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Abstract

Nearly every system within the body contains an intrinsic cellular circadian clock. The circadian
clock contributes to the regulation of a variety of homeostatic processes in mammals through
the regulation of gene expression. Circadian disruption of physiological systems is associated
with pathophysiological disorders. Here, we review the current understanding of the molecular
mechanisms contributing to the known circadian rhythms in physiological function. This review
focuses on what is known in humans, along with discoveries made with cell and rodent models.
In particular, the impact of circadian clock components in metabolic, cardiovascular, endocrine,
musculoskeletal, immune, and central nervous systems are discussed.

I. Introduction: Circadian Rhythms in Physiology

The oldest record of a circadian observation comes from Alexander the Great’s scribe
Androsthenes, who in 400 B.C. noted that the leaves of certain plants displayed opening and
closing patterns coincident with sunrise and sunset. It is now known that normal circadian
rhythms are an integral part of healthy physiology, and that this is true across kingdoms

of life, from cyanobacteria to plants to humans. Some of the oldest published data on
human circadian physiology comes from the 1940s and 1950s, including the observation of
diurnal patterns in lymphocyte circulation(78) as well as the landmark study from Mills and
Stanbury demonstrating reproducible rhythms in renal excretory function(181). Indeed, it is
now well established that the molecular machinery of the circadian clock, discussed below,
is present in virtually every cell and tissue type.
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Circadian rhythms are nearly as old as time, as life on Earth evolved in the presence of
24-hour periods of light and dark. Alignment of physiological processes to the light/dark
cycle likely afforded organisms survival advantages, such as in relation to food availability
or predator avoidance. The circadian clock mechanism contributes to the regulation of

a variety of homeostatic processes in mammals, including the sleep/wake cycle, glucose
metabolism, body temperature, and hormone levels(225). In humans, individual variations in
preference for sleep and awakeness are classified as three different chronotypes, Morning,
Evening, and Neither(187). Morning-types typically function better earlier in the day, while
Evening-types are at peak functioning in the latter half of the day. Neither-types show
intermediate characteristics and cannot be classified as either Morning or Evening type. The
melatonin hormone, secreted in a circadian pattern by the pineal gland through photic input
from the suprachiasmatic nuclei (SCN), is a determinate of sleep onset and its temporal
patterns differ between the Morning and Evening chronotypes.

Loss of circadian rhythms in physiological function is associated with adverse health
outcomes. Following Walter Cannon’s description of homeostasis in the 1920s, it was
thought that maintaining a steady state was a reactive process. Six decades later, in 1986,
on the occasion of the 301" annual Bowditch Lecture of the American Physiological
Society, Martin Moore-Ede described Cannon’s great contribution to physiology as “the
first systematic description of those specialized mechanisms unique to living systems which
preserve internal equilibriums in the face of an inconstant world”(188). Moore-Ede went
on to introduce the concept of “predictive homeostasis,” in which the circadian timing
mechanism allows “an organism to predict when environmental challenges are most likely
to occur and thus initiate corrective responses in advance of the challenge.” Thirty-five
years later, advances in molecular biology and circadian physiology have enabled us to
better understand how each tissue clock participates in predictive homeostasis, aligning
physiological processes with the external environment to ensure overall health.

In this review, we present the current understanding of the molecular mechanisms by which
the circadian clock controls transcription, thus contributing to genome-wide gene expression
and circadian rhythms in physiological function. In subsequent sections, we review the most
recent data describing the function and mechanisms of the circadian clock in the central
nervous system (CNS)(see Table 1 for acronyms) as it pertains to the sleep/wake cycle,

and the digestive, cardiovascular, musculoskeletal, immune, and endocrine systems. We
have limited our discussion to mammalian systems, including cells cultured /n vitro, rodent
models, and human studies. Additionally, all animal data is assumed to be from males unless
otherwise noted.

II.  Molecular Machinery of the Clock

a. Transcription-Translation Feedback Loop

The first studies on clock gene regulation were in fruit flies (Drosophila melanogaster),
including the seminal work detailing the period (PER)/timeless transcription-translation
feedback loop for which Jeffrey Hall, Michael Rosbash, and Michael Young received the
2017 Nobel prize in Medicine or Physiology(239). The Drosophila per gene was cloned

in 1984. Mammalian studies gained steam following cloning of the mouse circadian c/lock
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circadian regulator (Clock) gene in 1997(227). The molecular machinery of the circadian
clock is evolutionarily well-conserved, with homologous genes between flies and mice(92).
The expression of per, timeless, and other clock genes throughout the body paved the way
for the discovery of clocks in most organs and experiments in cell culture systems(239).
Although each tissue or organ regulates distinct circadian physiologies, clocks across
various organs appear to share a similar mechanism at the molecular and cellular level.

It should be noted, however, that validation of the detailed molecular clock framework in
different cell types is ongoing.

In general, the molecular machinery of the mammalian clock contains a core transcriptional
negative feedback loop, within which aryl hydrocarbon receptor nuclear translocator-like
protein 1 (ARNTLZ, also known as BMAL1) and CLOCK activate the transcription of their
own repressors PER1, PER2, PER3, cryptochrome circadian regulator (CRY) 1 and CRY?2
through the circadian cis enhancer box (E-box) element (Figure 1). The E-box-mediated
core clock loop is integrated with two known feedback loops regulated by the retinoic

acid receptor-related orphan receptor (ROR)-binding element and the D-box(261, 272).
The ROR-binding element, in turn, is regulated by nuclear hormone receptor transcription
activators RORA, RORB, and RORC and repressors nuclear receptor subfamily 1 group D
member 1 (NR1D1 also known as REV-ERBa) and NR1D2 (or REV-ERB). The D-box
is repressed by nuclear factor, interleukin (IL)-3 regulated (NFIL3; also known as E4BP4),
and activated by albumin D-element-binding protein (DBP), thyrotrophic embryonic factor,
and hepatic leukemia factor. The core and secondary feedback loops, both individually and
in combination, underlie the rhythmic expression of thousands of genes at several distinct
phases throughout the day, and importantly, largely in a tissue-type-specific manner(129,
272, 314). They function together to introduce additional phases of clock gene expression,
impart robustness against genetic perturbation, as well as offer additional nodes with which
to regulate circadian outputs(21). As such, the molecular clock forms a large and complex
output network to regulate various cellular and physiological processes. Over the past two
decades, a number of genome-wide studies have contributed greatly to the understanding
of these output gene networks(19, 104, 123, 129, 143, 210, 214, 221, 254, 271, 305, 314).
The circadian clock consists of the oscillator, inputs, and outputs (Figure 2A). The central
clock oscillator is located in the SCN where it is entrained by light cues traveling through
the retinal hypothalamic tract. The central clock synchronizes the peripheral tissue clocks
through neuronal and humoral signaling. The central and peripheral clocks are also sensitive
to non-photic cues such as food intake. Rhythms in gene expression and protein function
within individual tissues and across physiological systems result in rhythmic behavior,
including rest/activity cycles and cardiovascular function.

Many clock modifiers have been identified in recent years(192, 219, 311). These clock
modifiers affect the expression and function of the core clock components at different levels,
including transcriptional, translational, and post-translational, as well as through epigenetic
control. As such, these modifiers serve as inputs to the clock mechanism and affect outputs.
Several best-studied clock modifiers include the nutrient/energy sensors AMP-activated
protein kinase (AMPK) and mechanistic target of rapamycin (mTOR), nicotinamide adenine
dinucleotide+-dependent deacetylase sirtuin 1, hypoxia-inducible factor-1a., oxidative stress-
inducible factor nuclear factor erythroid 2-related factor 2, and the proinflammatory nuclear
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factor kappa B subunit 1 (NF-xB). For example, AMPK and mTOR function to sense
metabolic and nutrient/energy levels to maintain homeostasis(96, 106). While AMPK is
activated when the energy state of the cell is low and AMP/ATP is high, mTOR senses

high cellular energy states through glucose, amino acids, and growth factors. As a result,
AMPK inhibits catabolic consumption of ATP and induces its anabolic production, whereas
mMTOR increases protein synthesis and lipid synthesis, and inhibits autophagy to promote
cell growth(233).

Nutrient and energy homeostasis is critical for the regulation of various metabolic and
physiological processes in the CNS and peripheral tissues(112), in which the AMPK and
mTOR play a central role. While AMPK is activated under low energy states, mTOR is
responsive to high energy states to promote cell growth and proliferation(106). The AMPK-
mTOR signaling nexus represents one of the hallmarks of aging and is often deregulated in
accelerated aging(226). Recent studies provided some insights into the interplay between
AMPK-mTOR signaling and clock function (Figure 2B). First, AMPK was shown to
phosphorylate casein kinase le, resulting in enhanced phosphorylation and degradation

of PER2(231, 274), and also phosphorylate CRY1, leading to its ubiquitination and
proteasomal degradation(118, 139, 231). Second, mTOR plays a critical role in regulating
photic entrainment and synchronization of the SCN clock(38, 39, 156). Third, mTOR was
shown to regulate the central SCN and peripheral circadian clocks, as well as circadian
locomotor activity rhythms(53, 82, 154, 155, 218, 282). While mTOR activation results in
shorter periods and a faster clock, its inhibition causes lengthened periods and a dampened
amplitude. Mechanistically, current data support a model in which mTOR activation
upregulates CRY1 through increased translation and decreased autophagic degradation(154,
218, 268). Further, key players of the AMPK-mTOR pathway (e.g., p-AMPK, p-S6,
p-4EBP1) are regulated by the clock mechanism and display rhythmic activities across
tissue types including the SCN(39, 102, 119, 218), providing anticipation for nutrient/energy
availability. Collectively, these findings revealed a much deeper integration between the
circadian clock and cellular metabolic functions. Thus, the circadian input and output gene
networks are far more extensive than previously recognized and this integration is expected
to play important roles in organ-specific functions such as within the liver, muscle, and
adipose tissues(192, 219, 311).

b. Chromatin Dynamics and Clock Proteins

It is now well accepted that the core clock mechanism regulates nearly half of all expressed
genes in a cell- and tissue-specific manner(217, 314). Understanding the mechanisms by
which this regulation occurs is an ongoing area of investigation with implications for our
understanding of circadian physiology and general pathophysiology. Advanced molecular
methods, including Hi-C, chromatin immunoprecipitation followed by sequencing (ChiIP-
seq), chromatin interaction analysis with paired-end tag sequencing (ChlA-PET), as well

as chromosome conformation capture (3C; and the related 4C and 5C) methods (see Inset)
used in well-designed circadian biology studies have greatly increased our understanding of
how the circadian clock mechanism interfaces with tissue-specific transcriptional regulatory
factors to mediate widespread transcriptional control.
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The expense of performing these highly technical molecular studies makes it difficult to
assay samples collected with the frequency required for high circadian resolution. One
landmark study by the Howard Hughes Medical Institute Investigator Dr. Joseph Takahashi
and colleagues characterized the circadian transcriptional architecture and chromatin
landscape in the liver(129). Koike et al. used ChlP-seq to characterize the binding of
BMAL1, CLOCK, neuronal PAS domain protein 2 (NPAS2), PER1, PER2, CRY1, and
CRY2 in chromatin samples collected every four hours over a 24 hour period. In addition

to the core clock proteins, this study also performed ChlIP-seq using antibodies against
RNA polymerase I, histone H3 lysine 4 trimethylation, histone H3 lysine 9 acetylation,

and histone H3 lysine 27 acetylation, which yielded critical information regarding chromatin
conformation and histone modifications that signified whether a given gene is in an area of
closed or open chromatin (Figure 3, with permission from (54)). This large-scale study was
performed using tissue collected from male C57BL/6 mice between the ages of 8 and 12
weeks that had been maintained in constant darkness for 36 hours to ensure that the animals
were under free-running conditions. The highlights of this study include the exciting finding
that RNA polymerase Il recruitment and the remodeling of chromatin occur in a circadian
manner on a genome-wide scale. This study also laid the groundwork for others to build
similar studies in distinct tissues, as discussed below.

In an important follow-up study, Rosbash and colleagues used micrococcal nuclease
digestion with deep sequencing (MNase-seq; see Inset) on chromatin collected from mouse
livers every four hours over a 24 hour period(174). These investigators compared this
high-resolution nucleosome sequence data at these time points with the CLOCK/BMAL1
binding site data from Koike et al. to demonstrate that nucleosome signals were rhythmic

at CLOCK/BMAL1 sites. Adding an additional layer of specificity to this observation,
Menet et al. repeated the MNase-seq study in livers from Bmal1 knockout (KO) mice which
showed loss of rhythmicity in nucleosome signals. Using this same comparison method
interrogating the REV-ERBa-bound sites (from Koike et al. ChlP-seq data), REV-ERBa
binding was not associated with rhythmic nucleosome signals, demonstrating a specific role
of BMAL1/CLOCK in rhythmic nucleosome removal.

