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Circadian Desynchrony Promotes Metabolic Disruption
in @ Mouse Model of Shiftwork
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Abstract

Shiftwork is associated with adverse metabolic pathophysiology, and the rising incidence of shiftwork in modern societies is
thought to contribute to the worldwide increase in obesity and metabolic syndrome. The underlying mechanisms are
largely unknown, but may involve direct physiological effects of nocturnal light exposure, or indirect consequences of
perturbed endogenous circadian clocks. This study employs a two-week paradigm in mice to model the early molecular and
physiological effects of shiftwork. Two weeks of timed sleep restriction has moderate effects on diurnal activity patterns,
feeding behavior, and clock gene regulation in the circadian pacemaker of the suprachiasmatic nucleus. In contrast,
microarray analyses reveal global disruption of diurnal liver transcriptome rhythms, enriched for pathways involved in
glucose and lipid metabolism and correlating with first indications of altered metabolism. Although altered food timing
itself is not sufficient to provoke these effects, stabilizing peripheral clocks by timed food access can restore molecular
rhythms and metabolic function under sleep restriction conditions. This study suggests that peripheral circadian
desynchrony marks an early event in the metabolic disruption associated with chronic shiftwork. Thus, strengthening the
peripheral circadian system by minimizing food intake during night shifts may counteract the adverse physiological
consequences frequently observed in human shift workers.
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Introduction the periphery. Peripheral clocks can also be directly entrained by
food, independent of the SCN [15].

At the cellular level circadian clocks are organized into a system
of interlocking transcriptional translational feedback loops (T'T'Ls)
[16]. The positive arm of the core TTL in mammals is formed by
i . . the transcriptional activators circadian locomotor output cycles
further affects the secretl(?n of el?docrme factors §uch as melaton.m, kaput (CLOCK) and brain and muscle ARNT-like protein 1
growth hormone, prolactin, leptin and glucocorticoids, all of which (BMALI or ARNTL), which dimerize and bind to E-Box cis-
impinge on metabolic homeostasis [6-10]. It has been proposed ’ . - .

. . . . L . elements on target gene promoters. Transcription of three period

that chronic sleep disruption may be causal in the incidence of Porl-2) and h Crvl and 2) is initiated b
bolic dysregulation and obesity in shift workers [3,7,11]. In (PerI"3) and two cryptochrome genes (Cpl and 2) is initiated by
metabolie dysreg Y > the CLOCK:BMALI complex. The resulting CRY and PER

3‘1’3535 rf}tl)utrhr\nV:el;sf ‘;io‘;nfsmtie d?ﬁg Zﬁi‘;z Z?l‘:;e;ef;eofj proteins inhibit CLOCK:BMALI activity, thus forming a negative
Y praxe, 5 ] feedback loop impinging on their own transcription. The clock

activation [12,13], suggesting an effect of sleep timing on circadian . Lo L . .
[12,13], sugg 5 P 5 machinery translates time information into physiologically mean-

clock functlon., Howeve.r, the molecular mechanisms underlying ingful signals by the regulation of hundreds of clock-controlled
these observations remain unclear. . .
output genes (CCGs). While the nature of core clock genes is

preserved among different tissues, CCGs are highly tissue-specific.
It is estimated that up to 10% of the transcriptome of each cell is
regulated in a circadian fashion [17]. In this way, physiological
processes can be sequestered to the appropriate time of the day.
The rhythmic mammalian transcriptome of various tissues is
enriched for genes involved in metabolic processes, indicating
a major role for the clock in metabolic regulation [17]. In humans,
circadian disruption correlates with metabolic ~dysfunction
[5,14,16]. Genetic clock disruption in rodents has similar effects.

Shiftwork refers to a job schedule in which employees work hours
other than the standard hours, e.g. in the early morning or during
the night. Chronic shiftwork is correlated to increased body mass
index (BMI) and risk of developing metabolic syndrome [1-5]. It

Circadian clocks provide a mechanism by which external time is
interpreted and translated into time-of-day appropriate physiolo-
gy, with the overall aim of promoting fitness and energy efficiency
of an organism [14]. In mammals, circadian physiological rhythms
are regulated by a hierarchical system of tissue clocks, with
a master pacemaker situated in the suprachiasmatic nuclei (SCN)
of the hypothalamus. The SCN receive external time information
predominately in the form of light via the retinohypothalamic
tract. They then transmit this information via neurohumoral
signals to subsidiary oscillators in other regions of the brain and in
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Bmall~’~ mice show impaired glucose tolerance, gluconeogenesis,
altered triglyceride rhythms and increased body fat [18,19].
Clock™" mice display impaired gluconeogenesis in addition to
hyperphagy and obesity [20,21], and Per2 mutant mice are also
obese [22].

