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Available online 5 June 2019 In mammals, the circadian pacemaker resides in the paired suprachiasmatic nuclei (SCN) and influences a
multitude of biological processes, including the sleep-wake rhythm. Circadian rhythms regulate diverse
Keywords: physiologic processes, including homeostatic functions of steroid hormones and their receptors. Perturba-
Chrono-DDS o tion of these rhythms is associated with pathogenic conditions such as cancer, metabolic syndrome, cardio-
Egronof’ﬁarmami‘me“cs vascular disease, sleep disorder and depression. Clock genes ultimately control a vast array of circadian
Ch:ggglt}h;r;maco ogy rhythms involved in physiology and behavior. They regulate several diseases described above. Chronother-
Clock gene Py apy is especially relevant when the risk and/or intensity of symptoms of a disease vary predictably over

time. The effectiveness and toxicity of several drugs vary depending on the dosing time. Such
chronopharmacological phenomena are influenced by not only the pharmacodynamics but also the phar-
macokinetics of a medication. The underlying mechanisms are associated with the 24-h rhythms of bio-
chemical, physiological, and behavioral processes under the control of the circadian clock. Identifying a
rhythmic marker based on the molecular clock for choosing dosing time can lead to the progress and diffu-
sion of chronopharmacotherapy. To monitor the rhythmic markers such as clock genes, it might be useful to
choose the most appropriate time of a day for the administration of a drug, to increase its therapeutic effects
and/or reduce its side effects. On the contrary, several drugs affect the molecular clock and alter the 24-h
rhythms of various processes. Alterations in rhythmicity are sometimes associated with therapeutic effects,
or it might lead to illness and altered homeostatic regulation. Furthermore, to produce new rhythmicity by
manipulating the molecular clock of organs by rhythmic administration of drugs at altered feeding sched-
ules appears to lead to a new concept of chronopharmacotherapy. An approach to increase the efficiency of
pharmacotherapy is administering drugs at times when they are best tolerated. From the perspective of
pharmaceutics, the application of biological rhythm to pharmacotherapy can be accomplished by the ap-
propriate timing of administration of conventionally formulated tablets and capsules, and also by the use
of special drug-delivery system to synchronize drug concentrations to the rhythms in disease activity.
New drugs targeting the molecular clock are being developed to manage diseases in human. For instance,
novel molecular mechanisms that mediate renal dysfunction in mice with chronic kidney disease (CKD)
have been identified by examining the relationship between the circadian clock and CKD aggravation.
The inhibition of cell cycle regulatory factor ameliorated renal inflammation in a mouse model of CKD. A
novel inhibitor of cell cycle regulatory factor has been identified, supporting the potential utility of cell
cycle regulatory factor inhibition in the treatment of CKD. Although malignant phenotypes of triple-
negative breast cancer are subject to circadian alterations, the role of cancer stem cells (CSCs) in defining
this circadian change remains unclear. The effectiveness of anticancer drugs varies with the circadian dy-
namics of CSCs, which are regulated by the tumor microenvironmental factors. The finding reveals that
the circadian dynamics of CSCs are regulated by the tumor microenvironment and provides a proof of
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principle of its implication for chronotherapy against triple-negative breast cancer. Therefore, we present
an overview of the dosing-time-dependent alterations in therapeutic outcome and safety of a drug and
the regulatory system of biological rhythm from the perspective of clock genes and the possibility of phar-

macotherapy based on the molecular clock.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

According to the conventional method of classifying pharmaceutical
variations, there are two major classes of variabilities, namely, interindi-
vidual and intraindividual variabilities. Basic pharmacotherapeutic
studies have focused only on the interindividual variability of drug phar-
macodynamics and pharmacokinetics (PD/PK). The pharmacogenomic/
pharmacogenetic studies have elucidated the molecular mechanism of
interindividual variability at different levels ranging from different her-
itable chromosomes to protein polymorphism due to point mutations
among species of the same gene at the translation and post-translation
stages (Sissung, English, Venzon, Figg, & Deeken, 2010; Zhou et al.,
2008). According to this traditional approach, diseases emerge due to ei-
ther increased or decreased genetic expression of certain molecular
targets. This hypothesis did not consider the intraindividual variability.
Moreover, it was before the discovery of the clock and clock-controlled
genes in mammals in 1997, enabling practitioners to use medications
more effectively and safely (Koster, Rodin, Raaijmakers, & Maitland-
van der Zee, 2009; Tei et al., 1997). The intraindividual and interindivid-
ual variabilities should be considered to further improve rational phar-
macotherapy. This is because many drugs vary in their potency and/or
toxicity associated with the rhythmicity of biochemical, physiological,
and behavioral processes (Duncan Jr., 1996; Halberg, 1969; Smolensky
& Labrecque, 1997; Ohdo, 2010; Ohdo, Koyanagi, & Matsunaga, 2010;
Ohdo, Koyanagi, Suyama, Higuchi, & Aramaki, 2001; Reinberg &
Halberg, 1971; Youan, 2004). Theoretically, it has been argued that
drug administration at certain times of the day can improve the outcome
of pharmacotherapy.

In all living organisms, one of the most indispensable biological func-
tions is the circadian clock in the suprachiasmatic nuclei (SCN), which
acts as a multifunction timer to regulate homeostatic systems such as
sleep and activity, hormone levels, appetite, and other functions with
a 24-h cycle (Chang & Reppert, 2001; Moore & Eichler, 1972;
Sakamoto et al., 1998; Silver, LeSauter, Tresco, & Lehman, 1996;
Ueyama et al.,, 1999). Biological rhythms not only affect the physiologi-
cal functions, but also the pathophysiology of diseases (Duncan Jr.,
1996; Halberg, 1969; Ohdo, 2010; Ohdo et al., 2001; Ohdo et al., 2010;

Reinberg & Halberg, 1971; Smolensky & Labrecque, 1997; Youan,
2004). The effectiveness and toxicity of several drugs vary depending
on the dosing time associated with the 24-h rhythm of biochemical,
physiological, and behavioral processes under the control of the circa-
dian clock. Chronopharmacology is an investigative science that
elucidates the biological rhythm dependency of medications. Chronop-
harmacological phenomena are influenced by not only the PD, but also
the PK of a medication. An understanding of the 24-h rhythm in the risk
of disease and evidence of 24-h rhythm dependency of drug PK, effects,
and safety constitute the rationale for pharmacotherapy. Chronotherapy
is especially relevant when the risk and/or intensity of symptoms of a
disease vary predictably over time as exemplified by allergic rhinitis, ar-
thritis, asthma, myocardial infarction, congestive heart failure, stroke,
and peptic ulcer (Duncan Jr., 1996; Halberg, 1969; Ohdo, 2010; Ohdo
et al., 2010; Smolensky & Labrecque, 1997). Pharmaceutical companies
have focused on investigating the underlying mechanisms and conduc-
ting multicenter clinical investigations involving numerous patients in
order to devise chronotherapeutic interventions with a variety of med-
ications. From the perspective of pharmaceutics, the application of bio-
logical rhythm to pharmacotherapy might be accomplished by the
appropriate timing of conventionally formulated tablets and capsules
and by the use of special drug-delivery system (DDS) to synchronize
drug concentrations with the rhythms in disease activity (Duncan Jr.,
1996; Smolensky & Labrecque, 1997).

The clock genes have been identified to ultimately control a vast
array of circadian rhythms involved in physiology and behavior
(Balsalobre et al., 2000; Beato, Herrlich, & Schutz, 1995; Jin et al,, 1999;
Kalsbeek, van Heerikhuize, Wortel, & Buijs, 1996; Kume et al., 1999;
Ripperger, Shearman, Reppert, & Schibler, 2000; Shigeyoshi et al.,
1997; Zylka, Shearman, Weaver, & Reppert, 1998). The circadian
rhythms regulate diverse physiologic processes, including homeostatic
functions of steroid hormones and their receptors. Perturbation of
these rhythms is associated with pathogenic conditions such as depres-
sion, diabetes, and cancer. The clock gene regulates several diseases such
as cancer, metabolic syndrome, and sleep. CLOCK mutation affects the
expression of not only the rhythmic genes, but also the non-rhythmic
genes. The knowledge of intra- and inter-individual variabilities of
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molecular clock should be applied in clinical practice (Jones et al., 1999;
Maemura et al., 2000; Shimba et al., 2005; Toh et al., 2001). Monitoring
of rhythm, overcoming rhythm disruption, and manipulating rhythm
from the view point of molecular clock are essential to improve the prog-
ress and diffusion of chronopharmacotherapy. Such an approach should
be achieved by overcoming the new challenges in DDS that match the
circadian rhythm (Chrono-DDS) (Duncan Jr., 1996; Ohdo et al., 2001).
Recent studies on pharmacotherapy have focused on gene delivery
and antibody delivery targeting specific molecules for some diseases.
The clock genes should also be one of the important candidates.

The aim of this review is to (1) provide an overview of the dosing
time-dependent alterations in therapeutic outcome and safety of a
drug, (2) elucidate the underlying mechanisms and usefulness from
the viewpoint of chronopharmacology and chronotherapy, and (3) sum-
marize the regulatory system of biological rhythm with respect to clock
genes and the possibility of pharmacotherapy based on the intra- and
inter-individual variabilities of clock genes.

2. Biological time and molecular clock

The biological time structure describes the sum of non-random and
thus predictable time-dependent biologic changes, including, changes
in growth, development, and aging, and a spectrum of rhythm with dif-
ferent frequencies (Halberg, 1969; Reinberg & Halberg, 1971). Basically,
the concept of biological time is based on homeostasis, which is main-
tained in relative constancy over time by specific feedback mechanisms.
However, important findings on biological rhythms clearly reveal that
biological functions are not static over time. Particularly, biological func-
tions are variable in a predictable manner as rhythms of defined periods.
Rhythms of very short period, in the order of seconds or so, are evident
in electrocardiographic and encephalographic tracings. Ultradian
rhythms of periods in the range of 30 min to 20 h are observed in differ-
ent endocrine glands and sleep stages. The rhythms with about 24-h pe-
riod (circadian) have been the most investigated with applications in
clinical medicine. Longer period rhythms of seven days (circaseptan),
a month (circatrigintan), and a year (circannual) are also known. The
monthly rhythms include the menstrual cycle in sexually mature
women. Many of these rhythms appear to be genetically fixed and
thus endogenous in nature. Endogenous rhythms may or may not be ad-
justed with respect to their timing by environmental factors, the so-
called synchronizers. Chronobiology is a branch of science objectively

quantifying and investigating mechanisms of biologic time structure, in-
cluding rhythmic manifestations of life.

The SCN of the anterior hypothalamus are the site of the circadian
pacemaker in mammals (Jin et al., 1999; Moore & Eichler, 1972; Tei
et al.,, 1997) (Fig. 1). Like any timing system, the circadian clock is
made up of three components, namely, an input pathway adjusting
the time, a central oscillator generating the circadian signal, and an out-
put pathway manifesting itself in circadian physiology and behavior.
Considerable research has shown that the inherited period of the
human pacemaker clock is not precisely 24 h. In fact, in most people,
it is a little longer, close to 25 h. Environmental time cues termed syn-
chronizers or zeitgebers, the strongest one being the daily light-dark
cycle occurring in conjunction with the wake-sleep routine, set the
inherited pacemaker circadian time-keeping systems to 24 h each day.
The daily changes in light intensities are considered the major environ-
mental cue involved in circadian entrainment. Light signals are per-
ceived by photoreceptor cells in the retina and transmitted to neurons
of the SCN via the retinohypothalamic tract. The clock genes ultimately
control a vast array of circadian rhythms involved physiology and be-
havior (Jin et al., 1999; Moore & Eichler, 1972; Tei et al., 1997). They
are expressed in not only the SCN, but also other brain regions and var-
ious peripheral tissues. Such a cascade of clock genes might contribute
to the organization of biological rhythms in the whole body. The clock
genes regulate molecules associated with diseases, PD, and PK (Ohdo,
2010; Ohdo et al., 2010). However, the mechanisms employed by the
circadian output pathways are poorly understood, but they are likely
to involve both nervous and humoral signals.