Based on the Koike et al. finding that maximal BMAL1 binding occurred in the liver at
zeitgeber time (ZT) 6, Beytebiere et al. performed ChlIP-seq for BMALL1 at this time point in
the liver, kidney, and heart(25). Consistent with previous studies that showed 1000s of clock-
controlled genes in these tissues, the ChlP-seq results identified >2000 BMALL1 signal peaks
each in the liver, kidney, and heart samples, with minimal overlap between tissues. BMAL1
cistromes that overlapped amongst all three tissues included clock genes such as Per?

and Nri1dl. Gene ontology analysis indicated further overlap in broad pathways including
glucose homeostasis, transcription factor binding, protein transport, and transcription. Of
note, a kidney-specific BMAL1 target was found in the paired box gene 8 (Pax8) gene,
which includes the promoter that is often used to generate Cre recombinase-mediated
kidney-specific KO mice(28). Beytebiere and colleagues went on to perform ChIA-PET

in liver samples collected at ZT6 and ZT18 which demonstrated stable interactions between
the promoters of clock-controlled genes and enhancers(25). Using other available databases,
these authors showed that rhythmic expression of BMAL1 target genes correlated with
rhythmic chromatin interactions. These findings are consistent with the previous work
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of Menet et al. who found that BMAL1/CLOCK-dependent nucleosome signals were
higher in enhancers than at transcription start sites(174). Together these results show that
transcriptional regulation of tissue-specific genes by the circadian clock mechanism, at least
in part, depends on changes in chromatin structure.

Further evidence for the role of chromatin conformation changes in clock-mediated control
of transcription was provided by Naef and colleagues(303). Yeung et al. used an innovative
approach to investigate circadian clock-dependent mechanisms of transcriptional regulation
by comparing RNA sequencing data sets from several tissues, including liver and kidney,
and overlaying that data with newly derived data generated by 4C. Using male wild type or
Bmall KO mice, Yeung et al. characterized chromatin conformation at ZT8 and ZT20 in
these two tissues. These animals were housed in a normal 12:12 light/dark cycle. The results
revealed that tissue-specific clock target genes are regulated in part by chromatin looping
which promotes tissue-specific promoter/enhancer contacts. Remarkably, the 4C results
demonstrated that enhancers bound by clock transcription factors can contact promoters

of clock target genes while at the same, nearby non-rhythmic promoters are looped out,
thereby preventing rhythmic transcription of non-target genes. Additional support for clock
proteins functioning in the chromatin looping mechanism came from Mermet et al., with
their use of 4C-seq using the CryZ transcription start site as bait(176). Samples were
collected at circadian time (CT) 8 and CT20 from livers and kidneys of C57BL/6 male
mice. They observed time-dependent interactions between promoters and enhancers in both
tissues that were absent in the tissues from global BmalZ KO mice. One of the confirmed
interactions involved an enhancer located in a CryZ intron. Impressively, Mermet et al.
generated a mouse with a deletion of this element that exhibited a decrease in rhythmic
chromatin interactions as well as a decrease in the circadian activity period. These findings
demonstrate that large-scale chromatin conformation changes are of paramount importance
to transcriptional regulation and have important implications for overall animal behavior.

Using mouse livers collected at 5 am (ZT22) and 5 pm (ZT10), Kim et al. performed

in situ Hi-C (see Inset) to compare genome-wide chromatin organization at time points
from the mouse active vs. inactive periods(127). Enhancer/promoter interactions within
topological associating domains (TADs) differed between the two time points, depending on
the area of chromatin in question. As an example, a focus on the region of chromosome 1
containing the Ajpas2 gene demonstrated that intra-TAD interactions were greater at ZT22
when Ajpas2is being actively transcribed whereas, at ZT10, AjpasZis not being transcribed
in the absence of enhancer/promoter contacts. To get at the mechanism of this type of effect,
Kim et al. performed ChlP-seq for Rev-Erba, the circadian clock repressor, coupled with
3C experiments at six time points throughout the circadian cycle. This finer resolution
showed that Rev-Erba inhibits the formation of promoter/enhancer loops. Subsequent
experiments demonstrated that Rev-Erba prevents loop formation through recruitment of
the nuclear receptor corepressor histone deaceytylase-3 complex, histone deacetylation, and
disruption of DNA/protein interactions with positive transcriptional regulators bromodomain
containing 4 and mediator complex subunit 1 (MED1).

Related to clock protein interactions with enhancers, Fan et al. demonstrated a key role
for long non-coding RNAs (IncRNAS) in mediating these interactions(81). Using available
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data from Koike et al.(129) and Zhang et al.(314), Fan et al. assembled a list of circadian
IncRNASs and then combined these results with their own newly generated data from the
mouse liver using samples collected every four hours over a 48 hour period. Consistent

with the finding of Zhang et al.(314), Fan and colleagues found >2000 IncRNAs to exhibit
circadian expression. Of these, the majority were associated with enhancers. A subset of

the enhancer-associated circadian IncRNAs was confirmed to be bound by either BMAL1
or REV-ERBa. Interestingly, comparing the mouse liver data to mouse pancreas and rat
liver demonstrated that the strong association of circadian INcRNAs with enhancers was
observed across species and mouse tissues. Comparing the mouse and rat data revealed that
the sequences of the IncRNAs themselves were not as highly conserved as the loci for the
IncRNASs, demonstrating the importance of this regulatory mechanism across species. Fan et
al. focused on the specific Inc-carnitine O-octanoyltransferase (Crot), which is expressed at a
super-enhancer upstream of the clock-controlled Crot gene. Using the Inc-Crot locus as bait,
4C provided evidence that Inc-Crot facilitates long-range interactions between clock target
genes and enhancers. This mechanism of circadian IncRNA-dependent chromatin looping
likely contributes to the myriad ways the core clock mechanism acts as a master regulator
of gene expression. Our own work recently identified £DNI-AS as a IncRNA antisense to
the endothelin 1 gene(70). EDNI-AS exhibited circadian expression in a synchronized,
immortalized cell culture model of human kidney proximal tubule cells. Preliminary

results indicated that PER1 interacts with an E-box element in the region upstream of
EDN1-AS. Clustered regularly interspaced short palindromic repeats (CRISPR)-mediated
deletion of this area actually increased EDN1-AS expression and this effect was associated
with increased expression of Endothelin 1 mMRNA and excreted endothelin-1 peptide.

We have recently reviewed the connections between the circadian system and endothelin
signaling(68). Our data, taken together with that of Fan et al., suggests a key role for
IncRNA in the clock mechanism.

Tissue Specific Clock Mechanisms

a. Sleep/CNS/Brain

The circadian system in mammals consists of the central SCN clock, extra-SCN clocks

in the brain, and various peripheral oscillators. The SCN clock is reset daily by the
light/dark cycle through photic transmission and signal transduction. Upon resetting, the
SCN relays time-of-day information to extra-SCN and peripheral oscillators for internal
systemic synchronization. These peripheral oscillators can run independently of the SCN,
but due to lack of photoreception, they must rely on the central clock for time cues.

While the SCN is largely phase-locked to the light/dark cycle, peripheral tissues are more
responsive to local and systemic non-photic cues for resetting and synchronization(184).
The hypothalamus functions as the master regulator of the body’s systemic homeostasis by
integrating signals from energy state, food availability, as well as cognitive and emotional
inputs. Within the hypothalamus, the SCN projects directly and indirectly to a host of nuclei,
together regulating a multitude of homeostatic functions, including the sleep/wake cycle
and associated rest/active and feeding/fasting cycles, as well as various circadian rhythms
such as body temperature, blood pressure, appetite, energy balance, and the neuroendocrine
system (e.g., glucocorticoids and melatonin)(43, 275). Further, recent studies have also
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implicated the circadian clock in the crosstalk with cognitive functions(198). For example,
transcriptomic and proteomic analyses of human prefrontal cortex and mouse hippocampal
tissue samples revealed age-related loss and gain of circadian expression of genes and
proteins(3, 47).

The most obvious manifestation of circadian timekeeping is the sleep/wake cycle. One of the
most important features of sleep is its consolidation during nighttime in humans and daytime
in most rodents. Interestingly, although most clock genes are similar between mouse/rat

and human, the rhythmicity of these genes does not seem to dictate whether a species is
nocturnal or diurnal. Indeed, diurnality seems to involve relay neural substrates that are
projected from the SCN to regulate diurnal vs. nocturnal activities(246). In mammals, the
sleep/wake cycle is regulated by the combined actions of the master circadian clock in

the SCN of the hypothalamus that controls the timing of sleep, and the sleep homeostatic
center (whose anatomical location in the hypothalamus remains elusive) that controls the
drive or need for sleep in response to low energy state(62, 232, 262). This creates an
anticipatory (rather than just reactive) mechanism to coordinate behavior and physiology
with the predictive light/dark cycle and nutrient availability. Disruption of this coordination
causes circadian rhythm sleep disorders and sleep deficiency. Sleep supports nearly every
tissue and system in the body, not just the brain(12), ranging from the heart, muscle, and
kidney to metabolic, endocrine, and immune systems, as well as numerous neurological and
cognitive functions(107, 166). Unfortunately, circadian- and sleep-related pathobiology is
prevalent in modern society and often further influenced by diseases and chronic conditions.
Sleep deficiency increases the risk of obesity, cardiovascular disease, and depression; and
conversely, chronic diseases are associated with sleep deficiency. This is especially evident
in the crosstalk between sleep and innate immunity, as sleep/wake disturbance causes
heightened inflammatory responses(108). While it is well accepted that the SCN clock
regulates the sleep/wake and rest/active cycles, much less is known about the converse
relationship, that is, how sleep/wake disruption exerts adverse effects on the SCN clock

to form a feed-forward dysregulation of sleep/wake homeostasis, which likely involves
systemic endocrine, immune and inflammatory signaling(107).

While the importance of sleep is well recognized, we have a rather limited understanding of
how sleep is regulated. A major task of sleep research is to identify the genes and pathways
that regulate sleep(50, 111, 140, 240). Not surprisingly, almost all core clock genes play
roles in regulating the timing of sleep(50, 240). For example, mutations in Per2, Per3, Cry1,
and Cry2 cause either advanced or delayed sleep phase disorder. Advanced or delayed sleep
phase disorders are common forms of insomnia caused by a misalignment between the
body’s internal clock and the societal norm dictated by the light/dark cycle(279). In addition
to timing, the circadian clock also regulates sleep homeostasis(50, 240). Disruption of core
clock genes can cause attenuation of the sleep/wake rhythm. For example, Cry1/2-deficient
mice display increased non-REM sleep drive(294) and Bmall-deficient mice showed
increased sleep fragmentation(141), indicative of a reduction of the sleep/wake rhythm.

In addition to genetic factors, including mutations in the core clock genes, misalignment
between the body’s internal clock and the external environment represents a common form
of sleep disruption. Light-at-night (as experienced by shift-workers), high-fat diet, mistimed
feeding, diabetes, and aging can all compromise physiological rhythms of sleep/wake cycles,
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core body temperature, plasma cortisol, and melatonin levels(64, 113, 279). Sleep timing,
quantity, and quality are essential to health. Future research promises to shed light on the
cellular and molecular mechanisms that underlie the mutual regulation of the circadian
and sleep systems. Regimens to enhance circadian and sleep functions and improve human
health and quality of life are likely to follow.

b. Digestive/Metabolic System

i. Gut/Microbiome—~Recent advances have uncovered the relationship between the gut
microbiome and the host circadian clock. The gut microbiome is a diverse community of
commensal microorganisms in the gastrointestinal tract. The microbiome’s composition,
concentration, and interaction with intestinal epithelial cells influence host homeostasis and
disease(267). Gut microbiome composition is altered by diet and feeding times. Dysbiosis
has been linked to obesity, inflammation, and weakened immune function(267). Circadian
rhythms of the host and the host microbiota seem to have bidirectional interactions with
one another, as dysfunction in host circadian genes disrupts rhythmicity in microbiota
content(227), and the presence of important microbial metabolites directly affect rhythms in
host liver function and metabolism(147). The gut microbiome can simultaneously influence
host metabolism and lipid absorption through inducing rhythmic expression of histone
deacetylase 3, which associates rhythmically with chromatin, leading to rhythmic expression
of CD36, a lipid transport gene(135). This effect was associated with changes in lipid
absorption and was linked to diet-induced obesity(135).

