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Abstract

The effectiveness and toxicity of many drugs can vary depending on the time
of administration in relation to 24-hour rhythms of biochemical, physiological and
behavioural processes under the control of the circadian clock. Such chro-
nopharmacological phenomena are influenced by not only the pharmacokinetics
but also pharmacodynamics of medications. Chronotherapy is especially relevant
when the risk and/or intensity of the symptoms of disease vary predictably over
time as exemplified by allergic rhinitis, arthritis, asthma, myocardial infarction,
congestive heart failure, stroke and peptic ulcer disease. Morning, once-daily
administration of corticosteroids results in little adrenocortical suppression, while
the same daily dose split into four equal doses to coincide with daily meals and
bedtime results in significant hypothalamus-pituitary-adrenal axis suppression. In
a randomised, multicentre trial involving patients with previously untreated
metastases from colorectal cancer, the chronomodulated infusion of oxaliplatin,
fluorouracil and folinic acid was compared with a constant-rate infusion method.
Adverse effects such as stomatitis and peripheral sensory neuropathy were lower
and objective response was higher with chronotherapy as compared with the
fixed-rate infusion. The merit of chronomodulated infusion is supported by the
24-hour thythm of DNA synthesis and the activity of dehydropyrimidine dehy-
drogenase, which brings about the intracellular catabolism of fluorouracil. On the
other hand, haloperidol and selective serotonin reuptake inhibitors have diverse
effects on sleep continuity and nocturnal arousals. Although interferon also alters
the clock function, this disruptive effect can be overcome by devising an adminis-
tration regimen that minimises adverse drug effects on clock function. Thus, one
approach to increasing the efficiency of pharmacotherapy is the administration of
drugs at times at which they are most effective and/or best tolerated.

Studying the individualisation of pharmacother-
apy has been undertaken with the aim of further
improving pharmacotherapy. The individualisation
of pharmacotherapy has been achieved mainly by
monitoring drug concentrations. However, pharma-
cogenetic approaches, such as genetic diagnosis,

have become a very attractive field because of the
recent rapid progress in molecular biology.!! Conse-
quently, dosage adjustment has been based on the
interindividual differences in drug pharmaco-
kinetics; however, intra- as well as interindividual
variability should be considered to aim at further
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improving rational pharmacotherapy. This is be-
cause many drugs vary in potency and/or toxicity in
association with the rhythmicity of biochemical,
physiological and behavioural processes.!>>! It has
been argued that drug administration at certain times
of the day should theoretically improve the outcome
of pharmacotherapy.

Knowledge of 24-hour rhythm in the risk of
disease, plus evidence of a 24-hour thythm depend-
ency in drug pharmacokinetics, therapeutic effects
and safety constitutes the rationale for pharmaco-
therapy. One approach to increasing the efficiency
of pharmacotherapy is the administration of drugs at
times at which they are most effective and/or best
tolerated. The application of biological rhythm to
pharmacotherapy may be accomplished by the ap-
propriate timing of conventionally formulated tab-
lets and capsules, and the use of special drug deliv-
ery systems to synchronise drug concentrations to
rhythms in disease activity. Within the past few
years, developments in a number of pharmaceutical
companies and bioengineering industries have kept
pace with recent chronopharmacological ad-
vances.!®) Pharmaceutical companies have focused
on investigation of underlying mechanisms as well
as the conduct of multicentre clinical investigations
involving numerous patients with the purpose of
devising chronotherapeutic interventions with a va-
riety of medications. New technology for delivering
medications precisely in a time-modulated fashion
by bedside or ambulatory pumps is developing for
the management of human diseases. Chro-
nopharmacologists are responsible for carefully
evaluating and using this new technology to ensure
that the devices and clinical findings are well ac-
cepted by colleagues currently involved in more
classical research.

Several drugs are not only influenced by biologi-
cal rhythms, but also act on them.!”! On the horizon
are drugs that will ‘fix’ broken biological clocks, a
condition which, in the opinion of some physicians,
is perhaps a factor in all illness. In contrast, several
drugs cause alterations in the 24-hour rhythms of
biochemical, physiological and behavioural pro-
cesses. The alteration of rhythmicity is sometimes
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associated with therapeutic effects (i.e. antidepres-
sant drugs), or may lead to illness and altered home-
ostatic regulation.

