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Abstract

The circadian system serves one of the most fundamental properties present in nearly all
organisms: it generates 24-hr rhythms in behavioral and physiological processes and enables
anticipating and adapting to daily environmental changes. Recent studies indicate that the

circadian system is important in regulating the daily rhythm in glucose metabolism. Disturbance of

this circadian control or of its coordination relative to the environmental/behavioral cycle, such as

in shift work, eating late or due to genetic changes, results in disturbed glucose control and
increased type 2 diabetes risk. Therefore, an in-depth understanding of the mechanisms underlying
glucose regulation by the circadian system and its disturbance may help in the development of
therapeutic interventions against the deleterious health consequences of circadian disruption.
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l. Lifestyle changes relevant to circadian disturbances and type 2 diabetes

risk

Over the past decades, type 2 diabetes (T2D) has reached epidemic proportions worldwide
and is projected to reach 439 million by 2030 [1]. The increasing prevalence of T2D can be
attributed to dramatic lifestyle changes in response to the industrialization of modern society
that may not be limited to changes in our diet and physical activity. It is estimated that
15-20% of the working population is involved in shift work and cross-time-zone travel [2];
more than 80% of the US population is regularly exposed to artificial light at night [3];
50-70 million US adults have chronic sleep and wakefulness disorders [4]; and 70% of
surveyed population in central Europe suffers from social jet lag [5]. In addition, irregular
eating patterns and reduced daylight exposure are also common lifestyles changes in the
modern 24/7 society [6, 7]. There is convincing evidence that all these lifestyle changes
contribute to circadian (see glossary) disturbances [8-10]. Recently, accumulating
epidemiological evidence has indicated that circadian disturbances in the forms of shift work
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[11, 12], late meal timing [6], late chronotype [13, 14], social jet lag [15], and sleep loss [16]
are associated with increased risks of T2D. Evidence for a causal role of circadian disruption
in the increased risk for T2D is provided by experimental studies showing that circadian
disruption leads to impaired glucose control in healthy participants [17]. Moreover, the long-
known daily rhythms in glucose control in both healthy humans and rodents have raised the
question, what the contribution is of the endogenous circadian system. Therefore, in this
review, we discuss the most current state of knowledge regarding the role of the circadian
system in glucose control in human and rodent models, the mechanism underlying the
association between circadian disruption and T2D, and potential therapeutic strategies to
counteract the health hazards caused by circadian disruption.

Il. Diurnal and circadian rhythms in glucose metabolism

It has been recognized for nearly five decades that, in normal human subjects, there is a
diurnal rhythm in glucose tolerance. Oral glucose, intravenous glucose infusions, and
identical meals all results in a significantly higher elevation of plasma glucose (i.e., lower
glucose tolerance) in the evening than in the morning [18]. Similar diurnal rhythms have
also been observed in rodents, such as in mice and rats. However, because they are nocturnal
(i.e., active at night), they have lower glucose tolerance during the daytime (resting phase)
than nighttime (active phase) [19]. There are multiple factors that could contribute to the
reduced glucose tolerance, including decreased insulin sensitivity, excessive hepatic glucose
production (HGP), and decreased beta-cell function. Multiple studies have shown that in
healthy humans, both insulin sensitivity and beta-cell responsivity to glucose are lower at
dinner than at breakfast [18]. The role of HGP in the diurnal regulation of glucose
homeostasis in normoglycemic humans is still not clear. While some studies showed a sleep-
associated fall in HGP [20] and an increased HGP at dawn [21], other studies found no
diurnal rhythm in 24-hr fasting HGP [22] or a lower pre-meal HGP at breakfast comparing
to lunch and dinner [23]. Different meal schedule on the test day in these studies may
contribute to the different observation. However, convincing evidence has demonstrated a
clear diurnal rhythm of HGP in patients with T2D that contributes to the dawn phenomenon
(hyperglycemia in the morning) often observed in the diabetic patients [18, 22]. The elevated
morning HGP before breakfast could be due to a prolonged overnight fast and the resultant
surge of counterregulatory hormones (e.g., cortisol, growth hormones, norepinephrine)
and/or due to a circadian modulation of HGP as suggested by rodent studies [19].

