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Abstract

Acute and Chronic Effects of Rotating Shift Work on Running Wheel

Activity, Energy Balance, and Molecular Alterations

Vasavi Shabrish, PhD

The University of Texas at Austin, 2022

Supervisor: Molly S Bray

Endogenous molecular clocks influence physiology, metabolism, and behavior.
Shift workers are exposed to repeated changes in the timing of light, feeding, and activity
and, consequently, are at increased risk for development of chronic disease associated
with disruptions of circadian rhythms. The objectives of this research were to determine
the behavioral, physiological, and molecular effects of acute and chronic exposure to
rotating shift work (RSW) using murine models and evaluate the effects of timed exercise
and timed feeding independently and in combination, within the context of high and low-
fat diets, in a model of chronic rotating shift work (CRSW). To simulate human RSW,
mice were housed in either normal or RSW conditions, consisting of 12-hour shifts in the
light/dark cycle every 3 or 4 days for either 3- or 14-day in the acute experiment (RSW)
or 10 weeks in the chronic experiment (CRSW). Under CRSW, six groups of mice were
examined for metabolic and behavioral outcomes, including control (C), shift work
control (SC), shift work chronic exercise (S-RW), shift work timed exercise (S-TE), shift

work timed feeding (S-TF), and shift work timed exercise and feeding (S-TFEX). We
6



report disrupted wheel running activity patterns in acute and chronic exposure to RSW.
Differential effects of low- and high-fat diet were observed in wheel running activity in
CRSW. Substantial alterations in the diurnal expression of core clock and metabolic
genes were observed in a tissue-specific manner. After 14 days of RSW exposure, most
tissues lost complete clock rhythmicity and resulted in impaired fasting glucose. CRSW
resulted in significantly greater weight gain and lower glucose tolerance in S-TF and S-
TFEX mice. The S-TE mice weighed lower and displayed higher glucose tolerance on
low-fat diet compared to S-TF condition. Acute exposure to RSW disrupts molecular
functions in a tissue-specific manner, which may precede the metabolic consequences of
chronic exposure to RSW. The present study provides evidence that the variable food
intake patterns associated with shift work may result in deleterious metabolic outcomes.
A short intense voluntary bout of exercise every 24 hours may serve as a behavioral cue

for eating behavior.
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Chapter 1: Introduction and literature review

A BRIEF HISTORY OF CHRONOBIOLOGY

Humans have evolved as a diurnal species in a natural light/dark cycle, with
physical activity and feeding carried out primarily during the light phase and sleep taking
place in the dark phase in a day. The periods of sleep and activity follow an
approximately 24-hr rhythm that coincides with the earth’s rotation on its axis [4, 5]. The
hypothesis that a biological timekeeping system existed that regulated physiological
rhythms was first proposed by the French astronomer and botanist, Jean Jacques d’Ortous
de Mairan, in the 1700s, who observed the rhythmic opening and closing of plant leaves
(mimosa pudica), even in extended darkness [6]. Augustin de Candolle, a Swiss botanist
in the 1800s, later hypothesized that an endogenous clock was responsible for controlling
the rhythmic movement of leaves in Mimosa pudica. The idea that organisms have an
intrinsic circadian clock only came to be accepted in the 1900s [5]. In 1926, Maynard
Johnson provided evidence that an internal clock was responsible for the locomotor
activity rhythms in deer mice housed under constant darkness. He observed that, in the
absence of an external time cue, the activity rhythms of the mice had a delayed start of
about 6 minutes each day. By the end of one month, the activity rhythms had drifted by
around 4-hr [7]. Since that time, many researchers have contributed to the discovery of
the molecular mechanisms that regulate the circadian clock. These discoveries have

helped to inform and advance research in the field of chronobiology [6].

Molecular architecture of circadian clock in mammals. Endogenous circadian
clocks regulate many physiological, metabolic, and behavioral processes. Biological
clocks allow adaptation in anticipation of environmental changes, such that
environmental cues and physiology are optimally synchronized each day [8]. Each cell
contains its own clock mechanism, requiring a pacemaker to keep the clocks in

synchrony with each other [9]. The mammalian circadian system is hierarchically
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organized to coordinate behavior and physiology to alterations in the environment. At the
top of this hierarchy is the suprachiasmatic nucleus (SCN), which is located above the
optic chiasm of the hypothalamus and stimulated by light [9]. The SCN synchronizes the
organism to the daily environmental light/dark cycle and communicates these time cues
to the peripheral clocks present in tissues external to the SCN via neuro-humoral factors.
In turn, the peripheral clocks regulate specific physiological processes in a tissue-specific
manner [4].

The molecular clock is comprised of an intracellular auto-regulatory process
governed by interacting positive and negative transcriptional-translational feedback loops
(TTFL; see Figure 1.1). The rhythmic expression of core clock genes is followed by their
translation as transcription factor and regulatory proteins that drive and maintain
rhythmicity of the overall clock mechanism. The genes driving the core clock mechanism
include circadian locomotor output cycles kaput (clock), brain and muscle-Arnt-like 1
(bmall), periodl (perl), period2 (perl), period3 (per3), cryptochromel (cryl),
cryptochrome?2 (cry2), retinoic acid receptor-related orphan receptor-alpha/beta (ror-
o/p), and nuclear receptor rev-erb-alpha/beta (rev-erba/f) [10]. At the core of the
molecular clock mechanism are two basic helix-loop-helix (b HLH)-Per-Arnt-Sim (PAS)
transcription factor proteins, CLOCK and BMALI1, which form heterodimers and bind to
the transcriptional regulatory (E-box) sequences of themselves and repressor genes
perl/2/3, cryl/2, and rev-erbo/f [10] to activate transcription and form a positive loop of
the TTFL. The PER and CRY proteins interact to form heterodimers and translocate to
the nucleus to repress CLOCK:BMALI-mediated transcription of genes, forming the
primary negative loop of the TTFL and ultimately decreasing the abundance of the
repressor genes [11, 12]. As CLOCK:BMALI inhibition is relieved, a new cycle of
circadian clock transcription begins. A second interlocking accessory loop driven by ror-
o/ and rev-erbo/p provides additional regulation of the rhythmic expression of bmall.
REV-ERBA/B competes with RORA/B to bind the retinoic acid-related orphan receptor
elements (ROREs) on the promoter regions of bmall, clock, and npas2. Binding of
RORA/B activates transcription, while binding of REV-ERBA/B inhibits transcription of
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these core clock components [10], in part through interaction with PER2 [13]. A third
transcriptional loop is formed via CLOCK:BMALI1-driven transcription of D-box binding
protein (dbp), combined with nuclear factor interleukin-3-regulated protein (nfil3)
transcriptional activation and repression mediated by the action of ROR/REV-ERB. The
resulting protein dimer, NFIL3/DBP, activates transcription of ror-o/f. The three loops of
the circadian clock mechanism additionally regulate the transcriptional activity of clock
controlled genes (Ccg’s) by binding the E-box, RRE, and DBP elements at the regulatory

regions of target genes [11].

Post-translational modifications fine-tune the rhythms of day and night. Post-
translational regulation determines the length of the biological “day and night”. Without
regulation, if the repressor proteins PER and CRY translocate to the nucleus and
immediately repress the CLOCK:BMALTI transcription of target genes, then the rhythmic
cycle would take a few hours to complete rather than a 24-hr cycle. To maintain the
periodicity of a circadian cycle to 24-hr, a significant delay in the repression of
transcriptional activation is required. This delay in transcriptional repression occurs via
regulation of post-translational modifications of core repressor proteins. Phosphorylation
of repressor proteins regulates many important processes such as nuclear entry, formation
of heterodimeric complexes, and proteasomal degradation [14].

Post-translational modifications provide stability to the core repressor proteins.
The period length depends on the phosphorylation state of the PER and CRY proteins.
Casein kinase (CK) phosphorylates PERs leading to the recruitment of B-transducin
repeat-containing protein (BTrCP) mediated proteasomal ubiquitination and degradation
of PERs [14]. Phosphorylation of PER by CK1e/6 masks the nuclear localization signal
(NLS) and marks the protein for proteasomal degradation by E3 ligases; however, the
formation of the PER-CRY-CKle/d complex also protects PER from proteasomal
degradation promoting nuclear accumulation [15, 16]. A mutation (tau) in casein kinase
le (CKlg) results in phosphorylation of a regulatory site on the PER protein, targeting it

for ubiquitination and proteasomal degradation, which speeds up the clock and shortens
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the period [14, 17]. Phosphorylation by CKs regulates the nuclear entry of PER1/3
through regulation of the nuclear localization signals (NLS), and phosphorylation of
PER2 by glycogen synthase kinase-33 (GSK3p) further regulates nuclear entry in
mammals [14]. Phosphorylation events can also affect CRY protein stability. CRY
phosphorylation by adenosine monophosphate (AMP)-activated protein kinase (AMPK)
promotes the binding of F-box and leucine-rich repeat protein 3 (FBXL3) to CRY1 and
marks the protein for E3 ligase mediated ubiquitination and proteasomal degradation in
the nucleus [18]. F-box and leucine-rich repeat protein 21 (FBXL21) is the primary E3
ligase of CRY in the cytoplasm. FBXL21 has strong interaction with CRY but with
reduced efficiency in CRY ubiquitination compared to FBXL3. The involvement of
AMPK-mediated phosphorylation of CRY provides a link to metabolism via sensitivity
of AMPK to cellular energy status [18]. Both CRY and PER protein post-translational
phosphorylation events independently affect the period length in mammals, providing an

additional level of clock regulation.

Peripheral tissue clocks. Virtually all tissue types and cells in the body outside
of the SCN, referred to as peripheral clocks, exhibit 24-h circadian rhythmicity, similar to
the mechanism observed in the master regulator (SCN). Peripheral clocks are required for
the normal functioning of an organ system. The cyclic expression of clock-controlled
genes (ccg) downstream of the core circadian oscillator includes some significant number
of genes that are key enzymes in nutrient metabolic pathways. The nature, number, and
phase of rhythmic expression of genes are highly tissue-specific and dependent on the
organ-specific needs. Studies have provided evidence that endogenous clocks regulate
~10% of the mammalian transcriptome, which varies by tissues [19]. The cyclically
expressed core clock genes are in a consistent period (24-hr) across all tissues, given the
unique profiles of the tissue-specific output of circadian transcriptome. This congruent
phase relationship suggests a shared circadian oscillator among organs and the functional

integration of molecular and cell-type-specific transcriptional regulation [20]. The timing
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of metabolism in peripheral clocks is driven by systemic cues from the SCN or the core

clocks in peripheral tissues [9].

CIRCADIAN CLOCK ENTRAINMENT

The rhythms of endogenous biological clocks occur with a period of ~24-h in the
absence of external time cues. Daily exposure to environmental zeitgebers (from the
German word for ‘time-givers’), for example solar cycles, maintains rhythmicity of
approximately 24-hr. Zeitgebers provide signals of time that induce molecular changes in
the endogenous clock, facilitating adaptation of physiology and behavior [21]. Light is
the dominant zeitgeber of the master circadian oscillator (SCN) [22, 23]. The SCN
consists of approximately 20,000 neurons and is divided into two main sub-divisions
based on the differential expression of neuropeptides. The core (ventrolateral) of the SCN
lies adjacent to the optic chiasm, and the shell (dorsomedial) encloses the core [24]. Each
neuron can maintain in vitro endogenous rhythmicity, indicating the presence of an active
autonomous oscillator driven by core clock gene TTFL. Environmental light information
that varies in intensity throughout the day signals the SCN through complex mechanistic
pathways, as briefly described below. The resetting of the master circadian oscillator by
light is referred to as photic entrainment. Additionally, non-photic zeitgebers, including
neurohumoral factors released upon food intake [25, 26] and physical activity [27, 28],

have been demonstrated to entrain the circadian rhythms of the peripheral oscillators.

Photic zeitgeber. The SCN is the key area of the brain that links external photic
signals to internal output of time communication via neuro-humoral signals to the rest of
the body. The setting of the SCN clock is achieved by specialized retinal cells called the
intrinsically photosensitive retinal ganglion cells (ipRGCs) that transfer light information
from the environment to the SCN as they express the pigment melanopsin. These photic
signals are transmitted via the retinohypothalamic tract (RHT) [9]. Upon light stimulation
of the retina, the terminal synapses of the RHT release neurotransmitters, glutamate (Glu)

and pituitary adenylate cyclase-activating polypeptide (PACAP). Glutamate binds to the
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N-methyl-d-aspartate receptors (NMDA), increasing calcium influx and activation of
calcium-/calmodulin-dependent protein kinase (CaMK) [29]. The co-release of PACAP
with Glu has a dual functional role. At the presynapse, PACAP increases the release of
glutamate and activates the adenylyl cyclase (AC)- protein kinase A pathway (PKA) at
the presynapse and postsynapse, respectively [30]. The downstream stimulation of the
ERK/MAPK pathway phosphorylates cAMP response element-binding protein (CREB).
The binding of p-CREB to cAMP response elements (CRE) in the promoter regions
activates transcription of immediate early genes (IEG) and CLOCK/BMALI1 mediated
transcription of Perl and Per2 [31-33] (Figure.1.2). The core TTFL expresses vasoactive
intestinal polypeptide (VIP) and gastrin-releasing peptide (GRP), while the shell
expresses vasopressin [24]. These neurotransmitters play a critical role in synchronizing
neurons to generate coherent rhythmic activity. Peak electrical activity in the SCN occurs
during the subjective day and is lowest during the subjective night under constant
conditions, where subjective day and subjective night refer to the day or night portion of
a light/dark cycle, respectively, under constant conditions. The peak in SCN activity
coincides with the sleep phase of nocturnal mice, while in diurnal beings, the peak SCN
activity corresponds with the active behavioral phase [24, 30, 34]. Changes in electrical
activity were measured in the rat SCN exposed to external light and electrical activity
was recorded. Upon light stimulation only a section (32%) of rat SCN neurons showed
electrical activity spikes [35], subsequently inducing the expression of clock genes Perl
and Per2. The duration of transcriptional activation of Per depends on the intensity of
light [31, 36]. Exposure to light stimuli provided during the early subjective night phase
delays the physical activity rhythm. In contrast, the same light stimuli provided during
late subjective night advances the phase of the activity rhythm in diurnal rodents [37].
Entrainment to a new light cycle relies on these phase dependent responses to light [24]

and takes several cycles to re-synchronize [38, 39].

Integration of photic information. The SCN innervates within different areas of

the brain to prepare the body and individual organ systems in anticipation of light/dark
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cycle via hormonal secretion associated with these changes [40]. The dense SCN
innervations within the medial hypothalamus coordinate the release of hormones and
regulate the autonomic nervous system [40]. Tracing techniques have revealed SCN
innervations in the medial preoptic area (MPO), sub paraventricular area (sPVN),
dorsomedial hypothalamus (DMH), arcuate nucleus (ARC), and the lateral hypothalamus.

The circadian regulation of glucocorticoid (GC) release has been a well-explored
subject in influencing molecular clocks in peripheral cells. A peak in corticosterone
levels occurs about the transition from sleep to wake cycle in nocturnal rodents, which is
comparable to a peak at the beginning of the wake cycle in humans [41]. The rhythmic
release of GC involves neuro-humoral communication between the SCN and adrenal
cortex via the hypothalamic-pituitary-adrenal (HPA) axis and sympathetic nervous
system. Photic stimulation of the SCN activates the rhythmic release of corticotrophin-
releasing hormone (CRH) from the PVN, which induces the release of
adrenocorticotropin hormone (ACTH) from the anterior pituitary. Rhythmic ACTH and
parallel stimulation of the autonomic nervous system regulate the diurnal variation in
glucocorticoid release from the adrenal cortex [42, 43]. The intrinsic circadian oscillator
of the adrenal cortex determines the phase at which response to ACTH is most effective.
The responses to ACTH stimulation in cultured adrenal slices of wild-type animals are
dependent on the time-of-day stimulus application, and adrenal slices with a non-
functional clock lack this capacity of time-dependent response to ACTH [42]. GCs exert
their effects by binding to glucocorticoid receptors (GR) expressed ubiquitously in all
tissues except the SCN. GRs function as ligand-activated transcription factors that
translocate to the nucleus upon binding of GC. GRs in the nucleus binds to the
glucocorticoid responsive element (GRE) on promoter sequences of target genes, thereby
regulating transcriptional activity [40]. A bidirectional interaction between GRs and core
clock proteins exists. GCs activate transcriptional expression of core clock genes in
peripheral clocks [44, 45]. Reciprocally, clock proteins control the nuclear localization of
GR and GR transcriptional activity. CLOCK, via its histone acetyltransferase (HAT)
activity, acetylates GR, decreasing its transcriptional activation, and CRYs rhythmically

19



repress GR activation by associating with GREs [46, 47]. Collectively, these processes
help to define a temporal window of the sensitivity of GC response to gene regulation,
and an optimal chronophysiological response occurs when the central rhythm in GC
release and peripheral rhythms in GR expression are temporally aligned [41].

Another key synchronizer of circadian signals between central and peripheral
clocks is melatonin. Plasma melatonin rhythm peaks during the night in both nocturnal
and diurnal animals and is also termed as the ‘hormone of darkness’. Peak in melatonin
and GC occurs during dark phase in nocturnal animals. In contrast, GC peaks during the
day and melatonin peaks at night in diurnal animals. Circadian release of melatonin is
sympathetically regulated via the SCN’s neural innervations of the pineal gland and is
tightly aligned with the light/dark cycle. Because of its nocturnal release, melatonin
provides rhythmic endocrine signals during the nighttime [40]. The nightly release of the
sympathetic neurotransmitter norepinephrine (NE) stimulates adenylyl cyclase via the Bi-
adrenergic receptors of the pineal membrane, resulting in a rise in intracellular Ca®>" and
PKC activity. A subsequent increase in cAMP levels phosphorylates CREB, which binds
to CRE in the promoter region of arylalkylamine N-acetyltransferase (Aanat) [48, 49].
Aanat, a key enzyme in the pathway of melatonin synthesis, exhibits diurnal rhythmicity
in its expression. Melatonin exerts its effects by melatonin receptors1/2 (MT1 and MT2)
widely distributed throughout the body and brain structures, including the SCN [50].
Melatonin readily passes through the cellular membrane because of its lipophilic nature
and may interact with other cellular proteins to exert its effects. Melatonin has various
functional roles as a free radical scavenger, an antioxidant, and as a regulator of the
entrainment of circadian rhythms of peripheral clock gene expression, sleep, blood
pressure, and metabolism [51, 52]. In vitro analysis of melatonin exposure during the
simulated night in adipocytes increased expression of core clock genes, increased leptin
and lipid synthesis, and reduced lipid breakdown [52]. Pinealectomy studies in rats
resulted in attenuation of glycogen synthesis in both liver and muscle, while
administration of melatonin resulted in lowered blood glucose, increased glucose

tolerance, and increased glycogenesis following glucose infusion in the liver and muscle
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[53-55]. Recent studies using pinealectomized animal models demonstrated diabetic
phenotypes characterized by glucose intolerance and insulin resistance in peripheral and
central tissues [56, 57]. Deficient insulin signaling and reduction in GLUT4 expression
and translation have been observed in the absence of melatonin in pinealectomized
models [56, 58]. Furthermore, melatonin is known to activate tyrosine kinase B-subunit of
insulin receptor as well as downstream signaling cascades involving IRS-1/PI(3)-kinase,
serine AKT, MAP-kinase, and phosphorylation of STAT3 [59-61]. Additionally,
melatonin influences the synthesis and secretion of glucagon from pancreatic islets [62]
and phosphorylation of the IGF-1 receptor [63]. In summary, internal synchronization of
environmental time involves the coordinated activity of chemical neurotransmitters and
electrical coupling in the SCN and other brain areas. The relay of this coordinated
information to the peripheral organs occurs via neuro-humoral signals that synchronize to

align physiology in anticipation of behavior changes in a day.

Non-photic zeitgebers. Although the SCN is a master regulator of circadian
rhythms in the body, other zeitgebers exist that, along with local clocks, play a key role in
integrating environmental information to align physiological responses independent of
SCN control. Food intake is one such behavior that occurs in a cyclic manner, alternating
between feeding and fasting cycles. Accordingly, physiological responses to the
environment are designed to either drive energy storage during nutrient abundance or
mobilize nutrient stores in fasting [64]. In addition to feeding, physical activity can also

entrain peripheral clocks, especially in the skeletal muscle [65].

Feeding. Food intake is a strong zeitgeber for peripheral tissue clocks. Mice fed
during the light phase of light/dark cycle, uncouples the phase of SCN and peripheral
clocks. As a result, the phase of the SCN is fixed to the timing of external light/dark cycle
while that of peripheral clocks is fixed to the timing of food intake [66]. Animal models
in which food availability has been manipulated provided notable insights in
understanding the mechanisms of energy homeostasis and the consequences of nutrient
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dyssynchrony. Neurohumoral signals associated with feeding serve as both clock output
and clock input factors in peripheral tissues, as these tissues relay signals to the brain via
metabolites (e.g., glucose) and humoral factors (e.g., ghrelin, leptin, insulin) [67]. Free
access to a high-fat diet in mice results in obesity, hyperinsulinemia, hyperglycemia,
hypercholesterolemia and dyslipidemia compared to mice on low-fat chow [68]. Feeding
restricted to the sleep phase in animal models caused disruptions of circadian rhythms
[66] that resulted in increased body weight, reduced glucose tolerance, dampened
rhythms of glucose and corticosterone, and altered gene expression in liver clock and
metabolic genes [69, 70]. A study in rats with food restricted to 4-hr during the rest phase
entrained the liver rhythms to the new feeding schedule within two days, with a large
phase shift of 10-hr in per! luciferase rhythmicity, while the phase of the SCN rhythm
remained locked to the light cycle, providing evidence that restricted feeding uncouples
peripheral oscillators from the SCN [71]. Timing of macronutrient intake can also affect
energy homeostasis, as seen in studies that restricted high fat diets to either the dark
phase or light phase. High fat food intake during the light phase resulted in increased
body weight when compared to a feeding schedule restricted to the dark phase [72]. Bray
et al. [73] studied four different feeding schedules in mice and demonstrated that a high
fat diet at the end of the active phase combined with a low fat diet at the beginning of the
active phase resulted in increased weight gain, adiposity, decreased glucose tolerance,
and increased insulin, leptin and triglyceride levels, compared to animals eating a waking
meal high in fat, combined with a late meal low in fat. In contrast, Hatori et al. reported
that a high-fat diet provided during the normal active phase improved glucose tolerance,
insulin sensitivity, adiposity, serum cholesterol and leptin levels, compared to animals fed
ad libitum [74]. In a rodent model of night shift work, feeding restricted to the rest phase
resulted in a 6-hr phase shift in triacylglycerol (TAG) rhythms and a 9-hr phase shift in
temperature rthythms. TAG and temperature rhythms peaked during the sleep phase in the
rest phase feeding group compared to rhythmic peaks that occurred in the active phase in
the control groups [75]. Rest phase restricted feeding also promoted weight gain and
accumulation of fat. Deleterious outcomes in metabolism were prevented when food was
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restricted to normal activity phase (dark phase) [75]. Together these studies indicate a
crucial role for timing of food and macronutrient intake in maintaining metabolic

thythms.

Integration of feeding information. The crosstalk between the circadian clock
and nutrient metabolism is not confined to the peripheral cellular level, but it also occurs
at the systemic level. For example, mammals predict mealtime when food is restricted by
increasing their locomotor activity prior to receiving food, and this increase in activity is
termed as food anticipatory activity (FAA) [9]. Peripheral energy status of the body is
communicated to the brain to regulate feeding homeostasis. The circulating peripheral
hormones ghrelin and leptin are implicated in this crosstalk [9]. Ghrelin is released from
the oxyntic cells of the stomach in anticipation of a habitual mealtime. The binding of
ghrelin to the growth hormone secretagogue receptor (GHSR) in regions of the brain
promotes feeding by increasing orexigenic peptides and reduction of anorexigenic
peptides [76]. The binding of ghrelin to GHSR encourages feeding and increases the
FAA [9]. Ghrelin and the core clock repressor proteins, PER1/2, are expressed together
thythmically in the oxyntic cells. Peri/2 double KO mice do not express ghrelin,
suggesting a role for molecular clock regulation in ghrelin expression and/or release [77].
In Per2 KO mice, the FAA is absent, and the FAA is decreased in mice lacking ghrelin
receptors [77, 78]. These findings indicate that ghrelin elicits its effects via GHSRs
regulating feeding in anticipation of mealtime and the integration of cellular clock
mechanism regulating temporal expression of regulatory factors at both tissue and
systemic level.

One other neuroendocrine factor responsive to feeding in the peripheral tissues
exhibiting diurnal variation is leptin. Leptin is released from white adipose tissue
proportional to fat depot and is expressed under direct regulation of CLOCK/BMAL1
transcription [79]. Rest phase feeding in mammals reverses serum leptin rhythms to peak
during the light phase of the light/dark cycle compared to peak in dark phase when rats
are fed ad libitum [80], suggesting a role for feeding regulating the 24 h rhythmicity in
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serum leptin levels. In contrast, SCN lesions in rodents completely abrogated the
rhythmic pattern of plasma leptin levels [81], suggesting that a functional master clock is
essential for diurnal variation in plasma leptin levels. Circadian misalignment of behavior
(fed/fast and sleep/wake cycles) as seen in shift work and jet lag, resulted in constant
baseline levels of leptin throughout a 24 h period when participants food intake and rest
times occurred 12 h out-of-phase from their normal routine [82] suggesting differential
effects of circadian disruption in humans and rodents.

Several cellular regulators including nicotinamide adenine dinucleotide
(NAD*/NADH) [83], peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (PGC-1a) [84], Rev-erb isoforms [19], and adenosine monophosphate-activated
protein kinase (AMPK) [18] are all controlled by CLOCK/BMALI transcriptional
regulation. These regulators control rhythmic metabolic processes in cell function
through downstream pathways. The core clock proteins CLOCK/BMALI and
NPAS2/BMALI1 exhibit sensitivity to intracellular redox changes based on the ratio of
NAD(P)"/NAD(P)H when binding to E-box sequences. A higher ratio of reduced forms
of redox cofactors stimulates binding to E-box sequences while a higher ratio of oxidized
forms inhibits binding [85]. Additionally, the CLOCK/BMALI1 heterodimers regulate the
expression of a key enzyme in the NAD' salvage pathway, nicotinamide
phosphoribosyltransferase (NAMPT) [83], suggesting cellular redox status influencing a
reciprocal regulation between circadian oscillator and cellular redox status. A second
energy sensing cellular factor corresponds to AMPK. When cellular energy levels are low
characterized by elevated levels of AMP (adenosine monophosphate), then AMPK, as a
food sensor upregulates intracellular energy generation pathways. AMPK regulates
CRY1 and PER?2 protein stability by phosphorylation and marking them for degradation
[18, 86]. In a in vivo model or PER2:Luciferase mice, Koruda et al. investigated the
influence of meal frequency of 2, 3, 4 or 6 meals on the phase shift of circadian clocks in
the liver, kidney, and submandibular gland. The phase of clock gene rhythms in these
organs was not affected by the different frequency of meals when provided at equally
spaced time intervals. Three meals at unequally spaced intervals during a 24-hr period, on

24



the other hand, resulted in significant phase alterations in peripheral tissue clocks. Length
of fasting interval between feeding time points in the tested meal frequency is a critical
aspect in resetting peripheral clocks, and a longer fasting interval has a significant impact
on the phase resetting process [87]. Cellular energy sensors (i.e., AMPK) that engage in
energy-producing pathways during fasting could be a potential mechanism for the
resetting effects of peripheral clocks.

Rev-erb isoforms, like AMPK and NAD, are nuclear receptors that are expressed
in a rhythmic manner [88] and can bind heme as their ligand [89]. The association of
REVERBs with the nuclear receptor corepressor complex (NCoR) is regulated by
binding of heme. Furthermore, heme binding to REVERBA inhibits the expression of
gbpase and pepck, two key enzymes in the gluconeogenic pathway, tying the circadian
gene to regulating metabolism. Transcriptional coactivator proliferator-activated receptor
gamma coactivator 1 (PGC-1a and PGCI- B) is another factor that integrates metabolism
and circadian clock. Pgc-1a is induced during fasting regulating hepatic gluconeogenesis
[90] while intake of saturated fats regulates Pgcl- f expression [91]. Both Pgc-/a and
Pgcl- p display rhythmic expression in liver and skeletal muscle [84]. PGC-1a directly
upregulates the nuclear factors, receptors, and transcription factors that mediate the
regulation of gluconeogenesis [90, 92]. Additionally, PGC-1a coactivates rora thereby
inducing core clock gene expression (bmall, clock, per2, rev-erba) [93]. These findings
indicate an important role for nuclear receptors and transcriptional coactivators in

response to feeding behavior and nutrients to integrate clock mechanism and metabolism.

Exercise. Exercise is the most commonly prescribed therapeutic in both health
and disease conditions. Owing to the large mass of skeletal muscle and high metabolic
capacity, it has the potential to influence other tissue functions throughout the body.
Apart from exercise promoting quality of life, emerging data have suggested a potent role
for exercise as non-photic zeitgeber for circadian clocks. Exercise has been shown to
induce a phase shift in the rhythms of melatonin [28] and peripheral skeletal muscle

clocks [65, 94]. Scheduled voluntary wheel running under constant darkness entrains

25



sleep-wake rhythms in C57BL/6 mice to the timing of wheel availability [95]. Scheduled
late-night access to running wheels in a circadian disrupted model (VIP deficient mice)
helped recover the entrainment deficits in the SCN and peripheral clocks under standard
light/dark condition in mice [96]. Wolff et al. tested the effects of 2-h scheduled exercise
in advancing the PER2::LUC rhythms in lung and three different skeletal muscles
(soleus, extensor digitorum longus, and flexor digitorum brevis) in mice housed under
12h light/12h dark cycle. The study reported that scheduled voluntary or involuntary
exercise significantly phase advanced PER2::LUC bioluminescence rhythms in three
different skeletal muscles and lungs [65]. Scheduled voluntary wheel running activity
presented at the beginning of a light phase facilitated re-entrainment to a new light/dark
cycle in skeletal muscle and lung, while the SCN re-entrained to the new light phase
conditions in both exercise and control groups [94]. A more recent study by the same
group tested the re-entrainment effects of wheel running to advanced and delayed
light/dark protocol with running wheel presented at the end of the phase delayed protocol
and provided evidence that the phase advances were unaffected by wheel running while
re-entrainment by phase delay was hindered in lung and skeletal muscle [97]. In vivo
experiments investigating the effects of forced (treadmill or wheel running) vs voluntary
(wheel running) exercise during scheduled times showed that larger phase shifts in
circadian clock gene expression in peripheral tissues occurred in forced exercise
compared to voluntary exercise group [98]. Scheduled 1-hr of forced treadmill or
voluntary wheel running activity during the inactive (zt4 to zt5) period phase advanced
the clock while the same activity scheduled during the active (zt20 -zt21) period phase
delayed the clock [98], suggesting differential effects of the same stimulus provided at
different times which correspond to the phase response curve for exercise [99]. (PRC;
PRC describes the relationship between a stimulus (exercise) and response (direction of
phase shift) in relation to the time of stimulus (exercise) presented). Larger phase
advances/delays in clock gene expression (Per2, Bmall, and Rev-erba) in liver, kidney
and the submandibular gland were reported in the forced treadmill exercise vs voluntary

wheel running groups. Phase advances/delays in clock gene expression observed in
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skeletal muscle and lung, did not differ by exercise [98]. In a recent study, 1-hr muscle
contractions, induced by either treadmill running or in vitro electrical pulse stimulation of
myotubes in culture, regulated expression of clock genes in skeletal muscle tissue and
myotubes in a time-of-day dependent manner. Treadmill exercise at the middle (zt5) or
the end of the inactive phase (zt11) phase advanced and phase delayed the PER2::LUC
rhythms in skeletal muscle explants, respectively [100]. Similarly, time-of-day effects
were observed in in vitro C2C12 myotube cultures in response to a single bout of
electrical contractions. A single bout of 60-min electrical contractions applied at either
22-hr or 28-hr post synchronization of culture, significantly, phase advanced or phase
delayed Bmall:Luc expression, respectively, and were maintained for many days after
treatment [100]. The exercise-induced phase shifting effects of circadian rhythms have
also been reported in human studies. Yamanaka et al. reported that timed physical
activity involving activity occurring at two 2-hr time points facilitated re-entrainment of
the sleep-wake cycle to an 8-hr advance in sleep schedule [101]. Altered clock gene
expression in human skeletal muscle also has been reported in response to resistance
training [102, 103] and endurance exercise [103]. These findings indicate an essential
role for exercise as a zeitgeber in regulating the rhythmicity of peripheral circadian
clocks.

