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Abstract

The physiology of a wide variety of organisms is organized according to
periodic environmental changes imposed by the earth’s rotation. This way, a
large number of physiological processes present diurnal rhythms regulated
by an internal timing system called the circadian clock. As part of the rhyth-
micity in physiology, drug efficacy and toxicity can vary with time. Studies
over the past four decades present diurnal oscillations in drug absorption,
distribution, metabolism, and excretion. On the other hand, diurnal varia-
tions in the availability and sensitivity of drug targets have been correlated
with time-dependent changes in drug effectiveness. In this review, we pro-
vide evidence supporting the regulation of drug kinetics and dynamics by
the circadian clock. We also use the examples of hypertension and cancer to
show current achievements and challenges in chronopharmacology.
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Diurnal: referring to
a period of one day as
a result of both the
internal timing system
and external
environmental stimuli

Circadian: referring
to a period of
approximately one day
as a result of the
internal timing system
independent of
external stimuli
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INTRODUCTION

Mammalian physiology is organized so that it can sense and consolidate environmental cues such
as light, temperature and—as shown recently (1)—magnetic fields to anticipate environmental
changes that derive from the rotation of the earth. As a consequence of this environmental adap-
tation, mammals possess an internal clock and present diurnal rhythmicity in many physiological
functions. The rhythms that derive from the internal timing system persist in the absence of
environmental stimuli and are called circadian from the Latin words circa (approximately) and
dies (day). Because of the broad influence of the circadian clock on mammalian physiology, it is
expected that the clock also gates the response of the organism to drugs. During evolution the
development of the circadian system coincided with the development of cell metabolism.

Numerous studies provide evidence for the mutual relationship between cell metabolism and
the circadian clock. The circadian clock imposes a rhythm on many metabolic pathways, whereas
transcription factors that sense nutrients and metabolites provide positive and negative feedback
in the transcriptional circuit of the circadian clock. As part of this relationship, the circadian
clock may influence drug metabolism in a variety of ways. Circadian variation in the activity of
many gastrointestinal, hepatic, and renal processes could explain why the absorption, distribu-
tion, metabolism, and excretion of drugs change as a function of the time of drug administration.
Thus, it is possible to predict temporal changes in the kinetics of drugs when the chronobiol-
ogy of the pathways involved in the absorption, distribution, metabolism, and excretion of drugs
is known. On the other hand, the plasma levels of drugs may vary with time even when drugs
are administered through parenteral injections at different times of the day (2-4) or by con-
tinuous intravenous infusion (5). These examples emphasize the existence of diurnal variations
not only at the level of enteral drug absorption but also in drug distribution, metabolism, and
elimination.

The aim of chronopharmacology is to utilize rhythms of physiology to try to synchronize
concentration and dosing of medications to increase their efficacy and safety. The clinical use of
chronopharmacology is attracting more attention as the role of the clock in regulating both phar-
macodynamics and pharmacokinetics is increasingly appreciated. So far, only observational studies
have been performed to assess the effect of timing of drug administration in their efficacy and
toxicity. Even when the importance of the time of administration has been well established—as,
for example, in the case of nonsteroidal anti-inflammatory drugs—the impact on practical thera-
peutics has been minimal. The refinement of our understanding of diverse and pleiotropic impacts
of the clock on physiology and disease will lead to a renewed approach to chronopharmacology.
A few such studies in animal models where discrete elements of the molecular clock have been
genetically manipulated have already been conducted.

DIURNAL AND CIRCADIAN CHANGES IN DRUG KINETICS
Rhythms in Drug Absorption

The absorption of a number of widely used drugs such as nitrates (6), benzodiazepines (7, 8),
calcium channel blockers (9), acetaminophen (paracetamol) (10), and antidepressants (11) was
found to be more rapid after oral administration in the morning compared to in the evening. For
all the above-mentioned drugs, the rate of absorption was increased, the maximal plasma serum
concentration (Cy,y) was greater, and the time after administration needed to obtain maximal
plasma levels (tnay) was shorter when the drugs were taken at the beginning of the day. The
differences in drug absorption at different times of the day may be the result of diurnal changes
in various aspects of physiology.
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Diurnal variation in gastric emptying time and blood flow in the gastrointestinal tract may result
in time-dependent variation in drug absorption. Goo et al. (12) measured the gastric emptying
time when an identical isotopic meal was given to 16 healthy volunteers at 8:00 a.m. and 8:00 p.m.
The gastric emptying of solids measured 60 and 80 min after meal ingestion was, respectively, 25 %
and 18% faster on average at 8:00 a.m. than at 8:00 p.m. Diurnal variation was also found in the
gastrointestinal motility in humans; motility in the daytime being double that in the evening or
at nighttime (13). Increased gastric emptying and motility during the day compared to the night
results in increased absorption of lipophilic drugs when they are administered in the morning
compared to the evening. Diurnal changes in blood flow to the gastrointestinal tract can also
contribute to the time-dependent variation in the absorption of drugs. The apparent blood flow
in healthy male volunteers was determined from the kinetics of indocyanine green. The peak of
estimated blood flow obtained at the beginning of the day was significantly higher than at three
other times of day (14). Gastric acidity shows a diurnal rhythm, modified by buffering meals and
nocturnal duodenal-gastric reflux, with the greatest rate of gastric acid secretion occurring in the
evening and the smallest in the morning (15). Increased gastric acidity reduces the absorption
of lipophilic drugs, and the diurnal variation in gastric acidity contributes to differences in drug
absorption over different times of the day.

Exceptions to the increase in drug absorption after drug administration in the morning com-
pared to the evening were found for dexamethasone (16), methotrexate (17), mercaptopurine
(17, 18), and intramuscularly injected meperidine hydrochloride (pethidine) (19). Evening admin-
istration of these drugs resulted in higher drug plasma levels compared to morning administration.
In the case of nortriptyline, morning and evening administration produced similar plasma levels
of the drug (20).

Drug solubility and route of administration may influence the diurnal variability of drug ab-
sorption. Lipid-soluble drugs seem more likely to show temporal variations in pharmacokinetics
than do water-soluble drugs. Langner & Lemmer (21) reported a clear time-dependent variation
in the absorption of propranolol, a lipophilic drug: Peak plasma propranolol concentration was
higher and ty,,, was shorter in the morning than in the evening. On the other hand, Shiga and
colleagues (22) found no time-dependent variations in the absorption of atenolol, a more water-
soluble B-adrenergic receptor antagonist, given orally to 13 hypertensive patients. In a random
crossover study, Yoshiyama et al. (23) administered the same formulation of sodium valproate to
eight male volunteers at 8:30 a.m. and 10:30 p.m. by the oral or rectal routes. ty,x was shorter
in the morning when the drug was administered orally, but such a temporal variation was absent
after rectal administration.

