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Abstract Many aspects of physiology and behavior in organ-
isms from bacteria to man are subjected to circadian regulation.
Indeed, the major function of the circadian clock consists in the
adaptation of physiology to daily environmental change and the
accompanying stresses such as exposition to UV-light and food-
contained toxic compounds. In this way, most aspects of xenobi-
otic detoxification are subjected to circadian regulation. These
phenomena are now considered as the molecular basis for the
time-dependence of drug toxicities and efficacy. However, there
is now evidences that these toxic compounds can, in turn, regu-
late circadian gene expression and thus influence circadian
rhythms. As food seems to be the major regulator of peripheral
clock, the possibility that food-contained toxic compounds par-
ticipate in the entrainment of the clock will be discussed.
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Published by Elsevier B.V. All rights reserved.
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1. Introduction

Virtually all light-sensitive organisms from cyanobacteria to
humans show rhythmic regulation of many aspects of physiol-
ogy and behavior. The cycles with a period of approximately
24 h are considered to be circadian, derived from the Latin
words circa diem (meaning about a day). It has been recently
suggested that the evolution of circadian clock in the early
metazoan period was to avoid genotoxic UV-light [1]. Primi-
tive marine organisms have used blue-light receptors (e.g.,
photolyase and cryptochromes) to avoid UV-rich sunlight by
moving to deeper sea levels. These blue-light receptors later
evolved to become coupled to a circadian oscillator that could
anticipate this up-and-down migratory behavior. In mammals,
this behavior has evolved to include the anticipation of daily
food availability and predator threat.

At a physiological level, the main task of the circadian clock
is the optimization of metabolism and energy utilization for
sustaining life processes in the organism. In this context, many
aspects of the physiological adaptation to daily food intake,
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metabolism and detoxification are regulated in an anticipatory
fashion by the circadian clock [2]. For example, rest and activ-
ity cycles, heart rate, blood pressure, bile and urine produc-
tion, drug metabolism and transport in liver and intestine as
well as endocrine functions are all subjected to daily fluctua-
tions. The mammalian timing system is organized in a hierar-
chical manner with a central pacemaker located in the
suprachiasmatic nucleus (SCN) of the hypothalamus which
synchronizes in a coordinated fashion cellular circadian oscil-
lators present in all peripheral organs by cyclic neuronal and
humoral signals emanating directly or indirectly from the
SCN [3]. At a molecular level, there is no difference in the cir-
cadian clock of SCN neurons and peripheral cells [4]. How-
ever, there is a major distinction in their synchronization:
SCN neurons phase is engendered by light-dark cycles per-
ceived by the retina [5], whereas peripheral oscillators phase
is adjusted by chemical zeitgebers, like for example signals gen-
erated by feeding-fasting rhythms [6,7]. In this context, the
time-dependent inactivation of food-contained toxic com-
pounds is among the important function of the circadian
clock. As a consequence, the circadian pharmacokinetics and
pharmacodynamics that modulate drug effectiveness and toxic-
ity are a manifestation of the circadian regulation of xenobi-
otic detoxification and could have important clinical
applications since they allow treatment modification in order
to increase drug effects or decrease side effects [8] (see Fig. 1).

In mammals, the xenobiotic defense system involved in
drug metabolism is composed of three groups of proteins
assuming distinct functions [9]. The phase I group contains
the microsomal P450 cytochrome super-family enzymes
with oxidase, reductase or hydroxylase activities. Phase II,
or conjugating enzymes, comprises sulfotransferases (SULT),
UDP-glucuronotransferases (UGT), NAD(P)H:quinine
oxidoreductases (NQO), epoxide hydrolases (EPH), glutathi-
one-S-transferases (GSH), and N-acetyltransferases (NAT).
Conjugation help to make lipophilic compounds hydrophilic
enough to subsequently control and facilitate their excretion
into bile, faeces and/or urine by the transporters or phase
IIT group, like multidrug resistance-associated proteins
(MRP) or P-glycoprotein (P-gp), which serve as barriers to
limit the penetration of xenobiotics. In addition, some other
proteins like the Aminolevulinic acid synthase (ALAS1) and
the P450 oxidoreductase (POR) regulate the activity of most
of the phase I enzymes. ALASI is the rate-limiting enzyme
in heme synthesis, the prosthetic group of all cytochrome
P450 enzymes. Since monooxygenase reaction requires elec-
trons that are extracted from NAD(P)H and transferred via
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Fig. 1. Hierarchical organization of the circadian detoxification
machinery. The light/dark cycle resets the activity of the master
pacemaker located in the SCN via ganglionar cells of the retina. The
SCN then provides timing cues that will synchronize other slave
oscillators located in peripheral tissues. Peripheral oscillators can also
be reset by changing the feeding rhythm. As a result, peripheral organs
display synchronized orchestration of their individual detoxification
processes which lead to circadian detoxification of the organism.

the flavin group of POR to the heme group of the cytochrome
P450 enzymes, expression of cytochrome P450 enzymes,
ALASI and POR are coordinated.

Interestingly, genome-wide analysis of liver transcriptome
revealed that proteins of the phase I-III groups of detoxifica-
tion as well as ALASI and POR are expressed in a circadian
fashion [10-13]. It is thus conceivable that the circadian
expression of proteins involved in xenobiotic detoxification is
responsible for the daytime-dependent drug metabolism that
modulates drug effectiveness and toxicity.

