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Abstract

Extensive study has demonstrated that epilepsy occurs with greater frequency at certain times

in the 24-h cycle. Although these findings implicate an overlap between the circadian rhythm
and epilepsy, the molecular and cellular mechanisms underlying this circadian regulation are
poorly understood. Because the 24-h rhythm is generated by the circadian molecular system, it
is not surprising that this system comprised of many circadian genes is implicated in epilepsy.
We summarized evidence in the literature implicating various circadian genes such as Clock,
Bmall, Perl, Rev-erba, and Rora in epilepsy. In various animal models of epilepsy, the circadian
oscillation and the steady-state level of these genes are disrupted. The downstream pathway

of these genes involves a large number of metabolic pathways associated with epilepsy. These
pathways include pyridoxal metabolism, the mammalian target of rapamycin pathway, and the
regulation of redox state. We propose that disruption of these metabolic pathways could mediate
the circadian regulation of epilepsy. A greater understanding of the cellular and molecular
mechanism of circadian regulation of epilepsy would enable us to precisely target the circadian
disruption in epilepsy for a novel therapeutic approach.
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1| INTRODUCTION

Epilepsy is highly circadian in nature.! This phenomenon has been studied and characterized
extensively in human studies? as well as animal studies utilizing different models of
epilepsy.3# These studies show that different types of epilepsy present with distinct
circadian signatures, depending on its seizure semiology and localization.? Patients with
epilepsy also present with disturbances in their sleep pattern and their sleep-wake cycle,>6
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which are behavioral outputs of the circadian rhythm. In patients with epilepsy, circadian
rhythm has also been shown to influence autonomic response,” hormonal rhythm,8 and
response to antiseizure drugs.® Despite the relatively well-characterized circadian nature of
epilepsy, our understanding of the circadian mechanisms regulating seizures is incomplete at
a cellular and molecular level.

In mammals, the circadian rhythm is generated and maintained by the circadian molecular
system,10 comprised of several genes working in concert and generating rhythmic
oscillations. Emerging studies in the field implicate some of these genes in epilepsy.
However, a multitude of these circadian genes regulate a large number of physiological
processes in mammals including bioenergetic pathways. Regulation of brain metabolism
may be an important aspect of circadian transcription. This review starts by briefly
reviewing the circadian molecular system and the various genes that make up the system.
Evidence will then be presented that links the circadian molecular system and epilepsy in
the context of circadian gene oscillation and the steady-state circadian expression level.
Ultimately, three metabolic pathways will be discussed as potential downstream pathways to
the circadian molecular system that links circadian rhythm and epilepsy.

2| CIRCADIAN MOLECULAR SYSTEM

The mammalian molecular circadian clock is a self-sustaining transcriptional feedback loop
composed of interlocking positive and negative limbs of the feedback circuit (see Figure 1).

Most of the genes involved are transcription factors, meaning that they control transcription

of other genes through binding with a c/s-regulatory element. The circadian system relies on
this regulation through three main c/s-regulatory elements within the promoter sequence of

many circadian genes, which will be discussed below.

The positive limb of this system is composed of two genes, also considered the core of

the circadian molecular system, namely Clock and Bmal1.19 CLOCK and BMAL1 form

a heterodimer complex that binds to an E-box sequence within the DNA, activating the
transcription of many sets of different genes.10 Some sets of genes comprise the negative
limb of the system, which eventually represses the transcription of Clockand Bmall. The
fluctuation or oscillation in the level of these genes as a result of this negative feedback loop
is what creates the circadian rhythmicity.19 It is important to note here that BmalI-knockout
animals experienced loss of circadian rhythmicity.1! In contrast, Clock-knockout animals
did not seem to experience loss of circadian rhythmicity.12 This appeared to be because of
a Clock paralog, Npas2, that appears to be functionally redundant and can compensate for
Clock in its absence by forming a heterodimer complex with Bmal1.12

There are three main components of the negative limb of the circadian molecular system,
which we will briefly review here. The first set of genes are the Per (Perl and Per2) and

the Cry (Cry1 and Cry2) genes.10 The resulting PER1/2 and CRY1/2 proteins dimerize and
inhibit the transcription of Clock and Bmall through histone deacetylation.1? The Perfamily
of genes also includes Per3, which is a paralog of both Peri and Per2, but appears not to

be functional in circadian regulation.13 The other two components of the negative limbs

are the Rev/Ror system and the PAR bZIP (the proline- and acid-rich [PAR] subfamily of
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basic region leucine-zipper [bZIP] transcription factors) system. These two negative limb
components work together to generate another feedback loop for the purpose of Bmall
regulation. This regulation is mediated by the competition between Rev-erbalp (also called
Nr1d1or Nrid2) and Roral for their common binding site, the orphan receptor response
element (RORE). The RORE binding site is present within many genes, importantly the
circadian Bmall and Nfil3genes (also called £4bp4).14 Upon binding, the ROR proteins
initiate transcription of these genes, whereas the REV-ERB proteins inhibit it.1* Because
REV-ERB and ROR differentially regulate the transcription of Bmall, this creates a negative
feedback loop that makes up the second component of the negative limb. In turn, the
transcriptional regulation of Rev-erbalp and Roralp is provided by the cis-elements D-box
and E-box. As mentioned above, the E-box sequence is controlled by the CLOCK/BMAL1
complex, whereas the D-box integrates an additional layer of circadian regulation by the
PAR bZIP system. The PAR bZIP transcription factors are comprised of three genes,
namely, Dbp, Tef, and H/f1® Transcription of the PAR bZIP genes is initiated by the E-box
binding of the Clock/Bmal1 complex. Upon transcription, the PAR bZIP proteins bind to

the D-box sequence to activate transcription of the Revand Ror genes, thus influencing
circadian transcription in this manner.19 Transcription of Revand Rorgenes becomes a
negative feedback loop, as one of its products of transcriptional activation through the RORE
sequence, namely, the aforementioned A/fil3, is a transcriptional repressor of the D-box
sequence.16 Therefore, the third component of the negative limb involves PAR bZIP proteins
and NFIL3 that regulate the Revand Rorgene transcription, which indirectly regulates the
Bmall transcription.

In general, the three components of the negative limb regulate circadian transcription by

a combination of three main cis-regulatory elements, namely, the E-boxes, ROREs, and
D-boxes, within the promoter and enhancer sequence of circadian regulated genes.19 It has
been theorized that these three cis-elements collectively provide the necessary phase delay
to cycle over a 24-h period: E-box in the subjective morning, D-box in the day, and RORE
elements in the evening.10 It is also important to note that although not all of these circadian
proteins are absolutely required for the circadian molecular clock, they serve to make the
system more robust and precise.