Rhythms in Drug Distribution

Little is known about diurnal variation in the distribution of drugs to their site of action. Time-
dependent variation in drug binding to plasma proteins is likely to influence the distribution
of drugs that are highly protein bound and have a small volume of distribution. The binding
capacity of the plasma corticosteroid-binding globulin, transcortin, for prednisolone varies with
time in humans, with maximum binding occurring at midnight and minimum at 8:00 a.m. (24).
Patel and colleagues (25) determined the binding of valproic acid to plasma proteins in samples
collected from six healthy volunteers at 2-h intervals during the day. The free valproate ratio in
plasma varied significantly with time and was maximal during early morning and minimal during
late afternoon. Drug distribution is also dependent on the permeability of membranes to drugs.
Bruguerolle & Jadot used the erythrocyte as a model to quantify the passage of drugs through
membranes. Using lidocaine, they found that the erythrocyte to total plasma concentration ratio
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was 0.74 and 0.48 when the drug was administered in activity and resting periods, respectively

Q6).

Rhythms in Drug Metabolism

The liver is the major site of drug metabolism. Oxidation and conjugation to endogenous substrates
are the two main reactions in drug metabolism, and both are described to change with time. The
first study to report a temporal correlation between the metabolism and the effect of a drug was
conducted by Nair & Casper (27). Injection of a barbiturate at different times of the day revealed
an inverse relationship between the hexobarbital oxidase activity in the liver and the sleeping time
produced by the drug.

The cytochrome P450 monooxygenase system. The cytochrome P450 monooxygenase sys-
tem is the main system responsible for drug oxidation. Several early studies reported temporal
variation in cytochrome P450 enzymes (28, 29). More recently, a functional genomics approach in
mice provided evidence for the rhythmic expression of genes encoding cytochrome P450 enzymes
that was under the control of an endogenous oscillator (30). In this study, the expression of more
than 10,000 genes, assessed using high-density oligonucleotide arrays, was examined in mouse
liver collected every 4 h for 2 days. The mice were kept in constant darkness and temperature dur-
ing the experiment to exclude the possibility that these variables were driving observed rhythms
in gene expression. The study revealed a circadian rhythm in the expression of genes encoding
several members of cytochrome P450 and Alasl, encoding the rate-limiting enzyme in heme
biosynthesis that is necessary for cytochrome P450 activity (30). Similar to the mRNA, protein
levels of cytochrome P450 enzymes also describe circadian rhythms (31). More recently, P450 ox-
idoreductase mRNA was found to oscillate in a robust circadian rhythm (32). P450 oxidoreductase
provides the electrons required for all cytochrome P450-mediated monooxygenase reactions (33).
This suggests that the circadian variation of P450 oxidoreductase imposes a circadian rhythm in
the activity of all cytochrome P450 enzymes (32).

Conjugation reactions. Acetaminophen (paracetamol) has been used as a model for the study
of temporal variation in hepatic glucuronidation and sulfation reactions because these two path-
ways are mainly responsible for its elimination. The plasma half-life of acetaminophen was 15%
longer at 6:00 a.m. than at 2:00 p.m., and the mean ratio of the glucuronide conjugate over un-
changed acetaminophen excreted in the first 3.5-h urine sample varied between 5.2 at 6:00 a.m. and
7.8 at 2:00 p.m. (34). Another example of temporal variation in conjugation reactions comes from
those that use glutathione as a substrate. Reduced glutathione forms an adduct with reactive inter-
mediates of drugs produced by the cytochrome P450 monooxygenase system and promotes their
detoxification. The hepatic concentrations of glutathione change with time, and this variation
determines the diurnal changes in conjugation elimination of several drugs.

Rhythms in Drug Excretion

Diurnal rhythms have been described for glomerular filtration rate, effective renal plasma flow,
tubular secretion, urine output, and urinary excretion of electrolytes and many endogenous sub-
stances (35). These rhythms may result in different excretion rates for drugs at different times of
the day. The urinary excretion of albumin, transferrin, and immunoglobulin G is maximal around
4:00 p.m. and minimal around 3:00 a.m. (36). The differences in drug excretion rate at different
times of the 24-h cycle described in healthy individuals are not related to day-night differences in
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activity because they persist during constant bed rest (37). It is more likely that diurnal variations
in systemic blood pressure, the renin-angiotensin system, and renal blood flow are responsible
for time-dependent changes in renal hemodynamics. However, to our knowledge, no studies have
shown an effect of the diurnal variation of any of those parameters on drug excretion rate at dif-
ferent times of the day. Urinary pH is another important factor in the urinary excretion of drugs
that shows diurnal variations. Passive reabsorption of drugs depends on urinary pH, because renal
tubular cells are less permeable to the ionized form of weak acids, alkalis. Amphetamine is more
strongly ionized at lower pH, and it is readily excreted in the urine. When the urinary pH is
more basic, the non-ionized fraction is increased, and its urinary excretion is decreased markedly
(38).

Studies in humans have indicated that urinary pH changes during the day; urinary pH is lower
during the night and higher in the day (39). These temporal changes in urinary pH could explain
why the excretion of salicylate (40) and sulfonamides (41) vary as a function of the time of day in
humans. The pH difference over the 24-h span could also be important in explaining the renal
toxicity of drugs such as the aminoglycosides (42). This results from their electrostatic binding
to membrane acid phospholipids in proximal tubules (43). The interaction is pH dependent, and
nephrotoxicity of gentamicin is greatest when rats are sleeping and least in the middle of the
activity period. Thus, the risk of nephrotoxicity varied inversely with pH (44). Notably, rats—as
well as mice—are nocturnal animals, so they are active during the night and they rest during the
day, the opposite of humans. Diurnal changes in urinary pH were observed in fed rats but were
absent when animals were fasted (39). Urinary pH was higher during food intake and decreased
when the animals were not eating. Thus, food appears to influence the diurnal variation of urinary
pH, which in turn modifies the binding or the excretion of drugs. This appears to be a limitation
of observational studies. For this reason, observational studies cannot afford evidence conclusive
of a role for the circadian system.

DIURNAL AND CIRCADIAN CHANGES IN DRUG DYNAMICS

The interaction of a drug with its target is subject to time-dependent variation. Specific effects of
drugs can generally be attributed to the interaction between the drug and its cellular target. The
affinity of the drug for its target, the amount of the target present in a given tissue, and the baseline
activity of the target system determine the effectiveness of the drug. Evidence for diurnal variation
in pharmacodynamics comes from constant-rate drug infusion studies. The anticoagulant effect of
constant-rate heparin infusion over 24 h in patients with deep vein thrombosis exhibits profound
diurnal differences. The average anticoagulant effects of heparin varied twofold as a function of
time of day in patients with deep vein thrombosis receiving a constant-rate infusion over 48 h
(45, 46). The ability of constant-rate infusion of famotidine or ranitidine to raise intragastric pH
varied threefold over 24 h despite a constant-rate infusion (47).

In this section we describe diurnal rhythms in two enzyme systems that constitute drug tar-
gets and are relevant to the cardiovascular system: the renin-angiotensin system and the nitric
oxide—cyclic GMP system.

Renin-Angiotensin System

The renin-angiotensin system plays an important role in the homeostasis of blood pressure. The
formation of the active agonist angiotensin II depends on the activity of two proteolytic enzymes:
Renin cleaves angiotensinogen to form angiotensin I, and the angiotensin-converting enzyme
(ACE) leads to conversion of the inactive angiotensin I into angiotensin II. Angiotensin II has
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multiple effects on the vasculature, adrenal glands, kidneys, and brain, resulting in the regulation of
systemic blood pressure and fluid homeostasis. Expression of components of the renin-angiotensin
system exhibit considerable diurnal variation and therefore could potentially influence blood pres-
sure circadian rhythms (48). Human plasma renin activity is low in the afternoon and increases
during the night, as demonstrated in several clinical studies (49, 50). The diurnal variation in renin
activity influences other factors, including the circulating levels of angiotensin I and angiotensin
II (51).