Lessons from human studies

Behavioral factors, such as food intake, fasting duration and activity level, are known to
strongly impact glucose metabolism [6, 24, 25]. Therefore, due to the presence of a
behavioral cycle (feeding/fasting, sleep/wake cycle, etc.) that occurs concurrent with the
endogenous circadian cycle in the above studies, it is not possible to assess the independent
effect of the circadian system on the 24-hr diurnal variations in glucose metabolism. There
are a number of experimental protocols used in humans to disentangle the influence of the
endogenous circadian system from the influences of environmental and behavioral cycles, as
well as to look at their interaction (i.e., the effect of circadian misalignment, discussed
below). One approach has been to displace the sleep episode by keeping individuals awake
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during their habitual sleep time and, instead scheduling daytime sleep (Figure 1A) [26].
This protocol takes advantage of the fact that the circadian system is slow to re-entrain to a
shifted behavioral/environmental cycle. In healthy participants, using such a protocol in
combination with constant glucose infusion and a seated posture, a significant rise in glucose
level was observed at a time corresponding to the habitual sleep period, even though the
participants were kept awake during that time [26]. As this rise occurred in the absence of
sleep and of a fasting/feeding cycle, the result indicated circadian regulation of plasma
glucose level in humans.

A similar but more standardized approach is the Constant Routine (CR) protocol, in which
participants are kept awake in dim light to minimize the influence of light on the circadian
system, and under strict semi-recumbent posture with equally spaced isocaloric snacks.
Hereby, the CR protocol removes the periodic influence from light/dark, feeding/fasting,
sleep/wake, rest/activity and postural cycles which are known to affect many physiological
outputs [27] (Figure 1B). Under CR conditions, plasma glucose levels show a clear but
relatively small circadian rhythm with a peak in the circadian night [28], consistent with the
results from aforementioned study [26].

One limitation of both the displaced sleep protocol and the CR protocol is the gradually
increasing homeostatic sleep pressure across the forced wakefulness, which may influence
the outcome variable of interest, in this case plasma glucose control. One protocol designed
to minimize such influence is the forced desynchrony (FD) protocol during which the study
participants are scheduled to live on a behavioral cycle that is outside the range of
entrainment of the central circadian pacemaker, e.g., a 20-hr or 28-hr cycle, under dim light
conditions (Figure 1C). Under these conditions, the circadian system will express its
internal circadian period. As a result, the scheduled behavioral cycle (including fasting/
feeding, sleep/wake, and rest/activity under dime light conditions) is distributed evenly
across all circadian phases, allowing the study of the separate effects of the circadian system
from those of the behavioral cycles — as well as their interacting effects, i.e., circadian
alignment vs. circadian misalignment which will be discussed next [29]. Under such FD
conditions, a significant circadian rhythm in plasma glucose with a relatively small peak
during the biological night is also observed [29]. This consistent finding across the three
aforementioned protocols (including either continuous glucose infusion, small snacks, or
meals), of a circadian peak in plasma glucose concentrations in the biological night,
indicates that the endogenous circadian rhythm in glucose control in humans is robust.

Decreased glucose tolerance is a risk factor for and diagnostic measure of T2D. In healthy,
normoglycemic individuals, glucose tolerance in response to an identical meal is relatively
impaired in the evening and night, as compared to the morning [30]. A recent study tested
whether this difference in glucose tolerance between morning and evening/night was due to
an influence of the circadian system or of the behavioral and environmental cycle (e.g.,
overnight fasting, sleep, inactivity and darkness preceding the morning and a shorter fast,
extended wakefulness, physical activity, and light exposure preceding the evening). The
study used a randomized, crossover design to determine glucose tolerance in response to
identical mixed meals, using a rapid 12-h shift of the behavioral/environmental cycle. The
meals were given in the circadian morning and circadian evening, when the behavioral and
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environmental cycle was either aligned or misaligned relative to the endogenous circadian
system [31] (Figure 1D). A substantially larger contribution from the endogenous circadian
system to the morning-evening difference in glucose tolerance was found, as compared to
the combined behavioral/environmental differences between morning and evening,
suggesting a dominating role of the endogenous circadian system in the morning-evening
difference in glucose tolerance.

Limited lessons from animal experimental studies

Few studies have tried to disassociate the circadian effects from behavior cycle effects in in-
vivo rodent models, partly because it is difficult to control their behavior and keep them
continuously inactive and awake without anesthesia or without causing restraint stress.
Feeding regimens, such as evenly distributed food intake over 24 hr, have been used in rats
to demonstrate a daily rhythm in glucose control and meal-induced insulin responses
independent of the rhythm in food intake [19, 32]. However, because sleep and physical
activity were not uniformly distributed across the day and night in those studies, it cannot be
excluded that the presence of a sleep/wake and rest/activity cycle contributes to this rhythm
in glucose metabolism. Despite the above limitations, animal models have their own
advantages, especially when it comes to exploring mechanism (See Box.2).

lll. Mechanisms linking circadian disruption and glucose metabolism

Given the clear circadian regulation of glucose metabolism, it is not surprising that
disruption of the circadian system exerts adverse effects on glucose metabolism. As the term
“circadian disruption” describes various circumstances, different experimental strategies
have been used to investigate its metabolic consequences (Figure 2). Generally speaking,
circadian disruption is a disturbance of biological timing, which can occur at different
organizational levels and/or between different organizational levels, ranging from molecular
rhythms (See Box 1) in individual cells to misalignment of behavioral cycles with
environmental changes [33]. The Key Figure (Figure 3) presents a schematic depiction of
the different types of circadian disruption. When studying the mechanisms of circadian
disruption on glucose metabolism, it should be noted that different experimental approaches
may lead to different levels of circadian disruption, thus resulting in different metabolic
consequences through different pathways.