The clock genes control the circadian rhythms involved in physiol-
ogy and behavior (Jin et al., 1999). Three mammalian clock genes
(Per1, Per2, and Per3) are rhythmically expressed in the SCN. Per1 and
Per2 are induced in response to light (Zylka et al., 1998). In particular,
the induction of Per1 is considered an initial event in light-induced re-
setting and entrainment of the circadian biological clock (Shigeyoshi
et al., 1997). The transcriptional machinery of the core clockwork regu-
lates a clock-controlled rhythm as shown in Fig. 1 (Jin et al., 1999;
Moore & Eichler, 1972; Tei et al., 1997). Namely, CLOCK-BMALT1 hetero-
dimers act via an E box enhancer to activate the transcription of Pers, va-
sopressin, and Dbp mRNA, showing a specific output function (Jin et al.,
1999; Kalsbeek et al., 1996; Ripperger et al., 2000). This activation can
be inhibited by the PER and CRY proteins (Kume et al., 1999). The circa-
dian rhythm of Pers mRNA expression is discovered in not only the SCN
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Fig. 1. Schematic diagram of the circadian rhythm in mammals and simplified model of the dual regulation of a core feedback loop (Chang & Reppert, 2001; Koster et al., 2009; Moore &
Eichler, 1972). The SCN of the anterior hypothalamus is the site of the circadian pacemaker in mammals. Light-signals, the most important entrainment other than feeding schedule, drugs,
and social interaction, are perceived by photoreceptor cells in the retina and transmitted to neurons of the SCN via the retinohypothalamic tract. Clock genes are expressed not only in the
SCN, but also in other brain regions and various peripheral tissues. Such a cascade of clock genes may contribute to the organization of biological rhythms in the whole body. The
mechanisms employed by circadian output pathways are likely to involve both nervous and hormonal signals. CLOCK and BMAL1 heterodimers activate clock genes and clock-
controlled genes transcription. The PER and CRY proteins shut down CLOCK-BMAL1 upregulation in the nucleus, forming a negative feedback loop. The phosphorylation of PER1
(period) and PER2 by CKIe (casein kinase I epsilon) may regulate their cellular location and stability. Clock-controlled genes products including DBP (D-element binding protein) and

AVP (arginine vasopressin) transduce the core oscillation to downstream output systems.
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but also other tissues (Sakamoto et al., 1998). The circadian rhythm in
the peripheral tissue is governed by that in the SCN, as the circadian
rhythm of physiological functions and Pers mRNA expression was
abolished in SCN-lesioned rats (Sakamoto et al., 1998) and Clock mutant
mice (Jin et al., 1999). Such a cascade of clock genes might contribute to
the organization of biological rhythms in the whole body. The plasma
glucocorticoid levels show a circadian rhythm via the hypothalamic-
pituitary-adrenal (HPA) axis under the control of the SCN. Glucocorti-
coids regulate various physiological responses and developmental
processes by binding to and modulating the transcriptional activity of
their cognate nuclear receptor (GR) (Balsalobre et al., 2000; Beato
et al.,, 1995). A transit induction of Per1 and Dbp mRNA levels was ob-
served by a single administration of dexamethasone (Balsalobre et al.,
2000). Glucocorticoid hormones are particularly attractive candidates,
as they are endogenous substances and play an important role in the en-
trainment of peripheral oscillators but not SCN (Balsalobre et al., 2000).
However, the mechanisms employed by circadian output pathways are
poorly understood, but are likely to involve both nervous and humoral
signals (Silver et al., 1996; Ueyama et al., 1999). Moreover, the regula-
tory system of biological rhythm should be clarified in detail from the
viewpoint of clock genes.

3. Chronobiology of disease occurrence and disease pathogenesis
from viewpoints of molecular clock

Chronotherapeutic approach is based on the presence of 24-h
rhythms in physiological functions and diseases. A study has showed
the approximate peak time of 24-h rhythms in diurnally active human
beings (Smolensky & Labrecque, 1997). The peak in serum cortisol, al-
dosterone, testosterone, platelet adhesiveness, blood viscosity, and
NK-cell activity is observed during the initial hours of daytime. The he-
matocrit level is the highest and airway caliber (FEV1) is the best
around the mid and afternoon hours, respectively. The level of insulin,
cholesterol, triglycerides, platelet numbers, and uric acid peaks later
during the day and in the evening. The rhythms of basal gastric acid
secretion, white blood cells (WBCs), lymphocytes, prolactin, mela-
tonin, eosinophils, adrenal corticotrophic hormone (ACTH), follicle-
stimulating hormone (FSH), and luteinizing hormone (LH) shows a
peak at specific times during the nighttime.

The 24-h rhythms in the processes that affect the pathophysiology
of diseases cause prominent day-night patterns in the manifestation
and severity of many medical conditions as reported previously
(Smolensky & Labrecque, 1997). The onset of migraine headache fre-
quently occurs in the morning around the time of awakening. Sneezing,
runny nose, and stuffy nose in allergic and infectious rhinitis are the
worst in the early morning. The symptoms of rheumatoid arthritis
(RA) are the worst in the early morning, while those of osteoarthritis
are the worst later in the day. The ischemic events, chest pain, and ST
segment (connects the QRS complex and the T wave in electrocardiog-
raphy) depression of angina are the strongest during the initial 3-5 h of
daytime. The incidence of thrombotic and hemorrhagic stroke is the
highest in the morning around the time of commencement of diurnal
activity. The morbid and mortal events of myocardial infarction are
the highest during the initial hours of daytime. The pain and gastric dis-
tress at the onset and acute exacerbation of peptic ulcer disease are
most likely in the late evening and early morning. The seizures of epi-
lepsy are common around sleep onset at night and offset in the morn-
ing. The symptoms of congestive heart failure are worse at night. The
manifestation of ST-segment elevation in Prinzmetal's angina is
the most frequent during the middle to later half of the nighttime. The
risk of asthma attack is the greatest during night. Chronotherapeutic ap-
proach is based on the presence of 24-h rhythms in physiological func-
tions and diseases. The regulatory mechanisms underlying the 24-h
rhythm of physiological functions and diseases should be clarified
from the viewpoint of clock genes.

Sleep disorder in human is associated with a genetic mutation affect-
ing the circadian clock function. Familial advanced sleep-phase syn-
drome (FASPS) has been demonstrated for three families (Jones et al.,
1999; Toh et al., 2001). Affected individuals experience early evening
sleepiness (around 19:30 h) and early morning awakening (around
04:30 h). Individuals with FASPS have a circadian period approximately
an hour shorter than the normal one. Taking one of the FASPS families,
Toh et al. used multiple sets of dense genomic markers to map the asso-
ciated mutation and clarified that the mutant gene is hPer2, the human
homolog of mPer2 (Toh et al., 2001). The hPer2 mutation substitutes
serine 662 with a glycine (S662G). This occurs in the region of hPER2
homologous to the casein kinase I epsilon (CKlg)-binding region of
mPER1 and mPER2. Serine 662 is in fact a part of the consensus CKle
phosphorylation site, and the S662G substitution renders the mutant
protein less readily phosphorylated by CKle than the wild-type hPER2
in vitro. Thus, a variation in human sleep behavior can be attributed to
a missense mutation in the clock component, hPER2, which alters the
circadian period.

BMALT is a transcription factor controlling the circadian rhythm and
contributes to the regulation of adipose differentiation and lipogenesis
in mature adipocytes (Shimba et al., 2005). BMALT1 is also associated
with metabolic syndrome. The level of Bmall mRNA increases during
adipose differentiation in 3T3-L1 cells. The knock-down of Bmal11 ex-
pression in 3 T3-L1 cells allowed the cells to accumulate only minimum
amounts of lipid droplets in the cells. Adenovirus-mediated expression
of Bmall in 3T3-L1 adipocytes resulted in the induction of several fac-
tors involved in lipogenesis. The promoter activity of these genes was
stimulated in a BMAL1-dependent manner. These factors show a circa-
dian rhythm in mice adipose tissue. Furthermore, the overexpression of
BMAL1 in adipocytes increased lipid synthesis. In white adipose tissues
isolated from mice, BMAL1 was more highly expressed in the adipocyte
fraction than in the stromal-vascular fraction. Bmal1 knockout mice em-
bryonic fibroblast cells failed to differentiate into adipocytes. Adding
BMALT1 via adenovirus gene transfer restored the ability of Bmall
knockout mice embryonic fibroblast cells to differentiate into adipo-
cytes. Thus, BMIAL1 plays important roles in the control of adipogenesis
and lipid metabolism activity in mature adipocytes.

The onset of myocardial infarction occurs frequently in the early
morning, and it might partly result from the circadian rhythm of fibrino-
lytic activity. A circadian rhythm is demonstrated for the PAI-1 activity
(Maemura et al., 2000). The basic helix-loop-helix (bHLH)/PAS domain
transcription factors play a crucial role in controlling the biological clock
that regulates the circadian rhythm. A novel bHLH/PAS protein cycle-
like factor (CLIF) shares high homology with Drosophila CYCLE, one of
the essential transcriptional regulators of the circadian rhythm. It is
expressed in endothelial cells and neurons of the brain, including the
SCN. CLIF has been isolated from human umbilical vein endothelial
cells. In endothelial cells, CLIF forms a heterodimer with CLOCK and
up-regulates the Pai-1 gene through the E-box sites. Furthermore,
PER2 and CRY1 inhibit the activation of Pai-1 promoter by the CLOCK:
CLIF heterodimer. Namely, CLIF regulates the circadian rhythm of the
Pai-1 gene in endothelial cells. The results potentially provide a molec-
ular basis for the morning onset of myocardial infarction.

4. Relevance of chronobiology and chronopharmacologic concepts
to chronopharmacodynamics and chronopharmacokinetics

Chronopharmacology deals with the application of chronobiological
approaches to pharmacological phenomena (Smolensky & Labrecque,
1997). Chronobiological methodology involves less risk of error and/or
false information than that of the conventional homeostatic approach.
Chronothrepy is a term to refer to the use of a chronopharmacological
approach to clinical treatment. Both chronopharmacology and chrono-
therapy include chronotoxicity and chronoefficacy. Chronotoxicology
describes undesired or harmful effects of chemical, physical, or other
agents including poisons, pollutants, and overdoses of drugs upon
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alteration of biologic temporal characteristics and as a function of
biologic timing. Chronotherapy involves cure or prevention of diseases,
with proper regard to temporal characteristics; for example, cortic-
osteroid therapy is timed to simulate the adrenocortical cycle in
Addison's disease. The following are some terms associated with
chronopharmacology.

Chronopharmacokinetics describes biologic time-related changes in
the PK of an agent quantified by parameters of one or several curve pat-
terns. Chronopharmacokinetic studies have been conducted for many
drugs in an attempt to explain chronopharmacological phenomena
and demonstrate that the time of administration is a possible factor
of variation in the PK of a drug. Time-dependent changes in drug
PK might proceed from the 24-h rhythms at each process, e.g., absorp-
tion, distribution, metabolism, and elimination. Thus, the 24-h rhythms
in gastric acid secretion and pH, motility, gastric emptying time, gastro-
intestinal blood flow, drug protein binding, liver enzyme activity and/or
hepatic blood flow, glomerular filtration, renal blood flow, urinary pH,
and tubular resorption might play a role in such pharmacokinetic varia-
tions (Smolensky & Labrecque, 1997). Chronopharmacokinetics can, but
may not always, be responsible for the daily variation in drug effects
and/or adverse effects.

The therapeutic-to-toxicity ratio of a medication varies predictably
according to chronobiological determinants, as exemplified by antitu-
mor medications. The PK and PD of a medication vary depending on
the biological rhythms. The goal of pharmacotherapy is hormonal sub-
stitution to mimic the rhythmic variation of hormone levels in healthy
individuals. Further, on the horizon are drugs to fix altered biological
clocks, perhaps a crucial factor in all illness, in the opinion of some phy-
sicians. Several examples for chronopharmacotherapy are shown in
Table 1 (Alten, 2012; Ohdo, 2010; Smolensky & Labrecque, 1997).

The chronopharmacological concepts in terms drug efficacy and
safety have been demonstrated using drug testing and post-approval
drug surveillance. The involvement of human circadian rhythms in
chronopharmacology has been identified by conventional endpoints of
response as shown in classical manifestation during asthma and cancer
therapies. The term chronopharmacology refers specifically to
predictable-in-time variation in patient sensitivity to the effects of med-
ications due to biological rhythm determinants.

Table 1
Chronotherapy to be incorporated into clinical practice (modification from Smolensky &
Labrecque, 1997; Smolensky & Alozo, 1997; Ohdo, 2010; Alten, 2012).

« The morning daily or alternate-day dosing strategy for methylprednisolone that
was introduced during the 1960s constitutes the first chronotherapy to be
incorporated into clinical practice. (Smolensky & Labrecque, 1997)

MR (modified-release) prednisone is currently approved in the USA and several
European countries, including Italy, for the treatment of adults with moderate--
to-severe, active rheumatoid arthritis (RA), particularly when accompanied by
morning stiffness. (Alten, 2012)

Evening, once-daily dosing of specially formulated theophylline tablets for
treatment of nocturnal asthma. (Smolensky & Alozo, 1997)

Before-bedtime administration of verapamil HCL as a unique controlled onset
extended-release 24 h dosage form to optimize the treatment of patients with
ischemic heart disease and/or essential hypertention. (Smolensky & Labrecque,
1997)

Evening administration of HMG-CoA-reductase antagonists for the management
of hyperlipidemia. Evening, once-daily dosing of conventional H2-receptor
antagonist or morning once-daily administration of protonpump antagonist
tablet medications for the management of peptic ulcer disease. (Smolensky &
Labrecque, 1997)

Before-bedtime administration of hypnotics for sleep induction and mainte-
nance. (Smolensky & Labrecque, 1997)

Morning application of testosterone drug-delivery patch systems to achieve a
physiologic androgen-replacement therapy. (Smolensky & Labrecque, 1997)
Programmed-in-time infusion of antitumor medications according to biological
rhythms to moderate toxicity and enhance dose-intensity in cancer treatment.
(Ohdo, 2010)

Programmed-in-time administration of tocolytic medication relative to the cir-
cadian rhythm in uterine contractility to avert preterm labor and birth.
(Smolensky & Labrecque, 1997)

1. Monitoring of rhythm

2. Overcoming rhythm disruption

3. Manipulating rhythm

4. Chrono-drug delivery system

5. Chrono-drug discovery and development

Fig. 2. Schematic diagram of chronotherapeutic strategies based on the monitoring of
rhythm, overcoming rhythm disruption, manipulation of rhythm, chrono-drug delivery
system and chrono-drug discovery from the viewpoints of molecular clock (Ohdo,
2010). To monitor the rhythmic markers such as clock genes, it might be useful to
choose the most appropriate time of a day for the administration of a drug, to increase
its therapeutic effects and/or reduce its side effects. On the contrary, several drugs affect
the molecular clock and alter the 24-h rhythms of various processes. Alterations in
rhythmicity are sometimes associated with therapeutic effects, or it might lead to illness
and altered homeostatic regulation. Furthermore, to produce new rhythmicity by
manipulating the molecular clock of organs by rhythmic administration of drugs at
altered feeding schedules appears to lead to a new concept of chronopharmacotherapy.
The chrono-DDS and chrono-drug discovery can help develop new therapeutic
strategies for several diseases and provide insights into chronotherapy as a way to
optimize current therapies.