Thaiss et al. observed significant alterations in hepatic and intestinal gene oscillations in
C57BL/6 background mice on 12:12 hour light/dark cycles, with dysbiosis induced by

a mixture of vancomycin, ampicillin, kanamycin, and metronidazole, suggesting strong
changes in liver and intestine circadian transcription upon disorganization of the gut
microbiome(266). Conversely, host circadian rhythms also affected microbiome content and
gene expression. The composition of the host microbiome exhibited diurnal rhythmicity
which was disturbed in Peri/2-deficient mice. Although time-restricted feeding during the
light phase corrected the rhythmicity of the microbiome, the antibiotic-treated mice retained
their feeding rhythmicity; hence, the loss of feeding rhythmicity was ruled out as the cause
of transcriptional changes(266).

Maki et al. found that sleep fragmentation impacted microbiota populations in Wistar-
Kyoto rats, indicative of the circadian rhythms’ impact on the gut microbiome(164).

When compared to control rats, rats with 8 hours of randomized sleep fragmentation had
decreased levels of butyrate-producing bacteria, Firmicutes, and alpha diversity, indicative of
induced dysbiosis; however, levels rose again after 20 days of chronic sleep fragmentation.
Additionally, Proteobacteria levels were elevated in sleep fragmented rats when compared
to controls, which is typically induced through a high-fat diet and is associated with disease
states(164). Fecal samples collected from human patients analyzed by 16S ribosomal RNA
gene amplicon sequencing linked altered microbial function to sleep-wake cycle shift, but
there was little difference in microbiome composition(158). The samples were collected
before and after one night of shifted sleep/wake cycle and two days after for recovery, and
the effects of chronic sleep/wake cycle shift were not investigated. For a detailed review
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of the relationship between the gut microbiome and circadian rhythms, see Matenchuk et
al.(168).

One mechanism with which the microbiome could influence the host circadian clock is
through the intestinal transcription factor type-3 innate lymphoid cells-signal transducer
and activator of transcription 3 (STAT3), which induces increased expression of Nfil3

in intestinal epithelial cells through REV-ERBa.(289). The circadian transcription factor
NFIL3 controls immune function. In intestinal cells, NFIL3 regulates lipid absorption

and promotes lipid metabolism in the liver. Its expression rhythms are amplified by a
healthy microbiome, and Nfi/3expression is reduced in germ-free mice. Further analysis

of this pathway suggests that disturbed feeding times can decrease the function of the
intestinal barrier and lead to dysbiosis via vasoactive intestinal peptide-producing neurons,
which are activated during food consumption(264). Ku et al. found that C. sporogenes
produced metabolites 3-(4-hydroxyphenyl) propionic acid and 3-phenylpropionic acid
which increased the amplitude of PER2 and BMALL oscillations after their addition

to Per2::LUCIFERASE knock-in and Bmall-L UCIFERASE transgenic mouse embryonic
fibroblast cells /in vitro(134). Additionally, in C57BL/6J mice, the presence or absence of
short-chain fatty acid butyrate caused changes in hepatic circadian rhythms independent of
light cues, and hydrogen sulfide, another microbial metabolite, targets and suppresses Bmall
expression in the liver(147). Microbiome produced short-chain fatty acid p-hydroxybutyrate
has been identified as a blood pressure-regulating ligand in the kidney that attenuates
hypertension, as exemplified in Dahl salt-sensitive rats, further linking the microbiome
metabolites to circadian rhythm expressions(45). The connections between these metabolites
and the host circadian clock are still unknown.

Cyanobacteria have a functioning circadian clock thanks to a trio of proteins, KaiA, KaiB
and KaiC. Homologs of these proteins have been found in other bacterial species, but

only Cyanobacteria contain all three — with KaiA seeming to be the key component for
circadian cycling(114). Enterobacter aerogenes, a gut bacterium, exhibits circadian rhythms
after removal from the host, but the circadian capabilities of other bacteria present in the
microbiome (predominantly Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria)
have not been adequately studied. Further research into bacterial circadian function within
the host could help elucidate mechanisms of microbiota-host interactions(211). Additionally,
methods by which to study interactions between the gut microbiome and circadian rhythms
should be standardized, as timed feeding, dietary treatments, and sexes of the mice differed
among experiments.

ii. Metabolism/Liver—Circadian rhythms in mammalian metabolism are well-
established. The circadian clock controls a variety of physiologically critical hepatic
functions in order to maintain homeostasis. Disruption of the clock’s function in the
liver is linked to hepatic pathologies, including non-alcoholic fatty liver disease, alcohol-
related liver disease, and hepatocarcinogenesis. Metabolic disorders such as obesity, type
Il diabetes, and cardiovascular disease are also more likely to occur when the internal
circadian clock is chronically misaligned, as experienced during jet lag or shift work. In
rodent studies, genetic perturbation of the circadian clock has been shown to exacerbate
metabolic pathologies by influencing the transcriptional programs of genes involved in
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many pathways, including carbohydrate metabolism, lipid metabolism, and xencbiotic
detoxification.

Carbohydrate metabolism occurs rhythmically and is intimately connected to the circadian
clock. In chronic shift workers, circadian misalignment reduces glucose tolerance and
insulin sensitivity(193). In male C57BL/6 mice, the key enzymes of glucose metabolism
are dominant during the daytime, which is the rest phase for mice(290). Compared to

their wild type counterparts kept in steady 24 hour light/dark cycles, chronic jet lag in
male mice caused the overexpression of genes involved in glycolysis and glycogenolysis,
while suppressing the expression of genes related to glycogen synthesis(126). In female
mice under standard 24 hour light/dark conditions, BMAL1 was rhythmically recruited to
the glycogen synthase 2 (Gys2) promoter and the glucose transporter 2 (G/ut2) promoter,
inducing their rhythmic expression(133). Ablation of Bmal1 abolished rhythmicity in

the vast majority of carbohydrate metabolites in female mice kept under constant
darkness(133) and eliminated the rhythmicity of fasting blood glucose and G/ut2 expression
in male mice kept at 12:12-hour light/dark cycle(14). Male mice on a 12:12 light/dark
cycle with Bmall ablation specifically in pancreatic beta cells developed significant
hyperglycemia, hypoinsulinemia, and impaired glucose tolerance compared to their wild
type counterparts(214). CRY proteins, which are clock repressors, help direct carbohydrate
metabolism by binding to the glucocorticoid receptor (GR) and acting on GR cistromes in
male and female mice(40). In addition, the nuclear receptors REV-ERBa and REV-ERBp
bind GR with high frequency, and time-of-day dependent GR activity is dependent on
REV-ERBa expression. Feeding patterns have also been shown to alter the expression

of genes associated with carbohydrate metabolism. Male mice were fed under three
different feeding paradigms: arrhythmic feeding, night-restricted feeding, and ad /ibitum.
The rhythmic expression of glycogen phosphorylase (Pyg/) revealed that catabolism and
anabolism of glycogen were affected by rhythmic food intake, which was shown to drive
the expression of rhythmic genes more potently in these mice than the cell-autonomous
hepatic clock(87). When male mice were subjected to a restricted feeding treatment in
which feeding was switched from the active phase to the rest phase, they developed
hypoinsulinemia, which in turn initiated a metabolic reprogramming to increase levels of
free fatty acids, glucagon, and glycogen synthase 3 activity(195). Increased levels of

free fatty acid and glucagon activated peroxisome proliferator-activated receptor (PPAR) a
and cyclic adenosine monophosphate (CAMP) response element-binding protein (CREB),
respectively. These changes in turn led to aberrant expression of Rev-Erba, Perl, and Per2,
shifting the rhythmicity of the peripheral clocks in the liver, muscle, and heart. These

data reveal the role of the clock in regulating carbohydrate metabolism and the effects of
disrupted feeding schedules on metabolic gene expression.

Many studies have demonstrated a significant role of the molecular clock in hepatic lipid
metabolic processes. In mice, the key enzymes of lipid metabolism are dominant during the
nighttime(290). Diet-induced obesity was shown to cause remodeling of circadian enhancer
activity in the livers of male mice(89). Diet-induced obesity caused rhythmic expression of
genes involved in de novo lipogenesis, including fatty acid synthase, acetyl coenzyme A
carboxylase alpha, ATP citrate lyase, and elongation of very long chain fatty acids protein 5.
Increased de novo lipogenesis was due to a high amplitude circadian rhythm of the lipogenic
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transcription factor, sterol regulatory element binding transcription factor 1, which triggered
synchronous patterns of both fatty acid synthesis and oxidation. Diet-induced obesity also
led to a high amplitude rhythm of PPARa,, which is necessary for fatty acid oxidation.
Pharmacological lipid-lowering was more effective at peak expression of PPARa under
diet-induced obesity, pointing to a chronopharmacological approach in treating metabolic
disease. In the absence of hepatic Bmall in male mice, m6A methylation of Apara mRNA
increased, which in turn decreased expression of Ppara and disrupted downstream lipid
metabolism(319). The hormone ghrelin restored the rhythmicity of aberrantly expressed
Clock and Per2 genes and their respective protein levels in diet-induced obesity in male
mice with hepatic steatosis(287). Ghrelin restored the circadian rhythm in the liver through
a mechanism dependent on mTOR signaling, which plays an important role in energy
homeostasis. PPARYy, a regulator of adipogenesis and lipid metabolism, was cyclically
recruited to chromatin in response to high-fat feeding in male C57BL/6 mice(197). The
activation of PPARYy in turn led to transcriptional reprogramming in the liver to regulate
lipogenesis. Furthermore, the offspring of obese female mice developed non-alcoholic fatty
liver disease when fed a post-weaning obesogenic diet(194). These mice demonstrated
hypermethylation at Bmall and Per2 promoter regions, which reduced Bmall expression
and increased Per2 expression. Clock mRNA expression increased and Cry2 expression
became arrhythmic. It is likely the misalignment of circadian transcription mechanisms
contributed to the non-alcoholic fatty liver disease phenotype seen in obese mice. Bmall
ablation in the liver caused both male and female mice to develop more severe liver steatosis
and suppressed de novo lipogenesis and fatty acid oxidation pathways(310). The absence of
hepatic Bmall in male mice reduced the levels of active cyclic adenosine monophosphate
response element-binding protein H, which is required to maintain the circadian rhythmicity
of genes involved in triglyceride and fatty acid metabolism(318). Liver-specific inactivation
of Bmall increased expression of proprotein convertase subtilisin/kexin type 9 (PCSK9),

a protein that promotes the degradation of the low-density lipoprotein receptor, and led to
elevated plasma low-density lipoprotein/very low-density lipoprotein cholesterol levels(163).
Further, hepatic lipogenesis induced by glucocorticoids was interrupted by loss of REV-
ERBa(40). Mice with liver-specific depletion of nuclear receptors RORa and RORYy
upregulated expression of lipogenic genes under fed conditions but not under fasting
conditions at ZT22 and showed exacerbated hepatic steatosis(315). These studies indicate
the significance of the circadian clock proteins in governing lipid metabolism.

The liver is the primary organ responsible for the metabolic pathways of ureagenesis

and xenobiotic detoxification. These processes are directed via transcriptional mechanisms
regulated by circadian proteins. It has been shown that CLOCK drives the circadian rhythm
of ureagenesis through acetylation. Rhythmic CLOCK acetylation of argininosuccinate
synthase 1, the rate-limiting enzyme of arginine biosynthesis, is facilitated by BMAL1
and inactivates the function of argininosuccinate synthase 1(153). Ablation of CLOCK/
BMAL1 core clock components increased both ureagenesis and arginine biosynthesis in
male mice. CLOCK and BMAL1 are also involved in regulating xenobiotic detoxification.
CLOCK ablation sensitized male mice to coumarin and cyclophosphamide toxicity by
downregulating the expression of CYP2A4/5 and upregulating CYP2B10 metabolism,
respectively(317). The liver detoxification response also relies on input from the gut
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microbiota in order to maintain hepatic clock oscillations. Cyp3al1and Cyp2b10, which
encode a xenobiotic and a drug/steroid metabolizing enzyme, respectively, demonstrated
very low hepatic expressions in germ-free male mice, with no or very dampened daily
oscillations(186). The downregulation of genes related to xenobiotic detoxification indicates
that germ-free mice may be more susceptible to oxidative stress. The pathway of bilirubin
detoxification that occurs in the liver is also regulated by the core clock proteins.