One important molecular mechanism that contributes to the functioning of the circadian
molecular system is epigenetic regulation. Epigenetic regulation does not change the

DNA sequence but modifies the expression of the genes usually through mechanisms that
change the structure of the nucleosome.1” The nucleosome refers to a unit composed of
chromatin fibers where genomic DNA is packaged and wrapped around histones. These
epigenetic mechanisms involve DNA methylation, histone madifications (such as histone tail
acetylation, methylation, or phosphorylation), and chromatin remodeling.1’ The circadian
molecular system relies on epigenetic mechanisms for its daily function. An example of
this was briefly mentioned before. The transcription feedback loop between PER/CRY and
CLOCK/BMAL involves a rhythmic cycle of histone acetylation/deacetylation. CLOCK
was shown to possess histone acetyltransferase activity,18 and acetylated histone H3 was
found within the promoter sequence of Per1, Per2, and Cry1.1° As the Perland Per2
genes are translated, the PER protein complex also recruits SIN3 protein complex, which
contains histone deacetylase protein (HDAC).20 This protein complex then deacetylates
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the histone that was acetylated by CLOCK upon transcription initiation, thus repressing
the transcription of the Pergenes.20 This rhythmic histone acetylation/deacetylation cycle
adds another layer of regulation and corresponds to the rhythmic transcription feedback
loop between CLOCK/BMAL and PER/CRY.10:20 Thus, the circadian molecular system is
a molecular system that functions through direct feedback mechanisms by protein—protein
interaction as well as epigenetic regulation.

3| CIRCADIAN GENE OSCILLATION IN EPILEPSY

As outlined above, circadian rhythm is generated through a rhythmic oscillation of a

set of core circadian genes (see Figure 1). Given the established association between
circadian rhythm and epilepsy, it would be expected that there is also a disruption in
circadian gene oscillation in epilepsy, and that is the case. These disruptions have been
described in multiple animal models of epilepsy, as will be detailed in subsequent sections
below. The animal models used in these studies include models of temporal lobe epilepsy,
such as the pilocarpine-induced and the kainic acid-induced status epilepticus models,
where initial pharmacological induction of status epilepticus (the acute phase) and the
kindling process (the silent phase) has resulted in network reorganization and subsequent
spontaneous epileptogenesis (the chronic phase)?1:22; models of transient brain insults, such
as the electroconvulsive model of epilepsy, where seizure was induced acutely by electrical
stimulation through ear clip electrodes23; and genetic animal models of epilepsy, such as the
Kenai-null mouse, which models epileptic patients with KCNAZ mutation.24

In the pilocarpine model, the hippocampus of epileptic rats lost the rhythmic oscillation

of three transcripts, Perl, Per2, and Per325 Among those transcripts that still exhibited
rhythmicity in this model, such as Bmall, Cry1, and Cry2, the rhythmic oscillation was
significantly shifted in phase, indicating a dysregulated circadian rhythm.2> Interestingly,
Clockwas reported to be arrhythmic in the hippocampus of both wild-type and epileptic
rats of the pilocarpine model; therefore, their arrhythmicity was not significantly affected by
the epileptic induction.2> Clock rhythmicity or lack thereof seems to be largely preserved
in epilepsy animal models. In a different model, the electroconvulsive model, Clock
rhythmicity in the rat’s frontal cortex was also not significantly different between wild-type
and epileptic rats.28 This is in stark contrast to the other circadian transcripts studied in

this model, such as Bmall, Per2, Cryl, Cry2, Rev-erba, and Rora, all of which were
significantly dysregulated.26

In a genetic model of epilepsy using the KcnaZ-null mice, aberrant circadian gene oscillation
was observed in the anterior hypothalamus.2” The study reported diminished oscillation

in Clock, Perl, and Per2 whereas Bmall remained largely arrhythmic in both wild-type

and epileptic mice.2” Interestingly, this study also examined changes in circadian gene
oscillation in constant darkness (DD) condition and found that only PerZ exhibited any
difference in oscillation under this condition.2” The DD condition is a tool used by
chronobiologists to eliminate the effect of light entrainment on circadian gene oscillation

to evaluate the endogenous circadian gene rhythm. The two aforementioned studies did

not examine circadian gene oscillation in their epilepsy model under DD.2526 This is an
important factor to be considered when interpreting the results of these studies. In animal
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models of epilepsy, seizures have been found to occur in a diurnal circadian pattern that is
maintained in phase even under DD.34 This implies that seizure occurrence is modulated by
the endogenous circadian rhythm independent of the effect of light entrainment.

In addition, other factors also need to be considered when interpreting results on circadian
gene oscillation. First, genes have different circadian oscillation patterns in different brain
regions (see Table 1 for summary of the studies described above that illustrated this

point). It is well established that circadian regulation of gene expression is remarkably
tissue-specific.28:29 In the case of epilepsy, this increases the complexity even further,
because circuit changes from a distantly located “nonepileptic” brain region may influence
the circuit and manifestation of the epileptic foci.3? Consideration of these studies becomes
difficult once examination of circadian changes extends beyond the epileptic foci to include
more distant brain regions. Second, it is a well-characterized phenomenon that circadian
rhythmicity at the mRNA level does not always result in rhythmicity of the mRNA or

the protein at the steady-state level. This is thought to be due to the influences of other
transcription factors as well as various posttranscriptional regulation that accompanies the
positive arm of the circadian transcription.3! As a result, a change in the pattern of circadian
gene oscillation in epilepsy may not result in a similar pattern of functional output. The
changes in the functional output of the circadian system in epilepsy will be discussed more
extensively in the next section below.