One common tool used here is the genetic animal model with loss-of-function mutations in
circadian genes. Global circadian mutants are commonly used to elucidate the importance of
the molecular clock to glucose metabolism [34]. However, because glucose regulation is a
tightly controlled process involving multiple organs, these studies cannot distinguish the
effects of different central/peripheral clocks. Therefore, tissue-specific knockout studies are
needed to delineate how the circadian clock in each peripheral tissue contributes to the
observed metabolic phenotypes and whether these effects are independent of changes in
circadian rhythms in locomotor activity (that are primarily driven by the master pacemaker).
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Impact of BMALL tissue-specific deletion in rodents

BMALI is a transcription factor and core clock gene that drives rhythmic gene expression
and regulates biological functions under circadian control. Liver-specific Bmall knockout
(L-BmalIKO) mice were first shown to exhibit hypoglycemia during the fasting phase, and
increased glucose tolerance [34], which might be masked by reduced gluconeogenic gene
expression when fed a chow diet. When challenged with high-fat diet, the L- Bmal//KO mice
developed hepatic insulin resistance due to the accumulation of oxidative stress caused by
dysfunctional mitochondria in the liver [35].

Deletion of Bmall in pancreatic beta-cells seems to have a pronounced effect on glucose
tolerance, since these mice have diminished glucose-stimulated insulin secretion due to
defective insulin exocytosis [36], and elevated oxidative stress [37]. When challenged with a
high-fat diet, the normal adaptive beta-cell expansion is absent in these mice due to
diminished cell proliferation and increased apoptosis [38].

In muscle-specific Bmall knockout mice, neither glucose tolerance nor insulin tolerance
tests show any significant differences under chow-diet [39]. However, a closer look revealed
defective muscle glucose uptake in-vitro [39], and reduced expression of circadian genes
involved in glucose utilization [40].

Adipocyte-specific Bmall knockout in mice does not result in changes in insulin sensitivity
or downstream insulin signaling in the adipose tissue, even on a high-fat diet and with

significantly more weight gain [41].

These tissue-specific studies show that ablation of Bmall in various tissues causes different
effects on glucose homeostasis. Bmall is widely used in tissue-specific studies as the only
core circadian gene which can confer arrhythmicity with a single knockout. However, it
should be pointed out that since Bmall also has non-circadian functions, the phenotypes
observed in Bmall knockout animals may not be totally attributed to disruption of the
molecular clock [42]. For example, opposite to L- Bmal/KO mice, RNAi-mediated
knockdown of Cry/ and Cry2, both essential for maintenance of circadian rhythms, in the
liver in-vivo, increased circulating glucose level and glucagon-stimulated hepatic glucose
production [43]. In addition, clock genes also can play a role in development [44].
Therefore, studies on inducible tissue-specific double knockout of other clock genes are
needed to verify these findings. Alternatively, constitutive expression of clock gene models
could unravel whether the expression of clock genes or their rhythmicity is vital to glucose

homeostasis.