In all living organisms, one of the most indispen-
sable biological functions is the circadian clock
(suprachiasmatic nuclei [SCN]), which acts like a
multifunction timer to regulate homeostatic systems
such as sleep and activity, hormone levels, appetite
and other bodily functions that operate with 24-hour
cycles.®! Recently, clock genes are identified as the
genes that ultimately control a vast array of circadi-
an rhythms in physiology and behaviour.!% The
knowledge of clock genes may be important for the
clinical practice.

The aim of this article is to provide an overview
of drug administration time-dependent alterations in
drug safety and therapeutic outcome.

1. Biological Time Structure

Biological time structure describes the sum of
nonrandom, and thus predictable, time-dependent
biological changes, including, with growth, devel-
opment and ageing, a spectrum of rhythms with
different frequencies.’>3 Basically, the concept of
biology is based on the construct of homeostasis,
which is maintained in relative constancy over time
by specific feedback mechanisms. However, impor-
tant findings from the new science of biological
rhythms clearly reveal that biological functions are
not static over time. Namely, biological functions
are variable in a predictable manner as rhythms of
defined periods. Rhythms of very short period, in
the order of a second or so, are evident in electrocar-
diographic and encephalographic tracings. Ultradian
rhythms having periods in the range of 30 minutes to
20 hours are seen in many endocrine glands and
sleep stages. A rhythm with about a 24-hour period
(circadian) has been most investigated with applica-
tions now being incorporated into clinical medicine.
Longer period rhythms of 7 days (circaseptan), a
month (circatrigintan) and a year (circannual) are
also known. Rhythms of approximately a month
include the menstrual cycle in sexually mature
women. Many of these rhythms appear to be geneti-
cally fixed and thus endogenous in nature. Endoge-
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nous rhythms may or may not be adjusted in their
timing by environmental factors, the so-called syn-
chronisers. The science of objectively quantifying
and investigating mechanisms of biologic time
structure, including rhythmic manifestations of life,
is called chronobiology.

2. Circadian Time Structure

The SCN of the anterior hypothalamus are the
site of the circadian pacemaker in mammals.®®! The
inherited period of the human pacemaker clock is
not precisely 24 hours; it is somewhat longer, closer
to 25 hours. Environmental time cues, termed syn-
chronisers or zeitgebers, the strongest one being the
daily light-dark cycle, set the inherited pacemaker
circadian time-keeping systems to 24 hours each
day. Many rhythms are genetically determined (en-
dogenous). Some endogenous rhythms are adjusted
in time (synchronised) by environmental factors, a
process that adapts the human organism to its peri-
odic surroundings. The genetic environmental inter-
actions in the establishment and the maintenance of
rhythms begin in early intrauterine life. They contin-
ue during infancy and childhood with the develop-
ment of the mature time structure similar to that seen
in the adult during the first 1-2 years of extrauterine
life.®) Among the most prominent changes found in
the course of ageing is the reduction of the ampli-
tude of many circadian rhythms, which appears to be
an important part in the ageing process.

Like any timing system, the circadian clock is
made up of three components: an input pathway
adjusting the time, a central oscillator generating the
circadian signal and an output pathway manifesting
itself in circadian physiology and behaviour. The
daily changes in light intensities are thought to be
the major environmental cue involved in circadian
entrainment. Clock genes are the genes that control
the circadian rhythms in physiology and beha-
viour.”!1% The heterodimers of CLOCK-BMALI1
(MOP3) act through an E-box enhancer to activate
the transcription of clock genes and clock-controlled
genes (figure 1). The cryptochrome genes proteins
shut down CLOCK-BMALI transcription in the
nucleus, forming a negative feedback loop. Period
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(PER) gene 2 protein stimulates the transcription of
BMALI, forming a positive feedback loop. The
phosphorylation of PER1 and PER2 by casein kin-
ase I epsilon (CKle) may regulate their cellular
location and stability. Clock-controlled genes prod-
ucts, which include PER3, D-element binding pro-
tein (DBP) and arginine vasopressin, transduce the
core oscillation to downstream output systems. A
circadian rhythm in the expression of PER mRNA is
discovered not only in the SCN but also in other
tissues.!'!! The circadian rhythm in the periphery is
governed by that in the SCN, since the circadian
rhythm in physiological function and expression of
PER mRNA expression are abolished in SCN-le-
sioned rats!'!! and CLOCK mutant mice.['?! Such a
cascade of clock genes may contribute to the organi-
sation of biological rhythms in the whole body.
However, the mechanisms employed by circadian
output pathways are poorly understood but are likely
to involve both nervous and humoral signals.[!314