Although the mechanisms involved in exercise-induced phase shifts of circadian
clocks are elusive, the pathways activated during stress have also been implicated in this
phenomenon. Two potential pathways in exercise-induced entrainment of peripheral
clocks are the HPA and sympathetic-adreno-medullar (SAM) axes. HPA and SAM
secrete GCs or catecholamines, respectively. These molecules have been implicated in
influencing the phase of peripheral circadian clocks via their respective receptors, GRs
and B-adrenoreceptors. Several studies in animals have examined the stimulation of these
axes in response to exercise [104-109]. GCs elicit transcriptional regulation directly via
the GREs on promoter sequences of clock genes, Perl, Per2, and Nfil3 [44, 45] and have
also shown decreased transcription of Rev-erbo. in hepatocytes [110]. Adrenergic

receptors belong to the family of G protein-coupled receptors (GPCRs) that have been
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functionally well characterized [111]. Noradrenaline induces expression of Perl, Per2,
and MNfil3 in mouse hepatocytes by activating the ai-adrenergic receptor and downstream
involvement of the MAPK signaling pathway [109], suggesting a role for autonomic
nervous system in synchronizing peripheral tissue clocks. A recent study reported the role
of corticosterone and norepinephrine in the entrainment of peripheral clocks by forced
treadmill and forced wheel running exercise. The levels of both serum corticosterone and
tissue norepinephrine were increased using the forced activity model, and the
corticosterone rhythm was phase advanced, suggesting that both corticosterone and
norepinephrine may be involved in exercise-mediated phase adjustments in peripheral
clocks. The mechanism for these responses to forced exercise is yet to be elucidated.
These responses to forced activity suggest a similarity between exercise and stress
response [98]. Apart from the activity-related effects on skeletal muscle clock, clock gene
expression in the absence of motor nerve activity has also been determined via
denervation techniques by removal of small segment of sciatic nerve in the upper thigh
under anesthesia. Although denervation moderately altered the phase, amplitude, and
expression of core clock genes, several rhythmically expressed non-core clock genes
displayed altered phase, amplitude, and expression [112]. The calcineurin-NFAT
pathway played a key role in activity-dependent rhythmic gene expression via nuclear
localization of NFAT and, thereby, regulation of target genes [112]. Nerve activity-
dependent phase advances in muscle clock have also been reported by Nakao et al. The
group reported decreased expression of core clock genes, Bmall, Perl, Per2, Rora,
Nrldl, and Dbp but an increased expression of Clock as a result of sciatic denervation
[113]. These findings suggest potential roles of implicated pathways that need further
investigation for a greater degree of understanding of the exercise-induced peripheral

clock phase adjustments.
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CIRCADIAN REGULATION OF NUTRIENT METABOLISM
Core clock proteins have pleiotropic functions outside of the molecular clock
mechanism. The functional relevance of the molecular circadian clock in metabolism has

been illustrated using knockout (KO) and dominant-negative models.

Clock regulation of glucose homeostasis. Recent studies have provided support
for the role of pancreatic and liver clock genes in the development of type 2 diabetes
[114, 115] and the control of glucose tolerance [116] respectively. The liver is an
important regulator of glucose homeostasis. Liver stores glycogen during an abundance
of glucose availability. During times of physiological demand, circulating glucose levels
are maintained by liver gluconeogenesis or glycogenolysis. The adaptation of metabolism
to glucose availability throughout the circadian period is directly dictated by the levels of
glucose. The circadian clock helps to provide baseline rhythmic regulation to the
occurrence of periodic daily events, such as food intake, after an overnight fast [117].
The SCN controls rest/activity and feeding/fasting rhythms resulting in rhythmic nutrient
uptake and periodic fluctuations in blood glucose, while the liver clock functions to
buffer these fluctuations to maintain homeostasis in blood glucose levels [117]. Evidence
of this buffering action in glucose homeostasis comes from liver-specific Bmall deletion
in mice, which results in the loss of rhythmic expression of Glut2. Glut2 mRNA and
protein in wild type mice show peak expression during the resting/fasting phase in mice
and a trough expression during the active/feeding phase in mice. The peak expression of
the Glut2 glucose transporter during the fasting phase facilitates the export of glucose
into the circulation when food intake is low. In contrast, low expression of Glut2 during
the feeding phase favors glucose import and storage when food intake is maximum.
Liver-specific deletion of Bmall in mice results in fasting phase hypoglycemia and
exaggerated glucose clearance in the presence of normal insulin production [116, 118],
suggesting a defect in hepatic glucose export into the circulation. These mice also exhibit
reduced liver glycogen storage and loss of circadian expression of clock-controlled

hepatic glucose metabolism genes (GoptI- glucose 6 phosphatase 1, Gck - glucokinase,
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Lpl — liver pyruvate kinase) [116]. Conversely, whole-body Bmall KO mice exhibit
decreased plasma insulin levels and increased adiposity, along with fasting hypoglycemia
[119-121]. The core CLOCK protein regulates rhythms in hepatic glycogen synthesis,
and Clock mutants displays diminished rhythms in hepatic glycogen content and mRNA
and protein levels of the rate limiting enzyme, hepatic glycogen synthase 2 (Gys2) [122].
Similar metabolic alterations in glucose homeostasis are observed in mutant models of
the core clock repressor proteins, PER and CRY. Per2 mutant mice exhibit fasting
hypoglycemia, loss of circadian fluctuation in hepatic glycogen storage, elevated plasma
insulin levels due to increased glucose-mediated pancreatic insulin response, and
impaired gluconeogenesis [123, 124]. Overexpression of Cryl specifically in the liver of
streptozotocin-induced diabetic mice increased responsiveness to insulin and lowered
blood glucose. In the same study, the cryptochrome genes, Cryl and Cry2, were shown to
regulate transcriptional activation of gluconeogenic genes via CREB by interacting with
G-protein coupled receptors, blocking cAMP accumulation [125]. Cryl glucocorticoid
receptor interaction in hepatocytes results in downstream transcriptional repression of the
rate-limiting gluconeogenic enzyme, phosphoenolpyruvate kinase (PEPCK) [46]. In
summary, the liver circadian clock and its interaction with the time-of-day dependent

availability of nutrients together play a vital role in maintaining glucose homeostasis.

Skeletal muscle is a major tissue for postprandial insulin-responsive glucose
uptake under the regulation of the muscle circadian clock [126, 127]. Skeletal muscle-
specific Bmall KO results in impaired glucose uptake due to a reduction in protein levels
of glucose transporter 4 (GLUT4) and TBC1 domain family member 1 (TBCI1DI), an
oscillating GTPase involved in the membrane translocation of GLUT4 [127, 128].
Inactivation of Bmall in skeletal muscle also significantly reduced hexokinase (Hk),
pyruvate dehydrogenase kinase (Pdk) and pyruvate dehydrogenase phosphatase 1 (Pdpl),
all enzymes involved in the catabolism of glucose [127]. Skeletal-muscle specific Bmall
KO mice favor glucose storage, as indicated by reduced expression and activity of
phosphofructokinase 1 (Pfkl), increased glycogen content, decreased levels of glycolytic
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intermediates (glyceraldehyde-3-phosphate, 2-/3-bisphosphoglycerate, and
phosphoenolpyruvate), and elevated lactate, suggesting preferential glucose storage
versus glucose oxidation in the absence of Bmall in skeletal muscle [129]. Reduced
activity of pyruvate dehydrogenase complex (PDC) [127] in this KO model may divert
glycolytic intermediates into alternative pathways, which may explain the increase in
lactate production. Although influx of glucose is lower in the Bmall KO model, levels of
TCA cycle intermediates were unaffected. Additionally, several amino acids that serve as
precursors for TCA cycle intermediates were increased, suggesting protein mobilization
for energy generation. Low levels of citrate and isocitrate further support the shift in

nutrient substrate utilization [129].

The a- and B-cells of the endocrine pancreas secrete glucagon and insulin,
respectively. These two hormones play a significant role in regulating glucose
homeostasis and also exhibit day and night fluctuations in their secretion that occurs
independently of feeding. The rapid secretion of these hormones in response to a
nutritional challenge (i.e., bolus of glucose) occurs as repeated pulses [130, 131]. Similar
to other tissues, global and tissue-specific KO models of clock genes in the pancreas have
provided insights on clock-regulated insulin secretion and the development of diabetes.
Clock mutants, along with pancreas-specific Bmall KO in mice, display increased
circulating glucose, decreased pancreatic insulin secretion, and glucose intolerance [120].
Reduced pancreatic islet size and impaired insulin release were also observed in Clock
mutants, along with reduced or altered gene expression patterns for genes involved in
glucose uptake, glucose metabolism, B-cell growth and proliferation, and insulin
signaling [120]. Isolated islet cells from Clock mutants revealed defective insulin
exocytosis in response to a glucose challenge, lack of glucose-induced Ca" increase prior
to insulin secretion, and reduced translation of proteins involved in insulin vesicle
transport [120]. Conditional ablation of Bmall in the pancreas resulted in defective
insulin secretion by B-cells, increased glucose levels, and impaired glucose tolerance in
mice [114, 115], whereas Per2 knockouts displayed increased glucose-responsive insulin
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secretion and reduced insulin clearance [123]. Additional to the core clock genes, Clock
and Bmall, Rev-erbo. also plays a vital role regulating glucose homeostasis in the
pancreas. Downregulation of Rev-erba in the pancreas via RNA silencing resulted in
impaired glucose responsive insulin secretion and a decrease in exocytotic genes [132],
which is in agreement with the study findings in Clock mutant mice described above

[120].

Clock regulation of lipid metabolism. Hepatic lipid metabolism involves the
production of lipoproteins, lipid uptake, lipid synthesis, fatty acid B-oxidation, and
cholesterol and bile acid synthesis. The majority of these processes involve circadian
clock regulation in the liver. Clock mutant C57Bl/6 mice on a normal diet experience a
significant decrease in gene expression of hypocretin neuropeptide precursor (Hcrtl),
ghrelin (Ghrl), and cocaine-amphetamine regulated transcript (Cart) in the brain,
resulting in an obesity phenotype [133]. Homozygous Clock mutants develop steatosis in
the liver and hepatosteatosis with age when fed a regular chow diet. These mice were
characterized by obesity, increased accumulation of triglycerides in the liver, and
increased plasma alanine aminotransferase (ALT). Genes involved in lipid uptake
(Cd36), synthesis (Dgat2, Fas, Srebplc), and lipoprotein assembly (Mttp) were
upregulated in the Clock mutant mice, while those involved in fatty acid oxidation (Cpt1,
Ppara) were downregulated in Clock mutant animals. These changes preceded the
endoplasmic reticulum stress related alterations in gene expression. Hepatosteatosis was
accelerated when these mutant mice were fed high fat and Western diets [134]. A recent
study in which the mutant mice received wild-type Clock DNA vectors injected through
the tail vein partially rescued the metabolic impairments observed in Clock mutant mice
fed a high-fat diet via hepatic gene therapy [135]. The gene therapy was associated with
normal body weight gain, recovered diurnal rhythmicity in feeding behavior, and energy
expenditure comparable to wild type mice. The application of intact CLOCK protein
ameliorated fatty liver in mutant mice, suggesting a role for circadian clock regulation of
hepatic lipid metabolism [135].
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Like Clock, Bmall has also been implicated in roles outside of the core clock
mechanism regulating metabolism. Liver-specific Bmall deletion results in dyslipidemia
with high circulating free fatty acids and increased hepatic triglycerides [118]. Deleting
liver-specific Bmall and ApoE and inhibition of liver lipoprotein lipase (Lpl) activity in
mice displayed hyperlipidemia and atherosclerosis. Microsomal triglyceride transfer
protein (MTP) is involved in hepatic lipoprotein synthesis. In the Bmall and ApoE KO
model, higher MTP activity was reported, which explains the increased lipoprotein
production; these effects were lessened when Bmall was overexpressed in the liver,
providing evidence for the role of Bmall as a regulator of lipid levels in both tissue and
circulation [118].

Another member of the core clock mechanism involved in regulation of lipid
metabolism in various tissues is Rev-erba. Rev-erba, plays a vital role in epigenetic
modulation of lipid metabolism by colocalizing with histone deacetylase 3 (HDACS3) to
chromatin structures and repressing transcriptional activation of target genes. REVERBA
and HDACS3 together have been reported to colocalize at 130 gene sites in hepatocytes,
repressing transcription of genes involved in the biosynthesis of lipids including acca and
fasn (fatty acid synthase) [136]. The absence of HDAC3 or Rev-erbo. in mice results in
hepatic steatosis due to a lack of repression of lipid synthetic genes suggesting a crucial
role in lipid homeostasis [136]. Rev-erba plays an influential role in regulating lipid
metabolism through the diurnal expression of Srebp-lc controlled lipid metabolic
pathways in the liver. Lipid oxidation is favored during the daytime, while lipid
production is enhanced during the nighttime, as substantiated by upregulation of Lp/ (in
muscle) and Fas (in muscle and white adipose tissue), respectively, in nocturnal mice.
Lpl is constitutively expressed in Rev-erbo. KO model due to lack of regulation by Rev-
erba in muscle and increased expression of Cd36 levels. Together these changes reflect
increased fatty acid uptake and metabolism in muscle [19]. Similarly, HFD fed Rev-erba
KO mice displayed increased expression of Lp/ and Cd36 along with the increased
expression of Srebplc, Fas, acetyl-CoA carboxylase (Acc), and ELOVL fatty acid
elongase 6 (Elovl6) in hepatocytes, consistent with the metabolic phenotype in this model
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[19]. These findings describe the wide-ranging roles of Rev-erbo. at the genomic level
regulating chromatin structures to influencing key genes involved in lipid metabolism.
White adipose tissue primarily functions to store energy as triglycerides (TGLs).
Rhythmic clock gene expression has been described in different murine and human
depots of adipose tissue. Several adipose tissue transcripts and adipose-derived hormones
display rhythmic variation in expression. Many of these are important regulators of
appetite and lipid metabolism in adipose and influence metabolic processes in other
tissues as well [137]. In vivo deletion of Bmall either globally or in an adipose-tissue
specific manner results in adiposity in mice younger than 20 weeks of age. By contrast,
identical deletion of Bmall in mice older than 30 weeks of age revealed a significant
reduction in adiposity that may be a result of the premature aging phenotype observed in
this model [138]. Bmall has been reported to function in adipogenesis as observed in
adipocyte-specific Bmall KO models with decreased expression of enzymes promoting
fatty acid biosynthesis. These enzymes include, Elovi6 and stearoyl CoA-desaturase
(Scdl) [139]. Exposure of Cry double KO mice to high-fat diets resulted in
hyperinsulinemia and weight gain, despite reduced food intake. The increased secretion
of insulin, coupled with increased insulin sensitivity and lipid uptake in adipose tissue in
Cry double KO mice, explains the weight gain in this model despite lower calorie intake
than littermate controls. Weight gain in these mice is further confirmed by increased
expression of Fas, Lpl, Acc, Acsl4, Dgatl/2, and lep [140]. Rev-erba. KO mice display
increased expression of Lp/-mediated lipid uptake in adipocytes on both chow as well as
HFD [19]. A double KO of both isoforms of Rev-erb increases preferential mobilization
of free fatty acids for energy [141], and similar findings were observed in the Rev-erba
only KO models [19]. Along with driving the core clock mechanism, the above findings
provide evidence for non-clock functions of core clock genes in white adipose tissue.
White adipose tissue mobilizes stored triglycerides during energy deficient states
such as during fasting with a role for clock genes in this process. The staggerer mice with
functionally deficient Rora display resistance to DIO, with the phenotype attributable to
increased expression of medium-chain acyl-CoA dehydrogenase (Mcad) resulting in an
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increased influx of fatty acids through B-oxidation in white adipose tissue, coupled with
the decreased fatty acid synthesis in the liver (corresponding to decreased Srebplc
expression) [142], demonstrating a role for Rora in lipid metabolism.

Together these findings convey a better understanding of the intimate interplay of
the cellular circadian clock and metabolism in mammals via the non-canonical clock
functions of core clock genes. These findings also support the observation that many
types of disruption of the clock can result in a significant alteration in macronutrient

metabolism and risk for development of chronic diseases.

SHIFT WORK — HISTORY, CHARACTERISTICS, AND CONSEQUENCES

Shift work is an example where the normal synchrony is disrupted between the
light/dark cycle, physical activity, feeding and sleep. Repeated out-of-phase instances of
daily activities induce a multitude of changes in the physiological state of an individual
[143]. This section will briefly discuss the epidemiology and consequences of shift work
influencing lifestyle factors such as sleep, food intake, and activity and eventually discuss
the mechanisms and pathways that link shift work, circadian rhythms, and impact on
health.

A brief history. Evidence of shift work traces back to ancient Romans when shift
schedules included evening, midnight, and early morning shifts [144]. Shift work
schedules disappeared during medieval times and later got revitalized during the
industrial revolution, which paralleled the breakthrough discovery of electricity by
Michael Faraday [145] and the invention of the first electric bulb patented by Thomas
Edison [146] during the 1800s. These scientific advances set the initial stage for an
effortless extension of daytime work into the night. As labor laws developed, policy
makers prohibited children (1833 Factory Act) from working night shifts to prevent abuse
of children working very long night shifts in the United Kingdom. In 1906, the
International Association for Labor Protection (Switzerland) prohibited night work for
women to prevent abuse of women and protect their health [144]. The past century

reinstated shift work due to growing demands in production and availability of services
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round the clock associated with the beginning of World War I, advances in industrial
development, expansion of global economy, travel/communication, and growth of urban
areas [4, 144]. These transitions have made working outside of the regular 7:00 am to
6:00 pm job environment not only commonplace but necessary, which has created more
jobs for new shift workers [147]. Shift work in our 24-hour society is not limited to
critical services such as public safety by police and fire personnel, healthcare,
transportation, and utilities such as power and water. Shift work has expanded into round-
the-clock availability of groceries, gas, food in restaurants, and many other essential

conveniences and services [147].

Shift work characteristics and prevalence. Shift work schedules can vary
between individuals and may be different, depending upon the work environment. Shift
work schedules can be fixed, where individuals live and work on only one shift
throughout the week, or discontinuous, with work interrupted during weekends or
interspersed with work that does not involve a night shift [148]. At the organizational
level, shift work systems vary by several factors related to the occupational demand.
These factors include the length of shift cycle, the duration of shifts, the number of
individuals working shifts, the timing of the shift cycle, the speed and direction of shift
rotation, the number of rest days, the position of rest days between work shifts, and the
regularity of shift schedules [148]. Shift workers periodically alternate on different shift
work schedules by combining the factors mentioned above at the organizational level
[148].

According to a report from the Bureau of Labor Statistics (BLS), nearly 16
percent of the American workforce over the age of 15 y work in non-daytime schedules
or shift work schedules (including evening, night, rotating, split shift, or an irregular
work schedule) in the year 2017-2018. Of the total workforce, the non-daytime workforce
consisted of 18% men, compared to 15% women [149]. Approximately 9% of shift
workers held a bachelor’s degree or higher. Approximately 33% of individuals worked in
service-related occupations (such as health care, protective service, food preparation and
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serving, building maintenance, personal care and service), 29.2% in transportation and
material moving, 25.4% in production, and 25.1% in sales and related professions [149].
The proportion of shift workers was highest in the leisure and hospitality industry
(36.8%), followed by transportation and utilities (26%), and wholesale and retail trade
(25.4%) and the lowest in construction (3.2%) industries [149]. Although these changes
have enabled an efficient and convenient society, they have also introduced challenges
related to social life, physiological adaptation, work schedule tolerance, and deleterious

impacts on health.

Consequences of shift work. Shift work involves working outside of the regular
daytime hours of work, as described previously. Altered or irregular shift timing forces
individuals to eat and be active at a time of day that is out of sync with natural rhythms of
light and dark and is associated with increased risk for several disease conditions. The
risk for health impairment may be attributed to a combination of factors including sleep
deprivation and alterations in the timing and frequency of food intake and physical
activity, among several other factors affected by a shift work schedule.

Sleep. Sleep is an essential aspect of daily living necessary for survival. Humans
have evolved to sleep/rest at sunset and be awake and active at sunrise. Optimal health
occurs when the sleep/wake cycle and physiology are synchronized to the external daily
light/dark cycle. Healthy sleep involves a sufficient amount of sleep occurring at an
appropriate time every day in the absence of interfering factors or disorders affecting
sleep [150, 151]. The classical “two-process” model of sleep regulation has two
components, the homeostatic pressure to sleep (homeostatic sleep drive) and circadian
rhythms. The homeostatic sleep drive and wakefulness promoted by circadian rhythms
increases during daytime. However, the rise in wakefulness overrides homeostatic sleep
drive resulting in awakening. Under normal conditions, sleep occurs when pressure for
sleep is high and wakefulness is low synchronizing homeostatic and circadian
components of the two-process model of sleep [152, 153]. Shift work interferes with the

normal sleep/wake cycle, often resulting in short daytime sleep and accumulation of sleep
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debt due to lack of recovery of sleep [152, 153]. For instance, when a night shift worker
is not accustomed to their shift schedule, both homeostatic sleep drive and circadian
thythm for wakefulness increase during the day, forcing the individual to be awake.
When wakefulness drops at night, it signals the individual to sleep, increasing sleep
pressure furthermore when awake at night. As a result, night shift workers may fall asleep
immediately after their work shift but may also have difficulty remaining asleep long
enough to satisfy the need for rest, as circadian rhythms for wakefulness are increasing
during their daytime sleep. Due to this sleep debt, the homeostatic pressure for sleep does

not decrease entirely [153] (Figure. 1.3).

Multiple hormones are involved in the regulation of sleep. Melatonin, a sleep
hormone, is secreted from the pineal gland, and the levels vary in response to the time of
day. Melatonin secretion begins to increase near the onset of darkness, peaks between
3:00 am - 4:00 am and remains low throughout the day until the next evening. Cortisol,
which is associated with wakefulness and is part of the stress-response system, peaks
upon awakening and fall close to midnight in individuals on a normal daytime schedule
[154]. Weibel et al. reported that the peak in cortisol rhythm coincides with night
workers’ daytime sleep schedule, with low cortisol during the active work time at night,
negatively impacting sleep and wakefulness, respectively (Figure. 1.4). As a result of
opposing hormonal signals with night workers’ sleep/wake behavior, the daytime sleep
schedule is short and fragmented, giving rise to homeostatic sleep pressure deficits and
dampened arousal during night work time [154]. The combination of opposing hormonal
signals and sleep debt may explain the common complaint of excessive sleepiness among
early morning and night shift workers or in shift workers with reduced time for recovery
between shifts as seen in rapidly rotating shift schedules [155]. However, when peak
melatonin secretion is aligned with daytime sleep schedules or when a greater proportion
of melatonin secretion occurs during the daytime sleep of fixed night workers, sleep
bouts tended to be longer [156, 157] . A harmonious coordination between the

homeostatic and circadian sleep processes promotes continual bouts of sleep and
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wakefulness in a 24-hr day, as observed in daytime work schedules [158]. When the peak
melatonin rhythms are aligned with shift workers’ shifted sleep schedules, sleep bouts
tend to be longer [156]. Behaberou-Brun et al. examined the relationship of melatonin
secretion and daytime sleep quality in night shift nurses using 6-sulphatoxy-melatonin
(UaMT6s) excretion in 24-hr urine samples as a marker of circadian time [157]. The
quantity of UaMT6s excreted during the day (aligning with the nurses’ sleep daytime
sleep schedules) was associated with improved sleep quality and shorter naps during
night shift work [157].

The Centers for Disease Control and Prevention (CDC) recommends > 7 hours of
quality sleep per day for adults between 18-60 years. In 2014, a CDC report indicated
that 35% of adults in the United States sleep less than 7-hr per day [159]. The Sleep
Health Index (SHI) is a valid research tool developed by National Sleep Foundation
(NSF). This tool measures three distinct yet related elements of sleep — duration, quality,
and disorders. According to NSF report for the last quarter of 2018, the average SHI
score was 77 out of a possible 100 among American adults (18 — 65+ yr and multi ethnic
participants), and the average sleep duration sub-index score was approximately 79 out of
a likely 100 [160]. In a metanalysis study examining sleep length in fixed evening (shifts
that start between 2 and 5 pm), fixed night (shifts that start between 10 pm and midnight)
and rotating (morning, evening, and night) shifts compared to fixed day shift control
group [161], the shortest sleep duration occurred after night shift among fixed night
workers and after morning shift (shifts that started between 6 and 9 am) and night shift in
rotating shift schedules (~ avg. 5-6 hr). The most prolonged sleep duration was observed
after an evening shift in fixed evening shift group (~ avg. 8-hr) [161]. In summary
reduced sleep duration is a common problem prevalent among the general population as
well as amongst shift work individuals working in shifts not aligned with day/night
and/or hormonal rhythms.

According to the American Academy of Sleep Medicine (AASM), shift work
disorder (SWD) is classified as a circadian rhythm sleep-wake disorder. The diagnostic
criteria for SWD include reduced sleep time and sleep efficiency, increased insomnia and
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daytime sleepiness [155], and the persistence of symptoms for at least three months,
according to the international classification of sleep disorders [162]. The prevalence of
SWD among night workers is around 32%, as reported in both community-based [155]
and random population cohort studies [163]. The prevalence of SWD is specific to the
occupation. The prevalence of SWD was lower among oil rig workers [164] compared to
nursing staff, which consists primarily of females [165]. The environment of oil rig
workers is more conducive for adaptation to night work with the absence of interfering
factors and social demands [164]. In contrast, female nurse night workers may carry
significant responsibility for domestic duties and child care after work [165]. Evidence
suggests that a fixed night work schedule is associated with circadian adaptation to shift
work, with additional challenges resulting from rotating night work [166, 167].

Sleep deprivation (sleep debt) is associated with negative physiological effects on
health, work performance deficits, and work-related accidents. Perkins (2001) reports that
individuals on a night shift schedule may experience periods of altered state of awareness
that may last up to 30 seconds due to cumulative sleep deprivation [168]. During this
brief duration, the individual may lack focus and responsiveness to the surroundings,
leading to work-related accidents [168]. A quantitative experiment from Reid et al.
compared psychomotor performance after 28 hours sleep deprivation to measured blood
alcohol concentration in individuals who were asked to consume 10-15g of alcohol every
30 minutes until the average blood alcohol concentration was 0.10% in two different
experiments. After being sleep deprived for more than 24 hours, the cognitive
psychomotor performance level of the participants was comparable to the performance
level of participants with a blood alcohol of 0.10% [169]. High rates of sick leave have
also been associated with rotating daytime (work schedules rotated between morning and
afternoon shifts) workers [170]. Reports of frequent sick leave are typical among night
and evening shift nurses [170], as well as rotating daytime workers [171] as mentioned
earlier. However, a systematic review was inconclusive when examining the link

between sick leave and rotating shift work [172]. Needless to say, insufficient sleep and
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low sleep quality have significant negative influence on the health and lifestyle of shift
workers and their families.

Food intake. The unconventional work hours observed in shift work schedules
can induce changes in several aspects of eating behavior [173]. Shift work may alter
macronutrient intake, calories, quality of food, and the timing of food intake. A
systematic review of total caloric intake did not differ significantly between daytime and
shift workers [174]. However, another cross-sectional study reported higher caloric intake
among high-frequency night shift workers compared to the day workers, although diet
quality was similar between both groups [175]. A similar cross-sectional study compared
macro- and micro-nutrient intake in fixed-day workers, shift work without night work,
and shift work with night work conditions [176]. Energy intake was highest in the shift
work with night work condition across all age groups compared [176]. Micronutrient
intake among young (20-29 yr) shift workers with night work was the lowest of all
groups, as this was not observed in older shift workers [176]. These findings suggest
negative influence of shift work on both macro- and micro-nutrient intake.

Several factors influence eating patterns among shift workers. A recent systematic
review analyzed the factors influencing food intake under four themes corresponding to
when shift workers eat, what type of food shift workers eat, the source of food during
shift work, and the stimuli to eat during shift work [177]. The meal timings of shift
workers tends to be defined by work schedules [178-180], availability of down time
during work [180-182], the interplay between shift work and family life [182, 183], and
local cultural influences, which vary across industries and around the globe. The type of
work shift influences the nutrient profiles of meals, snacks, and meal size. For instance,
vegetable intake among night shift bus drivers is less than their day working colleagues
[184]. Resident physician interns consumed less fruit in proportion to the increased
number of work hours [185]. Overweight and obese nurses consumed fewer servings of
fruit and vegetables than nurses who were ideal weight or underweight [186].
Additionally, in nurses, the length of the work shift was positively associated with
consumption of deep-fried foods [187]. Night shift and rotating shift workers consumed
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significantly higher saturated fats and less carbohydrate compared to day-working
individuals, respectively [176]. These findings demonstrate that shift workers in general
consumed lesser fruit and vegetables in their diets compared to day workers. These
choices in food intake are mostly influenced by several factor as described above.

The availability of food plays a crucial role in shaping eating habits [180]. The
sources where shift workers can obtain food typically include cafeterias, on-the-job
meals, vending machines, take-away foods, break rooms, and home-cooked food [177].
Although cafes in some facilities are open at night, nurses report a preference for vending
machines to save the time required to making a trip to the canteen [182]. The lack of
cafes during nighttime work hours in some facilities limits the choice of available foods
[188, 189]. Industries related to airlines, food services, and others may provide meal(s)
during shift work time. This provision helps to standardize meals for all workers but may
also prove a barrier to healthy eating with continuous access to food [190, 191]. An
intervention study to promote fruit intake among shift workers, resulted in increased fruit
consumption and dietary fiber [192]. A similar intervention of pre-packed meals provided
for lunch significantly decreased total fat intake and increased fiber and water intake
among the entire working population (including day and shift workers) during the
intervention period compared to the control period. In contrast, shift workers significantly
consumed a higher amount of water during the intervention period compared to control
period, while all other dietary elements did not reach significance during this period,
suggesting differential efficacy of the intervention among day and night shift workers
[193]. Finally, Gupta et al. explored the motivation behind food consumption during
shift time in a systematic review [177]. The findings suggest that availability of down
time, social pressure at work, work-related barriers to implementing healthy behaviors
(e.g., stress eating), and years of experience as shift worker may negatively influence

quality of food intake [177].

Several studies in humans have identified altered food intake patterns, such as
frequent nibbling of energy dense snacks, altered timing of intake, and frequency of
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intake, as independent risk factors for weight gain, impaired glucose metabolism, insulin
resistance, and dyslipidemia [194-197]. Nutritional surveys of shift workers via 24-hour
dietary recall, food diary, and questionnaires have demonstrated that total daily energy
intake between different shift work schedules did not differ [176, 198-200]; however,
frequent nibbling of energy dense snacks has been reported to be high during the night
shift [199, 201]. Nocturnal animals, which typically consume a higher proportion of food
during active phase (dark phase), fed only during their sleep phase (light phase)
experience disruptions in metabolic rhythms, along with increased body weight, reduced
glucose tolerance, dampened rhythms of glucose and corticosterone, and phase shifts in
gene expression in the liver and other tissues [66, 69, 72]. A disruption in circadian
thythms of neurohumoral factors can explain the mechanism that links metabolic
alterations to a disturbed temporal eating pattern. Several metabolic hormones and
nutrient metabolic pathways are under circadian regulation. Studies in humans have
indicated increased levels of ghrelin, increased insulin resistance, and reduced leptin
levels in the presence of single nucleotide polymorphism (SNP) variants in circadian
genes [202] or in response to altered timing of sleep/wake cycle [82]. Altogether these
studies indicate the importance of timing in food intake and their influence in regulating
numerous metabolic processes, ultimately influencing health in individuals. A more
detailed discussion on the crosstalk between circadian rhythms and metabolism is

provided in the section titled ‘Circadian regulation of nutrient metabolism.’

Physical activity. Many studies provide evidence that physical activity protects
against the risk of chronic disease and all-cause mortality [203, 204]. The World Health
Organization (WHO) recommends at least 150 minutes of moderate-intensity physical
activity per week to benefit health [205]. Despite these health benefits, it is often
challenging for shift workers to meet the recommended physical activity guidelines.
Participation in team sports, group activities, or other scheduled leisure activities may be
difficult for shift workers due to their incompatible work schedules [206]. A survey of
professional social care workers investigated the quality of life, life satisfaction, and
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happiness among individuals in different work schedules. Shift workers with night shifts
reported reduced opportunities to change behaviors related to physical well-being, leisure
activities, and personal growth compared to day workers or shift workers without night
work [207]. Occupational factors such as job title, work hours, work status, and high
work demand are associated with physical inactivity [208]. Approximately 49% of nurses
did not meet the recommendations for physical activity of 30 minutes on most days of the
week according to a cross-sectional study that examined the health behaviors of nursing
staff [209]. Physical inactivity among shift workers is a global concern, as reported in
several studies [208, 210, 211]. In contrast to the above findings, leisure time and
occupational physical activity measured objectively in hospital shift workers using
accelerometers was similar to physical activity in non-shift workers [212]. Another
prospective cohort study of nurses evaluated physical activity under different work
schedules. No significant differences were observed at baseline and 6-year follow-up in
physical activity under different work schedules [213]. For shift workers who prefer
individual activities, shift work-associated disruption was not a concern [206]. These
individuals could participate in activities at convenient times, while also benefitting from
discounted rates for using health club facilities during non-peak hours [206]. As several
studies reported similar physical activity levels among different work schedules and
between shift workers and non-shift workers, one may hypothesize that the impaired
metabolic consequences observed among shift workers may result from sleep deprivation
[214] or temporal alterations in eating behaviors [215] or that physical inactivity
contributes equally to shift and non-shift workers.

Physical activity interventions at the workplace have reported beneficial effects
on workers’ health [216, 217], along with increased productivity and reduced health care
costs [218]. A recent systematic review of randomized controlled trials (RCTs) evaluated
worksite physical activity interventions in shift workers. All studies reported that physical
activity improved anthropometric and biological risk factors [219]. Nevertheless, none of
the seven studies included in the review measured changes in physical activity behaviors
and activity timing or described the setting where the activity occurred [219]; therefore, it
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is still unclear how and whether these interventions influenced physical activity behaviors
among shift workers in the long term. Despite the positive outcomes associated with a
physical activity intervention, a mere 6.4% of individuals showed interest in being
recruited, suggesting substantial barriers to physical activity participation in the shift

work population [220].

