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Abstract

Daily rhythms in behavior, physiology, and metabolism are an integral part of homeostasis. These
rhythms emerge from interactions among endogenous circadian clocks, ambient light-dark-, sleep-
activity-, and eating-fasting cycles. Nearly the entire primate genome shows daily rhythms in
expression in a tissue- and locus- specific manner. These molecular rhythms modulate several key
aspects of cellular and tissue function with profound implications in public health, disease
prevention and disease management. In modern societies light at night disrupts circadian rhythms
which leads to further disruption of sleep and eating-fasting cycles. While acute circadian
disruption may cause transient discomfort or exacerbate chronic diseases, chronic circadian
disruption can enhance risks for numerous diseases. The molecular understanding of circadian
rhythms is opening new therapeutic frontiers placing the circadian clock in a central role. Here we
review recent advancements on how to enhance our circadian clock through behavioral
interventions, timing of drug administration and pharmacological targeting of circadian clock
components that are already providing new preventive and therapeutic strategies for several
diseases including metabolic syndrome and cancer.
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The overlooked common sense — circadian rhythms are not solely driven
by circadian clocks.

Ever since French Botanist Jean-Jacques d’Ortous de Mairan put a Mimosa pudica plant in
his basement wine cellar and observed an endogenous rhythm in leaf movement [1], the
interest in understanding circadian rhythms have been focused on the intrinsic rhythms
generated by an endogenous circadian clock (see Glossary). However, during the focused
pursuit of the endogenous circadian time keeping mechanism, a large proportion of the field
has often overlooked that daily rhythms under normal living conditions emerge from an
interaction between endogenous circadian clocks and various rhythmic behaviors and/or
environmental factors. Sometimes, even in the complete absence of an endogenous circadian
clock, some (if not all) 24 hours rhythms in physiology, metabolism and in activity-rest
behavior can be driven by imposed rhythms in feeding-fasting or light-dark cycles [2]. In
recent years, research on factors that influence endogenous circadian clocks, known as
zeitgebers (time-givers), and clock outputs have converged on a few broad areas. Circadian
clocks reciprocally regulate daily rhythms in hunger-satiety, activity-rest, and body
temperature. One of the strongest zeitgebers is light. Ambient light information is
transmitted through blue-light sensitive and melanopsin expressing retinal ganglion cells to
entrain the master circadian oscillator present in the hypothalamus, the suprachiasmatic
nucleus (SCN) (see Glossary), to the light-dark cycle [3]. The design of these emergent
rhythms, in which the light-dark cycle, feeding-fasting, and activity-rest patterns (Figure 1)
can modulate the phase and amplitude of circadian clocks, offers an adaptive advantage to
animals. It allows them to adapt their circadian rhythms to changes in day length as in
different seasons or availability of food. However, in modern societies, extended periods of
electrical illumination after sunset, and associated reduction in sleep and increased
availability of energy dense and appetizing diet have made both acute and chronic circadian
rhythm disruption (CRD) widespread.

There is a circadian time-code to the genome.

Circadian clocks are formed through transcription-translation feedback loops (TTFL) [4].
These TTFLs are comprised of more than a dozen different transcription factors, co-
activators, and co-repressors that orchestrate a time-delayed transcriptional activation and
repression sequence to generate and self-sustain a ~24 hours rhythm in transcription of the
core clock components [2] (Text Box 1). In addition to the endogenous circadian oscillation
of clock components, direct regulation by clock components and indirect interactions with
transcription factors (clock controlled or other) can drive daily rhythms in transcription [2].
Whole genome transcriptional analyses have been powerful tools to identify transcripts that
show circadian rhythm in their steady state level. Such an approach has led to the
identification of thousands of rhythmic transcripts in different organs/tissues. Circadian
transcriptome analyses of multiple organs/tissues from the same animals have revealed that
nearly all protein coding genes in the genome display diurnal rhythms in a tissue specific
manner [5, 6]. Although, rhythmic transcripts may not translate to rhythmic protein levels or
the active form of the protein, numerous proteins, or their post-translational modified forms,
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exhibit robust rhythms in abundance [7, 8]. Therefore, it is safe to conclude that the
expression or activity of almost every gene in the genome shows circadian modulation.

Pathways that maintain cellular homeostasis are under circadian
regulation.

The number of transcripts with daily rhythms varies greatly from one tissue to another. In
some tissues only a few hundred transcripts may show diurnal rhythms, while in other
tissues from the same set of animals, a few thousand transcripts may cycle [5, 6].
Irrespective of these variations in the number of transcripts, functional annotation of
rhythmic transcripts has revealed pathways that ensure the homeostasis of basic cellular
processes are likely to be circadianly modulated in multiple tissues. These homeostatic
functions include cell cycle regulation, proteostasis, nutrient sensing, mobilization and
utilization, redox regulation, mitochondria function, detoxification, secretory function, stress
response, cellular defense (immunity), and cellular communication [6] (Figure 2). Given the
central roles of these pathways in cellular vitality, one may wonder if genome-wide
circadian modulation in a tissue specific manner is important. For instance, why are
circadian mutations in mice not lethal? It is important to point out that circadian modulation
accounts for a modest change in expression of most of the genes. The genetic loss-of-
function (LOF) of any one circadian clock component in experimental animals rarely
abolishes expression of any essential gene. Nevertheless, the temporal regulation is
important for normal health as circadian rhythm disruption can compromise fitness and
elevates risk for several diseases. Accordingly, a close phenotypic analysis of circadian
mutant mice reveals many chronic pathologies leading to early aging [9]. Conversely,
complementing the age-dependent reduced expression of circadian clock component can
extend healthy lifespan in Drosophila[10].