On the basis of the variation in plasma renin activity, one could expect that inhibitors of the
renin-angiotensin system would be more effective during the rest period. Indeed, an angiotensin-
converting enzyme inhibitor and an angiotensin II AT -receptor antagonist were significantly
more effective when administered in transgenic hypertensive TGR(mREN2)27 rats, carrying an
additional mouse renin gene, during the daily rest period (52). The rest period is the time when both
blood pressure (53) and plasma renin activity (54) are highest in this animal model of secondary
hypertension. In patients with primary hypertension, an evening dosing of angiotensin-converting
enzyme inhibitors was associated with higher efficiency in the reduction of blood pressure (55, 56).
Similar findings have been reported for the effects of an angiotensin IT AT -receptor antagonist
(57).

In summary, rhythms in plasma renin activity, leading to diurnal variation in the formation of
angiotensin peptides, have been documented in experimental animals as well as in humans and
appear to be related to the clinical effects of inhibitors of the renin-angiotensin system.

Nitric Oxide-Cyclic GMP System

Endothelium-derived nitric oxide (NO) is an important regulator of vascular tone, and a loss of
endogenous NO synthesis in hypertension has been implicated in the occurrence of cardiovas-
cular complications associated with the disease. NO is synthesized in the endothelial cell by the
enzyme NO synthase type III, also called eNOS. Once synthesized, NO leaves the endothelial
cell by passive diffusion, enters adjacent vascular smooth-muscle cells and activates the cGMP-
generating enzyme, soluble guanylyl cyclase. Studies in normotensive rats have shown that the
urinary excretion of NO oxidation end products, a measure of NO synthesis, is higher dur-
ing the night than in the daytime (58, 59). NO synthesis was reduced in 58-week-old rats and
had no diurnal variation (58). Interestingly, young, spontaneously hypertensive rats showed a
decrease in both the 24-h excretion of NO oxidation end products and the amplitude of its di-
urnal variation, resembling what happens in aged normotensive rats (58). These observations
in studies with rats are very similar to the finding from a clinical study in normotensive and
hypertensive humans. The urinary excretion of NO oxidation end products and its second mes-
senger cGMP showed pronounced 24-h rhythmicity, with peak values at the end of the day and
a trough in the second half of the night in healthy normotensive subjects. In contrast, the rhyth-
mic pattern in NO oxidation end products and cGMP excretion was lost in hypertensive patients
(60).

Rhythmic changes in the NO-cGMP pathway during the day have possible implications in
the treatment of patients receiving drugs that are NO donors, such as organic nitrates. The acute
application of glyceryl trinitrate (nitroglycerin) in patients with Prinzmetal’s angina, characterized
by coronary vasospasms in the absence of atherosclerotic lesions, led to a greater increase in the
diameter of coronary arteries when the drug was given in the morning compared to when it was
given in the afternoon (61). This finding correlates with observations that the urinary excretion
of NO oxidation end products drops at night (60) and endothelium-dependent vasodilation by
acetylcholine is smallest in the morning (62).
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THE MOLECULAR BASIS OF THE CIRCADIAN CLOCK

During the past decade, the molecular basis of the circadian clock has been identified in mam-
mals. The circadian system is organized in a hierarchical manner with a master clock located
at the suprachiasmatic nucleus (SCN), which lies above the optic chiasm at the base of the hy-
pothalamus. The SCN receives information about the day-night cycle through photic input via a
direct retinal innervation, the retinohypothalamic tract. The photic input arises from intrinsically
photoreceptive retinal ganglion cells that express the photopigment melanopsin. Light-dependent
glutamatergic activation of retinorecipient neurons by the retinohypothalamic tract initiates intra-
cellular and intercellular cascades of gene expression in the SCN (63). In this way, brief exposures
to light are sufficient to entrain the SCN clockwork to solar time, adjusting the oscillator to a
precise 24-h cycle (64). Individual SCN neurons are competent biological clocks, but the sustain-
ability and synchronization of the molecular oscillator depend on spontaneous electrical activ-
ity within the SCN and, specifically, neuropeptidergic signaling between SCN neurons (65-67).
Neuropeptidergic signaling is responsible for interneuronal synchronization within the SCN (65).
The intercellular communication of SCN neurons not only synchronizes rhythmicity of the SCN
but is also required for the maintenance of the amplitude and precision of individual cellular
oscillations (66).

A second synchronizer of the SCN clockwork is melatonin, a hormone secreted by the pineal
gland (68, 69). A multisynaptic pathway extending from the medial hypothalamus to sympathetic
afferents of the pineal gland drives nocturnal secretion of melatonin. The SCN projects directly
to the paraventricular nucleus to activate neurons that send their axons to the intermediolateral
column of the upper thoracic spinal cord, where they contact sympathetic preganglionic neurons
that control pineal melatonin secretion (70). Through this indirect pathway, the SCN controls the
sympathetic output to the pineal gland and generates the circadian cycle of melatonin secretion.
Melatonin, in turn, phase-shifts circadian rhythms in the SCN by acting on MT, melatonin
receptors expressed by SCN neurons, thus creating a reciprocal interaction between the SCN
and the pineal gland (71). Melatonin’s phase-altering effect is caused by its direct influence on the
electrical and metabolic activity of the SCN (72).

The master oscillator located at the SCN communicates day-night cycle phase information to
the rest of the body. Through neuronal and humoral signals, the SCN sends this information to
peripheral circadian clocks that exist in almost all cells of the rest of the body and synchronize
them to the same phase (73). At the same time, the clocks of the periphery are able to respond
to other environmental cues such as temperature (74) and food intake (75) and alter their phase
according to these cues.

The master and peripheral clocks share the same molecular makeup in mammals. Circadian
oscillations are generated by a transcriptional and translational circuit consisting of positive and
negative feedback loops (Figure 1). The basic helix-loop-helix transcription factors BMALL,
CLOCK, and NPAS2 form CLOCK:BMALI or NPAS2:BMALI heterodimers and drive tran-
scription through E-boxes located within the promoters of various target genes. Among the target
genes are period homolog (Per1-3), cryptochrome (Cry1-2), Rev-erba, and retinoid-related or-
phan receptor alpha (Rorx). After a delay, the translated Per and Cry proteins heterodimerize,
translocate to the nucleus, and repress CLOCK/NPAS2:BMALL1 heterodimers (76) (Figure 1).
The Per and Cry heterodimers are progressively degraded, allowing the circuit to start again.
This leads to a cycle in gene expression that takes approximately 24 hours to complete. The or-
phan nuclear receptor REV-ERB«, a heme sensor that regulates glucose homeostasis and energy
metabolism, represses Bmall transcription through binding to a ROR element in the promoter of
Bmall (77). On the other hand, ROR« competes with REV-ERB« for the same ROR element and
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of transcription. Additional feedback strengthens the robustness of the circadian clock. REV-ERB«x and ROR« compete for the same
ROR response elements in the Bmall promoter. REV-ERB« inhibits, whereas ROR e activates, the transcription of Bmall.
Posttranslational modification and degradation of clock proteins are crucial steps in circadian period. Phosphorylation of the PER:CRY
heterodimer by CK1e/6 is critical for the nuclear translocation of the complex. The FBXL3 targets CRY proteins for degradation.
CK1e/b, casein kinase 1 epsilon/delta.
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activates Bmall transcription (78). These additional feedback pathways provide further robustness
to the circuit.