Environmental and behavioral circadian misalignment

Besides genetic models, environmental/behavioral protocols to induce circadian
misalignment are often used in both animal and human studies to explore the physiological/
pathological consequences of circadian disruption. It should be pointed out that circadian
misalignment protocols involve a collection of behavioral cycles [29, 31, 45] (e.g., sleep/
wake, fasting/feeding, rest/activity, and posture cycles), as well as a light/dark cycle [46-51]
that can be misaligned separately or in concert relative to the central circadian clock. Most
protocols induce circadian misalignment by uncoupling overall behavioral cycles (the
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collection of all behavioral cycles) and/or light/dark cycles from the central circadian clock.
As people become more aware of the different contributions of specific environmental/
behavioral cycles to the metabolic consequences of misalignment, specific circadian
misalignment protocols aiming to dissect the differential effects and mechanisms will be
important in determining effective behavioral interventions for maladaptation to circadian
misalignment. In human studies, for example, in the aforementioned 10-day FD protocol
[29], circadian misalignment induced glucose intolerance quickly (within three days) in
previously normoglycemic participants, seemingly due to a reduction in insulin sensitivity
and insufficient beta-cell compensation. FD plus sleep restriction for 3 weeks led to more
severe metabolic outcomes, as both increased postprandial glucose level and reduced insulin
response were observed [52]. Because circadian misalignment in the ‘real world” doesn't
happen in the form of 28-hr days under dim light, Morris et al. recently conducted a
simulated night shift protocol to simulate more realistic conditions. In this study, a rapid 12-
hr inversion of the behavioral and environmental (light/dark) cycles decreased postprandial
glucose tolerance, possibly by decreasing insulin sensitivity [31], and these adverse
metabolic effects were also observed in chronic shift workers who underwent a similar
protocol [53]. The above studies, using statistical methods, suggested that the effects of
circadian misalignment were at least in part independent of the sleep loss (which is itself a
consequence of circadian misalignment) [29, 31, 53]. By keeping the sleep duration identical
in both circadian alignment and misalignment groups (by restricting it to the same amount),
Leproult et al. could show experimentally that circadian misalignment reduced insulin
sensitivity independently of sleep loss [45]. These results together indicate that circadian
misalignment influences metabolism above and beyond the effects of circadian
misalignment-induced sleep loss.

Among all the components of behavioral misalignment, disrupted sleep/wake and feeding/
fasting cycles are two major aspects of circadian misalignment, which have received a lot of
attention recently. Therefore, in the next part, we discuss the differential effects of sleep/
wake cycle, food timing, and circadian system on metabolism in addition to the mechanisms

mediating those effects.

Consequences of disrupted sleep/wake cycle and food timing

Without explicit circadian misalignment (although sleep disturbances may cause them, for
example due to changes in the light/dark cycle), sleep disturbances per se are known to
result in impaired glucose tolerance and increased diabetes risks [16]. The mechanisms
linking sleep disturbances with glucose metabolism are still under investigation. One study
suggested that 4 nights of sleep restriction in healthy lean human participants reduced
peripheral insulin sensitivity in part by altering the insulin signaling pathways in the white
adipose tissues [54]. However, how sleep loss influences fat cell biology is still unknown.
Another possible explanation is elevated plasma cortisol levels and activation of the
sympathetic nervous system that has been shown by studies including sleep restriction [55],
since both factors can promote insulin resistance and abnormalities in glucose metabolism
[56, 57]. In the long run, sleep restriction may also contribute to obesity - a major risk factor
for insulin resistance, since it appears to increase caloric consumption in excess of changes
in daily energy expenditure [59] and without increases in physical activity [58]. Sleep
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disturbances impair glucose tolerance even without restriction of sleep duration, as both
sleep fragmentation and selective suppression of slow-wave sleep without change in total
sleep duration have been shown to reduce glucose tolerance in health human participants
[55, 60]. It is known that sleep is regulated by 2 primary biological processes: sleep
homeostasis (increasing sleep drive with increasing duration of wakefulness) and the
circadian system [61]. Based on this circadian influence, sleep at an abnormal circadian time
results in reduced sleep duration and altered sleep architecture [62, 63]. Thus, sleep
disturbances may partially (but not fully, see above) mediate the relationship between
circadian misalignment and abnormal glucose metabolism. On the other hand, sleep
disturbances may lead to circadian misalignment [64-67], which raises the possibility that
circadian misalignment and disrupted sleep/wake form a vicious circle that contributes to the
metabolic dysfunctions through both shared and differential pathways.

A late eating pattern is another modern life style that may lead to a certain degree of
circadian misalignment. Emerging evidence indicates that a late eating pattern can exert
negative impacts on glucose control. On the one hand, late meal timing may cause insulin
resistance indirectly by increasing body weight [68-70]. On the other hand, even after
adjusted for body mass index (BMI), a habit of late-night-dinner eating is still associated
with hyperglycemia [71]. In addition, in-laboratory studies show that experimentally
delaying meals in healthy individuals decreases glucose tolerance [72, 73]. Because the
circadian system causes glucose tolerance to decrease as the day progresses [31], the
observed decrease in postprandial glucose tolerance when eating late may be due to a later
time of food intake relative to the circadian system. Interestingly, in rodents it has been
demonstrated that feeding can entrain peripheral clocks (especially those in the digestive
system) without altering the SCN rhythm [74]. In this way, misaligned feeding can lead to
internal misalignment between the central and peripheral clocks, so called internal
desynchrony (Figure 3). Future studies are required to test whether food timing can also
induce internal desynchrony in humans. Such internal misalignment may compromise
glucose tolerance by disturbing the time-coordinated tissue functions. Furthermore, a
number of studies proposed that feeding-related hormones, such as insulin [75], glucagon-
like peptide-1 (GLP-1) [76], and oxyntomodulin [77], can act as entrainment signals for
peripheral clocks. However, it is not known how these feeding-related entrainment signals
interact with those controlled by central clock (body temperature, glucocorticoids, etc.), and
how these mixed signals affect the molecular clock and metabolic functions of each

peripheral tissue.