Given that sleep and clock dysfunction share the same
metabolic endpoint, it was hypothesized that shiftwork-induced
metabolic deregulation may be a direct result of circadian clock
disturbance. This study demonstrates that two weeks of timed
sleep restriction (T'SR) leads to clock disruption and global diurnal
desynchrony at the transcriptional level in the liver, while
metabolic functions are still only moderately affected. Molecular
and metabolic effects of TSR can be alleviated by timed food
access, a strong synchronizer of peripheral clocks, emphasizing the
therapeutic potential of behavioral chronotherapy to combat the
metabolic consequences of shiftwork.

Results

TSR in Mice Results in Perturbations of Diurnal Behavioral
Rhythms

Young adult male C57BI6/] mice were subjected to a two-week
regime of TSR designed to mimic common human night shiftwork
schedules. Mice were housed under 12 h light: 12 h dark (LD)
conditions with food and water given ad libitum at all times. During
TSR animals were kept awake during the first 6 hours of the light
phase (Zeitgeber time (ZT) 0-6) on Days 1 through 5 and Days 8
through 12 using a ‘gentle handling’ approach designed to
minimize stress effects and intervention by the experimenter
[23,24] (red boxes in Figure 1A and 1B). At all other times mice
were left undisturbed. To assess stress levels in TSR mice plasma
corticosterone was measured at 8 different times during the day.
No overall increase in diurnal corticosterone release was observed,
but corticosterone peak phase was found to be advanced by 6 h in
TSR mice (Figure 1C). As expected, during TSR mice displayed
increased activity from ZT0 to ZT6 relative to control animals
(Figure 1A and 1B). In addition, activity during the dark phase
gradually declined during the course of TSR (Figure 1D). In
parallel, TSR animals developed altered feeding rhythms, with
light phase food intake increasing relative to controls (Figure 1E).
Of note, no overall changes in activity or food intake, and no
significant effects on body weight were recorded during 2 weeks of
TSR (Figure 1D, 1E and S1). On Day 12 central clock function
was assessed by quantifying clock gene expression profiles in the
SCN using **S-UTP labeled ISH on sections. An upregulation of
mRNA levels was observed in TSR animals in the early light phase
(Z2'T'1) for Bmall, Per] and Dbp, and mid light phase (ZT7) for Rev-
erbor (Figure 1F). However, overall diurnal rhythmicity and peak
phasing of clock gene transcripts in the SCN was maintained. In
line with this, when TSR mice were released into constant
darkness (DD), thus avoiding photic masking effects on activity
rhythms [25], activity profiles were virtually indistinguishable from
control mice that had been allowed to sleep ad libitum prior to
release into DD (Figure 1G).

TSR Resets Liver Clocks

The marked effect of TSR on food intake and corticosterone
rhythms prompted us to assess circadian clock function in the liver,
a key peripheral tissue involved in energy metabolism. Diurnal
clock gene expression profiles in the liver were analyzed using
qPCR. A marked dampening of diurnal transcriptional rhythms
was observed for Bmall, Perl and Npas2 with changes in expression
peak times for Bmall and Perl, while little effect was seen for Rev-
erbo. (Figure 2A). To examine the significance of these changes for
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hepatic clock function in the absence of external entrainment
signals, liver slice cultures from TSR and control PER2:LUC
circadian clock reporter mice were compared for phase and
period. Slices from TSR animals showed delayed phasing and
decreased period lengths of luciferase activity rhythms relative to
control animals (Figure 2B-D).