A schematic diagram of chronotherapeutic strategies to monitor
rhythm, overcome of rhythm disruption, manipulate rhythm, develop
chrono-drug delivery system and discover chrono-drug from the view-
point of molecular clock is shown in Fig. 2 (Ohdo, 2010). The effective-
ness and toxicity of several drugs vary depending on the dosing time
associated with the 24-h rhythms of biochemical, physiological, and be-
havioral processes under the control of circadian clock. The drugs for
several diseases are administered without regard to the time of the
day. The identification of a rhythmic marker for selecting dosing time
will lead to further progress and diffusion of chronopharmacotherapy.
To monitor the rhythmic markers such as clock genes, it might be useful
to choose the most appropriate time of the day for the administration of
drugs that might increase their therapeutic effects and/or reduce their
side effects. Several drugs cause alterations in the 24-h rhythms of bio-
chemical, physiological, and behavioral processes. The alteration of
rhythmicity is sometimes associated with therapeutic effects, or some-
times it may lead to illness and altered homeostatic regulation. Atten-
tion should be paid to the alteration of biological rhythm and consider
it an adverse effect when it leads to altered regulation of the circadian
system, which is a serious problem affecting the basic functioning of liv-
ing organisms. Furthermore, to produce new rhythmicity by manipulat-
ing the conditions of organs by rhythmic administration of several drugs
altered feeding appears to lead to a new concept of chronopharma-
cotherapy (Lewy, 1999; Ohdo, Ogawa, Nakano, & Higuchi, 1996). The
chrono-DDS and chrono-drug discovery can help develop new thera-
peutic strategies for several diseases and provide insights into chrono-
therapy as a way to optimize current therapies.

The circadian rhythm of serum cortisol in day-active persons shows
a peak in the morning around the time of awakening, generally around
08:00 h. Time-dependent differences in the effects of corticosteroid
medications have been investigated on adrenal suppression after a sin-
gle infusion of methylprednisolone (MP) at different times in diurnally
active healthy subjects (Ceresa, Angeli, Boccuzzi, & Molino, 1969;
Smolensky & Labrecque, 1997). When MP was infused between 00:00
and 04:00 h, cortisol secretion was markedly suppressed. In contrast,
when MP was infused during the late afternoon and early evening, be-
tween 16:00 and 20:00 h, cortisol suppression was moderate. When
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MP was infused between 08:00 and 16:00 h, cortisol secretion remained
normal. The dosing time-dependent inhibitory effect of MP on cortisol
secretion is due to the circadian rhythm in the inhibition of drug-
induced HPA axis function (Reinberg, 1989; Reinberg, Smolensky,
D'Alonzo, & McGovern, 1988).

Once-daily dosing of armophylline (600-900 mg/24 h), a sustained-
release theophylline, was administered to eight patients suffering from
nocturnal asthma either at 08:00 or 20:00 h for eight days in a double-
blind, cross-over randomized study (Reinberg et al., 1987). The study
variables monitored daily were self-measured peak expiratory flow
(PEF), heart rate, oral temperature, self-rated fatigue checked every
2 h during the waking period as well as during spontaneous nocturnal
wakening, and duration and subjective characteristics of sleep rated
every morning. In addition, the serum theophylline concentration and
the variables described above were recorded every 2 h for 24 h on day
8 of each timed treatment span. Dosing at 20:00 h moderated the noc-
turnal fall; it was only approximately 10% and within the physiologic
limits of non-asthmatic persons. Dosing at 08:00 h was associated
with a nocturnal dip in the PEF of approximately 20% from the level
achieved during diurnal crest. The theophylline concentration peak
height (Cmax) was higher and time-to-peak was shorter with dosing
at 08:00 h than those at 20:00 h. Dosing at 20:00 h showed a serum the-
ophylline concentration plateau for approximately 12 h. A statistically
significant correlation between the PEF and the corresponding in-time
serum theophylline concentration was observed with the dosing at
20:00 h, but not with the dosing at 08:00 h. A sustained-release theoph-
ylline dosing at 20:00 h controlled the nocturnal dip of bronchial po-
tency with no major side-effects in patients with nocturnal allergic
asthma.

Chronotherapy is especially relevant for antitumor agents
(Hrushesky, 1985; Levi, 2001; Levi, Zidani, & Misset, 1997). In a ran-
domized multicentre trial involving patients with previously untreated
metastases from colorectal cancer, 93 were administered constant-rate
infusion and 93 patients were administered chronotherapy via multi-
channel programmable ambulatory pumps (Levi et al., 1997). The
chronomodulated infusion of 5-fluorouracil (5-FU) (peak at 04:00 h),
folinic acid (peak at 04:00 h) and oxaliplatin (peak at 16:00 h) was com-
pared with a constant-rate infusion method. The objective response rate
was 51% for chronotherapy and 29% for constant-rate delivery. Accord-
ing to this multicentre randomized trial, the most active chronomo-
dulated schedule was also the least toxic. The median survival was
16 months with both modalities, possibly because 24% of the patients
crossed over from the flat schedule to chronotherapy. Cumulative pe-
ripheral sensory neuropathy with functional impairment was reported
in 31% patients on constant delivery and in 16% patients on chronother-
apy. Severe stomatitis was observed in 76% of the patients receiving
fixed-rate infusion and 14% of those on chronotherapy. The merit of
chronomodulated infusion described above was supported by the fol-
lowing evidence. Cisplatin is better tolerated between 16:00 and
20:00 h than when administered at 12-h interval (Levi, 2001). The
chronopharmacokinetic finding of cisplatin revealed decreased renal
toxicity with evening administration. In human bone marrow, skin,
and oral and rectal mucosae, DNA synthesis, a stage of cell division asso-
ciated with increased susceptibility to S-phase-specific agents, de-
creased by 50% or more between 00:00 and 04:00 h compared with
that during daytime (Levi, 2001). The activity of dihydropyrimidine de-
hydrogenase in human mononuclear cells increased by 40% around
midnight (Levi, 2001). This enzyme brings about the intracellular catab-
olism of 5-FU and contributes to improved tolerability of 5-FU between
00:00 and 04:00 h. These findings show that the circadian stage at
which anticancer drugs are administered to patients should be carefully
considered. Two clinical trials compared the toxicity of two dosing times
of anthracyclines and cisplatin in 30 patients with advanced ovarian
cancer. Both studies demonstrated that doxorubicin is better tolerated
at around 06:00 h and cisplatin between 16:00 and 20:00 h than
when administered at 12-h intervals (Hrushesky, 1985).

Circadian rhythm sleep disorders (CRSD) are a group of sleep disor-
ders characterized by age-synchronization between a person's biologi-
cal clock and the environmental 24-h schedule (Ayalon, Hermesh, &
Dagan, 2002; Dagan, 2002; Dagan, Yovel, Hallis, Eisenstein, & Raichik,
1998; Wirz-Justice et al., 2000; Wirz-Justice, Cajochen, & Nussbaum,
1997). There are four main types of CRSD, namely, delayed sleep
phase syndrome (DSPS) (the most common), advanced sleep phase
syndrome (ASWD), non-24-h sleep-wake syndrome (free-running pat-
tern), and irregular (or disorganized) sleep-wake pattern. These disor-
ders lead to harmful psychological and functional difficulties, and
certain personality disorders may also be related to them. Typical
DSPS was observed during treatment with the selective serotonin reup-
take inhibitor (SSRI) fluvoxamine, prescribed for its obsessive-
compulsive disorder (OCD) (Hermesh, Lemberg, Abadi, & Dagan,
2001). The delay in falling asleep ranges between 2.5 and 4 h, later
than a patient's normal sleep routine. SSRIs have diverse effects on
sleep continuity and nocturnal arousals (Duncan Jr., 1996). The SSRI flu-
oxetine increases arousals and the amount of Stage 1 sleep, and tends to
reduce slow wave sleep in patients with depression. Fluvoxamine di-
minishes sleep continuity more than that by the tricyclic antidepressant
desipramine; this may be related to its rapid eye movement sleep sup-
pressing properties. Attention should be paid to the alteration of sleep-
wake cycle. It has been found that the psychotropic drug haloperidol
can cause CRSD, and this is also true for some cases of minor head
trauma. For example, a patient with Gilles de la Tourette syndrome
treated with haloperidol, ingested once daily after awakening from
sleep, exhibited an irregular sleep-wake pattern with a free-running
component of approximately 48 h (Wirz-Justice et al,, 2000). Switching
to risperidone, ingested once daily after awakening from sleep, was
beneficial, resulting in a sleep-wake cycle more synchronized at an ap-
propriate phase to external zeitgebers and fewer nocturnal distur-
bances. The circadian sleep-wake schedule was fully synchronized
when the patient was subsequently treated with melatonin at 2 1:00 h,
before intended nocturnal sleep, in addition to risperidone in the
morning.

Sleep disorders are a common symptom and characteristic of nu-
merous psycho-pathologies such as depression, anxiety, and post-
traumatic stress disorder (PTSD). It should be emphasized that no
existing psychopathology is characterized by a sleep disorder of the cir-
cadian type. Similar findings reported in patients suffering from other
disorders support the hypothesis that the described disruption of the
sleep-wake schedule is due to medication rather than illness related.
Therefore, it is important to realize that the circadian rhythm-related
sleep disorders may be a side effect of psychotropic drugs.

5. Chronopharmacodynamics and molecular clock

Chronergy describes time-dependent effects of drugs on the organ-
ism as a whole. It pertains to rhythmic changes in both the desired
and undesired effects of medications. It depends on both the chronesth-
esy of affected biological targets and the chronopharmacokinetics of a
given drug.

Chronesthesy describes rhythmic (predictable-in-time) differences
in the susceptibility or sensitivity of a biological target (such as, recep-
tors, membrane permeability, cells, tissues, organs, and organ systems)
to an agent. It emphasizes predictable, rather than randomly distrib-
uted, biologic time-related differences of such targets. When healthy or-
ganisms are concerned and metabolic processes are documented, the
term chronopharmacodynamics is used by certain authors instead of
chronesthesy. Biological rhythms not only affect the pathophysiology
of diseases, but also the PK and PD of medications. Biological rhythms
at the cellular and subcellular levels can lead to significant dosing-
time differences in the PD of medications that are unrelated to their
PK (Matsuo et al., 2003; Nakagawa et al., 2006; Ohdo et al., 1997;
Ohdo et al., 2000). This phenomenon is termed chronesthesy. Rhythms
in receptor number or conformation, secondary messengers, metabolic
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Fig. 3. Simplified model for the molecular clock mechanisms of methionine aminopeptidase 2 (MetAP2) and the dosing time-dependent antitumor efficacy of antiangiogenic agents in
mice (Nakagawa et al., 2004). MetAP2 plays an important role in the growth of endothelial cells during the tumor angiogenesis stage. MetAP2 showed a circadian rhythm in
implanted tumor masses. The mechanism underlying the circadian rhythm of MetAP2 activity has been investigated in tumor-bearing mice. The 5’ flanking region of MetAP2 includes
eight E-boxes. The transcription of the MetAP2 promoter is enhanced by the CLOCK:BMAL1 heterodimer, and its activation is inhibited by PER2 or CRY1. Particularly, the circadian rhythm
of MetAP2 activity is regulated by the transcription of clock genes within the clock feedback loops. Furthermore, the antitumor efficacy of MetAP2 inhibitor is enhanced by administering

the drugs at the time when the MetAP2 activity increases.

pathways, and/or free-to-bound fraction of medications help explain
this phenomenon.

Angiogenesis is essential for tumor growth and metastasis. The inhi-
bition of angiogenesis has emerged as a new therapy for cancers. Methi-
onine aminopeptidase 2 (MetAP2) plays an important role in the
growth of endothelial cells during the tumor angiogenesis stage.
MetAPs showed a circadian rhythm in implanted tumor masses as sche-
matically described in Fig. 3 (Nakagawa et al., 2004). The mechanism
underlying the circadian rhythm of MetAP2 activity has been investi-
gated in tumor-bearing mice. The 5’ flanking region of MetAP2 includes
eight E-boxes. The transcription of the MetAP2 promoter is enhanced by
the CLOCK:BMALT1 heterodimer, and its activation is inhibited by PER2
or CRY1. Particularly, the circadian rhythm of MetAP2 activity is regu-
lated by the transcription of clock genes within the clock feedback
loops. Furthermore, the antitumor efficacy of MetAP2 inhibitor is en-
hanced by administering the drugs at the time when the MetAP2 activ-
ity increases. Hypoxia-induced expression of vascular endothelial
growth factor (VEGF) plays a key role in tumor-induced angiogenesis.
The level of VEGF mRNA in tumor cells implanted in mice increased sub-
stantially in response to hypoxia, but its level showed a circadian
rhythm (Koyanagi et al., 2003). Luciferase reporter gene analysis re-
vealed that PER2 and CRY1, whose expression in implanted tumor
cells showed a circadian rhythm, inhibit hypoxia-induced VEGF pro-
moter activity. Specifically, the negative limbs of the circadian clock
feedback loop periodically inhibit hypoxic induction by VEGF transcrip-
tion, resulting in the circadian rhythm fluctuation in the mRNA expres-
sion of VEGF. Furthermore, the antitumor efficacy of antiangiogenic
agents was enhanced by administering drugs at the time when VEGF
production increases.