BMAL1 activates and generates the rhythmicity of UDP glucuronosyltransferase family

1 member Al (Ugtial)and Multidrug resistance-associated protein 2 (MrpZ2), the two
genes primarily responsible for bilirubin metabolism(288). Bmal1 ablation in male mice
abrogated the circadian time-dependent clearance of bilirubin and sensitized mice to
hyperbilirubinemia. Bilirubin upregulated Bmall expression through antagonistic effects on
Rev-Erba, thereby inducing its own detoxification. Biliary excretion and clearance were
found to be significantly higher during the dark phase of mice when Mrp2expression is
higher, and the rhythmic expression of Mrp2 disappeared in Per1/2 double KO mice(206).
Furthermore, bile acid and xenobiotic metabolism were among the top deregulated pathways
in the livers of wild type jet-lagged mice(126). Constitutive androstane receptor (CAR)

is a liver tumor promoter that mediates toxic bile acid signaling. Loss of CAR inhibits
non-alcoholic fatty liver disease-induced hepatocarcinogenesis. Chronic jet lag abolished
BMAL1 binding to the xenobiotic receptor Carpromoter, which dramatically increased
binding of c-FOS and cyclic adenosine monophosphate response element-binding protein
(CREB) to the Carpromoter and strongly activated Cartranscription. CAR activation is

the basis for mutagen-induced hepatocarcinogenesis in mice. Taken together, these findings
indicate the critical role of the circadian clock in regulating liver detoxification pathways
and elucidate potential targets to prevent xenobiotic toxicity.

Irregular feeding schedules cause disruptions in metabolic pathways. Under arrhythmic
feeding in which male mice were fed 1/8th of the daily food intake every 3 hours, the
expression of lipogenic rate-limiting enzymes was strongly impaired(87). Mice lacking
hepatic Rev-Erba/pB expression on an ad /ibitum diet showed reduced expression of genes
involved in cholesterol metabolism and developed hypercholesteremia. Furthermore, mice
with induced chronic jet lag experienced overexpression of genes promoting lipid synthesis
and cholestasis(126). One potential method that has shown promise in relieving metabolic
defects in animal models is time-restricted feeding, in which mice were given access to food
for a 10 hour interval during their active period. Metabolic rhythms were lost in diet-induced
obesity male mice but were sustained when diet-induced obesity mice were subjected to
time-restricted feeding(44). However, the metabolic effects of Clock mutation in obese male
mice fed a high fat diet were not rescued by time-restricted feeding, suggesting that other
factors help to regulate metabolic homeostasis(177).

c. Cardiovascular System

i. Kidney—Various renal functions have been shown over the years to act in a circadian
or diurnal manner. The renal excretion of sodium (Na*) and potassium (K*) exhibits a
circadian rhythm(181). In humans, glomerular filtration rate peaks during the day and
drops to its lowest in the night(130-132). Blood pressure in humans sees its greatest surge
during the morning and drops to its lowest point at night during the sleep cycle(178).
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These physiological functions have been linked to the circadian molecular clock throughout
different portions of the nephron(115). Circadian disruption, which may occur in shift
workers or in those exposed to artificial light at night, is associated with increased incidence
of chronic kidney disease(41).

Numerous studies have examined the influence of circadian rhythms in the different
segments of the nephron. In the distal tubule, Susa et al. found that downstream targets

of the With No Lysine (K) (WNK) signaling pathway to phosphorylate sodium chloride
cotransporter (NCC), which include oxidative stress responsive kinase 1 and Ste20-related
proline-alanine rich kinase, display circadian rhythms when examined in male mice(259).
These rhythmic observations could be the result of a direct interaction with the circadian
clock. Richards et al. demonstrated that mice lacking PerZ exhibit decreased expression

of Slc12a3 (encoding NCC) and WnkI mRNA(224). These responses are linked to the
abundance of PER1 and CLOCK on the promoter regions of these target proteins. The
diurnal variation of phosphorylated NCC protein at Thr53 (pT53 NCC) is influenced by
adrenal hormones, particularly glucocorticoids, as demonstrated by Ivy et al.(110). This
also manifested a non-dipping blood pressure phenotype in these mice, demonstrating that
glucocorticoids (corticosterone in mice) could influence blood pressure at different times
of the day through the diurnal expression of phosphorylated NCC. Corticosterone also
increases the mRNA expression of circadian clock genes Bmall, Cry1, Perl, and PerZ109).
In the collecting duct, our group found that PerZ mediates the ability of aldosterone to
regulate a epithelial sodium channel (aENaC) expression(93). Follow-up studies examined
the mechanism by which PerZ regulates a ENaC in the mouse cortical collecting duct

cell line, mpkCCD¢14. DNA pull-down assays and ChlIP experiments demonstrated the
interaction of PER1 and the mineralocorticoid receptor with an E-box domain of the aENaC
promoter(223). A study using an /n vitro binding assay also found that PER1 and CLOCK,
interact with the E-box response element in the a ENaC promoter (90). Inhibiting casein
kinase 18/e in these cells reduce the abundance of PER1 located in the nucleus(222). As

a result, PER1 and CLOCK are prevented from interacting with the E-box domain from

the a ENaC promoter, and aENaC expression and the number of channels are reduced.
Clock KO mice exhibited impairments in water and Na* excretion at different times of the
day(322).

Johnston et al. determined that male rats deficient in functional endothelin B receptor have
a delayed natriuretic response to an acute salt load that is dependent on the time of day the
salt load is given(117). Furthermore, female endothelin B receptor-deficient rats are more
efficient than males in excreting excess salt, suggesting a sex difference in the endothelin B
receptor-dependent diurnal natriuretic response to a salt load. A high salt load also caused
a 5.5 hour phase delay in Bmall expression in the inner medulla of control rats, unlike
endothelin B receptor-deficient rats(252). These data suggest an effect on the phase of renal
BMAL1 that is endothelin-1-dependent.

The regulation of blood pressure by BMAL1 has been described by many groups. Nikolaeva
et al. demonstrated that an inducible tubule-specific BMAL1 KO mouse had lower blood
pressure than controls despite similar solute excretion and glomerular filtration rates(201).
Zhang et al. showed that male collecting duct-specific Bmall KO mice had lower blood
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pressure compared to control mice, however, this difference was not seen in female mice
(309). A study by Johnston et al., utilized the Bma/l KO rat, the first known whole-body
clock gene knockout in a rat(116). In the renal cortex, male BmalZ KO rats lost the diurnal
variation in gene expression for Perl, Per2, CryZ2, Rev-Erba, and Dbp that was seen in wild
type rats. Similar results were observed in the outer and inner medulla. Male Bmall KO
rats lost the diurnal variation in urinary Na* excretion observed in wild type rats. However,
in females, the diurnal pattern of urinary Na* excretion was conserved in both control and
Bmal1 KO rats. Despite this loss of the time of day difference in urinary Na* excretion in
male Bmal1 KO rats, they maintained a diurnal variation in mean arterial pressure similar
to control rats. Similarly, mice absent of BMALL1 within the distal segments of the nephron
displayed sex-specific blood pressure and solute handling, with male KO mice having lower
blood pressure and less Na* retention compared to controls, a difference not seen in female
mice(56). These studies also reinforced the idea of a more robust process of Na* handling
in females, and suggest a mechanism of Na* excretion regulation that is independent of
BMAL1. Future studies are warranted from this novel rat model.

Microarray studies have explored the influence of circadian clock physiology in the kidney.
In a mouse renal inner medullary collecting duct cell line, our group demonstrated that
genes such as Perl and Per2were upregulated following aldosterone treatment. Perl

saw its highest level of aldosterone-induced upregulation after 1 hour of treatment with

a greater than seven-fold increase in expression, providing evidence of the molecular

clock being transcriptionally responsive to aldosterone(91). In another study, RNA was
examined in mouse kidneys collected every 4 hours starting at ZT0. Zuber et al. used

male C57BL/6J mice to demonstrate that 356 transcripts in the distal convoluted tubule/
connecting tubule and 504 transcripts in the cortical collecting duct being identified as
circadian transcripts when RNA was measured in kidneys collected every 4 hours starting
at ZT0(322). Transcripts expressed in both of these tubular regions included the core clock
genes Bmall, Clock, Per2/3, and Cry1/2, along with Dbp, Npas2and Nrid1/2. The presence
of these transcripts, along with genes involved in water and electrolyte homeostasis in these
nephron segments, gave credence to the ability of the renal molecular clock to regulate the
circadian variation in renal tubular function.

Nikolaeva et al. performed transcriptome profiling of RNA samples from whole kidneys

of wild type and BmalZlox/lox/Pax&-rtTA/LC1 conditional KO mice(201). Transcripts that
were differentially expressed when measured at ZT4 and ZT16 were linked to carboxylic
acid metabolism, organic anion transport, and chemical homeostasis. Furthermore, these
Bmall conditional KO mice displayed altered renal metabolism. BMAL1 appears to also
play a role in podocyte development. A number of genes involved in podocyte development
were affected by knocking out Bmall in the podocyte cells of mice including Transcription
factor 21, N-Ethylmaleimide Sensitive Factor, G Protein Subunit Alpha 12, Cathepsin L,
sulfatase 2, and G protein-coupled receptor class C, group 5, member A(18). Changes in
expression of circadian clock genes Cry1, Rora, Rorc, and Npas2 were also seen. These
changes in mMRNA expression were associated with higher levels of creatinine excretion
during the inactive period in Bmall conditional KO mice.
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Ivy et al. shed significant light on how glucocorticoids may contribute to the regulation

of rhythms in renal Na* handling. In C57BL6J/O1a mice, clamping plasma corticosterone
at ~200 nmol/L abolished the diurnal variation in pT53 NCC(110). This was due to an
elevation of pT53 NCC during the inactive period. A similar result was seen in these

mice after adrenalectomy, although the blunted diurnal variation in pNCC occurred due to
decreased levels at night. These results were associated with non-dipping blood pressure,
with systolic blood pressure increasing during the inactive period and diastolic blood
pressure remaining elevated during both active and inactive periods. Hydrochlorothiazide
reversed the elevation in systolic blood pressure and diastolic blood pressure during the
inactive period. This study showed that glucocorticoids could influence blood pressure at
different times of the day through the diurnal expression of phosphorylated NCC. These
authors followed up on this result by examining GR, through which glucocorticoids regulate
NCC(109). After performing adrenalectomy on male C57BL6J/O1a mice, intraperitoneal
injection of corticosterone induced an increase in pNCC protein levels. This increase was
observed along with an increase in the mRNA expression of serum- and glucocorticoid-
inducible kinase 1, glucocorticoid-induced leucine zipper protein, which encodes for
glucocorticoid-induced leucine zipper protein, and the circadian clock genes Bmall, Cry1,
Per1, and Per2. In mice with intact adrenal glands, spironolactone (a mineralocorticoid
receptor antagonist) decreased total NCC protein while RU486 (a GR antagonist) had no
significant effect. Chronic RU486 treatment blunted the diurnal variation in pT53 NCC
and altered the diurnal mRNA expression of Per? and Nrld1, while leaving other clock
genes unchanged. The diurnal pattern of pT53 NCC was blunted even in GR heterozygous
null mice on a C57BL/6J background. This study showed the importance of both the
mineralocorticoid receptor to NCC abundance and GR to NCC activity and its diurnal
variation.

ii. Heart and Vasculature—Insomnia and shift work are both independent risk factors
for the development of acute myocardial infarction(142, 280), with the latter explicitly
influencing circadian regulation of transcriptome in peripheral blood mononuclear cells
samples from female nurses at a large university hospital(220). These phenomena are likely
contributed to by tissue-specific effects of circadian machinery on the heart itself, which in
mice is known to be highly divergent in diurnal regulatory patterns compared to other large
organs(254, 299).