The mammalian circadian system!!>!9! is much
more complicated anatomically than the schematic
representation shown in figure 2, but even a simpli-
fied version is enough to illustrate the point that
there are a number of potential sites of action for
drugs, which acts on the circadian clock or its inputs
to alter timekeeping function. The principal entrain-
ment pathway is the retinohypothalamic tract, a
glutamatergic projection from the retina to the SCN
and intergeniculate leaflet (IGL). There are two
other inputs to the SCN core that transmit photic
information, the IGL-geniculohypothalamic tract
(GHT) projection, which is a y-aminobutyric acid
(GABA)-neuropeptide Y projection, and a pretectal-
hypothalamic pathway, which is also probably
GABAergic. The other inputs to the SCN core are a
serotonin-containing projection from the raphe and
a glutamate projection from the paraventricular nu-
cleus that terminates in both the shell and core.

The 24-hour rhythms of physiology and beha-
viour are influenced by various environmental fac-
tors such as lighting condition, feeding schedules,
social interactions and several drugs.['7-1°! Since the
period of the central circadian pacemaker in humans
is slightly longer than 24 hours, synchronisation of
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Fig. 1. A model of the molecular clockwork in a suprachiasmatic nuclei neuron.['¥ Heterodimers of CLOCK (CLK) and BMAL1 (MOP3)
activate transcription of clock genes and clock-controlled genes. The cryptochrome (CRY) proteins shut down CLOCK-BMAL1 transcription
in the nucleus (circle), forming a negative feedback loop (small rectangle [1]). Period (PER) 2 stimulates the transcription of BMAL1, forming
a positive feedback loop (middle rectangle [2]). The phosphorylation of PER1 and PER2 by casein kinase | epsilon (CKle) may regulate their
cellular location and stability. Clock-controlled genes products, which include PER3, D-element binding protein (DBP), and arginine
vasopressin (AVP), transduce the core oscillation to downstream output systems.

the circadian system with the light-dark cycle occurs
by daily phase advances of the circadian clock. In
humans, the time-of-day—dependent phase-shifting
effects of light are summarised in a phase-response
curve (PRC).?% In the first half of the night, light
exposure causes phase delays and in the second half
of the night it causes phase advances. Physiological
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doses of melatonin (nonphotic effect) have been
used to describe a PRC that is about 12 hours out of
phase with the PRC to light. Photic and nonphotic
(i.e. extrinsic timekeeping) effects on intrinsic time-
keeping may be important components of disor-
dered timekeeping in depressive illness.

Drug Safety 2003; 26 (14)
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Fig. 2. Schematic and simplified diagram of the circadian system in mammals.['>'6l GABA = y-aminobutyric acid; GHT = geniculohy-
pothalamic tract; Glu = glutamate; IGL = intergeniculate leaflet; NPY = neuropeptide Y; RHT = retinohypothalamic tract; SCN = suprachias-

matic nuclei; 5-HT = serotonin.

PERI and PER? transcription is rapidly induced
by light in a time-of-day—dependent manner in ro-
dents.l'"”" The responsiveness of PERI mRNA to
light is closely related to behavioural phase delays
induced by light. Light-induced phase delays in
locomotor activity during subjective night are sig-
nificantly inhibited when mice are pretreated with
PER]I antisense phosphorothioate oligodeoxynucle-
otide.?!l Therefore, the gated expression of PERI
may be an important step in causing photic entrain-
ment. On the other hand, the acute and circadian
time-dependent reduction of PERI and/or PER2
mRNA in the hamster SCN by serotonin 5-HT1a/7
receptor agonists is strongly correlated with the
phase resetting in response to the drug.?” Therefore,
nonphotic shifts may involve change in PERI and/or
PER2 mRNA levels in the SCN.