Various flavors of circadian rhythm disruption.

In general, the term circadian rhythm disruption (CRD) is synonymously used with shift
work or chronic jet lag lifestyle characterized by aberrant exposure to light and darkness,
resultant sleep disruption and/or insufficient sleep, and changes in hunger, satiety, and eating
time. Many of these challenges lead to an erratic eating pattern. This strongly implies that
irrespective of having a genetically intact circadian clock, chronic disruption of circadian
rhythm by human behavior can profoundly disrupt temporal homeostasis. Shiftwork is an
extreme case of CRD. However, individual aspects of shift work (e.g. erratic eating or sleep
patterns) are sufficient to disrupt circadian regulation of physiology, metabolism, and/or
behavior. This indicates that a larger fraction of the population is prone to some aspect of
CRD. Some of these disruptions may not appreciably affect the molecular circadian clock
itself, but still significantly alter processes to indirectly affect circadian behavior.

CRD through suboptimal ambient light-dark environment.

Humans evolved near the equator, where the daylength does not change appreciably between
summer and winter seasons. However, when humans ventured and settled in higher latitudes
30,00-40,000 years ago, they experienced the disruptive effects of prolonged light in
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summer and darkness in winter. The circadian clocks continue to function under conditions
of constant darkness in long winter nights and, constant light in long summer days.
However, insufficient light in winter increases the risk for depression, which may be due to
insufficient light stimulated activation of melanopsin[11]. Constant light or long summer
days can also suppress sleep through light suppression of melatonin. Modern societies pose
two types of circadian rhythm disruption — extended light at nights and early waking.
Extended evening electrical lighting can suppress melatonin and delay sleep onset, which
coupled with social and professional demand to wake up early in the morning, reduces sleep
duration or compromises sleep quality [12]. During the daytime, we spend >85% of time
indoors. This lack of natural sunlight results in insufficient photostimulation of the
melanopsin photoresponse pathway that can also disrupt circadian processes.

CRD through diet and eating pattern dysregulation.

Rodents with ad libitum access to calorie dense diet exhibit an erratic eating pattern. Rather
than consolidating their food intake to the night as mice on normal chow do, they spread
their caloric intake over 24 hours [13]. As feeding is a resetting and entraining cue for the
circadian clock [14, 15], random eating patterns continuously disrupt circadian modulation
of metabolic processes.

CRD through sedentary life.

Rodents with access to a running wheel voluntarily exercise during their wakeful period and
show better consolidation of activity and rest [16]. This observation had raised the
hypothesis that skeletal muscle function might affect circadian rhythms and/or sleep. A
recent study has revealed that restoration of circadian clocks only in the skeletal muscle can
restore normal sleep in mice [17]. While the mechanism by which skeletal muscle circadian
clocks or voluntary wheel running activity improves circadian consolidation of sleep and
activity remains to be investigated, it raises the hypothesis that sedentary lifestyle may
contribute to CRD.

In addition to these CRDs, controlled clinical studies, animal studies and observational
studies have lent support to a growing connection between CRD and increased risk for
chronic diseases (Text Box 2).

CRD increases risks for multiple diseases across our lifespan.

Acute and short-term CRD, as occurs during jetlag or one night of sleep deprivation, causes
transient discomforts. These include increased irritability, excessive daytime sleepiness, and
compromised mental acuity and they affect almost every age category (Figure 3, Key
Figure). Although these symptoms do not warrant classification as a disease, they do affect
mood, productivity and performance. Among some sensitized individuals with chronic
psychiatric diseases, autoimmune diseases, gastrointestinal diseases, such acute CRD is
reported to increase flare ups [18]. If acute CRD repeats a few times in a month or year, an
individual may resort to pharmacological agents to cope with these transient discomforts to
improve sleep at night, reduce fatigue during the day, reduce Gl discomfort, and improve
mood.
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Chronic circadian rhythm disruption as in chronic jetlag or shiftwork lifestyle profoundly
affects gastro-intestinal and metabolic organs. Parallel CRD studies in mice with chronic
jetlag, misaligned feeding time, sleep deprivation, and animals carrying LOF alleles of
circadian clock components, has revealed that such chronic genetic or behavioral CRD
predisposes to a range of metabolic diseases including prediabetes, type 2 diabetes, obesity,
hypertension, fatty liver disease, atherosclerosis, heart diseases, chronic kidney disease and
cancer [19-24].

Chronic CRD also affects the reproductive system leading to a range of abnormalities
including compromised fecundity, irregular menstrual cycle, and increased risk for
miscarriages in both mice and humans [25-27]. Among newborn and juveniles, chronic
CRD such as continuous light or erratic sleep and meal timing can have lasting impact on
general development, epigenetically imprinted activity-sleep disruption [28], and increased
risks for childhood obesity [29]. Chronic CRD due to life in higher latitudes predisposes
humans to seasonal affective disorders [30]. The modern human population is mostly
indoors and people in the tropical/equatorial latitudes lead a lifestyle similar to those in
higher latitudes. Hence, chronic CRDs increases risk for depression, manic disorders,
bipolar diseases, and exacerbates symptoms of Post-Traumatic Stress Disorder (PTSD) in
the general population, irrespective of the geographical location [31].