4| CIRCADIAN GENE AND PROTEIN EXPRESSION IN EPILEPSY

As mentioned above, changes in circadian gene oscillation vary across animal models of
epilepsy. However, changes in circadian gene oscillation pattern do not necessarily translate
to similar changes in steady-state mMRNA and protein level.31 In most cases, they do
translate to similar output. As an example, in the electroconvulsive model study mentioned
above, some of the most significant change in the rat frontal cortex was in Rev-erba,

which showed a strong increase in gene oscillation and subsequently also an increase in
steady-state MRNA and protein level.26 However, there are cases where changes in circadian
oscillation does not translate to similar output. In that same study, there was no difference

in the Perl 24-h rhythm, but both steady-state and protein levels of PerZ were decreased.26
Distinctions in steady-state level may prove to be more informative in understanding how
the circadian system influences epilepsy rather than focusing on changes in circadian gene
oscillation. In the case of Perl, for instance, this gene’s steady-state expression level

has been extensively studied in the context of epilepsy. Per was demonstrated to be
significantly upregulated in the mouse hippocampus following an acute epileptogenic insult
with kainic acid or electroconvulsive shock.32 In contrast, repeated epileptogenic insult
using electroconvulsive treatment resulted in reduced steady-state MRNA and protein level
of Per1.26 When examining changes longitudinally, PerZ was found to be increased acutely
post-status epilepticus and returned to normal level after kindling in the rat hippocampus of
the pilocarpine model.2> Thus, PER1 may be a protein that is important in the acute phase of
epileptogenesis and may serve as a biomarker of epileptic progression.

Similar to Per, there are significant changes in the steady-state expression of Clock despite
its circadian rhythmicity being only mildly affected across multiple models of epilepsy.25:26
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At a functional level, Clock steady-state mMRNA and protein levels showed a decrease

in various animal models of epilepsy.2>-27 Importantly, in resected neo-cortical samples
from patients with focal epilepsy, Clock expression was also found to be significantly
decreased.33 When Clock was knocked out in the forebrain excitatory neurons using the
Emx-cre promoter, these animals developed spontaneous epileptic seizures with a phase
timing related to their sleep-wake transition.33 This was one of two transgenic animal
models of epilepsy related to circadian proteins. The other pertains to the PAR bZIP
transcription factors, namely Dbp, HIf, and T7ef, three genes downstream of the CLOCK/
BMAL1 complex (see Figure 1). Triple knockout of these three genes resulted in animals
developing lethal audiogenic seizures.1®> DBP by itself has been shown to be reduced in
the hippocampus of rats in the kainate model.34 Thus, decrease in Clock expression and
potentially its downstream targets seem to contribute strongly to epilepsy.

Because Clock appears to be an important circadian contributor to epilepsy, it would be
remiss to not examine how Bmall, the molecular binding partner of Clock; is affected in
epilepsy. Similarly to Clock, Bmall expression was decreased in both the frontal cortex in
the electroconvulsive mice28 and the hippocampus of the pilocarpine rat model.2> However,
in the Kcnal-null mice, Bmall expression in the anterior hypothalamus was not significantly
different to wild type.2” Studies in the Bmall-knockout mouse have not yet reported an
epileptic phenotype. However, Bmall-knockout mouse was shown to exhibit reduced seizure
threshold with electrical stimulation and reduced seizure endpoints.3® Although there is less
evidence than for Clock, Bmall may also be implicated in epilepsy directly or indirectly
through its association with Clock.

Finally, in the aforementioned electroconvulsive study, Rev-erba showed the most
significant change in its increase in gene oscillation pattern in line with an increase in
steady-state MRNA and protein levels in the frontal cortex of epileptic mice.28 However, in
contrast to this study, Rev-erba was found to be reduced in the epileptic foci from temporal
neocortex samples of patients with temporal lobe epilepsy.38 This study also demonstrated
that Rev-erba was decreased in the hippocampus and temporal neocortex of mice treated
with pilocarpine both in the acute status epilepticus and the chronic phase.38 Thus, there is
evidence implicating Rev-erba in different models of epilepsy, albeit with varying results.
In circadian regulation, Rev-erba competes with Rora and exerts opposing effects on
Bmal1 regulation.1* Unsurprisingly, there is also some evidence implicating Rora in various
models of epilepsy. In the electroconvulsive study, Rora expression was decreased in the
frontal cortex of epileptic mice, opposite to the increased expression of Rev-erba.?8 In the
hippocampus of the pilocarpine rat model, Rora was also found to be decreased in both the
acute and the silent phase of the model, but returned to a level comparable to control at the
epileptic phase.3” In humans, Rora mutations were identified in a subgroup of patients with
genetic epilepsy related to intellectual disability and autism.38 Collectively, this evidence
suggests the implication of the Rev-erba and Rora system in different types of epilepsy.

In summary, these studies implicated the genes that made up the circadian molecular system
in epilepsy (pattern of changes summarized in Table 2 and illustrated in Figure 2). It

is important to note that these genes often work together in the regulation of circadian
transcription. The CLOCK/BMAL1 complex, for example, is the primary driver of circadian
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rhythm in the suprachiasmatic nucleus.1? Although their actions in a different brain region
may be independent of one another, this has not been studied. Additionally, the other

genes described above such as Per1, Rev-erba, and Rora are downstream targets of Clock
and Bmall. The implications of these genes in epilepsy are hard to interpret without
weighing each within the context of CLOCK/BMAL1 regulation. To overcome this, studies
are moving toward characterizing potential downstream targets or pathways of circadian
regulation of epilepsy. Some of these targets and pathways will be described in the next
section.

5| METABOLISM AS A DOWNSTREAM TARGET OF CIRCADIAN
REGULATION OF EPILEPSY

Among the many physiological processes that are regulated by the circadian system, a large
number relate to metabolism.39 Metabolism is tightly coupled to the circadian rhythm and
is therefore modulated by the circadian molecular system. Metabolic pathways that may be
implicated in circadian epilepsy will be discussed in more depth below.

In the study described previously, the PAR bZIP triple knockout mice experienced lethal
audiogenic seizures.1® These mice were found to have reduced expression of Pdxk,1° a gene
encoding for pyridoxal kinase. Pyridoxal kinase is an enzyme involved in the conversion

of pyridoxal to its active form, pyridoxal phosphate (PLP). PLP is a major cofactor of

many different enzymes, including those catalyzing neurotransmitter metabolism such as
glutamate decarboxylase (GAD).4? GAD is an enzyme that catalyzes the conversion of
glutamate to y-aminobutyric acid (GABA). It is vital in maintaining GABA homeostasis in
the brain and depends largely on pyridoxal metabolism to regulate this pathway.*® Thus,
pyridoxal metabolism directly feeds into GABA metabolism, a pathway relevant in epilepsy.
A class of epilepsy directly associated with pyridoxal metabolism is called pyridoxine-
dependent epilepsy. Pyridoxine-dependent epilepsy is an electroclinical syndrome in which
seizures respond to pyridoxine (another form of pyridoxal) or PLP treatment.#1 This
epileptic encephalopathy was found to arise from mutations of varying genes involved

in pyridoxal metabolism,%243 but no known mutations in pyridoxal kinase have been
described in human patients. However, enzymes involved in pyridoxal metabolism have
been shown to be regulated in a circadian manner,2? just like pyridoxal kinase. Additionally,
in these patients and in animal models based on human mutations, disruption in pyridoxal
metabolism always led to reduced PLP level in the brain.1543 Reduced PLP was also
associated with reduced GABA concentration in the brain due to reduced activity of
glutamate dehydrogenase.*3