TSR Disrupts Transcriptome Rhythmicity in the Liver
Because of the strong effect of TSR on liver clock regulation we
speculated that TSR would have a broad impact on transcriptome
regulation in this tissue. To test this, cRNA preparations from liver
samples harvested at 4 different time points from T'SR and control
mice were hybridized to whole genome expression microarrays
(Affymetrix Mouse Gene 1.0 ST Arrays). Under control condi-
tions, and in accordance with previous reports, we found a large
number of genes with diurnal changes in expression levels
(Figure 3A). After TSR the vast majority of previously rhythmic
genes no longer showed diurnal variation and the normal phase
relationship between different transcripts was lost (Figure 3A).
When rhythmic genes from both treatment groups were sorted for
expression peak time, profound changes in the overall distribution
of transcriptional activity were observed. While expression peaks
were evenly distributed along the day in the liver of control
animals, a bimodal distribution pattern was observed in TSR
animals, with most genes peaking in the early light phase or the
early dark phase (ZT1 and ZT13, respectively; Figure 3B).
Interestingly, although a general desynchrony of a formerly
rhythmic transcriptome organization was observed during TSR,
at the same time an additional array of changes in expression
profiles for specific transcripts including phase shifts, alterations to
baseline expression of non-rhythmic genes, and the induction of
rhythmic gene expression in previously non-rhythmic genes was
observed. TSR-induced changes in diurnal gene regulation are
summarized and compared in Figure 3C. Full gene lists are
provided in Table SI. In order to confirm that the array
expression data was reliable, we directly compared our array
results to the qPCR data on clock gene expression (Figure 2). A
good correlation between both data sets was observed (Figure S2).

Metabolic Gene Rhythmicity is Affected by TSR

Previous studies in humans and rodents show that chronic
shiftwork has profound effects on metabolism. Supporting this,
gene ontology (GO) analysis of our array data revealed that the
genes that lost rhythmicity following TSR were enriched for
transcripts involved in metabolic processes (Table S2). To further
investigate this phenomenon, expression profiles of all genes
rhythmically expressed under control conditions and associated
with metabolism (i.e. listed under the GO categories ‘Carbohy-
drate  Metabolism’ - GO:0005975, ‘Lipid Metabolism’ -
GO:0006629 or ‘Amino Acid Metabolism’ - GO:0006520) were
compared. A profound loss of metabolic gene rhythmicity was seen
for genes peaking at all time points (Figure 4A-D). Of note, no
directional shift in expression peaks was observed for metabolic
genes that were rhythmic both under control and TSR conditions
(Figure S3), indicating that TSR had a disruptive, but not a phase
resetting effect on liver metabolism.

Among the affected genes were a number of important
regulators of carbohydrate metabolism (Figure 4E), such as the
glucose transporter 2 (Slc2a2), glucose-responsive forkhead box
O1 (Foxol) and insulin receptor substrate 2 (Irs2). There
appeared to be a particular emphasis on regulators of the
glycolysis/gluconeogenesis pathway, such as liver pyruvate
kinase (Pklr), pyruvate dehydrogenase kinase 4 (Pdk), the
pyruvate transporter Slk/6a7, the glycerol transporter aquaporin
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Figure 1. TSR results in perturbations of diurnal behavioral rhythms. (A and B) Representative activity recordings of TSR mice. Actograms
are double-plotted. Grey shadings indicate dark phases, red boxes indicate period of TSR. (C) Plasma corticosterone in control and TSR mice on Day12
of TSR (n=3-5). (D) Distribution of light and dark activity during TSR expressed as % of total activity of the same set of animals during control
conditions (n=5 cages of 4 mice each), * indicates p<<0.05 and **p<0.01 relative to 0 weeks of TSR, § indicates p<<0.05 relative to 1 week of TSR. (E)
Food intake during light and dark phase during TSR, * indicates p<<0.05 and **p<<0.01 relative to 0 weeks of TSR (n=10—23), § indicates p<0.05
relative to 1 week of TSR determined by 2-way ANOVA. (F) Quantitation of clock gene mRNA by ISH in the SCN of control and TSR mice expressed
relative to controls at ZTO (n=3 at each time point). (G) Activity of control and TSR mice upon release into DD (n=3 cages). Grey bars indicate dark
phase, red box indicates last period of gentle handling. Control mice represented by black lines, TSR mice by grey lines; * indicates p<<0.05