The sensitivity of cancer cells to chemotherapeutic agents varies ac-
cording to circadian time (Horiguchi et al., 2013). Most chemotherapeu-
tic agents ultimately cause cell death through cell-intrinsic pathways as
an indirect consequence of DNA damage. The p53 tumor suppressor
gene (TRP53) configures the cell deaths induced by chemotherapeutic
agents, but the amount of p53 protein in tumor cells exhibits circadian
oscillation. Activating transcription factor-4 (ATF4), a member of the
ATF/cAMP response element (CRE)-binding protein family, regulates
the circadian accumulation of p53. In murine fibroblast tumor cells,
ATF4 induces the circadian expression of p19ARF (Cdkn2a). Oscillation
of p19ARF interacts in a time-dependent manner with MDM2, a specific
ubiquitin ligase of p53, resulting in a rhythmic prevention of its degra-
dation by MDM2. Consequently, the half-life of p53 protein varies in a

circadian time-dependent manner without variation in mRNA levels.
The p53 protein accumulates during those times when the p19ARF-
MDM?2 interaction is facilitated. Notably, the ability of the p53 degrada-
tion inhibitor nutlin-3 to kill murine fibroblast tumor cells is enhanced
when the drug is administered at those times of day during which p53
has accumulated. This ATF4-mediated circadian accumulation of p53
controls the time-dependent change in the sensitivity of cancer cells
to chemotherapeutic agents.

The mammalian target of rapamycin (mTOR) signaling pathway in-
tegrates both intracellular and extracellular signals and serves as a reg-
ulator of cell growth and survival. The levels of mTOR protein show
circadian oscillation in renal adenocarcinoma cells (RenCa) implanted
in mice (Okazaki et al., 2014). Consequently, the amount of phosphory-
lated (active form) mTOR protein is also changed in a circadian time-
dependent manner. Fbxw?7 acts as an E3 ubiquitin ligase that targets
mTOR. The expression of Fbxw?7 is under the control of molecular circa-
dian clock. The levels for Fbxw7 mRNA and its protein in RenCa tumor
cells exhibit circadian oscillation. The time-dependent changes in the
Fbxw?7 levels affect the stability of mTOR protein through its degrada-
tion process. Notably, administration of the mTOR inhibitor everolimus
during the times of day when accumulation of mTOR improves survival
of tumor-bearing mice.

Neuropathic pain is chronic condition that often occurs after periph-
eral nerve injury. One troublesome hallmark symptom of neuropathic
pain is hypersensitivity to normally innocuous stimuli. Circadian varia-
tions in pain hypersensitivity are common in chronic pain disorders.
The dosing time-dependent difference in the anti-allodynic effects of
gabapentin is attributable to the circadian oscillation in the DRG and
the optimizing its dosing schedule helps to achieve rational pharmaco-
therapy for neuropathic pain (Kusunose et al., 2010). Neuropathic pain
hypersensitivity in sciatic nerve-injured mice shows pronounced circa-
dian alterations, which critically depend on circadian secretion of gluco-
corticoids from the adrenal glands (Koyanagi et al., 2016). Circadian
exacerbation of pain hypersensitivity is mediated by glucocorticoid-
induced enhancement of the extracellular release of ATP in the spinal
cord, which stimulates purinergic receptors on microglia in the dorsal
horn. Serum- and glucocorticoid-inducible kinase-1 (SGK-1) as the
key molecule responsible for the glucocorticoid-enhanced release of
ATP from astrocytes. SGK-1 protein levels in spinal astrocytes are in-
creased in response to glucocorticoid stimuli and enhance ATP release
by opening the pannexin-1 hemichannels. Since adrenal secretion of
glucocorticoids is regulated by products of clock gene, circadian
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machinery also affects pain hypersensitivity caused by peripheral nerve
injury.

Dopamine D3 receptor (DRD3) in the ventral striatum is relevant to
motivation and motor functions. The expression of DRD3 in the ventral
striatum of mice shows circadian oscillation, which is regulated by mo-
lecular components of the circadian clock (Ikeda et al., 2013). The tran-
scription of DRD3 is enhanced by the retinoic acid-related orphan
receptor o (RORa), and its activation is suppressed by the orphan re-
ceptor REV-ERBa. Brief exposure of cultured cells to high concentration
(50%) serum or glucocorticoid induces the rhythmic expression of clock
genes. Therefore, serum- or glucocorticoid-treated cells are often
employed as an in-vitro model to study the molecular mechanism
of circadian clock. The expression of DRD3 oscillated in serum- or
dexamethasone-treated cultured cells. The oscillation is abrogated by
the downregulation or overexpression of REV-ERBa.. DRD3 protein ex-
pression in the ventral striatum of mice varies with higher levels during
the dark phase. 7-hydroxy-N,N-dipropyl-2-aminotetralin (7-OH-DPAT)
is a agonist of DRD3. 7-OH-DPAT -induced locomotor hypoactivity is en-
hanced when DRD3 proteins is abundant. Molecular interaction be-
tween the circadian clock and the function of DRD3 in the ventral
striatum modulate the pharmacological actions of compounds targeting
DRD3.

Serotonin (5-HT) transporter (5-HTT) plays a key role in the control
of 5-HT neuronal activity by reuptaking extracellular 5-HT from the syn-
apse cleft. The anti-immobility effect of fluvoxamine in the forced swim-
ming test increases depending on dosing time. The time-dependent
change of SERT mRNA expression and uptake activity in the midbrain
is suggested to be the mechanism underlying the 24-h rhythm of anti-
immobility effect of fluvoxamine. The mRNA levels of 5-HTT and its up-
take activity in the mouse midbrain increases during the dark phase
(Ushijima et al., 2012). The expression of ATF4 is under the control of
molecular circadian clock and this transcriptional factor is responsible
for sustaining circadian oscillations of CRE-mediated gene expression.
ATF4 activates 5-HTT transcription and time-dependently binds to the
CRE site in the 5-HTT promoter in the mouse midbrain. In addition, mu-
tation of the Clock gene disrupts temporal binding of ATF4 to the CRE
site in the 5-HTT promoter. ATF4 connects circadian clock machinery
with neuronal 5-HTT function.

6. Chronopharmacokinetics and molecular clock

Time-dependent changes in drug PK might proceed from the 24-h
rhythms at each process, e.g., absorption, distribution, metabolism,
and elimination. Several physiological factors such as gastrointestinal,
cardiovascular, hepatic, and renal changes vary according to the time
of a day (Ohdo, 2010; Ohdo et al., 2010). Each process is also influenced
by life style such as active-rest cycle, posture and feeding schedule, and
physicochemical properties of a drug (lipophilicity or hydrophilicity).

The clock genes are expressed not only in the SCN, but also in other
brain regions and various peripheral tissues. As the liver is a major organ
of metabolism and detoxification, the knowledge of circadian effects on
transcriptional activities that govern the daily biochemical and physio-
logical processes in the liver might play a key role in toxicology. The
liver is a biological clock capable of generating its own circadian
rhythms (Turek & Allada, 2002). Analysis of relative levels of gene ex-
pression in the liver of rats was investigated depending on the of time
of the day (Desai et al., 2004). The expression level of 3906 genes was
determined using high-density oligonucleotide microarrays. Among
them, 30% was highly expressed, whereas 70% was not expressed or
the expression was too low to distinguish from the background levels.
The maximum estimated changes observed for most rhythmic genes
(90%) were <1.5-fold. 67 genes expression was significantly altered de-
pending on the time of the day. These genes are related to DNA binding
and regulation of transcription, drug metabolism, ion transport, signal
transduction, and immune response.

The circadian rhythm has been demonstrated for six genes involved
in the regulation of gene expression by forming transcriptionally active
complexes on DNA such as nuclear receptors, retinoic acid receptor-
alpha and retinoid X receptors (Desai et al., 2004). Aryl hydrocarbon re-
ceptor nuclear translocator works as a transcription factor in diverse
signaling events including the response to xenobiotics. The Pitx2 and
Pitx3 genes also show a circadian expression. These genes encode
paired-like homeodomain transcription factors 2 and 3, members of
the homeobox gene family, involved in the regulation of other genes
and gene products. A significant circadian rhythm has been demon-
strated for the expression of cytochrome P-450 4a3 (Cyp4a3) and puta-
tive N-acetyltransferase camello 4 of phases I and II of drug metabolism
(Desai et al., 2004). The liver Cyp4a isoforms play a major role in the
regulation of renal function by catalyzing the formation of 20-
hydroxyeicosatetraenoic acid, which has a potent effect on the renal
vasculature and tubular ion transport. This might partly explain the cir-
cadian rhythm of renal function and blood pressure. In mouse liver, the
Cyp isoforms such as Cyp17, Cyp2a4, Cyp2el, and Cyp2c22 show a circa-
dian regulation of transcripts. N-Acetyltransferase camello 4 encodes a
protein catalyzing the acetylation of aromatic amines and hydrazines.
The rhythmic pattern corresponds to the pattern of Cml2 in mouse
liver. The members of phase Il drug-metabolizing enzymes such as glu-
tathione S-transferases (GST) and carboxylesterase shows a circadian
rhythm. Coordinated rhythmic oscillations in phases I and Il compo-
nents of drug metabolism during the day might account for differential
responses to drugs in toxicology. The liver is the major organ of metab-
olism and endures a flux of metabolites across membranes. A rhythmic
gene expression has also been demonstrated for genes involved in sol-
ute carrier transporters such as solute carrier family 34 (an insulin-
regulated facilitative glucose transporter), and solute carrier family 2
(aphosphate ion transporter) (Desai et al., 2004). A significant circadian
rhythm has been demonstrated for those encoding solute carriers such
as Sic12a2, Slc16al, Slc19al, and Slc25a11. Circadian rhythm has been
demonstrated for the expression of Slc10al, Sic22a1, Slc27al, Slc2a2,
and Slc7a2 shows a circadian rhythm in addition to the anion and solute
transporters Abcc2 and Agp9. Furthermore, a significant circadian ex-
pression has been demonstrated for genes Hcn4, Trpc4, Scn2b, Scn4a,
Chrnb2, Atp9a, Atp7b, Timm10, and Nritp, which are involved in ion
transport. The active extrusion of xenobiotics by commonly shared
transport proteins mainly located in the liver, kidney, and intestine as
one of the important defense mechanisms. The genes involved in ion
or solute transport activity might have significant implications in toxi-
cology studies.

Albumin D-site binding protein (DBP) can activate the promoter of a
putative clock oscillating gene, Per1, by directly binding to the Per1 pro-
moter (Yamaguchi et al.,, 2000; Yan, Miyake, & Okamura, 2000). The
Per1 promoter is cooperatively activated by DBP and CLOCK-BMALT1.
Contrarily, Dbp transcription is activated by CLOCK-BMAL1 through E-
boxes and inhibited by the PER and CRY proteins, as is the case for
Per1. Thus, Dbp, a clock-controlled gene whose expression oscillates
with a very high circadian amplitude, might play an important role in
the central clock oscillation. Dbp participates in the regulation of several
clock outputs, including locomotor activity, sleep distribution, and liver
gene expression. Furthermore, DBP is a major factor controlling the cir-
cadian expression of the steroid 15 a-hydroxylase (Cyp2a4) and couma-
rin 7-hydroxylase (Cyp2a5) genes in mouse liver (Lavery et al., 1999).

A significant portion of the transcriptome in mammals, including the
PAR-domain basic leucine zipper (PAR bZip) transcription factors DBP,
HLF, and TEF, is under the circadian clock control. Triple mutant mice
were born at the expected Mendelian ratios, but were epilepsy prone,
aged at an accelerated rate, and died prematurely (Gachon, Olela,
Schaad, Descombes, & Schibler, 2006). DBP, TEF, and HLF accumulate
in a highly circadian manner in several peripheral tissues. To clarify
the PAR bZip target genes, the liver and kidney transcriptomes of PAR
bZip triple knockout mice were compared with those of wild-type or
heterozygous mutant mice. The disruption of these three genes in
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mice altered the gene expression patterns of several proteins involved
in drug metabolism and in the liver and kidney responses to xenobiotic
agents. The PAR bZip proteins control the expression of several enzymes
and regulators involved in the detoxification and metabolism drugs,
such as Cyp enzymes, carboxylesterases, aminolevulinic acid synthase,
P450-oxidoreductase, sulfotransferases, GST, aldehyde dehydrogenases,
UDP-glucuronosyltransferases, members of drug transporter families,
and constitutive androstane receptor (CAR). Some genes encoding de-
toxification enzymes, such as CYP2A5, CYP2C50, and CES3, might be di-
rect PAR bZip target genes. The expression of other detoxification
enzymes, such as CYP2B10, is mostly controlled by the CAR, whose cir-
cadian transcription is governed by the PAR bZip proteins. Yet, other en-
zymes in the xenobiotic defense, such as aminolevulinic acid synthase
and P450-oxidoreductase, appear to be under the control of both CAR
and PAR bZip proteins. The various levels at which PAR bZip transcrip-
tion factors might intervene in the coordination of xenobiotic detoxifi-
cation have been schematically described (Fig. 4). Rhythmic changes
in transcriptional regulators were analyzed, and the role of circadian
clock in the xenobiotic detoxification system has been demonstrated.
Although the pharmacokinetics of several drugs that are mainly
eliminated by the CYP3A4 metabolism vary according to their dosing
time, the mechanism of the variation remains poorly understood. The
24-h oscillation in the expression of CYP3A4 mRNA is investigated in
hepatic cells (Takiguchi et al., 2007). As brief exposure of HepG2 cells
to 50% serum induced the 24 h oscillation in the expression of clock
genes, serum-shocked HepG2 cells are employed as an in-vitro model
to study the molecular mechanism underlying the circadian clock in
the human liver. Both mRNA levels and metabolic activity of CYP3A4
in serum-shocked HepG2 cells fluctuate rhythmically with a period
length of about 24 h. The oscillation in the expression of the CYP3A4
gene seems to be the underlying cause of the rhythmic change in its
metabolic activity. Circadian transcriptional factor, D-site-binding pro-
tein (DBP), activates the transcription of the CYP3A4 gene by binding
to the DNA sequence near the upstream of the transcriptional start
site. The transactivation of the CYP3A4 gene by DBP is repressed by
the E4 promoter-binding protein-4 (E4BP4), a negative component
of the circadian clock. Consequently, DBP and E4BP4 consist of a

reciprocating mechanism in which DBP activates the transcription of
the CYP3A4 gene during the time of day when DBP is abundant, and
E4BP4 suppresses the transcription at other times of day.