Given the contribution of the autonomic system to heart rate and function, it is unsurprising
that the CNS contributes a great deal to cardiac disease. Sympathovagal balance, in
particular, is heavily influenced by circadian changes. These variations are associated
with a particular Per3 polymorphism that results in heart rate variation equivalent to
sleep deprivation in clustered patients(277). A similar network alteration in circadian
synchronicity is likely a significant contributor to chronic atrial arrhythmias, according
to a study that examined the molecular clock in primary atrial tissue from patients
undergoing valve repair or replacement (66). Consistent with these results is the link
between susceptibility to ventricular arrhythmia in mice and alterations in the circadian
core clock. Rhythmic control of clock-dependent oscillator Kruppel-like factor 15 leads
to changes in potassium-channel transcriptional programming, with either an increase
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or decrease in transcription factor activity resulting in a predisposition to cardiac
arrhythmogenesis(229). Additionally, cardiomyocyte-specific deficiency of Krippel-like
factor 15 results in circadian clock disruption, suggesting a feedforward mechanism

of regulating expression(313). The upstream effects of Kriippel-like factor 15 may,

in part, explain why inducible cardiomyocyte-specific deletion of BMALL1 leads to
increased arrhythmia secondary to electromechanical stimulus, via a Na* channel-dependent
depolarization effect(238). Redundancy in the circadian core clock is likewise demonstrated
by the fact that a similar model of CLOCK-deficiency in the myocardial tissue results in
profound bradycardia and mitochondrial fragmentation, with transcriptional variation of >
10% from normal(31). From these studies, we conclude that electrical syncytial activity of
the heart depends both directly and indirectly upon the appropriate functioning of the central
and peripheral clock.

Mice globally deficient in BMALL die of dilated cardiomyopathy at a young age(145).
Interestingly, myeloid-cell deletion of the core transcription factor alone is protective
against atherosclerotic lesion formation in male and female hyperlipidemic mice(301), but is
surprisingly also associated with recruitment of pro-inflammatory cellular intermediaries

to the site of atherosclerosis. The mechanism for the underlying myeloid contribution

to cardiac disease may be explained through the role that BMALZ1 plays in neutrophil
“aging” specifically, with increased chemokine receptor expression mediated throughout

the roughly 24-hour lifetime of the leukocyte(5). Surprisingly, BMAL1-mediated changes

in neutrophilic expression patterns (“aging”) boosted antimicrobial activity of the myeloid-
derived cells, while persistence in the vascular compartment of these neutrophils promoted
proliferation of a sterile thrombo-inflammatory insult, myocardial infarction, and death.
These findings do not rule out a simultaneous central contribution to immune-mediated
atherosclerosis, as one group demonstrated that with sleep fragmentation alone, the neuro-
immune axis effects worsened vascular and cardiac injury, including heart attacks(171).
Questions remain over how circadian molecular machinery coordinates this axis of signaling
in chronic inflammatory states, and whether restoration of rhythmicity, either centrally or

in the heart itself, will improve disease outcomes. A putative model for integration among
these systems is shown in Figure 4.

Of course, homing of myeloid cells to the site of vascular injury requires coordinated
signaling involving many cell types, most prominently endothelial cells. Particularly, the
trafficking of leukocytes to sites of vascular injury is dependent on BMALL expression

by the affected microvascular endothelial cells(100). Likewise, trafficking of endothelial
progenitor cells from the bone marrow to sites of vascular inflammation is circadian in
function, with disruption in either circadian-mediated bone marrow release or homing of
cells, leading to an increased risk of cardiovascular events(7). Furthermore, there is a known
cell autonomous effect of circadian disruption on vascular health, with the transcriptional
regulation and function of endothelial nitric oxide synthase independently contributing to
vascular tone and, among other changes, hypertension(16, 230). Specifically, at a cellular
level, endothelial cell loss of BMALL1 expression aggravates endothelial-to-mesenchymal
transition, a predisposing factor in the promotion of atherosclerotic lesions(321), related
primarily to increased oxidative stress. The same is true for CLOCK(265), influencing
metabolic regulation of cells through the primordial regulator AKT protein kinase B(161),
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although no explicit link between the pathways in human disease has been described

to date. Interestingly, circadian variability in endothelial cell function from patients with
obstructive sleep apnea (a breathing disorder associated with transient hypoxemia in addition
to disruption of sleep, and a common cause of increased blood pressure in the lungs,

or pulmonary hypertension), is known to be linked to circadian biology via depressed
melatonin levels in patients(312), where treatment with supplements decreases inflammatory
milieu in the lung and subsequent disease.

Ultimately, as a common outcome, manipulation of the vascular endothelium transcriptome
through clock disruption can lead to a vascularly senescent profile(284). Such “age-
dependent” changes are prominently noted in the impaired rhythmicity of vascular smooth
muscle cells (137), especially through alterations in Clock transcriptional activity(105).
Likewise, the cell-specific effects of BMAL1 deletion are suggested by one study in which
depletion of BMAL1 in smooth muscle cells led to protection against the development

of abdominal aortic aneurysm via changes in the matrix remodeling protein profile(162),
which is known to be exquisitely regulated by tight circadian control under homeostatic
conditions(46). Similarly, ligand-activated transcription factor PPAR-y, known to play a
major role in vascular health via regulation of metabolic fitness, is a major drug target

for diabetes and associated vascular complications in vascular smooth muscle cells.
Interestingly, PPAR-expression functions directly under the control of the circadian core
clock in male and female mice(95), suggesting a further refined cell autonomous link

with cellular metabolism. Disruption of vascular rhythmicity of PPAR signaling in smooth
muscle cells can thus result in large and small vessel disease(48, 286), affecting cardiac
tissue and heart function. Similar changes have been documented in global PPARy KO
mice(300).

iili. Lung—Like the cardiovascular system, to which it is intimately intertwined, metabolic
cues affect the cells in the pulmonary circulation and parenchyma. BMAL1 expression by
alveolar epithelial cells mediates metabolism responses to extracellular matrix remodeling
and chemokine signaling in a coordinated effort to maintain lung health after sterile and
non-sterile injury(316). Accordingly, light/dark oscillations are known to tightly regulate the
lung transcriptome(256), especially in relation to the lung repair apparatus. REV-ERBa. in
mesenchymal cells (myofibroblasts) was found to be a viable drug target in the bleomycin-
induced lung fibrosis model, with supporting clinical translational data in patients with

the disease(58). Of course, a common risk factor for cardiac, vascular, and lung disease

is tobacco smoke exposure. Tobacco, and constituent chemicals involved in smoking and
smokeless forms, dramatically alters the lung transcriptome(196), influencing the circadian
profile in particular(84, 250), as reviewed recently(257, 258).

Alterations in the mouse Clock gene can also lead to drastically altered static and dynamic
lung physiology in males and females(94). However, far from supporting the hypothesis
that these data are due to intrinsic lung pathobiology, there is evidence that pulmonary
diurnal patterns are more prominent in, and due to, infiltrating myeloid cells in the lung,
specifically neutrophils in male and female mice(42). Especially under stress conditions
such as lipopolysaccharide (LPS) infusion, mice display a large disruption in circadian
rhythm due in large part to myeloid cells homing to sites of injury(98). Of course, epithelial
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cells also display a chrono-inflammatory profile during lung injury; related primary lung
cells appear to affect their microenvironment in a paracrine/endocrine fashion by releasing
extracellular vesicles in response to injury(85). These extracellular vesicles from the lung
appear to then remotely influence the activation and release of myeloid cells from the bone
marrow, a potentially pathologic coordinated effort between the lung and hematopoietic
systems that is circadian in origin(67). The pulmonary-immune axis of signaling thus serves
as a viable area of study to better understand the role of circadian rhythmic function in
myeloid-derived cells(205).

d. Musculoskeletal System

i. Muscle—Our early understanding of the circadian clock in skeletal muscle came from
studies of the circadian transcriptome in the muscle of C57BL/6J mice(179). The results of
this first study confirmed that the core circadian genes were expressed in muscle and the
pattern was similar to that found in the liver. In addition, while the core clock genes were

in common between the muscle and liver circadian transcriptome, the rest of the circadian
transcriptomes were unique to the tissue type. The next set of circadian transcriptome
studies defined the circadian genes across different muscles as well as changes that occur
with the muscle-specific loss of the core clock gene, Bmali(74, 103, 172, 217). The three
muscles, soleus, tibialis anterior, and gastrocnemius, represent different fiber types as well
as different mechanical environments. The soleus muscle is predominantly an oxidative
muscle with Type | and I1A fibers. The tibialis anterior and gastrocnemius muscles are
predominantly fast Type IIB fibers, but they perform different mechanical functions in the
hindlimb of female mice (35). Using MetaCycle(295) we identified 1315, 1957, and 1895
genes that were cycling in tibialis anterior, soleus, and gastrocnemius, muscles respectively.
The three muscles shared 197 cycling genes (about 11%) and these were primarily circadian
clock genes, the myogenic regulatory factor, Myogenic Differentiation 1 (MyoD1I), and
genes involved in metabolic responses including TBC1 domain family, member 1 ( 7bc1d1),
insulin receptor substrate 1 (/rsZ)and Nuclear receptor-interacting protein 1 (ANrip) (Figure
5A). Analysis of muscles from the muscle-specific BmalZ KO mice confirmed that the
endogenous muscle clock is required for much of the circadian transcriptome in muscle(74,
237). These datasets have also helped with the identification of genes downstream from

the muscle clock that are important for muscle metabolism and function such as G/ut4 and
Myod1. More recently, new studies have shown that the interaction of the BMAL1:CLOCK
heterodimer with hypoxia-inducible factor-a in muscle is important for modulating the
anaerobic glycolysis pathways(212). Thus, there are several studies that have demonstrated
the importance of the muscle clock for different aspects of muscle metabolism.

Skeletal muscle also provides a fairly unique tissue in that it can be repeatedly biopsied

over a 24 hour period from human subjects. This provides an outstanding opportunity

to compare the circadian transcriptome between the diurnal human and nocturnal rodent
muscle. Perrin et al. performed a genome-wide transcriptome analysis from vastus lateralis
biopsies collected every 4 hours from ten healthy volunteers(216). They identified over 5000
pre mRNAs that exhibited a significant circadian oscillation which is about 50% of the total
genes expressed in human muscle. Further analysis of the mature mRNAs determined that
over 1000 mRNAs exhibit a circadian pattern. The difference between the numbers of pre-
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MRNA vs. mRNA likely reflects the influence of half-life; with those mMRNAs with a longer
half-life being less likely to exhibit a daily oscillation in levels. A direct comparison of the
human oscillating mRNAs with previously published circadian gene expression datasets of
mouse skeletal muscle(74, 237) revealed 107 common circadian oscillating genes between
mouse and human skeletal muscle. These include components of the core clock (Figure 5B)
as well as MyoD1 and some of the metabolic genes. Analysis of the phase of the core clock
genes in human muscle compared to mouse muscle demonstrate that the phase of the clocks
is aligned in reference to the sleep/wake cycles of the day, a key finding for establishing

the translational framework for the use of genetic models of circadian disruption to study
muscle diseases.

The importance of the muscle clock in metabolism and function has been demonstrated by
preclinical research. The use of two different genetic mouse models for circadian rhythms,
the Bmal1 KO mice (e.g. arrhythmic behavior) and the ClockA19 mice (e.g. long period
length under constant conditions) provided some early insight into the role of the circadian
clock and muscle phenotype in both sexes (34, 278). These studies demonstrated that muscle
weakness and mitochondrial deficits were two muscle pathologies common to both genetic
mouse models(15). Since that study, different groups have generated skeletal muscle-specific
knockout of the core clock gene Bmal1(74, 103, 212). These studies targeted the loss of
Bmall because it is the only non-redundant gene within the core clock. The most common
outcome across slightly different models of muscle-specific Bmall KO is the robust change
in glucose metabolism. This has been shown by glucose intolerance through a larger area
under the curve in response to glucose tolerance tests, as well as through metabolomic

and biochemical analysis of different skeletal muscles in males and females(74, 97, 103).
Specifically, muscle-specific Bmall KO leads to reductions in the mRNA and protein levels
of GLUT4 and TBC1D1, glucose transporter in skeletal muscle, and the translocator of
GLUT4-containing vesicles, respectively. In addition, the decrease in Bmal1 in muscle
causes a downregulation of the key enzymes for the use of glucose, such as hexokinase

2 and pyruvate dehydrogenase(74, 97, 103). The skeletal muscle-specific Bmall KO mice
display normal circadian behavior under free-running conditions, unlike the global Bmall
KO, suggesting that the changes observed in metabolism are due to effects downstream of
the muscle circadian clock. These results indicate that the molecular clock generates the
circadian rhythm of carbohydrate metabolism in skeletal muscle and that its disruption leads
to metabolic dysfunction in skeletal muscle. While these studies have been important as
foundational studies in the muscle circadian field, it is still fairly early and we propose that
it is likely that many other aspects of muscle homeostasis are modulated by the intrinsic
muscle clock mechanism.

ii. Bone—Circadian rhythm plays an integral role in bone development and degradation.
Maintaining homeostatic conditions throughout circadian rhythm cycles can prevent
metabolic issues, as well as prevent bone conditions such as osteoporosis. Bone tissue
consists mainly of osteoclasts, osteocytes, and osteoblasts. These components collaborate
and communicate with each other to degrade and build bone through receptor activator

of NF-xB ligand (RANKL)(235). RANKL directly triggers bone resorption when it binds
to osteoclasts, while osteoprotegerin (OPG) binds to RANKL to prevent bone resorption
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when osteoblasts secrete the hormone. By shifting light/dark cycles and adjusting circadian
rhythm, Schilperoort et al. were able to determine the differences in genes related to bone
function and turnover. Mice that lacked CLOCK or BMAL1 showed reduced bone mass,
while double knockout mice lacking PER1/2 or CRY1/2 showed increased bone mass. There
is also evidence that disruption of GR could contribute to disruptions in bone development.
Precursor cells to cartilage tissue that reside in the bone marrow, called mesenchymal cells,
are also thought to exhibit effects on the long bones of mice(269). BMAL1 deletion in
mesenchymal cells resulted in low bone mass, reduced trabecular bone mineral density, and
reduced cortical bone mineral density. However, diverging views on the reasons for changes
in bone mass and how BMAL1 and other circadian genes can directly or indirectly regulate
osteoclasts and osteoblast activity remain between studies.