3. Definition of Chronopharmacology

Chronopharmacology describes the results of a
chronobiological approach to pharmacological phe-
nomena.>¥  Chronobiological methodology in-
volves less risk of error and/or false information
than the conventional homeostatic approach. Chro-
nopharmacology includes the chronotoxicology
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describing undesired or harmful effects from chemi-
cal, physical or other agents including poisons, pol-
lutants and overdoses of drugs upon biological tem-
poral characteristics and as a function of biological
timing and the chronotherapy endeavouring to cure
or prevent disease, with proper regard to temporal
characteristics, for example corticosteroid therapy
timed to simulate the adrenocortical cycle in Addis-
on’s disease.

Chronopharmacokinetics describes biological
time-related changes in the pharmacokinetics of an
agent quantified by parameters of one or several
curve patterns (models). Chronopharmacokinetic
studies have been reported for many drugs in an
attempt to explain chronopharmacological phenom-
ena and demonstrate that the time of administration
is a possible factor of variation in the pharmaco-
kinetics of a drug. Time-dependent changes in
pharmacokinetics may proceed from 24-hour
rhythms at each process, for example absorption,
distribution, metabolism and elimination. Thus,
24-hour rhythms in gastric acid secretion and pH,
motility, gastric emptying time, gastrointestinal
blood flow, drug protein binding, liver enzyme ac-
tivity and/or hepatic blood flow, glomerular filtra-
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tion, renal blood flow, urinary pH and tubular re-
sorption may play a role in such pharmacokinetic
variations.™ Chronopharmacokinetics can, but may
not always, be responsible for daily variation in drug
effects and/or adverse effects.

Chronesthesy describes rhythmic (predictable-in-
time) differences in the susceptibility or sensitivity
of a biological target (e.g. receptors, membrane per-
meability, cells, tissues, organ, organ systems) to an
agent. Chronesthesy emphasises predictable, rather
than randomly distributed, biological time-related
differences of such a target. When healthy organ-
isms are concerned and metabolic processes are
documented, the term chronopharmacodynamics is
used by certain authors instead of chronesthesy.
Biological rhythms at the cellular and subcellular
level can give rise to significant dosing-time differ-
ences in the pharmacodynamics of medications that
are unrelated to their pharmacokinetics. This phe-
nomenon is termed chronesthesy. Rhythms in recep-
tor number or conformation, second messengers,
metabolic pathways and/or free-to-bound fraction of
medications help explain this phenomenon.

Chronergy describes time-dependent effects of
drugs on the organism as a whole. Chronergy per-
tains to rhythmic changes in both the desired and
undesired effects of medications. It depends on both
the chronesthesy of affected biological targets and
the chronopharmacokinetics of a given drug.

4. 24-Hour Rhythm in Disease
Occurrence or Severity

Chronobiological approach has clarified the pres-
ence of 24-hour rhythms in physiological functions
and diseases. The examples described below show
the approximate peak time of 24-hour rhythms rela-
tive to the diurnally active human beings.>>6 The
peak in serum cortisol, aldosterone, testosterone,
platelet adhesiveness, blood viscosity and natural
killer-cell activity is observed during the initial
hours of daytime. Haematocrit is greatest and air-
way calibre (forced expiratory volume in 1 second)
best around the middle and afternoon hours, respec-
tively. Insulin, cholesterol, triglyceride and uric acid
levels and platelet numbers and peak later during the
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day and evening. The rhythms of basal gastric acid
secretion, white blood cells, lymphocytes, prolactin,
melatonin, eosinophils, adrenal corticotrophic hor-
mone (ACTH), follicle-stimulating hormone and lu-
teinizing hormone show a peak at specific times
during the night-time.