2. Control of circadian genes expression

Studies in mice have shown that the circadian rhythm in
gene expression is generated by a molecular oscillator, presents
in all cells of the animal, driven by transcriptional and post-
transcriptional feedback loop involving a positive and a
negative limb. The positive limb consists of the bHLH-PAS
transcription factor BMAL1 and its dimerization partners
CLOCK or NPAS2. This heterodimer activates the transcrip-
tion of the members of the negative limb cryptochrome (Cry)
and period (Per). As a consequence, CRY and PER accumu-
late until they reach a treshold level that will allow them to
form complexes to attenuate the transcriptional activity of
the BMALI1 heterodimer and thereby autorepress their own
genes. Subsequently, this leads to a decrease of the CRY-
PER complex now unable to perform the autorepression and
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Fig. 2. Simplified model of the mammalian circadian oscillator. The
molecular mammalian circadian clock is based on molecular feedback
loops with a positive limb (BMALI heterodimer) and a negative limb
(PER/CRY complex) that are interconnected via the nuclear orphan
receptor REV-ERBo. This core oscillator, in addition to the core
oscillator-regulated circadian transcription factors REV-ERBa and
PARDbZip, contribute to the generation of circadian clock controlled
genes which participate in the generation of circadian physiology and
behavior.

a new cycle of Cry and Per transcription can start. The same
activators and repressors drive the circadian expression of
the orphan nuclear receptor REV-ERBa which periodically
represses Bmall expression and then contributes to the
circadian expression of Bmall (see Fig. 2 and for more detailed
reviews, see Ref. [14]).

In addition to the core oscillator genes, the circadian clock
drives numerous output genes to translate circadian rhythm
into physiological and behavioral events. These output genes
comprise transcription factors directly controlled by the core
oscillator [15,16] that repress (REV-ERBa) [17] or activate
(PARDZip) [18,19] their target gene. This transcription factors
cascade thus orchestrates the circadian genes expression
involved in the daytime-dependent xenobiotic detoxifications.
Transcriptome profiling in several tissues indicated that
2-10% of the genes are transcribed in a circadian manner
[10-13]. The transcriptional circuitry leading to circadian
detoxification is resumed in Fig. 3 and will be described in
the next section.

3. Circadian transcription factors and detoxification

3.1. PARbZip transcription factors

Recent data suggests that the well-conserved transcription
factors of the PARDbZip family play an important role in xeno-
biotic detoxification. This family is composed of the three
members DBP (albumin site D-binding protein), TEF (thyro-
troph embryonic factor) and HLF (hepatocyte leukemia fac-
tor). These proteins bind DNA elements of the consensus
sequence 5-VITAYGTAAY-3'(where V is C, G or A, and
Y is C or T) as homo- or heterodimer [20]. They are expressed
under a robust circadian fashion in most organs, although the
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Fig. 3. Transcriptional network controlling circadian detoxification. The core oscillator control circadian expression of PARbZip transcription
factors which, in turn, control the expression of CAR and PPARa, but also Alasl and P450 OxRed, to coordinate an important part of the circadian
xenobiotic detoxification. In addition, this oscillator induces the circadian expression of AhR, contributing to another way of regulation of circadian
drug metabolism. Finally, the BMALI-controlled circadian expression of SHP negatively modulates different aspects of the xenobiotic response and

amplifies the circadian regulation.

expression of HLF is more restricted to brain, liver, kidney and
small intestine [21]. Mice devoid of one or two PARbZip genes
show mild phenotypes. However, mice deficient of all three
members suffer from a high juvenile mortality and a high adult
morbidity. The high mortality within the first three months is
due to spontaneous and sound-induced seizures probably
caused by a defect in vitamin B6 metabolism. PARbZip-defi-
cient mice have reduced level of pyridoxal phosphate (PLP),
the active form of vitamin B6 and a required coenzyme in-
volved in neurotransmitter synthesis. The gene coding for pyr-
idoxal kinase (Pdxk), that controls PLP synthesis, is under the
control of PARDZip transcription factors [19]. Despite the fact
that after three months the seizures decreased, the mice con-
tinue to present an important mortality since less than 20%
of them are still alive after one year. Moreover, PARbZip-defi-
cient mice show signs of accelerated aging, such as cachexia,
lordokyphosis, and an absence of vigor. Transcriptome profil-
ing using DNA microarray technology revealed that PARbZip
proteins control expression of many genes involved in xenobi-
otic detoxification in liver and kidney [18]. These include genes
of the phase I (Cyp 2b, 2c and 2a), phase II (Ces3, Cml3.,4,5,
GSTtl, a3) and phase III (ABCG2) group of detoxification.
In addition, these proteins control the expression of ALASI
and POR, two enzymes required for the activity of cytochrome
P450 enzymes.