Accumulating evidence suggests a role for posttranslational modifications of the proteins of
the circuit in the generation of circadian rhythms (79). Phosphorylation is critical for the tran-
scriptional activity, stability, and cellular localization of the proteins in the feedback loop (80).
Phosphorylation of PER and CRY proteins by casein kinase 1 delta/epsilon (CK16/¢) promotes
the nuclear translocation of the PER:CRY complex (81). Recently, CK15/e-dependent phospho-
rylation of PER2 was identified as the target of most of the pharmacologically active compounds
found to lengthen the period of the circadian clock in an extensive screen in mouse and human
cell lines (82). F-box protein FBXL3, a component of the SKP1/Cullin1/F-box ubiquitin ligase
complex, targets CRY for proteolytic degradation—a critical event for the length of the circadian
period (83-85). SUMOylation of Bmall affects its rhythmic expression (86), and dimerization
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of Bmall and Clock causes phosphorylation and directs nuclear accumulation of the complex
(87).

The cellular reduction-oxidation (redox) state has also been implicated in the circadian regu-
lation of gene expression. Rutter and colleagues (88) associated the ratio of reduced-to-oxidized
nicotinamide adenine dinucleotide (NAD) with the DNA-binding activity of NPAS2:BMAL1 and
CLOCK:BMALLI in human neuroblastoma calls. According to their findings, the reduced form
of NAD enhances the DNA binding of heterodimers as assessed by an electrophoretic mobility
shift assay. More recently, Asher and colleagues (89) found that the NAD*-dependent deacetylase
SIRT1 binds PER2 in a circadian manner and promotes its deacetylation and degradation. Fur-
thermore, silencing SIRT'1 both by genetic deletion and by using siRINA reduced the amplitude of
Bmall and Per2 expression oscillations but had no effect in their period length. In contrast to the
findings of this study, Nakahata and colleagues showed that genetic ablation of SIRT1 causes an
increase in the amplitude of Dbp and Per2 expression oscillations and found that SIRT1 interacts
with CLOCK but not with PER2 (90). Two follow-up studies (91, 92) showed that the expression
of Nampt, a gene encoding a rate-limiting enzyme in NAD™ biosynthesis, is regulated by the
CLOCK:BMALI1 heterodimer and oscillates with time, suggesting the existence of an additional
feedback loop in the circadian circuit through NAD™ and SIRT'1. Future studies will likely shed
light on the relative importance of the cellular redox state in the generation of circadian rhythms.

EVIDENCE FOR A ROLE OF THE CIRCADIAN CLOCK
IN PHARMACOKINETICS

The identification of the circadian clock at the molecular level makes possible the transition from
observational studies of drug efficacy and toxicity at different times of the day to cause-effect
studies that provide a link between the circadian clock and drug metabolism. There are already
reports showing a change in drug effectiveness or toxicity when the circadian clock is disturbed.
Facilitating the performance of such studies, transgenic mice with disrupted biological rhythms
are already available.

Albumin site d-binding protein (DBP), hepatocyte leukemia factor (HLF), and thyrotroph
embryonic factor (TEF) are transcription factors of the PAR bZip family with gene expression
directly regulated by the circadian clock (32). DBP, HLE, and TEF in turn regulate the expression
of genes encoding drug-metabolizing enzymes and transporters, ALAS1 and POR, two enzymes
required for the activity of all Class I monooxygenases, and CAR and PPAR«, two well-known
nuclear receptors involved in the control of drug metabolism. The circadian expression of Dbp,
HIf, and Tef drives a circadian rhythm in the expression of genes under their control and results
in a circadian rhythm in multiple drug-metabolizing pathways. When Dbp, HIf, and Tef are
simultaneously knocked out, the response to drugs is altered. Administration of phenobarbital
produces a low-level induction of Cyp2B10 in liver and small intestine of triple knockout mice
throughout the 24-h cycle, whereas the induction in wild-type animals is daytime dependent.
In agreement with this finding, barbiturate-induced sleep duration is constitutively high and
dramatically increased in triple knockout animals in contrast to the time-of-injection-dependent
sleep duration in wild-type mice.

A second, indirect association between drug metabolism and the circadian oscillation of drug-
metabolizing enzymes showed a link between acetaminophen hepatotoxicity and CYP2E1 activity
and hepatic glutathione levels (93). Both CYP2E1 activity and hepatic glutathione levels are under
the control of the circadian clock and show a robust 24-h rhythm. The mortality caused by injection
of acetaminophen into mice showed a diurnal variation that was related to circadian rhythms in
CYP2E1 activity and hepatic glutathione levels. This dependency was shown by phase altering
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the rhythm of CYP2E1 and glutathione through restriction of food availability in the daytime.
Food restriction reversed the phase in the ability of CYP2E1 and glutathione to metabolize
acetaminophen and produced the same phase shift in the mortality rhythm (93).

As mentioned above, genome-wide analysis of gene expression revealed a circadian rhythm in
the expression of many genes encoding proteins responsible for drug metabolism (30). Deletions
of core clock genes validated the regulation of drug-metabolizing enzymes by the circadian clock in
vivo and in vitro. Our group was able to identify RORx as a component of the circadian clock, being
both a target gene for the BMAL1:CLOCK heterodimer and an activator of Bmall (78). A mouse
with deletion of RORo showed the regulation in the expression of many genes encoding phase 1
and phase II proteins involved in the metabolism of lipids, steroids, and xenobiotics in mouse liver
by this transcription factor (94). Among the genes regulated by ROR« were several P450 (Cyp)
genes, which catalyze oxidation and hydroxylation; Sult genes, which encode proteins that catalyze
the sulfonation of xenobiotics; and glutathione transferases, which catalyze the conjugation of
glutathione with a wide variety of xenobiotics, generally resulting in their detoxification and
elimination. This finding provides evidence for the circadian regulation of drug metabolism and
detoxification. In an in vitro study, knocking out Cry1 in a hepatic cell line reduced the amplitude
of the rhythmic expression of Cyp2el (95). However, no studies yet link RORx or CRY1 with
differential drug metabolism in different times of the day.

The best example of a study taking advantage of the current knowledge in the field of circadian
biology to study drug toxicity is the study by Gorbacheva and colleagues (96). Wild-type mice
showed variability in their tolerance to the anticancer drug cyclophosphamide (CY), which was
dependent on the time of drug administration. Interestingly, the maximal and minimal sensitivity
to the drug correlated with the trough and peak of CLOCK:BMALL transcriptional activity. This
observation led Gorbacheva and colleagues to speculate that molecular determinants of sensitivity
to CY could be directly regulated by CLOCK:BMALL. To test this hypothesis, they compared
the drug sensitivity of wild-type mice and mice with disturbed CLOCK:BMALI transcriptional
activity. Bmall knockout mice have the minimal transcriptional activity of the complex because of
the deficiency of transcriptional activators, whereas Cry1/Cry2 double knockout mice are deficient
in circadian repression and express constantly high levels of CLOCK:BMALI transcriptional
activity. Both Clock mutant and Bmall knockout mice showed increased sensitivity to the drug
and loss of the circadian variability of the sensitivity to the drug. In contrast, animals with targeted
disruption of both Cry genes were more resistant to the drug compared with their wild-type
littermates. Again the time of the drug administration did not change the sensitivity of double Cry
knockout mice to the drug.