Twenty-four-hour rhythms in the processes that
make up the pathophysiology of diseases cause
prominent day-night patterns in the manifestation
and severity of many medical conditions.l>3¢ The
onset of migraine is most frequent in the morning
around the time of awakening from sleep. The
sneezing, runny nose and stuffy nose in allergic and
infectious rhinitis are worst in the morning upon
waking up. The risk of asthma attack is greatest
while the patient is asleep at night. The symptoms of
rheumatoid arthritis are worst when awakening in
the morning from sleep, while those of osteoarthritis
are worst later in the day. The morbid and mortal
events of myocardial infarction are greatest during
the initial hours of daytime. The incidence of throm-
botic and haemorrhagic stroke is greatest in the
morning around the time of commencing diurnal
activity. The ischaemic events, chest pain, and ST-
segment depression of angina are strongest during
the initial 3—5 hours of daytime. The symptoms of
congestive heart failure are worse nocturnally. The
manifestation of ST-segment elevation in
Prinzmetal’s angina is most frequent during the mid-
dle to later half of night-time. The pain and gastric
distress at the onset and acute exacerbation of peptic
ulcer disease are most likely in the late evening and
early morning. The seizures of epilepsy are common
around sleep onset at night and offset in the morn-
ing.

5. Chronotherapy in Clinical Practice

The knowledge of 24-hour rhythm in the risk of
disease plus evidence of 24-hour rhythm dependen-
cies of drug pharmacokinetics, effects, and safety
constitutes the rationale for chronotherapy. One ap-
proach to increasing the efficiency of pharmacother-
apy is the administration of drugs at times at which
they are most effective and/or best tolerated. The
chronotherapy of a medication may be accom-
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plished by the appropriate timing of conventionally
formulated tablets and capsules, and the special drug
delivery system to synchronise drug concentrations
to rthythms in disease activity. Chronotherapy is
especially relevant in the following cases. The risk
and/or intensity of the symptoms of disease vary
predictably over time as exemplified by allergic
rhinitis, arthritis, asthma, myocardial infarction,
congestive heart failure, stroke and peptic ulcer dis-
ease. The therapeutic-to-toxicity ratio of a med-
ication varies predictably according to chronobio-
logical determinants as exemplified by antitumour
medications. The pharmacokinetics and pharmaco-
dynamics of a medication vary depending on biolog-
ical thythms. The goal hormonal substitution is to
mimic the rhythmic variation of hormone levels in
healthy individuals. Several examples for chro-
nopharmacotherapy have been described.>361 The
first chronotherapy to be incorporated into clinical
practice is the administration of methylprednisolone
in the morning on a daily or alternate-day basis.

Some examples include:

e once-daily administration in the evening of spe-
cially formulated theophylline tablets for treat-
ment of nocturnal asthma;

o Dbefore-bedtime administration of verapamil HCL
as a unique controlled-onset extended-release
24-hour dosage form to optimise the treatment of
patients with ischaemic heart disease and/or es-
sential hypertension;

e cvening administration of HMG-coenzyme A re-
ductase inhibitors for the management of hyper-
lipidaemia;

e once-daily evening administration of convention-
al histamine H» receptor antagonists or once-
daily morning administration of proton pump
antagonists for the management of peptic ulcer
disease;

e before-bedtime administration of hypnosedatives
for sleep induction and maintenance;

e morning application of testosterone drug delivery
patch systems to achieve a physiological andro-
gen replacement therapy;

e programmed-in-time infusion of antitumour
medications according to biological rhythms to
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moderate toxicity and enhance dose intensity in
cancer treatment; and

e programmed-in-time administration of tocolytic
medication relative to the 24-hour rhythm in uter-
ine contractility to avert preterm labour and birth.

6. Relevance of Chronobiology and
Chronopharmacological Concepts to
Drug Safety

The relevance of chronobiology and chro-
nopharmacological concepts to drug safety have
been exemplified in terms of drug testing and post-
approval drug surveillance. The findings of human
circadian rhythms in chronotoxicity have been iden-
tified by the conventional endpoints of response as
shown in classical toxic manifestation during corti-
costeroid and cancer therapy, and the unconvention-
al ways as shown in altered circadian staging of
human rhythms (e.g. with selective serotonin reup-
take inhibitors [SSRIs], lithium, haloperidol, me-
latonin). The term chronotoxicity refers specifically
to predictable-in-time variation in patient vulnera-
bility to the adverse effects of medications due to
biological rhythm determinants. Several examples
are described in sections 6.1 to 6.3.