CYP2ET is clinically and toxicologically important, but the enzymatic
activity exhibits circadian oscillation in mouse liver (Matsunaga, Ikeda,
Takiguchi, Koyanagi, & Ohdo, 2008). The expression of CYP2E1 mRNA
in mouse liver increases from the late light phase to the early dark
phase. Luciferase reporter gene analysis reveals that hepatic nuclear
factor-1alpha (HNF-1alpha) activates CYP2E1 promoter activity, which
is suppressed by CRY1. Repressor activity of CRY1 is observed on the
HNF-1alpha binding site of the CYP2E1 promoter region with mutated
E-box. Treatment of 50% serum with HepG2 cells results in a 24-hour os-
cillation in the mRNA levels CYP2E1. Transfection of small interfering
RNA against HNF-1alpha and CRY1 into serum-treated HepG2 cells at-
tenuates the oscillation of CYP2E1 mRNA expression. The results of the
chromatin immunoprecipitation reimmunoprecipitation analysis re-
veals that, CRY1 time-dependently interacts with HNF-1alpha tran-
scriptional complexes, including coactivator p300 on the HNF-1alpha
binding site in the CYP2E1 promoter. This time-dependent interaction
causes circadian expression of CYP2E1 in hepatic cells.

Differentiated embryo chondrocyte-2 (DEC2), also known as
bHLHE41 or Sharp1, is a pleiotropic transcription repressor that controls
the expression of genes involved in cellular differentiation, hypoxia re-
sponses, apoptosis, and circadian rhythm regulation (Matsunaga et al.,
2012). DEC2 participates in the circadian control of hepatic metabolism
by regulating the expression of CYP2D6, a major drug-metabolizing
enzyme in humans. DEC2 interacts with CCAAT/enhancer-binding pro-
tein (C/EBPat), accompanied by formation of a complex with histone
deacetylase-1, which suppresses the transcriptional activity of C/EBPo
to induce the expression of CYP2D6. The oscillation in the protein levels
of DEC2 in 50% serum-treated HepG2 cells is nearly antiphase to that in
the mRNA levels of CYP2DG6. Transfection of cells with small interfering
RNA against DEC2 decreases the amplitude of CYP2D6 mRNA oscillation
in 50% serum-treated cells. DEC2 periodically represses the promoter
activity of CYP2DG, resulting in its circadian expression in hepatic cells.

The expression of genes involved in xenobiotic detoxification is
under the control of the circadian clock. The aryl hydrocarbon receptor

Metabolism

Fig. 4. Role of circadian clock in the xenobiotic detoxification and transporter system (Gachon et al., 2006). Model showing the different level of regulation of circadian detoxification by
PAR-domain basic leucine zipper (PAR bZip) transcription factor. The PAR bZip transcription factors DBP, HLF, and TEF, is under circadian clock control. The PAR bZip proteins control the
expression of many enzymes and regulators involved in drug metabolism and transport in intestine and liver. Some genes encoding detoxification enzymes and transporter may be direct
PAR bZip target genes. The expression of other detoxification enzymes and transporter, is mostly controlled by CAR, whose circadian transcription is governed by PAR bZip proteins. Yet
other enzymes and transporter in the xenobiotic defense appear to be under the control of both CAR and PAR bZip proteins.
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(AhR) is one of the transcription factors responsible for the induction of
detoxification enzymes in response to xenobiotic toxins, and the ex-
pression of AhR is regulated by molecular components of circadian
clock (Tanimura, Kusunose, Matsunaga, Koyanagi, & Ohdo, 2011). The
expression of AhR and its DNA binding ability in the lungs of mice ex-
hibits circadian oscillation. Clock mutant (Clk/Clk) mice fail to show sig-
nificant oscillation in the expression of AhR. The mRNA levels of AhR in
the lungs of Clk/Clk mice are lower than in wild-type mice. A single in-
traperitoneal injection of benzo[a|pyrene, a ligand of AhR, induces the
expression of CYP1AT in the lungs of wild-type mice, but the induction
varies depending on the benzo[a]|pyrene injection time. The dosing
time-dependency of benzo[a|pyrene-induced CYP1A1 expression is
also modulated by Clock gene mutation. CLOCK protein affects the
toxin-induced expression of detoxification enzymes through modulat-
ing the activity of AhR.

Xanthine oxidase (XOD), also known as xanthine dehydrogenase, is
a rate-limiting enzyme in purine nucleotide degradation, which pro-
duces uric acid. Uric acid concentrations in the blood and liver exhibit
circadian oscillations in both humans and rodents. The expression of
XOD and its enzymatic activity exhibit circadian oscillations in the
mouse liver (Kanemitsu et al.,, 2017). The orphan nuclear receptor per-
oxisome proliferator-activated receptor-a (PPARat) transcriptionally
activates the mouse XOD gene and that bile acids suppresse XOD
transactivation. The synthesis of bile acids is known to be under the con-
trol of the circadian clock, and the time-dependent accumulation of bile
acids in hepatic cells interferes with the recruitment of the co-
transcriptional activator p300 to PPARq, thereby repressing XOD ex-
pression. This time-dependent suppression of PPARa-mediated
transactivation by bile acids causes an oscillation in the hepatic expres-
sion of XOD, which, in turn, leads to circadian alterations in uric acid
production. The anti-hyperuricemic effect of the XOD inhibitor febux-
ostat is enhanced by administering it at the time of day before hepatic
XOD activity increased.

P-glycoprotein (P-gp) is a ATP-binding cassette (ABC) transporters,
which is encoded by ABCB1 gene in human. In rodents, two members
of P-gp have been identified—Abcb1a and Abcb1b—that probably fulfill
the same functional role as P-gp in humans. P-gp functions as a xenobi-
otic transporter contributing to the intestinal barrier. The expression of
the Abcbh1a gene and efflux pump function of P-gp exhibit 24-h variation
as described in Fig. 4. The molecular components of the circadian clock
act as regulators to control 24-h variation in the expression of the
Abcb1b gene (Murakami, Higashi, Matsunaga, Koyanagi, & Ohdo,
2008). The results of luciferase reporter assay and gel mobility shift
assay reveal that hepatic leukemia factor (HLF) and E4 promoter bind-
ing protein-4 (E4BP4) regulate transcription of the Abcb1a gene by com-
peting with each other for the same DNA binding site. These circadian
transcriptional factors consist of a reciprocating mechanism in which
HLF activates the transcription of the mdr1a gene, whereas E4BP4 peri-
odically suppresses transcription at the time of day when E4BP4 is
abundant. A significant 24-h variation in intestinal accumulation of di-
goxin is also observed in wild-type mice. The cyclic accumulation of di-
goxin is nearly antiphase to the rhythmicity of P-gp expression. On the
other hand, Clock mutant mice fail to show significant 24-h variation in
the intestinal accumulation of digoxin. Mean [*H]-digoxin concentra-
tions are consistently increased throughout the day, suggesting that ef-
flux pump function of P-gp is reduced in Clock mutant mice.

Digested proteins are mainly absorbed as small peptides com-
posed of two or three amino acids. The intestinal absorption of
small peptides is mediated via only one transport system: the
proton-coupled peptide transporter-1 (PepT1) encoded from the
soluble carrier protein SLC15A1. In mouse, intestinal expression of
PepT1/Sic15al oscillates during the daily feeding cycle (Okamura
et al., 2014). Although the oscillation in the intestinal expression of
PepT1/Sic15al is suggested to be controlled by molecular compo-
nents of circadian clock, bile acids also participate in the circadian
regulation of PepT1/Slc15al expression through modulating the

activity of PPARa. Nocturnally active mice mainly consume their
food during the dark phase. PPAR«x activates the intestinal expres-
sion of Slc15a1 mRNA during the light period, and protein levels of
PepT1 peaks before the start of the dark phase. After food intake,
bile acids accumulate in intestinal epithelial cells. Intestinal accumu-
lated bile acids interfere with recruitment of co-transcriptional acti-
vator CREB-binding protein/p300 on the promoter region of Slc15al
gene, thereby suppressing PPARa-mediated transactivation of
Slc15al. The time-dependent suppression of PPARa-mediated
transactivation by bile acids causes an oscillation in the intestinal ex-
pression of PepT1/Slc15al during the daily feeding cycle that lead to
circadian changes in the intestinal absorption of small peptides.

The data of microarray analysis have also identified Slc22a4 gene,
encoding organic cation transporter novel type-1 (OCTN1), as a
PPARa-regulated gene and its intestinal expression exhibited circadian
oscillations in a bile acid-dependent manner (Wada et al., 2015). In
mouse small intestine, PPARa activates the expression of Slc22a4
mRNA during the light period, and protein levels of OCTN1 peaks before
the start of the dark phase. The bile acids that accumulate in intestinal
epithelial cells suppress the PPARa-mediated transactivation of
Slc22a4 in the dark phase. The time-dependent suppression of PPARx-
mediated transactivation by bile acids regulates oscillation in the intes-
tinal expression of OCTN1/SIc22a4 during the daily feeding cycle. The re-
sults of a pharmacokinetic analysis also reveals that oscillation in the
expression of OCTN1 causes dosing time-dependent changes in the in-
testinal absorption of gabapentin and pregabalin. The dosing time-
dependent changes in the bioavailability of these drugs affect their anal-
gesics effects on neuropathic pain hypersensitivity (Akamine et al.,
2015; Kusunose et al., 2010).

A number of diverse cell-surface proteins are anchored to the cyto-
skeleton via scaffold proteins. Na*/H™" exchanger regulatory factor-1
(NHERF1), encoded by the Sic9a3r1 gene, functions as a scaffold protein,
which is implicated in the regulation of membrane expression of vari-
ous cell-surface proteins. The circadian clock component PERIOD2
(PER2) modulates transcription of the mouse Slc9a3r1 gene, generating
circadian accumulation of NHERF1 in the mouse liver (Tsurudome et al.,
2018). Basal expression of Slc9a3r1 is dependent on transcriptional acti-
vation by p65/p50. PER2 binds to p65 protein and prevents p65/p50-
mediated transactivation of Slc9a3r1. The time-dependent interaction
between PER2 and p65 underlies circadian oscillation in the hepatic ex-
pression of Slc9a3r1/NHERF1. The results of immunoprecipitation ex-
periments and liquid chromatography-mass spectrometry analysis of
mouse liver reveal that NHERF1 time-dependently interacts with fatty
acid transport protein-5 (FATP5). Temporary accumulation of NHERF1
protein stabilizes plasmalemmal localization of FATP5, thereby enhanc-
ing hepatic uptake of fatty acids at certain times of the day. Because
NHERF1 has been suggested to interact with a number of diverse cell-
surface proteins, this scaffold protein may also be involved in the diur-
nal regulation of plasmalemmal localization of other plasma membrane
proteins and their functions in hepatic cells.

From viewpoints of skin permeability associated with transport of
water and glycerol, the biological function of skin exhibits a circadian
rhythm. Aquaporin 3 (AQP3) is located in the basal layer of the epider-
mis and regulates biological functions of skin such as water content and
trans-epidermal water loss. Mice mutated with Clock gene (Clk/Clk) de-
creases stratum corneum hydration. In the epidermis, the expression of
mouse Agp3 exhibits circadian oscillation; but the oscillation is damp-
ened in Clk/Clk mice (Matsunaga et al., 2014). The transcription of
mAgp3 gene is activated by DBP. The expression of a human homolog,
hAQP3, also exhibits significant circadian oscillation in human
keratinocyte (HaCaT) cells after synchronization with medium contain-
ing 50% serum, and this rhythm is regulated by the CLOCK/BMALT1 het-
erodimer. Although these data indicate that the molecular mechanisms
underlying the rhythmic expression of mAgp3 and hAQP3 are different,
clock genes are involved in the regulation of time-dependent skin
hydration.



82 S. Ohdo et al. / Pharmacology & Therapeutics 202 (2019) 72-90

7. Chronopharmacological strategy
7.1. Therapeutic drug monitoring

The circadian stage-dependent changes in the kinetic aspects of
drugs have been reported for several drugs as a function of the time of
the day of administration. The intraindividual variability, such as circa-
dian rhythm, and the interindividual variability become influencing fac-
tors in dosage adjustment. For example, the influence of dosing time on
the accuracy in predicting plasma valproic acid (VPA) concentrations at
the steady state has been investigated (Ohdo, Nakano, & Ogawa, 1990).
Valproic acid 400 mg for nine days on a twice-daily basis (08:30 and
20:30 h) was administered to eight healthy male volunteers. The circa-
dian changes in VPA kinetics occurred at the absorption phase. The pre-
diction of VPA concentrations at 2 (around Cmax) and 12 h after both
the morning and evening doses on day 9 was performed using individ-
ual subject's pharmacokinetic parameters and population pharmacoki-
netic parameters (Bayesian method) obtained from the morning trial
on day 8. The predictive accuracy for VPA concentrations around the
Cmax after the morning dose was better. However, the predictive accu-
racy for VPA concentrations after the evening dose was significantly
biased towards overestimation. The individual pharmacokinetic param-
eters obtained from the morning trial were better sources for predicting
the VPA concentrations around Cmax after the morning dose, but worse
sources for that after the evening dose. The predictive performance
based on Bayesian approach also showed findings similar to those
based on individual pharmacokinetic parameters. The overestimation
of the target points around Cmax after the evening dose was closely re-
lated to that of the absorption rate constant (Ka) value obtained using
population parameters from the morning trial. Therefore, the time of
the circadian stage at which VPA is administered is important for evalu-
ating exactly the predictive accuracy.