determined by 2-way ANOVA.
doi:10.1371/journal.pone.0037150.g001

9 (Agp9), fructose-2,6-biphosphatase 1 (Pf&fbI) and pyruvate
carboxylase (Pex). Glycerol phosphate dehydrogenase 2 (Gpd2)
and glycerol kinase (Gyk), regulators of glycerol biosynthesis, and
glutamic-pyruvate transaminase (Gpf), a regulator of pyruvate
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production from alanine, were also affected. Together, these
findings suggested a marked effect of TSR on glucose
metabolism, particularly gluconeogenesis. Supporting this, TSR
animals showed profoundly impaired gluconeogenic capacity,
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Figure 2. TSR resets the hepatic circadian clock. (A) qPCR analysis of diurnal clock gene mRNA profiles in the liver of control and TSR mice (n=3
at each time point). (B) Luciferase activity in liver slice cultures from control and TSR PER2:LUC mice (n=8) and (C) quantitation of phase and (D)
period. Control mice are represented by black lines, TSR mice by grey lines; * indicates p<<0.05 determined by 2-way ANOVA.

doi:10.1371/journal.pone.0037150.g002

determined by a pyruvate tolerance test (Figure 5A). Hepatic
glycogen storage rhythms were also altered with increased levels
at the beginning of the dark phase (ZT13) in TSR mice, and
circulating glycerol was increased at ZT13, while diurnal
triglyceride rhythms were dampened with lower levels at ZT1,
indicating that TSR had further effects on lipid metabolism
(Figure 5B-D). Finally, decreased leptin levels were observed in
the light phase in TSR animals, correlating to increased food
intake observed during this period (Figure 1E).

Dark Phase Restricted Feeding Prevents TSR-induced
Peripheral Clock and Metabolic Disruption

Although 2 weeks of TSR did not result in significant changes in
overall food intake, insulin sensitivity or weight gain as has been
reported for human shift workers or for longer shiftwork-like
protocols in rodents, the perturbations to glucose and lipid
handling observed in this study could be considered as early signs
of future metabolic dysfunction. Given the hepatic transcriptional
desynchrony observed in TSR animals we speculated that
stabilizing liver clock regulation during TSR would potentially
prevent, or at least alleviate, the emergence of metabolic effects.
Indeed, when food access was restricted to the dark phase during
TSR (NF-TSR) marked effects on both the molecular and
metabolic level were observed. In NF-TSR animal diurnal
expression peak times for Bmall, Npas2 and Rev-erbo. in the liver
were undistinguishable from control animals, however, some
dampening effect of TSR on Rev-erbo and Perl expression was
preserved (Figure 6A, compare Figure 2A). Moreover, TSR
perturbations to plasma glycerol and triglyceride profiles were
rescued in NF-TSR mice (Figure 6B and 6C, compare Figure 5B
and 5C) together with improved gluconeogenic potential

@ PLoS ONE | www.plosone.org

(Figure 6D). Finally, the phase of plasma corticosterone rhythms
was restored in NF-TSR mice (Figure 6E, compare Figure 1C). In
summary, restricting food intake during TSR to the normal active
phase rescued peripheral clock gene rhythmicity and subsequently
improved glucose and lipid handling. This marked effect of feeding
time on TSR eflects prompted us to test if altered food intake
rhythms may play a causative role in the metabolic pathophys-
iology of shiftwork [26]. To test this, mice were subjected to two
weeks of timed feeding schedules mimicking the light/dark food
intake pattern observed in the second week of TSR (Figure 1E),
followed by a pyruvate tolerance test on the last day. These
animals showed no changes to gluconeogenic potential (Figure 6F),
indicating that alterations in food uptake rhythms are necessary,
but not sufficient for the induction of metabolic effects of TSR.