MECHANISM AND PATHWAYS RELATED TO HEALTH CONSEQUENCES AMONG SHIFT
WORKERS

Shift work is characterized by alterations in several aspects of daily living.
Kecklund et al. (2016) proposed a theoretical model of mechanisms and pathways of shift
work-related alterations in behaviors in the development of chronic diseases. The first of
these alterations is exposure to light at night and darkness during day, which is inverse to
the light/dark cycles in which living beings have evolved. Second, food intake patterns
are altered, with food consumed late at night when humans have normally evolved to
sleep, increased frequency in eating, irregular eating patterns, and limited
availability/access to healthy food choices, all commonly observed in shift work-related
food intake behaviors. Third, shift work results in shorter sleep duration and early
termination of sleep, causing excessive sleepiness and fatigue during work hours. Lastly,
shift work also increases adverse health behaviors, including increased smoking and
alcohol consumption and reduced physical activity. These alterations in lifestyle result in
circadian disruption, disturbed sleep, overweight/obesity, sedentary lifestyle, and
psychosocial stress. In this model, a cluster of all these factors ultimately increases
physiological stress, with the net effect of increased risk for chronic disease development

and accidents [221].

SHIFTWORK, CIRCADIAN MISALIGNMENT, AND HEALTH
Increasing exposure to light at night, as evidenced in shift work, can significantly
alter the temporal organization of biological rhythms in humans, increasing the risk for

the development of obesity [222], metabolic dysfunction [223, 224], cancer [225], sleep
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disturbances [226], and cognitive impairments [227, 228]. The connection between shift
work-related circadian disruptions and disease risk has gained increased attention.
Metabolic syndrome is characterized by elevated triglycerides, central obesity, high blood
pressure, and impaired fasting glucose and is a condition that is increasing in epidemic
proportions globally [229]. Several combinations of factors are involved in the
development of this disorder, including circadian misalignment, sleep deprivation,
alterations in timing and quality of meals, conflicts between personal and work schedules,
and the type of shift rotation [230]. Insulin resistance and type 2 diabetes are commonly
prevalent among shift workers [231, 232] with a higher percentage observed in rotating
shift workers [233, 234]. These findings are in agreement with a meta-analysis of
observational studies that reported significantly increased risk for type 2 diabetes mellitus
among rotating shift workers [235]. Additionally, a higher number of night shifts per
month [234] and higher work hours (>40 hours/week) was positively associated with
increased risk for type 2 diabetes [236]. Cardiovascular events (myocardial infarction,
stroke, and arrhythmias) frequently occur during the early hours of the morning [237].
The likely mechanisms of this temporal occurrence of events may be explained by
increased blood pressure, loss of endothelium-dependent diurnal variation in
vasodilation, changes in heartbeat dynamics, the peak level of steroid hormones
(testosterone, adrenaline, and cortisol), and increased sympathetic activity during the
early morning [238]. The first scientific article that described the associations of
cardiovascular disease (CVD) in shift workers was published in 1984 [239]. About 40%
of shift workers have an increased risk of cardiovascular disease. Although the
mechanism of shift work-related increased risk for CVD is not fully known, the possible
contributing factors may relate to circadian disruption, lifestyle factors including
smoking, alterations in food intake, and stress underlying psychosocial issues [240].
Circadian dyssynchrony of clocks, as evidenced in shift work, is associated with high
blood pressure, insulin resistance, dyslipidemia, and obesity [237]. In addition to a high
prevalence of metabolic syndrome and CVD, shift work is also associated with multiple
health issues related to psychological, reproductive, gastrointestinal, metabolic, and sleep
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disorders, along with cancer. The international Agency for Research on Cancer (IARC)
has classified shift work associated disruption in circadian rthythms as a probable human

carcinogen [148].

Animal models using dim light (~5 lux) exposure at night closely mimic light
exposure in human shift workers. In a study by Fonken et al., dim light at night (dLAN)
in a 14h:10h light/dim light cycle in mice resulted in increased body mass with increases
in epididymal fat mass also resulting in time-, tissue- and gene-specific alterations in core
clock genes. Overall, core clock gene expression levels in the hypothalamus (per!, per2,
and cryl), liver (bmall, perl, per2, cryl, cry2, and rev-erba), and white adipose (rev-
erba) tissues were reduced with dLAN exposure compared to mice housed under 14h:10h
light/dark cycle. In the SCN, both gene and protein expression of Clock were suppressed
in dLAN conditions [241]. In another study, mice exposed to the light/dLAN (14h:10h)
developed metabolic disturbances (increased body weight, fat mass and glucose
intolerance) caused by a shift in substantial amount of food consumed in the light phase
vs nocturnal mice who consume most food in the dark phase [242]. When the normal
light/dark cycle was reinstated, the metabolic disturbances in weight gain, epididymal fat
mass, and glucose metabolism were reversed [243].

Feeding behavior in animal models that closely mimic shift work involves food
availability being shifted to the light/rest phase of the day. Bray et al. studied the effects
of light phase restricted feeding in mice using the CLAMS (Comprehensive Lab Animal
Monitoring System) that allows for simultaneous measurement of numerous metabolic
parameters (oxygen consumption, carbon dioxide production, respiratory exchange ratio,
food consumption, locomotor activity levels, core body temperature, and heart rate) and
avoids direct human contact, which has also been shown to induce stress-related weight
gain in animals. Light phase-restricted feeding altered energy homeostasis and increased
body weight, caloric intake, RER, and decreased energy expenditure [69]. Significant
phase differences in liver clock and metabolic gene expression were observed compared
to other peripheral tissues (epididymal fat, gastrocnemius muscle, and heart) [69]. In
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summary shift work causes desynchronization between the environment and the organism
at multiple levels that may occur: 1) between central and peripheral clocks [71], 2)
among peripheral clocks in different organs [69], 3) between the molecular clock
mechanism and clock-controlled genes [70], and 4) within the molecular clock itself
[244]. Altogether, dyssychrony results in suboptimal functioning of many physiological

processes affecting health.

INTERVENTIONS TO MITIGATE HEALTH EFFECTS OF SHIFT WORKERS

Alleviating the disruptive effects of shift work on health is a complex process.
Several efforts have been made to lessen the risk of development of chronic diseases
among shift workers, including implementing ergonomic work schedules [245-248],
controlled exposure to light/dark cycle [249, 250], physical activity and lifestyle changes
[251], and pharmacotherapy to promote adaptation [252, 253]. Ergonomic work
schedules allow for optimal adaptation to shift work and consider the personal
preferences of shift workers in addition to organizational requirements. Accordingly, the
strategies investigated involve changing from backward (3xEvening/1x day off/
3xMorning/ 3xNight/ 5xday off shift) to forward shifts (2xMorning/ 2xEvening/ 2xNight
shift/ 4x day off) and increasing rest time between shifts [245-247], working 12-hr shifts
instead of 8-hr [248, 254, 255], flexibility in work schedules [256, 257], and or self-
scheduling work time [258, 259]. Studies involving a transition from backward shift to
forward shift or changing the speed at which shift rotation occurs (3xEvening/1x day off/
3xMorning/ 3xNight/ 5xday off shift versus 2xMorning/ 2xEvening/ 2xNight shift/ 4x
day off) have shown recovery in the form of increased sleep quantity and sleep quality,
lowered serum glucose and triglyceride levels and decreased systolic blood pressure
[245-247]. Interventions involving 12-hr versus 8-hr shifts were associated with
improved sleep quality and duration, with a fewer number of broken sleep pattern
episodes in the 12-hr worktime groups [248]. In contrast to these findings, Axelsson et al.

did not find any significant differences in sleep quality or duration between 8- and 12-
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hour week schedules, with sleepiness corresponding to sleep duration and physical work
rather than shift duration [255]. Ergonomic shift scheduling interventions significantly
improved work-life conditions and sleep hygiene, reduced mental stress, and reduced the
need for recovery when shift workers were given limited worktime control [259].
Boggild et al. reported improvement in lipoprotein profiles when shift workers agreed
upon selected predefined ergonomic scheduling criteria, represented by decreased low-
density lipoproteins and total cholesterol-to-high-density lipoprotein (HDL) ratio, with an
increase in HDL levels [256]. Systematic reviews evaluating organizational level
interventions affecting health and work-life balance report beneficial effects specific to
the intervention. Most benefits associated with sleep were observed for speed of rotation,
with a shift from slow to fast rotation (switch from slow to fast rotation included
changing from 6 to 7 consecutive shifts of the same shift type to 3 to 4 consecutive
shifts), shift direction involving backward (night/ afternoon/ morning) to forward
(morning/ afternoon/ night) rotation, and lastly self-scheduling worktimes improved sleep

and work life balance [258].

Exposure to bright light and the use of goggles that shield light during commute
time after a night shift or before sleep time have been investigated independently and in
combination as an intervention strategy to improve sleep health among shift workers. The
use of light-shielding goggles allows for release of melatonin while lowering cortisol and
body temperature [249, 250, 260]. A combination of brief exposure to bright light (7,000
to 10,000 lux for > 30 min) during mid-way of a night shift and use of dark goggles after
shift work was investigated in a randomized controlled study of rotating shift nurses. The
findings reported significant improvements in daytime sleep and nocturnal alertness upon
exposure to bright light, while morning light attenuation was not effective in improving
clinical insomnia in the recruited nurses [261]. A recent cross-over design study exposed
sleep-deprived individuals to bright light near the end of a conventional night shift. The
sources of light therapy were either a light therapy box (10,000 lux) or light therapy
glasses (2,000 lux LED blue light) that significantly improved alertness, cognition, and
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mood, suggesting an important practical application in night shift workers. However, the
sample size in this study was very small, and the participants recruited were young and
not true shift workers (may have a history of shift work but not doing any shift work
during study recruitment) and may have differential effects than actual shift workers
[262]. The effects of using blue light blocker glasses after a night shift work increased
sleep duration and decreased fragmented sleep, suggesting an application that may help

to improve daytime sleep among perpetual night shift workers [263].

The use of pharmacotherapy or stimulants among shift workers to promote sleep,
vigilance, or adaptation to shift work includes sleep promoting agents such as melatonin
or stimulants like caffeine. In a randomized, double-blinded, placebo-controlled
crossover trial of night shift nurses, administration of 5 mg of melatonin prior to usual
sleep time significantly improved sleep quality and decreased sleep onset latency,
providing an effective treatment to overcome difficulty in falling asleep among night
workers [252]. In contrast to these findings, melatonin was ineffective in improving sleep
quality in a randomized, double-blind, placebo-controlled crossover trial involving
pediatric residents [253]. It should be noted that the dose of melatonin and the time of
melatonin administration in these two trials varied. Caffeine is a common stimulant used
among shift workers to counteract sleepiness. Caffeine intake at 2 mg/kg of body weight
during a stimulated night shift reduced sleepiness as measured by multiple sleep latency
(multiple sleep latency test, which tests physiological daytime sleepiness by measuring
the time taken to fall asleep during a day) onset and increased performance measured
using a computerized simulated assembly line task (SALT). Consumption of caffeine did
not interfere with the sleep after the simulated night shift work [264]. A systematic
review of caffeine intake and work injuries and errors among shift workers provided
evidence that caffeine is an effective performance enhancer, as measured by improved
reasoning, memory, attention, and perception parameters. Due to very limited number of

trials available, the effects on injuries and errors were not assessed [265]. The effect of
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the use of caffeine or other stimulants is not clear due to limited research on the long-

term effects of caffeine supplementation on sleep.

Interventions related to behavioral changes for improving health among shift
workers are limited. Most behavioral interventions have targeted physical activity and/or
dietary changes. Interventions occurring at the workplace have more potential for positive
lifestyle changes. A physical training intervention (running, jogging, skiing, swimming,
walking, gymnastics for 4-months) study involved 2-6 exercise sessions at 60% to 70%
of maximal heart rate values customized in relation to age and other health parameters.
The participants were female nurses and were evaluated via questionnaires, laboratory
tests and field study pre- and post- intervention [251]. Post intervention, the nurses
showed a significant increase in sleep length after an evening shift and decrease in fatigue
during worktime and increase in physical fitness in the physical training group [251]. A
systematic review of randomized controlled trials (RCTs) of physical activity
interventions in shift workers indicated that physical activity mitigated risk factors
associated with the development of chronic diseases, including a reduction in body
weight, body mass index (BMI), waist circumference, and fat mass post physical activity
intervention. The duration of physical activity interventions in the primary studies
included in the review varied between 2 weeks to 6 months. The physical activity
sessions occurred 2 to 6 sessions per week at moderate to vigorous intensity. The modes
of physical activity included walking, jogging, rowing, or a combination of aerobic and
resistance training. Some primary studies in this review also included evaluation of
behavioral aspects such as sleep quality and duration, general health, and low back pain
[219]. Additional to improvements in sleep quality and sleep duration, improvements in
lipid profiles and a cardiovascular marker, cathepsin, were reported [219]. The function
of cathepsins is to degrade nonessential intracellular proteins; however, studies have
discovered other roles of cathepsins in the development and progression of atherogenesis
[266]. A 10-week intermittent walking (10 min of brisk walk 3 times/day during night
work) program for 3-days a week in night shift workers significantly reduced levels of
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serum cathepsin isoforms suggesting intermittent exercise as an effective strategy in
preventing atherosclerosis in night shift workers [266].

Knutsson et al. (2002) evaluated the efficacy of meal timing during night work on
physiological parameters of blood glucose, insulin and triglycerides. The intervention
involved intake of identical meals at three different time points (7:30 pm, 11:30 pm, and
3:30 am) during night work for all nurses. Peak levels in glucose and insulin response
were observed after the 11:30 pm meal, while triglycerides peaked after 7:30 pm meal.
The results indicate that food intake at an inappropriate time of day may have health
implications, increasing the risk for chronic diseases [267]. A prospective trial among fire
fighters included team and individual centered programs for one year. Outcome measures
included dietary, physical activity, body weight and general health pre- and post-
interventions. Post intervention assessments included significantly lower weight gain and
increased fruit and vegetable consumption among participants promoting changes in
behavior towards better health [268]. Currently there are very few studies evaluating the
effects of dietary interventions among shift workers. Future studies assessing intervention
in larger sample sizes and examining the timing of macronutrient intake, combined with
group or individual oriented interventions, may be helpful to apply findings to shift

workers.

CONCLUSION

Shift work plays an integral role in our modern-day society. Research to promote
long term health and well-being in this population has been somewhat ignored and very
limited. Although several interventions to promote health in this population have been
investigated, the application of these findings to a broader population are limited by
sample size and varied shift characteristics. The approach for future studies should focus
on the use of advanced technologies and a holistic approach to provide personalized
guidance that may help to increase adherence to behavioral changes and long-tern

improvements in health. Evaluating and translating the findings from non-shift work
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research and animal models to human shift workers may help to provide some
meaningful insights. Evaluating the effects of time-restricted feeding, intermittent fasting,
ketogenic diets, or timed activity in shift workers could prove valuable. Although,
interventions in this specific group are challenging, the long-term benefits on health,

safety, and costs likely outweigh the difficulties.
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Figure 1.1: Molecular clock mechanism

The molecular clock mechanism is driven by the interacting positive and negative transcriptional translational
feedback loops (TTFLs). At the core of the clock mechanism CLOCK/BMALL activate transcription of themselves
and repressor genes per, cry, rev-erbo, forming the positive loop of the TTFL. The PER and CRY proteins form a
complex and inhibit the CLOCK/BMAL 1-mediated transactivation of genes which forms the negative feedback loop
of the TTFL. As CLOCK/BMALI inhibition is relieved from PER/CRY complex and the levels of these proteins
begin to decline, this begins a new cycle of circadian clock transcription. A second accessory loop driven by rora/
rev-erbo. regulates the diurnal expression of bmall stabilizing the clock mechanism. Binding of the RORA to the
promoter regions of clock and bmall activates transcription, while binding of REV-ERBA to the same promoter
sequences inhibits transcription of these core genes. A third transcriptional loop of the clock mechanism is driven by
CLOCK/BMALI transcription of dbp and ROR/REV-ERB driven transcription of nfil3. The resultant DBP/NFIL3
proteins regulate the transcription of rora. Additionally, the three loops of the circadian clock mechanism regulate
the transcriptional activity of clock-controlled genes (CCGs) by the transcription factors (CLOCK/BMALI, DBP,
and REV-ERBA/RORA) binding the promoter regions of target genes (A). Diurnal rhythmicity in expression occurs
when the genes that form the positive loop begin to rise causing the genes of the negative loop to rise inhibiting the
transactivation of genes in positive loop, thereby reducing their level of expression and relieving inhibition of
transactivation, beginning a new cycle (B). Abbreviations: CLOCK, circadian locomotor output cycles kaput;
BMALI, brain and muscle-Arnt-like 1; PER, period; CRY, cryptochrome; ROR, retinoic acid receptor-related
orphan receptor; REV-ERB, nuclear receptor rev-erb; DBP, D-box binding protein; NFIL3, nuclear factor
interleukin-3-regulated protein; CCGs, clock-controlled genes.
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Figure 1.2: Mechanism of light induced expression of immediate early genes in the
suprachiasmatic nucleus (SCN) of the hypothalamus.

External light activates the ipRGCs expressing melanopsin. The light signals are
transmitted via the RHT which release neurotransmitters, glutamate and PACAP.
Glutamate binds to specific receptors which increases calcium influx and activates
CaMK. Additionally, PACAP increases the release of glutamate and activates PKA
pathway. The resultant downstream stimulation of ERK/MAPK pathway
phosphorylates CREB. Phosphorylated CREB binds to CRE in promoter regions
activating transcription of IEG and CLOCK/BMAL 1-mediated transcription of
perl and per2. Image adapted from Sultan A (2018) [3]. Abbreviations: ipRGCs,
intrinsically photosensitive retinal ganglion cells; RHT, retinohypothalamic tract;
PACAP, pituitary adenylate cyclase activating polypeptide; CaMK, calcium-
/calmodulin-dependent protein kinase; PKA, protein kinase A; ERK/MAPK,
extracellular signal-regulated kinase/ mitogen activated protein kinase; CREB,
cAMP response element-binding protein; CLOCK, circadian locomotor output
cycles kaput; BMALLI, brain and muscle-Arnt-like 1; PER1/2, period1/2.
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Figure 1.3: Two process model of sleep.

The components of the two-process model of sleep includes homeostatic sleep drive and circadian rhythms. In day
workers, homeostatic sleep drive and circadian rhythms work together to promote wakefulness during the daytime
and sleep during the night (A). Among shift workers, the circadian alerting signal is strong during the day, which
leads to short and fragmented sleep resulting in sleep debt. During the night, when the worker is required to remain
awake, sleep debt coupled with blunted nighttime circadian arousal can result in excessive sleepiness. The image
was taken from Pillai et al. (2017) [2].
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Figure 1.4: Melatonin and cortisol rhythms in day and night shift workers.

(A) Among day workers, cortisol peaks during the day stimulating wakefulness aligned with day work schedule
while melatonin peaks during the night in line with sleep schedules of day worker. (B) In night-shift workers,
cortisol rhythm is misaligned with daytime sleep schedule while melatonin is misaligned with night work schedule.
The image was adapted from Meijer, K (2017) [1].
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ABSTRACT

Background: Endogenous molecular clocks influence physiology, metabolism, and
behavior. Shift workers are exposed to repeated changes in the timing of light, feeding,
and activity and, consequently, are at increased risk for development of chronic disease
associated with disruptions of circadian rhythms. The objective of this study was to
determine the physiological, behavioral, and molecular alterations associated with acute
exposure to rotating shift work (RSW).

Methods: Mice (n=160) were housed in either normal or RSW conditions, consisting of
12-hour shifts in the light/dark cycle every 3 or 4 days, and sacrificed every 4 h for 24 h
after either 3 or 14 days exposure to RSW.

Results: Wheel running activity patterns were disturbed within 3 days of exposure to
RSW. Substantial alterations in the diurnal expression of core clock and metabolic genes
were observed in a tissue-specific manner. After 14 days of RSW exposure, most tissues
lost complete clock rhythmicity. Acute exposure to RSW resulted in impaired fasting
glucose by the end of 2-week protocol.

Conclusion: Acute exposure to RSW disrupts molecular functions in a tissue-specific

manner, which may precede the metabolic consequences of chronic exposure to RSW.
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BACKGROUND

Many of our body's biological processes follow approximately 24-hour rhythms
that regulate and maintain physiological functions in mammals. Endogenous timekeeping
is achieved by the molecular circadian clock system, with the central circadian oscillator
in the suprachiasmatic nuclei (SCN) within the hypothalamus of the brain and
interdependent cellular oscillators in peripheral tissues. The molecular clock is comprised
of an intracellular auto-regulatory process governed by interacting positive and negative
transcriptional-translational feedback loops (TTFL). At the core of the molecular clock
mechanism, CLOCK (Circadian Locomotor Output Cycles Kaput protein) and BMAL1
(Brain and Muscle-Arnt-Like 1) proteins form heterodimers and bind to the
transcriptional regulatory (E-box) sequences of themselves and repressor genes perl/2/3
(periodl/2/3), cryl/2 (cryptochromel/2/3), and rev-erba/ff (nuclear receptor rev-erb-
alpha/beta) [1] to activate transcription, forming the positive loop of the TTFL. The PER
and CRY proteins bind to form heterodimers that repress CLOCK:BMAL1-mediated
transcription, forming the negative loop of the TTFL [2, 3]. A second interlocking
accessory loop driven by ror-a/ff (retinoic acid receptor-related orphan receptor-
alpha/beta) and rev-erbo/f provides additional regulation to the molecular clock. REV-
ERBA/B competes with RORA/B to bind the retinoic acid-related orphan receptor
elements (ROREs) on the promoter regions of bmall and clock. Binding of RORA/B
activates transcription, while binding of REV-ERBA/B inhibits transcription of these core
clock components [1]. The TTFL additionally regulates the transcriptional activity of
clock controlled genes (CCGs), which include key enzymes in metabolic pathways [2].

The molecular circadian clock synchronizes internal clock timing with external cues (e.g.,
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light, food, exercise) [4-7]. Light is the dominant zeitgeber (timekeeper) of the master
circadian oscillator, which resets endogenous physiological and behavioral rhythms to
match the 24 h day [8]. Additionally, non-photic zeitgebers, including neurohumoral
factors associated with food intake [9, 10] and exercise [11, 12], have been demonstrated
to entrain the circadian rhythms of the peripheral oscillators.

In the past century, transitions in industrialization, globalization,
travel/communication, and urbanization have created a "24-hour society" designed to
cater to the modern lifestyle's increasing social and economic demands [13]. These
transitions have made working outside of the regular 8:00 am to 5:00 pm job environment
not only commonplace but necessary [14]. Although these changes have enabled an
efficient society, they have also introduced challenges related to physiological adaptation
to this lifestyle. Humans have evolved as a diurnal species in a natural light/dark (LD)
cycle, with activity and feeding primarily constrained to the light phase and sleep to the
dark phase of the day. The cycle of sleep and activity follows an approximately 24 h
rhythm, which coincides with the rotation of the earth on its axis [13, 15].

Evidence suggests that the ever-increasing exposure to light at night can
significantly alter the temporal organization of biological rhythms in humans, increasing
the risk for the development of obesity [16], metabolic dysfunction [17, 18], cancer [19],
sleep disturbances [20], and cognitive impairments [21, 22]. Shift work is an example of
the new "24-hour society," leading to disruptions in the normal synchrony between the
LD cycle, physical activity, feeding, and sleep. In addition, these out-of-phase daily
activities induce a multitude of changes in the physiological state of an individual [14],
including decreased levels of leptin and increased levels of blood glucose, insulin, and

blood pressure, among many other metabolic alterations [23].
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Shift work has up until now been investigated using repeated phase shifts of the
LD cycle, forced activity during sleep phase, sleep restriction models, and altered timing
of food intake. We used an innovative mouse model that closely mimics human rotating
shift work through repeated 12-hr alterations in LD cycles every 3 to 4 days. Our goal
was to determine whether acute exposure to a model of simulated human rotating shift
work alters metabolism, energy balance, adiposity, and/or molecular circadian rhythms in

clock and metabolic gene expression compared to a normal LD cycle.

MATERIALS AND METHODS

Animals. Eleven-week-old FVB/N male mice (Jackson Laboratories, Farmington,
CT, USA) (n=160) were individually housed in microisolator cages at the Animal
Resource Center facility at the University of Texas at Austin (Austin, TX, USA). Before
undergoing experimental conditions, the animals acclimated to a 12 h light/12 h dark
schedule for one week, with ad libitum access to standard chow (LabDiet, St.Louis, MO,
USA; Kilocalories from protein 24.5%, fat 13.1%, and carbohydrates 62.4%) and water.
Approval for all experimental procedures was granted from the Institutional Animal Care
and Use Committee (IACUC) at the University of Texas at Austin.

Experimental design. Mice were randomized to two experimental conditions,
control or shift work. The control conditions consisted of an unvarying daily 12 h light/12
h dark cycle, with the lights on at ZTO (6:00 am) and light off at ZT12 (6:00 pm). In the
shift work condition, mice were exposed to alternating light/dark cycle inversions to
simulate the rotating shift work paradigm, as described below and illustrated in Figure
2.1. All mice received ad libitum access to standard chow and water during the

experimental period.
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Rotating shift work experimental design. A novel murine model of rotating
human shift work was implemented, as shown in Figure 2.1. LD cycle inversions
occurred each week to simulate a rotating shift work paradigm with alternating patterns
of 3 days "on shift"/ 4 days "off shift" during week 1, followed by 4 days "on shift"/ 3
days "off shift" during week 2. "Off shift" is defined as normal light/dark cycle with
lights on at ZTO and lights off at ZT12, and "on shift" is defined as an inversed LD cycle
with lights on at ZT12 and lights off at ZT0. Each transition from the on shift to off shift
schedule and vice versa was punctuated by extended (24 h) periods of light or dark,
respectively, as illustrated in Figure 2.1.

Mice underwent terminal circadian dissection at the end of 3 days for control
(3DC) and shift work (3DS) and at the end of 14 days control (14DC) and shift work
(14DS). Six mice from each treatment group were dissected every four hours (i.e., at
ZT0, ZT4, ZT8, ZT12, ZT16, and ZT20) over 24 hours. Harvested tissues were snap-
frozen in liquid nitrogen and stored at -80°C for molecular analysis.

A subset of mice (n=8/group) was used to characterize daily voluntary wheel
activity, weekly body weight, body composition, and glucose response after exposure to
control (C) and rotating shift work (S) conditions for 2 weeks. Voluntary daily activity in
mice was measured using a low-profile wireless running wheel (Med Associates Inc., St.
Albans, VT, USA) placed inside each cage. These mice were not included in the terminal
dissection or gene expression assays.

Body weight and body composition. Body weight was measured weekly using a
digital scale (Ohaus, Parsippany, NJ, USA), with both groups of mice measured when
lights were on. In addition, we measured body weight in all mice prior to dissection. Mice

were placed into a tared container, and weight was recorded when the movement of the
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animal stabilized. Body composition in live animals was measured at the end of the study
using a non-invasive MRI (Echo MRI LCC, Houston, TX, USA).

Glucose tolerance test (GTT). Before GTT, mice fasted for 12 h during their
sleep phase (i.e., regular lights on). All measurements of glucose were made using tail
blood. Fasting glucose levels were measured in duplicate using a Freestyle Lite
glucometer (Abbott Laboratories, Abbott Park, IL, USA). Glucose levels were recorded
at 15, 30, 60, 90, and 120 minutes after intraperitoneal administration of 10% D-glucose
at 1g/kg body weight. The tests were performed two hours prior (i.e., at ZT10) to the
normal light-to-dark transition.

RNA extraction and real-time RT-qPCR. Total RNA was extracted using
standard extraction procedures from the liver, gastrocnemius muscle (GC), brown
adipose tissue (BAT), visceral adipose tissue (VAT), and subcutaneous adipose tissue
(SAT). RNA was quantified using spectrophotometry (Cytation 3, BioTek Instruments.
Inc, Winooski, VT, USA), and concentrations were normalized across all samples and
tissues. RNA was reverse transcribed to cDNA using RNase H+ MMLV reverse
transcriptase enzyme (Bio-Rad, Hercules, CA, USA) according to the manufacturer's
protocol. Quantitative RT-PCR was performed to measure the expression of the core
clock and metabolic genes on the CFX platform and analyzed using the Maestro software
(BioRad Laboratories Inc, Hercules, CA, USA). All samples were run in duplicate, and
relative gene expression was calculated using a standard curve. Gene expression data are
represented as mRNA molecules in femtograms (fg). cDNA ranging from 12.5 to 60 ng
which is within the detection range for the gene expression assay from BioRad.

Statistical Analysis. Statistical analysis was performed using one-way ANOVA
for body composition, fasting glucose, total physical activity, and AUC (area under the

curve) for glucose. Weekly body weight was analyzed using repeated measures ANOVA,
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with time as the within-subjects factor and group as the between-subjects factor. Mixed
modeling was used for analyzing daily wheel activity data. All graphical results are
expressed as mean + SEM (standard error of the mean). All analyses were performed
using Stata 17 SE (Stata Corp., San Antonio, TX).

The circadian period for wheel-running activity was determined by a chi-square
periodogram using the Circadian Physiology software package (Circadian Rhythm
Laboratory, New Orleans, LA). Rhythmicity of the 24 h gene expression data was
examined using nonlinear cosinor analysis. Data were visualized using box plots by
group and zeitgeber time. Gene expression data points marked above 1.5 IQR of the
upper quartile and below 1.5 IQR of the lower quartile [24] were identified as outliers
and excluded from cosinor analysis for all gene expression data. Given the
predetermined light/dark cycles, the period was fixed at 24-hr in the following cosinor

equation:

F(t)=A4 % Cos [Qmt/T) + ¢] + C

Where A is the amplitude of oscillation (distance between peak and trough of the
rhythm/2); t is zeitgeber time (0, 4, 8, 12, 16, or 20); T is the period of oscillation (24 h);
¢ a measure of time of peak expression; and C is the intercept (rhythm adjusted mean).
The percent variance accounted for by the rhythmic model is given by the R? value. F-
statistic and corresponding p-values were calculated using the mean square model (MS-
model) and mean square residual (MS-residual) from cosinor output. For data with a
significant cosinor fit, thythmic parameter comparisons for phase and amplitude of core
clock gene expression were tested for differences between groups. Groups were

significantly different if the 95% confidence intervals for each parameter did not overlap.
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For metabolic gene expression data, mean expression levels were analyzed between
treatment conditions using ANOVA. Cosinor analysis was performed for genes whose
mean expression levels were significantly different by experimental condition. A p-value
of <0.05 was considered significant for all tests. All cosinor analyses for gene expression
data were performed using zt time because of altered LD cycles every 3 to 4 days. The
sample size for cosinor analysis varied between 3-6 at each time point for both core clock

and metabolic gene expression.

RESULTS

Acute exposure to a rotating shift work (RSW) paradigm did not alter body
weight, body composition, and glucose tolerance in mice. Animals with ad libitum
access to running wheels displayed similar body weights, fat mass, and lean mass in both
control and rotating shift work light conditions (Figure 2.2A) at the end of 2-week
experimental protocol. The body weights of the mice that underwent circadian dissection
showed a significant effect of time for both 3- and 14-day exposure to experimental
protocols (Figure 2.2B and C); however, no effects of treatment condition on body
weight independently or as a function of time were observed. Shift work animals without
a running wheel were heavier on average than control animals, with high variability
within the groups. The small but non-significant difference in body weights between the
shift work mice with and without running wheels at the end of 2-weeks (Running wheel:
29.16 g £ 2.23 vs. No running wheel: 30.0 g + 2.09) suggests that the presence of the
running wheel may have attenuated the effect of the shift work light exposure.

Acute exposure to RSW resulted in statistical differences in fasting blood glucose,

which was significantly higher for shift work mice compared to controls in animals with
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ad libitum access to running wheels (C: 79.06 £+ 15.1 mg/dL vs S: 129.71 + 38.7 mg/dL;
p<0.05; Figure 2.3A). Area under the curve for glucose was not statistically different
between the experimental light conditions (Figure 2.3B). Normalizing AUC glucose
(AUC glucose divided by total activity) for wheel activity measured as distance did not

result in significant differences by experimental condition (Figure 2.3C).

Acute exposure to RSW altered rhythmic pattern in physical activity.
Examination of wheel running activity patterns under control conditions revealed distinct
patterns of high and low activity during the dark and light phases, respectively (Figure
2.4A). In contrast, mice in the shift work condition lost this rhythmic pattern of physical
activity (Figure 2.4B). Although total activity measured as distance was not statistically
different between control and shift work animals (113.8 km + 36.2 vs 86.6 + 35.2 km,
p=0.1789) (Figure 2.4C), the activity levels differed significantly by light and dark phase.
The control mice displayed significantly higher dark phase activity compared to shift
work mice (105.6 + 40.1 km vs 50.6 £ 27.9 km; p=0.0114) (Figure 2.4D). In contrast,
shift work mice displayed significantly higher light phase activity compared to control
mice (36.0 km £+ 17.5 vs 8.19 = 6.0 km; p=0.0018) (Figure 2.4D). Within treatment
conditions, the control mice displayed significantly higher dark phase activity compared
to light phase (105.6 + 40.1 km vs 8.19 + 6.0 km; p<0.0001). While, within shift work
mice, activity was similar by dark and light phase (50.6 £ 27.9 km vs 36.0 = 17.5 km;
p>0.05; Figure 2.4D). Additionally, both groups of mice displayed a progressive increase
in wheel running activity for 2 weeks of the study. Linear mixed modelling was used to
test the effect of time and treatment on wheel running activity distance. The wheel
running distance increased significantly over time (p<0.0001) in both control and shift

work mice. However, this trend of time was not significantly different between treatment
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conditions controlling for the effect of zeitgeber time and light status (whether lights
were on or off). The wheel running activity period (i.e., estimated length of the activity
cycle) was determined individually for mice from both groups for 14 days of study
duration. The average period in wheel running activity was not significantly different
between groups (C: 24.14 + 0.4 vs S: 24.25 + 2.9; p>0.05); however, mice in the control
group displayed a period range between 24 to 25 h, while the wheel running activity

period in the shift work mice was highly variable with a range between ~19 to 27 h.