The accuracy of predicting a single serum theophylline concent-
ration using Bayesian method has been evaluated for an oral slow re-
lease form of theophylline using twice daily dosing (Chrystyn, Ellis,
Mulley, & Peake, 1989). Further, 24-h steady state serum theophylline
concentration-time profiles were obtained after the administration of
one Uniphyllin Continus 400 mg tablet every 12 h in 15 patients. The-
ophylline absorption was faster during the day. When comparing the
predicted and measured values, the accuracy of Bayesian method is con-
sidered more than adequate for clinical purposes. The predictions made
using Bayesian method are statistically less biased and more precise
than those derived using a theophylline algorithm using population
mean data. The sample collected prior to a morning dose produced
the most accurate predictions. No statistical difference was demon-
strated for the predictive accuracy of samples drawn up to 4 h before
or 2 h after the morning dose. All the serum theophylline concentrations
to be used in Bayesian method should be drawn within this period. The
predictive accuracy of drug concentration is improved when the time-
of-day matched pharmacokinetic parameters are used. The intraindiv-
idual variability, such as the circadian rhythm, as well as interindividual
variability should be considered in dosage adjustment.

7.2. Chrono-drug delivery system

Several studies have demonstrated the rationale behind chronother-
apy (Altinok, Levi, & Goldbeter, 2009; FDA, 2003; Ohdo, Nakano, &
Ogawa, 1991; Uematsu, Nakano, Kosuge, Kanamaru, & Nakashima,
1993). However, most studies on drug delivery over the past decades
have focused on the constant drug release rate. The reason why the ma-
jority of DDS is designed with little emphasis on proven oscillatory phe-
nomena might be in drug delivery limitations.

Chronopharmaceutics presents contemporary challenges to DDS.
Due to the advances in chronobiology, chronopharmacology, and global
market constraints, the traditional goal of pharmaceutics such as the
constant drug release rate is becoming obsolete. However, a major

bottleneck in the development of DDS that matches the circadian
rhythm (Chrono-DDS) might be the availability of an appropriate tech-
nology. During recent years, we have witnessed the appearance of
“Chrono-DDS” against various diseases. The high research interest in
Chrono-DDS might lead to the emergence of chronopharmaceutics—a
new sub-discipline in pharmaceutics. A principal objective of chronoph-
armaceutics is to introduce the drug at higher concentrations during the
time of the greatest demand for the maximum therapeutic efficiency
and at less concentrations when the need is less to minimize side effects.

The technologies in chronopharmaceutics includes: CONTIN®
(physico-chemical modifications of the active pharmaceutical ingredi-
ent), OROS®, CODAS®, CEFORM®, DIFFUCAPS®, chronomodulating in-
fusion pumps, TIMERx®, three-dimensional printing, controlled-release
erodible polymer, and controlled-release microchip strategies (Alten,
2012; Ohdo, 2010; Ohdo et al., 2010; Youan, 2004) (Table 2). The fol-
lowing are some examples of Chrono-DDS available on the market: the-
ophylline (Uniphyl®), famotidine (Pepcid®), simvastatin (Zocor®),
COER-verapamil (Covera-HS®, Verelan® PM), diltiazem (Cardizem®
LA), and propranolol (InnoPran® XL). Most data have been compiled
from the Food and Drug Administration electronic orange book (FDA,
Electronic, 2003), specific product package inserts, and the United
States patents and specific pharmaceutical company websites. Future
development in chronopharmaceutics might be made at the interface
of other emerging disciplines such as system biology and nanomedicine.
Such novel and more biological approaches to drug delivery might lead
to safer and more efficient disease therapy in the future.

Modified-release (MR) prednisone is currently approved in the USA
and several European countries for the treatment of adults with
moderate-to-severe, active rheumatoid arthritis (RA), particularly
when accompanied by morning stiffness (Alten, 2012). In patients
with RA who switched from immediate-release (IR) to delayed-
release (DR) prednisone, (n = 110), statistically significant reduction
in morning stiffness occurred for over 3 months and were sustained
for 9 months (Alten, Grahn, Holt, Rice, & Buttgereit, 2015). The absolute
reduction in morning stiffness was for ~50 min with >40% relative re-
duction at each visit. The IL-6 level was reduced by the same amount.
Statistically significant and clinically meaningful mean reductions in
morning stiffness were maintained at >67 min at each visit along with
significant improvements in pain and global assessment of the patients.
There was no evidence of tachyphylaxis over the 9-month study. Pa-
tients receiving disease-modifying anti-rheumatic drugs (DMARDSs)
and IR prednisone who had not had significant reductions in morning
stiffness demonstrated statistically significant and clinically meaningful
improvements when switched to DR prednisone. Patients with symp-
tomatic RA (n = 350) despite treatment with a DMARD were random-
ized 2:1 to receive additional therapy with DR prednisone 5 mg or
placebo once daily for 12 weeks (Alten et al., 2015). Fatigue was
assessed using the fatigue scale of the Functional Assessment of Chronic
Illness Therapy-Fatigue (FACIT-F) and the vitality domain of the Short
Form-36 (SF-36). The general quality of life was assessed using the gen-
eral score and individual domains of the Functional Assessment of Can-
cer Therapy-General and SF-36. Delayed release prednisone in addition
to a DMARD significantly improved fatigue and other aspects of health-
related quality of life in patients with symptomatic RA compared with
that of DMARD treatment alone.

Tulobuterol was transdermally administered to healthy male volun-
teers (Uematsu et al,, 1993). It was well absorbed after transdermal ad-
ministration, with an absorption lag-time of approximately 4 h. The
Cmax and area under the curve increased linearly with dose and the
time-to-peak was approximately 9-12 h. The mean percent of drug
absorbed during the application of a patch for 24 h was 82%-90% after
a single dose and 82%-85% with repeated dosing. The mean urinary re-
covery as unchanged drug after a single inhalation and patch applica-
tion was 3%-4% and 5%-6%, respectively. Tulobuterol does not
accumulate during repeated inhalation or transdermal application. It is
well tolerated, except for an increase in heart rate of 10-20 beats/min
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Table 2

Examples of chrono-drug delivery system on the market in USA and Japan (Ohdo, 2010; Ohdo et al,, 2010; Youan, 2010; Alten, 2012; Silas, Lakshmi, Ram, & Rao, 2017).

Active pharmaceutical ingredient (API) Proprietary name dosages form Proprietary chronopharmaceutical technology Disease

Other country
Theophylline Uniphyl® extended release tablets CONTIN® Asthma
Famotidine Pepcid® tablets Physico-chemical modification of API Ulcer
Simvastatin Zocor® tablets Physico-chemical modification of API Hyperlipideemia
Verapamil HCL Covera-HS® extended release tablets OROS® Hypertension
Verapamil HCL Verelan®PM extended release capsules CODAS® Hypertension
Diltiazem HCL Cardizem® LA extended release tablets CEFORM® Hypertension
Propranolol HCL InnoPran® XL extended release capsules DIFFUCAPS® Hypertension
Prednisone LODOTRA® MR (modified-release tablets) Rheumatoid arthritis
Nifedipine PROCARDIA® XL TIMERX technology Hypertension,amgina
Nifedipine SOlfedipine® XL TIMERX technology Hypertension,amgina
Nifedipine Cronodipin® XL TIMERX technology Hypertension
Oxybutynin Crystrin®CR TIMERX technology Urinary incontinence
Oxymorphhone ER Opana® ER TIMERX technology Pain

Japan

Famotidine Gaster® tablets Physico-chemical modification of API Ulcer
Simvastatin Lipovas® tablets Physico-chemical modification of API Hyperlipidemia
Theophylline Uniphyl® extended release tablets CONTIN® Asthma
Tulobuterol Hokunalin® Tape Transdermal chrono-delivery system Asthma

Theophylline is used for asthma associated with the increased bronchoconstriction in the early morning.

Famotidine is used for ulcer associated with the increased gastric acid secretion in the evening.

Simvastatin is used for hypercholesterolemia associated with the increased cholesterol synthesis in evening.

Verapamil, Diltiazem and Propranolol are used for hypertension associated with the increased blood pressure in morning.

Tulobuterol is used for asthma associated with the increased bronchoconstriction in the early morning.

Prednisone is used for the treatment of adults with moderate-to-severe, active rheumatoid arthritis (RA), particularly when accompanied by morning stiffness.

after five repeated applications of 4-mg patch. The patch with such an
absorption pattern is useful for the chronotherapy of patients with noc-
turnal asthma.

Adriamycin-encapsulated liposomes modified with the Ala-Pro-Arg-
Pro-Gly (APRPG) peptide (APRPG-LipADM) have been prepared, after it
was shown that the APRPG peptide has affinity to angiogenic sites
(Shimizu, Sawazaki, Tanaka, Asai, & Oku, 2008). Colon 26 NL-17
tumor-bearing mice were injected three times with APRPG-LipADM at
zeitgeber times (ZTs) 2, 8, 14, and 20 where ZT 0 is the time when lights
are turned on, and tumor growth was monitored. Tumor growth sup-
pression changed with dosing time, and it was significantly more potent
at ZT 14 than that at ZT 20. The circadian oscillation of VEGF is related to
dosing time dependency with ANET. These results indicate that tumor
growth suppression is correlated to some extent with the plasma
VEGF concentration and that chronopharmacologic treatment of cancer
with ANET might enhance the therapeutic efficacy and reduce the side
effects.

The abundance of cell surface levels of transferrin receptor 1 (TfR1),
which regulates the uptake of iron-bound transferrin, correlates with
the rate of cell proliferation. Because the expression of TfR1 is higher
in cancer cells than in normal cells, it offers a target for cancer therapy.
Liposomes with ligands bonded to their external membrane surface
have been studied in order to develop a method for delivering drugs
or genes selectively to a target region (Okazaki et al., 2010). Transferrin
N-glutaryl-dioleoyl-phosphatidylethanolamine (Tf-NGPE) liposomes
were designed as intracellular targeting carriers of chemotherapeutic
drugs into tumors. Okazaki et al. showed that the intratumoral delivery
of a Pt-based anticancer drug, oxaliplatin (L-OHP), using Tf-NGPE lipo-
somes varied depending on the 24-h variation in the expression of
transferrin receptors on tumor cells in Colon 26 tumor-bearing mice.
The growth of tumor cells implanted in mice was more severely
inhibited by the intravenous injection of Tf~-NGPE liposome encapsu-
lated with L-OHP (7.5 mg/kg) in the early dark phase than when it
was injected in the early light phase. The dosing-time dependency of
anti-tumor effect was parallel to that of Pt incorporation into tumor
DNA. Luciferase reporter analysis and chromatin immunoprecipitation
experiments revealed that c-Myc regulated the 24-h oscillation of
TfR1 expression in tumor cells, which underlay the dosing-time-
dependent changes in the internalization of Tf-NGPE liposome-

delivered L-OHP into the tumor cells. The intratumoral delivery of che-
motherapeutic drug using Tf-NGPE liposomes is enhanced by adminis-
tering the drug when the tumor expression of TfR1 is abundant. In the
recent findings, Iron is an important biological catalyst and is critical
for DNA synthesis during cell proliferation. Cellular iron uptake is en-
hanced in tumor cells to support DNA synthesis, but the synthesis varies
in a circadian time-dependent manner (Okazaki et al., 2016). The levels
of iron regulatory protein 2 (IRP2) exhibit circadian oscillation in colon-
26 tumors implanted in mice. IRP2 regulates the expression of Tfr1
mRNA at post-transcriptional level, by binding to RNA stem-loop struc-
tures known as iron-response elements. The transcription of Irp2 mRNA
is regulated by the components of circadian clock, BMAL1 and CLOCK
heterodimer. The molecular circadian clock contributes to tumor cell
proliferation by regulating iron metabolism.

8. Rhythm monitoring

The clock genes play a critical role in the molecular clockwork of the
SCN and peripheral tissues such as the liver, kidney, and intestine. Com-
munication between the SCN and peripheral tissues are likely to involve
both nervous and humoral signals (Silver et al., 1996; Ueyama et al.,
1999). Detection of the internal body time (BT) via a few-time-point
assay has been a longstanding challenge in medicine, because BT infor-
mation can be exploited to maximize potency and minimize toxicity
during drug administration and thus will enable highly optimized
medication.

A thorough understanding of the circadian clock requires a qualita-
tive evaluation of circadian clock gene expression. No simple and effec-
tive method for detecting human clock gene expression is available. This
limitation has greatly hampered our understanding of human circadian
rhythm. A convenient, reliable, and less invasive method for detecting
human clock gene expression using biopsy samples of hair follicle cells
from the head or chin has been reported (Akashi et al,, 2010). The circa-
dian phase of clock gene expression in hair follicle cells accurately
reflected that of individual behavioral rhythms, demonstrating that
this strategy is appropriate for evaluating the human peripheral circa-
dian clock. Furthermore, the method indicated that rotating shift
workers suffer from a serious time lag between circadian gene expres-
sion rhythms and lifestyle. Qualitative evaluation of clock gene
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expression in hair follicle cells, therefore, might be an effective approach
for studying the human circadian clock in the clinical setting.

A convenient way to estimate internal BT is essential for chronother-
apy and time-restricted feeding, both of which use body-time informa-
tion to maximize potency and minimize toxicity during drug
administration and feeding, respectively. To address this challenge,
Minami et al. developed the concept, “molecular-timetable method,”
which was originally inspired by Linné's flower clock. With Linné's
flower clock, one can estimate the time of the day by watching the
opening and closing pattern of various flowers. Similarly, in the
molecular-timetable method, one can measure the BT of the day by pro-
filing the up and down patterns of substances in the molecular timeta-
ble. To make this method clinically feasible, Minami et al. (2009)
performed blood metabolome analysis and reported the successful
quantification of hundreds of clock-controlled metabolites in mouse
plasma. Based on circadian blood metabolomics, they detected individ-
ual BT under various conditions, demonstrating its robustness against
genetic background, sex, age, and feeding differences. This method
was also demonstrated by the sensitive and accurate detection of circa-
dian rhythm disorder in jet-lagged mice.