Another factor that should be considered in tandem with circadian patterns in muscle cells

is the coupling between skeletal muscle and bone. Human physical activity mostly follows

a circadian rhythm, and mechanical movement and force placed on bone play a role in bone
formation and development(228). Considering this when looking at BMAL1 KO populations
is important and poses another instance where germline muscle-specific BmalZ KO mice
exhibited similar phenotypic features as global Bmall KO; however, the mice with muscle
KO experienced higher calcification rates and increased skeletal growth(237). Overall, we
understand that disrupting circadian rhythm and the genes that constitute reactions to light/
dark cycles negatively affect homeostatic bone health and growth.

Different types of facial dysmorphisms and conditions such as skeletal mandibular
hypoplasia can cause blockage of airways, immune deficiencies, as well as delayed
developmental growth within bone structure(320). BMALL has a significant impact on
osteogenic differentiation, osteoclast differentiation, and bone development in stages of
embryonic as well as postnatal development. Focusing on mandibular condyle cartilage

and surrounding craniofacial tissues, results from Yu et al. revealed that Bmal/l KO

mice displayed thinner proliferative layer zones as well as hypertrophic layer zones; not
only were these measures of bone development lower, the KO mice had overall smaller
mandibular condyles as well as a lower chondrocyte count compared to the normal mice
population(306). Additional evidence indicating how important the role of clock genes is
within bone development can be found in the Hedgehog pathway. This pathway plays vital
roles in cartilage production and chondrocyte differentiation. BMALL1 regulates this pathway
through downregulating signals and binding to promoters that belong to Hedgehog activators
like Indian hedgehog homolog and protein patched homolog 1(306). In correlation to the
transcriptional binding abilities of BMALL, it also interacts with genes that maintain bone
homeostasis, such as OPG and RANKL(320). Much like in cases of BMALL1 deficient
skeletal mandibular hypoplasia, dysrhythmia in the mice samples expressed lower levels of
BMAL1 and OPG expression. Other clock genes like Perl, PerZ, and CryZ2also expressed
lower rates of expression in skeletal mandibular hypoplasia tissues. The mice on jet lag light/
dark schedules had smaller mandibles, smaller trabecular thickness, and lower osteoblast
counts.

Due to the ability of BMALL to bind to these promoter sites and regulate their means of
transcription, we can use the information gathered on its effects on mandibular development
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to possibly begin curating gene therapies to treat craniofacial deformities. In alignment with
these studies, it was found that BMAL1 deficiencies could be reversed during pre-puberty
and puberty stages by injecting Hedgehog pathway activators Indian hedgehog homolog and
protein patched homolog 1 into mandibular condylar cartilages(306). Similarly, deficiencies
of BMAL1 were reversed through intraperitoneal injection of OPG into the jaw(320). These
rising therapeutics shine light on possible methodologies to prevent jaw deformity and bone
conditions such as osteoporosis.

Bone is formed and regulated through hormones and growth factors that induce osteoblasts
to form bone and osteoclasts to resorb bone. The processes of bone formation and resorption
are controlled in homeostatic conditions, and imbalances can cause diseases and disorders
such as osteoporosis(263). Limited studies have been conducted on the effects of circadian
rhythm genes on bone resorption, but we have evidence that connects CLOCK and
BMAL1 to regulatory elements and genes within this process. Because bone resorption
primarily resides in osteoclastogenic cells, BMALL1 osteoclast KO mice exemplified high
bone mass and decreased differentiation. Osteoclast numbers decreased, and the femurs

of mice showed significant increases in mass as well as increases trabecular thickness,
indicating that BMAL1 plays a large role in osteoclasts’ ability to resorb bone(297). Taking
a closer look at the mice, their calcium metabolism did not change overall due to Bmall
deletion, showing that BMAL1 controls bone remodeling independent of its central clock
expression. In particular, this study found that BMALL1 regulated osteoclastic marker and
gene nuclear factor of activated T cells 1 (Nfatc1) through binding Afatcl promoter as

a heterodimer complex with CLOCK, while proto-oncogene tyrosine-protein kinase SRC
protein interacts with the complex as a coactivator. Transcriptional factors within osteoclast
cells as seen in this study heavily influence osteoclastogenesis, but there is also evidence
that factors within osteoblasts also affect bone resorption. BMAL1 in osteoblasts was
found to regulate bone resorption through influencing RANKL-OPG expression; therefore
influencing osteoclastogenesis through osteoblasts(263). Many more studies are needed to
gain full understanding of these mechanisms, but these findings show that circadian genes
certainly play integral roles in bone formation and degradation.

System

The immune system is the body’s multifaceted defense mechanism against foreign agents. It
is functionally divided into the innate and adaptive branches. The role of the core circadian
clock in the immune system has been well described to date(59, 165, 234). We know
circadian disruption in ICU patients is associated with increased severity of sepsis(52,

61). Interruption of the clock functioning through permuted sleep disturbance disrupts the
transcriptome of human blood samples(185), related primarily to dysregulation of oxidative
stress and metabolic pathways, particularly in individuals that perform night shift work(125).
This is in line with the fact that blood transcriptome, more than any other peripheral tissue,
oscillates in a tight circadian fashion during homeostasis(138). Consistent with its role in
tissue-resident macrophage reprogramming in this time-of-day dependent manner, pathogen
recognition and cytokine secretion (especially those associated with senescence, such as
tumor necrosis factor-a and 1L-6 varies widely over the course of time to influence the
robustness of pathogen detection response(123). Research has also shown that antibody
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production is increased in response to influenza vaccination when administered in the
morning compared to the afternoon in adults over 65 years 0ld(160).

Adaptive Immune System: Circadian clock function has been well described in directly
regulating elements of adaptive immune cells, such as lymphocyte trafficking to and from
lymph nodes(71). In particular, the diurnal control of CD8+ T cells has been demonstrated to
modulate early response to vaccination with higher levels of metabolic activity (mTOR and
AKT protein kinase B activity, especially) in vaccines given midday in a murine model(203).
This enhanced vaccination response is due to, in large part, changes in Toll-like receptor 9
expression throughout the day(244). Such effects appear to have a potential epigenetic effect
secondary to alteration in the light/dark cycle, as transgenerational changes in the immune
response have been noted with even dim light at night exposure(51). T cell variation in daily
rhythm has been well demonstrated in healthy volunteers, with direct potential benefit to

the utilization of life-saving therapies such as organ transplant relegation(128). To this end,
it is worth noting that CD4+ T cells in both mice and humans are regulated by intrinsic
cellular circadian oscillators, capable of driving complex interactions between activating and
inhibitory functions(27). Thus, much work remains in informing how chronotherapy can
best be utilized to balance the role of infection versus acute rejection in organ recipients.

The migratory patterns of all immune cells investigated to date show a circadian rhythm,
including lymphocytes. In studies with mice entrained on a 12-hour light/dark cycle,
lymphocytes were shown to be present in the lymph nodes at the highest concentration
during their active phase (ZT13) and lowest at ZT5 out of the 6 time points tested(72).
This migration pattern coincided with peak C-C chemokine receptor 7 (CCR7) expression.
The pattern was lost in KO mouse models for both CCR7 as well as BMALL1. Along

these same lines, a study with mice in total darkness following entrainment of 12-hour
light/dark cycle demonstrated the greatest T-cell response following vaccination at CT6
compared to the lowest at CT18 from the 4 time points assessed(203). This indicates T-cell
reaction to immune challenge via vaccination is truly a circadian process. These data taken
together provide a possible explanation for temporal variation in the immune response to
both vaccination and infection.

Autoimmunity is a dysfunction of the immune system, and disruption of circadian rhythms
in leukocytes is associated with the development of autoimmunity in mice. T-helper 17
(Th17) cell overexpression is associated with autoimmune disorders. REV-ERBa. expression
in Th17 cells inhibits the development of these cells, performing a protective role against
the development of experimental autoimmune encephalomyelitis in both male and female
mice(11). Similarly, BMAL1 appears to be protective against T-cell based autoimmune
attacks against the CNS. The CNS shows an increase in pathogenic T cell concentration
following myeloid cell-specific KO of Bmall in mice(260). Loss of both CRY1 and CRY?2
in mice leads to the development of an autoimmune phenotype with an increased number
of mature B cells, indicative of overactivation of the B cell receptor pathway(37). Further
exploration of core clock genes can provide important insights into the development of
autoimmunity.
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It should be noted that conditional KO of Bmall in lymphocytes disrupted rhythms of

a reporter gene in those cells, but did not affect T-cell or B-cell function (101). The
time-dependent increase in 1L-2 upon bacterial infection was not changed by Bmall

KO in lymphocytes, suggesting that the cell-intrinsic clock may not be required for the
adaptive immune response. In contrast, cell-specific Bmall KO does alter the innate immune
response, as discussed below.

Innate Immune System: Much of recent research into the circadian clock in innate
immune cells has focused on BMALL1 expression in mouse models. The loss of Bmall

in myeloid cells of male mice was shown to increase lung inflammation, as well as the
presence of eosinophils and IL-5, all features associated with asthma(307). In macrophages,
BMAL1 has been shown to activate nuclear factor erythroid 2-related factor 2 expression,
thereby inhibiting expression of inflammatory cytokines IL-1p and IL-6(75). Neutrophils
also show a significant phenotypic change following loss of BMALZL. Bmall neutrophil-
specific KO in male mice appears to inhibit the aging process, tipping the balance in favor
of immature neutrophils which primarily target inflamed tissues(4). The overall purpose of
BMAL1 within these innate immune cells appears to be regulation of the inflammatory
response.

The injury response of the innate immune system is complicated by microenvironmental
interactions with vascular endothelial cells. These interactions are regulated, in part,
through myeloid-derived C-C motif chemokine 2 (CCL2), which influences leukocyte
adhesion and atherogenic plaque formation in a circadian manner(292). Consistent with
this mechanism, prior literature details the role of BMAL1 on Ly6CNi cell recruitment

in a model of coronary disease(200). Included in these attractant signaling pathways is a
direct influence on the senescence profile of the bone marrow, where Bmall deletion in
myeloid cells specifically (utilizing the myelomonocytic cell-specific Lysozyme M (LysM)
Cre-recombinase model) led to a dramatic increase in immune checkpoint programmed cell
death-ligand 1 (PD-L1) expression through intermediate STAT1 activation(63). Once again,
this is accomplished primarily through downstream metabolic effects on glucose utilization
and lactate production in a model of severe sepsis. In a similar model, using LPS-infusion
of mice, there was an associated increase in hypoxia-inducible factor stabilization due to
reactive oxygen species generation in tissue, ultimately resulting in elevated circulating
levels of IL-1B, and worsened outcomes(75). The circadian core clock exerts heavy
influence over even the suppressive elements of the innate immune system, especially
myeloid-derived suppressor cell (MDSC) response to tissue injury in linkage to adaptive
immunity(215), illustrating further the complexity of leukocyte response over time.