Acute exposure to a RSW paradigm significantly altered molecular
peripheral rhythms in circadian clock genes in a tissue-specific manner. In the
present study we evaluated the hypothesis that exposure to a 3- or 14-day rotating shift
work protocol alters rhythmic expression of core clock genes. We investigated the
rhythmic expression of bmall, per2, rev-erba, and the clock-controlled gene dbp (D-box
binding protein) in liver, gastrocnemius muscle, brown adipose, visceral adipose, and
subcutaneous adipose tissues. Figures 2.5 and 2.6 represent clock gene expression after
three and 14 days, respectively, and each row represents a different tissue. Cosinor
parameter data for the core clock genes are presented in Tables 2.1 and 2.2. The dbp gene
is an immediate CCG that provides a readout of clock function. Dbp exhibited a
decreased amplitude across all tissues after 3-day exposure to the RSW protocol, and the
rhythmicity in expression of dbp was completely lost after 14-d exposure to rotating shift
protocol across all tissues except for liver, where the amplitude was significantly lower
and the phase delayed by ~10 h in shift work animals compared to controls (Figure 2.6A
and Table 2.1). Consistent with dbp expression patterns, rhythmicity in expression of
bmall and per2 displayed reduced amplitude after 3-day exposure and loss of rhythmicity

in expression after 14-day exposure to RSW conditions in GC, VAT, and SAT.
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However, liver and BAT continued to display significant rhythmicity in expression of
bmall after 14-day exposure to protocol, with the phase advanced in both liver and BAT
(Figure 2.6B) compared to the control group. Per2 expression after 14-day exposure to
the shift work protocol was rhythmic only in SAT, with per2 amplitude significantly
lower and peak phase advanced compared to the control group (Figure 2.6C; Table.2.2).
Rhythmic expression in rev-erba, an important regulator of adipocyte differentiation as
well as circadian clock function, was lost with 3-day exposure to rotating shift work in
liver and GC, while all three adipose tissues maintained significant rhythmicity in
expression of rev-erba (Figure 2.5D). After 14-d exposure to the shift work protocol,
BAT, VAT and GC tissues displayed rhythmic expression of rev-erbo. while liver and
SAT were non-rhythmic (Figure 2.6D). Expression of rev-erba was very low in GC in

both conditions after 14 days.

Acute exposure to RSW paradigm altered rhythmic expression of genes
involved in fatty acid, lipid, and glucose metabolism in peripheral tissues. Key genes
in metabolic pathways related to lipid, fatty acid, glucose, and energy metabolism were
examined for potential alterations in metabolism associated with circadian clock
disruption (Figure 2.7). We measured the rhythmic expression of fatty acid and lipid
metabolism genes, including regulatory transcription factors (peroxisome proliferator
activated receptor a [pparo] and peroxisome proliferator activated receptor y [ppary]),
triglyceride hydrolysis of lipids in chylomicrons (/ipoprotein lipase [Ipl]), triglyceride
synthesis (diacylglycerol O-acyltransferase 2 [dgat2]), and de novo fatty acid synthesis
(acetyl-CoA carboxylase a [acca]). Genes directly related to glucose metabolism
included glucose transporter 2 (glut2, liver) and glut4 (GC, adipose) and pyruvate

dehydrogenase kinase 4 (pdk4). We also examined the adipocyte-specific genes
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uncoupling protein 1 (ucpl, BAT only), atgl (adipose triglyceride lipase), hormone
sensitive lipase (lipe), and leptin (lep). We first analyzed differences in mean expression
by treatment conditions. For the genes that showed significant differences in mean
expression, we determined whether the genes displayed 24 h rhythmicity in expression.

Two weeks of RSW exposure in the liver resulted in significant difference in
mean dgat2 and glut2 expression levels, with shift work mice having higher expression
levels than controls. Dgat2 was the only gene that displayed significant diurnal
rhythmicity in expression with no differences in amplitude and peak phase of expression
between treatment conditions (Figure 2.7 A-B and Table.2.3).

In brown adipose tissue, ppara, dgat2, and ucpl showed significant differences in
mean expression in response to RSW; however, these differences were variable by
duration of exposure to protocol. Expression of ppara was significantly higher compared
to control mice under both durations of exposure, while only control mice displayed
significant rhythmicity in ppara expression (Figure 2.7C). Dgat2 expression was higher
in RSW after 2-week of exposure to protocol compared to control mice, although
significant 24 h rhythmicity in expression was observed only in shift work mice (Figure
2.7D). Similar to ppara and dgat2, ucpl expression was significantly higher in shift work
mice after 3-day exposure to RSW, and none of the treatment conditions displayed
significant rhythmicity in expression (Figure 2.7E).

Acco. expression was upregulated under 3- and 14-day exposure to RSW
compared to controls in SAT. Only controls displayed significant rhythmicity in
expression of acca for both durations of exposure, while rhythmicity in acca was
observed in RSW mice only after 14-day exposure to protocol (Figure 2.7F). None of the
cosinor parameters were different by treatment conditions for acca after 14-day exposure

to RSW. Expression of /ipe was higher in shift work mice after 3-day protocol compared
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to controls while significant diurnal rhythmicity was observed only in the control
condition (Figure 2.7G).

In contrast to liver and brown adipose tissue, the mean expression level for dgat?
in visceral adipose was significantly lower after three days of exposure to RSW
conditions compared to controls, and diurnal rhythmicity in expression was not observed
for either control or shift work mice (Figure 2.7H).

No significant differences were observed in mean expression levels for pparo
(liver and GC), ppary (liver, VAT, SAT), Ipl (liver, SAT), pdk4 (liver, GC), acca (liver,
VAT), dgat2 and glut4 (GC, SAT), atgl (VAT, SAT) and lep (SAT) and several of these

genes displayed variable responses in rhythmic expression (data not shown).

DISCUSSION

The present study investigated the behavioral, physiological, and molecular
effects of acute exposure to a rotating shift work model. Acute exposure to RSW resulted
in disrupted wheel-running activity patterns, which was noticeable as early as three days
of exposure to RSW (Figure 2.4). We observed substantial alterations in the diurnal
expression of core clock genes (Figure 2.5 and 2.6), as well as metabolic genes in liver,
gastrocnemius muscle, and subcutaneous, visceral, and brown adipose tissues (Figures
2.7). The effects of RSW on molecular alterations were more striking after 14-day
exposure as most tissues experienced a complete loss in core clock rhythmicity (Figure
2.6). The physiological consequences of these acute alterations were not observed in
body weight or body composition (Figure 2.2A-D); however, glucose homeostasis
(Figure 2.3A) was affected by the end of two weeks of exposure to RSW, resulting in

impaired fasting glucose. These results suggest that molecular alterations occur early on
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in a tissue-specific manner, which may precede the metabolic consequences of chronic
exposure to RSW.

The short duration of exposure to altered LD cycle did not result in immediate
alterations in gross physiology. Body weight and body composition were similar between
control and shift work mice independent of access to ad libitum running wheel. Our
results contrast with previous findings using dim light at night (DLAN) to model shift
work. Two-week exposure to DLAN conditions significantly increased body weight in
Swiss-Webster mice [25]. Similarly, two other studies using DLAN to simulate shift
work reported increased body weight [26, 27]. The increase in body weight in these
studies were attributed to altered nutrient utilization [25], reduced energy expenditure
[25], or modified timing of food intake with food (~55%), mostly consumed during the
sleep phase in the DLAN exposure group [26]. Increases in body weight also
corresponded to increased fat mass in these studies [26, 27]. Similarly, differential effects
of diet on body weight gain under a 12 h shift in light schedules were observed in rats
initially fed with a chow diet and later switched to either low- or high-fat diets [28].

In contrast to the above studies, our work and a rat study of dark phase light
contamination did not observe significant increases in body weight with acute exposure
to RSW [29]. These contrasting findings may be due to differences in food intake, 24 h
access to a running-wheel, short duration of exposure to treatment, or strain-specific
responses to shift work. The current study did not measure daily food intake, and the 24 h
access to a running wheel may have influenced body weight results in that subgroup of
animals. Voluntary wheel running activity reduces weight gain and body fat mass by
decreasing food intake in mice [30], and our findings are consistent with animals
receiving ad libitum access to a running wheel [31] under regular LD cycle conditions.

However, we did not observe significant differences in body weight in the larger subset
89



of mice without a running wheel, possibly pointing to the short duration of the protocol to
observe such gross differences. Similar body weight in control and shift work mice
suggests strain-specific effects on physiology, as FVB/N mice used in our study are
considered a diet-induced obesity-resistant model [32].

Exposure to altered light/dark cycles also influences glucose homeostasis in
mammals. Contamination of the dark phase with a light intensity of 0.20 lux for two
weeks altered the phase of the diurnal rhythm in glucose while maintaining
normoglycemia [29]. In contrast with these findings, DLAN resulted in impaired glucose
tolerance following exposure to DLAN conditions [26] or rotating shift work conditions
[33] with a light intensity in these studies being 5 lux and 4p W/cm?, respectively. Our
data indicate impaired fasting glucose (Figure 2.3A) in mice exposed to rotating shift
work while the area under the curve for glucose was not different in shift work mice
compared to the controls (Figure 2.3C) despite controlling for wheel-running activity.
However, voluntary wheel-running activity in type 2 diabetic mice exposed to 6 h
advance in LD cycle improved glucose tolerance [34], suggesting that the presence of a
running wheel may have mediated the effects of the treatment conditions in the short

term.

The present study demonstrated significant influences of repeated alteration in LD
cycles on running-wheel activity patterns as early as three days of exposure. Mice
typically display high wheel-running activity during the dark phase that gradually
declines to baseline levels in the late dark phase [35, 36], and our data are consistent with
these wheel-running activity patterns in control mice. In contrast, shift work mice in the
present study displayed lower and higher wheel running activity during dark and light

phases, respectively (Figure 2.4D). We report no significant differences in total wheel-
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running activity between control versus shift work mice, and this finding agrees with
previous studies that measured locomotor activity in either DLAN or LD cycle alterations
[25-27] (Figure 2.4C). However, the temporal pattern of activity shifted with high
activity occurring in the light phase compared to the dark phase in our study. Previous
research using timed sleep restriction or slow rotating drums to model shift work reported
a gradual decline in dark phase locomotor activity [37] and reduction in mean locomotor
activity [38] at the end of 2-week experimental protocol. In contrast, control and shift
work mice in our study displayed an increasing trend in wheel-running activity during the
2-week exposure to a novel environment containing a running wheel (Figure 2.4A-B),
and such increase in activity was also reported in a study evaluating the effects of
physical activity on emotional behaviors [39]. Light schedules can strongly influence
wheel-running behavior. Mice exposed to a 6 h phase shift in LD cycle require 5-7 days
for complete re-entrainment of wheel-running activity to the new LD cycle [40]. In the
present study, the mice failed to re-entrain to the new LD cycle before LD cycles shift
again. These findings suggest that the acute effects of RSW are similar to previous
reports related to activity behavior. Frequent transitions between cycles of light and dark
do not provide sufficient time (only 3-4 days) to re-entrain wheel-running activity within
2-weeks of exposure to protocol. Catecholamines released during exercise and physical
activity play a significant role as zeitgebers for peripheral clocks [41]; thus, alterations in
physical activity patterns have the potential to significantly disturb circadian clock

function, particularly in skeletal muscle.

The effects of RSW on the rhythmic expression of core clock genes in
gastrocnemius muscle were more disruptive than liver and the three adipose tissues

(Figure 2.5 and 2.6) in the present study. Interestingly, while dbp (a readout of core clock
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function) preserved rhythmic expression across all tissues with reduced amplitudes after
3-day exposure to the shift work conditions, rhythmic expression of dbp was lost after
14-day exposure to protocol across all tissues except the liver. While many core clock
genes maintained rhythmic expression after a 3-day light shift (Table 2.1), a 14-day
exposure to RSW profoundly altered core clock gene expression in a tissue- and gene-
specific manner, with most core clock genes losing rhythmicity in expression. Some
genes preserved rhythmic expression, for example, rev-erba, consistent with the known
non-clock regulatory functions for rev-erbo as transcriptional repressors controlling
adipocyte differentiation [42] and lipid metabolism in adipose tissues [43]. Our results of
dampened amplitude are in agreement with previous studies of LD cycle disruption by
DLAN [44, 45], constant light conditions [46], or repeated phase shifts in the LD cycle
[47]. Szantoova et al. reported robust rhythmic expression of core clock genes (i.e.,
bmall, per2, and rev-erba) in rat livers and hearts exposed to simulating rotating shift
work (8 h phase delays in LD cycle every two days) and delayed peak expression of core
clock genes [47]. In contrast, Wu et al. reported no alterations in hepatic core clock gene
expression at the end of a 7-day reversal of the LD cycle [48]. However, feeding in this
study was restricted to the dark/active phase of the LD cycle, which was maintained even
under an altered LD cycle, suggesting feeding as a dominant driver of peripheral core
clock gene expression, which may have reset at the end of 7-day period [48]. Our studies
provide evidence that alterations in the LD cycle influence the peripheral core clock gene
expression in a tissue-specific manner with almost complete suppression of circadian

clock function after two weeks of exposure to RSW.

Studies have suggested that entrainment of peripheral oscillators to an inverted

LD cycle takes about 2 to 7 days under a time-restricted feeding paradigm in a tissue-
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dependent manner, with liver clocks entraining more rapidly compared to heart tissue
[48]. A plausible explanation for the differential effects of LD cycle alterations across the
different tissues in our study suggests independent routes of entrainment and the tissue-
specific response to signals in the peripheral environment, such as alterations in patterns
of food intake [10, 49-51]. These tissue-specific differences in response to physiological
and behavioral signals may have resulted in the differential effects in peripheral core

clock gene expression observed in our data under continually alternating LD cycles.

Multiple studies have investigated the circadian clock gene rhythmicity under
different models, including DLAN [44], forced activity during the rest phase [45],
constant light conditions [46], restricted feeding [10, 52-54], and 8 h phase delay in LD
every two days [47]. In general, these studies reported attenuated amplitude and phase
shifts in clock and metabolic gene expression specific to tissue with liver being most
sensitive to temporal changes in zeitgeber exposure. While much is known about the
chronic effects of shift work on metabolic outcomes, our study examined the acute effects
of simulated rotating shift work. To our knowledge, there are no studies that investigated
the consequences of repeated, short-term alterations in LD cycles on crucial genes in the
circadian clock and metabolic pathways in multiple peripheral tissues.

In the current study, expression of dgat2, a rate-limiting enzyme in triglyceride
production [46], was increased in liver and brown adipose in response to 14-day RSW. In
contrast to our findings, an acute exposure to constant light conditions upregulated dgat2
expression in white adipose tissue but was suppressed in liver, and restricted feeding
restored dgat2 expression levels in liver [46], emphasizing the importance of nutrient
cues. Upregulation of dgat2 has been implicated in the development of fatty liver disease

[55] indicating its importance in metabolic health. Furthermore, dgat? expression is
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rhythmically expressed in both liver (peaks during mid dark phase) and adipose tissues
[46]. We observed rhythmic expression of dgat? in liver and BAT in response to 2-week
RSW, suggesting diurnal variation driven by factors other than alteration in LD cycle in
these tissues. Additional to dgat2, RSW was associated with higher expression of ppara
compared to controls at both 3-day and 14-day time points, although rhythmicity of
expression was not observed in shift work mice. Under normal physiological conditions,
ppara. expression in the BAT peaks during the light phase of the LD cycle [56] to
facilitate lipid catabolism during fasting, and our data are consistent with these findings
in control mice. Ppara induces ucpl expression by binding PPRE (PPAR- response
element) on its promoter [57]. UCPI is involved in non-shivering thermogenesis that
uncouples fatty acid oxidation from ATP synthesis to produce heat [58], suggesting an
important role in energy expenditure and reducing lipid accumulation (in BAT) as
observed in our data

Acca, a key enzyme in de novo fatty acid synthesis, was higher in SAT after 3-
and 14-day exposure to RSW, compared to control animals. Control mice in our study
displayed peak expression of acca in the dark phase consistent with previous findings
[51]. Although shift work mice displayed diurnal variation in the present study after 14-
day exposure to RSW, peak expression in acca occurred during the light phase,
suggesting a shifted phase in diurnal variation. Temporal expression of acca occurs via
AMPK (a cellular energy sensor), suggesting a role for feeding in the regulation of its
expression [59, 60]. A previous study using DLAN to simulate shift work reported a shift
in the timing of feeding to the light phase of the LD cycle with increases in fat mass [26],
which may explain the phase shift observed for acca in our study due to sensitivity to

cellular energy status that is directly tied to nutrient status.
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Lipe, also commonly known as hormone sensitive lipase (hsl), is a key enzyme
hydrolyzing triglycerides, and CLOCK/BMALI1 heterodimers regulate its transcriptional
rhythmicity in expression [61]. In the present study, the peak phase of /ipe expression in
control mice was in contrast to previous findings [46]. RSW eliminated 24 h diurnal
oscillation in /ipe expression, resulting in consistent high levels of expression regardless
of timing. Catecholamines enhances and insulin inhibits LIPE activity, implying that
LIPE activity is elevated during fasting to mobilize fat stores for energy or in diabetes
mellitus as a result of impaired insulin sensitivity in adipose tissue [62]. Since temporal
expression of /ipe was not in agreement with previous studies [46], this variability in
expression may be related to signals of nutrient response as the mice were fed at ad
libitum prior to tissue harvest.

Glut2 was the only gene involved in carbohydrate metabolism that was
considerably higher in shift work mice compared to control mice in the present study.
Previous findings have reported robust rhythmic expression of glut2 [37], with a peak
expression occurring during the early dark phase [63]. However, we found no diurnal
variation in glut2 expression in the livers of control and shift work mice, with shift work
mice consistently expressing greater amounts of g/uz2 independent of timing. Our data
indicated impaired fasting glucose in shift work mice and elevated glut2 expression.
GLUT?2 is indispensable for hepatic glucose uptake while [64]. These findings may
indicate that acute exposure to RSW resulted in normal hepatic uptake of glucose, as
evidenced by increased g/ut2 expression.

The experimental protocol in the present study involved ad libitum access to food
for both control and shift work mice. Such natural (ad libitum) feeding patterns are
normally represented by ~65% of food intake during the dark phase and the remainder

during the light phase of a regular LD cycle [65]. These patterns in food intake suggest
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that, under a regular LD cycle and ad libitum feeding conditions, the central pacemaker
may be strongly involved in the phase resetting process of peripheral clocks [65] while
food intake may weakly influence the resetting process. In contrast, time-restricted
feeding (TRF) is a potent zeitgeber in the phase resetting process of peripheral tissue
clocks independent of central clock regulation [10, 52] because of long fasting intervals
not observed under ad libitum feeding [65, 66] or the uncoupling of peripheral oscillators
from the master oscillator in the hypothalamus [52]. Mice in our study were in different
metabolic/fed states at each time point, which may be one of the reasons we see
variability in metabolic gene expression.

Although we report altered core clock mechanism and metabolic gene expression
in multiple tissues exposed to two different durations of RSW, several questions remain
to be answered. First, fasting/feeding cues and LD cycles influence diurnal variation of
core clock and metabolic genes in the periphery [13, 67]. Our experimental protocol
involved ad libitum access to rodent chow. Although the present experiment was focused
on examining the acute changes in adiposity, behavior, and gene expression following
exposure to repeated alterations in the light/dark cycles, ascertaining how food intake and
feeding patterns are altered in a rotating shift work model will facilitate our
understanding of the influence of feeding on physiology and molecular alterations in
peripheral tissues that closely regulate nutrient metabolism. Second, our data reported
insignificant influences on body weight and body composition, in contrast to previous
reports [25-27]. Nevertheless, our results are important in demonstrating that, even in a
putative animal model (i.e., FVB/N) of resistance to diet-induced obesity, acute
alterations in the circadian clock and in physical activity behavior occur that may have
long term effects on metabolic health. Rotating shift work can be replicated in animal

models more susceptible to diet-induced obesity (e.g., C57BL/6) to examine similar
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outcomes (i.e., body weight, body composition etc.) with and without access to a running
wheel. Third, measuring protein expression for the genes involved in critical metabolic
pathways may shed light on the functional significance of our findings, as gene
expression does not always equal protein translation. Additionally, posttranslational
regulation of mRNA transcripts is yet another level of regulation in circadian metabolism
[68]. Fourth, the mice were not fasted before circadian dissection, which may have
influenced gene expression results as the metabolic profiles may have been different
between mice because feeding can influence gene expression patterns of both core clock
and metabolic genes [69, 70]. Finally, understanding the differential effects of high fat
versus low fat diets in this protocol is important, as shift workers have easy access to
such foods [71-73], and the type [74] and timing of macronutrient intake [9, 75] can
influence diurnal expression patterns of core clock and metabolic gene expression.

In summary, we report that acute exposure to RSW disrupts behavior, physiology,
and molecular functions in the present study, and these effects are evident as early as 3
days after exposure to a shift in the LD cycle. Although gross changes in body weight
and body composition are not evident with an acute exposure to shift work in our model,
rapid molecular alterations are evident in our study. RSW did not provide an opportunity
to adapt to the repeated exposure to disrupted light dark cycle every 3 to 4 days, because
of brief period of time available between shifts. As a result, shift workers may be at a
disadvantage and may not adapt to repeated change in shift schedules with a consequence
of increased risk for chronic diseases. Future studies should focus on developing
interventional strategies, such as timed exercise and timed feeding, as they are potential
zeitgebers that may facilitate adaptation in peripheral tissues and thereby reduce the risk

for metabolic diseases.
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Cosinnor

P Mesor Amplitude Phase
. arameter
Tissue
Group 3DC 3DS 3DC 3DS 3DC 3DS
dbp 5.54(4.52,6.56) 5.07 (3.55,6.59) 7.46 (8.89,6.03) 5.02(2.71,7.33) 6.64(5.92,7.39) 7.46(5.93,8.99)
bmall 0.24 (0.21.0.27)  0.21(0.17,0.24)  0.26 (0.22,0.30])  0.18 (0.13,0.23) 19.56 (18.94,20.17)20.31 (19.22, 21.40)
Liver
per2 0.79 (0.67,0.91)  0.90(0.78, 1.02) .59 (0.41, 0.76 ) 1' 0.21 (0.04,0.37) 12.65(11.54,13.77)14.10 (10.92, 17.28)
rev-erb&  0.58 (0.41, 0.74) NR 0.72 (0.48, 0.95) NR 4.24 (3.02, 5.46) NR
dbp 20.06 (15.82,24.31)19.34 (13.79, 24.90)18.81 (12.65, 24.97) 12.31 (4.62, 20.00) 7.61 (6.42,8.80) 9.60 (7.13, 12.08)
bmall 0.21(0.13, 0.30) NR 0.23 (0.11, 0.34) NR 20.40 (18.34, 22.46) NR
Gasctrocnemius
per2 0.33 (0.25, 0.41) NR 0.35(0.23, 0.46) NR 11.03 (9.76, 12.30) NR
rev-erb&  0.43 (0.17, 0.69) NR 0.50 (0.14, 0.86) NR 1.38 (-1.42, 4.19) NR
dbp 1.55(0.92,2.18) 1.23(0.92,1.55) 1.98(1.09,2.88) 0.93(0.48,1.38) 6.92(5.20,8.64) 8.97(7.14,10.80)
bmall 2.31(2.00,2.61) 1.87(1.53,2.21) 2.46(2.03,2.89) T 1.39 (0.91, 1.87) 20.20 (19.53, 20.87)20.35 (19.04, 21.67)
Brown adipose
per2 0.42 (0.39, 0.45) NR 0.33(0.29,0.37) NR 10.56 (10.04, 11.07) NR
rev-erbe  1.13(1.00,1.26) 1.16(0.98,1.34) 1.10(0.91, 1.29) T 0.33(0.07,0.59) 4.35(3.72,4.99) 7.66 (4.69, 10.64)
dbp 4.59 (3.47,5.71)  3.05(2.47,3.63) 4.57(2.97,6.17) T 2.00(1.17,2.83) 8.14 (6.83,9.45) 9.50(7.95,11.07)
bmall 2.03 (1.53,2.54) 1.22(0.85,1.59) 1.86(1.17,2.60) 0.81(0.18,1.23) (.18 (18.73,21.64) * 0.19 (-2.68, 3.06)
Visceral adipose
per2 0.96 (0.82, 1.10) NR 0.44 (0.24, 0.64) NR 10.76 (9.02, 12.50) NR
rev-erba 13.12 (10.62, 15.62)13.07 (10.28, 15.85)12.37 (8.78, 15.95) 8.78 (4.83,12.72) 5.02 (3.94, 6.10) T 8.29 (6.58,10.01)
dbp 3.21(2.54,3.89) 2.74(2.26,3.22) 3.26(2.32,4.21) 1.71(1.03,2.39) 8.05(6.93,9.17) 9.67 (8.16,11.17)
bmall 0.04 (0.03,0.06)  0.06 (0.04,0.08)  0.06 (0.04,0.08)  0.05(0.02,0.07) 8.32(16.94, 19.70) "22.12 (19.88, 24.36)
Subcutaneous adipose
per2 0.38 (0.29, 0.46) NR 0.26 (0.14, 0.38) NR 9.68 (7.96, 11.40) NR

rev-erb@ (.23 (0.15,0.31) T

1.31(1.06, 1.56) 0.15 (0.03, 0_25)"' 0.89 (0.53, 1.25)

7.05 (4.14, 9.95)

7.72 (6.22,9.23)

+ Significant differences in the corresponding cosinor parameter between experimental light conditions (3DC vs 3DS). Data are reported as
parameter estimate and 95% confidence intervals in parentheses. Abbreviations: 3DC, 3-day control; 3DS, 3-day shift work; NR, not rhythmic. The
data are represented as mean [H sem.

Table 2.1: Influence of 3-day exposure to rotating shift work on the mesor, amplitude and phase of core clock genes in
peripheral tissues.
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Cosinor

Mesor Amplitude Phase
. Parameter
Tissue
Group 14DC 14DS 14DC 14DS 14DC 14DS
dbp 6.32 (4.68,7.97) 4.17 (2.70,5.64)  9.82 (7.43, 12.20) T 3.66 (1.56,5.77) 7.52 (6.64, 8.39) T 17.33 (15.17, 19.49)
bmall 0.26 (0.23, 0.29) 0.26 (0.22,0.31) 0.28 (0.25, 0.32) 'f' 0.17 (0.10, 0.24)  19.88 (19.38, 20.39) 'f' 6.70 (2.18, 8.18)
Liver
per2 1.20 (1.06, 1.34) NR 1.12 (0.91, 1.33) NR 12.60 (11.92, 13.28) NR
rev-erba 0.47 (0.34,0.61) NR 0.69 (0.50,0.88) NR 4.11 (3.09, 5.13) NR
dbp 14.44 (11.36, 17.53) NR 10.86 (6.46, 15.25) NR 7.02 (5.49, 8.55) NR
bmall 0.13 (0.10, 0.16) NR 0.14 (0.10, 0.19) NR 21.76 (20.59, 22.94) NR
Gasctrocnemius
per2 0.15(0.12, 0.17) NR 0.08 (0.05, 0.12) NR 11.38 (9.68, 13.08) NR
rev-erba 0.20 (0.13,0.27) 0.12 (0.09, 0.15) 0.19 (0.10, 0.28) 'f‘ 0.05 (0.01, 0.09) 1.72 (-0.20, 3.63) T 21.80 (18.86, 24.75)
dbp 2.68 (2.28, 3.09) NR 3.36 (2.80, 3.92) NR 7.61 (6.95, 8.27) NR
bmall 190 (1.57,224) T 272(231,3.12)  209(1.62,2.56) T  1.07(0.50,1.65) 20.76 (19.9,21.63) T 9-34(7.31,11.38)
Brown adipose
per2 0.38 (0.31, 0.45) NR 0.26 (0.16, 0.36) NR 11.74 (10.30, 13.17) NR
rev-erb@ 089 (0.78,1.000 T 140 (1.17,1.63)  091(0.75,1.06) T  0.40(0.09,0.72) 444 (3.78,5.09) T 17.80(14.73,20.83)
dbp 3.27 (2.58,3.97) NR 3.40 (2.40, 4.39) NR 8.54 (7.44,9.64) NR
bmall 1.98 (1.68, 2.29) NR 1.33 (0.91, 1.75) NR 19.74 (18.46, 21.02) NR
Visceral adipose
per2 0.81 (0.65, 0.97) NR 0.53 (0.31, 0.76) NR 13.69 (12.03, 15.34) NR
rev-erba 12.21 (9.51,14.91) 10.85(8.61,13.09)  9.87 (5.99, 13.73) 5.32(2.10, 8.53) 5.85(4.39,7.30) T 18.82 (16.58,21.06)
dbp 2.20 (1.72, 2.69) NR 2.38 (1.70, 3.07) NR 8.95 (7.86, 10.05) NR
bmall 0.04 (0.02, 0.05) NR 0.04 (0.02, 0.06) NR 19.49 (17.78, 21.20) NR
Subcutaneous adipose
per2 0.26 (0.17, 0.34) 0.30 (0.23, 0.37) 0.20 (0.08, 0.33) 0.14 (0.04,0.24) 1339 (11.12, 15.65) '}' 6.43 (3.69,9.14)
rev-erba 0.69 (0.46, 0.91) NR 0.81(0.49, 1.12) NR 6.92 (5.40, 8.44) NR

+ Significant differences in the corresponding cosinor parameter between experimental light conditions (14DC vs 14DS). Data are reported
as parameter estimate and 95% confidence intervals in parentheses. Abbreviations: 14DC, 14-day control; 14DS, 14-day shift work; NR, not

rhythmic. The data are represented as mean E sem.

Table 2.2: Influence of 14-day exposure to rotating shift work on the mesor, amplitude and phase of core clock genes
in peripheral tissues.
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Parameter Mean Amplitude Phase

Ti
issue Group 3DC 3DS 3DC 3DS 3DC 3DS
ppara 3714038 T 5.51+0.40 2.04 (1.13,2.95) NR 3.58(1.96,5.19) NR
Brown adipose
ucpl 2651119 T 319.11 £20.5 NR NR NR NR
acca 1.68+0.29 T 3.01 £0.31 1.33 (0.64,2.03) NR 17.75 (15.70, 19.70) NR
Subcutaneous adipose
lipe 0.33+£0.05 '{' 0.92 +0.08 0.20 (0.05, 0.35) NR 16.54 (13.90, 19.18) NR
Visceral adipose dgat2 33.62 £3.31 T 23.72 £2.69 NR NR NR NR
14-day Exposure to Rotating Shift work
Tissue
Group 14DC 14DS 14DC 14DS 14DC 14DS
L dgat2 1332 +0.76 T 1629 +£0.48 4.04 (2.27,5.81) 1.87 (0.66,3.11) 13.08 (11.45,14.72) 16.16 (13.63, 18.69)
iver
glut2 14.68 +0.50 T 16.30 £ 0.62 NR NR NR NR
ppara 422 +0.40 T 7.79+0.51 2.26(1.39,3.13) NR 2.08 (0.66, 3.50) NR
Brown adipose
dgat2 30.71 il.SOT 54.05+2.12 NR 10.65 (6.13,15.19) NR 13.10(11.33,14.88)
Subcutaneous adipose acca 0.96+0.14 '{‘ 1.65+0.28 0.55 (0.20,0.91) 1.19(0.47,191) 26.53(13.97,19.08) 6.68 (4.38,9.01)

+ Significant differences in the corresponding mean expression level between experimental light conditions (3DC vs 3DS or 14DC vs
14DS). The data are represented as mean B sem and parameter estimate and 95% confidence intervals for amplitude and phase.
Abbreviations: 3DC, 3-day control; 3DS, 3-day shift work; 14DC, 14-day control; 14DS, 14-day shift work; NR, not rhythmic.

Table 2.3: Influence of 3- and 14-day exposure to rotating shift work on mean expression, amplitude and phase of
key metabolic genes involved in fatty acid/lipid and glucose metabolism across multiple tissues.
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Figure 2.1: Rotating shift work (RSW) experimental design.

Mice were randomly assigned to either control 3-day: 3DC (A), shift work 3-day: 3DS (B), control 14-day: 14DC (C), shift
work 14-day: 14DS (D), control: C (E), or shift work S: (F) experimental groups. All groups of control mice (3DC, 3DS,
and C) were housed under regular 12 h light/ 12 h dark cycles and shift work mice were housed under repeated shifts in 12
h light/ 12 h dark cycle every 3 to 4 days for the corresponding durations of exposure to experimental protocols. Open
squares represent 12 h light and filled squares represent 12 h dark. For shift work experimental groups, the transition from
‘on shift’ to ‘off shift’ and vice versa is marked by 24 h light or 24 h dark cycle, respectively. Brown pellets represent food
provided at ad libitum. Only groups C and S received 24 h access to running wheel and underwent glucose tolerance test
and body composition measures (MRI) as indicated in the study design figure. Sample size is indicated by n for each group.
Abbreviations: ZT, zeitgeber; GTT, glucose tolerance test; MRI, magnetic resonance imaging.