Importantly, this study revealed that PARbZip transcription
factor control the circadian expression of the constitutive
androstane receptor (CAR), a key nuclear receptor involved
in xenobiotic detoxification [22]. The consequence of the circa-
dian expression of CAR is a strong daytime-dependent induc-
tion of Cyp2bl10 mRNA by phenobarbital in liver and small
intestine of wild-type mice, whereas PARbZip-deficient mice
have a very low induction throughout the day. Moreover,
PARDZip-deficient mice are highly susceptible to toxicity in-
duced by anticancer drugs. Therefore, it is possible that the
downregulation of some detoxification genes in PARbZip tri-
ple knockout mice, including Cyp2bl10, is a consequence of
the decreased expression of CAR but not a consequence of
the PARDZip deficiency per se. A recent study also revealed

a role for clock genes in xenobiotic tolerability [23]. The
authors of this study show that mice with a Bmall null allele
or a mutation of the Clock gene displayed increased sensibility
to the toxic effect of the anticancer agent cyclophosphamide,
whereas mice devoid of the two Cry genes were more resistant
to this effect. As, at least for DBP, the expression of PARbZip
transcription factor is obliterated in Clock and Bmall knock-
out mice whereas this expression is constitutively high in
Cry-deficient mice [16,24], it is conceivable that these effects
reflect the level of PARbZip transcription factors, and of their
target genes.

3.2. Peroxisome proliferator activated receptor o

Peroxisome proliferator activated receptor alpha (PPARa) is
a nuclear receptor with a modular structure typical for steroid
receptor that binds to its cognate DNA elements as heterodi-
mers with the retinoid X receptor oo (RXRa). PPAR« is acti-
vated by compounds referred to as peroxisome proliferators,
such as lipid lowering fibrates, phthalate-ester plasticizers, as
well as endogenous fatty acids. In response to these xenobiotic
toxic compounds, activated PPAR«a stimulates the expression
of phase I and II proteins such as Cyp4a [25] and UGT
[26,27]. If the major function of PPARua is to regulate lipid
and glucose homeostasis [28], the requirement of the PPAR«a
detoxification pathway has been shown recently in the case
of toxic compounds contained in vegetal food such as sesame
grains [29].

Like other nuclear receptor, PPARa expression follows a
circadian rhythm at the mRNA and protein level [30]. It has
been suggested that this circadian expression is controlled
directly by BMALI and the molecular oscillator [31]. How-
ever, recent data suggests that lipid metabolism regulated by
PARDZip proteins seems to be also involved in the regulation
of PPARa expression (F. Gachon and Ueli Schibler, unpub-
lished results).

3.3. Aryl hydrocarbon receptor
The aryl hydrocarbon receptor (AhR), and its dimerization
partner AhR nuclear translocator (Arnt), belong to the
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basic-helix-loop-helix (bHLH)-PAS family of transcription
factors. AhR/Arnt is activated by halogenated and polycyclic
aromatic hydrocarbons such as dioxin [32]. Once activated,
the AhR/Arnt heterodimer binds to its cognate DNA elements
and activate phase I and II enzymes such as Cypla and 1b,
UGT and NAD(P)H dehydrogenase [33,34]. AhR is known
to be modulated by a variety of dietary plant constituents pres-
ent in vegetables and fruits and is also one of the major effec-
tors of the elimination of food-contained toxic compounds
[35]. Finally, and not surprisingly, AhR and Arnt show both
a diurnal expression in many organs including liver [36]. Inter-
estingly, Cyplal, the major AhR target gene, displays a circa-
dian expression suggesting a daily activation of the receptor by
food-contained toxic compounds [37].

3.4. Small heterodimer partner

The small heterodimer partner (SHP) is an atypical orphan
nuclear receptor containing the ligand-binding and dimeriza-
tion domains but lacking a DNA-binding domain. However,
SHP is located in the cell nucleus where it can interact with
many nuclear receptors and repress their transcriptional activ-
ity [38,39]. Interestingly, it has been shown that SHP is able to
interact and inhibit CAR [38,40], and also the related pregnane
X receptor (PXR) [41], two nuclear receptors that play a fun-
damental role in xenobiotic detoxification. Importantly, these
two proteins are involved in the detoxification of more than
60% of the drugs currently available and which display consid-
erable overlap in their action [42-44]. In addition, an interac-
tion between SHP and Arnt has been also described, despite
the fact that Arnt is not a nuclear receptor. This interaction
leads to the repression of the activated AhR/Arnt heterodimer
by SHP [45].