Furthermore, Minami et al. (2009) proposed a molecular timetable
based on circadian-oscillating substances in multiple mouse organs or
blood to estimate the BT from samples collected at only a few time
points. Kasukawa et al. (2012) applied this molecular-timetable concept
to estimate and evaluate the BT in human. They constructed a 1.5-d ref-
erence timetable of oscillating metabolites in human blood samples
with a 2-h sampling frequency while simultaneously controlling the
confounding effects of activity level, light, temperature, sleep, and
food intake. By using this metabolite timetable as a reference, they accu-
rately determined the internal BT within 3 h from just two anti-phase
blood samples. Our minimally invasive, molecular-timetable method
with human blood enables highly optimized and personalized medi-
cine. These results suggest the potential for metabolomics-based detec-
tion of BT (“metabolite-timetable method”), which will lead to the
realization of chronotherapy and personalized medicine.

9. Disruption and maintenance of biological rhythms

The alteration of circadian rhythm can be a side effect of several
drugs (Terazono et al., 2008; Wollnik et al., 1995). The circadian clock
system is necessary to adapt endogenous physiological functions to
daily variations in environmental conditions. An abnormality in the
circadian rhythms, such as the sleep-wake cycle and the timing of
hormonal secretions, is implicated in various physiological and psychia-
trical disorders. Recent molecular studies have revealed that oscillation
in the transcription of specific clock genes plays a central role in the gen-
eration of 24-h cycles of physiology and behavior. It has been noticed
that patients receiving chemotherapeutic agents experience distur-
bances in their behavioral and physical performances, including the
circadian rhythms. It is important to evaluate the alteration of the
circadian time structure, evidenced by delayed, advanced, or dis-
rupted sleep-wake circadian rhythm, as a new side effect of medica-
tions that might show manifestation only as a result of particular
administration-time schedule.

The associations between rest-activity circadian rhythm (CircAct)
parameters, health-related quality of life (HRQoL), and survival have
been shown in an independent cohort of chemotherapy-naive patients
with metastatic colorectal cancer participating in an international ran-
domized phase III trial (Fig. 5) (Innominato et al., 2009). In a prior
single-institution study, the extent of CircAct perturbation was inde-
pendently predicted for survival and tumor response in 192 patients re-
ceiving chemotherapy for metastatic colorectal cancer. The main CircAct
parameters correlated with several HRQoL scales. A prospective study
attempted to extend these results to an independent cohort of
chemotherapy-naive patients with metastatic colorectal cancer partici-
pating in an international randomized phase III trial. The patients were
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Fig. 5. Kaplan-Meier survival curves according to I < O split by the quartiles of their
distribution (Reproduction with permission from Innominato et al., 2009). The rest-
activity circadian rhythm (CircAct) parameters correlated with several health-related
quality of life (HRQoL) scales. The circadian timing system constitutes a novel
therapeutic target. Interventions that normalize circadian timing system dysfunction
may affect quality of life and survival in cancer patients. The dichotomy index (I < O)
integrates the circadian regulation of sleep and takes into account the relative difference
in activity between the rest and wakeful spans. Thick solid line, first quartile; thin
dashed line, second quartile; thick dotted line, third quartile; thin solid line, fourth
quartile. Log-rank test (df = 3): P =.008 for I < O.

randomized to receive chronomodulated or conventional infusion of 5-
FU, leucovorin, and oxaliplatin as the first-line treatment for metastatic
colorectal cancer. Patients from nine institutions completed the
European Organization for Research and Treatment of Cancer Quality
of Life Questionnaire-C30 and wore a wrist accelerometer (actigraph)
for three days before chemotherapy delivery. Two validated parameters
(I< 0O and r24) were used to estimate CircAct. Of the 130 patients with
baseline CircAct assessments, 96 had baseline HRQoL data. I <O was
confirmed to correlate with the global quality of life, physical function-
ing, social functioning, fatigue, and appetite loss. It further indepen-
dently predicted the overall survival with a hazard ratio of 0.94. The
associations between CircAct parameters, HRQoL, and survival, which
were shown in this international study involving patients with previ-
ously untreated metastatic colorectal cancer, confirmed prior single-
institution findings in mostly patients with pretreated metastatic
colorectal cancer. The circadian timing system constitutes a novel ther-
apeutic target. Interventions that normalize circadian timing system
dysfunction might affect the quality of life and survival in patients
with cancer.

Shift work in human is probably carcinogenic associated with circa-
dian rhythm disruption. Chronic jet-lag (CJL) suppresses the rhythms of
behavior and physiology and accelerates the growth of two transplant-
able tumors in mice. The role of CJL as a tumor promoter has been inves-
tigated in mice exposed to the hepatic carcinogen, diethylnitrosamine
(DEN) (Filipski et al., 2009). The mice that received DEN were random-
ized to remain in a photoperiodic regimen, where 12 h of light alter-
nated with 12 h of darkness (LD 12:12) or subjected to CJL (8 h
advance of light onset every two days). All the mice suffered from
liver cancer caused by DEN. The diameter of the largest liver tumor
was twice as large in CJL mice as compared with that in LD mice. LD
mice presented a single histologic tumor type per liver. On the contrary,
CJL mice presented up to four different types of tumor in the same liver.
DEN disrupted the circadian rhythms of behavior and physiology in all
mice. The association of circadian disruption with chronic DEN exposure
suggests that the circadian clocks actively control the mechanisms of
liver carcinogenesis in mice. Persistent circadian coordination might
further be critical for slowing down and/or reverting cancer develop-
ment after carcinogen exposure.

Interferons (IFNs) have been widely used as antiviral and antitumor
agents. However, they cause adverse neuropsychiatric effects such as
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depression and neurosis, which have been reported to sometimes lead
to suicide (Fattovich, Giustina, Favarato, & Ruol, 1996; Janssen,
Brouwer, van der Mast, & Schalm, 1994). When IFNs are administered
during the early active phase in diurnally active humans, alterations in
the 24-h rhythm are suggested by the changes in the lymphocyte
count and cortisol level (Bocci, 1985a). There are significant and highly
reproducible diurnal variations in several lymphocyte subsets with the
lowest levels at 08:00-10:00 h and the highest at 22:00-24:00 h (Abo,
Kawate, Itoh, & Kumagai, 1981; Bertouch, Roberts-Thomson, & Bradley,
1983; Haus, Lakatua, Swoyer, & Sackett-Lundeen, 1983; Ritchie et al.,
1983). Cortisol remains at a low level during night, increases in the
early morning, and reaches the maximum at around 08:00 h just at
the time of the lowest levels of peripheral blood mononuclear cells
(PBMCs). There is an inverse relationship between the plasma cortisol
level and number of PBMCs. In most cases, I[FNs have been administered
in the morning associated with blood sampling (Bocci, 1985b). IFN ad-
ministration causes a marked but transient rise in the total serum 11-
hydroxycorticosteroid levels with a peak at around 8 h after injection
(Scott et al., 1983). In other words, during IFN administration, particu-
larly when administered daily, the cortisol level that normally decreases
during the day will rise, and thus hindering the expected increase of
PBMCs. IFN treatment inhibits the egress of lymphocytes from enlarged
nodes and causes lymphopenia (Gresser, Guy-Grand, Maury, &
Maunoury, 1981; Scott et al., 1981). Irrespective of the mechanism
(Gallatin, Weissman, & Butcher, 2006), IFN administered in the morning
seems to abrogate the normal recirculation of lymphocytes from tissues
to blood and vice versa. The fact that immune processes to identify and
eliminate tumor, allogenic, and virus-infected cells can be more active at
a certain time of the day (between 20:00 and 02:00 h) is supported by
the observation that the responses of PBMCs to mitogens and antigens
varied inversely with the level of plasma cortisol (Cove-Smith, Kabler,
Pownall, & Knapp, 1978; Escola et al., 1976) Therefore, a shift of about
12 h in I[FN administration, from the morning to the late evening, can,
in theory, render the drug more effective, and also result in less side ef-
fects to the patient.

Interferon-o (IFN-a) alters the rhythm of Per gene mRNA expres-
sion in the SCN (Ohdo et al., 2001). These findings are supported by
the inhibitory effect of IFN-a on the mRNA expression of Clock and
Bmall. Furthermore, the rhythmicity of locomotor activity and body
temperature are severely blunted by the repetitive administration of
IFN-o. IFN-a acts on the SCN as evidenced by the expression of ISGF
(Ohdo et al,, 2001) and the rhythmicity that SCN control in the periph-
eral tissue. The rhythmicity of locomotor activity is severely altered by
the continuous administration of corticosterone or a time-restricted
feeding schedule while leaving the rhythmic phase of clock genes in
the SCN unaffected (Boulos & Terman, 1980; Damiola et al., 2000).
Thus, the possibility that altered locomotor activity could in turn lead
to changed clock gene expression in the SCN is low in the case of IFN-
a. The photic induction of the Per1 gene in SCN is also completely dis-
turbed by the daily administration of IFN-« at the early active phase,
which may have caused a functional disorder in the resetting and en-
trainment of SCN. IFN-a sometimes causes ocular adverse effects
associated with retinal or optic neuropathy (Lohmann, Kroher,
Bogenrieder, Spiegel, & Preuner, 1999; Purvin, 1995), although the
mechanism is not clear.

Interestingly, inhibitory effect on the mRNA expression of each clock
gene in the SCN has been observed by the repetitive administration
of IFN-a during the early active phase, but not the early rest phase
(Ohdo et al., 2001). A similar dosing schedule-dependent inhibition of
Per1 mRNA expression has been demonstrated during the repetitive ad-
ministration of IFN-v, which can be induced by IFN-o or I[FN-3 in com-
bination with other cytokines (Hunter, Gabriel, Radzanowski, Neyer, &
Remington, 1997). The expression of IFN-y receptor in SCN follows a
24-h rhythm with a peak at the early active phase (Lundkvist,
Robertson, Mhlanga, Rottenberg, & Kristensson, 1998). This might be
why the administration of IFN-a during the early rest phase can reduce

its side effect. The observations described above in human correspond
well to the findings indicating that the alteration of clock gene expres-
sion is induced by IFN-a administration during the early active phase
in nocturnally active rodents. Also, the influence of 5-FU on the expres-
sion of clock genes has been investigated to explore the underlying
mechanism of chemotherapeutic agent-induced disturbance of these
rhythms (Terazono et al., 2008). Continuous administration of 5-FU to
mice attenuated the oscillation in the expressions of Perl and Per2
mRNA in the liver and SCN. These results reveal a possible pharmacolog-
ical action by 5-FU on the circadian clock mechanism, which might be
the underlying cause of its adverse effects on the 24-h rhythms of phys-
iology and behavior.

10. Adjustment and manipulation of biological rhythms

The 24-h rhythms of physiology and behavior are influenced by var-
ious environmental factors such as feeding schedules, genetic factors,
and social interactions, as well as lighting condition and several
drugs (Akiyama et al., 1999; Aschoff, 1963; Boulos & Terman, 1980;
Horikawa et al., 2000). As the period of the central circadian pacemaker
in human is slightly longer than 24 h, synchronization of the circadian
system with the light-dark cycle occurs by daily phase-advances of
the circadian clock. In human, the time-of-day dependent phase-
shifting effects of light have been summarized in a phase-response
curve (Duncan Jr., 1996). Morning light advances the central circadian
pacemaker, late afternoon and evening light delays the pacemaker,
and light during the midday is without phase-shifting effects. On the
contrary, the phase-shifting agents such as melatonin, and 5-HT, and
behavioral arousal have a phase-response curve distinct from that of
light. The phase advances occur between midday and early evening.
The phase delays occur between late night and midday. Phase shifts pro-
duced by nonphotic zeitgebers are similar to phase shifts produced by
dark pulses presented to animals housed under constant light. The ex-
trinsic timekeeping such as photic and nonphotic effects on intrinsic
timekeeping might be important components of disordered timekeep-
ing in depressive illness.

The SCN neurons receive information about light intensity in the en-
vironment via direct synaptic connections with the retina, which adapts
the phase of SCN oscillator to the photoperiod. The SCN clock then syn-
chronizes overt rhythms in physiology and behavior. Per1 and Per2
transcription is rapidly induced by light in a time-of-day-dependent
manner (Shigeyoshi et al., 1997). The responsiveness of Perl mRNA to
light is closely related to behavioral phase delays induced by light.
Light-induced phase delays in locomotor activity during subjective
night are significantly inhibited when mice are pretreated with Per1 an-
tisense phosphorothioate oligodeoxynucleotide (Akiyama et al., 1999).
Therefore, the gated expression of Per1 might be an important step in
causing photic entrainment.

It is well known that not only photic but also nonphotic stimuli can
entrain the SCN clock, and several drugs have been investigated to mod-
ulate the circadian rhythm by causing a phase shift in the rhythm in the
peripheral or central nervous system (Duncan Jr., 1996). The acute and
circadian time-dependent reduction in Per1 and/or Per2 mRNA in the
hamster SCN by 5-HT1A/7 receptor agonists strongly correlated with
phase resetting in response to the drug (Horikawa et al., 2000). There-
fore, nonphotic shifts might involve change in the Per1 and/or Per2
mRNA levels in the SCN.