Taken together, these observations suggest that the functional status of the major circadian
CLOCK:BMALI transactivation complex determines sensitivity to the drug. The influence of
the time of drug administration on toxicity in wild-type mice may reflect circadian variation in
hepatic abundance or activity of drug-metabolizing enzymes or a circadian control of sensitivity
of target cells to CY-induced cytotoxicity through modulation of the response to genotoxic stress.
The time of drug administration had no effect on the rate of its metabolic transformation in both
wild-type and Clock mutant mice, as the plasma levels of CY and its metabolites suggest. This
was reproduced in vitro by co-culturing hepatocytes that metabolize CY from wild-type, Clock
mutant, and Bmall knockout mice with test cells reporting the toxicity. There was no difference
in the rate of CY metabolism. On the other hand, the reduction of circulating lymphocytes (the
major target of CY-induced toxicity is the hematopoietic system manifested by severe lymphopenia
and neutropenia, pronounced eosinophilia, and an altered lymphocyte/neutrophil ratio) was more
severe in Clock mutant mice but less severe in double Cry knockouts compared to wild-type mice.
This result indicates that the time-of-administration and genotype-related differences in response
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to CY-induced toxicity might reflect CLOCK:BMALI1-dependent modulation of lymphocyte
survival and recovery rate. In agreement with the in vivo response, the reduction in lymphocytes
was different for different administration times in wild-type mice, whereas Clock mutant mice
showed the same reduction at both administration times. These data conclusively demonstrated
that circadian control of drug response to CY in vivo is mediated through a CLOCK:BMAL1-
dependent modulation of B cell survival and recovery.

CIRCADIAN VARIATION IN PHYSIOLOGY THAT DETERMINES THE
TIMING OF DRUG ADMINISTRATION

Many chronic and acute medical conditions exhibit prominent circadian patterns of symptom man-
ifestation and severity. Among them, cardiovascular events, such as angina pectoris (97), ventricular
arrhythmia (98), acute myocardial infarction (99), sudden cardiac death (99), and thrombotic and
hemorrhagic stroke (100), show strikingly higher frequency of appearance in the morning. The
clinical severity of allergic rhinitis and bronchial asthma is most pronounced in early morning
hours, and timed administration of medications against them has been reported (101). Numerous
neurodegenerative and neuropsychiatric diseases have been associated with sleep disturbances, and
melatonin has been suggested as a potential treatment (102). However, comparative evaluation of
chronopharmacological strategies have been few—in blood pressure and some forms of cancer—
and even then only with evaluation of impact on surrogate variables rather than clinical outcomes.

Circadian Variation in Blood Pressure

In humans with normal blood pressure and uncomplicated essential hypertension, blood pressure
levels vary significantly with time over the 24-h daily cycle. Peak blood pressure levels occur
during the mid morning and then decrease progressively throughout the remainder of the day to
reach the lowest levels during nighttime sleep (103-105) (Figure 2). A slow but steady increase in
blood pressure is then observed over the early morning hours before awakening, with an abrupt
and steep increase during arousal and arising from overnight sleep. This morning blood pressure
surge from low nighttime levels to higher daytime levels continues for 4 to 6 h after awakening,
with a secondary dip early in the afternoon. In humans with a normal nocturnal decline in blood
pressure, the sleep-time blood pressure mean is 10-20% lower than the daytime mean. In healthy
young adults, the immediate morning rise of systolic blood pressure amounts to about 20-25 mm
Hg, but in older adults the noncompliant vasculature can give rise to much greater 24-h variation
in systolic and diastolic blood pressure, thatis, 50 mm Hg or more. Activation of the sympathetic
nervous system is an important mediator of the morning surge.

Disturbances of the circadian rhythm of autonomic nervous system activity and the neurohu-
moral factors that play a role in central and/or peripheral blood pressure regulation are clearly
involved in the genesis of alterations in the typical 24-h blood pressure pattern. An imbalance
of sympathetic versus parasympathetic activity is the major determinant of the alterations. This
is true not only in various forms of neurogenic dysautonomias, but also in diabetes and chronic
renal failure, where change in the circadian pattern is minimal (106) or absent (107), even before
the clinical onset of autonomic neuropathy. Tonic activation of the sympathetic nervous system
throughout the day and night is present in congestive heart failure. This seems to be the ma-
jor determinant of observed changes in the blood pressure rhythm, as well as a presumed causal
factor in congestive heart failure (108). A study of patients with varying degrees of progressive
autonomic failure (affecting sympathetic and parasympathetic function) due to familial amyloid
polyneuropathy displayed a progressive blunting of the circadian blood pressure rhythm with
disease progression (109).
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Figure 2

Diurnal variation of human blood pressure. The black line represents the mean blood pressure of a
normotensive healthy human over time. Blood pressure decreases progressively starting at late afternoon to
reach a trough value around 3:00 a.m. A slow increase in blood pressure is then observed over the early
morning hours before awakening, followed by an abrupt and steep increase during arousal from overnight
sleep. Blood pressure reaches a peak value during the mid morning and then decreases progressively
throughout the remainder of the day. Hypertensive patients with an abnormally high rise of blood pressure
during morning hours (mean blood pressure over time represented by the red line) may benefit from
controlled-onset, extended-release medications. Bedtime administration of the delayed-delivery calcium
channel blocker verapamil results in high plasma levels of the drug during the morning surge of blood
pressure and sustained levels throughout the rest of the day (dashed blue line).

Although always assumed, evidence to support the direct role of the molecular clock in blood
pressure regulation has been limited. An endogenous basis for the 24-h blood pressure variation,
that is, a relationship between the circadian clock and the blood pressure rhythm, is suggested by
studies in rodents showing that lesioning the SCN abolishes circadian rhythms of blood pressure
and heart rate without affecting the sleep-wake and motor activity 24-h cycles (110). However, it
is unknown how circadian information from the SCN is modulated and processed to regulate the
24-h rhythm of blood pressure and heart rate. The amplitude of the diurnal variation in blood
pressure is increased in patients with hypertension, and the oscillation coincides with the temporal
variability in their incidence of acute vascular events, such as myocardial infarction, sudden car-
diac death, and stroke (111). Most normotensive individuals have a greater than 10% reduction in
nighttime systolic blood pressure when compared with mean daytime values—dipping. The circa-
dian pattern of blood pressure is maintained in hypertensive patients, although there is an upward
shift to the blood pressure curve throughout the entire 24-h period compared with normotensive
subjects, and the amplitude of the rhythm may be altered (112). However, some patients do not
exhibit the nocturnal dip in blood pressure and are at increased risk of developing hypertension
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(113) and consequent end organ damage (114). For example, the absence of a normal drop in sys-
tolic blood pressure (known as nondippers) from day to night and the absolute nighttime diastolic
blood pressure were both strong predictors of heart failure, stroke, and myocardial infarction, as
well as sudden death in elderly patients with hypertension (114-117). More recently, Halberg and
colleagues found that chronobiological analysis of human blood pressure recordings, interpreted
in the light of reference values specified by gender and age, predicts actual and proxy outcomes
when dipping fails (118).