6.1 Corticosteroids

The circadian rhythm of serum cortisol in day-
active persons shows a peak in the morning around
the time of awakening from night-time sleep, gener-
ally around 08.00. Time-dependent differences in
the effects of corticosteroids on adrenal suppression
have been investigated after administration of a sin-
gle infusion of methylprednisolone at different
clock times to diurnally active healthy subjects.[?>24
When methylprednisolone is infused between 08.00
and 16.00, cortisol secretion remains normal. In con-
trast, when methylprednisolone is infused during the
late afternoon and early evening, between 16.00 and
20.00, cortisol suppression is moderate. When
methylprednisolone is infused between 00.00 and
04.00, cortisol secretion is markedly suppressed.
The administration time-dependent inhibitory effect
of methylprednisolone on cortisol secretion is due to
the circadian rhythm in drug-induced hypothala-
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mus-pituitary-adrenal (HPA) axis inhibition. By
contrast, ACTH inhibition is more likely when
methylprednisolone is infused late in the day and at
night rather than during the morning and early after-
noon hours. Morning once-daily administration of
corticosteroids results in little adrenocortical sup-
pression.[?>?61 On the other hand, the same daily
dose split into four equal administrations to coincide
with daily meals and bedtime results in very signif-
icant HPA axis suppression.

6.2 Antfitumour Drugs

Chronotoxicities are known, especially for an-
titumour agents.”’-*!) In a randomised multicentre
trial involving patients with previously untreated
metastases from colorectal cancer, 93 patients were
assigned chronotherapy and 93 were assigned con-
stant-rate infusion via multichannel programmable
ambulatory pumps.'?”-?81 The chronomodulated infu-
sion of oxaliplatin (peak at 16.00), fluorouracil
(peak at 04.00) and folinic acid (peak at 04.00) was
compared with a constant-rate infusion method. Se-
vere stomatitis was seen in 76% of the patients
receiving the fixed-rate infusion and 14% of those
on chronotherapy. Cumulative peripheral sensory
neuropathy with functional impairment was report-
ed in 31% patients on the fixed-rate infusion and in
16% patients on chronotherapy. The objective res-
ponse rate was 51% for chronotherapy and 29% for
the fixed-rate infusion. According to this multicen-
tre randomised trial, therefore, the most active chro-
nomodulated schedule is also the least toxic one.
Median survival was 16 months in both modalities,
possibly because 24% of the patients crossed over
from the flat schedule to chronotherapy. The merit
of chronomodulated infusion described here is sup-
ported by the following evidence. In human bone
marrow, skin, and oral and rectal mucosae, DNA
synthesis, a stage of the cell-division cycle asso-
ciated with increased susceptibility to S-
phase—specific agents, decreases by 50% or more
between 00.00 and 04.00 compared with during
daytime.?”! The activity of dehydropyrimidine de-
hydrogenase in human mononuclear cells increases
by 40% around midnight.””” This enzyme brings
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about the intracellular catabolism of fluorouracil
and contributes to improved tolerability of this drug
between 00.00 and 04.00.

Two clinical trials compared the toxicity of two
dosage administration times of anthracyclines and
cisplatin in 30 patients with advanced ovarian can-
cer. Both studies demonstrated that doxorubicin is
better tolerated where administered around 06.00
and cisplatin is better tolerated when given between
16.00 and 20.00 compared with when the agents are
given 12 hours apart.” The chronopharmacokinetic
finding for cisplatin seems to contribute to the de-
creased renal toxicity seen with this agent during
evening administration. These findings show that
the circadian stage at which anticancer drugs are
given to patients should be carefully considered.
One approach to increasing the efficiency of phar-
macotherapy is administering drugs at times during
which they are best tolerated.

6.3 Psychotropic Drugs

Circadian rhythm sleep disorders (CRSDs) are a
group of sleep disorders characterised by age-syn-
chronisation between a person’s biological clock
and the environmental 24-hour schedule.®2-361 There
are four main types of CRSD: delayed sleep phase
syndrome (the most common); advanced sleep
phase syndrome; non-24-hour sleep-wake syn-
drome (free-running pattern); and irregular (or dis-
organised) sleep wake pattern. These disorders lead
to harmful psychological and functional difficulties
and certain personality disorders may also be related
to them. It has been found that psychotropic drugs
such as 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 syn-
drome treated with haloperidol, ingested once daily
after awakening from sleep, exhibited an irregular
sleep-wake pattern with a free-running component
of approximately 48 hours.*®! Transfer to risper-
idone, ingested once daily after awakening from
sleep, was beneficial, resulting in a sleep-wake cycle
more synchronised at the appropriate phase to the
external zeitgebers and fewer nocturnal distur-
bances. The circadian sleep-wake schedule was ful-
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ly synchronised when the patient was subsequently
treated with melatonin at 21.00, before intended noc-
turnal sleep, in addition to risperidone in the morn-
ing. Restoration of the sleep-wake circadian pattern
was accompanied by the patient’s subjective report
of significant improvement in his quality of life,
social interactions and occupational status. This ob-
servation suggests that CRSDs can be related to use
of the typical antipsychotic haloperidol and restored
by switching to use of the atypical antipsychotic
risperidone.