Whereas there is a large body of evidence suggesting that reduced PLP activity leads

to seizure generation, some studies have reported that acute administration of PLP can
exacerbate epileptic seizures in certain strains of mice** and rats.*® In both these studies,
the seizures were short-lasting and seemed to be associated also with acutely reduced
availability of GABA.4445 Therefore, pyridoxal metabolism appears to require tight
regulation within a certain range in the brain to maintain GABA homeostasis. Regulated
by the PAR bZIP transcription factors, the circadian oscillation of Pdxk is lower in the
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brain than in the liver, indicating the need for strict circadian regulation of brain PLP
concentration.*® Interestingly, in the kainate model, where Dbp expression is reduced,
overexpression of Dpp by an adenoviral vector actually worsened the seizures instead
of rescuing them.3* This Dbp overexpression resulted in a moderate increase in Poxk
expression,34 which supports the hypothesis that tight circadian regulation of pyridoxal
metabolism prevents epilepsy.

Another strong link between circadian system and epilepsy comes from the metabolic
sensor and signaling pathway, mammalian target of rapamycin (mMTOR). mTOR is the
major nutrient sensing system that regulates cellular metabolism, protein synthesis, and
cell autophagy.?” The mTOR system is composed of two distinct multiprotein complexes
named mTORC1 and mTORC2.4” The mTOR complexes (mTORCs) are made up of
numerous proteins, many of which have been implicated in epilepsy such as MTOR,*8 TSC1
and TSC2,%? and DEPDC5.59 Mutations in these proteins cause epilepsy and collectively,
they are called mTORopathies. Among the mTORopathies, tuberous sclerosis complex
(TSC) is perhaps the most well-characterized, caused by mutations in 7SCZ or TSCZ.

The gene products of 75CI (called hamartin) and 75C2 (called tuberin) assemble the
TSC1/2 complex, which physiologically suppresses mTOR by inhibiting Rheb, an essential
activator of the mTORC.#’ Patients with TSC present with epilepsy early in life and have
the characteristic presence of “tubers,” tumorlike focal lesions all over the body including
in brains.49 Children with TSC can present with sleep abnormalities such as increased
incidences of night waking, parasomnias, severe difficult waking up early in the morning,
and daytime sleepiness.® These abnormalities were not significantly different between
epileptic and nonepileptic subgroups, representing inherent sleep and circadian disruptions
in TSC patients.® In a polysomnography study on children with TSC, sleep architecture
was found to be severely disrupted, with sleep fragmentation, a shorter total sleep time,
reduced sleep efficiency, and decreased rapid eye movement sleep.5! Interestingly, in this
study, nocturnal seizures were recorded in some patients and associated with a more severe
sleep fragmentation.®® In an adult cohort of TSC patients, similar sleep abnormalities were
found, namely insomnia and excessive daytime sleepiness, which, unlike in the pediatric
group, was positively correlated with their seizure history and antiseizure drug use.® To
illustrate the scale of sleep abnormalities in TSC, a large natural history study of more than
2000 patients with TSC reported sleep abnormalities as the second most reported behavioral
problem in about 40% of the patients.>2 Thus, it is clear that patients with TSC present
with chronic sleep abnormalities, regardless of their seizure history, which indicates an
intrinsic circadian dysfunction. More importantly, nocturnal seizures have been recorded

in these patient subgroups, which are characteristic of circadian epilepsy. This effect is

not limited to disruptions in TSC1 or TSC2. Patients with mutations in genes associated
with mTORopathies often present with chronic epilepsy related to sleep.>3 Thus, there is
strong clinical evidence implicating the mTORCS in the regulation of the circadian rhythm,
particularly pertaining to the sleep—wake cycle.

At a cellular level, emerging evidence indicates reciprocal interaction between the mTOR
system and the circadian system. In the study previously described, CLOCK expression
was found to be reduced in patients with TSC.33 Animal models of TSC also demonstrated
large changes in expression levels of circadian proteins, including increased CLOCK and
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BMAL1.5455 There is a growing body of evidence to suggest that mTORC regulates
circadian protein expression. The mTOR-effector kinase, S6K1, phosphorylated BMAL1

to associate with translational machinery and promote protein synthesis.>6 Loss of PTEN
function was shown to activate mTORC and lead to accumulation of BMAL1.57 On the
other hand, circadian proteins also interact with and regulate mTORC. The circadian protein
PER2 suppressed mTORC activity by recruiting TSC1 into the complex.®8 Deficiency

of BMALL1 activated the mTORC signaling pathway.>® These studies have collectively
indicated the reciprocal interaction between the mTORC and the circadian molecular
system. However, future studies should explore this interaction in the context of circadian

epilepsy.

Next, it is prudent to discuss the implication of circadian regulation of redox state in

the context of epilepsy. Redox state is a term used to describe the ratio of the oxidized

and reduced form of a molecule in the cell.5 These molecules exist in interconvertible
form between their oxidized and reduced forms, such as NAD+/NADH, NADP+/NADPH,
and GSSG/GSH.®0 Redox state needs to be maintained in constant homeostasis for

proper cellular functioning. Unlike the reduced form of most molecules, the reduced

form of oxygen and its derivatives, such as superoxide, are harmful to the cells and are
collectively called free radicals or reactive oxygen species.5! Cellular defenses against the
reactive oxygen species act by neutralizing these free radicals and are collectively called
antioxidants.1 When the balance of reactive oxygen species and antioxidants is disrupted in
favor of the radicals, a condition called oxidative stress occurs in which various constituents
of a cell are damaged by uncontrolled radicals.5 Given how harmful oxidative stress is

to the cell, unsurprisingly redox state is tightly regulated by many processes, including
circadian regulation. The balance between the reduced and oxidized form of molecules in
the cells oscillates in a circadian manner.52 Enzymes functioning as cellular antioxidants
are also circadian regulated.5® More importantly, recent works have demonstrated that the
cellular redox state also influences and feeds back into the circadian regulation.62.64