Day to night differences in physical and mental activity are thought to be major determinants of
blood pressure rhythmicity (119). Analysis of blood pressure rhythms in shift workers revealed an
almost complete resynchronization within the first 24 h of the shift rotation. This may reflect vari-
ation in sympathetic activity, consistent with the correlation between diurnal variation in plasma
catecholamines and blood pressure and heart rate. Sympathetic activity appears to integrate the
major driving factors of temporal variability in blood pressure, but evidence also supports a role of
the hypothalamic-pituitary-adrenal, hypothalamic-pituitary-thyroid, opioid, renin-angiotensin-
aldosterone, and endothelial vasoregulatory systems, as well as other vasoactive peptides. Many
hormones with established actions on the cardiovascular system, such as arginine vasopressin,
vasoactive intestinal peptide, melatonin, somatotropin, insulin, steroids, serotonin, corticotropin-
releasing factor, corticotropin, thyrotropin-releasing hormone, and endogenous opioids, show
diurnal variations (120-126). Physical, mental, and pathologic stimuli, which may drive activation
or inhibition of these neuroendocrine effectors of biologic rhythmicity, may also interfere with
the temporal blood pressure structure.

However, the time-dependent responsiveness of cardiovascular tissues to such stimuli may
be just as important. The recent use of telemetry systems suitable for small animals allows for
recording of systolic blood pressure, diastolic blood pressure, heart rate, pulse pressure, and ac-
tivity in unrestrained animals. The circadian pattern of blood pressure was examined in mouse
models with disruption of the positive (BMAL1, CLOCK, and NPAS2) (127) or negative com-
ponents (CRY1 and CRY?2) of the oscillator (128). It was found that genes that subserve core
functions in the molecular clock differentially regulate enzymes relevant to the synthesis and
disposition of catecholamines. Both mean blood pressure and its variability over time are af-
fected by disruption of the positive (BMALI1, CLOCK, and NPAS2) (127) or negative (CRY1
and CRY2) components of the oscillator (128). Plasma norepinephrine and epinephrine and the
response to immobilization stress were also altered. Indeed, the absolute level of blood pressure
and the baroreflex response to hypotension are differentially affected by deletion of BMALI or
NPAS? disruption on the one hand, versus deletion of both CRY1 and CRY2 on the other (128).
Apparently, the circadian clock may influence the vascular response to stress indirectly by con-
trolling the underlying rhythm of blood pressure on which asynchronous cues are imposed, but
also directly by modulating pressor response, irrespective of timing. Both effects reflect the ob-
served influence of the clock on sympathoadrenal function, which is activated in the integrated
arousal response and many of its discrete elements, such as assumption of an upright posture,
exercise, and emotional stress. Another study revealed that disruption of the baroreflex in rats
results in loss of circadian variation in mean arterial pressure (129). We have previously reported
that the baroreflex response, along with blood pressure, is subject to diurnal variation in humans
(130).

Recently, we showed that deletion of Bmall in the vascular endothelium results in loss of
the temporal pattern in susceptibility to thrombotic vascular occlusion secondary to vascular
injury (131). The depression of endothelial Bmall reduced blood pressure during the active phase
of the day and increased heart rate for both rest and active phases without changes in plasma
catecholamines, nitric oxide biosynthesis, or fibrinolytic efficiency.
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Implications of the Circadian Rhythm of Blood Pressure
in the Pharmacological Treatment of Hypertension

The treatment of hypertension has thus far mainly relied on lowering the level of (conventional
clinic) blood pressure, without accounting for the normalization of the entire blood pressure
pattern. As mentioned above, the extent of the nocturnal blood pressure decline predicts car-
diovascular risk. Staessen and colleagues (116), using results from the Syst-Eur trial (in which
nitrendipine was consistently dosed at bedtime), reported that nondippers experienced a greater
incidence of stroke and myocardial infarction than people who had a normal dipping pattern.
Even more relevant is the finding that dipper hypertensives had a relative hazard of cardiovas-
cular mortality similar to that of nondipper normotensives (132). At the same time, the rate of
blood pressure rise coincident with the commencement of diurnal activity has been identified as
an independent predictor of the risk of morning stroke and acute coronary syndrome; it is also
hypothesized to be a trigger for myocardial infarction at this time of day (99, 100, 133). So far,
efforts to use the rhythm in blood pressure in the treatment of hypertension mostly compare
the effectiveness of awakening versus bedtime dosing. The use of medications utilizing special
drug-release technology has also been tested.

The controlled-onset, extended-release calcium channel blocker verapamil was the first special
drug-delivery medication specifically designed for the therapy of hypertension. The drug-delivery
technology of this tablet delays the release of verapamil for approximately 4-5 h following its rec-
ommended bedtime ingestion. Medication is released thereafter so the highest blood concentration
is achieved in the morning around the time of awakening, with an elevated level sustained through-
out diurnal activity (Figure 2). This type of medication was found to enhance the control of the
morning blood pressure surge (134). The polymer-coated capsule of verapamil is a second special
drug-delivery-based calcium channel blocker chronotherapy of hypertension. Release of verapamil
from this capsule medication following recommended bedtime ingestion is delayed for approxi-
mately 4 h. Medication is then dispersed in an increasing amount so that peak blood concentration
is achieved in the morning. This formulation achieves exaggerated reduction of blood pressure
during the initial hours of diurnal activity as well as good control of blood pressure level throughout
the 24-hour dosing interval (135). Graded-release, long-acting calcium channel blocker diltiazem
and delayed release of the -antagonist propranolol are other examples of special drug-delivery
medication. Bedtime administration results in highest effectiveness for both (136, 137).

In secondary hypertension with an insufficient nightly fall in blood pressure (nondipping),
evening dosing of calcium channel blockers has been shown not only to reduce the elevated
blood pressure but also to normalize the pathological blood pressure profile from nondipping to
dipping. Bedtime administration has proven to be more effective not only for calcium channel
blockers but also for a number of other antihypertensive drugs such as angiotensin-converting
enzyme inhibitors (138), x-adrenergic receptor antagonists (139), and angiotensin II receptor
blockers (140). Surprisingly, low-dose (100 mg/day) aspirin, commonly used for cardioprotec-
tion, has a time-dependent hypotensive effect in humans. Thus, bedtime administration reduced
blood pressure significantly, whereas morning administration failed to reduce blood pressure (141).
Moreover, the reduction in nocturnal blood pressure with bedtime aspirin was particularly strik-
ing in nondippers. Clinical trials of low-dose aspirin for cardioprotection have not specified time
of dosing. Pharmacological treatment of hypertension has to be individualized according to the
24-h pattern of blood pressure. Achievement of a normal blood pressure dipper pattern requires
different strategies for patients with different blood pressure patterns. This might involve a unique
time of the day of drug ingestion of conventional drug-delivered formulations and/or the appli-
cation of advanced drug-delivery concepts and technology as required according to the blood
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pressure profile of each patient. Use of ambulatory blood pressure measurement is necessary for
the identification of an individual’s 24-h pattern and dipping pattern.