Circadian rhythms have a role in many processes involved in the immune system
homeostasis such as when the immune system functions as a barrier to pathogens, to the
mobilization of immune cells to site of antigen presentation, immune response, and
resolution of inflammation [32]. In epithelial cells including skin and intestinal epithelium, a
circadian rhythm in repair and cell division is present to ensure sustained barrier function to
prevent the entry of pathogens, antigens from pathogenic agents, and potential allergens
[33]. In brain, the circadian clock components play an important role in maintaining the
blood-brain barrier (BBB) function [34, 35]. There is circadian rhythm associated with the
exit of differentiated immune cells from the bone marrow and trafficking of immune cells,
both of which are important parts of immune surveillance [36, 37]. As immune response is
an energetically expensive function, upon injury, an appropriate magnitude of immune
response, and resolution of injury are carefully controlled by the circadian clock [38].
Specifically, direct inhibition of inflammatory regulators by the circadian clock components
and circadian expression pattern of cytokines, chemokines, their receptors, phagocytosis,
growth factor production, etc., ensures that acute inflammation that is necessary for
neutralizing pathogenic challenge does not continue to become chronic inflammation [38].
Similarly, in brain, the phagocytic astrocytes that ensure local repair, are also put under
check by circadian clock components [39, 40]. These regulations of the key pathways of the
immune system by the circadian clock components may explain the disproportionately less
or excessive immune responses that occur with CRD which leads to increased risk for
several chronic inflammatory diseases, reduced response to vaccination, and increased
susceptibility to bacterial and viral infections[41].

Circadian rhythms modulate cell cycle regulations at several nodes under three broad
categories. First, by regulating nutrient homeostasis, redox regulation, autophagy, and
xenobiotic metabolism, a robust circadian clock maintains a cellular environment that is not
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conducive for uncontrolled cell division [42]. Second, the circadian clock and cell cycle
share several enzymes that mediate post-translational regulation. Such shared components
and physical or functional interaction between circadian clock components and cell cycle
regulators impose circadian gating of cell cycle. Finally, the circadian clock also modulates
several signal transduction pathways that are pro-oncogenic. Due to such intimate
interactions between circadian clocks and the cell cycle, several hallmarks of cancer are also
hallmarks of chronic circadian rhythm disruption [43]. These hallmarks include chronic
inflammation, autophagy upregulation, disrupted DNA damage repair and, increased
glycolysis.

CRD also increases risks for many age-related diseases of the central nervous system (CNS)
including Alzheimer’s disease, Huntington’s disease and Parkinson’s disease [40, 44].
Although the specific mechanisms are yet to be understood, both cell autonomous and
systemic factors are likely involved. Bmall (a circadian clock component) knockout mice
have been shown to exhibit symptoms of neurodegeneration [34, 39]. It is hypothesized that
increased astrocytic inflammation and compromised BBB function in these knockout mice
may contribute to onset or exacerbation of neurodegenerative disease [34, 39]. Cell
autonomous functions of the circadian clock in protein folding, exocytosis, endocytosis, and
reactive oxygen species (ROS) regulation may constitute the mechanism by which CRD
elevates predisposition to neurodegenerative diseases.

Training the clock, clocking the drugs and drugging the clock

Training the

Behavioral and pharmacological approaches have begun to leverage the knowledge of
circadian rhythms in health, to prevent or treat several chronic diseases. These interventions
fall into three broad categories; (a) Interventions to maintain a robust circadian rhythm in
feeding-fasting, sleep-wake or light-dark cycle (training the clock), (b) Optimizing the
timing of the drugs to improve efficacy and reduce adverse side effects (clocking the drugs),
and (c) Using small molecule agents that directly targets a circadian clock component or
targets a part intimately associated with the circadian clock (drugging the clock) (Figure 3).

clock:

Sleep researchers and physicians have been treating insomnia, insufficient sleep and long
sleep latency for years with cognitive behavioral therapy, sleep hygiene, sleep medications
including melatonin [45]. While exogenous melatonin is effective in improving sleep
latency, it has modest or no effect in sustaining sleep. Moreover, it has a short half-life.
Consequently, the newer drugs and slow-release formulation of melatonin are more effective
in improving sleep [46]. Although such therapies are targeted towards treating sleep
problems, improving sleep strengthens at least one major outputs of circadian rhythm and
may indirectly improve other aspects of the daily rhythms leading to a better quality of life.
Approaches to improve sleep by behavioral or pharmacological interventions have been
extensively reviewed elsewhere [47].