Discussion

The current study employs a 2 week schedule of TSR in mice to
examine the early molecular and physiological responses to altered
activity timing preceding the metabolic consequences of chronic
shiftwork. Profound disruption in the diurnal regulation of core
clock genes and CCGs was observed in liver, with a strong
emphasis on metabolic transcripts, while only moderate effects
were seen at the level of the circadian pacemaker of the SCN. The
physiological significance of these changes was demonstrated by
early alterations in lipid and glucose handling, while bodyweight
regulation was not yet affected. Both peripheral clock gene
rhythmicity and metabolic physiology were rescued by concurrent
dark phase restricted food access, suggesting meal timing as
a possible therapeutic intervention for the treatment of shiftwork-
associated metabolic disorders.
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time point). (B) Summary of transcriptional effects seen in liver following TSR. (C) Peak times of rhythmically expressed genes under control and TSR
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doi:10.1371/journal.pone.0037150.g003

TSR Effects on SCN Clock Rhythms

Changes to core clock gene expression were evident following
TSR. In the SCN, moderate effects on Bmall, Perl, Rev-erbo. and
Dbp were observed, while overall rhythmicity was preserved. At
the behavioral level, however, decreased activity was observed
in the dark phase, accompanied by a shift of food intake to the
light phase. These activity phase shifts appear to be acute effects
of the TSR procedure, perhaps in response to increased light
input, and alterations in activity rhythms ceased when animals
were released into DD conditions after the end of TSR
(Figure 1). Collectively this suggests that TSR has only
a moderate effect on the central clock, despite an overall
disruption of diurnal activity, although it is not possible to
conclusively rule out changes to CCGs in the SCN. These
findings correlate with a recent study of 4 weeks of enforced
daytime activity in rats which showed no changes of PERI
protein expression in the SCN, but marked disruption of PER1
rhythms in other hypothalamic nuclei [13]. It would therefore
be interesting to extend our analysis to CCGs in the SCN, and
other clocks in the brain, or to analyze clock gene effects after
longer periods of TSR. Given the late onset of metabolic

@ PLoS ONE | www.plosone.org

disturbances in human shift workers it is tempting to speculate
that SCN clock disruption may become more apparent at a later
time point. In a combined review of six studies of permanent
night shift workers describing melatonin rhythms — generally
considered a reliable readout of the circadian pacemaker in
humans — it was concluded that very few people ever show an
adaptation of their internal clock to the altered activity schedule

[27].

TSR Causes Global Disruption of the Liver Clock and
CCGs

The effect of TSR on clock gene expression in the liver was
much more pronounced than in the SCN (Figure 2), with
a consequent global disruption of normal transcriptome rhyth-
micity (Figure 3). Genes from Class III (“rhythmic to arrhythmic”)
showed ontology enrichment for metabolic processes, correlating
with a marked dampening of rhythms in metabolism-associated
(Figure 4). TSR also impinges on the regulation of several non-
rhythmic genes in which rhythmic expression was induced
following TSR (Class VI). These genes may be directly affected
by changes in food uptake [28] or activity [29]. If one assumes that
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doi:10.1371/journal.pone.0037150.g004

rest and activity roughly corresponds to fasting and feeding, the
strong increase in early light phase activity during TSR would
indicate a profound increase in food intake during this time which
would then drive gene expression rhythms. In this particular case
this assumption would be misleading, as the increased activity can
be largely attributed to exploration of the novel objects placed in
the cage as part of the gentle handling protocol. This is supported
by the observation that the effects of TSR on feeding rhythmicity

@ PLoS ONE | www.plosone.org

are far less pronounced than those on locomotor activity
(Figure 1D and 1E). Alternately these genes may be directly
sleep-responsive and may therefore be classified as “acutely sleep (-
loss) regulated”. In a study by Maret et al. which employed the
same gentle handling method used in the current study, a number
of genes specifically responsive to sleep-loss were identified for the
brain as well as the liver [30], some of which encoded heat shock
proteins which the authors hypothesized to be part of a tissue-
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independent stress response. A number of heat shock protein gene
were also identified in the current study (Table S1). However, it
should be noted that sleep was not directly measured in either the
Maret study or ours - with the notable exception of during the
TSR protocol when the animals were continually observed for
wakefulness - and therefore any possible “sleep-related” changes
are inferred from activity and must be very cautiously considered.