Importantly, in the brain, circadian regulation of redox state appears to influence neuronal
excitability and may have implications in epilepsy. In the suprachiasmatic nucleus, circadian
rhythm of redox state influences and regulates the circadian rhythm of neuronal excitability
through a 24-h cycle.®® Recently, this correlated redox state and neuronal excitability

cycle was also demonstrated in the hippocampal CA1.%6 In the suprachiasmatic nucleus,
redox state influences neuronal excitability by modulating potassium channel expression
independent of transcriptional modulation.®® Circadian oscillation in neuronal potassium
current has been reported and studied extensively.8” Furthermore, calcium channel and
sodium channel conductance also oscillate in a circadian manner and contribute to neuronal
excitability within the day—night cycle.®® Taken together, this circadian variation in ion
channel conductance could possibly contribute toward the circadian rhythmicity of epilepsy.
Looking at a bigger picture, oxidative stress has long been implicated in epilepsy.5°
Dysfunction in the circadian molecular system has also been reported to result in oxidative
stress. Mice with Bmall deletion experienced oxidative stress and neuronal oxidative
damage, which subsequently resulted in neurodegeneration.’® Cells with mutations in

the circadian genes experienced differential response to oxidative stress, indicating that

the circadian genes regulate cellular survival and death signaling.”1:72 Thus, regulation
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of cellular redox state and oxidative stress is a plausible link between circadian protein
dysregulation and neuronal hyperexcitability in epilepsy.

Finally, one potential link between the circadian molecular system, its regulation of brain
metabolism, and epilepsy is in the epigenetic regulation by sirtuin. Sirtuins are proteins
belonging to the histone deacetylase family, which uniquely require NAD+ for their
enzymatic activity.”3 Due to this unique property, sirtuin deacetylase activity is tightly
regulated by the cellular metabolic and redox state.”® One sirtuin in particular seems

to be important in circadian epilepsy, namely SIRT1. In the KcnaZ-null mice, circadian
oscillation in SirtZ was shown to be downregulated under 24-h light—dark cycle, which

was associated with the dysfunctional oscillation of the other circadian genes.2’ SIRT1 has
been shown to be associated with CLOCK and exert regulation on the circadian molecular
system through acetylation of BMALZ1.74 SIRT1 also influences the expression of circadian
genes downstream of Clock/Bmall such as Cry1 and PerZ, and specifically promotes the
deacetylation and degradation of Per2.’> SIRT1’s epigenetic activity was driven by the
circadian oscillation in the activity of nicotinamide phosphoribosyltransferase, an enzyme
involved in NAD+ metabolism, thus directly linking redox state regulation and the circadian
molecular system.”® Finally, SIRT1 also interacts with the mTORC pathway by inhibiting
mTORC activity, a pathway that has been associated with the promotion of neuronal
outgrowth and survival.””:78 This promotion of neuronal survival by its deacetylase activity
has been shown to be important in the context of an in vitro magnesium-free model of
epilepsy and an in vivo kainate model of epilepsy.”%80 Hence, there is a strong precedent
for the implication of SIRT1 in its metabolic and epigenetic modulation in epilepsy. Future
study should address the gap and examine the direct contribution of SIRT1 to the circadian
regulation of brain metabolism in epilepsy.

6| SYSTEMS BIOLOGY APPROACH TO UNDERSTANDING CIRCADIAN
MODULATION OF METABOLISM

We have extensively discussed in the previous sections how the circadian molecular system
regulates brain metabolic pathways potentially implicated in epilepsy, either directly or
indirectly through epigenetic regulation (see Figure 2 for a summary of these potential
regulations). Although a molecular approach is invaluable in understanding circadian
epilepsy, an organismal systems biology perspective is equally important. The circadian
molecular system is ubiquitous across all the organ systems. Thus, it integrates various
systemic inputs as a feedback mechanism making circadian regulation of metabolism
present in all of the human body.

Diet and gastrointestinal system function are major determinants of organismal metabolism.
Feeding and fasting behavior is temporally regulated by the circadian system, providing a
primary time cue for clock entrainment.81 Thus, diet and nutrition directly influence the
circadian molecular system through metabolic modulation.8! There has been a multitude

of evidence demonstrating dysfunction in the circadian molecular system due to dietary
patterns, such as high-fat high-sugar diet® and high-salt diet.83 On the other hand, dietary
patterns, such as time-restricted feeding®* and ketogenic diet (to be discussed further in the
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section below), have been demonstrated to facilitate and restore proper circadian functioning
in animal models of circadian dysfunction. There are few studies examining the impact

of diets that cause circadian dysfunction on epilepsy, but preliminary results showed that
they may increase seizure susceptibility.8> The ketogenic diet, on the other hand, which
facilitates proper circadian functioning, has antiseizure properties. Adding another layer of
complexity is the recent finding that the ketogenic diet’s antiseizure effect may be mediated
by its effect on the gut microbiome.88 The ketogenic diet has been shown to promote

the growth of specific species of gut microbiota that facilitated gamma glutamylation of
amino acids that are associated with its antiseizure effect.86 Gut microbiome is significantly
affected by dietary pattern and promotes a specific pattern of systemic metabolome.8”
Coming full circle, there is evidence of a circadian diurnal pattern in the gut microbiome
influenced by the feeding rhythm and dietary pattern.88 This diurnal pattern was associated
with the diurnal rhythm of metabolites and promotion of systemic metabolic homeostasis.88
Metabolites generated by the gut microbiome, such as short-chain fatty acids like acetate
and butyrate, have shown the capacity to entrain peripheral circadian clocks.82 When the
host’s circadian rhythm is disrupted through light—dark cycle disruption or genetically

by mutations in the circadian genes, gut microbiome composition has been found to be
severely disrupted.0:91 Although it is unclear whether the bacteria themselves have their
own intrinsic circadian clock, it is evident that gut microbiota were able to interact with and
regulate the human host’s circadian molecular system. This subject is an interesting dynamic
new field and warrants further study in the direct context of circadian epilepsy.