Looking beyond BMAL1, the clock proteins DBP, NFIL3, and REV-ERBa all appear

to have a role in the control of inflammation. NFIL3 and DBP show opposing action

in their control of the //12b gene, which encodes IL-12p40, a cytokine responsible for
recruiting dendritic cells and macrophages to regions of inflammation(9). NFIL3 is a
negative regulator of //12bexpression and Bmall KO in macrophages resulted in increased
expression of NFIL3 and decreased expression of DBP. REV-ERBa appears to have a role
in controlling neural inflammation, as Rev-Erba KO mice showed a higher basal level

of inflammation(88). At a transcriptional level, this loss in REV-ERBa appears to affect
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the NF-xB pathway, and REV-ERBa was shown to interact with the promoter regions of
genes within this pathway. The performance of the immune system is obviously reliant on
a functional circadian clock; however, further exploration into the transcriptional control
mechanisms of circadian clock genes on immune function is needed.

Sepsis: Circadian disruption has detrimental effects on the survival rates of patients with
sepsis. In ICU patients, early signs of circadian disruption, determined by shifted cortisol
rhythms, were associated with the development of sepsis. Patients with sepsis expressed
higher levels of cortisol and had higher numbers of neutrophils and monocytes circulating
in their blood(52). The mechanism of circadian control of the immune system in response
to sepsis has been explored in mice. KO of Bmall in myeloid cells of male and female

mice resulted in increased expression of PD-L1 as well as increased T-cell death thereby
limiting adaptive immune response to sepsis(63). BMALL appears to regulate PD-L1
through transcriptional control of the Pkm.Z2 gene which is an activator of PD-L1. For male
mice with Clock KO, the survival rates of sepsis, instigated by cecal ligation and puncture,
were significantly improved. Clock KO mice had lower concentrations of bacteria in their
bloodstream as well as lower expression of inflammatory cytokines(283). Based on these
data, maintaining circadian function in ICU patients is a possible preemptive measure to be
explored for reducing the occurrence and severity of sepsis. Melatonin has been studied as a
treatment in the ICU to aid with sleep and circadian disruption, but its effectiveness remains
unclear(149).

Viral Infection: The presence of a circadian clock appears to be important for the control
of viral infection. Sendai and Influenza A virus infection was more severe in terms of
symptoms and post-infection lung pathophysiology in male and female mice lacking Bmal1,
which was not explained by viral titer (76, 242). During infection with Sendai virus, a
greater number of neutrophils were seen in the lung of male and female mice along with

an increase in expression of Interferon-a and Interferon-y(76). Influenza virus infection in
mice with functional BMAL1 showed variable severity depending on the time of infection,
both when mice were kept in total darkness and under 12-hour light/dark conditions.

Both male and female mice infected before the active phase (ZT11) showed significantly
increased mortality compared to those infected before the rest phase (ZT23). Infection
before the active phase was also associated with increased CD45+ and monocyte presence
within the lung(242). Infection with vesicular stomatitis virus resulted in increased mortality
when introduced to male mice before the rest phase. Infection before the rest phase led

to increased cytokine production including CCL2 and IL-6. The same phenotype could be
achieved for infection before the active phase if REV-ERBa expressed was eliminated(83).
The circadian clock plays a necessary role in not only normal function of the immune
system but also in the response to viral infection. In present times, a clearer understanding of
immune function and viral infection is all the more urgent. SARS-CoV-2 infections present
a new challenge to the medical field which could be met with a circadian-based approach(1,
173, 243).

In mice, immune challenge results in expression changes of core clock genes in the
SCN(190). Additionally, disruption of circadian rhythms in neonatal mice results in aberrant
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immune development(183). The impact of circadian rhythms on the function of the immune
system has long been known; however, the extent of circadian influence is only now starting
to be fully appreciated. Circadian research in the field of immunology has come a long

way in the past decade; however, there are still many exciting discoveries to be made. The
transcriptional mechanisms clock proteins use to enact circadian patterns have yet to be
elucidated for several of the phenomena discussed in this section(37, 83, 203, 242, 260,
307). There also appears to be a lack of consistency in the study of gender differences
leaving a large gap in our knowledge about the circadian influence on the immune system.

f. Endocrine System

Physiological functions are heavily influenced by endocrine hormones(199). Upon release,
hormones circulate via the bloodstream to be transported throughout the body to carry out

a variety of actions. Although peripheral clocks play a role in the regulation of circadian
rhythmicity, hormones are described to be the mediators for synchronization of all clocks
systemically. The production of many common hormones is initially controlled by the brain.
The three main axes that induce hormone production begin in the hypothalamus. These
mechanisms include negative feedback signals sent from target organs back to the brain to
regulate circulating levels of hormones. Given the properties of hormones, the inability to
sustain normal levels and rhythms can adversely impact systemic physiological processes.

i. Adrenal Gland—The main role of the hypothalamic-pituitary-adrenal (HPA) axis

is to regulate our body’s response to stress. The hypothalamus produces and releases
corticotropin-releasing hormone which is delivered to the pituitary gland to stimulate

the secretion of adrenocorticotropic hormone (ACTH) into circulation. Upon reaching

the adrenal glands, ACTH activates the production and release of glucocorticoids(276,
281). The relationship between the HPA axis and systemic circadian rhythms is very
complex and bidirectional. In fact, glucocorticoids are described as one of the primary

relay signals between the SCN, or the central clock, and peripheral organs(32). The

unique characteristics of hormones allow glucocorticoids to maintain systemic circadian
homeostasis with peripheral organs(191, 207). Indeed, circulating glucocorticoid levels
exhibit robust circadian rhythms in humans under basal conditions; demonstrating high
levels during the active period and very low levels during the inactive period(255, 276).
Although there are conflicting data on the presence of a rhythm in ACTH(152, 276),

the sensitivity of ACTH in the pituitary has been demonstrated to be dependent on the
adrenal clock(208). Additionally, there is a peak in cortisol levels, the most common
glucocorticoid, during the morning (beginning of the active period). It is well documented
that cortisol regulation is controlled by the SCN(33). Single nucleotide polymorphisms

in the SERPINAG6/SERPINAL locus, which encodes corticosteroid-binding globulin and al-
antitrypsin, modifies circulating cortisol levels in the morning contributing to cardiovascular
disease(55).

Changes in sleep schedule or engaging in night shift work leads to altered circadian

rhythms in glucocorticoids, which takes at least two days of normal sleeping patterns to

be restored(202). Disruption of glucocorticoid contribution to the body’s circadian systems
is linked to metabolic and mental disorders(159). Similarly, symptoms resulting from altered
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HPA axis activity are believed to be caused by disruption of glucocorticoid regulation

of circadian clocks(159, 296). As such, the circadian pattern of glucocorticoid levels is
extremely important to overall health and systemic physiological rhythms. The adrenal
glands are also responsible for the production and release of mineralocorticoids. The most
common of this classification of hormone is aldosterone. The target organs of aldosterone
are the kidney and colon for the regulation of solute handling and blood pressure control.
Production is regulated by the renin-angiotensin-aldosterone system. Adrenal disorders lead
to altered rhythms of aldosterone and blood pressure dysregulation(57, 80).

In rodents, corticosterone is the main glucocorticoid. Rodents see a peak in corticosterone
during the early hours of their active period, similar to cortisol in humans. Animal studies
have allowed the advancement in understanding of what contributes to glucocorticoid release
patterns and the role of the adrenal circadian clock. Glucocorticoid production is heavily
influenced by external stimuli. Unsurprisingly, the SCN has been shown to play a large role
in glucocorticoid release. However, it is believed that both signals from the SCN, in addition
to local circadian clocks, provide regulation of glucocorticoids. An older study demonstrated
that the SCN plays a role in regulation of glucocorticoid circadian patterns by showing
abolished glucocorticoid rhythms in rats with SCN lesions(189). Adrenal gland tissue
collected from Per2:: LUCIFERASE mice demonstrates that ACTH reset adrenal circadian
clocks(304). However, rats with pituitary glands removed still demonstrate daily rhythms

in corticosteroid levels(209). These studies suggest that ACTH contributes to the phase

of rhythms, but not the presence of rhythms. The autonomic nervous system also plays a
role in glucocorticoid release, interestingly through the adrenal medulla(273). Global Bmal1
knockout mice exhibit attenuated ACTH effectiveness on the adrenal gland and impaired
glucocorticoid production(146). In another mouse study, disruption of Bmall exclusively

in the adrenal gland attenuated the circadian rhythm of corticosterone (249). Ultimately,
preclinical studies suggest that glucocorticoid release is regulated by the suprachiasmatic
and hypothalamus signals, in addition to the adrenal circadian clock. Unlike the SCN

where glucocorticoid signaling does not alter the central clock due to a lack of GR
expression, glucocorticoids impact other peripheral clocks by altering rhythms in expression
and behavior in males and females (22, 144). The rhythms of glucocorticoids play a role in
the amplitude of clock gene expression in peripheral organs but are not responsible for the
initiation of these clock mechanisms(251, 253). Within the promoter region of target genes,
there are glucocorticoid responsive elements that are bound by cortisol. This action allows
glucocorticoids to regulate the transcription of Per(169). The CLOCK/BMALL1 heterodimer
inhibits this action by blocking the binding of cortisol(247).

Glucocorticoids are also implicated in regulating circadian clock mechanisms within

the kidney and, in turn, Na* handling and blood pressure. Following manipulation of
corticosterone levels to eliminate fluctuations, Na* handling factors in the kidney lose their
diurnal rhythm of activity in males and females (109, 110). Similarly, the mineralocorticoid
aldosterone has been demonstrated to regulate PER1-dependent actions in the kidney.
Endothelin-1 is an early aldosterone target gene(69, 91). In the absence of PerZ, an
aldosterone analog treatment regimen combined with high salt induces a non-dipping
phenotype and altered Na* handling in mice (248). This response may be related to altered
endothelin-1 levels(69).
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ii. Thyroid—The hypothalamic-pituitary-thyroid (HPT) axis regulates the homeostasis of
thyroid hormones in the body. The hypothalamus produces and releases thyroid-releasing
hormone (TRH) which is delivered to the pituitary gland. The anterior pituitary produces
and releases thyroid-stimulating hormone (TSH or thyrotropin) into the circulation. TSH
travels towards the thyroid gland to stimulate the production of thyroid hormones.
Triiodothyronine (T3) and thyroxine (T4) are the major hormones produced by the thyroid
which also serve as negative feedback regulators for TRH and TSH production. These
hormones are responsible for regulating metabolic processes and energy homeostasis. Time
of day has been demonstrated to be important when measuring circulating components

of the HPT axis in humans. TSH displays diurnal rhythms where levels are low during

the active period compared to the inactive period in males and females(182, 276, 291).
Additionally, TSH exhibits fluctuations throughout the active period with higher levels in
the afternoon than in the morning(77, 285). Rhythms in circulating T3 and T4 are less
conclusive but a diurnal rhythm in T3 levels has been reported(276). Dysregulation of the
rhythms of these hormones is understudied. Light cues and night/day activity are major
regulators of this axis, as demonstrated by TSH secretion being altered in night shift workers
and following changes in sleeping patterns(8, 148). However, the link between dysregulation
of these rhythms in hormone levels and health is inconclusive(148). Patients with altered
HPT hormone levels demonstrate an association with worsened outcomes(6, 270). It is
worth noting that melatonin and glucocorticoids have also been linked to regulating thyroid
hormone levels which may complicate the ability to demonstrate the importance of the HPT
axis in the health of an individual(29, 170).