TSR Effects on Carbohydrate Metabolism in Liver

Genes involved in carbohydrate metabolism were deregulated
in the liver. Under normal conditions hepatic glucose uptake and
glycolysis are enhanced during the active phase, corresponding
with high Slc2a2 and Pklr expression at Z’T'13/19 in our control
animals. There was an emphasis on gluconeogenesis in the late
part of the rest period at ZT7 and ZT13, indicated by high Sl16a7
and Agp9 (substrate uptake), high Pex (conversion of pyruvate to
oxaloacetate), high Gpd2 and Gyk (glycerol de novo biosynthesis), and
low PDE4 mRNA levels (inhibition of glycolysis). TSR resulted in
most of these genes being reduced, in some cases remaining at
basal expression levels throughout the day, indicating profound
changes to diurnal carbohydrate utilization (Figure 4). Down-
regulation of hepatic S¢/2a2 has been previously reported in mice
with genetic liver-specific clock disruption (L-Bmall ') [18],
which supports our hypothesis that alterations in liver clock
regulation may underlie the molecular perturbations brought
about by TSR. Molecular disruption could also be correlated with
physiology, with TSR mice displaying severely retarded gluconeo-
genic potential as measured using a pyruvate tolerance test (P1T).
This phenotype was observed previously in Clock™'® and Bmall ™'~
mice, suggesting a direct effect of the circadian clock on this
process [21]. Liver-specific L-Foxol ’~ mice similarly display
reduced hepatic glucose production [31,32].

Circulating glycerol, a product of lipolysis and a substrate for
gluconeogenesis, was high directly after the sleep restriction period

@ PLoS ONE | www.plosone.org

(ZT7) following TSR (Figure 1), suggesting increased energy
demands at this time, further emphasized by the impaired
utilization of glycerol by the liver. Hepatic glycogen storage was
increased at the beginning of the nocturnal active period (ZT13)
following T'SR. In the absence of gluconeogenic potential, despite
adequate substrate availability, more emphasis is placed on
glycogen. Once glycogen stores are depleted under resting, i.e.
fasting, conditions (light phase), in the absence of efficient
gluconeogenesis, increased food intake would be necessary to
meet glucose demands. In TSR mice leptin is decreased at this
time, relieving normal appetite suppression and coinciding with
increased food consumption (Figure 1). Under sustained shiftwork
conditions this would presumably promote hyperphagy [12]. In
human shift workers — who, unlike rodents, have access to a range
of food options — abnormal eating behavior with an increased
tendency to consume high caloric carbohydrate-rich foods is
reported [33-37]. In summary, the observed metabolic effects in
TSR mice suggest a desynchronization of hepatic energy
utilization, which under control conditions should employ
glycogen breakdown at the beginning of the resting phase and
move to gluconeogenesis when glycogen stores are depleted
towards the end of the resting phase. In TSR glucose utilization
from liver stores is altered and may promote carbohydrate craving
and increased food intake during normal rest hours.

Peripheral Clock Disruption Precedes Metabolic Disorders

Collectively, the observed molecular disruption seen in the liver
can be directly correlated to changes in physiology. However,
given the short duration of the model used, the full-blown
metabolic phenotype characterized by obesity, insulin and leptin
resistance seen in more chronic models of sleep restriction and in
human shiftwork were not observed. Similarly for rodents, in
which 4 weeks of night work results in hyperphagy and obesity,
after only 2 weeks the effects on food intake are still relatively mild
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Figure 6. Dark phase feeding rescues TSR-induced disruption of peripheral clock gene expression and gluconeogenesis. (A) qPCR
analysis of clock gene expression in the liver of control/dark phase fed (DF) and TSR/dark phase fed (DF-TSR) mice. (B) Plasma glycerol and (C)
triglyceride rhythms in control/DF and DF-TSR mice. (D) Pyruvate tolerance test in control/DF and DF-TSR mice (n=5). (E) Plasma corticosterone
control/DF fed and DF-TSR mice. (F) Pyruvate tolerance test in non-TRS mice under a TSR-like feeding regimen (n=5). (A-E) Control mice are
represented by black lines, TSR mice by grey lines. (F) Ad libitum fed mice are represented by black lines, TSR-like fed mice are represented by grey
lines; * indicates p<<0.05 determined by 2-way ANOVA, n=3 at each time point, unless stated otherwise.

doi:10.1371/journal.pone.0037150.9g006

[12]. Therefore it may be concluded that TSR-induced clock
disruption precedes metabolic pathophysiology. This is reminis-
cent of findings in leptin-deficient 0b/0b mice, showing that
circadian disruption precedes the development of obesity in these
animals [38]. Additionally, clock disruption in humans can
confound the effects of shiftwork. In a recent study by Gamble
et al., it was shown that clock gene polymorphisms in nurses were
correlated with adverse adaptation to shiftwork, culminating in
increased alcohol and caffeine consumption and the likelihood to
doze [39]. This scenario could be extended to rotating shiftwork
conditions, which would presumably lead to chronic circadian
desynchrony, and result in the most severe pathophysiology
[40,41]. These findings strongly support a causal role of clock
desynchrony on metabolism following sleep disruption.