Light is considered the primary enabler of circadian disruption. Light at night suppresses the
sleep promoting hormone melatonin and the drive for sleep. Therefore, light at night delays
sleep onset or compromises sleep quality, which in turn can increase food intake and perturb
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circadian clocks in peripheral organs. The discovery of a dominant role of blue light sensing
melanopsin photopigment in circadian photoentrainment [48, 49] and melatonin
suppression [50, 51] has led to informal suggestions on reducing evening light exposure and
increasing daytime light exposure. However, electrical lighting guidelines for man-made
environment are largely written for safety or for performing specific tasks (for proper
illumination of work places, habitations, security purposes). The rise of new energy efficient
LEDs (Light Emitting Diode) that produce higher intensity light and are relatively richer
sources of blue light compared to the CFL (Compact Fluorescent Lamp) or tungsten lights
they replace, pose new challenges. Many households, hospitals and, commercial buildings
are rapidly switching to LEDs which are also lit late into the night. This can significantly
suppress melatonin and disrupt the circadian clock. Rigorous studies are necessary to
consider light as a therapeutic agent in man-made environment. These will hopefully help in
setting and defining guidelines on the intensity and spectral composition of light used and
the duration for which it is used in order to improve the health of the occupants [12, 52, 53].
Nowadays, numerous eye-glass manufacturing companies are marketing blue-blocking
glasses with various health claims [54]. Excessive blocking of the blue light throughout the
day may mimic the lack of melanopsin, which is known to make animals prone to depressive
symptoms or SAD (Seasonal Affective Disorder) [55]. As seen in experimental settings [56]
blocking of the blue light can also delay re-entrainment of circadian clock among shift
workers or jet-travelers, further complicating health issues. Therefore, before these
unregulated blue light-blocking eye-glasses enter the market, several studies will need to be
performed on different patient groups and for various indications to understand how much
and for how long the blue light-blocking is beneficial. Furthermore, there are
pharmacological approaches to block melanopsin activation [57]. A new class of
sulfonamides, called opsinamides, can act as competitive inhibitors of melanopsin by
binding to the same pocket as its natural cis-retinal-based chromophore. Inhibition of
melanopsin photosensitivity reduces photophobia in rodents. This proof-of-concept may
offer “pharmacological darkness” to some patients who suffer from excessive light
sensitivity leading to migraine pain or to patients in intensive care unit (ICU) who
experience constant light. However, such drugs are currently in the preclinical stage.

The peripheral circadian rhythms are more profoundly affected by the timing of food intake
than the timing of light [14, 15, 58]. Therefore, consolidating eating period to a defined
interval under time-restricted feeding or eating (TRF or TRE) has emerged as another
behavioral intervention to sustain robust circadian rhythms in peripheral organs and improve
health [59]. TRE directly affects many nutrient sensing and utilization pathways in the liver
including CREB (CAMP Responsive Element Binding Protein), mTOR (Mechanistic Target
Of Rapamycin Kinase), FOXO (Forkhead Box O), PPAR~y(Peroxisome Proliferator
Activated Receptor Gamma) and SREBP (Sterol Regulatory Element Binding Transcription
Factor) and supports their daily rhythms in alignment with the feeding-fasting cycle even in
the complete absence of a functioning circadian oscillator [58]. Recently TRE has also been
shown to improve brain health in Huntington’s disease [60]and reduce inflammation from an
acute infection. Both studies were performed in mice [61]. Although numerous benefits of
TRF have been documented, most of the rigorous studies are in pre-clinical animal models
and a few human studies are preliminary pilot or feasibility studies [62, 63]. Currently there
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is less clarity about the duration and timing of eating with relation to sleep-wake or light-
dark cycle, that might be beneficial in humans. Since a significant proportion of the adult
population uses various performance enhancing compounds, supplements, over-the-counter
(OTC) and prescription drugs, the interaction of TRE with these small molecules also needs
further investigation.

A new development in connecting sleep-wake cycle with metabolic diseases is the discovery
that melatonin may influence pancreas function. Melatonin secreted from the pineal glands
at night time acts through melatonin receptors expressed in different tissues. The melatonin
receptor MNTR1B (Melatonin Receptor 1B) is expressed in pancreatic islets. Upon binding
to melatonin, it suppresses insulin release [46, 64—67]. The relevance of MNTR1Bin
glucose regulation is further strengthened by the observation that people carrying a variant
of MNTR1B are more susceptible to weight gain upon late night eating [68]. This insight to
the effect of melatonin on glucose regulation offers at least three approaches to patient care;
(a) avoid high carb diet before bedtime when melatonin levels begin to rise, (b) optimize
timing of melatonin or melatonin receptor agonists to improve sleep without compromising
metabolic health, and (c) combine genetic tests with human behavior or pharmacology to
optimize health.

Clocking the drugs.

There are many health conditions where the timing of drug treatment is aligned with the
circadian appearance or exacerbation of disease symptoms, the most common of which is
timing of melatonin, melatonin receptor agonist, or any sleeping pill before bed time, to treat
sleep disorders. There are numerous other indications where the disease symptoms may not
be exacerbated at a certain time of the day, yet optimal timing of the drug may increase its
efficacy and reduce adverse side effects. Some of the most cited examples are in cancer
treatment. Even before the molecular mechanism of mammalian circadian clock was known,
morning or evening dosing of chemotherapeutic drugs Adriamycin and Cisplatin showed
significant difference in the adverse side effects and therapeutic outcomes for the treatment
of ovarian cancer [69]. Similar observations have also been made for oxaliplatin,
fluorouracil, and folinic acid in metastatic colorectal cancer patients [70]and in other cancer
types that include metastatic endometrial cancer, metastatic bladder cancer and metastatic
renal cell carcinoma [71]. Other examples include diminution of cisplatin (advanced non-
small cell lung cancer) and radiotherapy toxicity (breast, cervical, head and neck and
prostate cancer patients [72]).