107



>

Body weight and Composition

80 31
- . E Lean mass percent
S 60 30 @
b 2 =]  Body weight (g)
S <
5 40 29 3 Fat mass percent
-
20 28 ——&—— Control
333 3331 — @ — Shift work
0 1694 1494 27
Control Shift work
B Body Weight: 3-day exposure C Body Weight: 14-day exposure
31.0 T 31.0 "
30.5 30.5 1
& 300 & 30,0
w 1]
E 295 E 295
St Lo
© 200 © 200
28.5 : 28.5
28.0 - 28.0
Baseline body weight 3-day body weight Baseline Week 1 Week 2

Figure 2.2: Acute exposure to rotating shift work did not alter body weight and body composition.

End of study body weight and body composition between C (n=8) and S (n=7) mice (A). Body weight in mice exposed to
3-day (3DC vs 3DS; n=36/group) (B) and weekly body weight in mice exposed to 14-day (14DCvs 14DS; n=36/group)
experimental protocol (C). Repeated measures ANOV A was used to analyze body weight in B and C. *** p<(.0001
represents significant main effects of time.
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Figure 2.3: Acute exposure to rotating shift work resulted in impaired fasting glucose in mice with ad libitum access to
running wheels.

Glucose tolerance test was conducted for C (n=8) and S (n=7) mice at the end of 14-day exposure to experimental
conditions (A). Area under the curve (AUC) for glucose between C (n=8) vs S conditions (n=7) (B). AUC glucose
controlled for total activity between C (n=7) vs S (n=6) (C). * p<0.05
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Figure 2.4: Acute exposure to rotating shift work disrupts wheel running activity.

Average hourly wheel running activity pattern in mice exposed to 2-week of control
(A) and shift work (B) conditions. Open and filled squares at the bottom of x-axis in
(A) and (B) represent light and dark phases of light/dark cycle, respectively. Gray
shaded areas represent dark phase of light/dark cycle. The numbers 0 and 12 on the x-
axis represent zeitgeber time. Day 10 running wheel activity between zt0 and zt12 is
an artefact due to cage change. Average total distance by group (C), and average total
distance run by light status within and between groups (D). n=7/group; * p < 0.05 and
*#% p<0.0001
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Figure 2.5: Acute exposure to rotating shift work dysregulates core clock gene expression
after 3-day exposure to protocol in a tissue specific manner.

Dbp (A), bmall (B), per2 (C), and rev-erbo (D). Dark and light blue filled bars represent
the dark phase of light/dark cycle in control and shift work groups, respectively. Units on
y-axis are represented as femtograms (fg) mRNA per 12.5 to 60 ng of total RNA. A
significant cosinor fit is represented by * p < 0.05, ** p<0.001 and *** p<0.0001for
control data and + p<0.05, ++ p<0.001 and << p<0.0001 for shift work data.
Significance or non-significance indicated on the top right of individual graphs refers to
cosine fit of data for corresponding treatment conditions. Abbreviations: bmall, brain
and muscle-Arnt-like I; per2, period 2; nrldl, nuclear receptor familyl, group D,
member I; dbp, D-box binding protein; NS, non-significant; n=3-6/time point/group.
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Figure 2.6: Acute exposure to rotating shift work dysregulates core clock gene expression
after 14-day exposure to protocol in a tissue specific manner.

Dbp (A), bmall (B), per2 (C), and rev-erbo. (D). Dark and light orange filled bars
represent the dark phase of light/dark cycle in control and shift work groups, respectively.
Units on y-axis are represented as femtograms (fg) mRNA per 12.5 to 60 ng of total
RNA. A significant cosinor fit is represented by * p < 0.05, ** p<0.001 and ***
p<0.0001for control data and «+ p<0.05, -+ p<0.001 and <+ p<0.0001 for shift work
data. Significance or non-significance indicated on the top right of individual graphs
refers to cosine fit of data for corresponding treatment conditions. Abbreviations: bmall,
brain and muscle-Arnt-like 1; per2, period 2; nrldl, nuclear receptor familyl, group D,
member I; dbp, D-box binding protein; NS, non-significant; n=3-6/time point/group
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Figure 2.7: Acute exposure to rotating shift work dysregulates metabolic gene expression after 3- and 14-day exposure to
protocol in a tissue specific manner.

A set of two graphs represent mean expression level (bar graphs) and cosine fit of data for the corresponding gene. Liver
expression of dgat2 (A) and glut2 (B); brown adipose tissue expression of ppara (C), dgat2 (D), and ucp! (E); subcutaneous
adipose tissue expression of acca (F) and lipe (G); and visceral adipose tissue expression of dgat2 (H). Dark purple and dark
green filled bars represent the dark phase of light/dark cycle for control groups exposed to 3- and 14-day experimental
conditions, respectively. Light pink and light green filled bars represent the dark phase of light/dark cycle for shift work groups
exposed to 3- and 14-day experimental conditions, respectively. Open bars represent the light phase of light/dark cycle in both
control and shift work groups. A significant cosinor fit is represented by * p < 0.05 and ** p<0.001 for control data and «+
p<0.05 and ++ p<0.001 for shift work data; NS, non-significant. Significance or non-significance indicated on the top right of
individual graphs refers to cosine fit of data for the corresponding treatment groups and duration of exposure. Abbreviations:
dgat2, diacylglyerol O-acyltransferase 2; ppara, peroxisome proliferator activated receptor o; ucpl, uncoupling protein 1,
acca, acetyl-CoA carboxylase a., glut2, glucose transporter 2.
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ABSTRACT

Background. Cellular circadian clocks are found in virtually every cell in the body and
serve to regulate the transcriptional rhythmicity of many metabolic genes in anticipation
of daily fluctuations in the environment (e.g., light/dark, availability of food, etc.). Shift
workers experience repeated alterations in the timing of feeding, sleep, and physical
activity, predisposing them to increased risk for obesity and metabolic disorders. Timed
feeding and timed exercise may serve as non-photic zeitgebers (timekeepers) in
preventing the metabolic disruptions associated with shift work. Our objective for this
study was to evaluate the effects of timed exercise, timed feeding, and combination of
timed feeding and exercise, within the context of high and low-fat diets, in a model of
chronic rotating shift work (CRSW).

Methods: Mice (n=96) were housed in either normal or CRSW conditions, consisting of
12-hour shifts in the light/dark cycle every 3 or 4 days. Six groups of mice were
examined for metabolic and behavioral outcomes following 10 weeks in variable
conditions, including control (C), shift work control (SC), shift work chronic exercise (S-
RW), shift work timed exercise (S-TE), shift work timed feeding (S-TF), and shift work
timed exercise and feeding (S-TFEX).

Results: CRSW resulted in significantly greater weight gain in S-TF (LF: 3.94 + 1.6 g;
HF: 3.55 + 1.4 g) and lower glucose tolerance (p<0.05) in the S-TF and S-TFEX groups
on both low- and high-fat diets. Mice receiving 1-hr of scheduled exercise at the same
time every day weighed significantly lower (p<0.05) and displayed lower glucose

intolerance (p<0.05) on low-fat diet compared to S-TF condition. Exposure to CRSW
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resulted in disrupted activity patterns and differential effects of low- and high-fat diets on
these activity patterns during early study vs late study.

Conclusions: The present study provides evidence that the variable food intake patterns
associated with shift work result in deleterious metabolic outcomes. Exercise may serve

as a behavioral cue for eating behavior.
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BACKGROUND

Virtually every cell in the body contains a molecular circadian clock, which is
comprised of a coordinated set of genes that regulate the transcriptional rhythmicity of
themselves and many downstream metabolic genes in anticipation of daily fluctuations in
the environment. Daily exposure to environmental zeitgebers (from the German word for
‘time-givers’) such as solar cycles, provide signals of time that enable anticipation of
environmental changes, such that environmental cues and physiology are optimally timed
each day [1]. Light is a potent zeitgeber of the master transcriptional oscillator in the
suprachiasmatic nuclei (SCN) of the hypothalamus via the light-sensitive retinal ganglion
cells [2]. The SCN is the key area of the brain that processes external photic signals into
an internal output of time communication via neurohumoral signals to the rest of the body
[3]. Additionally, non-photic zeitgebers, including neurohumoral factors associated with
food intake [4] and physical activity [5], have been demonstrated to entrain the circadian

rhythms of the peripheral oscillators.

The connection between shift work-related circadian disruptions and disease risk
has gained increasing attention. Metabolic syndrome, which is characterized by elevated
triglycerides, central obesity, high blood pressure, and impaired fasting glucose [6], is
associated with circadian misalignment, sleep deprivation, alterations in timing and
quality of meals, conflicts between personal and work schedules, and the type of shift
rotation [7]. Insulin resistance and type 2 diabetes are commonly prevalent among shift
workers [8, 9], with a higher percentage observed in rotating shift workers (counter
clockwise rotation of 5 shifts each for day, night and evening; or 3 or 4 shifts each of day,
night and evening shifts) [10, 11]. About 40% of shift workers have an increased risk for

CVD, due at least in part to circadian disruption, lifestyle factors including smoking,
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alterations in food intake, and stress underlying psychosocial issues [12]. Circadian
dyssynchrony of clocks, as evidenced in shift work, is associated with high blood
pressure, insulin resistance, dyslipidemia, and obesity [13]. In addition to a high
prevalence of metabolic syndrome and CVD, shift work is also associated with multiple
health issues related to psychological, reproductive, gastrointestinal, metabolic, and sleep
disorders, along with cancer. The international Agency for Research on Cancer (IARC)
has classified shift work associated disruption in circadian rhythms as a probable human

carcinogen [14].

Alleviating the disruptive effects of shift work on health is a complex process.
Several efforts have been made to lessen the risk of chronic diseases among shift
workers, including implementing ergonomic work schedules [15-18], controlled exposure
to light/dark cycle [19, 20], physical activity and lifestyle changes [21], and
pharmacotherapy to promote adaptation [22, 23]. Behavioral interventions targeting
physical activity and/or dietary changes in shift workers [21, 24-27] are associated with
decreased body weight, BMI, waist circumference, adiposity, and hyperlipidemia and
increased health behaviors such as fruit and vegetable intake. However, the application of
these findings to other types of shift work and are limited by sample size and varied shift

characteristics.

Research in animal models has shown that the timing of feeding can have positive
or negative metabolic consequences in rodent models under standard light/dark
conditions [28-30], as well as under constant light conditions [31] and in mice lacking
circadian clock function [32]. We and others have shown that mice fed only during
normal periods of sleeping/rest have disrupted metabolic rhythms and increased energy
intake and adiposity [29, 30]. Emerging data have provided evidence for exercise as a

non-photic zeitgeber for circadian clocks, with the potential to entrain peripheral
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circadian clocks in rodents [5, 33-35] and humans [36-38] under both regular and
circadian disrupted conditions. These findings suggest a key role for timed feeding and
exercise as potential intervention strategies for rotating shift workers who are exposed to
frequent alterations in feeding, activity, and sleep.

The goal of the present study was to, 1) investigate the effects of chronic exposure
to rotating shift work (CRSW) in comparison to regular light/dark schedule on food
intake, body weight, and glucose homeostasis and 2) evaluate the effects of behavioral
interventions, including time-restricted feeding and timed exercise, independently and in
combination on physical activity patterns, food intake, body weight, and glucose
homeostasis. Additionally, we investigated the differential effects of low and high fat

diets under chronic exposure to CRSW and timed feeding and timed exercise conditions.

MATERIALS AND METHODS

Animals. Eleven-week-old male mice on FVB/N background (n=96) (Jackson
Laboratories, Farmington, CT, USA) were individually housed in microisolator cages
with alpha-dry bedding (Shepherd Specialty Papers, Inc. Richland, MI, USA) at the Dell
Pediatric Research Institute (Austin, TX, USA) under controlled conditions. The animals
were acclimated to a 12-hr light/ 12-hr dark cycle for one week with ad libitum access to
regular chow (LabDiet, St. Louis, MO, USA) and water, prior to undergoing the
experimental conditions. All experimental protocols and procedures were approved by
the Institutional Animal Care and Use Committee (IACUC) of the University of Texas at
Austin.

Experimental model. A light-based model of human rotating shift work (CRSW)
was used, as depicted in Figure.3.1. Each week light/dark cycle inversions occurred to

simulate a rotating shift work paradigm, with alternating patterns of 3 days “on shift”/ 4
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days “off shift” during odd weeks, followed by 4 days “on shift”/ 3 days “off shift”
during even weeks. Off shift was defined as normal light/dark cycle with lights on at ZT0
and lights off at ZT12, and on shift is defined as an inversed light dark cycle with lights
on at ZT12 and lights off at ZT0. Each transition from the on shift to off shift schedule
and vice versa was punctuated by extended (24-hour) periods of light and dark
respectively, as illustrated in Figure 3.1.

Experimental design. Mice were randomized to six experimental groups (Figure
3.1) to test the effects of chronic exposure to CRSW schedules and 2) to test timed
feeding and timed exercise interventions independently and in combination under the
altered light/dark schedules for 10-week duration. All experimental conditions were
repeated in two independent sets of mice. The groups included: 1] control (C), 2]
shiftwork control (SC), 3] shiftwork chronic exercise (S-RW), 4] shiftwork timed
exercise (S-TE), 5] shiftwork timed feeding (S-TF), and 6] shiftwork timed exercise and
feeding (S-TFEX). The experimental group light schedules and access to food and
running wheels are visually illustrated in Figure 3.1. Control group mice were housed in
regular 12-hr light/ 12-hr dark schedules for the entire duration of the study with 24-hr
access to food. The 5 shift groups were housed under altered light/dark schedules as
described above to mimic human shift work. A 2-week light/dark schedule mimicking
rotating shift work pattern under different experimental conditions is illustrated in
Figure.3.1. This 2-week pattern of light schedules was repeated for the 10-week duration
of study.

Diet and food intake. All experimental groups received either high-fat (20%
kcal protein, 45% kcal fat, and 35% kcal carbohydrates) or low-fat (20% kcal protein,
10% kcal fat, and 70% kcal carbohydrates) diets (Research Diets. Inc, New Brunswick,

NJ, USA). Food intake was measured weekly in all groups. Food access was provided ad
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libitum for C, SC, S-TE, and S-RW groups. Food was restricted to the dark phase of the
altered light/dark cycle for S-TF and S-TFEX groups, simulating eating only during
“work” hours. Access to food and water was restricted for S-TE and S-TFEX groups
during the 1 h access to voluntary running wheels (described below). All groups received
ad libitum access to water unless specified.

Food intake behavior in real time was monitored in representative animals in the
SC, S-TE, S-TF, and S-TFEX groups. Mice from these groups were housed in a BioDAQ
automated food intake monitoring system (Research Diets. Inc, New Brunswick, NJ,
USA). The cages were equipped with gated food hoppers and an Automated Gate
Controller that programmed the gates to open and close at specified times, limiting
researcher interactions. Representative gate controllers are mounted to live scales that
quantitatively measure and record episodic food intake in individual animals. The system
is also equipped to capture food spillage.

Physical activity. Low-profile wireless running wheels (ENV-047, Med
Associates. Inc, St. Albans, VT, USA) were used to quantitatively measure physical
activity in mice. Each wheel was equipped with sensors that wirelessly transmitted wheel
revolution counts every 30 seconds to a receiver hub. Wheel manager data acquisition
software (SOF-860) was used to record the revolution counts from the hub. S-RW groups
received ad libitum access to running wheels in home cages. S-TE and S-TFEX groups
received daily 1-hr access to wireless running wheels at the same time each day,
independent of altered light/dark cycles. The running wheels were placed into the home
cages for 1-hr and promptly removed when the exercise bout was completed. During 1-h
access to running wheels, access to water and food were removed for both S-TE and -

TFEX groups.
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Body weight. Body weights for all animals were measured using a digital scale
(Ohaus, Parsippany, NJ, USA) once every week. Mice were placed into a tared tall cup
and weight recorded when movement was stabilized.

Glucose tolerance test (GTT). Animals were fasted for 12-hours during their
sleep phase prior to GTT. All glucose measurements were taken from tail blood. Fasting
glucose levels were measured in duplicate using a Freestyle Lite glucometer (Abbott
Laboratories, Abbott Park, IL, USA). Fasting glucose levels were measured after
administration of 10% D-glucose at 1g/kg body weight intraperitoneally, and glucose
levels were measured and recorded at 15, 30, 60, 90, and 120 minutes. The tests were
performed two hours prior to the normal light-to-dark transition (ZT10).

Statistical Analysis. Statistical analysis was performed using ANOVA for end of
study body mass, body mass change, fasting glucose, glucose AUC (area under the
curve), and wheel running activity to evaluate the differential effects of the experimental
conditions by diet. Post hoc analysis was carried out for significant global ANOVA test
by one-way ANOVA using Scheffe correction. End-of-study body mass was residualized
for food intake and residuals were analyzed with ANOVA. Linear mixed models were
used to analyze wheel activity across time. All results are expressed as mean + SD
(standard deviations). All analyses were performed using Stata 17 SE (Stata Corp., San

Antonio, TX). Significance level was set at p<0.05.

RESULTS

Timed feeding altered end of study body mass and body mass change
similarly on both diets. After controlling for food intake, exposure to CRSW altered
body mass compared to control mice in a diet-specific manner. Significant differences in

body mass were observed for C vs SC mice on high fat diet (F1,13 = 7.67, p<0.05; Figure
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3.2E) controlling for total kilocalorie intake with SC mice weighing less than C mice.
However, no differences in body mass were observed for mice on low fat diets (Figure
3.2A), and body mass gain did not differ between C vs SC mice on either diet, controlling
for food intake (Figures 3.2B and 3.2F). For mice in the shift work conditions, timed
feeding (S-TF: 31.6 £ 2.2 g) mice gained significantly higher body mass compared to SC
(29.3 £ 1.6 g; F1,12 = 8.81, p<0.05) and S-TE (28.8 + 1.6 g; F1,12 = 14.90, p<0.01) mice on
low-fat diet (Figure 3.2C), controlling for total kilocalorie intake. On the high fat diet
(Figure 3.2G), S-TF (30.9 = 1.6 g) mice had significantly higher body mass, controlling
for total kilocalorie consumption, compared to both groups with access to running wheels
(S-RW: 28.6 = 2.8 g; F1,12=10.75, p<0.01 and S-TE: 29.4 £+ 3.8 g; F1,120 = 5.82, p<0.05).
There were significant group differences in body weight change from baseline to the end
of the study on both low (Figure 3.2D) and high fat (Figure 3.2H) diets controlling for
food intake. The S-TF group gained the most weight on both diets, after controlling for
total food intake. S-TF mice on the low-fat diet (Figure 3.2D) gained 3.94 £+ 1.6 g, which
was significantly higher than SC (1.26 + 0.9 g, F1,12 = 20.23, p<0.001), S-RW (0.30 + 1.7
g, F112 = 12.34, p<0.01), and S-TE (0.62 + 1.25 g, Fy,12 = 22.84, p<0.001) mice. On the
high fat diet (Figure 3.2H), body weight for S-TF (30.9 + 1.6 g) was significantly higher
than S-RW mice (28.6 £2.8 g, F1,10 = 13.10, p<0.01).

Although body weight and body weight gain differed significantly specific to diet
and treatment conditions, total kilocalorie intake did not differ between treatment
conditions (Figure 3.3A-D), with an exception for SC mice on low fat diet. SC (832.8 £
55.8 kcal) mice consumed significantly more kilocalories compared to C (774.9 + 31.3
kcal) mice on low-fat diet (Fi,14 = 6.55, p<0.05). In general, S-TFEX consumed the least
number of calories on both diets but gained the similar amount of body mass as S-TF

groups and S-TE consumed the highest number of kilocalories on high-fat diet.
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Timed feeding on CRSW disrupted glucose homeostasis on both low- and
high-fat diets. There were no differences in fasting glucose (Figures 3.4A and 3.4E) or
glucose tolerance (Figures 3.4C and 3.4G) in SC mice compared to C mice on either diet.
Under shift work conditions, there were no differences in fasting plasma glucose for mice
on the low-fat diet (Figure 3.4B); however, S-TF and S-TFEX mice displayed
significantly higher fasting glucose (153.8 + 18.6 mg/dL and 148.6 + 12.6 mg/dL,
respectively) compared to S-RW mice (102.9 + 29.9 mg/dL) on the high-fat diet (F432 =
3.96, p<0.05, Figure 3.4F). In terms of glucose tolerance, S-TF mice had significantly
higher glucose AUC (mean + SD) compared to SC (27606.5 + 4787.2, p<0.05), S-RW
(23893.3 £ 4931.2, p<0.05), and S-TE (20141.5 £ 2879.6, p<0.05) receiving low-fat diet
(Figure 3.4D). On the high fat diet, S-TF (153.8 £ 18.6 mg/dL) and S-TFEX (148.6 +
12.6 mg/dL) mice on high fat diet displayed significantly higher fasting glucose
compared to S-RW (102.9 £+ 29.9 mg/dL, p<0.01) mice (Figure 3.4H). There were no

differences in fasting blood glucose or glucose tolerance between either timed feeding

group.

Chronic exposure to rotating shift work disrupted 24-hr physical activity
rhythms on both low- and high-fat diets. Chronic exposure to shift work conditions
disrupted 24-hr wheel-running activity rhythms under both low- and high-fat diets for S-
RW mice. We have previously shown [39] that mice receiving standard chow display
regular patterns of physical activity during normal LD conditions, with high physical
activity during the dark phase and low physical activity during the light phase. In
contrast, chronic exposure to rotating shift work disrupted this pattern of high dark and

low light phase physical activity, with mice displaying equal amounts of wheel-running
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activity in both light and dark conditions in S-RW mice under both diets (Figure 3.5A
and D and 3.6). In a two-way ANOVA of total distance run by light status (on vs. off),
there was significant main effects of diet (Figure 3.5A, low- vs high-fat diet; F1 2= 26.5,
p<0.0001) but not for light (Figure 3.5D). S-RW mice on the high-fat diet (average total
distance: 353.9 km; lights on: 147.6 + 45.7 km; lights off: 206.4 + 43.3 km) ran
significantly greater distance than mice on the low-fat diet (average total distance: 159.7
km; lights on: 77.0 + 50.0 km; lights off: 82.7 + 51.2 km) diets. We analyzed the trend in
physical activity for the S-RW group across the 10 weeks of the study using linear mixed
models, which revealed a significant trend in wheel-running activity measured as distance
on both low and high fat diets (Figure 3.6A and B). Mice on the low-fat diet ran ~333
meters less than mice on high fat diets (p<0.001). A significant interaction between study
duration and diet showed that mice on low fat diet increased distance run by 0.22 meters
for every additional hour in study duration (p<0.001). The trend in wheel-running activity
significantly differed by early weeks to late weeks of study protocol. Main effects of
early vs late study activity (p<0.0001), diet (p<0.0001) and interaction (p<0.0001) were
significant. On average, mice on low fat diet ran significantly more distances during late
study (coefficient: +201.3 m) compared to early study (coefficient: - 247.1 m) while the
opposite trend was true for mice on high fat diet with decreased activity during late

weeks (coefficient: -108.9).

1-hr of daily timed voluntary physical activity was similar by diet and
treatment condition in S-TE and S-TFEX. Given the pre-determined exposure to
running wheels in the S-TE and S-TFEX groups (i.e., one hour of running wheel time
every 24 hours), there were no differences between the S-TE and S-TFEX groups for

either diet, and the total distance run was significantly higher in the S-RW group (HF:
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353.9 = 31.6 km; LF: 159.7 + 97.0 km) compared to the S-TE (HF: 40.5 = 17.4 km; LF:
35.1 £ 7.1 km) and S-TFEX (HF: 44.5 = 11.4 km; LF: 39.5 = 11.0 km) groups on both
low- (F2,18 = 11.0, p<0.001) and high-fat (F2,19 = 500.8, p<0.0001) diets and (Figure
3.5B). However, 1 h of wheel-running activity at zt0 in the S-TE and S-TFEX mice
resulted in significantly longer distances run compared to the same 1 h time period in the

S-RW group (F2,18=7.61, p<0.01, Figure 3.5D) on the low-fat diet.

1-h of scheduled voluntary bout of exercise altered feeding behavior in mice
on high fat diet. Real-time feeding behavior monitored in representative mice exposed to
S-TE condition on low- and high-fat diet are shown in Figure 3.8. 1-h bout of exercise
appeared to serve as a behavioral zeitgeber for feeding, with majority of food consumed
immediately following an exercise bout and low or no feeding until after a bout of
exercise the following day. This change in feeding behavior was observed after two
weeks of exposure to protocol. Although this feeding behavior was observed in low-fat
mice, consistency in feeding pattern after bout of exercise was more prominent in high-
fat fed mice. Interestingly, such change in feeding pattern was evident in SC mice not
receiving a bout of exercise on low-fat diet after 1-week of exposure to protocol (Figure
3.7A). These findings are only observational as no formal statistical tests were performed

on a sample size of two mice per condition and diet.

DISCUSSION

In the current study we investigated the long-term consequences of exposure to
altered LD cycles (SC) in chronic rotating shift work (CRSW). We also tested the

physiological outcomes of CRSW combined with physical activity via continual access to
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running wheels (S-RW), 1-h scheduled voluntary timed exercise (S-TE), timed feeding
(S-TF), or a combination of timed exercise and timed feeding (S-TFEX) interventions on
low- and high-fat diets. Exposure to CRSW displayed differential effects of diet on body
mass compared to control conditions (Figure 3.2E). Mice in the timed feeding condition,
with or without 1-h exercise, displayed the greatest body mass gain (Figure 3.2C, D, G
and H), the highest fasting glucose (Figure 3.4F), and the lowest glucose intolerance
(Figure 3.4F and H) in a diet-specific manner. Exposure to CRSW resulted in disrupted
activity patterns and differential effects of low- and high-fat diets on these activity
patterns (Figure.3.5 and 3.6) during early study vs late study. These results suggest that
timing food intake to coincide with wakefulness or “work” resulted in the poorest
metabolic outcomes, which were not attenuated by a daily bout of exercise. This
observation is important because many individuals working on shift-work schedules may
use this strategy, either by necessity or to limit food intake. A recent study quantifying
energy intake of rotating shift work nurses who worked at least 2-3 consecutive nights
shifts reported increased proportion of total daily energy intake during night shifts, even
though total energy intake was similar between night- and day-shift nurses. The
proportion of energy intake during night shifts also increased for each consecutive day of
night shift [40]. Nurses on night shift distributed their food intake to coincide with work
at nights while not increasing their total energy intake.

Exposure to CRSW did not alter body mass in mice on the low-fat diet but SC
mice weighed much lower on high-fat diet compared to control mice despite the fact that
they consumed more kilocalories than control mice. Our finding is in contrast to
increased body mass reported by previous studies using dim light at night (DLAN) [41-
43], constant light [31], and repeated shifts in light/dark (LD) cycle [44]. The control

mice in this study were meant to characterize normal growth in a regular LD cycle,
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however these mice differed by location, caging, and feeding systems in order to be able
to maintain them under LD cycles different from shift work mice, suggesting that these
factors may have influenced the results. Additionally, the control mice started on protocol
heavier than SC mice and maintained this difference in linear growth till the end. Due to
these reasons our findings are not in agreement with reports from previous studies [42,

45].

The interventions used to facilitate adaptation to CRSW showed differential
effects of treatments on body mass. Although no treatment conditions were significantly
different for kilocalories consumed, S-TF and S-TFEX groups displayed significant body
mass gains. We hypothesized that timing feeding to coincide with waking/active periods
(i.e., lights off in nocturnal animals) might be a good strategy for facilitating metabolic
adaptation to CRSW. In fact, our experimental model of CRSW combined with timed
feeding resulted in the most deleterious effects on metabolic outcomes. In addition to
body mass gains, we also report dysregulation of glucose homeostasis in response to
timed feeding on both low- and high-fat diets. Feeding is a strong zeitgeber for peripheral
tissue clocks, and the timing of food intake can influence positive or negative metabolic
outcomes. Our hypotheses regarding the timing of food intake were based on
observations made by our lab and others who have reported that restricting food access to
the normal sleep phase (lights on) in mice was associated with disruptions of circadian
rhythms that resulted in increased body weight, reduced glucose tolerance, dampened
rhythms of glucose and corticosterone, and altered gene expression in liver clock and
metabolic genes [30, 46]. On the contrary, timed restricted feeding during the normal
dark phase (zt12 to zt0) under constant light conditions has been reported to restore

diurnal rhythmicity in plasma glucose levels [31]. Similarly, time restricted feeding
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(TRF) of a high-fat diet fed only during the regular dark phase when mice normally eat
most of their food also prevents obesity and metabolic perturbations associated with ad
libitum access to high-fat diet [28]. A recent study compared the effects of 10-hr early
TRF (start of dark phase) versus late TRF (initiated 4-hr into dark phase) in mice and
reported attenuation of weight gain under both TRF conditions but to a lesser extent in
the late TRF. The study also reported improved glucose tolerance under both TRF
timings [47]. TRF is generally associated with regular fasting intervals each day [48]. In
our model, timed feeding/fasting intervals lasted for 24 hr during the transition periods
between on-shift and off-shift days every 3-4 days. This irregular feeding schedule and
lack of consistency in long fasting intervals may have negatively influenced the resetting
of the peripheral clocks to repeated changes in feeding timing, resulting in altered
metabolic outcomes which were not attenuated by a 1-h bout of exercise. It is important
to note that altering the timing of food intake when transitioning from on-shift to off-shift

schedules is a common practice among shift workers.

Constant access to a running wheel in our study, showed lower body mass and
body mass gain for mice fed either a low or high fat diet. The gain in body mass in the S-
RW group was considerably lower than for either timed feeding group. This finding is
consistent with a recent study of chronic access to voluntary running wheel (VWR) in a
diet-induced obesity weight loss model that reported substantial weight loss associated
with VWR corresponding to a reduction in fat pad mass [49]. Additionally, mice
compensated for decreased energy stores [49, 50] and increased daily energy expenditure
[51] as a result of VWR by increasing dietary food intake [49, 50]. We did not observe
alterations in food intake in response to chronic access to running wheel and weight

change. Foright et al. (2020) evaluated the compensatory eating behaviors in rats in
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response to four weeks of forced treadmill training scheduled during the last 2-hr of light
cycle. The study reported differential effects of sex where female rats increased food
intake in compensation to exercise while male rats decreased intake [52], supporting our
results. Average wheel activity in S-RW mice on the high fat diet was considerably
higher compared to mice on the low-fat diet, which may explain the body weight change
on high fat diet. However previous studies have reported the opposite of increased
physical activity observed in our study with high-fat diet, with decline in locomotor
activity in mice feeding on a western diet high in fat [53]. The effect of study duration on
physical activity in mice receiving a high fat diet did demonstrate significant decline in
activity at a later time in our study, consistent with previous findings [53] when
controlled for time. Ad libitum high-fat diet alters feeding behavior in mice by increasing
food intake during the rest phase with a resultant increase in body mass and glucose
intolerance [54]. Similarly, exposure to shift work conditions show decreased tolerance
for glucose in rodents and increased body mass in response to timing of feeding shifted to
mostly occur in rest phase, which may be linked to increased insulin resistance, although
this was not measured [55]. S-RW mice on both diets in the present study showed
considerable tolerance to glucose as demonstrated by lower AUC levels compared to
timed feeding groups with or without 1-hr exercise. One of the reasons for higher
tolerance to glucose is that these mice had chronic access to a running wheel. Nascimento
et al. (2016) reported higher tolerance to glucose in a diabetic mouse model to altered LD
cycle in the presence of voluntary running wheel [56]. Exercise is known to increase
glucose uptake by skeletal muscle in an insulin-independent mechanism of GLUT4
translocation to the plasma membrane [57], while also sensitizing the muscle to insulin

action in response to 30 min of aerobic exercise in rats fed a high fat diet [58]. These
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findings support our reported results of higher glucose tolerance with chronic access to a

voluntary running wheel.

One hour of scheduled voluntary exercise given daily at the same time in our
CRSW model resulted in considerably lower body mass compared to the timed feeding
groups on both diets, despite the fact that these mice consumed the highest number of
calories from high fat diet, although not significant. Several studies involving scheduled
exercise have reported the potential for scheduled exercise to either recover the deficits of
circadian disruption [59, 60] or entrainment of molecular circadian rhythms under regular
[33] and altered LD cycle [34, 60]. One study in rats evaluated the effects of 12-hr forced
scheduled wheel running activity at a scheduled timing under 12-hr repeated shifts in LD
cycle which reported lower mean body weight compared to rats without forced running
wheel under a shifted LD cycle [61]. In contrast to forced activity, wheel running in our
study was voluntary, resulting in considerable variability within treatment condition
while also simulating the natural activity behavior and avoiding influence of stress in
mice [62]. Studies comparing the benefits of forced vs voluntary activity demonstrated
equally beneficial effects in suppression of metabolic risk factors, including reduced body
weight and fat mass, reduction in adipocyte size, and increased mitochondrial biogenesis
[63] yet also demonstrate distinct characteristics in molecular adaptation in different
skeletal muscles by shift in the type of muscle fiber and altering training-induced gene
expression of markers in muscle [64]. These findings may suggest that 1 h of physical
activity in mice may be too little time to observe significant effects. It is possible that
changing the timing of the 1-h exercise bout may produce more pronounced effects.
Sasaki et al. evaluated three 4-h voluntary running wheel exercise schedules (morning,

noon, and evening) in combination with 4-h restricted feeding (morning, noon, and
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evening) in mice. The results of a series of experiments reported lower body weight and
fat mass when scheduled exercise occurred after a period of eating with a corresponding
decrease in resting energy ratio and increased energy expenditure compared to food
intake after exercise [65], indicating the importance of timing of exercise to maximize

metabolic benefits.