Another important systemic input in both the circadian system and epilepsy is the
endocrine system. Hormones have been shown to interact with and influence seizure
susceptibility in patients with epilepsy.92 An example of a hormone that regulates the
circadian molecular system and is implicated in epilepsy is melatonin released by the
pineal gland. Melatonin is secreted in a circadian fashion under direct regulation and
innervation by the suprachiasmatic nucleus.%3 Melatonin has been extensively characterized
to be important for circadian regulation, especially for sleep-wake cycle.93:94 Patients

with intractable epilepsy have been shown to have low melatonin levels.9® Importantly,
although the melatonin circadian oscillation is unaffected, melatonin level was shown to

be significantly reduced in both patients with diurnal and patients with nocturnal seizures.®
Melatonin supplementation in children with intractable epilepsy has shown variable success
in reducing seizure burden and improving sleep comorbidities.%6 In animal models of
epilepsy, melatonin administration was able to reduce seizure frequency and attenuate
neuronal cell death.%7-98 Taken together, melatonin shows a promising antiseizure effect. The
mechanism by which melatonin is antiseizure is still up for debate, but there is an interesting
notion that melatonin is a potent metabolic modulator. Melatonin administration was able
to upregulate antioxidant gene expression in neuronal cells in vitro and rat cortex in vivo.%9
Melatonin and its metabolites have also been shown to possess free radical scavenging
activities, acting as antioxidant molecules themselves.190 Furthermore, in multiple recent
studies using ischemic—reperfusion injury as a model, melatonin treatment prevented cell
death by activating the mTOR pathway and inhibiting mTORC-dependent autophagy.101
Interestingly, melatonin was able to attenuate oxidative stress-induced phosphorylation of
mTORC, suggesting that its interaction with mTORC may be dependent on its modulation
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of the redox state.192 Whatever the mechanism may be, there is evidence that melatonin
does interact with the mTORC. Finally, an early study showed that melatonin treatment
significantly increased brain pyridoxal kinase activity.193 On the other hand, PLP was
shown to inhibit an enzyme involved in the production of melatonin from its precursor,
N-acetylserotonin.194 Thus, there appears to be a reciprocal interaction between melatonin
and pyridoxal metabolism, but more study is needed to reexamine this interaction. Given
the current evidence, it appears interesting that melatonin is able to interact with all

three metabolic pathways that we discussed in earlier sections as potentially implicated

in circadian epilepsy, namely pyridoxal metabolism, mTOR pathway, and redox regulation.
Although all these studies were conducted in separate contexts, inferences drawn suggest
that melatonin may contribute to circadian regulation of brain metabolism that is important
in epilepsy.

7| THERAPEUTIC IMPLICATIONS: PRE-EXISTING ANTISEIZURE
TREATMENT

Our understanding of the circadian aspect of epilepsy continues to evolve with more
emerging studies in this field. One exciting implication of these studies is that
chronotherapeutics could be a future direction for epilepsy management and treatment.105 At
present, chronotherapeutics in epilepsy is limited to the use of antiseizure drugs treatment

at the time of greatest seizure susceptibility based on the circadian timing of each patient’s
seizures.195 Time-specific dosing of antiseizure drugs has led to better seizure freedom in
some patients.® This concept of differential dosing time of antiseizure drugs has also been
validated in animal studies. Circadian variations have been shown in the pharmacokinetic
profile of carbamazepine when injected at different times in rats% and of valproic acid in
mice.107 Interestingly, just like in human patients, these circadian variations in valproic

acid pharmacokinetics correlate with differential antiseizure efficacy according to the
circadian phase.198 Thus, there are multiple layers of evidence suggesting the importance

of differential dosing of antiseizure drugs based on the circadian phenotype of the patients or
animal models of epilepsy. This therapeutic strategy takes advantage of the circadian nature
of epilepsy but does not actively correct the dysfunction in the circadian molecular system
that could contribute to the pathogenic process. Thus, the next step would be working
toward correcting circadian molecular system dysfunction as a novel therapeutic strategy in

epilepsy.

There is already some evidence that pre-existing therapeutic strategies in epilepsy were
able to influence the circadian system, either directly or indirectly. As mentioned earlier,
the circadian system is heavily influenced by dietary input,81 including ketogenic diet.
Ketogenic diet is a dietary therapy using a high-fat, low-carbohydrate diet ratio that puts
the body in ketosis to generate ketone bodies.1%9 In the KcnaZ-null mice, ketogenic diet
has been shown to abolish the diurnal rhythmicity of the seizure in addition to effectively
reducing seizure frequency.119 The Kcnal-null mice also exhibited atypical rest-activity
rhythm, and feeding these mice the ketogenic diet restored the rhythm to a typical wild-
type mice rhythm with significant peak activity during the dark phase.119 Together, these
findings indicate that the ketogenic diet restored the circadian rhythm of epileptic mice
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in addition to providing effective seizure suppression. Ketogenic diet appears to be able

to interact with and regulate the circadian molecular system. In the muscle, ketogenic

diet could restore the transcription of the circadian gene S/c25a25, which was reduced

in Bmall-knockout and Clock-knockout mice.111 In the liver, ketogenic diet could rewire
the peripheral clock and increase the amount of cycling transcript.112 Importantly, among
the transcripts enriched by the ketogenic diet in the liver is Dbp,112 one of the PAR

bZIP genes implicated in epilepsy. This enrichment was attributed to increased BMAL1
chromatin recruitment on the E-box promoter sequence of these genes.112 Ketogenic diet has
been shown to influence chromatin structure and function through epigenetic mechanisms.
Animal models of epilepsy have undergone general hypermethylation of hippocampal
DNA, and in multiple studies, ketogenic diet could restore the DNA methylation status

to control animals.113:114 |n the context of neuroinflammation outside of epilepsy, ketogenic
diet has been associated with other epigenetic changes such as g-hydroxybutyration and
acetylation.11® Thus, there is evidence that ketogenic diet could influence the circadian
molecular system through epigenetic modification. Although this hypothesis needs to be
tested further, preliminary data indicate that this is the case. In the gut of mice fed the
ketogenic diet, there is an inverse cyclic rhythmicity between the p-hydroxybutyrate level
and histone deacetylation activity.112 This resulted in overall reduction of HDAC activity
and an increase in acetylation of various epigenetic regulated circadian genes.112 Whether
the epigenetic modulation of circadian genes is associated with its anti-seizure activity
remains to be studied.