Moreover, the genome-wide circadian expression profile studies in rodents, non-human
primates and in human liver and lung tissues have indicated that the targets of >80% FDA
approved drugs exhibit daily rhythm in mRNA levels and many of these drug targets may
also have a daily rhythm in their respective functions [6, 73]. This raises the hypothesis that
timing the drug treatment to align with the innate circadian rhythm of the target gene for
diseases might increase its efficacy [5, 73]. There are a few successful examples recently
described in comprehensive reviews [74, 75]. Some of the potential new areas that can be
explored are hypertension, anti-inflammation and glucose regulation. For rheumatoid
arthritis, although the symptoms are more severe in the mornings, slow release
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corticosteroids taken at bedtime are more effective in reducing arthritis pain in the morning
[76]. Another example of chronotherapy comes from careful analysis of the SGLT2
(sodium/glucose cotransporter 2) inhibitor used for control of glucose levels in type 2
diabetes patients. The expression of SGLT72is usually low at night [6]. Accordingly, low
doses of the drug administrated in the evenings for glucose control is more effective than
administrated at other times of the day [77]. These results, along with those from
chronotherapy of cancer drugs are very promising. Furthermore, since blood pressure
normally reduces during night time [78] and patients lacking this nighttime reduction are at
higher risk for heart attacks, evening administration of blood pressure lowering drugs may
have larger benefit in preventing adverse events. As metabolic diseases and cancer are
poised to afflict more than 40% of the older adults, even a small improvement in drug
efficacy will have a numerically bigger impact on a larger number of people.

Despite the exuberance about chronotherapy, some guidelines on choosing the right target,
right drug and the right dosing is important in extracting any benefit. It is also currently
unknown if the drug target that shows daily rhythms in a normal healthy individuall, still
maintains the same rhythm in the diseased state. In cases where the rhythm disappears in the
diseased state and the target is expressed constitutively at a high level, an inhibitor may be
administrated during the time of its normal low levels to restore daily rhythms. However, if
the rhythm is normal in the disease condition, targeting the peak time may be a better option.
Another often overlooked aspect of chronotherapy is the reference point for drug
administration. As a sizeable portion of the population have a sleep-wake cycle or feeding-
fasting cycle where the awake and eating period is not restricted to the daytime alone and
can extend until midnight, and given that feeding itself may influence circadian rhythms,
optimal drug timing should be with reference to the wake-up time, first meal, last meal or
bed time. Finally, there are many steps between administering the drug and its final
engagement with the target such as absorption, transportation, conversion, and uptake of the
drug by target cells. Diurnal expression profiles also show rhythms in many components that
participate in these steps. Therefore, there is space for a wide range of components to
consider and empirically determine the factors that can potentially lead to optimal timing of
drug administration and leverage maximum benefits for the patients.

Drugging the clock.

There is an increasing interest in targeting the circadian clock components as novel
therapeutic approach to treat chronic diseases. In many chronic diseases such as metabolic
syndrome, cancer, and chronic inflammatory diseases multiple metabolic or signaling
pathways are often disrupted and an ideal drug will either activate or repress one of these
affected pathways. As the circadian clock coordinates seemingly disparate cellular
pathways, targeting a clock component may yield benefits comparable to a combination
therapy approach where two or more drugs target separate pathways. Targeting the clock
components with a drug does not necessarily mean that restoration of daily rhythms in the
function of activators and repressors of the core circadian clock is necessary for the desired
outcome. Rather drugging the clock is based on the idea that the circadian rhythmic outputs
maintain homeostasis by transiently repressing a pathway and thereby avoiding chronic
activation that would be detrimental. For example, circadian rhythm offers an intrinsic
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mechanism to repress inflammation and thereby ensure resolution of inflammation without
progressing towards chronic inflammation. Under chronic inflammation, targeting a clock
component that can mediate suppression of inflammation is desirable. While a drug that
represses inflammation and has a long half-life may impart benefit, a drug with a short half-
life but dosed with optimal timing may restore daily rhythm in repression and therefore by
restoring rhythmicity will be more beneficial.

As many circadian clock components are known to have natural small molecule ligands that
often potentiate their functions, several drug-like compounds have been developed against a
handful of clock components and their regulators (Table 1). Among these compounds, a few
have good bioavailability and pharmacodynamic properties enabling pre-clinical /n vivo
animal studies. Most of the /n vivo studies with these compounds have been focused in three
broad disease groups — cancer, inflammatory diseases and metabolic diseases and drugging
the clock compounds in all the three disease groups have been found to be beneficial (Table
1). Additionally, the melanopsin antagonists have also been found to be effective in
alleviating photophobia [57], but further research is needed for better indication and
improved pharmacodynamics of this class of drugs.

Conclusion.

The field of circadian rhythm has rapidly expanded from a pure curiosity about the
molecular mechanisms of the intrinsic circadian oscillator to an emerging standard bearer of
integrative physiology. While biology has long focused on spatial control of gene regulation
and function, the field of circadian rhythm has brought to the forefront the significance of
temporal aspect of biology beyond cell cycle or early development. The widespread effects
of CRD on elevating risks for a large number of childhood and adult onset chronic diseases
as well as increased susceptibility to pathogens and pollution has also made this field highly
relevant to medicine.