Haloperidol is not the only psychotropic drug
that can provoke CRSD. Typical delayed sleep
phase syndrome was observed in ten patients during
treatment with the SSRI fluvoxamine, prescribed for
obsessive-compulsive disorder.*” The delay in fall-
ing asleep was seen to range from between 2.5 and 4
hours later than the patients’ normal sleep routine.
Emergence of DSPS induced by fluvoxamine was
not immediate, and at least 5 days of treatment with
no less than 100 mg/day of fluvoxamine occurred
before patients first noticed the change in their nor-
mal sleep pattern. Additional treatment with me-
latonin 5Smg taken at 21.00 can reorganise the sleep-
wake schedule of these patients enabling them to
continue with the fluvoxamine treatment. Further-
more, SSRIs have diverse effects on sleep continuity
and nocturnal arousals.”! The SSRI fluoxetine has
been shown to increase arousals and the amount of
stage 1 sleep, and to have a tendency to reduce slow
wave sleep in depressed patients.[”! Fluvoxamine
has been shown to diminish sleep continuity more
than the tricyclic antidepressant (TCA) desipramine;
this was thought to be related to its rapid eye move-
ment sleep—suppressing properties.l’! Neither drug
consistently affected sleep latency or delta sleep
during chronic administration. Acute treatment with
fluoxetine has been shown to increase, whereas the
TCA trimipramine has been shown to decrease noc-
turnal wakefulness compared with placebo treat-
ment.[” The SSRI zimelidine has also been shown to
diminish sleep continuity compared with ami-
triptyline and to increase arousals and awake time
compared with amitriptyline and nortriptyline.”?
The SSRI citalopram delayed sleep onset in a patient
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with seasonal affective disorder.”? The SSRI
clomipramine advanced the acrophase of sleep and
rectal temperature.” Attention should be paid to the
alteration of sleep-wake cycle when prescribing
psychotropic drugs.

Sleep disorders are a common symptom and
characteristic of numerous psycho-pathologies, such
as depression, anxiety or post-traumatic stress disor-
der. However, it should be emphasised that no ex-
isting psychopathology is characterised by a sleep
disorder of the circadian type. Similar findings re-
ported in patients with other disorders support the
hypothesis that the described disruption of the sleep-
wake schedule is medication rather than illness-
related. Therefore, it is very important to realise that
CRSDs may be an adverse effect of psychotropic
drugs.