Since CAR, PXR and AhR constitute the major part of the
response to xenobiotics, the ability of SHP to interact and thus
subsequently inactivate them, identify SHP as a major repres-
sor of the xenobiotic detoxification. Interestingly, it has been
shown that SHP mRNA showed a circadian expression pat-
tern in mouse liver, with a maximum of expression at the
end of the night which corresponds to the mouse active period
[46]. The authors speculate that this circadian expression is
directly controlled by the positive branch of the oscillator via
an interaction with the nuclear receptor LRH-1 (liver receptor
homolog-1), whereas the phase of SHP expression did not cor-
respond to the one of a classical BMALI target gene. In addi-
tion, this maximum time of expression correspond to the time
where CAR and AhR/Arnt start to show decreased expression
and also less transcriptional response to their normal activa-
tors. It seems that circadian SHP expression acts as a negative
modulator of the xenobiotic response and could play poten-
tially an important role in liver metabolism of toxic drugs by
amplifying the time-dependent response to toxic compounds.
Since SHP does still have the ability to bind a ligand, it will
be of interest to determine whether xenobiotics and/or their
metabolites can modulate SHP activity and therefore the end
of the xenobiotic response. Moreover, the recent characteriza-
tion of small molecules those are able to activate LRH-1 open
the possibility to study detoxification modulation by nuclear
receptors in a circadian manner [47]. Intriguingly, SHP was
originally described as a CYP7A1 repressor, the limiting step
of the bile acid synthesis [48,49]. Bile acids are toxic com-
pounds detoxified by CAR among other nuclear receptors
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and are involved in cholesterol metabolism [50]. Enzymes gen-
erating endogenous toxics are often call ‘“Phase 0 enzymes” by
analogy with the phase I-III detoxification systems (see
above). Based on the hopeful role of SHP, it was anticipated
that SHP and CYP7A1 rhythms will be strictly antiphasic.
However, SHP regulation by BMAL1/CLOCK and LRH-1
on one hand and CYP7A1 promoter trans-activation by
LRH-1 on the other hand seem to exclude a major role for
SHP in CYP7A1 bile acid-mediated negative feedback and
makes more likely that SHP will control CYP8B1 a down-
stream enzyme of the pathway. This can explain why SHP
transgenic mice that over express SHP do not have a smaller
bile pool as assessed by the bile acid content of the blood
[51]. It explains also why CYP7AL1 expression does not always
negatively correlate with SHP expression [52]. More research
will be required to elucidate the interactions between produc-
tion and inactivation of toxics.

4. Perturbation of the circadian clock by xenobiotics

If the impact of circadian rhythm on drug metabolism and
xenobiotic detoxification start to be described, there is also
now evidences showing perturbations of circadian rhythm by
xenobiotics [33,53-57]. Indeed, at a molecular level, xenobiotic
exposure can significantly alter the expression of circadian
clock genes by different pathways; mostly AhR and PPARa
(see Table 1). By disturbing the circadian clock, and hence cir-
cadian expression of xenobiotic metabolism and transport
genes, some drugs might modify their own metabolism, and
consequently their toxicity. Hence, WY 14643, a synthetic
PPARua ligand, could entrain the circadian clock by activation
of the Bmall promoter [53], whereas TCDD, an activator of
AhR, disrupts the circadian clock by downregulation of Perl
and Per2 expression [55].

Various other compounds that target known signaling path-
ways, such as PMA (phorbol 12-myristate 13-acetate) or for-
skolin, and are sometimes used as medical drugs can also
perturb or entrain the circadian clock [58]. In the same context,
drugs that mimic natural hormones like glucocorticoid or

Table 1
Transcriptional regulation of circadian clock genes by xenobiotics

Circadian gene Drug Receptor Reference

BMall WY14643 PPARa
TCDD AhR

Canaple et al. [53]
Miller et al. [56]

Perl FICZ AhR
TCDD AhR

Mukai and Tischkau [57]
Garrett and Gasiewicz [55]
Miller et al. [56]

Per2 TCDD AhR Garrett and Gasiewicz [55]
Fletcher et al. [33]

Per3 DEHP PPARa  Currie et al. [54]

Cryl FICZ AhR Mukai and Tischkau [57]

DEHP PPARo  Currie et al. [54]
Cry2 FICZ AhR
Dbp DEHP PPAR«

FICZ: 6-Formylindolo[3,2-b]carbazole.
TCDD: 2,3,7,8-Tetrachlorodibenzo-p-dioxin.
DEHP: Diethylhexylphtalate.

Mukai and Tischkau [57]
Currie et al. [54]
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steroid can also have strong effects on circadian gene expres-
sion [59,60]. It is also interesting to mention the possible effect
of retinoic acid in circadian regulation of detoxification. Like
other drugs or hormones cited above, retinoic acid can also
interfere with the circadian clock by inactivating the
BMALI/CLOCK or NPAS2 heterodimers after the ligand-
dependent interaction of its receptors RAR and RXR with
CLOCK or NPAS?2 [61]. In addition, RXR, as heterodimeriza-
tion partner of the nuclear receptor PPARa, CAR, and PXR,
can synergically reinforced the transcriptional activity of the
heterodimer after binding of its ligand, 9-cis-retinoic acid
[62], but not always [63]. Interestingly, the concentrations of
retinoic acid and of some of its metabolites are increased after
retinoic acid administration [64] and have been found to follow
a moderate circadian rhythm in serum [65]. RXR seems thus to
play a role in the circadian rhythm of detoxification and
administration of retinoic acid during medical treatment,
particularly of cancer [66], can both perturb circadian
rhythms and the nuclear receptor-dependent detoxification
pathways.

In all cases, if circadian rhythms have an important impact
on drug toxicity and effectiveness, the impact of drugs on cir-
cadian rhythm should be not neglected and on the other hand
can also have an influence on drug metabolism and drug/drug
deleterious interactions. By giving a rational reason to study
the interactions between circadian rhythm, administration tim-
ing of a drug and drug metabolism, studies deciphering xeno-
biotic influence on clock systems will help to define a molecular
clock-controlled pharmacology.