Yet, recognizing the potential for transformation also brings to forefronts some of the key
questions (see Outstanding Questions) and challenges. Further, challenges also remain in
integrating the science of circadian rhythms with other aspects of healthcare, convincing
pharmaceutical companies and health care providers that circadian rhythm is not a nuisance,
rather an opportunity for patient-centric care. For many chronic diseases including cancer,
the progress over the past 2 decades of post-genomic era has been incremental. For other
diseases such as arthritis, there is a sense that we have reached a plateau for delivering care
at a reasonable price, even though the disease has not been sufficiently treated. For such
diseases, new (delayed release or slow-release) formulations and mode of delivery through
smart pumps offer new avenues for innovation and market share. Assessing /n vivo
pharmacodynamic/pharmacokinetic (PD/PK) of investigational new drugs at different
circadian time or in the context of timing of food, sleep, light, and activity of animal models
will substantially refine phase I and later clinical trials and can boost the drug pipeline.
Combining the standard nutritional recommendations with circadian lifestyles that
incorporate timing of sleep, activity, nutrition, and lighting also holds potential for pre-
habilitation, prognosis and rehabilitation of patients. Specifically, patients undergoing acute,
yet challenging therapies such as chemotherapy, radiation therapy or surgeries may benefit
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from such circadianly tailored lifestyle. Overall, the exuberance over circadian rhythm and
its relevance to maintaining multiple organ systems in healthy states can be codified in
“Circadian theory of health”. Just like the “Germ theory of disease” had a transformational
impact on reducing deaths from infectious diseases and increasing human lifespan, the
“Circadian theory of health” is poised for a far-reaching impact on healthcare by striving to
increase healthy lifespan of individuals.
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Autophagy
An intracellular self-degradation system that recycles unnecessary or defective cellular
components in response to nutrient stress in order to generate metabolites and energy

Bioavailability
The amount of an administered dose of a drug that enters the circulation when introduced
into the body and is therefore able to induce an active effect.

Cell autonomous

A phenomenon that affects only the phenotype of the cell where it occurs, i.e. a genetic
alteration occurring in a given cell type which determines the phenotype of that specific cell
type without affecting cells that are not carrying the specific genetic alteration.

Chronotherapy
Optimal timing of administration of a therapeutic agent such as drug, radiation, or even
surgery to reduce adverse effects or improve prognosis.

Circadian clock
A cell autonomous mechanism composed of multiple gene products whose interactions
produce a near 24-hour rhythm in the function of some of the molecular components.

Circadian transcriptome
The ensemble of all transcripts in a given tissue or cell type that shows near 24-hour rhythm
in expression.

Entrainment
Entrainment is defined as when a self-sustaining oscillator (such as the SCN) adopts the
period of a driving oscillator (such as the light/dark cycle) and follows its rhythmicity

Melanopsin

Melanopsin is an opsin (light responsive molecule) found in a subset of ganglion cells which
makes them intrinsically photosensitive. These ganglion cells send non-vision related light
information to the SCN.
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Peripheral circadian clocks
Circadian oscillators present in cells or tissues outside the brain are generally referred to as
peripheral circadian clocks. Disruption of these peripheral clocks do not always lead to a
disruption of normal sleep-activity rhythm.
Redox regulation
Excessive oxidative stress can be deleterious for cell viability. Redox regulation employs
enzymatic and non-enzymatic antioxidant systems to maintain a safe level of reactive
oxygen/nitrogen species.
SCN
The suprachiasmatic nucleus (SCN) is located at the base of the hypothalamus and is
considered the master clock in mammals because it determines the endogenous behavioral
period.
Time-restricted feeding/eating (TRF or TRE)
An eating paradigm in which animals or humans eat within a fixed interval of time every
day. The interval can vary between 6 to 12 hours. Although many studies in controlled TRE
and TRF do not reduce daily caloric intake, some human and animal studies involve
inadvertent reduction of caloric intake.
Xenobiotic metabolism
Xenobiotics are compounds that are not physiologically present in a given organism, such as
drugs or poisons. Xenobiotic metabolism is an ensemble of metabolic pathways that through
chemical reactions modifies the xenobiotics.
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Text box 1.
Circadian transcription-translation feedback loop

In mammals, the circadian system is based on a cell-autonomous and self-sustaining
molecular oscillator (Figure I). It is composed of two interlocking transcription-
translation feedback loops. In the core loop that is conserved from Drosophilato humans,
transcription factors, Circadian Locomotor Output Cycles Kaput (CLOCK) and BMAL1
(and their respective homologs Neuronal PAS domain containing protein 2 (NPAS2) and
BMALZ2 bind to the enhancer box (E-box) and function as transcriptional activators of the
Cryptochrome (CryZ and Cry2), and Period (Per1, Per2, Per3) genes. In turn, CRYs and
PERs form complexes that repress CLOCK-BMAL1 activity, ultimately suppressing their
own expression [2]. Eventually, CRY's and PERs are degraded, relieving CLOCK-
BMAL1 repression and beginning the cycle anew. In a second loop, CLOCK and
BMALL1 activate the transcription of Rev-erba and Rev-erbg and retinoic acid orphan
receptor (Ror-a, -B, -y) nuclear hormone receptors [79]. REV-ERBs and RORs are,
respectively, transcriptional repressors and activators that bind to Rorelements present in
the Bmall gene promoter, and whose interplay enforces rhythmic expression of Bmall.
Additionally, REV-ERBs and RORs also fine tune rhythmic expression of additional
clock components [80]. Essentially, the transcriptional interplay among these 14
transcriptional regulators (Clock, Bmals, Npas2, Crys, Pers, Rorsand Revs) gives rise to
the self-sustained, near-24-hour, alternating activation-repression cycles that are the
proverbial ticks of the clock.

The time of peak expression of many of these components are conserved across multiple
tissues in diurnal non-human primates and in nocturnal mice (based on [6]) (Figure I1).
This reference peak time of expression of clock components will help understand how
diseases or acute circadian perturbation affect the relative phases of clock components in
one or more organs.