In addition to the ketogenic diet, existing antiseizure drugs may also interact with the
circadian molecular system. Many of the clinically used antiseizure drugs have exerted
epigenetic changes such as histone acetylation and DNA methylation on various target
genes (for a comprehensive review, see Navarrete-Modesto et al.116). Valproic acid is of
particular interest, as it exerted multiple epigenetic effects. Valproic acid has been shown

in multiple studies to be a potent HDAC inhibitor.117:118 |n addition to its acetylating
effect, valproic acid also affects the DNA methylation of various genes.119120 Although the
epigenetic effect of valproic acid or any other antiseizure drug has not been described in
circadian genes, it presents an interesting potential mechanism, considering how important
epigenetic regulation is to the circadian molecular system. Valproic acid has been shown

to directly interact with the circadian molecular system. Valproic acid treatment in vitro in
multiple cell lines was able to upregulate transcription of various circadian genes, such as
Bmall, Cry1, Cry2, Perl, Per2, and Rev-erba.121.122 \jalproic acid was also able to phase-
advance the rhythm of Per2in vitro, thus affecting circadian gene oscillation.12 Therefore,
valproic acid as an established antiseizure drug has a strong potential as a modulator of the
circadian molecular system. Additional study is needed to characterize the specific effect of
valproic acid and other antiseizure drugs in the context of correcting the circadian molecular
dysfunction in epilepsy.
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8| THERAPEUTIC IMPLICATIONS: INVESTIGATIONAL ANTISEIZURE

DRUGS

Despite the many existing antiseizure treatments, one third of patients with epilepsy still
have refractory epilepsy.123 Thus, there remains a need for investigational antiseizure
drugs to be developed that could directly modify epileptogenesis. One interesting strategy
for chronotherapeutic development could be to reevaluate and develop a new class of
antiseizure treatment based on known mechanisms. In the previous section, melatonin
was described as possessing antiseizure properties in both human patients® and animal
models of epilepsy.97:98 In addition to ongoing efforts to further study the clinical
potential of melatonin as an antiseizure drug, studies have also examined the potential

of agonists of melatonin receptor. Ramelteon, a selective agonist of melatonin receptor,
significantly improved circadian rest—activity rhythm and positively modulated seizure
diurnal rhythmicity and frequency in KcnaZ-null mice.124 Another agonist of melatonin
receptor MT1 and MT2, agomelatine, also demonstrated anticonvulsant effects in the mouse
pentylenetetrazole (PTZ)-induced seizure and pilocarpine model.125 It is important to note
that this study failed to find efficacy of agomelatine in other models of epilepsy, such

as the strychnine-, electroshock-, and picrotoxin-induced seizure models.125 Finally, two
other synthetic melatonin receptor agonists, Neu-P11 and Neu-P67, failed to demonstrate
antiseizure effects in the mouse PTZ- and electroshock-induced seizure models.126 Thus,
although melatonin and melatonin receptor agonists may be promising new antiseizure
drugs, further study is needed to validate these findings.

Finally, novel small molecules have been identified that can modulate the circadian
molecular system and are currently being investigated in the context of various neurological
diseases.127128 Some of these small molecules had effects on circadian period, either
lengthening or shortening, whereas others modulated circadian phase by delaying it,
advancing it, or enhancing its amplitude.129130 Others had a more direct effects on the
circadian molecular system through interacting with and regulating the negative limbs of
the system. Agonists and inverse agonists of RORs and REV-ERBs as well as activators
and inhibitors of CRYs have been identified.127-128 None of these small molecules have
been extensively investigated in the context of epilepsy. However, if we speculate based on
typical changes in these proteins in models of epilepsy, then one with potential to correct
the circadian dysfunction in epilepsy would be the ROR agonists. One such candidate
molecule is nobiletin, which was identified as a direct agonist of RORa..131 In a study using
acute administration of PTZ, a convulsant, mice with oral nobiletin treatment experienced
significantly reduced seizure burden.132 In other studies, nobiletin continued to demonstrate
neuroprotective effects. 133134 Through its modulation of RORa, nobiletin has also been
shown to induce positive metabolic changes, such as improvement of circadian glucose and
lipid homeostasis, increased mitochondrial respiration, and reduced oxidative stress.131:135
Some of these metabolic changes could be important for circadian epilepsy, and nobiletin
has the potential to directly address these dysfunctions. Thus, generally, there is precedent
to further study and consider all other small molecule modifiers of the circadian clock as

a potential novel class of antiseizure drugs. Importantly, further preclinical study should
evaluate these potential chronotherapeutics in a systematic and consistent manner, because
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these findings have been made in multiple variable animal models of epilepsy and as
previously demonstrated, findings of efficacy may be specific to a model of epilepsy.12°

9| CONCLUSION

From many observations in human studies and research on animal models of epilepsy, it is
clear that epileptic seizures may manifest with a circadian pattern. Although the mechanism
is unclear, the circadian molecular system that generates the circadian rhythm is likely
involved. These genes that oscillate in a circadian manner were largely found to be disrupted
in various animal models of epilepsy (summarized in Figure 2). There is growing evidence
that intrinsic disruption in the circadian molecular system can lead to epileptogenesis.

This is supported by the genetic animal models with loss of circadian molecular proteins
(namely CLOCK?33 and PAR bZIP proteins®), where seizures were developed 7 vivo.
However, there are also other data that support the idea that initial epileptic insult causes
circadian disruptions. Numerous studies with pilocarpine and kainate models of epilepsy
show that the initial acute epileptogenic insult with these drugs caused acute changes in

the circadian molecular system (such as increased PerI and Rev-erba as well as reduced
Rora).32:38.37 |nterestingly, in these animal models, where initial epileptic insult resulted

in kindling during the silent phase and generation of spontaneous epilepsy, some of these
changes persisted during the silent phase (such as the reduced Rora),3” some persisted
throughout and up to the spontaneous epilepsy phase (such as the increased Rev-erba),38
and some returned to normal after the acute phase (such as the increased Per).2° Thus,
these changes in the circadian molecular system could either be an acute response to the
epileptic insult or a change that contributes during the kindling process to the generation of
a spontaneously epileptic network. It appears that there is a bidirectional linkage between
epilepsy and circadian dysfunction. Circadian dysfunction can lead to the formation of an
epileptic network, and epileptic insult can lead to acute circadian dysfunction. Another
interesting question is whether epilepsy, independent of seizure activity, induces changes

in the circadian biology. Although we acknowledge that epilepsy has systemic effects, the
presence of seizures generated in the brain still constitutes a large part of what makes

up the diagnosis of epilepsy.136 This question is difficult to address in animal models,

as it is not possible to develop an animal model of epilepsy that does not have any

seizure activity. In most animal models, however, studies with treatment of antiseizure drugs
have shown improvement in the circadian dysfunction that tends to correlate with seizure
improvement.110.132 |f we examine human studies, most studies have shown that the severity
of the patient’s sleep dysfunction is usually associated with the severity of their seizures.6:51
Thus, the current evidence suggests that seizure activity in an epilepsy phenotype is tied with
the circadian dysfunction. Correcting the circadian dysfunction can result in improvement of
the seizure activity and vice versa.