IV. Clinical implication; prevention and treatment

Given the increasing prevalence of circadian disruption and its deleterious health
consequences, it is important to prevent and minimize circadian disruptions in our daily life
and their detrimental effects. Currently, a growing number of researchers are looking for
interventions ranging from modulating environmental cues to manipulation of molecular
machinery. First, at the environmental level, recommendations include increasing daytime
light exposure while minimizing artificial light at night. For those already suffering from
circadian disorders, bright light treatment can be considered [78]. Second, at the behavioral
level, we need to increase public awareness about healthy timing of sleep and food intake
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(although knowledge on the best timing of the latter is still very much in development).
When shift work is unavoidable, shift work schedules with gradual phase delay instead of
abrupt schedule inversion, and personalized shift (and sleep) schedules based on chronotype
may be also beneficial [79]. Regarding food timing, animal studies have suggested that time-
restricted feeding (TRF) beneficially effects metabolism. In these studies, restricting feeding
to the active phase can limit body weight gain without decreased caloric intake in rodents
with simulated night work schedules [80] or exposed to light at night [81]. Future studies are
required to determine how to best use meal timing as an intervention against circadian
disruption in humans, and what the relative importance is of timing of food intake as
opposed to lengthening the duration of fasting that is typical in most TRF protocols [6].
Third, at the physiological level, administration of circadian-related hormones might be a
therapeutic strategy. For example, melatonin is a hormone produced in the pineal gland at
night, acutely inhibited by light exposure, tightly controlled by the SCN and can act as an
entrainment signal for the circadian system [33]. The relatively recent discovery of the
strong association between MTNR /B (gene for melatonin type 2 receptor, expressed in
various tissues including pancreatic beta-cells) variants and T2D risks [82-84], has raised the
question whether supplementing melatonin can be used in the treatment or prevention for
T2D. However, as existing studies have showed opposite effects of in vivo/in vitro [85, 86],
acute/chronic [87, 88] and diurnal human/nocturnal rodent [89] melatonin administration,
future studies aimed to clarify the exact action and functional impact of melatonin need to
take these aspects into consideration. Last but not least, small molecules that can modulate
the circadian clock are also emerging as putative therapeutic agents. As these small
molecules have the potential to change the period, increase the amplitude, or shift the phase
of the clock machinery [90, 91], they may be useful to minimize the duration of individual's

exposure to an unhealthy, misaligned state.

V. Concluding Remarks

In recent years, the role of the circadian system in the control of glucose metabolism gained
clinical interest based on epidemiological data linking lifestyles related to circadian
disruption to increased risks of T2D and obesity. A role of the circadian system in the daily
glucose control was further indicated by human in-laboratory studies demonstrating a
circadian rhythm in glucose control, independent of the behavioral influences. Animal
studies have shown that circadian regulation of glucose metabolism can happen at the level
of the central clock within the SCN and at the level of peripheral clocks. The SCN exerts a
direct influence on glucose metabolism through ANS and hormonal outputs. Peripheral
clocks influence glucose metabolism by governing the circadian expression of genes
involved in cellular metabolic pathways. It is still not clear how these different levels of
circadian regulation are coordinated with each other to achieve optimal glucose control (see
Outstanding Questions). An emerging area of research is trying to address this question
with systems biology approaches (e.g. transcriptomics, epigenomics, proteomics,
metabolomics and network analysis). On the other side, glucose homeostasis is a
physiological process governed by multiple organs, including liver, pancreas, muscle,
adipose tissues, and gut. Rodent studies with tissue-specific Bmall knockout have suggested
varying impacts of different tissues. For this reason, future human studies are needed to
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conduct in-depth metabolic phenotyping to unravel tissue-specific contributions (e.g., stable
isotope methods) to locate the sites of defect during circadian disruption which will help in
the development of therapeutics. Another way to counter the detrimental effects of circadian
disruption is through behavioral/environmental interventions. Proof-of-concept studies in
rodents examining the feasibility of behavioral interventions to optimize circadian function
in the prevention or treatment of diabetes are just emerging. Future studies in human are
needed to determine the separate and interacting influences of specific behavioral/
environmental cycles and circadian rhythms on glucose metabolism as well as the
underlying mechanism. This will help us design recommendations for the timing of
behavioral and environmental factors such as meals and lighting to optimize glucose control
in both shift workers and the general population.
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Outstanding Questions

¢ How do the SCN and peripheral oscillators talk to each other to achieve optimal
glucose control? What is the relative role of the autonomic nervous system,
humoral factors and peripheral clocks in the regulation of glucose metabolism?
System biology approaches integrating ‘omics’ techniques followed by targeted
experimental approaches are needed to unravel potential mechanistic pathways.