Several proteins interact with clock components to fine tune their post-translational
modifications, stability, movement, degradation or modulate their activity. Similarly,
several metabolites also interact with the clock components to modulate their function
(Figure I11). These interacting proteins and ligands expand the repertoire of targets that
can be modulated by pharmacological agents. Additionally, several downstream
transcription factors or endocrine factors also show diurnal rhythms yet have modest
effect on the core clock. These offer pharmacological targets to modulate specific outputs
of the circadian system.
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. ~

Metabolites directly or indirectly Interacting proteins
affecting circadian oscillator p300  NCoR  MTA2  BTRCP
NAD(P)/NAD(P)H ratio, NAD', FAD, CBP ~ WDR5  SETX  FBXL3
CO, 0O,, Heme, Sterols, Glucocorticoids HDAC ~ MLL AMPK FBXW7
Polyamine, Glucose SIRT ~ NONO  GSK3  PPARy

JMJD5 NuRD CK1 GR
Transcription factors that exhibit JARID1 CHD4 PP1 USF1
daily rhythms in metabolic organs Systemic factors, with diurnal rhythms

DBP, TEF, HLF, E4BP4, NFIL3, DEC1, Insulin, Glucagon, Growth Hormone,
DEC2, KLF15, P-CREB, ERR, FXR, Glucocorticoid, Melatonin,
PPARs, GR, NURR1, NOR1, TRs, VDR, Thyrotropin, Body temperature

Text Box Figure 1.
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Text Box 2.
Connection between diseases and disruption of the circadian rhythm

The link between circadian rhythm disruption and diseases is based on different types of
correlational or causation studies.

1.

Heritable circadian disordersin humans. These are examples of diseases
that disturb the normal sleep-wake cycles affect the timing, duration or quality
of sleep. Some examples are Smith-Magenis syndrome (SMS), Prader-Willie
syndrome, familial advanced sleep-phase syndrome (FASPS), delayed sleep
phase syndrome (DSPS), and short sleep [81, 82].

Disease susceptibility of circadian mutant animals. Mice carrying
hypomorphic, or LOF mutations of circadian clock genes (Clock, Bmall,
Cryl, Cry2, Perl, PerZ, Rev-erbs, Rors) often exhibit metabolic [83-88]
inflammatory [89-93] and psychiatric diseases [94], cancer [95-99], and
early aging [9, 100]. Similarly, mice that lack the blue light sensor melanopsin
show signs of depression [55].

Disease prevalence among shift workers. People who work night shifts, or
rotate between day and night shifts, have higher incidences of a number of
diseases compared to people who typically work the day shift. These diseases
range from obesity and diabetes, to diseases of the colon, infections, and
certain types of cancer (breast, liver, colon, lung, skin, prostate cancer).
Although correlational in nature, some of these connections have also been
verified in controlled clinical conditions [101].

Controlled clinical studies. When the circadian rhythms of healthy human
volunteers are intentionally disrupted, they show early signs of diseases. For
example, sleep deprived healthy volunteers show disrupted hunger-satiety
homeostasis and may exhibit glucose intolerance [102].

Chronic circadian disruption studiesin animals. Wild type animals with
normal circadian clock function when placed in conditions that disrupt their
circadian clocks (e.g., constant light or simulated chronic jetlag or rotating
shiftwork) succumb to metabolic diseases, show early sign of heart diseases,
elevated inflammation, and even cancer. Some of these animals also become
prone to pathogenic infection, and females often develop reproductive issues
[25, 86, 103].

Therapeutic effects of restored rhythms. Restoring daily rhythm of light-
dark, feeding-fasting, or sleep-wake can alleviate disease symptoms. For
example, maintaining a daily rhythm of feeding and fasting — an eating
pattern called time-restricted feeding (TRF) — can prevent or reverse obesity,
metabolic diseases, heart disease [104], and even certain diseases of the brain
such as the Huntington’s disease[60].

Circadian rhythms in disease symptoms. Autoimmune diseases, including
eczema, asthma, and diseases of the gut such as acid reflux, becomes more
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severe at night. Similarly, inflammatory diseases, such as rheumatoid arthritis,
are most painful early in the morning. These time-of-the-day fluctuations in
disease severity indicates that the underlying pathology has a circadian
component.
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Outstanding Questions

. How do intrinsic and extrinsic factors affect the phase and/or amplitude of
circadian clocks in neural and non-neural tissues?

. How do pathologic conditions such as cancer, inflammation and metabolic
diseases affect the circadian clock?

. What are the molecules and mechanisms by which exercise, sleep, and
nutrition affect the circadian clocks in a tissue specific manner?

. Can regulated feeding-fasting cycles compensate for a weak or dysfunctional
circadian clock and alleviate metabolic and neurologic diseases? If so, how?

. Can a behaviorally supported robust circadian clock (through feeding-fasting
cycle, sleep-wake patterns, and physical activity) delay the onset or alleviate
the severity of age-related diseases?

. Which chronic diseases can be treated effectively by pharmacologically
targeting circadian clock components?

. What are ideal reporters of circadian rhythms for chronotherapy?

. What reference timing should be used for chronotherapy? Timing of meal or
timing of sleep? Does it differ based on the type of therapy?

. As sleep-disturbances are correlated with metabolic diseases and
inflammation, can sleep extension alleviate or reverse metabolic diseases and
inflammation in humans?

. What is the mechanism by which time restricted eating improves sleep?

. Which drug classes, and at what dose, are likely to benefit from
chronotherapy to improve efficacy or reduce adverse side effects?