A recent study investigated the effects of voluntary wheel running in a circadian
disruption model of short photoperiod (Shr light/ 19hr dark) and reported higher tolerance
to glucose compared to rats with no wheel access [60], suggesting the importance of
physical activity in positively improving glucose homeostasis under circadian disruption.
To date, most studies have modeled timed or scheduled exercise to include several hours
of scheduled activity [61, 65]. Our study is the first one to test the effects of 1-hr
scheduled voluntary exercise in CRSW model, which was designed to act as a zeitgeber
to set the daily timing of molecular clocks in peripheral tissues. Despite the fact that
scheduled 1-hr voluntary exercise had no statistically significant effects on quantitative
measures, mice receiving exercise for 1-hr gained less body mass than mice without
exercise, indicating that 1-h physical activity could be beneficial in shift work models.
Also, mice actively used the running wheel during 1-h access more than the mice with
24-hr access during the same hour (Figure 3.5). Interestingly, one hour of wheel activity
appeared to serve as a behavioral zeitgeber, resulting in food intake immediately
following 1-hr activity, however this was only an observation based on data from two
mice (Figure 3.8B). A recent study reported increased meal frequency and decreased
meal size in male rats forced to exercise at a scheduled time compared to sedentary rats
[52]. Although rats in this study were fed low and high fat diets, the differential effects of

exercise and diet on meal pattern were not reported [52]. Future studies should
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investigate the role of physical activity in driving feeding behavior in low and high fat

diets under ad libitum and TRF conditions.

The present study contributes some noteworthy findings to the literature, yet has
some limitations. First, to accommodate differing LD schedules between control and shift
work conditions, the control mice were housed in a different room and differed in caging
and feeding system, which may have influenced the comparison of the normal LD and
shifted LD controls. Future studies should minimize differences in cage size and location
[66]. Second, the interventions of timed feeding and timed exercise were compared to a
shift work control group only to examine their role as potential zeitgebers in a shift work
paradigm. To gain a better understanding of effects of interventions, future studies could
examine whether these strategies are effective under normal LD conditions. Third, real
time feeding was only measured in representative animals under each treatment
condition, resulting in insufficient statistical power for effect analysis. Fourth, we tested
the effects of scheduled activity at only one timing and future studies should include

multiple timings for scheduled activity, as timing of activity can influence outcomes [65].

In conclusion, we report that chronic exposure to rotating shift work altered
physiological parameters of body mass and gain on both diets. Physical activity patterns
were disrupted, and differential effects of diet were observed in these patterns. Timed
feeding and combination of timed feeding and exercise as modeled in this study were not
beneficial strategies in preventing metabolic disruptions. Rather than facilitating
adaptation, the outcomes were detrimental as demonstrated by increase mean body mass
and dysregulation of glucose homeostasis. Chronic access to voluntary running wheel and

I-h bout of exercise showed lower mean body mass and higher glucose tolerance
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compared to timed feeding similarly on both diets. Future studies must look at addressing
the limitations of this study to gain better insights and increase the potential of these

interventions to lessen the health burden of shift workers.
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Figure 3.1: Experimental study design.

Mice were randomly assigned to either control: C (A), shiftwork control: SC (B), shiftwork chronic exercise: S-RW (C),
shiftwork timed exercise: S-TE (D), shift work timed feeding: S-TF (E), or shiftwork timed exercise and timed feeding: S-
TFEX (F) experimental groups. Control group mice (C) were housed under regular 12 h light/ 12 h dark cycles, and all
other groups (SC, S-RW, S-TE, S-TF, S-TFEX) were housed under repeated shifts in the 12 h light/ 12 h dark cycle every 3
to 4 days and exposed to the corresponding experimental protocols for 10 weeks. Open squares represent 12 h light and
filled squares represent 12 h dark. For shift work experimental groups, the transition from ‘on shift’ to ‘off shift’ and vice
versa is denoted by 24 h light or 24 h dark cycle, respectively. Yellow and pink pellets of food represent low- and high-fat
diet, respectively. The sample size is indicated by n for each experimental condition and diet. Abbreviations: ZT, zeitgeber;
GTT, glucose tolerance test.
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Figure 3.2: Effect of chronic exposure to rotating shift work and timed exercise and time feeding on body mass and body
mass gain.

End of study body mass and body mass gain — C vs SC on low- (A and B) and high-fat (E and F) diets; S-TF vs all other

shift work experimental conditions on low-fat (C and D) and high-fat (G and H) diet. n=5 to 8/group and diet. Two-way

ANOVA was used to analyze data. * p<0.05; ** p<0.01; *** p<0.001. Abbreviations: C, control; SC, shift work control;

S-RW, shift work chronic exercise; S-TE, shift work timed exercise; S-TF, shift work timed feeding; S-TFEX, shift work
timed feeding and timed exercise.
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Figure 3.3: Effect of chronic exposure to rotating shift work on average kilocalorie consumption on low- and high-fat
diets.

Average kilocalorie intake between C and SC on low- (A) and high-fat (C) diets; average kilocalorie intake between all
shift work experimental conditions on low- (B) and high-fat (D) diets. n=5 - 8/diet group. One-way ANOVA was used
to analyze data A to D. * p<0.05. Abbreviations: C, control; SC, shift work control; S-RW, shift work chronic exercise;
S-TE, shift work timed exercise; S-TF, shift work timed feeding; S-TFEX, shift work timed feeding and timed exercise.
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Figure 3.4: Effect of chronic exposure to rotating shift work protocol on plasma fasting glucose and glucose tolerance.

Average fasting plasma glucose — C vs SC on low- (A) and high-fat (E) diets; average fasting plasma glucose between all
shift work experimental conditions on low- (B) and high-fat (F) diets; AUC for glucose — C vs SC on low- (C) and high-
fat (G) diets; AUC for glucose between all shift work experimental conditions on low- (D) and high-fat (H) diets; n=>5 to
8/group and diet. One-way ANOVA was used to analyze data in A — H. * p <0.05. Abbreviations: C, control; SC, shift
work control; S-RW, shift work chronic exercise; S-TE, shift work timed exercise; S-TF, shift work timed feeding; S-
TFEX, shift work timed feeding and timed exercise.
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Figure 3.6: Chronic exposure to CRSW disrupts physical activity patterns in low- and high-fat diet groups.
8-week hourly physical activity patterns of S-RW mice on low- (A) and high-fat (B) diets. LF (n=7) and HF (n=6) mice.

Linear mixed modeling was used to analyze the trends in physical activity. Abbreviations: S-RW, shift work chronic
exercise; LF, low-fat diet; HF, high-fat diet.

147



SC on Low Fat Diet

Food intake (g) »>

\.fh N‘ lm.m“\lm m ‘u u H 4 l« IH W »Jut lu | uL J1 h

[ M | il Ui m 1

SC on High Fat Diet

Food intake (g) -]

Wlu W M M‘MlMltUWll\ |lhl‘l|\ \M lulllmlu

“I u\m.H Mﬂ I\\ il ‘ll M H)M h H! \!UH H\ l” ”M wl‘l I h’ M A”IM H! M ’l” \Mi

-------------

Figure 3.7: Feeding pattern in shift work control (SC) mice on low- and high-fat diet.

8-week real time feeding pattern in SC mice on low- (A) and high-fat (B). The data are representative for one
individual animal on each diet. Abbreviations: SC, shift work control.
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Figure 3.8: Feeding pattern in shift work timed exercise (S-TE) mice on low- and high-fat diet.

8-week real time feeding pattern in S-TE mice on low- (A) and high-fat (B). The data are representative for one individual
animal on each diet. Abbreviations: SC, shift work control.
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Chapter 4: Conclusion and Future Directions

CONCLUSION

The objective of this research was to investigate the acute and chronic effects of
exposure to a simulated human rotating shift work (RSW) in mice and evaluate the
impact of chronic exercise, timed exercise, timed feeding, and a combination of timed
feeding and exercise in facilitating adaptation to rotating shift work under and the
differential effects of low- and high-fat diets in these experimental conditions. Acute
exposure to RSW disrupted behavioral activity rhythms and molecular rhythmic
expression of core clock and metabolic genes as early as 3-day exposure to protocol.
However, gross changes in body mass and body composition were not observed. Acute
exposure also altered hepatic glucose metabolism, as evidenced by impaired fasting
glucose. These findings may indicate that cellular alterations occur early on and precede
the future development of metabolic disorders.

Chronic exposure to shift work, like acute exposure, did not demonstrate gross
changes in anthropometric measures on both low- and high-fat feeding. However, the
interventions of timed feeding and a combination of timed feeding and exercise displayed
impaired fasting glucose, glucose intolerance while also gaining the most weight for food
consumed. Combining 1-hr exercise with timed feeding displayed similar adverse effects
as timed feeding alone. Timed exercise mice weighed considerably lower and were more
tolerant to glucose than timed feeding mice. Interestingly, timed exercise appeared to
behave as a behavioral zeitgeber, driving food intake immediately after 1-hr activity,
however this observation is only based on data from two mice. Chronic exposure to
RSW also resulted in disrupted activity patterns with differential effects by diet. These

findings suggest that timed feeding has more disruptive outcomes rather than facilitating
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adaptation to chronic RSW, and chronic exercise or 1-hr exercise may have potential as
an intervention to minimize metabolic disturbances in shift workers with further research

in this area.

LIMITATIONS

The empirical findings presented here should be viewed in the context of some
limitations. A commonly used mouse model in diet induced obesity studies are the
C57Bl/6J. C57Bl/6] mice when fed a high-fat diet gain considerable weight
corresponding to increased adipose stores, display impaired fasting glucose, increased
circulating triglycerides and increased total cholesterol [1, 2]. In contrast the animal
model we used in our present work is FVB/N which is thought to be resistant to diet
induced obesity (DIO) when fed a high-fat diet [3]. FVB/N are highly preferred for their
high reproductive performance [4]. This model although does not display significant
alterations in body weight gain on high-fat diet, the mice do display glucose intolerance,
liver steatosis, and white adipose tissue inflammation [1]. However, this model may not
be right choice for studying the consequences of shift work because they did not exhibit
adverse physiological and metabolic outcomes after acute or chronic exposure to RSW
conditions when fed a high-fat diet, contrasting to findings from previous reports of shift
work models [5, 6], which may suggest species specific effects of coping with shift work
related stress. FVB/Ns are prone to rapid macular degeneration as early as within a few
postnatal weeks [7]. As a result, these mice are highly active with constant running in
circles which is highly variable that may have influenced our results.

In our acute study of RSW we measured body mass, body composition, and
glucose tolerance in mice after acute exposure to RSW in the presence of ad libitum

running wheel, which may have influenced the outcomes we observed. We also did not
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evaluate the differential effects of high fat diet under acute RSW conditions to understand
the outcomes form a real world perspective, as shift workers have easy access to such
foods [8-10], and the type [11] and timing of macronutrient intake [12, 13] can influence
diurnal expression patterns of core clock and metabolic gene expression. Fasting the mice
before performing circadian dissection is critical to control for differences in metabolic
profiles of the animals in our study, as feeding can influence core clock and metabolic
gene expression [14, 15].

In our chronic RSW study, we did not have comparable groups of control mice
evaluating the effects of intervention to help distinguish if the outcomes we observed
were genuinely due to shift work. We did not measure gene expression in chronic study
to understand the molecular consequences of chronic RSW. This would have revealed if
acute alterations observed in gene expression were transient or persistent after 10 weeks
of exposure to RSW. Real time feeding was monitored only a representative sample of
mice. Measuring daily food intake in a larger sample will help decipher important
insights into the outcomes we reported under various interventions examined, as well as
give sufficient statistical power to detect effects. Lastly, only one scheduled time of
physical activity was evaluated. Because timing of activity can influence metabolic
parameters [16], its critical to examine multiple times of exercise bout to understand the
resulting influential effects to maximize benefits of exercise.

The next section will address some of the limitations more deeply recommending
future directions to improve the quality, applicability, and understanding of shift work

research.
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FUTURE DIRECTIONS

Our research has contributed noteworthy findings in simulated shift work
modeled by frequent alterations in light/dark cycles, from changes in behavioral factors
to modifications in the rhythmicity and quantity of gene expression and the role of timing
of feeding and exercise in energy balance and metabolism. These findings carry
important implications for translation to human trials. Nevertheless, several follow-up
questions related to the current work can help improve our understanding of the
physiological and molecular alterations associated with shift work and deepen our
knowledge about the interventions currently used. Future research work in the area of
rotating shift work should consider the limitations addressed here to gain better insights
and increase the potential of the interventions evaluated to lessen the burden of health in
shift workers.

Our findings have reported molecular alterations in the rhythmic gene expression
of core clock and metabolic gene expression in response to acute exposure to rotating
shift work within 3 days. However, no whole body changes (body mass and composition)
were evident by the end of the 2-week protocol. Most of our current knowledge about
rhythmic regulation is focused on transcriptional regulation, with recent studies that have
described translational regulation of mRNA transcripts, to proteins adding a layer of
complexity to rhythmic gene expression and translation into functional proteins [17, 18].
Understanding the temporal regulation of gene expression to protein translation and,
eventually, the functional significance of these alterations will help to improve our
understanding of shift work-related circadian disruption at various levels of molecular
biology. Measuring protein expression of genes in future studies will highlight the
functional relevance of these alterations to outcomes of rotating shift work. Furthermore,

investigating these transcriptional and translational modifications under shift work and
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variable diets will further advance our knowledge of real-world implications of scientific
findings, as many shift workers consume high fat and highly processed foods while on
shift [8-10]. We and others have shown that the timing of feeding and the timing of
macronutrients [12, 13] can influence molecular adaptation to feeding time.

Another area of focus related to rotating shift work involves the development of
non-pharmacological interventional strategies to facilitate adaptation to shift work. Most
recently, timed feeding and timed exercise in combination have demonstrated positive
outcomes in preventing obesity and improving metabolic disturbances associated with a
high-fat diet under a regular light/dark cycle [19], but these interventions have not been
explored in a circadian disruption model. Our present work evaluated timed feeding and
timed exercise independently and combined on both low-and high-fat diets in chronic
RSW conditions. Our findings show that timed feeding resulted in the most adverse
physiological effects, while the addition of I-hr activity with timed feeding could
partially restore these adverse effects. One note to focus on here is that our experimental
design modeled timed feeding by shifting feeding time to match with the shift in dark
phases of RSW every 3-4 days, mimicking the manner in which many shift workers eat.
Future studies should examine the effect of normalizing food intake to a regular pattern
of feeding and fasting while accommodating the shift work schedule on human health.
Previous timed feeding studies have primarily modeled consistent patterns in restricted
feeding schedules [16, 19]. Future studies of RSW could also explore timed feeding by
consistently restricting feeding at the same time, independent of the shift in light/dark
cycles. Such studies will provide considerable insights about the timing of food intake in
circadian disrupted models such as RSW and address the consequences of restricting

feeding in frequently altered light schedules.
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Exercise has long been used as a therapeutic in health and disease, which also has
the potential to influence peripheral tissue clocks [20, 21]. In our present work, chronic
access to a voluntary running wheel was associated with the least weight gain for food
intake. The results of the 1-hr of the timed exercise were promising, suggest a potential
entrainment of food intake to physical activity. A daily 1 h bout of exercise is a
promising intervention for shift workers because 1-hr of exercise, combined with an
altered pattern of feeding was able to mitigate some of the adverse effects in our model.
Future iterations of this work should consider examining different times of running wheel
access, as the timing of exercise can elicit distinct metabolic outcomes [16] and
molecular signatures [22]. In humans, the best coordination, fastest reaction times, and
the greatest cardiovascular efficiency and muscular strength all occur in a time of
dependent manner [23-25], suggesting timing the daily exercise bout in sync with peak
performance and cardiovascular efficiency for optimal effects. Investigating the
mechanisms governing the timing of exercise-induced metabolic outcomes could help us
better understand the relationship between exercise and circadian rhythms in RSW.
Exercise could be a beneficial therapeutic for mitigating the effects of circadian
disturbances in several populations such as shift workers.

Finally, our current model of rotating shift work did not reveal substantial
deviations in physiological measures from normal control conditions in response to
chronic exposure to RSW. It will be necessary to determine if the effects observed in
acute exposure to RSW are transient, eventually resulting in adaptation to RSW with
chronic exposure. Further, investigating the underlying molecular mechanisms in chronic
RSW will help better understand the results observed in this current work. Researching

RSW in diet-induced obesity models may be beneficial to understanding species-specific
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responses, and the results may be more translatable to humans as we currently live in an

obesogenic environment.

156



BIBLIOGRAPHY

10.

11.

12.

13.

14.

15.

16.

Nascimento-Sales, M., et al., Is the FVB/N mouse strain truly resistant to diet-
induced obesity? Physiol Rep, 2017. 5(9).

Buettner, R., J. Scholmerich, and L.C. Bollheimer, High-fat diets: modeling the
metabolic disorders of human obesity in rodents. Obesity (Silver Spring), 2007.
15(4): p. 798-808.

Kim, D.H., et al., Increased adipose tissue hypoxia and capacity for angiogenesis
and inflammation in young diet-sensitive C57 mice compared with diet-resistant
FVB mice. Int J Obes (Lond), 2013. 37(6): p. 853-60.

Taketo, M., et al., FVB/N: an inbred mouse strain preferable for transgenic
analyses. Proc Natl Acad Sci U S A, 1991. 88(6): p. 2065-9.

Fonken, L.K., et al., Dim light at night disrupts molecular circadian rhythms and
increases body weight. J Biol Rhythms, 2013. 28(4): p. 262-71.

Barclay, J.L., et al., Circadian desynchrony promotes metabolic disruption in a
mouse model of shiftwork. PLoS One, 2012. 7(5): p. e37150.

Yang, J., et al., Destructive Changes in the Neuronal Structure of the FVB/N
Mouse Retina. PLoS One, 2015. 10(6): p. e0129719.

Phiri, L.P., et al., Nurses' lifestyle behaviours, health priorities and barriers to
living a healthy lifestyle: a qualitative descriptive study. BMC Nurs, 2014. 13(1):
p. 38.

Lemaire, J.B., et al., Food for thought: an exploratory study of how physicians
experience poor workplace nutrition. Nutr J, 2011. 10(1): p. 18.

de Assis, M.A., et al., Meals, snacks and food choices in Brazilian shift workers
with high energy expenditure. ] Hum Nutr Diet, 2003. 16(4): p. 283-9.
Appiakannan, H.S., et al., Differential effects of high-fat diet on glucose
tolerance, food intake, and glucocorticoid regulation in male C57BL/6J and
BALB/cJ mice. Physiol Behav, 2020. 215: p. 112773.

Arble, D.M., et al., Circadian timing of food intake contributes to weight gain.
Obesity (Silver Spring), 2009. 17(11): p. 2100-2.

Bray, M.S., et al., Time-of-day-dependent dietary fat consumption influences
multiple cardiometabolic syndrome parameters in mice. Int J Obes (Lond), 2010.
34(11): p. 1589-98.

Asher, G. and P. Sassone-Corsi, Time for food: the intimate interplay between
nutrition, metabolism, and the circadian clock. Cell, 2015. 161(1): p. 84-92.

Bass, J. and J.S. Takahashi, Circadian integration of metabolism and energetics.
Science, 2010. 330(6009): p. 1349-54.

Sasaki, H., et al., Combination of meal and exercise timing with a high-fat diet
influences energy expenditure and obesity in mice. Chronobiol Int, 2014. 31(9): p.
959-75.

157



17.

18.

19.

20.

21.

22.

23.

24.

25.

Jouffe, C., et al., The circadian clock coordinates ribosome biogenesis. PLoS
Biol, 2013. 11(1): p. €1001455.

Kojima, S., E.L. Sher-Chen, and C.B. Green, Circadian control of mRNA
polyadenylation dynamics regulates rhythmic protein expression. Genes Dev,
2012. 26(24): p. 2724-36.

Vieira, R.F.L., et al., Time-restricted feeding combined with aerobic exercise
training can prevent weight gain and improve metabolic disorders in mice fed a
high-fat diet. J Physiol, 2022. 600(4): p. 797-813.

Wolff, G. and K.A. Esser, Scheduled exercise phase shifts the circadian clock in
skeletal muscle. Med Sci Sports Exerc, 2012. 44(9): p. 1663-70.

Yamanaka, Y., S. Honma, and K. Honma, Scheduled exposures to a novel
environment with a running-wheel differentially accelerate re-entrainment of
mice peripheral clocks to new light-dark cycles. Genes Cells, 2008. 13(5): p. 497-
507.

Sato, S., et al., Time of Exercise Specifies the Impact on Muscle Metabolic
Pathways and Systemic Energy Homeostasis. Cell Metab, 2019. 30(1): p. 92-110
e4.

Teo, W., M.J. Newton, and M.R. McGuigan, Circadian rhythms in exercise
performance: implications for hormonal and muscular adaptation. J Sports Sci
Med, 2011. 10(4): p. 600-6.

Valdez, P., Circadian Rhythms in Attention. Yale J Biol Med, 2019. 92(1): p. 81-
92.

M, S. and L. L, The Body Clock Guide to Better Health: How to Use your Body's
Natural Clock to Fight Illness and Achieve Maximum Health. 1st edition ed.
2000: New York: Henry Holt and Co.

158



10.

11.

12.

13.

14.

15.

16.

17.

Bibliography

Fonken, L.K. and R.J. Nelson, The effects of light at night on circadian clocks and
metabolism. Endocr Rev, 2014. 35(4): p. 648-70.

Ramsey, K.M., et al., The clockwork of metabolism. Annu Rev Nutr, 2007. 27: p.
219-40.

Meijer, K., M. Robb, and J. Smit, Shift Work Fatigue in the Petroleum Industry: A
Proactive Fatigue Countermeasure, in SPE Annual Technical Conference and
Exhibition. 2017: San Antonio, Texas, USA.

Refinetti, R., Circadian Physiology: Early Research on Circadian Rhythms.
Third., pp. 3-28 ed. Circadian Physiology. 2016: Boca Raton, FL, Florida: CRC
Press.

Pillai, V. and C.L. Drake, Shift Work, Shift-Work Disorder, and Jet Lag, in
Principles and Practice of Sleep Medicine. 2017. p. 203-214.

Sultan, A., Identification and development of clock-modulating small molecules —
an emerging approach to fine-tune the disrupted circadian clocks. Biological
Rhythm Research, 2018.

Johnson, M.S., Activity and Distribution of Certain Wild Mice in Relation to
Biotic Communities. Journal of Mammalogy, 1926. 7(4): p. 245-277.

Navara, K.J. and R.J. Nelson, The dark side of light at night: physiological,
epidemiological, and ecological consequences. J Pineal Res, 2007. 43(3): p. 215-
24,

Albrecht, U., Timing to perfection: the biology of central and peripheral
circadian clocks. Neuron, 2012. 74(2): p. 246-60.

Lowrey, P.L. and J.S. Takahashi, Genetics of circadian rhythms in Mammalian
model organisms. Adv Genet, 2011. 74: p. 175-230.

Takahashi, J.S., Transcriptional architecture of the mammalian circadian clock.
Nat Rev Genet, 2017. 18(3): p. 164-179.

Lee, C., et al., Posttranslational mechanisms regulate the mammalian circadian
clock. Cell, 2001. 107(7): p. 855-67.

Schmutz, 1., et al., The mammalian clock component PERIOD2 coordinates
circadian output by interaction with nuclear receptors. Genes Dev, 2010. 24(4):
p. 345-57.

Gallego, M. and D.M. Virshup, Post-translational modifications regulate the
ticking of the circadian clock. Nat Rev Mol Cell Biol, 2007. 8(2): p. 139-48.

Eide, E.J., et al., The circadian regulatory proteins BMALI and cryptochromes
are substrates of casein kinase Iepsilon. J Biol Chem, 2002. 277(19): p. 17248-
54.

Lee, Y. and E.K. Kim, AMP-activated protein kinase as a key molecular link
between metabolism and clockwork. Exp Mol Med, 2013. 45: p. e33.

Meng, Q.J., et al., Setting clock speed in mammals: the CKI epsilon tau mutation
in mice accelerates circadian pacemakers by selectively destabilizing PERIOD
proteins. Neuron, 2008. 58(1): p. 78-88.

159



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lamia, K.A., et al., AMPK regulates the circadian clock by cryptochrome
phosphorylation and degradation. Science, 2009. 326(5951): p. 437-40.

Delezie, J., et al., The nuclear receptor REV-ERBalpha is required for the daily
balance of carbohydrate and lipid metabolism. FASEB J, 2012. 26(8): p. 3321-
35.

Patke, A., M.W. Young, and S. Axelrod, Molecular mechanisms and
physiological importance of circadian rhythms. Nat Rev Mol Cell Biol, 2020.
21(2): p. 67-84.

Golombek, D.A. and R.E. Rosenstein, Physiology of circadian entrainment.
Physiol Rev, 2010. 90(3): p. 1063-102.

Mircsof, D. and S.A. Brown, The Influence of Light, Exercise, ans Behavior upon
Circadian Rhythms. Encyclopedia Of Sleep, 2013. 1: p. 435-441.

Reppert, S.M. and D.R. Weaver, Coordination of circadian timing in mammals.
Nature, 2002. 418(6901): p. 935-41.

Ramkisoensing, A. and J.H. Meijer, Synchronization of Biological Clock Neurons
by Light and Peripheral Feedback Systems Promotes Circadian Rhythms and
Health. Front Neurol, 2015. 6: p. 128.

Davidson, A.J., et al., Food-anticipatory activity and liver perl-luc activity in
diabetic transgenic rats. Physiol Behav, 2002. 76(1): p. 21-6.

Feillet, C.A., et al., Restricted feeding restores rhythmicity in the pineal gland of
arrhythmic suprachiasmatic-lesioned rats. Eur J Neurosci, 2008. 28(12): p. 2451-
8.

Mrosovsky, N. and P.A. Salmon, A4 behavioural method for accelerating re-
entrainment of rhythms to new light-dark cycles. Nature, 1987. 330(6146): p. 372-
3.

Buxton, O.M., et al., Exercise elicits phase shifts and acute alterations of
melatonin that vary with circadian phase. Am J Physiol Regul Integr Comp
Physiol, 2003. 284(3): p. R714-24.

Albers, H.E., et al., The dynamics of GABA signaling: Revelations from the
circadian pacemaker in the suprachiasmatic nucleus. Front Neuroendocrinol,
2017. 44: p. 35-82.

Brown, T.M. and H.D. Piggins, Electrophysiology of the suprachiasmatic
circadian clock. Prog Neurobiol, 2007. 82(5): p. 229-55.

Shigeyoshi, Y., et al., Light-Induced Resetting of a Mammalian Circadian Clock
Is Associated with Rapid Induction of the mPerl Transcript. Cell, 1997. 91: p.
1043-1053.

Obrietan, K., S. Impey, and D.R. Storm, Light and circadian rhythmicity regulate
MAP kinase activation in the suprachiasmatic nuclei. Nat Neurosci, 1998. 1(8): p.
693-700.

Travnickova-Bendova, Z., et al., Bimodal regulation of mPeriod promoters by
CREB-dependent signaling and CLOCK/BMALI activity. Proc Natl Acad Sci U S
A, 2002.99(11): p. 7728-33.

160



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Challet, E., Minireview: Entrainment of the suprachiasmatic clockwork in diurnal
and nocturnal mammals. Endocrinology, 2007. 148(12): p. 5648-55.

Meijer, J.H., G.A. Groos, and B. Rusak, Luminance coding in a circadian
pacemaker: the suprachiasmatic nucleus of the rat and the hamster. Brain Res,
1986. 382(1): p. 109-18.

Shearman, L.P., et al., Two period homologs: circadian expression and photic
regulation in the suprachiasmatic nuclei. Neuron, 1997. 19(6): p. 1261-9.

Slotten, H.A., S. Krekling, and P. Pevet, Photic and nonphotic effects on the
circadian activity rhythm in the diurnal rodent Arvicanthis ansorgei. Behav Brain
Res, 2005. 165(1): p. 91-7.

Yan, L. and R. Silver, Resetting the brain clock: time course and localization of
mPERI and mPER?2 protein expression in suprachiasmatic nuclei during phase
shifts. Eur J Neurosci, 2004. 19(4): p. 1105-9.

Davidson, A.J., et al., Visualizing jet lag in the mouse suprachiasmatic nucleus
and peripheral circadian timing system. Eur J Neurosci, 2009. 29(1): p. 171-80.
Astiz, M., 1. Heyde, and H. Oster, Mechanisms of Communication in the
Mammalian Circadian Timing System. Int J Mol Sci, 2019. 20(2).

Oster, H., et al., The Functional and Clinical Significance of the 24-Hour Rhythm
of Circulating Glucocorticoids. Endocr Rev, 2017. 38(1): p. 3-45.

Oster, H., et al., The circadian rhythm of glucocorticoids is regulated by a gating
mechanism residing in the adrenal cortical clock. Cell Metab, 2006. 4(2): p. 163-
73.

Ishida, A., et al., Light activates the adrenal gland: timing of gene expression and
glucocorticoid release. Cell Metab, 2005. 2(5): p. 297-307.

Cheon, S., et al., Glucocorticoid-mediated Period?2 induction delays the phase of
circadian rhythm. Nucleic Acids Res, 2013. 41(12): p. 6161-74.

So, AY., et al., Glucocorticoid regulation of the circadian clock modulates
glucose homeostasis. Proc Natl Acad Sci U S A, 2009. 106(41): p. 17582-7.
Lamia, K.A., et al., Cryptochromes mediate rhythmic repression of the
glucocorticoid receptor. Nature, 2011. 480(7378): p. 552-6.

Nader, N., G.P. Chrousos, and T. Kino, Circadian rhythm transcription factor
CLOCK regulates the transcriptional activity of the glucocorticoid receptor by
acetylating its hinge region lysine cluster: potential physiological implications.
FASEB J, 2009. 23(5): p. 1572-83.

Kim, P., et al., Coupling the Circadian Clock to Homeostasis: The Role of Period
in Timing Physiology. Endocr Rev, 2019. 40(1): p. 66-95.

Klein, D.C., Arylalkylamine N-acetyltransferase: "the Timezyme". J Biol Chem,
2007. 282(7): p. 4233-7.

Pfeffer, M., H.W. Korf, and H. Wicht, Synchronizing effects of melatonin on
diurnal and circadian rhythms. Gen Comp Endocrinol, 2018. 258: p. 215-221.
Owino, S., et al., Melatonin Signaling a Key Regulator of Glucose Homeostasis
and Energy Metabolism. Front Endocrinol (Lausanne), 2019. 10: p. 488.

161



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Alonso-Vale, M.1,, et al., Melatonin and the circadian entrainment of metabolic
and hormonal activities in primary isolated adipocytes. J Pineal Res, 2008. 45(4):
p. 422-9.

Csaba, G. and P. Barath, Are Langerhan's islets influenced by the pineal body?
Experientia, 1971. 27(8): p. 962.

Diaz, B. and E. Blazquez, Effect of pinealectomy on plasma glucose, insulin and
glucagon levels in the rat. Horm Metab Res, 1986. 18(4): p. 225-9.

Mellado, C., et al., Effect of pinealectomy and of diabetes on liver insulin and
glucagon receptor concentrations in the rat. J Pineal Res, 1989. 6(4): p. 295-306.
Lima, F.B., et al.,, Pinealectomy causes glucose intolerance and decreases
adipose cell responsiveness to insulin in rats. Am J Physiol, 1998. 275(6): p.
E934-41.

Nogueira, T.C., et al., Absence of melatonin induces night-time hepatic insulin
resistance and increased gluconeogenesis due to stimulation of nocturnal
unfolded protein response. Endocrinology, 2011. 152(4): p. 1253-63.

Zanquetta, M.M., et al., Calorie restriction reduces pinealectomy-induced insulin
resistance by improving GLUT4 gene expression and its translocation to the
plasma membrane. J Pineal Res, 2003. 35(3): p. 141-8.

Anhe, G.F., et al., In vivo activation of insulin receptor tyrosine kinase by
melatonin in the rat hypothalamus. J Neurochem, 2004. 90(3): p. 559-66.

Ha, E., et al., Melatonin stimulates glucose transport via insulin receptor
substrate-1/phosphatidylinositol 3-kinase pathway in C2CI12 murine skeletal
muscle cells. J Pineal Res, 2006. 41(1): p. 67-72.

Picinato, M.C., et al., Activation of insulin and IGF-1 signaling pathways by
melatonin through MTI receptor in isolated rat pancreatic islets. J Pineal Res,
2008. 44(1): p. 88-94.

Bahr, L., et al.,, Melatonin stimulates glucagon secretion in vitro and in vivo. J
Pineal Res, 2011. 50(3): p. 336-44.

de Lima, L.M., L.C. dos Reis, and M.A. de Lima, Influence of the pineal gland on
the physiology, morphometry and morphology of pancreatic islets in rats. Braz J
Biol, 2001. 61(2): p. 333-40.