5. Circadian clock, detoxification and aging

It is known for decades that circadian rhythms change with
aging: absent in the newborn, they start three months after
birth, undergo changes during adolescence, stabilize in adult-
hood and deteriorated with advanced age [67,68]. As shown
in rodent, this perturbation of the circadian clock during aging
is characterized by a general alteration of the circadian expres-
sion of the circadian clock genes in the SCN and in peripheral
organs [69,70]. Interestingly, the aging-linked changes are also
described for the detoxification capacity in both rodents and
humans [71]. This decrease in detoxification efficiency seems
to be linked to a decrease in the expression of genes coding
for detoxification enzymes and their regulators [72,73].
Whereas it has not been clearly demonstrated, some evidence
suggest that this age-dependent decrease in detoxification is
related to the deterioration of circadian rhythms in aged peo-
ple, as circadian-regulated transcription factors play an impor-
tant role in xenobiotic detoxification. Moreover, it has been
shown that the life span of the nematode Caenorhabditis ele-
gans is dependent of the DAF-2/Insulin growth factor receptor
pathway that was recently described to control the expression
of genes involved in many aspects of detoxification [74].
Accordingly, a reduced activity of detoxification genes would
be expected to promote premature aging and reduced life span,
two features shared by the PARbZip and BMall deficient mice
[18,75]. It is likely, therefore, that age-dependent perturbations
of the circadian rhythms could be linked to the detoxification
capacity and thus contribute to acceleration of the aging pro-
cess.
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6. Conclusion

Recent discoveries start to reveal the molecular mechanisms
of circadian drug metabolism. Not surprisingly, this highlights
the fact that the mechanisms involved are the same as the one
implied in the metabolism of food-contained toxic compound.
As this function is one of the major functions of circadian
rhythm in living organisms, we now start to understand the
time-dependent drug toxicity and effectiveness in rodent and
human. In addition, it has been shown that xenobiotics can
perturb normal circadian rhythm by acting on circadian gene
expression. As food seems to be the major zeitgebber for most
peripheral organs [6,7], it is conceivable that food-contained
toxic compounds modulate expression of circadian clock genes
via xenobiotic-sensible transcription factors and, in turn, plays
a role in the food entrainment of the circadian oscillator. Inter-
estingly, it has been recently shown that an oscillator-indepen-
dent circadian transcription could exist, with a Heat Shock
factor 1 (HSF1)-dependent transcriptional regulation of the
mouse Per2 gene [76]. As HSF1 is known to be activated by
a wide range of stimuli including toxic compounds contained
in food [77], this possibility will have to be taken into account.

Finally, the biological consequence of xenobiotics exposure
depends on interactions between the timing of exposure and
the xenobiotic effect on circadian clock machinery. The final
goal of chronobiology is to find the optimal time to administer
drugs in order to obtain maximum efficiency with minimum
doses and side-effects. However, to reach this goal, we have
to better understand human circadian clock. Unfortunately,
determination of period length of circadian behavior and phys-
iology in human is costly and time consuming, and cannot be
realize by simple clinical test. Nevertheless, recent in vitro re-
sults show the relative easy recording of period length on cul-
tured primary fibroblasts obtained from skin punch biopsies,
using lentiviral vectors encompassing a circadian luciferase re-
porter gene [78]. These experiments revealed a high variability
in the circadian period length between human individuals
which can possibly reflect genetic variations in genes control-
ling the human circadian clock. In the same time, to personal-
ize chronotherapy and obtain better adapted treatments,
knowledge of pharmacogenomics profile of the patient will
be required. Genomic data acquired through the international
HapMap project will help in this attempt [79]. Interestingly,
this study revealed that the genes involved in detoxification
are under positive and negative selection in populations with
different diets and lifestyle, and showed that some phase
I-1IT drug-metabolizing enzymes are highly polymorphismic
[80]. Integration of genomic informations concerning circadian
rhythm and drug metabolism may lead to the understanding of
circadian xenobiotic detoxification in each individual and thus
to the formulation of novel therapeutic regimens. It will be
important to take into account the perturbations of circadian
gene expression induced by xenobiotics since they can have
harmful effects like increased predisposition to breast cancer
among women [81], or atherosclerosis in male-shift workers
[82], who together represent 10% of the working force across
the European Union.

Acknowledgements: Research in the laboratory of F.G. is supported by
INSERM (Avenir contract), Ligue Nationale Contre le cancer and
Fondation pour la Recherche Médicale. G.C. is supported by a Grant



T. Claudel et al. | FEBS Letters 581 (2007) 3626-3633

of Inserm and region Languedoc Roussillon. A.S. is supported by In-
serm. T.C. is supported by a VENI Grant from the Dutch Research
Ministry.

References

[1] Gehring, W. and Rosbash, M. (2003) The coevolution of blue-
light photoreception and circadian rhythms. Journal of Molecular
Evolution 57, S286-S289.

[2] Gachon, F., Nagoshi, E., Brown, S.A., Ripperger, J. and Schibler,
U. (2004) The mammalian circadian timing system: from gene
expression to physiology. Chromosoma 113, 103-112.

[3] Schibler, U. and Sassone-Corsi, P. (2002) A web of circadian
pacemakers. Cell 111, 919-922.

[4] Balsalobre, A., Damiola, F. and Schibler, U. (1998) A serum
shock induces circadian gene expression in mammalian tissue
culture cells. Cell 93, 929-937.