A variety of physiological rhythmic variables are influenced by the
cyclic variation of environmental factors (Aschoff, 1963). One of those
factors is the feeding schedule (Boulos & Terman, 1980). A time-
restricted feeding schedule can change the rhythmic phase of locomotor
activity and physiological function including the corticosterone level.
Such effects are not influenced by the SCN lesions (Krieger, Hauser, &
Krey, 1977). Ventromedial hypothalamic lesions abolish food-shifted
circadian adrenal rhythmicity (Krieger, 1980). The paraventricular nu-
cleus appears to be the site where feeding-associated circadian
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oscillation is connected to the HPA axis (Honma, Noe, Honma, Katsuno,
& Hiroshige, 1992).

In human, the pattern of diet intake substantially modifies the
plasma cortisol levels and body temperature rhythm (Nishimura, Kato,
& Saito, 1992; Saito, Nishimura, & Kato, 1989). Specifically, the rhyth-
micity of the plasma cortisol levels can be maintained normal only
when the feeding pattern is diurnal, but is reversed or disturbed
under a nocturnal or continuous feeding pattern. To clarify the relation-
ship between the pattern of diet intake and the circadian adrenocortical
rhythm, the plasma cortisol levels and body temperature were mea-
sured at 4-h intervals over a 24-h period in 18 patients who were in
the vegetative state and had been receiving total enteral nutrition
(TEN) for four weeks. One group of patients was provided a liquid diet
intraduodenally and continuously throughout a day (continuous TEN),
whereas two other groups received their daily enteral feeding during
a restricted time of the day, either in the daytime from 08:00 to
20:00 h (diurnal TEN, 6 patients) or in the nighttime from 20:00 to
08:00 h (nocturnal TEN, 6 patients). In patients with diurnal TEN,
there was a clear cortisol rhythm with a peak of 08:00 h, whose pattern
was quite similar to the well-established cortisol rhythm in normal sub-
jects. Patients with nocturnal TEN also showed a cortisol rhythm, but
the peak appeared at 16:00 h. There was no appreciable difference in
the amplitude of the rhythm between the two groups. Patients with
continuous TEN did not show any consistent circadian cortisol rhythms.
In the diurnal TEN group, there was a clear body temperature rhythm
with a peak at 20:00 h, whose pattern was similar to the well-
established body temperature rhythm in normal subjects. The nocturnal
TEN group also showed a temperature rhythm, but the peak appeared at
04:00 h. The continuous TEN group did not show any consistent body
temperature rhythms. These results suggest that the timing of diet in-
take may have a synchronizing effect on the circadian cortisol rhythm
in human.

The manipulation of feeding schedule can modify the chronopharm-
acological action and chronopharmacokinetics of a drug and the rhyth-
micity of molecular clock (Damiola et al., 2000; Ohdo et al., 1996).
Circadian synchronization of cell proliferation is observed not only in
normal healthy tissues but also in malignant solid tumors. However,
DNA synthesis in tumor cells implanted in mice showed a 24-h oscilla-
tion apparently differing from that of normal bone marrow cells. The pe-
culiar rhythm of tumor cell proliferation is modulated by the inhibition
of platelet-derived growth factor (PDGF) signaling (Nakagawa et al.,

2006; Ohdo, 2010; Ohdo et al., 2010). Continuous administration of
AG1295 (10 pg/h, s.c.), a PDGF receptor tyrosine kinase inhibitor, sub-
stantially suppressed DNA synthesis in the implanted tumor cells, but
not in healthy bone marrow cells. During the administration of this
drug, the rhythm of DNA synthesis in the tumor cells is synchronized
with that in bone marrow cells. To produce new rhythmicity by manip-
ulating the conditions of organs using rhythmic administration of al-
tered feeding schedules or several drugs appears to lead to a new
concept in chronopharmacotherapy.

11. Chrono-drug discovery and development

Clock genes are expressed not only in the SCN, but also in other brain
regions and various peripheral tissues. Such a cascade of clock genes
may contribute to the organization of biological rhythms in the whole
body. An example of circadian transcription factors in molecular target,
metabolic enzyme and transporter of antitumor drug is shown in
Table 3. Not only the rhythm in transcription, but also the rhythm in
post-transcription, protein degradation and genome editing contribute
to the rhythmicity of molecular target. Other examples for chrono-
drug discovery are described below.

Malignant phenotypes of triple-negative breast cancer (TNBC) are
subject to circadian alterations, but the role of cancer stem cells (CSC)
in defining this circadian change has not been understood. CSC are
often characterized by high aldehyde dehydrogenase (ALDH) activity,
which is associated with the malignancy of cancer cells and is used for
identification and isolation of CSC. The population of ALDH-positive
cells in a mouse 4 T1 breast tumor model exhibits pronounced circadian
alterations (Matsunaga et al., 2018). Alterations in the number of ALDH-
positive cells are generated by time-dependent increases and decreases
in the expression of Aldh3al gene. Importantly, circadian clock genes
are rhythmically expressed in ALDH-negative cells, but not in ALDH-
positive cells. Circadian expression of Aldh3al in ALDH-positive cells is
dependent on the time-dependent release of Wingless-type mmtv inte-
gration site family 10a (WNT10a) from ALDH-negative cells. Further-
more, antitumor and antimetastatic effects of ALDH inhibitor N,
N-diethylaminobenzaldehyde are enhanced by administration at the
time of day when ALDH activity is increased in 4T1 tumor cells. These
data reveal a new role for the circadian clock within the tumor microen-
vironment in regulating the circadian dynamics of CSC and may also

Table 3
Circadian transcription factors in molecular target, metabolic enzyme and transporter of antitumor drug.
Gene name Positive transcriptional regulator Negative transcriptional regulator DNA binding site Reference
Irp2 CLOCK,BMAL1 CRY1,PER2 E-box Okazaki et al. (2016)
Fbxw7 DBP E4BP4 D-site Okazaki et al. (2014)
Drd3 RORx Nrid1 RORE Ikeda et al. (2013)
5-htt ATF4 - ATF4 binding site Ushijima et al. (2012)
Tfr1 c-Myc - E-box Okazaki et al. (2010)
Pai-1 PPARo/RARa - PPRE Oishi et al. (2010)
CLOCK/BMAL1 CRY1,PER2 E-box Hayashida et al. (2010)
MetAp2 CLOCK/BMAL1 CRY1,PER2 E-box Nakagawa et al. (2004)
Vegf HIF1 PER2 HRE Koyanagi et al. (2003)
Mpg CLOCK,BMAL1 DEC1 E-box Kim, Matsunaga, Koyanagi, and Ohdo (2009)
Mgmt HLF E4BP4 D-site Horiguchi et al. (2010)
CYP2D6 C/EBPat/HNF-4ax DEC2 C/EBPa-binding site Matsunaga et al. (2012)
CYP1A1 CLOCK CRY1,PER2 E-box Tanimura et al. (2011)
CYP2E1 HNF-1a CRY1 HNF-1 binding site Matsunaga et al. (2008)
CYP3A4 DBP E4BP4 D-site Takiguchi et al. (2007)
Slc9a3ril p65/p50 PER2 NRE Tsurudome et al. (2018)
Slc22a2 PPARot/RAR - PPRE Oda et al. (2014)
Slc15a1 PPARo/RARo Cholic acid PPRE Okamura et al. (2014)
Slc22a4 PPARo/RARx Cholic acid PPRE Wada et al. (2015)
hAqp3 CLOCK,BMAL1 CRY1,PER2 E-box Matsunaga et al. (2014)
mAqp3 DBP E4BP4 D-site Matsunaga et al. (2014)
Abcg2 ATF4 - ATF4 binding site Hamdan et al. (2012)
Abcbla HLF E4BP4 D-site Murakami et al. (2008)
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lead to the development of novel therapeutic strategies for treatment of
TNBC with ALDH inhibitors.

Chronic kidney disease (CKD) is a global health problem, and novel
therapies to treat CKD are urgently needed. Renal expression of chemo-
kine (C—C motif) ligand 2 (CCL2) is increased in response to p65 activa-
tion in the kidneys of 5/6-nephrectomized (5/6Nx) mice. GO s2 plays an
important role for p65-induced transactivation of mCcl2 in 5/6Nx mice
(Matsunaga et al., 2016). These pathologies in the kidney of 5/6Nx
mice are ameliorated by down-regulation of GO s2. Furthermore, a
novel small-molecule inhibitor against GO s2 expression is identified
by high-throughput chemical screening, and the inhibitor suppresses
renal inflammation in 5/6Nx mice. Circadian clocks are molecular
time-keeping systems that underlie daily fluctuations in multiple phys-
iological and biochemical processes. The dysfunctions of the circadian
system are associated with the development of various pathological
conditions. The application of high throughput screening approach is
performed to search for small molecules capable of pharmacological
modulation of the molecular clock (Matsunaga et al., 2016). The evi-
dence for the feasibility and value of this approach is being accumulated
for both scientific and therapeutic purposes.

CKD is often exacerbated with an increase in serum retinol; how-
ever, the reason has not been elucidated yet. The liver is the major
organ responsible for retinol metabolism; the expressions of Cyp3al1l
and Cyp26al, encoding key enzymes of retinol metabolism, are reduced
in 5/6Nx mice (Hamamura et al.,, 2016; Matsunaga et al., 2016) (Fig. 6).
The reduction is mediated by the decreased expression of DBP. Further-
more, an increase in plasma transforming growth factor-p1 (TGF-31) in
5/6Nx mice leads to the decreased expression of the Dbp gene. Consis-
tently, the alterations of retinol metabolism and renal dysfunction in
5/6Nx mice are ameliorated by administration of an anti-TGF-31 anti-
bodies. The accumulation of serum retinol induces the apoptosis of
renal cells of 5/6Nx mice fed with a normal diet, whereas renal dysfunc-
tion was attenuated in mice fed with a retinol-free diet. These findings
indicate that constitutive reduction of DBP expression induces the dis-
ruption of retinol metabolism in hepatic cells under CKD condition.
Thus, the aggravation of renal dysfunction in patients with CKD might

be prevented by a recovery of hepatic function, potentially through
therapies targeting DBP and retinol.

Recent studies in laboratory rodents have revealed that circadian os-
cillation in the physiologic functions affecting drug disposition underlies
the dosing time-dependent change in pharmacokinetics. However, it is
difficult to predict the circadian change in the drug pharmacokinetics in
adiurnal human by using the data collected from nocturnal rodents. Cy-
nomolgus monkeys, diurnal active animals, are evaluated the relevance
of intestinal expression of P-glycoprotein (P-gp) to the dosing time de-
pendency of the pharmacokinetics of its substrates (Iwasaki et al.,
2015). The rhythmic phases of circadian gene expression in the SCN of
cynomolgus monkeys are similar to those reported in nocturnal ro-
dents. On the other hand, the expression of circadian clock genes in
the intestinal epithelial cells of monkeys oscillates at opposite phases
in rodents. The intestinal expression of P-gp in the small intestine of
monkeys is also oscillated in a circadian time-dependent manner. Fur-
thermore, the intestinal absorption of P-gp substrates (quinidine and
etoposide) is substantially suppressed by administering the drugs at
the times of day when P-gp levels are abundant. By contrast, there is
no significant dosing time-dependent difference in the absorption of
the non-P-gp substrate (acetaminophen). The oscillation in the intesti-
nal expression of P-gp appears to affect the pharmacokinetics of its sub-
strates. Identification of circadian factors affecting the drug disposition
in laboratory monkeys may improve the predictive accuracy of pharma-
cokinetics in humans.

12. Conclusions

An understanding of 24-h rhythm in the risk of disease plus evidence
of 24-h of rhythm dependency of drug PK, effects, and safety constitutes
the rationale for pharmacotherapy. The drugs for several diseases are
still administered without regard to the time of the day. The chronopha-
rmacological findings should be systematically summarized in an appli-
cable format for clinical practice. A reference rhythm for circadian
timing of medications plays a key role to achieve the purpose. Identifica-
tion of a rhythmic marker for selecting dosing time can lead to improved
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progress and diffusion of chronopharmacotherapy. To monitor the
rhythmic markers such as clock genes, it might be useful to choose the
most appropriate time of the day for the administration of drugs that
might increase their therapeutic effects and/or reduce their side effects.
Furthermore, to produce new rhythmicity by manipulating the condi-
tions of organs by rhythmic administration of drugs at altered feeding
schedules appears to lead to a new concept in chronopharmacotherapy.
Attention should be paid to the alteration of biological rhythm and con-
sider it an adverse effect when it leads to altered regulation of the circa-
dian system, which is a serious problem affecting the basic functioning
of living organisms. An approach to increase the efficiency of pharmaco-
therapy is administering drugs at times when they are best tolerated.

The clock genes ultimately control a vast array of circadian rhythms
in physiology and behavior. They regulate several diseases such as can-
cer, metabolic syndrome, and sleep. The monitoring of rhythm, over-
coming rhythm disruption, and manipulating rhythm from the
viewpoint of molecular clock is essential to improve the progress and
diffusion of chronopharmacotherapy. Chrono-DDS might aid in the de-
velopment of new therapeutic strategies for several diseases and
provide insights into chronotherapy as a way to optimize current ther-
apies. Recent studies on pharmacotherapy have focused on gene deliv-
ery and antibody delivery targeting specific molecular for some
diseases. The clock genes should also be one of the important candi-
dates. Several academic laboratories are screening for small molecules
targeting the circadian clock to stabilize its phase and enhance its ampli-
tude, and thereby consolidate and coordinate circadian organization,
which in turn is likely to help prevent and control several diseases in-
cluding sleep disorder and cancer etc. in human. These drugs and strat-
egies can be used to make patients with several diseases feel and
function more normally. Such a strategy might be applicable to target
clock genes in chronotherapy. Further elucidating the connections be-
tween clock genes, and PK and PD could benefit the development of
new therapeutic strategies for several diseases and provide insights
into chronotherapy as an approach to optimize current therapies.
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