Chaix, A., et al., Time-Restricted Eating to Prevent and Manage Chronic
Metabolic Diseases. Annu Rev Nutr, 2019. 39: p. 291-315.

Wolff, G. and K.A. Esser, Scheduled exercise phase shifts the circadian clock in
skeletal muscle. Med Sci Sports Exerc, 2012. 44(9): p. 1663-70.

Damiola, F., et al., Restricted feeding uncouples circadian oscillators in
peripheral tissues from the central pacemaker in the suprachiasmatic nucleus.
Genes Dev, 2000. 14(23): p. 2950-61.

Eckel-Mahan, K. and P. Sassone-Corsi, Metabolism and the circadian clock
converge. Physiol Rev, 2013. 93(1): p. 107-35.

Collins, S., et al., Genetic vulnerability to diet-induced obesity in the C57BL/6J
mouse: physiological and molecular characteristics. Physiol Behav, 2004. 81(2):
p. 243-8.

162



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

85.

86.

Bray, M.S., et al., Quantitative analysis of light-phase restricted feeding reveals
metabolic dyssynchrony in mice. Int J Obes (Lond), 2013. 37(6): p. 843-52.
Salgado-Delgado, R.C., et al., Shift work or food intake during the rest phase
promotes metabolic disruption and desynchrony of liver genes in male rats. PLoS
One, 2013. 8(4): p. €60052.

Stokkan, K.A., et al., Entrainment of the circadian clock in the liver by feeding.
Science, 2001. 291(5503): p. 490-3.

Arble, D.M., et al., Circadian timing of food intake contributes to weight gain.
Obesity (Silver Spring), 2009. 17(11): p. 2100-2.

Bray, M.S., et al., Time-of-day-dependent dietary fat consumption influences
multiple cardiometabolic syndrome parameters in mice. Int J Obes (Lond), 2010.
34(11): p. 1589-98.

Hatori, M., et al., Time-restricted feeding without reducing caloric intake prevents
metabolic diseases in mice fed a high-fat diet. Cell Metab, 2012. 15(6): p. 848-60.
Salgado-Delgado, R., et al., Food intake during the normal activity phase
prevents obesity and circadian desynchrony in a rat model of night work.
Endocrinology, 2010. 151(3): p. 1019-29.

Edwards, A. and A. Abizaid, Clarifying the Ghrelin System's Ability to Regulate
Feeding Behaviours Despite Enigmatic Spatial Separation of the GHSR and Its
Endogenous Ligand. Int ] Mol Sci, 2017. 18(4).

LeSauter, J., et al., Stomach ghrelin-secreting cells as food-entrainable circadian
clocks. Proc Natl Acad Sci U S A, 2009. 106(32): p. 13582-7.

Feillet, C.A., et al., Lack of food anticipation in Per2 mutant mice. Curr Biol,
2006. 16(20): p. 2016-22.

Hollenberg, A.N., et al., Functional antagonism between CCAAT/Enhancer
binding protein-alpha and peroxisome proliferator-activated receptor-gamma on
the leptin promoter. J Biol Chem, 1997. 272(8): p. 5283-90.

Bodosi, B., et al., Rhythms of ghrelin, leptin, and sleep in rats: effects of the
normal diurnal cycle, restricted feeding, and sleep deprivation. Am J Physiol
Regul Integr Comp Physiol, 2004. 287(5): p. R1071-9.

Kalsbeek, A., et al., The suprachiasmatic nucleus generates the diurnal changes
in plasma leptin levels. Endocrinology, 2001. 142(6): p. 2677-85.

Scheer, F.A., et al., Adverse metabolic and cardiovascular consequences of
circadian misalignment. Proc Natl Acad Sci U S A, 2009. 106(11): p. 4453-8.
Ramsey, K.M., et al., Circadian clock feedback cycle through NAMPT-mediated
NAD+ biosynthesis. Science, 2009. 324(5927): p. 651-4.

Liu, C., et al., Transcriptional coactivator PGC-1alpha integrates the mammalian
clock and energy metabolism. Nature, 2007. 447(7143): p. 477-81.

Rutter, J., et al., Regulation of clock and NPAS2 DNA binding by the redox state
of NAD cofactors. Science, 2001. 293(5529): p. 510-4.

Um, J.H., et al., Activation of 5-AMP-activated kinase with diabetes drug
metformin induces casein kinase lepsilon (CKlepsilon)-dependent degradation of
clock protein mPer2. ] Biol Chem, 2007. 282(29): p. 20794-8.

163



87.

88.

&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Kuroda, H., et al., Meal frequency patterns determine the phase of mouse
peripheral circadian clocks. Sci Rep, 2012. 2: p. 711.

Yang, X., et al., Nuclear receptor expression links the circadian clock to
metabolism. Cell, 2006. 126(4): p. 801-10.

Yin, L., et al., Rev-erbalpha, a heme sensor that coordinates metabolic and
circadian pathways. Science, 2007. 318(5857): p. 1786-9.

Yoon, J.C., et al., Control of hepatic gluconeogenesis through the transcriptional
coactivator PGC-1. Nature, 2001. 413(6852): p. 131-8.

Lin, J., et al., Hyperlipidemic effects of dietary saturated fats mediated through
PGC-1beta coactivation of SREBP. Cell, 2005. 120(2): p. 261-73.

Puigserver, P., et al., Insulin-regulated hepatic gluconeogenesis through FOXOI-
PGC-1alpha interaction. Nature, 2003. 423(6939): p. 550-5.

Li, S. and J.D. Lin, Transcriptional control of circadian metabolic rhythms in the
liver. Diabetes Obes Metab, 2015. 17 Suppl 1: p. 33-8.

Yamanaka, Y., S. Honma, and K. Honma, Scheduled exposures to a novel
environment with a running-wheel differentially accelerate re-entrainment of
mice peripheral clocks to new light-dark cycles. Genes Cells, 2008. 13(5): p. 497-
507.

Edgar, D.M. and W.C. Dement, Regularly scheduled voluntary exercise
synchronizes the mouse circadian clock. Am J Physiol, 1991. 261(4 Pt 2): p.
R928-33.

Schroeder, A.M., et al., Voluntary scheduled exercise alters diurnal rhythms of
behaviour, physiology and gene expression in wild-type and vasoactive intestinal
peptide-deficient mice. J Physiol, 2012. 590(23): p. 6213-26.

Yamanaka, Y., S. Honma, and K. Honma, Mistimed wheel running interferes with
re-entrainment of circadian Perl rhythms in the mouse skeletal muscle and lung.
Genes Cells, 2016. 21(3): p. 264-74.

Sasaki, H., et al., Forced rather than voluntary exercise entrains peripheral
clocks via a corticosterone/noradrenaline increase in PER2::LUC mice. Sci Rep,
2016. 6: p. 27607.

Youngstedt, S.D., J.A. Elliott, and D.F. Kripke, Human circadian phase-response
curves for exercise. J Physiol, 2019. 597(8): p. 2253-2268.

Kemler, D., C.A. Wolff, and K.A. Esser, Time-of-day dependent effects of
contractile activity on the phase of the skeletal muscle clock. J Physiol, 2020.
598(17): p. 3631-3644.

Yamanaka, Y., et al., Physical exercise accelerates reentrainment of human
sleep-wake cycle but not of plasma melatonin rhythm to 8-h phase-advanced sleep
schedule. Am J Physiol Regul Integr Comp Physiol, 2010. 298(3): p. R681-91.
Zambon, A.C., et al., Time- and exercise-dependent gene regulation in human
skeletal muscle. Genome Biol, 2003. 4(10): p. R61.

Dickinson, J.M., et al., Transcriptome response of human skeletal muscle to
divergent exercise stimuli. J Appl Physiol (1985), 2018. 124(6): p. 1529-1540.

164



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Chennaoui, M., et al., Effects of moderate and intensive training on the
hypothalamo-pituitary-adrenal axis in rats. Acta Physiol Scand, 2002. 175(2): p.
113-21.

Fediuc, S., J.E. Campbell, and M.C. Riddell, Effect of voluntary wheel running on
circadian corticosterone release and on HPA axis responsiveness to restraint
stress in Sprague-Dawley rats. J Appl Physiol (1985), 2006. 100(6): p. 1867-75.
Zouhal, H., et al., Catecholamines and the effects of exercise, training and
gender. Sports Med, 2008. 38(5): p. 401-23.

Balsalobre, A., et al., Resetting of circadian time in peripheral tissues by
glucocorticoid signaling. Science, 2000. 289(5488): p. 2344-7.

Terazono, H., et al., Adrenergic regulation of clock gene expression in mouse
liver. Proc Natl Acad Sci U S A, 2003. 100(11): p. 6795-800.

Akiyama, M., et al., MAP kinase-dependent induction of clock gene expression by
alpha 1-adrenergic receptor activation. FEBS Lett, 2003. 542(1-3): p. 109-14.
Torra, L.P., et al., Circadian and glucocorticoid regulation of Rev-erbalpha
expression in liver. Endocrinology, 2000. 141(10): p. 3799-806.

Emery, A.C., Catecholamine receptors: prototypes for GPCR-based drug
discovery. Adv Pharmacol, 2013. 68: p. 335-56.

Dyar, K.A., et al., The calcineurin-NFAT pathway controls activity-dependent
circadian gene expression in slow skeletal muscle. Mol Metab, 2015. 4(11): p.
823-33.

Nakao, R., et al., Atypical expression of circadian clock genes in denervated
mouse skeletal muscle. Chronobiol Int, 2015. 32(4): p. 486-96.

Sadacca, L.A., et al., An intrinsic circadian clock of the pancreas is required for
normal insulin release and glucose homeostasis in mice. Diabetologia, 2011.
54(1): p. 120-4.

Lee, J., et al., Bmall and beta-cell clock are required for adaptation to circadian
disruption, and their loss of function leads to oxidative stress-induced beta-cell
failure in mice. Mol Cell Biol, 2013. 33(11): p. 2327-38.

Lamia, K.A., K.F. Storch, and C.J. Weitz, Physiological significance of a
peripheral tissue circadian clock. Proc Natl Acad Sci U S A, 2008. 105(39): p.
15172-7.

Reinke, H. and G. Asher, Circadian Clock Control of Liver Metabolic Functions.
Gastroenterology, 2016. 150(3): p. 574-80.

Pan, X., C.A. Bradfield, and M.M. Hussain, Global and hepatocyte-specific
ablation of Bmall induces hyperlipidaemia and enhances atherosclerosis. Nat
Commun, 2016. 7: p. 13011.

Rudic, R.D., et al., BMALI and CLOCK, two essential components of the
circadian clock, are involved in glucose homeostasis. PLoS Biol, 2004. 2(11): p.
e377.

Marcheva, B., et al., Disruption of the clock components CLOCK and BMALI
leads to hypoinsulinaemia and diabetes. Nature, 2010. 466(7306): p. 627-31.

165



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Kennaway, D.J., et al., Global loss of bmall expression alters adipose tissue
hormones, gene expression and glucose metabolism. PLoS One, 2013. 8(6): p.
e65255.

Doi, R., K. Oishi, and N. Ishida, CLOCK regulates circadian rhythms of hepatic
glycogen synthesis through transcriptional activation of GysZ2. J Biol Chem, 2010.
285(29): p. 22114-21.

Zhao, Y., et al., Loss of mPer2 increases plasma insulin levels by enhanced
glucose-stimulated insulin secretion and impaired insulin clearance in mice.
FEBS Lett, 2012. 586(9): p. 1306-11.

Zani, F., et al., PER2 promotes glucose storage to liver glycogen during feeding
and acute fasting by inducing Gys2 PTG and G L expression. Mol Metab, 2013.
2(3): p. 292-305.

Zhang, E.E., et al., Cryptochrome mediates circadian regulation of cAMP
signaling and hepatic gluconeogenesis. Nat Med, 2010. 16(10): p. 1152-6.
DeFronzo, R.A., et al., Synergistic interaction between exercise and insulin on
peripheral glucose uptake. J Clin Invest, 1981. 68(6): p. 1468-74.

Dyar, K.A., et al., Muscle insulin sensitivity and glucose metabolism are
controlled by the intrinsic muscle clock. Mol Metab, 2014. 3(1): p. 29-41.

Zisman, A., et al., Targeted disruption of the glucose transporter 4 selectively in
muscle causes insulin resistance and glucose intolerance. Nat Med, 2000. 6(8): p.
924-8.

Harfmann, B.D., et al., Muscle-specific loss of Bmall leads to disrupted tissue
glucose metabolism and systemic glucose homeostasis. Skelet Muscle, 2016. 6: p.
12.

Vieira, E., T.P. Burris, and 1. Quesada, Clock genes, pancreatic function, and
diabetes. Trends Mol Med, 2014. 20(12): p. 685-93.

Hellman, B., et al., Isolated mouse islets respond to glucose with an initial peak of
glucagon release followed by pulses of insulin and somatostatin in antisynchrony
with glucagon. Biochem Biophys Res Commun, 2012. 417(4): p. 1219-23.

Vieira, E., et al.,, The clock gene Rev-erbalpha regulates pancreatic beta-cell
function: modulation by leptin and high-fat diet. Endocrinology, 2012. 153(2): p.
592-601.

Turek, F.W., et al., Obesity and metabolic syndrome in circadian Clock mutant
mice. Science, 2005. 308(5724): p. 1043-5.

Pan, X., J. Queiroz, and M.M. Hussain, Nonalcoholic fatty liver disease in
CLOCK mutant mice. J Clin Invest, 2020. 130(8): p. 4282-4300.

Meyer-Kovac, J., et al., Hepatic gene therapy rescues high-fat diet responses in
circadian Clock mutant mice. Mol Metab, 2017. 6(6): p. 512-523.

Feng, D., et al., A circadian rhythm orchestrated by histone deacetylase 3
controls hepatic lipid metabolism. Science, 2011. 331(6022): p. 1315-9.

Kiehn, J.T., et al., Circadian Rhythms in Adipose Tissue Physiology.
Comprehensive Physiology, 2017. 7: p. 383-427.

166



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.
148.

149.

150.

151.

152.

153.

154.

155.

156.

Kondratov, R.V., et al., Early aging and age-related pathologies in mice deficient
in BMALI, the core componentof the circadian clock. Genes Dev, 2006. 20(14):
p. 1868-73.

Paschos, G.K., et al., Obesity in mice with adipocyte-specific deletion of clock
component Arntl. Nat Med, 2012. 18(12): p. 1768-77.

Barclay, J.L., et al., High-fat diet-induced hyperinsulinemia and tissue-specific
insulin resistance in Cry-deficient mice. Am J Physiol Endocrinol Metab, 2013.
304(10): p. E1053-63.

Cho, H., et al., Regulation of circadian behaviour and metabolism by REV-ERB-
alpha and REV-ERB-beta. Nature, 2012. 485(7396): p. 123-7.

Lau, P., et al., The orphan nuclear receptor, RORalpha, regulates gene expression
that controls lipid metabolism: staggerer (SG/SG) mice are resistant to diet-
induced obesity. J Biol Chem, 2008. 283(26): p. 18411-21.

Rajaratnam, S.M. and J. Arendt, Health in a 24-h society. Lancet, 2001.
358(9286): p. 999-1005.

Olson, C.M., Shift work. The Journal of Emergency Medicine, 1984. 2: p. 37-43.
Al-Khalili, J., The birth of the electric machines: a commentary on Faraday
(1832) 'Experimental researches in electricity’. Philos Trans A Math Phys Eng
Sci, 2015. 373(2039).

Moran, M.E., The light bulb, cystoscopy, and Thomas Alva Edison. ] Endourol,
2010. 24(9): p. 1395-7.

Rosa, R.R. and M.J. Colligan, Plain Language About Shifiwork. 1997.

Shiftwork - IARC Monographs on the Evaluation of Carcinogenic Risks to
Humans. Vol. 98. International Agency for Research on Cancer.

Job Flexibilities and Work Schedules Summary. 2019; Available from:
https://www.bls.gov/news.release/flex2.nr0.htm.

Medic, G., M. Wille, and M.E. Hemels, Short- and long-term health
consequences of sleep disruption. Nat Sci Sleep, 2017. 9: p. 151-161.

Wright, K.P., Jr., R K. Bogan, and J.K. Wyatt, Shift work and the assessment and
management of shift work disorder (SWD). Sleep Med Rev, 2013. 17(1): p. 41-54.
Wickwire, E.M., et al., Shift Work and Shift Work Sleep Disorder: Clinical and
Organizational Perspectives. Chest, 2017. 151(5): p. 1156-1172.

CC, C., et al. NIOSH training for nurses on shift work and long work hours. By
2015; Available from: https://www.cdc.gov/niosh/docs/2015-115/.

Weibel, L. and G. Brandenberger, Disturbances in hormonal profiles of night
workers during their usual sleep and work times. Journal of Biological Rhythms,
1998. 13(3): p. 202-208.

Drake, C.L., et al., Shift work sleep disorder: prevalence and consequences
beyond that of symptomatic day workers. Sleep, 2004. 27(8): p. 1453-62.
Quera-Salva, M.A., et al., Rapid shift in peak melatonin secretion associated with
improved performance in short shift work schedule. Sleep, 1997. 20(12): p. 1145-
50.

167



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.
169.

170.

171.

172.

173.

174.

Benhaberou-Brun, D., C. Lambert, and M. Dumont, Association between
melatonin secretion and daytime sleep complaints in night nurses. Sleep, 1999.
22(7): p. 877-85.

Dijk, D.J. and C.A. Czeisler, Contribution of the circadian pacemaker and the
sleep homeostat to sleep propensity, sleep structure, electroencephalographic
slow waves, and sleep spindle activity in humans. J Neurosci, 1995. 15(5 Pt 1): p.
3526-38.

CDC - Sleep and Sleep Disorders Data and Statistics. [cited 2020 August];
Available from: https://www.cdc.gov/sleep/data_statistics.html.

Knutson, K.L., et al., The National Sleep Foundation's Sleep Health Index. Sleep
Health, 2017. 3(4): p. 234-240.

Pilcher, J.J., B.J. Lambert, and A.I. Huffcutt, Differential effects of permanent and
rotating shifts on self-report sleep length: a meta-analytic review. Sleep, 2000.
23(2): p. 155-63.

Sateia, M.J., International classification of sleep disorders-third edition:
highlights and modifications. Chest, 2014. 146(5): p. 1387-1394.

Di Milia, L., et al., Shift work disorder in a random population sample--
prevalence and comorbidities. PLoS One, 2013. 8(1): p. €55306.

Bjorvatn, B., et al., Subjective and Objective Measures of Adaptation and
Readaptation to Night Work on an Oil Rig in the North Sea. Sleep, 2006. 29(6): p.
821-829.

Flo, E., et al., Shift work disorder in nurses--assessment, prevalence and related
health problems. PLoS One, 2012. 7(4): p. e33981.

Dingley, J., A computer-aided comparative study of progressive alertness changes
in nurses working two different night-shift rotas. J Adv Nurs, 1996. 23(6): p.
1247-53.

Lamond, N., et al., The impact of a week of simulated night work on sleep,
circadian phase, and performance. Occup Environ Med, 2003. 60(11): p. e13.
Perkins, L.A., Is the night shift worth the risk? RN, 2001. 64(8): p. 65.

Dawson, D. and K. Reid, Fatigue, alcohol and performance impairment. Nature,
1997. 388(6639): p. 235.

Bourbonnais, R., et al., Certified sick leave as a non-specific morbidity indicator:
a case-referent study among nurses. Br J Ind Med, 1992. 49(10): p. 673-8.
Ohayon, M.M., et al., Prevalence and consequences of sleep disorders in a shift
worker population. J Psychosom Res, 2002. 53(1): p. 577-83.

Merkus, S.L., et al.,, The association between shift work and sick leave: a
systematic review. Occup Environ Med, 2012. 69(10): p. 701-12.

Souza, R.V., et al., The effect of shift work on eating habits: a systematic review.
Scand J Work Environ Health, 2019. 45(1): p. 7-21.

Bonham, M.P., E.K. Bonnell, and C.E. Huggins, Energy intake of shift workers
compared to fixed day workers: A systematic review and meta-analysis.
Chronobiol Int, 2016. 33(8): p. 1086-100.

168



175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Hulsegge, G., et al., Shift workers have a similar diet quality but higher energy
intake than day workers. Scand J Work Environ Health, 2016. 42(6): p. 459-468.
Morikawa, Y., et al., Evaluation of the effects of shift work on nutrient intake: a
cross-sectional study. J Occup Health, 2008. 50(3): p. 270-8.

Gupta, C.C., et al., The factors influencing the eating behaviour of shiftworkers:
what, when, where and why. Ind Health, 2019. 57(4): p. 419-453.

Yoshizaki, T., et al., Association of eating behaviours with diurnal preference and
rotating shift work in Japanese female nurses: a cross-sectional study. BMJ
Open, 2016. 6(11): p. e011987.

Strzemecka, J., et al., Dietary habits among persons hired on shift work. Ann
Agric Environ Med, 2014. 21(1): p. 128-31.

Lowden, A., et al., Eating and shift work - effects on habits, metabolism and
performance. Scand J Work Environ Health, 2010. 36(2): p. 150-62.

Gifkins, J., A. Johnston, and R. Loudoun, The impact of shift work on eating
patterns and self-care strategies utilised by experienced and inexperienced
nurses. Chronobiol Int, 2018. 35(6): p. 811-820.

Monaghan, T., et al., Factors Influencing the Eating Practices of Hospital Nurses
During Their Shifts. Workplace Health Saf, 2018. 66(7): p. 331-342.

Kniffin, K.M., et al.,, Eating Together at the Firehouse: How Workplace
Commensality Relates to the Performance of Firefighters. Hum Perform, 2015.
28(4): p. 281-306.

Balieiro, L.C., et al., Nutritional status and eating habits of bus drivers during the
day and night. Chronobiol Int, 2014. 31(10): p. 1123-9.

Mota, M.C., et al.,, Sleep pattern is associated with adipokine levels and
nutritional markers in resident physicians. Chronobiol Int, 2014. 31(10): p. 1130-
8.

Zapka, J.M., et al., Lifestyle behaviours and weight among hospital-based nurses.
J Nurs Manag, 2009. 17(7): p. 853-60.

Fernandes Jda, C., et al., Working hours and health behaviour among nurses at
public hospitals. Rev Lat Am Enfermagem, 2013. 21(5): p. 1104-11.

Phiri, L.P., et al., Nurses' lifestyle behaviours, health priorities and barriers to
living a healthy lifestyle: a qualitative descriptive study. BMC Nurs, 2014. 13(1):
p. 38.

Lemaire, J.B., et al., Food for thought: an exploratory study of how physicians
experience poor workplace nutrition. Nutr J, 2011. 10(1): p. 18.

Nea, F.M., et al., A Qualitative Exploration of the Shift Work Experience: The
Perceived Barriers and Facilitators to a Healthier Lifestyle and the Role of the
Workplace Environment. J Occup Environ Med, 2017. 59(12): p. 1153-1160.
Gander, P.H., et al., Flight crew fatigue II: short-haul fixed-wing air transport
operations. Aviat Space Environ Med, 1998. 69(9 Suppl): p. B8-15.

Alinia, S., et al., 4 workplace feasibility study of the effect of a minimal fruit
intervention on fruit intake. Public Health Nutr, 2011. 14(8): p. 1382-7.

169



193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Leedo, E., et al., The effectiveness of healthy meals at work on reaction time,
mood and dietary intake: a randomised cross-over study in daytime and shift
workers at an university hospital. Br J Nutr, 2017. 118(2): p. 121-129.

Zhao, 1., F. Bogossian, and C. Turner, 4 cross-sectional analysis of the
association between night-only or rotating shift work and overweight/obesity
among female nurses and midwives. J Occup Environ Med, 2012. 54(7): p. 834-
40.

Aljuraiban, G.S., et al., The impact of eating frequency and time of intake on
nutrient quality and Body Mass Index: the INTERMAP Study, a Population-Based
Study. J Acad Nutr Diet, 2015. 115(4): p. 528-36 el.

Garaulet, M., et al., Timing of food intake predicts weight loss effectiveness. Int J
Obes (Lond), 2013. 37(4): p. 604-11.

Garaulet, M. and P. Gomez-Abellan, Timing of food intake and obesity: a novel
association. Physiol Behav, 2014. 134: p. 44-50.

Lennernas, M., T. Akerstedt, and L. Hambraeus, Nocturnal eating and serum
cholesterol of three-shift workers. Scand J Work Environ Health, 1994. 20(6): p.
401-6.

de Assis, M.A., et al., Meals, snacks and food choices in Brazilian shift workers
with high energy expenditure. ] Hum Nutr Diet, 2003. 16(4): p. 283-9.

Esquirol, Y., et al., Shift work and metabolic syndrome: respective impacts of job
strain, physical activity, and dietary rhythms. Chronobiol Int, 2009. 26(3): p. 544-
59.

Waterhouse, J., et al., Measurement of, and some reasons for, differences in
eating habits between night and day workers. Chronobiol Int, 2003. 20(6): p.
1075-92.

Lopez-Minguez, J., P. Gomez-Abellan, and M. Garaulet, Circadian rhythms, food
timing and obesity. Proc Nutr Soc, 2016. 75(4): p. 501-511.

Lee, .M., et al., Effect of physical inactivity on major non-communicable diseases
worldwide: an analysis of burden of disease and life expectancy. Lancet, 2012.
380(9838): p. 219-29.

Arem, H., et al., Leisure time physical activity and mortality: a detailed pooled
analysis of the dose-response relationship. JAMA Intern Med, 2015. 175(6): p.
959-67.

Organization, W.H., Global Recommendations on Physical Activity for Health.
2010.

Atkinson, G., et al., Exercise, energy balance and the shift worker. Sports Med,
2008. 38(8): p. 671-85.

Kaliterna, L.L., L.Z. Prizmic, and N. Zganec, Quality of life, life satisfaction and
happiness in shift- and non-shiftworkers. Rev Saude Publica, 2004. 38 Suppl: p.
3-10.

Chin, D.L., S. Nam, and S.J. Lee, Occupational factors associated with obesity
and leisure-time physical activity among nurses: A cross sectional study. Int J
Nurs Stud, 2016. 57: p. 60-9.

170



209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

Malik, S., H. Blake, and M. Batt, How healthy are our nurses? New and
registered nurses compared. Br J Nurs, 2011. 20(8): p. 489-96.

Neil-Sztramko, S.E., et al., Physical Activity, Physical Fitness, and Body
Composition of Canadian Shift Workers: Data From the Canadian Health
Measures Survey Cycles 1 and 2. J Occup Environ Med, 2016. 58(1): p. 94-100.
Skrbina, V. and J. Zurc, Physical activity of graduated nurses in one-and
multiple-shift work. Obzornik zdravstvene nege, 2016. 50: p. 193-206.

Loef, B., et al., Objectively measured physical activity of hospital shift workers.
Scand J Work Environ Health, 2018. 44(3): p. 265-273.

Buchvold, H.V., et al., Shift Work and Lifestyle Factors: A 6-Year Follow-Up
Study Among Nurses. Front Public Health, 2019. 7: p. 281.

Knutson, K.L., et al., The metabolic consequences of sleep deprivation. Sleep
Med Rev, 2007. 11(3): p. 163-78.

Antunes, L.C., et al., Obesity and shift work: chronobiological aspects. Nutr Res
Rev, 2010. 23(1): p. 155-68.

Conn, V.S., et al., Meta-analysis of workplace physical activity interventions. Am
J Prev Med, 2009. 37(4): p. 330-9.

To, Q.G., et al., Workplace physical activity interventions: a systematic review.
Am J Health Promot, 2013. 27(6): p. e113-23.

van Dongen, J.M., et al., Systematic review on the financial return of worksite
health promotion programmes aimed at improving nutrition and/or increasing
physical activity. Obes Rev, 2011. 12(12): p. 1031-49.

Flahr, H., W.J. Brown, and T.L. Kolbe-Alexander, 4 systematic review of
physical activity-based interventions in shift workers. Prev Med Rep, 2018. 10: p.
323-331.

Atlantis, E., et al., Worksite intervention effects on physical health: a randomized
controlled trial. Health Promot Int, 2006. 21(3): p. 191-200.

Kecklund, G. and J. Axelsson, Health consequences of shift work and insufficient
sleep. BMJ, 2016. 355: p. 15210.

Karlsson, B., A. Knutsson, and B. Lindahl, Is there an association between shift
work and having a metabolic syndrome? Results from a population based study of
27,485 people. Occup Environ Med, 2001. 58(11): p. 747-52.

De Bacquer, D., et al., Rotating shift work and the metabolic syndrome: a
prospective study. Int J Epidemiol, 2009. 38(3): p. 848-54.

Sookoian, S., et al., Effects of rotating shift work on biomarkers of metabolic
syndrome and inflammation. J Intern Med, 2007. 261(3): p. 285-92.

Stevens, R.G., Light-at-night, circadian disruption and breast cancer: assessment
of existing evidence. Int J Epidemiol, 2009. 38(4): p. 963-70.

Kohyama, J., A newly proposed disease condition produced by light exposure
during night: asynchronization. Brain Dev, 2009. 31(4): p. 255-73.

Cho, K., Chronic jet lag' produces temporal lobe atrophy and spatial cognitive
deficits. Nat Neurosci, 2001. 4(6): p. 567-8.

171



228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

Vetter, C., M. Juda, and T. Roenneberg, The influence of internal time, time
awake, and sleep duration on cognitive performance in shiftworkers. Chronobiol
Int, 2012. 29(8): p. 1127-38.

Eckel, R.H., S.M. Grundy, and P.Z. Zimmet, The metabolic syndrome. Lancet,
2005. 365(9468): p. 1415-28.

Costa, G., Shift work and health: current problems and preventive actions. Saf
Health Work, 2010. 1(2): p. 112-23.

Nagaya, T., et al., Markers of insulin resistance in day and shift workers aged 30-
59 years. Int Arch Occup Environ Health, 2002. 75(8): p. 562-8.

Suwazono, Y., et al., Shiftwork and impaired glucose metabolism: a 14-year
cohort study on 7104 male workers. Chronobiol Int, 2009. 26(5): p. 926-41.
Morikawa, Y., et al., Shift work and the risk of diabetes mellitus among Japanese
male factory workers. Scand J Work Environ Health, 2005. 31(3): p. 179-83.
Vetter, C., et al., Night Shift Work, Genetic Risk, and Type 2 Diabetes in the UK
Biobank. Diabetes Care, 2018. 41(4): p. 762-769.

Gan, Y., et al., Shift work and diabetes mellitus: a meta-analysis of observational
studies. Occup Environ Med, 2015. 72(1): p. 72-8.

Kroenke, C.H., et al., Work characteristics and incidence of type 2 diabetes in
women. Am J Epidemiol, 2007. 165(2): p. 175-83.

Mosendane, T., T. Mosendane, and F.J. Raal, Shift work and its effects on the
cardiovascular system. Cardiovasc J Afr, 2008. 19(4): p. 210-5.

Klerman, E.B., Clinical aspects of human circadian rhythms. J Biol Rhythms,
2005. 20(4): p. 375-86.

Akerstedt, T., et al., Shift work and cardiovascular disease. Scand J Work
Environ Health, 1984. 10(6 Spec No): p. 409-14.

Boggild, H. and A. Knutsson, Shift work, risk factors and cardiovascular disease.
Scand J Work Environ Health, 1999. 25(2): p. 85-99.

Fonken, L.K., et al., Dim light at night disrupts molecular circadian rhythms and
increases body weight. ] Biol Rhythms, 2013. 28(4): p. 262-71.

Fonken, L.K., et al., Light at night increases body mass by shifting the time of
food intake. Proc Natl Acad Sci U S A, 2010. 107(43): p. 18664-9.

Fonken, L.K., Z.M. Weil, and R.J. Nelson, Dark nights reverse metabolic
disruption caused by dim light at night. Obesity (Silver Spring), 2013. 21(6): p.
1159-64.

Reddy, A.B., et al., Differential resynchronisation of circadian clock gene
expression within the suprachiasmatic nuclei of mice subjected to experimental jet
lag. J Neurosci, 2002. 22(17): p. 7326-30.

Hakola, T., M. Paukkonen, and T. Pohjonen, Less quick returns--greater well-
being. Ind Health, 2010. 48(4): p. 390-4.

Hakola, T. and M. Harma, Evaluation of a fast forward rotating shift schedule in
the steel industry with a special focus on ageing and sleep. J Hum Ergol (Tokyo),
2001. 30(1-2): p. 315-9.

172



247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

Orth-Gomer, K., Intervention on coronary risk factors by adapting a shift work
schedule to biologic rhythmicity. Psychosom Med, 1983. 45(5): p. 407-15.
Mitchell, R.J. and A.M. Williamson, Evaluation of an 8 hour versus a 12 hour
shift roster on employees at a power station. Appl Ergon, 2000. 31(1): p. 83-93.
Boivin, D.B. and F.O. James, [Intermittent exposure to bright light in field
conditions. Aviat Space Environ Med, 2004. 75(3 Suppl): p. A158-60.

Boivin, D.B. and F.O. James, Circadian adaptation to night-shift work by
Judicious light and darkness exposure. J Biol Rhythms, 2002. 17(6): p. 556-67.
Harma, M.L,, et al., Physical training intervention in female shift workers: I. The
effects of intervention on fitness, fatigue, sleep, and psychosomatic symptoms.
Ergonomics, 1988. 31(1): p. 39-50.