Peripheral Clock Restoration Prevents Metabolic TSR
Effects

In order to strengthen the link between the circadian clock and
shiftwork-induced metabolic effects, a regime of normocaloric
dark phase restricted feeding was employed concurrent to TSR to
stabilize the peripheral clock machinery. Dark phase restricted
feeding has been shown previously to reset clock gene rhythms in
subsidiary oscillators, but not the SCN master clock [15,28].
Further, Dark phase feeding stabilizes body temperature and
glucose rhythms in a model of night work in rats [12]. Indeed,
Dark phase feeding ameliorated the effects of TSR on clock gene
rhythms in the liver (Figure 6). Concurrently, disrupted tri-
glyceride, glycerol and corticosterone rhythms were rescued, as
was gluconeogenic potential. Together, these findings suggest that
TSR-induced metabolic resetting is a result of clock perturbation,
and altered feeding patterns might, at least in part, underlie this
phenomenon. Adverse effects of dark phase eating have been
reported in studies of shift workers, resulting in decreased glucose
and lipid tolerance [42—44|. However, merely enforcing an altered
food consumption schedule to mimic that seen during TSR did not
result in compromised gluconeogenic potential (Figure 6). Collec-
tively these data suggest that alterations in feeding rhythmicity
observed during TSR may promote, but are not sufficient to
explain the metabolic pathophysiology of shiftwork. Nevertheless,
imposing a strict dark phase feeding rhythm can be employed to
reset peripheral clocks and alleviate metabolic perturbations.

Conclusion

This study examines the early effects of extended timed sleep
restriction as an experimental model of shiftwork on behavior,
physiology and transcriptional regulation, with an emphasis on the
circadian aspects of metabolism. While it is clear that causal
interpretations from studies on complex interacting processes such
as diurnal activities, feeding, sleep, metabolism, and circadian
mechanisms are always limited, our liver transcriptome analyses
indicate a direct effect of sleep timing on the molecular circadian
machinery and on clock controlled genes involved in carbohydrate
and lipid utilization. Importantly, disruption to circadian gene
rhythmicity appears early compared to the adverse metabolic
disturbances seen with chronic shiftwork in both rodents and
humans, suggesting a causal role of clock disruption in the

@ PLoS ONE | www.plosone.org

progression of shiftwork-induced metabolic syndrome. Resetting
peripheral circadian clocks by nighttime feeding rescues physio-
logical parameters altered during timed sleep restriction, implying
that peripheral clocks may be attractive therapeutic targets for
combating the metabolic effects of shiftwork.

Materials and Methods

Animals

Male C67B16/] mice, 10-14 weeks old, were entrained toa 12 h
(50 lux) light: 12 h dark (LD) schedule with lights on (ZT0) at
7:00am. Activity measurements were recorded using custom-made
infra-red detectors fitted to the roof of the cages and analyzed
using ClockLab software (Actimetrics, Evanston, IL). Mice were
housed in groups of 3-6 animals per cage, and kept under constant
temperature (20.0+/—0.5°C) and humidity (50-60%) conditions
with ad lbitum access to standard chow (Ssniff V1126, Soest,
Germany) and water. All animal experiments were approved by
the Office for Consumer Protection and Food Safety (LAVES) of
the State of Lower Saxony and executed in accordance with the
German Law on Animal Welfare.

