in mice and humans [65,66]. High-fat diet
feeding and/or obesity in mice and humans also alters the production
Table 5 e Plasma levels of triglycerides, and of HDL, LDL, and total
cholesterol following three nights of normal sleep (NS) or partial sleep
deprivation (PSD). P values derive from paired Student’s t-tests, (n ¼ 9).
Values shown as mean � S.E.M.

Parameter NS PSD P value

Triglycerides, mmol/l 0.84 � 0.13 0.81 � 0.12 0.37
Cholesterol, mmol/l 3.96 � 0.19 3.79 � 0.24 0.36
LDL, mmol/l 2.25 � 0.14 2.03 � 0.16 0.14
HDL, mmol/l 1.23 � 0.13 1.26 � 0.13 0.53
HDL/LDL 1.97 � 0.22 1.79 � 0.23 0.24
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of SCFAs [10,21], and SCFAs have been found either to be permissive
or protective against detrimental effects of diet-induced obesity on
metabolism in mice [22,65,67]. As they readily cross the bloodebrain
barrier [22], SCFAs seem to be able to modulate behaviors such as
appetite, even in humans [66], although the directionality remains to be
fully determined [22,23]. Herein, we failed to find any impact on SCFAs
as a result of our sleep intervention, apart for statistical trends for time
effects on acetate, propionate, and total fecal SCFAs levels. The lack of
observed changes in fecal SCFA levels in our study suggests that
changes in SCFAs are not causally involved in detrimental effects on
metabolism that result from acute sleep loss. Nevertheless, whereas
previous evidence has indicated that circadian disruption may impair
the intestinal barrier [68], at present it is not known if pro-inflammatory
effects of sleep loss can increase intestinal permeability in humans,
and thus alter uptake and plasma levels of SCFAs, which ultimately will
determine the metabolic and behavioral effects of SCFAs.
Apart from ingested nutrients and other dietary factors, the gut
microbiota interacts with several local intestinal factors, including the
local immune system and bile acids. Of note, bile acid components
have been found to exhibit diurnal fluctuations in humans, and dis-
rupting sleep or circadian rhythms has been demonstrated to impact
levels of bile acids and their secretion in mouse models [69e71]. Such
changes in intestinal bile acid levels, through altered production,
secretion, and/or uptake (via bile acid transporters) [72], together with
bidirectional effects of altered intestinal permeability also may repre-
sent mechanistic pathways through which changes in sleep duration or
the sleep-wake cycle are able to impact the human gut microbiota and
its functional relevance for metabolic integrity.

5. LIMITATIONS AND PERSPECTIVES

We utilized a standardized in-lab protocol (including for factors such as
meal times and activity schedule) in an attempt to isolate the effect of
sleep loss on the gut microbiome in normal-weight, healthy subjects.
Obesity and associated metabolic perturbations primarily have been
reflected by altered diversity of themicrobiota [73,74], but, in our limited
number of individuals, we failed to observe a similar impact from our
acute sleep restriction paradigm. It is, therefore, of future interest to
investigate whether obesity is able to exacerbate any negative impact
that sleep loss has on the gut flora and to what extent such effects may
also be modulated by e.g. high- or high-sugar diets, which are known to
impact not only glucose metabolism but also the gut microbiome [75].
A within-subject design was utilized to minimize bias due to between-
subject comparisons. However, since only a subsample of the partici-
pants was able to provide fecal samples, we cannot rule out that the lack
of counterbalancing in the order of experimental conditions may have
influenced the present results. It should be kept in mind, however, that
at baseline, no within-subject differences in the fecal microbiota
composition were found, indicating that participants followed our in-
structions to maintain their individual dietary and activity habits
(including bedtimes) prior to each sleep intervention. Nonetheless,
longer studies that sample feces after an initial controlled baseline
period are required to fully clarify how diet and exercise practices may
alter the impact of sleep loss on the gut microbiota in humans.
Notably, whereas we studied the effects on the microbiota of
restricting sleep in the first part of the night, possible circadian effects
on the gut microbiota may be impacted by sleep timing, as indicated by
previous studies [28e30,68], but which remain to be fully explored.
Longer sleep intervention studies that also include recovery sleep
periods may also reveal to what extent sleep loss-induced effects on
the gut microbiota are reversed when sleep-wake homeostasis is
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restored, similar to what has recently been observed in the context of
sleep loss-induced metabolic perturbations [76,77].
An important aspect is that the development of obesity and type 2
diabetes occurs over the span of years or decades. In this context, it
should be emphasized that we only studied participants under two
days and nights of controlled laboratory conditions. Thus, more long-
term studies are warranted to examine the relationship between
changes in the gut microbiota and curtailed sleep as a driving factor.
As such, it will be important to examine both the persistence of acute
changes in the gut microbiota, their functional relevance, and whether
such changes also are observed in cross-sectional studies that
examine the relationship between the gut microbiota and sleep. Even
so, dietary-induced acute changes of the gut microbiotae observed in
previous human studies [15,16] e highlight how the gut microbiota
interacts with dietary factors also over shorter timescales. In the
present study, we employed an OGTT on the second day, revealing
impaired insulin sensitivity in our participants when subjected to sleep
loss. The exact timescale on which such acute dietary interventions (of
different nutrient composition) occur remain undetermined. This is
especially relevant in the setting of sleep loss or circadian misalign-
ment, as such conditions may also impact gut motility [78] and thus
the circadian timing of nutrient availability to the gut microbiota, as well
as bowel emptying; the latter being of relevance when considering
fecal sampling across the sleep-wake cycle.
Of note, a recent meta-analysis has thrown into question whether there
is a specific gut microbiome signature of obesity [79]. As this rela-
tionship has been extensively explored for over a decade, this suggests
that the sleep-microbiome connection will require numerous larger
studies, as well as cross-sectional and longitudinal studies, to fully
determine the role of the gut microbiome in relation to sleep and
associated metabolic processes.
Finally, similar to what the last decade or so has revealed through the
use of genetic profiling, microbiome profiling may also help understand
inter-individual differences in the behavioral and physiological
response to sleep loss. Changes in the gut microbiota can be caused
by a range of factors (e.g. rapid dietary changes, antibiotics, fecal
microbiome transplants). Thus, the gut microbiome represents a po-
tential new field of research for developing tools that can be tailored for
individuals who are at risk of developing negative metabolic health
consequences due to chronic sleep loss or, as in shift workers, due to
chronic circadian misalignment.

6. CONCLUSIONS

Results from our within-subject crossover study suggest that overall
changes in the diversity of the gut microbiota may not be a driving
factor behind acutely impaired glucose metabolism in response to
recurrent partial sleep deprivation. Given our small sample size that
only involved healthy young men, larger and more long-term studies
are required to investigate to what extent these findings persist over
longer time periods and whether these are observed in females, older
or diseased patients and in other sleep restriction paradigms. Never-
theless, our study is the first to provide evidence for sleep deprivation-
induced changes in microbial families of bacterial gut species, which
have previously been linked to metabolic pathologies.
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