Chronopharmacology in the Treatment of Cancer

Circadian timing of drug delivery can play a significant role in anticancer therapeutic effective-
ness and tolerability. By merely changing the time of day of drug delivery, variation in survival
rate by more than 50% has been demonstrated in mice and rats following treatment with 30 or
more anticancer drugs (summarized in Reference 142). Similar effects are observed in therapy
of human cancer, with perhaps one of the most notable examples being the benefits of timed
anticancer drug treatment of patients with metastatic colorectal carcinoma. Here we discuss the
role of chronotherapy in cancer treatment, highlighting the growing evidence linking the circa-
dian clock to both the cell cycle and cell proliferation, as well as possible mechanisms underlying
chronomodulation of drug treatment.

Circadian Clocks and Cancer

There is increasing evidence linking chronic disruption of the sleep-wake cycle in humans with
increased risk of certain cancers. The misalignment of circadian rhythms in physiology, endocrinol-
ogy, metabolism, and behavioral rhythms with the external environment is common among hu-
mans that work night shifts or routinely travel across multiple time zones. An increased incidence
of breast cancer have been observed among female flight attendants (143, 144). Similarly an in-
creased risk of breast, colon, prostate, and endometrial cancers has been associated with rotating
and/or permanent night shift work (145-151). These are merely associations with a lifestyle in
which disruption of biorhythms is likely, but more persuasive data linking circadian disruptions
and cancer have been found in rodents. Simulation of chronic jet lag, consisting of a 6-h phase
advance or delay every week, results in increased mortality in aged mice (152). When these mice
were inoculated with tumors, survival was worse than in mice kept in unshifted light-dark cycles
(153). Furthermore, surgical ablation of the master clock in the SCN resulted in accelerated tumor
growth and attenuated survival in mice (154).

The relationship between the rest-activity cycle and cancer prognosis in humans has been
investigated in patients with metastatic colorectal cancer; patients with marked activity rhythms
show a more favorable tumor response and survival rate and report a better quality of life (155). This
and other animal studies suggest there is a link between the circadian clock and cell proliferation.
Perhaps a normally functioning clock plays a role in preventing unchecked cellular proliferation.
DNA synthesis and cellular proliferation can vary markedly in dividing mammalian cells, including
human bone marrow, intestinal epithelium, and skin (156-162). Daily oscillation in the expression
of several circadian clock genes associates with specific cell cycle phases in human oral mucosa
(163), and several cell proliferation and cell cycle genes, such as the protooncogene c-myc, and
cyclin B1, cde2, weel, Bubl, p55CDC, cyclin A2, and cyclin D1 (30, 164-166), are subject to
diurnal oscillation.

Finally, several animals with a disrupted circadian clock show aberrant regulation of cell growth
and proliferation and/or increased risk of developing tumors. For example, Clock mutant mice
appear to have defects in proliferation and growth, and rhythmic expression of numerous genes
that regulate cell growth are disrupted in these animals (167, 168). In addition, Per1 and Per2 may
function as tumor suppressors. Mice deficient in Per2 function are cancer prone and have enlarged
hyperplasia of the salivary gland by approximately one year of age as well as a higher number of
colonic polyps than wild-type mice (164, 169). In some cell culture models, Per1 in addition to Per2
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functions like a tumor suppressor. Decreased Per levels led to increased growth rates and lower
rates of apoptosis, and overexpression resulted in growth inhibition, cell cycle arrest, apoptosis,
and decreased tumor formation size (170-174). Molecular disruptions and physical interactions
offer some hints as to the role of these proteins in proliferation and response to DNA damage.
Misregulation of the expression of c-myc, -catenin, and several cyclins has been reported in
Perl and/or Per2 mutants, and Perl was shown to physically associate with the DNA damage
check point proteins ATM and Chk2 (164, 169, 170, 172). Finally, mice lacking an arrhythmic
circadian clock owing to deletion of function cryptochrome genes have markedly impaired liver
regeneration after partial hepatectomy, implicating the circadian clock in regulating the timing
and efficiency of cell cycle events (165).

Chronomodulated Anticancer Therapy

There are numerous examples of the benefits of specifically timed daily delivery of chemotherapeu-
tic agents. For example, children receiving 6-mercaptopurine and methotrexate for maintenance
treatment of acute lymphoblastic leukemia showed about a twofold increase in disease-free survival
if given treatment in the evening (175). Clinical studies for treatment of ovarian, renal, breast, and
liver cancers showed that controlling circadian timing of dosage often leads to decreases in drug
toxicity (175-181). We discuss the therapeutic advantages of timed drug delivery in some anti-
cancer treatments in the context of the pharmacokinetics and pharmacodynamics that modulate
such responses (summarized in Figure 3).

Probably one of the best-studied chronomodulated anticancer drug responses is treatment
with 5-fluorouracil (5-FU). Several clinical studies have shown that when 5-FU is delivered at
the same rate over the course of the day by continuous intravenous infusion, the mean plasma
5-FU levels fluctuate, with the highest levels late at night and lower levels at midday (4, 182—
184). Understanding how 5-FU is metabolized led to an explanation of daily differences in its
pharmacokinetics and toxicity. 5-FU functions to block DNA replication by inhibiting thymidylate
synthase, a key enzyme in pyrimidine thymidine synthesis. Levels of thymidylate synthase activity
rhythms in mouse bone marrow, intestinal mucosa, and oral mucosa vary up to twofold throughout
the day (185). In addition, following continuous infusion of 5-FU in cancer patients, a daily
fluctuation in the activity of dihydropyrimidine dehydrogenase (DPD), the initial and rate-limiting
step in pyrimidine catabolism, was observed (5). DPD, the initial enzyme in the catabolism of 5-FU,
exhibits daily oscillations in activity and mRNA expression in liver (186, 187). DPD peak activity
in human cancer patients continually infused with 5-FU was out of phase with maximal plasma
concentrations of 5-FU, with DPD activity peaking around midnight and 5-FU concentrations
peaking around noon (5). Finally, survivability of mice given 5-FU changed according to the time
of day of delivery, with maximal toxicity of 5-FU inversely correlated with DPD activity (188).
Thus, the time-of-day differences in toxicity of 5-FU treatment are likely due to the diurnal
regulation in enzymes involved in 5-FU metabolism, and this explains why toleration of 5-FU is
highest when thymidylate synthase activity is low and DPD activity is highest.