. Avre therapeutic benefits of drugs targeting circadian clock components due to
restored circadian timing system or a result of clock component functions that
are independent of their circadian properties?

. Can a simple guideline be formulated for all drug trials and vital
measurements to record timing of treatment and measurements?

. Can circadian optimization — sleep extension/quality improvement or time
restricted eating be combined with pharmacological treatment for diseases?
Will this be synergistic, neutral or adverse?
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Highlights

Although circadian rhythm disruption (CRD) was typically considered to be a
risk for chronic diseases solely for shift workers (~20% of workforce), new
epidemiological data suggests more than 80% of the population may be living
a shift work lifestyle and thus are at elevated risk for chronic diseases.

Acute CRD compromises health with temporary physical challenges and may
be a trigger for underlying latent diseases. Chronic CRD raises the risk for
cancer along with a range of diseases affecting the central nervous system,
endocrine functions, cardiovascular health, immune system, metabolic organs
and reproductive system.

Recent progress in understanding the molecular mechanisms of circadian
timing and diurnal rhythms of tissue specific gene products have generated
testable hypotheses for how circadian timing system optimizes health and,
conversely, how circadian disruption leads to diseases.

Leveraging circadian rhythms to prevent, manage, and treat diseases involve 3
major strategies- optimizing the circadian lifestyle (“training the clock™),
optimizing timing of therapies (“clocking the drugs”), and targeting specific
circadian clock components (“drugging the clock”).

Trends Pharmacol Sci. Author manuscript; available in PMC 2020 May 26.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sulli et al.

Tapoe |29\.5[\“

Figure 1. Circadian rhythms emerge from multiple factors including the circadian clock.

Page 24

Schematic organization of various factors that interact to produce daily rhythms in behavior,

physiology and metabolism. Network of cell autonomous circadian oscillators in the
suprachiasmatic nucleus (SCN) directly or indirectly communicates with peripheral

circadian clocks through neural communications, endocrine agents and body temperature

rhythms. Both SCN and peripheral clocks interact to produce daily rhythms in sleep,

physical activity, and nutrition metabolism, each of which can also feedback to central or
peripheral clocks. Overall, both SCN and the peripheral circadian oscillators are influenced

by ambient light-dark cycle.
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Figure 2. Hallmarks of circadian regulation.
A. The genetic code denotes the set of protein coding genes in the genome. The epigenetic

code instructs the expression of a subset of genes in the genome to be expressed in a given
tissue that determines the tissue identity and function. Similarly, the circadian code instructs
a subset of transcripts in every given tissue to be temporally regulated. The ensemble of
rhythmic transcripts in different tissues determine the diurnal rhythms in physiology,
metabolism and behavior. B. Functional annotation of rhythmic transcripts has revealed
some of the basic cellular processes are circadianly modulated in multiple tissues. Some of
these processes are depicted below.
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A Circadian Disruption and Diseases —_—
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Figure 3. Circadian rhythm disruption and diseases across lifespan.
CRD can manifest in different diseases and disorders during the lifespan of an individual. In

early childhood, disruption of the rhythm can cause irritability, mood swings and fatigue that
can lead to impaired growth and development in extreme cases. As we age, chronic circadian
rhythm disruption continuing over several weeks or months can cause mild disorders like
fragmented sleep and compromised learning to an increased risk for a number of chronic
diseases, including Type2 diabetes, Alzheimer’s etc. While milder forms of the diseases can
be alleviated by behavioral adjustments to improve circadian rhythms, optimal timing of
existing drugs or even pharmacological targeting of circadian clock components hold
promise for treating some of the severe chronic diseases.
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Circadian clock components and their cognate ligand or small molecule modulators

Effect on circadian clock assessed?

DRUG NAME | CIRCADIAN CLOCK TARGET GENE | ACTIVITY References YIN
Nobiletin RORs AGONIST [105, 106] Y
SR1001 RORs INVERSE AGONIST | [107] Y
SR1078 ROR-a/y AGONIST [108] N
SR3335 ROR-a INVERSE AGONIST | [109] N
SR2211 ROR-y INVERSE AGONIST | [110] N
XY018 ROR-y INVERSE AGONIST | [111] N
XY011/8k ROR-y ANTAGONIST [112] N
GSK805 ROR-y ANTAGONIST [113] N
SR 1555 ROR-y INVERSE AGONIST | [114] N
LYC-53772 ROR-y AGONIST [115] N
LYC-54143 ROR-y AGONIST [115] N
Ursolic acid ROR-y INVERSE AGONIST | [116] N
Digoxin ROR-y INVERSE AGONIST | [117] N
Compound 1a ROR-y AGONIST [118] N
Compound 1b | ROR-y AGONIST [118] N
Compound 1c ROR-y AGONIST [118] N
Inhibitor Y ROR-y INVERSE AGONIST | [118] N
JINJ-54271074 ROR-y INVERSE AGONIST | [119] N
Compound 1 ROR-Band ROR-y INVERSE AGONIST | [120] N
GSK?2945 REV-ERBa AGONIST [121] Y
GSK0999 REV-ERBa AGONIST [121] Y
GSK5072 REV-ERBa AGONIST [121] Y
REV-ERBa REV-ERBs ANTAGONIST [122] Y
GSK2667 REV-ERBa AGONIST [121] N
SR9011 REV-ERBs AGONIST [123] Y
SR9009 REV-ERBs AGONIST [123] Y
GSK4112 REV-ERBa AGONIST [124] Y
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