The SCN regulates the rhythmic properties of the HPT in male and female rats (24, 121).
As with humans, rats also demonstrate a diurnal rhythm in circulating TSH levels, with
low levels during the active period and high levels during the inactive period(24). These
rhythms in rats are likely stimulated by light cues(167). Within HPT, type Il deiodinase
accelerates the conversion of T4 into T3. This enzyme also exhibits daily variations in
activity. When the SCN was disrupted, daily rhythms in type Il deiodinase were attenuated,
and circulating thyroid hormone levels were decreased(120). Negative feedback control of
TSH secretion from the pituitary gland is controlled by a REV-ERBa.-dependent mechanism
when examined in mouse thyrotropic cells(17). T3 is believed to play a role in regulating
pituitary gland homeostasis including the rhythmic production of TSH in male and female
rats (23). The thyroid gland of male and female rats does possess a working molecular
circadian clock, however, the circadian rhythms in HPT axis components are regulated by
the SCN(79). Although it has been reported that rats exhibit moderate diurnal rhythms of
circulating T3 and T4, human thyroid hormone levels lack this characteristic. Additionally,
the regulation of circadian rhythms in the HPT axis is mainly under SCN control(121,
122). Interestingly, when rats received thyroidectomy surgery and were administered
triiodothyronine continuously, circadian clock and metabolic genes were altered in cardiac
cells (213), which may provide insight into why patients with hypo- and hyperthyroid
diseases exhibit heart conditions.

iii. Gonads—The hypothalamus-pituitary-gonadal (HPG) axis regulates the reproductive
organs. The hypothalamus produces and secretes gonadotropin-releasing hormone (GnRH)
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which is delivered to the pituitary gland. The anterior pituitary secretes luteinizing hormone
and follicle-stimulating hormone, which activate estrogen production in the ovaries and
androgen production in the testes. These sex hormones then act as a negative feedback signal
to the hypothalamus to inhibit the production of GnRH. Although estradiol and follicle-
stimulating hormone levels do not demonstrate any rhythms, progesterone, luteinizing
hormone, and testosterone have been reported to exhibit diurnal rhythms(276). Not only

do GnRH levels have a time-of-day-dependent pattern, but GnRH is also important in the
HPG axis, as demonstrated by the reestablishment of testosterone diurnal rhythms in patients
that lost this pattern(245). It is worth mentioning that there is an ovarian cycle that maintains
a regular rhythm that lasts several weeks. Dysregulation of rhythms in the HPG axis may
lead to irregular menstrual cycles, low sperm density, and fertility complications. The local
circadian clock within the ovaries is largely controlled by the SCN(180, 241). Similarly,
regulation of rhythms in male reproductive organs such as the reported diurnal rhythm in
urinary testosterone levels(30) by local clock mechanisms is unclear. In fact, the existence of
a functional peripheral clock in the testes is debated(26). However, clock genes are seen in
mouse testis.

There are reports of circadian clock dysregulation in mice being associated with infertility,
with BMALL playing a major role in females(157, 236, 298). Studies in mice and

cells demonstrate the importance of BMALZ1 in ovulation and fertilization(175, 298). In
males, CryZ KO mice displayed impaired spermatogenesis with no change in testosterone
levels(150). Research using cell culture has provided information on the role of the
molecular clock within the gonads. The use of Leydig cells, which exhibit robust circadian
oscillators responsible for testosterone production, demonstrate that BMALZ1 contributes to
this action(65), which is consistent with male and female global Brmall KO mice exhibiting
impaired fertility(10). Additionally, REV-ERBa contributes to testosterone synthesis, as
demonstrated in Leydig cells in response to chemically-induced disruption of testosterone
production(151), which is consistent with diminished fertility in REV-ERBa KO mice(49).
Although clock mechanisms in the testes are important, its rhythmicity is regulated by
luteinizing hormone(20). There are clear circadian rhythms in many steps of the HPG axes;
however, more studies are needed to better understand the molecular mechanisms at play.

V. Conclusion and Future Directions

As described in this review, the circadian clock affects many different physiological
processes through modulation of the transcriptome, and this feedback system is critical
for maintaining overall homeostasis (Figure 6). While this review highlights the known
functions of the circadian clock in each organ system, it is essential to note that the organ
systems discussed here do not act in isolation from each other. For example, the SCN
receives light cues from the environment and transmits that information to the peripheral
clocks through neuronal and hormonal signals. However, even without light cues, the
peripheral clocks maintain endogenous rhythms suggesting that the SCN clock is not the
sole communicator between the various organ clocks. More integrative studies on the role
of clock proteins in specific tissues would shed light on the complex role of the clock in
regulating gene expression and physiological function.
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Further studies are needed to understand sex differences in altering the circadian clock.
Currently, most of our mechanistic knowledge comes from studies conducted in young
male rodents, with much less data on the influence of clock genes in females or across

the aging spectrum. Previous reports estimate that only 20% of circadian studies include
females(136). The lack of female mice in circadian studies is likely due to concerns about
the relationship between the estrous cycle and circadian rhythms (Figure 6). However,

sex differences in circadian rhythms exist, as demonstrated by differences in male and
female sleeping patterns(13). Women tend to go to sleep earlier, have an earlier phase of
temperature and melatonin, and have shorter intrinsic circadian periods than men(2, 36,
73). These sex differences can be driven by gonadal hormones or by the sex chromosomes.
Experimental models such as gonadectomy or the four core genotypes of mouse colony
can be used to delineate the role of sex hormones and chromosomes in regulating circadian
rhythms. Additionally, the effect of age is significantly understudied. Studies show that
circadian rhythms dampen with age, but the mechanisms and direct consequences are not
well understood(13, 86). Understanding clock mechanisms in males and females at all ages
will give better insight into the impacts of circadian disruptions and possible treatments and
interventions.

Rodent models have shown that mutation or loss of clock components or changes in
feeding time are associated with a range of physiological effects. Some of these effects are
disadvantageous, and others point to the use of chronotherapy to target disease. Previous
studies have shown the harmful effects of chronic shift work and jetlag in humans.
Reestablishing a natural circadian rhythm and targeting core clock proteins show promise
in treating a variety of diseases. Preclinical studies have shown that the circadian clock
machinery interacts with metabolic regulators, and misalignment of the clock can result

in metabolic disorders (Figure 6). Time-restricted feeding, or limiting feeding time to a
defined number of hours per day, results in improved insulin response, protects against

a high-fat or -fructose diet, and reduces inflammatory pathway activation(308). However,
the mechanisms behind the transcriptional changes induced by time-restricted feeding are
not well understood. Another intervention shown to improve the transcriptional output of
the circadian clock is light therapy. Bright light exposure at night during a night-shift
protocol shifts the phase of the human transcriptome(124). Exposing night-shift workers
to bright light during their nightly waking period may assist in work performance and
sleep quality(60). Bright-light exposure is also effective in treating psychiatric disorders
such as seasonal affective disorder(293). Pharmaceuticals such as Nobiletin (NOB), a
ROR agonist, can modulate the clock. NOB activates ROR receptors, enhancing circadian
rhythms and improving metabolic parameters in aging mice(99, 204, 302). Pharmaceuticals
like NOB have the potential to minimize age-related declines in circadian rhythms and

the accompanying chronic illnesses. Still, more preclinical and translational studies are
needed to determine their effectiveness in humans. Chronotherapy treatments, such as those
described here could improve the human quality of life by restoring circadian rhythms.
The need for such treatments is becoming more apparent in the 215t century because
modern lifestyles often involve blue-light emitting devices at night, night-shift work, and
inconsistent feeding and fasting cycles, all of which disrupt the body’s natural circadian
rhythm.
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Figure 1.
Transcription-Translation Feedback Loops of the Circadian Clock Mechanism. In the

positive loop, BMALL1 and CLOCK heterodimerize to activate transcription of the genes
encoding proteins that function in the feedback loops as well as tissue-specific target genes.
In the negative loop, PER and CRY act to inhibit BMAL1/CLOCK transcriptional activity
thereby decreasing their own expression. In an ancillary loop, ROR and REV-ERB mediate
opposing action on the expression of the Bmall gene.
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Figure2.
The mammalian circadian system and its crosstalk with physiology. (A) The circadian

system includes the hierarchical multi-oscillator network, the input pathways for
entrainment, and rhythmic outputs in genes, metabolism, physiology and behavior. The
SCN directly receives photic cues for entrainment to the light/dark cycle. In turn, the SCN
functions to synchronize extra-SCN and peripheral clocks. While the SCN is responsive
to photic cues, the peripheral oscillators are more responsive to non-photic cues such

as feeding. (B) Several major organs and pathways that provide inputs to the circadian
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clock. The molecular clock is based on a transcriptional/translational negative feedback
mechanism. The core loop consists of positive (BMAL1, CLOCK) and negative (PER,

CRY) factors, which act on the E-box cis-element. In particular, the Per genes contain

other regulatory elements including cAMP response element (CRE) and glucocorticoid
response element (GRE). Melanopsin in the retina mediates photic transmission through
cAMP production and the CRE binding protein (CREB) pathway. The hypothalamus (SCN
to CRH neurons)-pituitary-adrenal axis regulates glucocorticoid secretion. Glucagon, insulin
and IGF-1 provide metabolic and growth signal inputs to the clock via the master nutrient/
energy sensors AMPK and mTOR. In the case of insulin and IGF-1, the pathways lead to the
upregulation of PER2 and CRY1, thereby affecting the clock function.
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Circadian Transcriptional Regulation in the Mouse Liver
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Figure 3.
Transcriptional Repressors and Activators in the Mouse Liver. Correlating data from ChIP-

seq using antibodies against the proteins depicted in this figure, Takahashi and colleagues
developed a model demonstrating how clock target gene promoter occupancy of the activator
complex (in shades of green) peaks during the light phase (day) whereas occupancy of

the repressor complex (shades of red) peaks during the dark phase (night). Occupancy of

the activators coincides with H3K9ac (histone 3 lysine 9 acetylation), a marker of open
chromatin, in contrast to the presence of H3K4me3 (histone 3 lysine 4 trimethylation), a
marker of closed chromatin, which coincides with occupancy of the repressor complex. With
permission from (54).
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Figure 4.

Model of neuro-immune axis signaling contributing to cardiovascular disease through
clock-mediated signaling pathways. Soluble factors and cellular mediators contribute
to the inflammatory milieu leading to pro-fibrotic signaling in the heart. Together

with arrhythmogenesis due to sympathetic activity, these

conditions may contribute to

cardiovascular disease. Diagram was created using Biorender.com.
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Figureb.
Skeletal Muscle Circadian Clock Signaling. A. The transcription-translation feedback loop

in muscle regulates muscle specific genes including MyoD1. B. Despite differencs in
diurnality in humans and nocturnality in mice, the expression patterns of Bmall and Per2are
quite similar between these two species.
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Circadian clock effects on physiological function. Circadian proteins in parentheses
represent the known proteins that are implicated in the regulation of the process examined.
Additional proteins not listed may not have been tested and could also be involved. Diagram
was created using Biorender.com.
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Listing of abbreviations and acronyms used throughout the text.

Table 1:

Abbreviation Definition
3C,4C, 5C Chromosome Conformation Capture
ACTH Adrenocorticotropic Hormone
AMPK AMP-Activated Protein Kinase
BMAL1 Aryl Hydrocarbon Receptor Nuclear Translocator-Like Protein 1
CAR Constitutive Androstane Receptor
CCL2 C-C Motif Chemokine 2
CCR7 C-C Chemokine Receptor 7
ChIA-PET Chromatin Interaction Analysis with Paired-End Tag Sequencing
ChlP-seq Chromatin Immunoprecipitation Followed by Sequencing
CLOCK Clock Circadian Regulator
CNS Central Nervous System
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
CROT Carnitine O-Octanoyltransferase
CRY Cryptochrome
CT Circadian Time
CYP Cytochrome 450
DBP D-Element-Binding Protein
E-box Enhancer Box
EDN1-AS Endothelin 1-Antisense
ENaC Epithelial Sodium Channel
GLUT Glucose Transporter
GnRH Gonadotropin-Releasing Hormone
GR Glucocorticoid Receptor
HPA Hypothalamic-Pituitary-Adrenal
HPG Hypothalamus-Pituitary-Gonadal
HPT Hypothalamic-Pituitary-Thyroid
ICU Intensive Care Unit
1L Interleukin
KO Knockout
IncRNA Long Non-Coding RNA
LPS Lipopolysaccharide
MDSC Myeloid-Derived Suppressor Cell
MED1 Mediator Complex Subunit 1
Mnase-seq Micrococcal Nuclease Digestion with Deep Sequencing
mTOR Mechanistic Target of Rapamycin
NCC Sodium Chloride Cotransporter
NFIL3 Nuclear Factor, Interleukin 3 Regulated
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Abbreviation Definition
NF-xB Nuclear Factor Kappa B
NPAS2 Neuronal PAS Domain Protein 2
NR1Dx Nuclear Receptor Subfamily 1 Group D Member
OPG Osteoprotegerin
Pax8 Paired Box Gene 8
PD-L1 Programmed Cell Death-Ligand 1
PER Period
PPAR Peroxisome Proliferator-Activated Receptor
pT53 NCC Phosphorylated NCC protein at Thr53
RANKL Receptor Activator of Nuclear Factor Kappa B Ligand
REV-ERBx Nuclear Receptor Subfamily 1 Group D Member
ROR Receptor-Related Orphan Receptor
SCN Suprachiasmatic Nuclei
STAT Signal Transducer and Activator of Transcription
T3 Triiodothyronine
T4 Thyroxine
TAD Topological Associatin Domain
TRH Thyroid-Releasing Hormone
TSH Thyroid-Stimulating Hormone
WNK With No Lysine
ZT Zeitgeber Time
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