¢ What is the relative contribution of different organs to disturbed glucose control
during circadian disruption? In-depth glucose metabolic phenotyping, such as rate
of gluconeogenesis, rate of insulin extraction/secretion, glucose disposal, and
peripheral/hepatic insulin sensitivity, is required for targeting the primary sites
impacted by circadian disruption.

¢ What are the separate and interacting influences of the sleep/wake cycle, fasting/
feeding cycle, dark/light cycle, central clock and peripheral clocks on glucose
metabolism? What are the mechanisms mediating those effects?

¢ How can we prevent or minimize the adverse physiological consequences of
circadian disruption caused by lifestyles such as night shift work? What are the
underlying mechanisms? How can we best design general and personalized
behavioral and environmental recommendations (e.g., eating and lighting
schedules)? Can we use melatonin to optimize glucose control?

Glossary

Chronotype: A measure of preferred timing of sleep and activity. This is typically assessed
by questionnaires, such as the Horne-Ostberg Questionnaire or the Munich Chronotype

Questionnaire.

Circadian misalignment: A circadian rhythm being in abnormal phase relationship with
other cycles (e.g., with the environmental light/dark cycle or other circadian rhythms).
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Circadian phase: The timing of a consistent point in the circadian cycle, such as the peak or
trough. The circadian phase of the central pacemaker in humans is usually determined by
circadian markers such as dim-light, melatonin onset, or the time of the core body
temperature minimum, assessed under a circadian protocol (such as constant routine or
forced desynchrony protocol, see text).

Circadian rhythm: An endogenous biological rhythm with a ~24-h period that is persistent
under constant environmental conditions. It can be synchronized to the environmental cycle
by the light/dark cycle. In order to determine whether rhythms are driven by the endogenous
circadian system, and not a secondary “masking” consequence of behaviors, such as sleep,
activity, and food intake (often driven by non-circadian mechanisms, especially in humans),
it is necessary to assess endogenous circadian rhythms in the absence of 24-h rhythms in
behavior (i.e., constant routine protocol), or when behaviors are uniformly distributed across
the circadian cycle (i.e., forced desynchrony protocol).

Diurnal rhythm: Daily changes in physiology or behavior across the 24-h light/dark cycle.
In conditions in which environmental and behavioral changes are present (e.g., light—dark
cycle), it is impossible to tell whether and to what degree a diurnal rhythm is endogenously
generated, and/or a consequence of changes in behaviors or the environment.

Melatonin: A hormone mainly synthesized and secreted by the pineal gland in a circadian
manner: high circulating concentrations at night and near-undetectable concentrations during
the day in both diurnal and nocturnal mammals. It is well-known as a phase marker of the
timing of the central clock, for its central role in the entrainment of the circadian system and
for its soporific properties.

Peripheral oscillators/clocks: Circadian oscillators/clocks located outside of the SCN and
in virtually all cells and organs, such as in other brain regions, liver, heart, pancreas, kidneys,
lungs, intestines, skin and lymphocytes. Depending on the context, the term peripheral clock
typically refers to the molecular machinery generating the circadian rhythm (e.g.,
transcription-translation feedback loop[s]) and peripheral oscillator typically refers to the
peripheral cell(s) able to generate cell-autonomous circadian rhythms.

Slow wave sleep (SWS): Also called Stage 3 sleep, characterized by a larger amount of
synchronized slow-wave EEG (brainwave activity) than in other stages. It is considered the
deepest Non-REM sleep as it is the hardest stage from which to awaken.

Social jetlag: The misalignment between the circadian system and the sleep/wake cycle and
the accompanying symptoms brought on by the shift in sleep schedule between workdays
and days off. These are similar to those experienced after traveling rapidly across different

time zones (i.e., jet lag).