Without a full picture, we propose that metabolic dysfunction may bridge the gap between
circadian dysfunction and epilepsy. We present evidence from the literature suggesting three
downstream pathways of the circadian molecular system, namely, pyridoxal metabolism,
mTORC signaling, and regulation of redox state as the basis for the missing link

between circadian regulation and epilepsy. Circadian regulation appears to influence all
three metabolic pathways; while only two of them, namely, mTORC signaling and redox
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regulation, have been shown to feed back into the circadian molecular system through the
effect of sirtuin. In addition to the studies that directly examined these three metabolic
pathways in the context of circadian epilepsy, various other systems that interact with the
circadian molecular system appear to support the notion that these metabolic pathways

are involved in circadian epilepsy. As mentioned above, epigenetic regulation through the
sirtuins, and particularly Sirt7,27 interacts with mTORC'® and cellular redox signaling.’*
Evidence from another system that supports this notion is the endocrine system through

the release of melatonin. Melatonin has been shown to interact with all three metabolic
pathways, namely, by interacting with pyridoxal kinase,103 activating the mTOR pathway,101
and being a potent antioxidant (thus, regulating the cellular redox state).100 Melatonin

has shown potential antiseizure properties in both animal and human studies,96-98 the
mechanism of which is unknown. It is possible that melatonin could modulate these
metabolic pathways important in circadian epilepsy and exert its antiseizure properties in
such a manner. Taken together, all this evidence supports the notion that circadian regulation
of brain metabolism is an important pathway that could underlie circadian epilepsy. Future
studies in this budding field should address this hypothesis directly. Work emerging from
this field could pave the way to a new class of antiseizure drugs that target the circadian
molecular system or the circadian modulation of brain metabolism.
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Key Points

Epilepsy is circadian in nature and is associated with disruptions in the
circadian molecular system

Circadian oscillation of various genes that make up the circadian molecular
system is highly disrupted in animal models of epilepsy

Functional output of the system (MRNA and protein levels of the circadian
genes) is significantly affected in epilepsy animal models

We propose three metabolic pathways (pyridoxal metabolism, mTOR, and
redox state) as links between the circadian system and epilepsy

Studies in the field are working toward development of chronotherapeutics by
targeting these novel pathways in epilepsy
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FIGURE 1.
Components of the circadian molecular system. The circadian molecular system is made up

of a transcriptional feedback loop defined by the interlocking positive and negative limbs.
The positive limb is comprised of two core genes: Clock and Bmall. CLOCK and BMAL1
form a heterodimer and bind to E-box sequences activating the three negative limbs of the
system. The first negative limb is the Perand Cry genes. Upon translation, the PER and
CRY proteins form a heterodimer and repress the transcription of the Clock and Bmall
complex. The second negative limb is the Rev-erband Rorgenes. The proteins REV-ERB
and ROR compete for the RORE sequence binding site, which is present in many genes.
Upon binding, ROR induces the gene’s transcription, whereas REV-ERB inhibits the gene’s
transcription. Those genes include Bmal1, a core component of the positive limb, thus
creating this second negative feedback loop, and Nfi/3, which will contribute in the feedback
loop of the third negative limb. The third negative limb is made up of the PAR bZIP
transcription factors, namely the genes Dbp, HIf, and Tef. These PAR bZIP transcription
factors compete with A/fil3 for D-box sequence binding. The PAR bZIP proteins bind to the
D-box sequence to activate transcription, whereas NFIL3 represses transcription. The D-box
sequence is present within the promoter sequence of Rev-erband Rorgenes. Thus, the PAR
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bZIP genes and Nfil3 create a third negative feedback loop and indirectly affect Bmal/1
transcription through its regulation of Rev-erband Rortranscription. Together, the positive
limb and these three negative limbs form the circadian molecular system whose functional
output is the circadian rhythm

Epilepsia. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Chan and Liu

Regulation of redox state

Page 27

t

P mCry1/2 ‘ :la:’iiafze .
n ren
mPerl1/2 Rev-erba/B
(o) " studies
D-box E-box
@ Rora/R
acutely ° ‘

7‘\4»
o0
0g9

P

i i i PAR bZip

PAR bZIP regulate circadian expression
of pyridoxal kinase.

Pyridoxal metabolism

'J HO OH
HOL N P

~0~ o

FIGURE 2.
Summary of the changes in the circadian molecular system and its downstream regulation

of metabolism in epilepsy. The circadian molecular system is intimately implicated in
epilepsy. Several studies demonstrate evidence of reduced expression of the two core genes
that make up the positive limb, namely Clockand Bmall, in various animal models of
epilepsy. There are also numerous changes in the negative limb of the system. PerZ was
shown to be acutely upregulated in various studies on epileptic animals. Triple knockout
animals of the PAR bZIP transcription factors experience epilepsy, implicating the loss
of these transcription factors in epilepsy. Finally, changes have also been reported in the
Rev-erband Rorsystem. Rorwas reported to be reduced in epileptic tissue, whereas
there are conflicting results regarding Rev-erb, with some studies reporting increased
and some decreased expression in models of epilepsy. We also propose that circadian
regulation of brain metabolism may represent the link between the circadian molecular
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system and epilepsy. These metabolic pathways were pyridoxal metabolism, mammalian
target of rapamycin (mTOR) pathway, regulation of redox state, and epigenetic regulation by
sirtuins. The pyridoxal metabolism, specifically pyridoxal kinase—a rate-limiting enzyme—
has been shown to be under regulation of the PAR bZIP transcription factors. Reciprocal
interaction between the mTOR signaling and circadian molecular system transcription,
particularly Bmal1, was discussed. Dysfunction in the circadian molecular system has

led to oxidative stress and dysregulated cellular redox state. Finally, sirtuins directly

inhibit mTOR and are regulated by the circadian rhythm of redox state as exemplified by
nicotinamide phosphoribosyltransferase (NAMPT) and nicotinamide adenine dinucleotide
phosphate (NADPH) oscillation. Thus, the circadian molecular system directly modulates
most of these metabolic pathways while also receiving reciprocal input from some of these
metabolic pathways. mTORC, mTOR complex
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