Timed Sleep Restriction (TSR) and Feeding Schedules

During TSR mice were kept awake using a gentle handling
method between ZT0 and ZT6 from Days 1 to 5, and Days 8 to
12 [23]. Briefly, animals were constantly watched and novel
objects were introduced into the cages to induce alertness only
when mice assumed a position suggestive of intended sleep. At all
other times mice were able to sleep ad libitum. Control mice were
kept under the same conditions in separate compartments, without
intervention. Starting in the evening of Day 11, control and TSR
mice were sacrificed by cervical dislocation at 6 hour intervals. In
the dark phase, a 5 W safety red light was used to avoid light
effects. Plasma, liver, epididymal adipose (WAT) and brains were
collected and frozen. In the case of TSR with high light intensity,
500 lux light was used in the same LD schedule. In the case of
TSR with dark phase restricted feeding (DF-TSR), food was
removed from the cages at ZT0 (7:00am) on each day and
replaced at ZT12 (7:00pm) on each day. In the case of altered food
rhythmicity in control mice, mice were provided with 1.6 g of food
at the start of the light/inactive phase and 2.2 g of food at the start
of the dark/active phase. Each time food was given, any remaining
uneaten food was removed to prevent hoarding.

Pyruvate Tolerance Testing

Pyruvate tolerance tests were performed in the week prior to
TSR, and on Day 12 of TSR. Mice were starved for 13 h
overnight, and injected with 2 g/kg pyruvate i.p. at ZT1. Glucose
measurements were taken from tail vein blood at indicated time
points.

Plasma Analysis

Leptin was determined using the Mouse Leptin ELISA Kit
(Crystal Chem, Downers Grove, IL), and insulin was determined
using the Ultrasensitive Mouse Insulin ELISA  (Mercodia,
Uppsala, Sweden). Circulating glycerol and triglycerides were
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determined using the Serum Triglyceride Determination Kit
(Sigma, St. Louis, MO), and glycogen was determined using
anthrone reagent as described previously [45]. Corticosterone was
measured from plasma samples using the ImmuChem Double
Antibody 125I-Radioimmunoassay Kit (MP Biomedicals, Solon,
OH).

In situ Hybridization

In situ hybridization using digoxigenin or #S-labeled probes on
frozen sections was performed as described [46]. Probe details are
available on request.

Quantitative Real-time PCR (qPCR)

Relative quantification of mRINA levels by qPCR was done as
previously described [47]. Total RNA was extracted using Trizol
reagent (Invitrogen, Carlshad, CA), and cleaned of genomic DNA
contamination using TURBO DNase (Ambion, Austin, TX) as per
manufacturer’s instructions. cDNA synthesis was performed using
Superscript III (Invitrogen) and random hexamer primers, and
qPCR was performed using 1) SYBR Green Supermix (Bio-Rad,
Hercules, CA) on an Bio-Rad C1000 Thermal Cycler and
a CFX96 Real-Time system (95°C for 3 min, 40 cycles at 94°C
for 15 sec, 60°C for 15 sec and 72°C: for 20 sec, 95°C 10 sec, then
95°C for 10 sec followed by a melt curve from 65°C to 95°C at
0.5°C increments for 5 sec) Primer sequences are available on
request. Fefla was used as a reference gene, and data was
expressed as relative quantitation (*A-CT method).

Liver Slice Culture and Luciferase Measurements

Control and TSR heterozygous PER2::LUC (n = 6) [48] animals
were scarified at ZT6 and 300 um vibratome slices were prepared
from agarose embedded liver lobes and cultured on Millicell
culture membranes (PICMORG50, Millipore, Billerica, MA) in
DMEM medium (high glucose, w/o L-glutamine), supplemented
with 10 mM Hepes (pH 7.2), 2% B27, 25 units/ml penicillin,
25 ug/ml streptomycin, 352.5 mg/ml sodium carbonate, 2 mM
L-glutamine and 0.1 mM luciferin (all from Invitrogen) in
a Lumicycle luminometer (Actimetrics). For each animal 3 liver
sections were analyzed.

Microarray Analysis

Microarray experiments using liver and adipose tissue total
RNA preparations were performed at the Transcriptome Analysis
Lab (TAL) of the University of Gottingen, Germany. cRNA
samples were hybridized to MoGene ST1.0 gene expression arrays
(Affimetrix, Santa Clara, CA). Three chips per time point,
condition and tissue were used. Gene expression was normalized
using d-Chip Software [49] and rhythmic gene expression and
expression phases were determined using CircWave Software
(University of Groningen, The Netherlands) as described [50].
Rhythmic genes were grouped and heat maps were generated
using d-Chip Software [49]. These sequence data have been
submitted to the GEO databases under accession number
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