Zeitgeber: Literally time-giver, a time cue that can phase shift a circadian rhythm.
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Text Box 1: The organization of the mammal circadian system

Since the beginning of life on earth, some 3.5 billion years ago, life has been exposed to
the cycle of day and night. Most life has adapted to this predictable daily rhythm and has
developed an internal circadian timing system to anticipate these changes. One of the
proposed main purposes of having a coherent circadian system is to generate daily
rhythms in biological and physiological processes so that the individual can be better
prepared for the rhythmic changes in the environment. In mammals, this is achieved by a
hierarchy of multiple circadian oscillators, consisting of the central clock located in the
hypothalamic suprachiasmatic nucleus (SCN) and peripheral oscillators in nearly every
other tissue and cell type. The SCN can be synchronized with the 24-hr light-dark cycle
through direct photic inputs received from the retina and transmitted via the
retinohypothalamic tract. To maintain the peripheral oscillators in proper phase
relationships with each other, the SCN conveys its temporal information to them through
multiple pathways, including direct neural projections and hormonal signals, or indirectly
by modulating body temperature and behavior cycles [92]. It is now known that besides
the temporal cues given by the SCN, peripheral oscillators can also be directly entrained
by various other stimuli, with feeding being the dominant entrainment signal for many
[74].

Even under constant environmental conditions, both the SCN and peripheral oscillators
are still able to maintain their rhythmicity. This is mainly attributed to the cell-
autonomous intracellular molecular clock composed of highly-conserved transcriptional-
translational feedback loops. Lying at the heart of this molecular clock, the transcriptional
factors CLOCK and BMALL1 form a heterodimeric complex which activates transcription
of period (PER) genes and cryptochrome (CRY) genes through a circadian E-box
regulatory element. Once synthesized, PER and CRY negatively feedback to suppress the
CLOCK:BMALI1-mediated transcription, thus inhibiting their own expression [92]. Post-
translational modification of these core clock genes together with the presence of other
interlocking feedback loops, such as the ROR-REV-ERB-associated loop and the D-site
of albumin promoter-binding protein (DBP)—E4 promoter-binding protein 4 (E4BP4)-
associated loop, fine-tunes the core feedback loop to a period close to 24 hr [93]. This
clockwork circuitry can directly drive the circadian expression of various output genes
related to cellular functions in a tissue-specific manner, thus translating the molecular
oscillation into the circadian rhythm of diverse physiological and metabolic processes
[94].
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Text Box 2: Mechanisms of circadian regulation of glucose metabolism at
the level of the SCN and peripheral clocks

The SCN has multi-synaptic projections to many glucose-metabolism-related organs,
including liver, adipose tissues, and pancreas. Studies have shown a clear functional
relevance of the autonomic projections to the liver [95]. Future studies are needed to
clarify such relevance for other tissues involved in glucose control. Various glucose-
metabolism-related hormones are driven by the circadian system [33]. Glucocorticoid
levels rise during sleep and peak at the start of the active phase, both in nocturnal and
diurnal mammals. Epinephrine, an important counterregulatory hormone, displays a
strong and consistent endogenous circadian oscillation in humans, with a broad peak
during the middle of the biological day [96]. However, its role towards the decreasing
glucose tolerance across the biological day is unclear. The role of melatonin will be
discussed in section I'V.

Peripheral clocks contribute to circadian glucose control through generating tissue-
specific thythmic gene expression. Early microarray studies showed that ~10% of the
transcriptome exhibits daily oscillation with only ~1-3% overlap shared among different
organs [97]. These ubiquitous rhythmic transcripts are enriched with core clock genes,
whereas genes oscillating in a tissue-dependent manner are largely tied to tissue-specific
functions. While microarray studies demonstrate diurnal rhythms in transcription, ChIP-
seq studies show direct circadian transcriptional regulation through clock-related
transcription factors binding (e.g., CLOCK:BMALI to E-box, REV-ERBs to RORE, and
DBP to DBPE). Recent studies revealed that circadian transcriptional regulation also
occurs through epigenetic modification and chromatin remodeling. This mechanism is
tightly linked to cellular metabolic status and allows for large-scale transcriptional
regulation by altering nearby DNA accessibility [98]. In addition, circadian control of
poly(A) tail-length can contribute to the circadian mRNA rhythms through regulation of
mRNA stability [97]. Surprisingly, hepatic proteomic analysis shows an even higher
percentage of soluble protein oscillation with half of the cycling protein lacking a
corresponding cycling transcript [97], suggesting a prominent contribution of post-
transcriptional/translational regulation to circadian protein expression. Studies focusing
on post-transcriptional/translational regulation of clock targets are just emerging. Future
work is needed to elucidate underlying mechanisms and their role in circadian

metabolism.
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Trends Box

- Many aspects of the modern life style, including shift work, social jet lag,
disturbed/short sleep, light at night, and late eating have been associated with
increased risk for adverse metabolic consequences, including T2D.

- Misalignment of (specific) behavioral/environmental cycles relative to the circadian
system results in adverse metabolic consequences and thus may provide a
mechanism underlying the aforementioned associations.