[5] Aton, S.J. and Herzog, E.D. (2005) Come together, right. . .now:
synchronization of rhythms in a mammalian circadian clock.
Neuron 48, 531-534.

[6] Damiola, F., Le Minh, N., Preitner, N., Kornmann, B., Fleury-
Olela, F. and Schibler, U. (2000) Restricted feeding uncouples
circadian oscillators in peripheral tissues from the central pace-
maker in the suprachiasmatic nucleus. Genes and Development
14, 2950-2961.

[7] Stokkan, K.-A., Yamazaki, S., Tei, H., Sakaki, Y. and Menaker,
M. (2001) Entrainment of the circadian clock in the liver by
feeding. Science 291, 490-493.

[8] Redfern, P. (2003) Chronotherapeutics, Pharmaceutical Press,
London.

[9] Xu, C., Li, C.Y. and Kong, A.N. (2005) Induction of phase I, IT
and III drug metabolism/transport by xenobiotics. Archives of
Pharmacal Research 28, 249-268.

[10] Akhtar, R.A. et al. (2002) Circadian cycling of the mouse liver
transcriptome, as revealed by cDNA microarray, is driven by the
suprachiasmatic nucleus. Current Biology 12, 540-550.

[11] Panda, S. et al. (2002) Coordinated transcription of key pathways
in the mouse by the circadian clock. Cell 109, 307-320.

[12] Storch, K.-F., Lipan, O., Leykin, I., Viswanathan, N., Davis,
F.C., Wong, W.H. and Weitz, C.J. (2002) Extensive and divergent
circadian gene expression in liver and heart. Nature 417, 78-83.

[13] Ueda, H.R. et al. (2002) A transcription factor response element
for gene expression during circadian night. Nature 418, 534-539.

[14] Gallego, M. and Virshup, D.M. (2007) Post-translational mod-
ifications regulate the ticking of the circadian clock. Nature
Reviews Molecular Cell Biology 8, 139-148.

[15] Ripperger, J.A. (2006) Mapping of binding regions for the

circadian regulators BMAL1 and CLOCK within the mouse

REV-ERBua gene. Chronobiology International 23, 135-142.

Ripperger, J.A. and Schibler, U. (2006) Rhythmic CLOCK-

BMALLI binding to multiple E-box motifs drives circadian Dbp

transcription and chromatin transitions. Nature Genetics 38, 369—

374.

Preitner, N., Damiola, F., Luis-Lopez-Molina, Zakany, J.,

Duboule, D., Albrecht, U. and Schibler, U. (2002) The orphan

nuclear receptor REV-ERBo controls circadian transcription

within the positive limb of the mammalian circadian oscillator.

Cell 110, 251-260.

Gachon, F., Fleury Olela, F., Schaad, O., Descombes, P. and

Schibler, U. (2006) The circadian PAR-domain basic leucine

zipper transcription factors DBP, TEF, and HLF modulate basal

and inducible xenobiotic detoxification. Cell Metabolism 4, 25—

36.

Gachon, F. et al. (2004) The loss of circadian PARbZip

transcription factors results in epilepsy. Genes and Development

18, 1397-1412.

Falvey, E., Marcacci, L. and Schibler, U. (1996) DNA-binding

specificity of PAR and C/EBP leucine zipper proteins: a single

amino acid substitution in the C/EBP DNA-binding domain

confers PAR-like specificity to C/EBP. Biological Chemistry 377,

797-809.

Falvey, E., Fleury-Olela, F. and Schibler, U. (1995) The rat

hepatic leukemia factor (HLF) gene encodes two transcriptional

[16

[17

[18

[19

[20

21

3631

activators with distinct circadian rhythms, tissue distributions and
target preferences. EMBO Journal 14, 4307-4317.

[22] Qatanani, M. and Moore, D.D. (2005) CAR, The continuously
advancing receptor, in drug metabolism and disease. Current
Drug Metabolism 6, 329-339.

[23] Gorbacheva, V.Y., Kondratov, R.V., Zhang, R., Cherukuri, S.,
Gudkov, A.V., Takahashi, J.S. and Antoch, M.P. (2005) Circa-
dian sensitivity to the chemotherapeutic agent cyclophosphamide
depends on the functional status of the CLOCK/BMALI trans-
activation complex. PNAS 102, 3407-3412.

[24] Ripperger, J.A., Shearman, L.P., Reppert, S.M. and Schibler, U.
(2000) CLOCK, an essential pacemaker component, controls
expression of the circadian transcription factor DBP. Genes and
Development 14, 679-689.

[25] Johnson, E.F., Hsu, M.-H., Savas, U. and Griffin, K.J. (2002)
Regulation of P450 4A expression by peroxisome proliferator-
activated receptors. Toxicology 181-182, 203-206.

[26] Barbier, O., Duran-Sandoval, D., Pineda-Torra, 1., Kosykh, V.,
Fruchart, J.-C. and Staels, B. (2003) Peroxisome proliferator-
activated receptor {alpha} induces hepatic expression of the
human bile acid glucuronidating UDP-glucuronosyltransferase
2B4 enzyme. Journal of Biological Chemistry 278, 32852-32860.