Sadeghniiat-Haghighi, K., et al., Efficacy and hypnotic effects of melatonin in
shift-work nurses: double-blind, placebo-controlled crossover trial. J Circadian
Rhythms, 2008. 6: p. 10.

Cavallo, A., et al., Melatonin treatment of pediatric residents for adaptation to
night shift work. Ambul Pediatr, 2005. 5(3): p. 172-7.

Lowden, A., et al., Change from an 8-hour shift to a 12-hour shift, attitudes,
sleep, sleepiness and performance. Scand ] Work Environ Health, 1998. 24 Suppl
3: p. 69-75.

Axelsson, J., et al., Effects of alternating 8- and 12-hour shifts on sleep,
sleepiness, physical effort and performance. Scand J Work Environ Health, 1998.
24 Suppl 3: p. 62-8.

Boggild, H. and H.J. Jeppesen, Intervention in shift scheduling and changes in
biomarkers of heart disease in hospital wards. Scand J Work Environ Health,
2001. 27(2): p. 87-96.

Joyce, K., et al., Flexible working conditions and their effects on employee health
and wellbeing. Cochrane Database Syst Rev, 2010(2): p. CD008009.

Bambra, C.L., et al., Shifting schedules: the health effects of reorganizing shift
work. Am J Prev Med, 2008. 34(5): p. 427-434.

Garde, A.H., et al., Implementation of self-rostering (the PRIO-project): effects on
working hours, recovery, and health. Scand ] Work Environ Health, 2012. 38(4):
p. 314-26.

James, F.O., C.D. Walker, and D.B. Boivin, Controlled exposure to light and
darkness realigns the salivary cortisol rhythm in night shift workers. Chronobiol
Int, 2004. 21(6): p. 961-72.

Huang, L.B., et al., The effectiveness of light/dark exposure to treat insomnia in
female nurses undertaking shift work during the evening/night shift. J Clin Sleep
Med, 2013. 9(7): p. 641-6.

Comtet, H., et al., Light therapy with boxes or glasses to counteract effects of
acute sleep deprivation. Sci Rep, 2019. 9(1): p. 18073.

Sasseville, A., et al., Wearing blue-blockers in the morning could improve sleep
of workers on a permanent night schedule: a pilot study. Chronobiol Int, 2009.
26(5): p. 913-25.

173



264. Muehlbach, M.J. and J.K. Walsh, The effects of caffeine on simulated night-shift
work and subsequent daytime sleep. Sleep, 1995. 18(1): p. 22-9.

265. Ker, K., et al., Caffeine for the prevention of injuries and errors in shift workers.
Cochrane Database Syst Rev, 2010(5): p. CD008508.

266. Lim, S.T., et al., Effects of intermittent exercise on biomarkers of cardiovascular
risk in night shift workers. Atherosclerosis, 2015. 242(1): p. 186-90.

267. Knutsson, A., et al., Postprandial responses of glucose, insulin and triglycerides:
influence of the timing of meal intake during night work. Nutr Health, 2002.
16(2): p. 133-41.

268. Elliot, D.L., et al., The PHLAME (Promoting Healthy Lifestyles: Alternative
Models' Effects) firefighter study: outcomes of two models of behavior change. J
Occup Environ Med, 2007. 49(2): p. 204-13.

Chapter 2

1. Lowrey, P.L. and J.S. Takahashi, Genetics of circadian rhythms in Mammalian
model organisms. Adv Genet, 2011. 74: p. 175-230.

2. Takahashi, J.S., Transcriptional architecture of the mammalian circadian clock.
Nat Rev Genet, 2017. 18(3): p. 164-179.

3. Lee, C., et al., Posttranslational mechanisms regulate the mammalian circadian
clock. Cell, 2001. 107(7): p. 855-67.

4. Dufty, J.F. and K.P. Wright, Jr., Entrainment of the human circadian system by
light. J Biol Rhythms, 2005. 20(4): p. 326-38.

5. Johnston, J.D., Physiological responses to food intake throughout the day. Nutr
Res Rev, 2014. 27(1): p. 107-18.

6. Carneiro, B.T. and J.F. Araujo, Food entrainment: major and recent findings.
Front Behav Neurosci, 2012. 6: p. 83.

7. Mircsof, D. and S.A. Brown, The Influence of Light, Exercise, ans Behavior upon
Circadian Rhythms. Encyclopedia Of Sleep, 2013. 1: p. 435-441.

8. Reppert, S.M. and D.R. Weaver, Coordination of circadian timing in mammals.
Nature, 2002. 418(6901): p. 935-41.

0. Arble, D.M., et al., Circadian timing of food intake contributes to weight gain.
Obesity (Silver Spring), 2009. 17(11): p. 2100-2.

10.  Bray, M.S,, et al., Quantitative analysis of light-phase restricted feeding reveals
metabolic dyssynchrony in mice. Int J Obes (Lond), 2013. 37(6): p. 843-52.

11.  Wolff, G. and K.A. Esser, Scheduled exercise phase shifts the circadian clock in
skeletal muscle. Med Sci Sports Exerc, 2012. 44(9): p. 1663-70.

12. Sasaki, H., et al., Forced rather than voluntary exercise entrains peripheral
clocks via a corticosterone/noradrenaline increase in PER2::LUC mice. Sci Rep,
2016. 6: p. 27607.

13.  Fonken, L.K. and R.J. Nelson, The effects of light at night on circadian clocks and

metabolism. Endocr Rev, 2014. 35(4): p. 648-70.

174



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Rajaratnam, S.M. and J. Arendt, Health in a 24-h society. Lancet, 2001.
358(9286): p. 999-1005.

Ramsey, K.M., et al., The clockwork of metabolism. Annu Rev Nutr, 2007. 27: p.
219-40.

Karlsson, B., A. Knutsson, and B. Lindahl, Is there an association between shift
work and having a metabolic syndrome? Results from a population based study of
27,485 people. Occup Environ Med, 2001. 58(11): p. 747-52.

Sookoian, S., et al., Effects of rotating shift work on biomarkers of metabolic
syndrome and inflammation. J Intern Med, 2007. 261(3): p. 285-92.

De Bacquer, D., et al., Rotating shift work and the metabolic syndrome: a
prospective study. Int J Epidemiol, 2009. 38(3): p. 848-54.

Stevens, R.G., Light-at-night, circadian disruption and breast cancer: assessment
of existing evidence. Int J Epidemiol, 2009. 38(4): p. 963-70.

Kohyama, J., A newly proposed disease condition produced by light exposure
during night: asynchronization. Brain Dev, 2009. 31(4): p. 255-73.

Cho, K., Chronic jet lag' produces temporal lobe atrophy and spatial cognitive
deficits. Nat Neurosci, 2001. 4(6): p. 567-8.

Vetter, C., M. Juda, and T. Roenneberg, The influence of internal time, time
awake, and sleep duration on cognitive performance in shiftworkers. Chronobiol
Int, 2012. 29(8): p. 1127-38.

Herichova, 1., Changes of physiological functions induced by shift work. Endocr
Regul, 2013. 47(3): p. 159-70.

Cox, N.J., Speaking Stata: Creating and varying box plots. The Stata Journal,
2009. 9(3): p. 478-496.

Borniger, J.C., et al., Acute dim light at night increases body mass, alters
metabolism, and shifts core body temperature circadian rhythms. Chronobiol Int,
2014. 31(8): p. 917-25.

Fonken, L.K., et al., Light at night increases body mass by shifting the time of
food intake. Proc Natl Acad Sci U S A, 2010. 107(43): p. 18664-9.

Aubrecht, T.G., R. Jenkins, and R.J. Nelson, Dim light at night increases body
mass of female mice. Chronobiol Int, 2015. 32(4): p. 557-60.

Voigt, RM., et al., Circadian disorganization alters intestinal microbiota. PLoS
One, 2014. 9(5): p. €97500.

Dauchy, R.T., et al., Dark-phase light contamination disrupts circadian rhythms
in plasma measures of endocrine physiology and metabolism in rats. Comp Med,
2010. 60(5): p. 348-56.

Cordeira, J. and D. Monahan, Voluntary wheel running reduces weight gain in
mice by decreasing high-fat food consumption. Physiol Behav, 2019. 207: p. 1-6.
Pendergast, J.S., et al., Wheel-running activity modulates circadian organization
and the daily rhythm of eating behavior. Front Psychol, 2014. 5: p. 177.
Nascimento-Sales, M., et al., Is the FVB/N mouse strain truly resistant to diet-
induced obesity? Physiol Rep, 2017. 5(9).

175



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Figueiro, M.G., et al., Glucose tolerance in mice exposed to light-dark stimulus
patterns mirroring dayshift and rotating shift schedules. Sci Rep, 2017. 7: p.
40661.

Nascimento, N.F., et al., Long-term wheel-running and acute 6-h advances alter
glucose tolerance and insulin levels in TALLYHO/JngJ mice. Chronobiol Int,
2016. 33(1): p. 108-16.

Yasumoto, Y., R. Nakao, and K. Oishi, Free access to a running-wheel advances
the phase of behavioral and physiological circadian rhythms and peripheral
molecular clocks in mice. PLoS One, 2015. 10(1): p. e0116476.

Ono, T., Y. Simizu, and M. Yoshida, Characteristics of wheel-running in nine
inbred strains of male mice under 12L-12D cycle. ] Mamm Soc Jpn, 1992. 16(2):
p. 47-58.

Barclay, J.L., et al., Circadian desynchrony promotes metabolic disruption in a
mouse model of shiftwork. PLoS One, 2012. 7(5): p. e37150.

Hsieh, W.H., et al., Simulated shift work in rats perturbs multiscale regulation of
locomotor activity. J R Soc Interface, 2014. 11(96).

Fuss, J., et al., Voluntary exercise induces anxiety-like behavior in adult
C57BL/6J mice correlating with hippocampal neurogenesis. Hippocampus, 2010.
20(3): p. 364-76.

Legates, T.A., D. Dunn, and E.T. Weber, Accelerated re-entrainment to advanced
light cycles in BALB/cJ mice. Physiol Behav, 2009. 98(4): p. 427-32.

Akiyama, M., et al., MAP kinase-dependent induction of clock gene expression by
alpha 1-adrenergic receptor activation. FEBS Lett, 2003. 542(1-3): p. 109-14.
Wang, J. and M.A. Lazar, Bifunctional role of Rev-erbalpha in adipocyte
differentiation. Mol Cell Biol, 2008. 28(7): p. 2213-20.

Preitner, N., et al., The orphan nuclear receptor REV-ERBalpha controls
circadian transcription within the positive limb of the mammalian circadian
oscillator. Cell, 2002. 110(2): p. 251-60.

Fonken, L.K., et al., Dim light at night disrupts molecular circadian rhythms and
increases body weight. ] Biol Rhythms, 2013. 28(4): p. 262-71.

Salgado-Delgado, R.C., et al., Shift work or food intake during the rest phase
promotes metabolic disruption and desynchrony of liver genes in male rats. PLoS
One, 2013. 8(4): p. €60052.

Yamamuro, D., et al., Peripheral circadian rhythms in the liver and white adipose
tissue of mice are attenuated by constant light and restored by time-restricted
feeding. PLoS One, 2020. 15(6): p. €0234439.

Szantoova, K., et al., Effect of phase delay lighting rotation schedule on daily
expression of per2, bmall, rev-erbalpha, pparalpha, and pdk4 genes in the heart
and liver of Wistar rats. Mol Cell Biochem, 2011. 348(1-2): p. 53-60.

Wu, T., et al., Effects of light cues on re-entrainment of the food-dominated
peripheral clocks in mammals. Gene, 2008. 419(1-2): p. 27-34.

Zhang, S., et al., Signalling entrains the peripheral circadian clock. Cell Signal,
2020. 69: p. 109433.

176



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Kroon, J., et al., 4 physiological glucocorticoid rhythm is an important regulator
of brown adipose tissue function. Mol Metab, 2021. 47: p. 101179.

Kohsaka, A., et al., High-fat diet disrupts behavioral and molecular circadian
rhythms in mice. Cell Metab, 2007. 6(5): p. 414-21.

Damiola, F., et al., Restricted feeding uncouples circadian oscillators in
peripheral tissues from the central pacemaker in the suprachiasmatic nucleus.
Genes Dev, 2000. 14(23): p. 2950-61.

Jang, H., et al., Feeding period restriction alters the expression of peripheral
circadian rhythm genes without changing body weight in mice. PLoS One, 2012.
7(11): p. e49993.

Reznick, J., et al., Altered feeding differentially regulates circadian rhythms and
energy metabolism in liver and muscle of rats. Biochim Biophys Acta, 2013.
1832(1): p. 228-38.

Monetti, M., et al., Dissociation of hepatic steatosis and insulin resistance in mice
overexpressing DGAT in the liver. Cell Metab, 2007. 6(1): p. 69-78.

Yang, X., et al., Nuclear receptor expression links the circadian clock to
metabolism. Cell, 2006. 126(4): p. 801-10.

Barbera, M.J., et al., Peroxisome proliferator-activated receptor alpha activates
transcription of the brown fat uncoupling protein-1 gene. A link between
regulation of the thermogenic and lipid oxidation pathways in the brown fat cell. J
Biol Chem, 2001. 276(2): p. 1486-93.

Fedorenko, A., P.V. Lishko, and Y. Kirichok, Mechanism of fatty-acid-dependent
UCPI uncoupling in brown fat mitochondria. Cell, 2012. 151(2): p. 400-13.
Lamia, K.A., et al., AMPK regulates the circadian clock by cryptochrome
phosphorylation and degradation. Science, 2009. 326(5951): p. 437-40.

Davies, S.P., et al., Diurnal rhythm of phosphorylation of rat liver acetyl-CoA
carboxylase by the AMP-activated protein kinase, demonstrated using freeze-
clamping. Effects of high fat diets. Eur J Biochem, 1992. 203(3): p. 615-23.
Shostak, A., J. Meyer-Kovac, and H. Oster, Circadian regulation of lipid
mobilization in white adipose tissues. Diabetes, 2013. 62(7): p. 2195-203.

Holm, C., Molecular mechanisms regulating hormone-sensitive lipase and
lipolysis. Biochem Soc Trans, 2003. 31(Pt 6): p. 1120-4.

Lamia, K.A., K.F. Storch, and C.J. Weitz, Physiological significance of a
peripheral tissue circadian clock. Proc Natl Acad Sci U S A, 2008. 105(39): p.
15172-7.

Guillam, M.T., R. Burcelin, and B. Thorens, Normal hepatic glucose production
in the absence of GLUT?2 reveals an alternative pathway for glucose release from
hepatocytes. Proc Natl Acad Sci U S A, 1998. 95(21): p. 12317-21.

Xie, X., et al., Natural food intake patterns have little synchronizing effect on
peripheral circadian clocks. BMC Biol, 2020. 18(1): p. 160.

Gachon, F., et al., The mammalian circadian timing system: from gene expression
to physiology. Chromosoma, 2004. 113(3): p. 103-12.

177



67.

68.

69.

70.

71.

72.

73.

74.

75.

Vollmers, C., et al., Time of feeding and the intrinsic circadian clock drive
rhythms in hepatic gene expression. Proc Natl Acad Sci U S A, 2009. 106(50): p.
21453-8.

Chaix, A., A. Zarrinpar, and S. Panda, The circadian coordination of cell biology.
J Cell Biol, 2016. 215(1): p. 15-25.

Asher, G. and P. Sassone-Corsi, Time for food: the intimate interplay between
nutrition, metabolism, and the circadian clock. Cell, 2015. 161(1): p. 84-92.

Bass, J. and J.S. Takahashi, Circadian integration of metabolism and energetics.
Science, 2010. 330(6009): p. 1349-54.

Phiri, L.P., et al., Nurses' lifestyle behaviours, health priorities and barriers to
living a healthy lifestyle: a qualitative descriptive study. BMC Nurs, 2014. 13(1):
p. 38.

Lemaire, J.B., et al., Food for thought: an exploratory study of how physicians
experience poor workplace nutrition. Nutr J, 2011. 10(1): p. 18.

de Assis, M.A., et al., Meals, snacks and food choices in Brazilian shift workers
with high energy expenditure. ] Hum Nutr Diet, 2003. 16(4): p. 283-9.
Appiakannan, H.S., et al., Differential effects of high-fat diet on glucose
tolerance, food intake, and glucocorticoid regulation in male C57BL/6J and
BALB/cJ mice. Physiol Behav, 2020. 215: p. 112773.

Bray, M.S., et al., Time-of-day-dependent dietary fat consumption influences
multiple cardiometabolic syndrome parameters in mice. Int J Obes (Lond), 2010.
34(11): p. 1589-98.

Chapter 3

1.

Navara, K.J. and R.J. Nelson, The dark side of light at night: physiological,
epidemiological, and ecological consequences. J Pineal Res, 2007. 43(3): p. 215-
24,

Golombek, D.A. and R.E. Rosenstein, Physiology of circadian entrainment.
Physiol Rev, 2010. 90(3): p. 1063-102.

Albrecht, U., Timing to perfection: the biology of central and peripheral
circadian clocks. Neuron, 2012. 74(2): p. 246-60.

Feillet, C.A., et al., Restricted feeding restores rhythmicity in the pineal gland of
arrhythmic suprachiasmatic-lesioned rats. Eur J Neurosci, 2008. 28(12): p. 2451-
8.

Buxton, O.M., et al., Exercise elicits phase shifts and acute alterations of
melatonin that vary with circadian phase. Am J Physiol Regul Integr Comp
Physiol, 2003. 284(3): p. R714-24.

Eckel, R.H., S.M. Grundy, and P.Z. Zimmet, The metabolic syndrome. Lancet,
2005. 365(9468): p. 1415-28.

Costa, G., Shift work and health: current problems and preventive actions. Saf
Health Work, 2010. 1(2): p. 112-23.

178



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Nagaya, T., et al., Markers of insulin resistance in day and shift workers aged 30-
59 years. Int Arch Occup Environ Health, 2002. 75(8): p. 562-8.

Suwazono, Y., et al., Shiftwork and impaired glucose metabolism: a 14-year
cohort study on 7104 male workers. Chronobiol Int, 2009. 26(5): p. 926-41.
Morikawa, Y., et al., Shift work and the risk of diabetes mellitus among Japanese
male factory workers. Scand J Work Environ Health, 2005. 31(3): p. 179-83.
Vetter, C., et al., Night Shift Work, Genetic Risk, and Type 2 Diabetes in the UK
Biobank. Diabetes Care, 2018. 41(4): p. 762-769.

Boggild, H. and A. Knutsson, Shift work, risk factors and cardiovascular disease.
Scand J Work Environ Health, 1999. 25(2): p. 85-99.

Mosendane, T., T. Mosendane, and F.J. Raal, Shift work and its effects on the
cardiovascular system. Cardiovasc J Afr, 2008. 19(4): p. 210-5.

Shiftwork - IARC Monographs on the Evaluation of Carcinogenic Risks to
Humans. Vol. 98. International Agency for Research on Cancer.

Hakola, T., M. Paukkonen, and T. Pohjonen, Less quick returns--greater well-
being. Ind Health, 2010. 48(4): p. 390-4.

Hakola, T. and M. Harma, Evaluation of a fast forward rotating shift schedule in
the steel industry with a special focus on ageing and sleep. J Hum Ergol (Tokyo),
2001. 30(1-2): p. 315-9.

Orth-Gomer, K., Intervention on coronary risk factors by adapting a shift work
schedule to biologic rhythmicity. Psychosom Med, 1983. 45(5): p. 407-15.
Mitchell, R.J. and A.M. Williamson, Evaluation of an 8 hour versus a 12 hour
shift roster on employees at a power station. Appl Ergon, 2000. 31(1): p. 83-93.
Boivin, D.B. and F.O. James, Intermittent exposure to bright light in field
conditions. Aviat Space Environ Med, 2004. 75(3 Suppl): p. A158-60.

Boivin, D.B. and F.O. James, Circadian adaptation to night-shift work by
Jjudicious light and darkness exposure. J Biol Rhythms, 2002. 17(6): p. 556-67.
Harma, M.1,, et al., Physical training intervention in female shift workers: I. The
effects of intervention on fitness, fatigue, sleep, and psychosomatic symptoms.
Ergonomics, 1988. 31(1): p. 39-50.

Sadeghniiat-Haghighi, K., et al., Efficacy and hypnotic effects of melatonin in
shift-work nurses: double-blind, placebo-controlled crossover trial. J Circadian
Rhythms, 2008. 6: p. 10.

Cavallo, A., et al., Melatonin treatment of pediatric residents for adaptation to
night shift work. Ambul Pediatr, 2005. 5(3): p. 172-7.

Flahr, H., W.J. Brown, and T.L. Kolbe-Alexander, 4 systematic review of
physical activity-based interventions in shift workers. Prev Med Rep, 2018. 10: p.
323-331.

Lim, S.T., et al., Effects of intermittent exercise on biomarkers of cardiovascular
risk in night shift workers. Atherosclerosis, 2015. 242(1): p. 186-90.

Knutsson, A., et al., Postprandial responses of glucose, insulin and triglycerides:
influence of the timing of meal intake during night work. Nutr Health, 2002.
16(2): p. 133-41.

179



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Elliot, D.L., et al., The PHLAME (Promoting Healthy Lifestyles: Alternative
Models' Effects) firefighter study: outcomes of two models of behavior change. J
Occup Environ Med, 2007. 49(2): p. 204-13.

Hatori, M., et al., Time-restricted feeding without reducing caloric intake prevents
metabolic diseases in mice fed a high-fat diet. Cell Metab, 2012. 15(6): p. 848-60.
Arble, D.M., et al., Circadian timing of food intake contributes to weight gain.
Obesity (Silver Spring), 2009. 17(11): p. 2100-2.

Bray, M.S., et al., Quantitative analysis of light-phase restricted feeding reveals
metabolic dyssynchrony in mice. Int J Obes (Lond), 2013. 37(6): p. 843-52.
Yamamuro, D., et al., Peripheral circadian rhythms in the liver and white adipose
tissue of mice are attenuated by constant light and restored by time-restricted
feeding. PLoS One, 2020. 15(6): p. €0234439.

Chaix, A., et al., Time-Restricted Feeding Prevents Obesity and Metabolic
Syndrome in Mice Lacking a Circadian Clock. Cell Metab, 2019. 29(2): p. 303-
319 e4.

Wolff, G. and K.A. Esser, Scheduled exercise phase shifts the circadian clock in
skeletal muscle. Med Sci Sports Exerc, 2012. 44(9): p. 1663-70.

Yamanaka, Y., S. Honma, and K. Honma, Scheduled exposures to a novel
environment with a running-wheel differentially accelerate re-entrainment of
mice peripheral clocks to new light-dark cycles. Genes Cells, 2008. 13(5): p. 497-
507.

Sasaki, H., et al., Forced rather than voluntary exercise entrains peripheral
clocks via a corticosterone/noradrenaline increase in PER2::LUC mice. Sci Rep,
2016. 6: p. 27607.

Zambon, A.C., et al., Time- and exercise-dependent gene regulation in human
skeletal muscle. Genome Biol, 2003. 4(10): p. R61.

Dickinson, J.M., et al., Transcriptome response of human skeletal muscle to
divergent exercise stimuli. J Appl Physiol (1985), 2018. 124(6): p. 1529-1540.
Yamanaka, Y., et al., Physical exercise accelerates reentrainment of human
sleep-wake cycle but not of plasma melatonin rhythm to 8-h phase-advanced sleep
schedule. Am J Physiol Regul Integr Comp Physiol, 2010. 298(3): p. R681-91.
Shabrish, V., et al., Acute exposure to rotating shift work alters activity patterns,
core clock, and metabolic gene expression in mice. In preparation.

Flanagan, A., et al., Dietary Patterns of Nurses on Rotational Shifts Are Marked
by Redistribution of Energy into the Nightshift. Nutrients, 2020. 12(4).

Fonken, L.K., et al., Dim light at night disrupts molecular circadian rhythms and
increases body weight. J Biol Rhythms, 2013. 28(4): p. 262-71.

Fonken, L.K., et al., Dim light at night exaggerates weight gain and inflammation
associated with a high-fat diet in male mice. Endocrinology, 2013. 154(10): p.
3817-25.

Borniger, J.C., et al., Acute dim light at night increases body mass, alters
metabolism, and shifts core body temperature circadian rhythms. Chronobiol Int,
2014. 31(8): p. 917-25.

180



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Szantoova, K., et al., Effect of phase delay lighting rotation schedule on daily
expression of per2, bmall, rev-erbalpha, pparalpha, and pdk4 genes in the heart
and liver of Wistar rats. Mol Cell Biochem, 2011. 348(1-2): p. 53-60.

Kim, SM., et al., Shift work cycle-induced alterations of circadian rhythms
potentiate the effects of high-fat diet on inflammation and metabolism. FASEB J,
2018. 32(6): p. 3085-3095.

Salgado-Delgado, R.C., et al., Shift work or food intake during the rest phase
promotes metabolic disruption and desynchrony of liver genes in male rats. PLoS
One, 2013. 8(4): p. €60052.

Regmi, P., et al., Early or delayed time-restricted feeding prevents metabolic
impact of obesity in mice. J Endocrinol, 2021. 248(1): p. 75-86.

Xie, X., et al., Natural food intake patterns have little synchronizing effect on
peripheral circadian clocks. BMC Biol, 2020. 18(1): p. 160.

Wooten, J.S., et al., The effects of voluntary wheel running during weight-loss on
biomarkers of hepatic lipid metabolism and inflammation in C57Bl/6J mice. Curr
Res Physiol, 2022. 5: p. 63-72.

Copes, L.E., et al., Effects of voluntary exercise on spontaneous physical activity
and food consumption in mice: Results from an artificial selection experiment.
Physiol Behav, 2015. 149: p. 86-94.

Swallow, J.G., et al., Food consumption and body composition in mice selected
for high wheel-running activity. ] Comp Physiol B, 2001. 171(8): p. 651-9.
Foright, R M., et al., Compensatory eating behaviors in male and female rats in
response to exercise training. Am J Physiol Regul Integr Comp Physiol, 2020.
319(2): p. R171-R183.

Bjursell, M., et al., Acutely reduced locomotor activity is a major contributor to
Western diet-induced obesity in mice. Am J Physiol Endocrinol Metab, 2008.
294(2): p. E251-60.

Appiakannan, H.S., et al., Differential effects of high-fat diet on glucose
tolerance, food intake, and glucocorticoid regulation in male C57BL/6J and
BALB/cJ mice. Physiol Behav, 2020. 215: p. 112773.

Fonken, L.K., et al., Light at night increases body mass by shifting the time of
food intake. Proc Natl Acad Sci U S A, 2010. 107(43): p. 18664-9.

Nascimento, N.F., et al., Long-term wheel-running and acute 6-h advances alter
glucose tolerance and insulin levels in TALLYHO/JngJ mice. Chronobiol Int,
2016. 33(1): p. 108-16.

Howlett, K.F., et al., Exercise-induced muscle glucose uptake in mice with
graded, muscle-specific GLUT-4 deletion. Physiol Rep, 2013. 1(3): p. €00065.

Yu, Q., et al., Chronic aerobic exercise improves insulin sensitivity and modulates
Nrf2 and NFkappaB/lkappaBalpha pathways in the skeletal muscle of rats fed
with a high fat diet. Mol Med Rep, 2019. 20(6): p. 4963-4972.

Schroeder, A.M., et al., Voluntary scheduled exercise alters diurnal rhythms of
behaviour, physiology and gene expression in wild-type and vasoactive intestinal
peptide-deficient mice. J Physiol, 2012. 590(23): p. 6213-26.

181



60.

61.

62.

63.

64.

65.

66.

Bilu, C., et al., Beneficial effects of voluntary wheel running on activity rhythms,
metabolic state, and affect in a diurnal model of circadian disruption. Sci Rep,
2022.12(1): p. 2434.

Tsai, L.L. and Y.C. Tsai, The effect of scheduled forced wheel activity on body
weight in male F344 rats undergoing chronic circadian desynchronization. Int J
Obes (Lond), 2007. 31(9): p. 1368-77.

Manzanares, G., G. Brito-da-Silva, and P.G. Gandra, Voluntary wheel running:
patterns and physiological effects in mice. Braz J] Med Biol Res, 2018. 52(1): p.
€7830.

Kim, Y.J., et al., 4 comparison of the metabolic effects of treadmill and wheel
running exercise in mouse model. Lab Anim Res, 2020. 36: p. 3.

Schmitt, A., et al., Skeletal muscle effects of two different 10-week exercise
regimens, voluntary wheel running, and forced treadmill running, in mice: A pilot
study. Physiol Rep, 2020. 8(20): p. €14609.

Sasaki, H., et al., Combination of meal and exercise timing with a high-fat diet
influences energy expenditure and obesity in mice. Chronobiol Int, 2014. 31(9): p.
959-75.

Steyermark, A.C. and P.J. Mueller, Cage size affects feeding and energetics of
captive rodents. Physiol Biochem Zool, 2002. 75(2): p. 209-13.

Chapter 4

Nascimento-Sales, M., et al., Is the FVB/N mouse strain truly resistant to diet-
induced obesity? Physiol Rep, 2017. 5(9).

Buettner, R., J. Scholmerich, and L.C. Bollheimer, High-fat diets: modeling the
metabolic disorders of human obesity in rodents. Obesity (Silver Spring), 2007.
15(4): p. 798-808.

Kim, D.H., et al., Increased adipose tissue hypoxia and capacity for angiogenesis
and inflammation in young diet-sensitive C57 mice compared with diet-resistant
FVB mice. Int J Obes (Lond), 2013. 37(6): p. 853-60.

Taketo, M., et al., FVB/N: an inbred mouse strain preferable for transgenic
analyses. Proc Natl Acad Sci U S A, 1991. 88(6): p. 2065-9.

Fonken, L.K., et al., Dim light at night disrupts molecular circadian rhythms and
increases body weight. J Biol Rhythms, 2013. 28(4): p. 262-71.

Barclay, J.L., et al., Circadian desynchrony promotes metabolic disruption in a
mouse model of shiftwork. PLoS One, 2012. 7(5): p. e37150.

Yang, J., et al., Destructive Changes in the Neuronal Structure of the FVB/N
Mouse Retina. PLoS One, 2015. 10(6): p. e0129719.

182



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Phiri, L.P., et al., Nurses' lifestyle behaviours, health priorities and barriers to
living a healthy lifestyle: a qualitative descriptive study. BMC Nurs, 2014. 13(1):
p. 38.

Lemaire, J.B., et al., Food for thought: an exploratory study of how physicians
experience poor workplace nutrition. Nutr J, 2011. 10(1): p. 18.

de Assis, M.A., et al., Meals, snacks and food choices in Brazilian shift workers
with high energy expenditure. ] Hum Nutr Diet, 2003. 16(4): p. 283-9.
Appiakannan, H.S., et al., Differential effects of high-fat diet on glucose
tolerance, food intake, and glucocorticoid regulation in male C57BL/6J and
BALB/cJ mice. Physiol Behav, 2020. 215: p. 112773.

Arble, D.M., et al., Circadian timing of food intake contributes to weight gain.
Obesity (Silver Spring), 2009. 17(11): p. 2100-2.

Bray, M.S., et al., Time-of-day-dependent dietary fat consumption influences
multiple cardiometabolic syndrome parameters in mice. Int J Obes (Lond), 2010.
34(11): p. 1589-98.

Asher, G. and P. Sassone-Corsi, Time for food: the intimate interplay between
nutrition, metabolism, and the circadian clock. Cell, 2015. 161(1): p. 84-92.

Bass, J. and J.S. Takahashi, Circadian integration of metabolism and energetics.
Science, 2010. 330(6009): p. 1349-54.

Sasaki, H., et al., Combination of meal and exercise timing with a high-fat diet
influences energy expenditure and obesity in mice. Chronobiol Int, 2014. 31(9): p.
959-75.

Jouffe, C., et al., The circadian clock coordinates ribosome biogenesis. PLoS
Biol, 2013. 11(1): p. €1001455.

Kojima, S., E.L. Sher-Chen, and C.B. Green, Circadian control of mRNA
polyadenylation dynamics regulates rhythmic protein expression. Genes Dev,
2012. 26(24): p. 2724-36.

Vieira, R.F.L., et al., Time-restricted feeding combined with aerobic exercise
training can prevent weight gain and improve metabolic disorders in mice fed a
high-fat diet. J Physiol, 2022. 600(4): p. 797-813.

Wolff, G. and K.A. Esser, Scheduled exercise phase shifts the circadian clock in
skeletal muscle. Med Sci Sports Exerc, 2012. 44(9): p. 1663-70.

Yamanaka, Y., S. Honma, and K. Honma, Scheduled exposures to a novel
environment with a running-wheel differentially accelerate re-entrainment of
mice peripheral clocks to new light-dark cycles. Genes Cells, 2008. 13(5): p. 497-
507.

Sato, S., et al., Time of Exercise Specifies the Impact on Muscle Metabolic
Pathways and Systemic Energy Homeostasis. Cell Metab, 2019. 30(1): p. 92-110
e4.

Teo, W., M.J. Newton, and M.R. McGuigan, Circadian rhythms in exercise
performance: implications for hormonal and muscular adaptation. J Sports Sci
Med, 2011. 10(4): p. 600-6.

183



24.

25.

Valdez, P., Circadian Rhythms in Attention. Yale J Biol Med, 2019. 92(1): p. 81-
92.

M, S. and L. L, The Body Clock Guide to Better Health: How to Use your Body's
Natural Clock to Fight Illness and Achieve Maximum Health. 1st edition ed.
2000: New York: Henry Holt and Co.

184



185