- Recent human studies suggest a dominating role for the circadian system in the
daily variation in glucose tolerance, independent of behaviors.

- Determining the relative role and optimal use of different behavioral/environmental
interventions (e.g., timing of food, sleep, activity, and light) will be important in
developing approaches in the prevention and treatment of circadian disruption and its
adverse metabolic consequences.
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Figure 1. Protocols to assess circadian effects

A) An inverted sleep-wake cycle protocol includes a period of extended wakefulness where

sleep is displaced to the daytime (e.g., by 12 hr in this example). Study participants are

sometimes required to have minimal physical activity, constant body posture, and/or

constant nutritional state (e.g., constant glucose infusion). B) The Constant Routine (CR)

protocol requires participants to remain awake, at rest, in a constant posture, with isocaloric

intake distributed at equal intervals and under dim light conditions (to prevent the influence

of light on the circadian system). CR protocols last longer than 24 hr allowing assessment of

an entire circadian cycle after removal of the first few (transition) hr. C) The Forced

Desynchrony (FD) protocol includes non-24-hr behavioral cycles (e.g., 28 or 20 hr,

including sleep/wake and fasting/feeding cycles) under dim light conditions. The sleep:wake

ratio is typically (although not necessarily) maintained at a 1:2 ratio. D) A misalignment

protocol that simulates night work is compared with an alignment protocol simulating day

work using a within-participant, cross-over design in randomized order. The independent
effects are assessed by i) averaging breakfast (B 5 and By) and dinner (D5 and Dyy) values
separately (behavioral effect); ii) averaging (B 5 and Dyy) and (D4 and By) values separately

(circadian phase effect); iii) averaging (B and Dp) and (By; and Dy) values within each

protocol (circadian misalignment effect). The concentric circles indicate the phase
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relationship among environmental cycle (grey), behavioral cycle (blue), and the central clock
(green) in each protocol. A filled grey/blue circle means constant environment/behaviors.
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Figure 2. Different strategies to study the adverse effects of circadian disruption in rodents and

humans

1) Light is the strongest Zeitgeber for the central clock. Light/dark cycles are widely used in

both human and rodent experimental studies to modulate and disturb the circadian system.

Environmental light conditions are often considered in human observational studies. 2) In

experimental studies, behavioral misalignment with the central clock is achieved by

manipulation of specific behavioral cycles. Lifestyles related to circadian disruption (as

shown) are often assessed in human observational studies. 3) Considering the importance of

melatonin in the circadian system, melatonin administration and suppression of endogenous

melatonin (e.g. bright light treatment, pinealectomy) can be used as experimental approaches

to alter the circadian system. Low nocturnal melatonin levels have also been found in T2D

patients [99]. In rodent, SCN lesioning has been used as a circadian disruption model. In

human postmortem studies, changes in the anatomy of the SCN has been found in

Alzheimer's patients who are also known to display circadian deficits. 4) Rodent models

with genetic mutations in core clock genes have been used to study the role of molecular

clock. Studying the function of clock genes in human is difficult. One approach is to study

polymorphisms in those genes. Another is by manipulating clock gene expression in human

isolated tissues.
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Figure 3. Circadian disruption at different levels
First, at a systemic level, circadian disruption occurs when environmental cycles (black

square wave, e.g., light/dark cycle; which we refer to as “environmental misalignment”)
and/or behavioral cycles (green square wave, e.g., sleep/wake, fasting/feeding, rest/activity
cycle; “behavioral misalignment”) are misaligned relative to the central clock in the SCN
(red cosine). Alternatively, exposure to light at night can shift the central clock, which can
cause misalignment of the central clock with the behavioral cycle if the behavioral cycle
doesn't shift, which may occur in an intensive care unit. Second, at an organismal level,
circadian disruption can be caused by internal misalignment (also called “internal
desynchrony”) between the central clock and peripheral clocks (blue cosine), which can be
induced by, e.g., misaligned eating (although direct evidence in humans is missing). It also
refers to misalignment among peripheral clocks in different organs, where peripheral clocks
are in abnormal phase relationships with each other. At a tissue level, circadian disruption
can be caused by desynchronization among cells within a tissue (clocks in each individual
organs and/or cells are represented as black cosine) Finally, at cellular level, expression of
clock genes should also follow particular phase relationships that can be disturbed. Note that

Trends Endocrinol Metab. Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Qian and Scheer

Page 23

the illustrated phases of the cosine/square wave curves in the Figure does not necessarily
convey the time of the highest levels, but conveys a conceptual illustration of alignment
(when the acrophases, or timing of peaks, occur at an optimal phase relationship) versus
misalignment (when the relationships between acrophases are abnormal).
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