[27] Senekeo-Effenberger, K. et al. (2007) Expression of the human
UGT]1 locus in transgenic mice by WY-14643 and implications on
drug metabolism through PPAR {alpha} activation. Drug Metab-
olism and Disposition 35, 419-427.

[28] Lefebvre, P., Chinetti, G., Fruchart, J.-C. and Staels, B. (2006)
Sorting out the roles of PPAR {alpha} in energy metabolism and
vascular homeostasis. Journal of Clinical Investigation 116, 571—
580.

[29] Motojima, K. and Hirai, T. (2006) Peroxisome proliferator-
activated receptor alpha plays a vital role in inducing a
detoxification system against plant compounds with crosstalk
with other xenobiotic nuclear receptors. FEBS Journal 273, 292—
300.

[30] Lemberger, T., Saladin, R., Vazquez, M., Assimacopoulos, F.,
Staels, B., Desvergne, B., Wahli, W. and Auwerx, J. (1996)
Expression of the peroxisome proliferator-activated receptor
alpha gene is stimulated by stress and follows a diurnal rhythm.
Journal of Biological Chemistry 271, 1764-1769.

[31] Oishi, K., Shirai, H. and Ishida, N. (2005) CLOCK is involved in
the circadian trans-activation of peroxisome proliferator-activated
receptor a (PPARa) in mice. Biochemical Journal 386, 575-581.

[32] Bock, K.W. and Kohle, C. (2006) Ah receptor: dioxin-mediated
toxic responses as hints to deregulated physiologic functions.
Biochemical Pharmacology 72, 393-404.

[33] Fletcher, N., Wahlstrom, D., Lundberg, R., Nilsson, C.B.,
Nilsson, K.C., Stockling, K., Hellmold, H. and Hakansson, H.
(2005) 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) alters the
mRNA expression of critical genes associated with cholesterol
metabolism, bile acid biosynthesis, and bile transport in rat liver:
a microarray study. Toxicology and Applied Pharmacology 207,
1-24.

[34] Ramadoss, P., Marcus, C. and Perdew, G.H. (2005) Role of the
aryl hydrocarbon receptor in drug metabolism. Expert Opinion
on Drug Metabolism and Toxicology 1, 9-21.

[35] Denison, M.S. and Nagy, S.R. (2003) Activation of the aryl
hydrocarbon receptor by structurally diverse exogenous and
endogenous chemicals. Annual Review of Pharmacology and
Toxicology 43, 309-334.

[36] Richardson, V.M., Santostefano, M.J. and Birnbaum, L.S. (1998)
Daily cycle of bHLH-PAS proteins, Ah receptor and Arnt, in
multiple tissues of female Sprague-Dawley rats. Biochemical and
Biophysical Research Communications 252, 225-231.

[37] Huang, P., Ceccatelli, S. and Rannug, A. (2002) A study on
diurnal mRNA expression of CYP1A1, AHR, ARNT, and PER2
in rat pituitary and liver. Environmental Toxicology and Phar-
macology 11, 119-126.

[38] Seol, W., Choi, H.S. and Moore, D.D. (1996) An orphan nuclear
hormone receptor that lacks a DNA binding domain and
heterodimerizes with other receptors. Science 272, 1336-1339.

[39] Seol, W., Hanstein, B., Brown, M. and Moore, D.D. (1998)
Inhibition of estrogen receptor action by the orphan receptor SHP
(Short Heterodimer Partner). Molecular Endocrinology 12, 1551
1557.



3632

[40]

[41]

[42]

[43

(44]

[45

[40]

[47

(48]

[49]

(50]

(511

[52]

(53]

[54]

[55

[50]

Bae, Y., Kemper, J.K. and Kemper, B. (2004) Repression of
CAR-mediated frans-activation of CYP2B genes by the orphan
nuclear receptor, short heterodimer partner (SHP). DNA and Cell
Biology 23, 81-91.

Ourlin, J.C., Lasserre, F., Pineau, T., Fabre, J. M., Sa-Cunha, A.,
Maurel, P., Vilarem, M.-J. and Pascussi, J.M. (2003) The small
heterodimer partner interacts with the pregnane X receptor and
represses its transcriptional activity. Molecular Endocrinology 17,
1693-1703.

Handschin, C. and Meyer, U.A. (2003) Induction of drug
metabolism: the role of nuclear receptors. Pharmacological
Reviews 55, 649-673.

Maglich, J.M., Stoltz, C.M., Goodwin, B., Hawkins-Brown, D.,
Moore, J.T. and Kliewer, S.A. (2002) Nuclear pregnane X
receptor and constitutive androstane receptor regulate overlap-
ping but distinct sets of genes involved in xenobiotic detoxifica-
tion. Molecular Pharmacology 62, 638-646.

Wei, P., Zhang, J., Dowhan, D.H., Han, Y. and Moore, D.D.
(2002) Specific and overlapping functions of the nuclear hormone
receptors CAR and PXR in xenobiotic response. Pharmacoge-
nomics Journal 2, 117-126.

Klinge, C.M., Jernigan, S.C., Risinger, K.E., Lee, J.E., Tyulmen-
kov, V.V., Falkner, K.C. and Prough, R.A. (2001) Short
heterodimer partner (SHP) Orphan nuclear receptor inhibits the
transcriptional activity of aryl hydrocarbon receptor (AHR)/
AHR nuclear translocator (ARNT). Archives of Biochemistry
and Biophysics 390, 64-70.