The pharmacokinetics of 5-FU suggests that a chronomodulated delivery schedule would be
most effective for cancer treatment, and numerous clinical trials have highlighted the benefits of
chronotherapy of 5-FU, particularly in the treatment of colon cancer (142). Phase III clinical trials
comparing a fixed time versus chronomodulated treatment of 5-FU, leucovorin, and oxaliplatin
showed an increase in objective response from 32 to 53 % with the use of timed drug administration
(189). A larger phase III trial using the same drug delivery paradigm showed similar increases in
efficacy with timed drug administration. In this study, an increase in objective response rate from
~30 to ~50%, as well as significant improvements in patient tolerability, were observed with
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Chronotherapy of anticancer drugs in rodents. Time of day of most tolerated dosage is indicated for
S-fluorouracil (5-FU), oxaliplatin, and seliciclib. Dihydropyrimidine dehydrogenase (DPD), the initial
enzyme in catabolism of 5-FU, exhibits daily oscillations in activity and mRNA expression in mouse liver,
with peak levels during maximum 5-FU tolerability and efficacy. Seliciclib dosing in the morning is least toxic
and most effective at shrinking tumor size in mice. Finally, oxaliplatin and other platinum-based anticancer
drugs such as cisplatin show a time-of-day dependency in toxicity and efficacy. Reduced glutathione (GSH)
levels are highest near the same time of day when cisplatin dosing is least toxic. Given that nucleotide
excision repair (NER) targets the bulky lesions induced by cisplatin, repair activity may oscillate in target
tissues to minimize drug toxicity to normal cells and increase efficacy of treatment in tumor cells.

chronomodulated drug delivery (190). The increased tolerability associated with chronotherapy
in patients with metastatic colorectal cancer allowed for increases in dosing regimens of 5-FU
as well as in the frequency of administration, which ultimately led to improvements in objective
response rate and survival (191, 192).

Another example of a diurnal modulated drug effect is the chronotherapeutic effects of the
cyclin-dependent kinase inhibitor seliciclib, which displays antitumor properties (193, 194). Mice
inoculated with Glasgow osteosarcoma and then dosed with seliciclib at different times of day show
a rhythm in drug tolerability and efficacy. Dosing in the morning was the least toxic and most
effective in shrinking tumor size, whereas the most toxicity was observed around mid night during
the middle of the mouse activity period (195). Treatment at this time also resulted in changes of
the rhythmic expression patterns of several clock genes, as they changed from low amplitude or
arrhythmic expression in untreated tumors to rhythmic expression patterns with phasing similar
to their oscillations in the liver in seliciclib-treated mice. In addition, expression of weel changed
from a low-amplitude oscillation to an arrhythmic pattern with a large increase in expression in
seliciclib-treated mice (195). In the liver, weel kinase activity and expression are regulated by the
circadian clock, thus making it a likely candidate for coordinating the cell cycle with the circadian
clock (165). Therefore, seliciclib may modulate its chronotherapeutic effect through regulating
weel levels, thus restoring the G2/M checkpoint and decreasing tumor growth. Another possible
mode of clock—cell cycle interaction in these mice comes from the finding that seliciclib inhibits
the function of CKI epsilon, which regulates period length in the circadian clock (79, 196).
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Toxicity and efficacy of the platinum-based anticancer drugs cisplatin and oxaliplatin fluctuate
with a diurnal rhythm, and recent reports point toward a possible mechanism for these chronomod-
ulated effects. Dosing of oxaliplatin during early to mid night led to decreased toxicity and tumor
growth as well as an increase in life span in mice (197). Similar findings were observed in clinical
studies on cancer patients, with chronomodulated drug delivery leading to better toleration of
drug doses and improved objective response rates than reverse-phase or continuous drug deliv-
ery (179, 189). Reduced glutathione has been postulated as contributing to the detoxification of
cisplatin because glutathione levels show daily fluctuations in liver, jejunum, and colon (35, 198,
199). Glutathione levels are highest during the night, which corresponds to the time of lowest
cisplatin toxicity in mice (198, 199). Finally, cisplatin induces bulky DNA lesions that are targeted
by the nucleotide excision repair pathway, and recently a circadian oscillation of this repair activity
was observed in the mouse cortex (200). Although the phase of the nucleotide excision repair in
other tissues is unknown, these findings suggest that timing of the highest DNA repair activity in
healthy cells and the lowest activity in tumor cells may correspond with the time of day when the
lowest drug toxicity and highest efficacy are observed.

Additional links between anticancer drug regulation and the clock have been suggested in
studies with 5-FU. In mice with tumors, the time of day that 5-FU treatment associated with
lowest toxicity, greatest antitumor effects, and best survival also correlated with maximal tumor
nuclear BMALI protein accumulation and total WEE-1 protein levels (201). The relationships
between clock protein accumulation and cell cycle components have not been extensively studied
in cancer models, but the phase relationships between these systems may be important factors
to consider in chronotherapeutics. For example, the presence or absence of a circadian clock, as
well as the relationship between clock genes and cell cycle genes, may turn out to be important
parameters to consider when assessing efficacy and tolerance of chronotherapeutics.

FUTURE DIRECTIONS IN CHRONOPHARMACOLOGY

Modern chronopharmacology is moving toward applying the current understanding of circadian
rhythms to predict the circadian variability in drug effectiveness and toxicity. One of the major
challenges in this effort is the identification of circadian oscillations at the protein level. Although
we already have information about circadian changes in gene expression for a number of differ-
ent tissues, the circadian variation of proteins is still largely unknown. Advances in quantitative
proteomics technology will provide a proteome-wide analysis of circadian variations of proteins
and better insight regarding the circadian rhythms in physiology. This will potentially enable
prospective studies of drug effectiveness and toxicity designed to match the temporal variation in
drug absorption, distribution, metabolism, and elimination. In comparison to observational stud-
ies performed so far, the advantage of the prospective approach comes from the distribution of
the drug dose over time according to the diurnal variation of the relevant physiology. Apart from
that, unraveling the circadian rhythms of proteins may enable drugs to act in an anticipatory way.
Many of the nuclear receptors that regulate gene expression oscillate. Targeting drugs mediating
their action through drug-induced gene activation against genes under circadian regulation may
promote appropriate timing of action. The activation of Cyp2B10 by pentobarbital is such an ex-
ample. Pentobarbital activation of Cyp2B10 is regulated by the constitutive androstane receptor
(32) that oscillates in a circadian fashion. As a result, pentobarbital-induced sleep duration varies
over time.

The appropriate timing of drug action may become feasible through progress in the technology
of controlled drug release. A new class of controlled-release medication is based on hydrogels.
Hydrogels can be sensitive to physical stimuli such as temperature, pH, and glucose concentration
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or to stimuli that can be externally implied such as electrical magnetic fields or ultrasound. Stimuli-
sensitive hydrogels can be used to time drug release according to the rhythm in physiology. Finally,
it is increasingly appreciated that coactivators and corepressors of the oscillatory transcriptome
appear to exhibit some tissue specificity. This raises the possibility of being able to phase-shift drug
sensitivity in a tissue-specific fashion that may both facilitate treatment paradigms and minimize
toxicities in tissues other than those bearing the primary drug target.

SUMMARY POINTS

1.

Drug absorption, distribution, metabolism, and excretion are different at different times
of the daily cycle.

. Drug targets—for example, in the renin-angiotensin and nitric oxide—cyclic GMP
systems—show diurnal oscillations responsible for time-dependent drug effectiveness.

. The circadian system generates rhythms by transcriptional-translational and posttrans-
lational circuit-regulating gene expression.

. Deletion of clock components reveals the regulation of drug effectiveness and toxicity
by the circadian clock.

. Circadian variations in physiology impose time-restrictions in drug administration for
the therapy of diseases such as hypertension and cancer.
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