7. Administration Time-Dependent
Alteration of Clock Function

Interferons (IFNs) have been widely used as an-
tiviral and antitumour agents. However, IFNs cause
adverse neuropsychiatric effects such as depression
and neurosis and they are reported to sometimes
lead to suicide.’®3”1 When IFNs are administered
during the early active phase in diurnally active
humans, alterations in the 24-hour rhythm are sug-
gested by the changes in the lymphocyte counts and
cortisol levels.[*9) However, the mechanism has not
been clarified from the viewpoint of the disruptive
effect of the drug on the clock genes. Figure 3 shows
the disruptive effect of IFN-o. on the rhythm of
mRNA expression by PER genes in the SCN of
mice.#2] These findings are supported by the in-
hibitory effect of IFN-o. on the mRNA expression of
Clock and BMALI, which are important factors in
activating the transcription of PERs, vasopressin
and the DBP gene showing specific output function
from SCN to the periphery.['%!?] Interestingly, an
inhibitory effect of mRNA expression of each clock
gene in the SCN is observed by the repetitive admin-
istration of IFN-o during the early active phase, but
not the early rest phase. Similar administration
schedule-dependent inhibition of PERI mRNA ex-
pression is demonstrated during the repetitive ad-
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Fig. 3. Influence of interferon (IFN)-a. dose schedule on mRNA
expression of clock genes in the suprachiasmatic nuclei (SCN) [a]
and (b)#' and the time-dependent expression of interferon (IFN)-y
receptor (c).4 In panels (a) and (b), RNA levels for the PER (a) or
BMALT1 (b) in the SCN of mice after a single dose of IFN-a (2 MIU/
kg subcutaneously) at zeitgeber time 0 (ZT0) [closed square] or
ZT12 (closed triangle), or saline (open circle) daily for 6 days. Each
point represents the mean + SEM of six observations. All MRNAs
except for BMALT in groups injected with IFN-o. at ZT12 show
significant 24-hour rhythms (PERT in groups injected with IFN-o at
ZT12; p < 0.05, respectively, others; p < 0.01, respectively,
ANOVA). White bars indicate the light period, and blue bars indica-
te the dark period. In panel (¢), immunoblots of SCN whole ex-
tracts, probed with an anti—IFN-y receptor antiserum (C-20) raised
against amino acids 466—485 at the carboxyterminus of the a-chain
of the receptor, show a major band of ~75 kDa: lane 1, ZT3; lane 2,
ZT7; lane 3, ZT11; lane 4, ZT15; lane 5, ZT19; lane 6, ZT23. ** p <
0.01, * p < 0.05, compared with the value of controls at correspond-
ing ZTs (Bonferroni’s test).
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ministration of IFN-y, which can be induced by IFN-
o or IFN-B in combination with other cytokines.3!
The expression of IFN-y receptor in SCN follows a
24-hour rhythm with a peak at the early active
phase.* This may be why the administration of
IFN-a during the early rest phase can reduce its side
effects. The effects of IFNs seen in humans corre-
spond well to the findings indicating that alteration
of the clock genes is induced by IFN-o administra-
tion during the early active phase in nocturnally
active rodents. Furthermore, the 24-hour depend-
ency of the disruptive effect of IFN-o. on clock
genes in SCN may be applicable to other drugs as
shown in the case of IFN-y. Thus, alteration of the
clock function may be overcome by devising an
administration regimen that minimises adverse ef-
fects on clock function.

8. Conclusions

The effectiveness and toxicity of many drugs
vary depending on administration time associated
with 24-hour rhythms of biochemical, physiological
and behavioural processes under the control of cir-
cadian clock. The knowledge of 24-hour rhythm in
the risk of disease plus evidence of 24-hour rhythm
dependencies of drug pharmacokinetics, effects and
safety constitutes the rationale for chronotherapy.
To monitor the rhythmicity of pharmacokinetics
and/or pharmacodynamics it may be useful to
choose the most appropriate time of day for admin-
istration of drugs that may increase their therapeutic
effects and/or reduce their adverse effects. Several
drugs are not only influenced by biological rthythms,
but also act on them.

In contrast, several drugs cause alterations in the
24-hour rhythms of biochemical, physiological and
behavioural processes. The alteration of rhythmicity
is sometimes associated with therapeutic effects (i.e.
antidepressant drugs), or may lead to illness and
altered homeostatic regulation. Attention should be
paid to the alteration of the expression of clock
genes and consider it an adverse effect, when it leads
to altered regulation of the circadian system which is
a serious problem affecting basic functioning of
living organisms. The alteration of the clock func-
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tion, a new concept of adverse effects, can be over-
come by devising an administration regimen that
minimises adverse drug effects on clock function.

It is very important to realise that the alteration of
circadian rhythm can be an adverse effect of several
drugs. Since the findings on circadian rhythm altera-
tion are based upon a study with a small population
of patients, we must be cautious in drawing broad
conclusions. Naturally, well designed controlled
studies are required to support the preliminary data
and further clinical and basic research is needed to
completely reveal the mechanism underlying the
relationship between certain medications and cir-
cadian rhythm alteration. In future clinical trials, we
should evaluate the alteration of the circadian time
structure, such as evidenced by delayed, advanced
or disrupted sleep-wake circadian rhythm, as a new
side effect of medications that might show manifes-
tation only as a result of particular administration
time-schedule.
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