Oiwa, A., Kakizawa, T., Miyamoto, T., Yamashita, K., Jiang,
W., Takeda, T., Suzuki, S. and Hashizume, K. (2007) Synergistic
regulation of the mouse orphan nuclear receptor SHP gene
promoter by CLOCK-BMALI and LRH-1. Biochemical and
Biophysical Research Communications 353, 895-901.

Whitby, R.J., Dixon, S., Maloney, P.R., Delerive, P., Goodwin,
B.J., Parks, D.J. and Willson, T.M. (2006) Identification of small
molecule agonists of the orphan nuclear receptors liver receptor
homolog-1 and steroidogenic factor-1. Journal of Medicinal
Chemistry 49, 6652-6655.

Goodwin, B. et al. (2000) A regulatory cascade of the nuclear
receptors FXR, SHP-1, and LRH-1 represses bile acid biosyn-
thesis. Molecular Cell 6, 517-526.

Lu, T.T., Makishima, M., Repa, J.J., Schoonjans, K., Kerr, T.A.,
Auwerx, J. and Mangelsdorf, D.J. (2000) Molecular basis for
feedback regulation of bile acid synthesis by nuclear receptors.
Molecular Cell 6, 507-515.

Claudel, T., Staels, B. and Kuipers, F. (2005) The farnesoid X
receptor: a molecular link between bile acid and lipid and glucose
metabolism. Arteriosclerosis Thrombosis and Vascular Biology
25, 2020-2030.

Boulias, K., Katrakili, N., Bamberg, K., Underhill, P., Greenfield,
A. and Talianidis, I. (2005) Regulation of hepatic metabolic
pathways by the orphan nuclear receptor SHP. EMBO Journal
24, 2624-2633.

Del Bas, J.M., Fernandez-Larrea, J., Blay, M., Ardevol, A.,
Salvado, M.J., Arola, L. and Blade, C. (2005) Grape seed
procyanidins improve atherosclerotic risk index and induce liver
CYP7A1 and SHP expression in healthy rats. The FASEB
Journal 419, 479-481.

Canaple, L. et al. (2006) Reciprocal regulation of brain and
muscle Arnt-like protein 1 and peroxisome proliferator-activated
receptor {alpha} defines a novel positive feedback loop in the
rodent liver circadian clock. Molecular Endocrinology 20, 1715—
1727.

Currie, R.A. et al. (2005) Gene ontology mapping as an unbiased
method for identifying molecular pathways and processes affected
by toxicant exposure: application to acute effects caused by the
rodent non-genotoxic carcinogen diethylhexylphthalate. Toxico-
logical Sciences 86, 453-469.

Garrett, R.W. and Gasiewicz, T.A. (2006) The aryl hydrocarbon
receptor agonist 2,3,7,8-tetrachlorodibenzo-p-dioxin alters the
circadian rhythms, quiescence, and expression of clock genes in
murine hematopoietic stem and progenitor cells. Molecular
Pharmacology 69, 2076-2083.

Miller, J.D., Settachan, D., Frame, L.T. and Dickerson, R.L.
(1999) 2,3,7,8-Tetrachlorodibenzo-p-dioxin phase advances the
deer mouse (Peromyscus Maniculatus) circadian rhythm by

(571

(58]

[59]

[60]

[61]

[62]

[63]

[64]

(65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

T. Claudel et al. | FEBS Letters 581 (2007) 3626-3633

altering expression of clock proteins. Organohalogen Compounds
42, 23-28.

Mukai, M. and Tischkau, S.A. (2007) Effects of tryptophan
photoproducts in the circadian timing system: searching for a
physiological role for aryl hydrocarbon receptor. Toxicological
Sciences 95, 172-181.

Balsalobre, A., Marcacci, L. and Schibler, U. (2000) Multiple
signaling pathways elicit circadian gene expression in cultured
Rat-1 fibroblasts. Current Biology 10, 1291-1294.

Balsalobre, A., Brown, S.A., Marcacci, L., Tronche, F., Kellen-
donk, C., Reichardt, H.M., Schutz, G. and Schibler, U. (2000)
Resetting of circadian time in peripheral tissues by glucocorticoid
signaling. Science 289, 2344-2347.

Nakamura, T.J., Moriya, T., Inoue, S., Shimazoe, T., Watanabe,
S., Ebihara, S. and Shinohara, K. (2005) Estrogen differentially
regulates expression of Perl and Per2 genes between central and
peripheral clocks and between reproductive and non-reproductive
tissues in female rats. Journal of Neuroscience Research 82, 622—
630.

McNamara, P., Seo, S.-B., Rudic, R.D., Sehgal, A., Chakravarti,
D. and FitzGerald, G.A. (2001) Regulation of CLOCK and
MOP4 by nuclear hormone receptors in the vasculature: a
humoral mechanism to reset a peripheral clock. Cell 105, 877-889.
Germain, P. et al. (2006) International union of pharmacology.
LXIII. Retinoid X receptors. Pharmacological Reviews 58, 760—
772.

Kakizaki, S., Karami, S. and Negishi, M. (2002) Retinoic acids
repress constitutive active receptor-mediated induction by 1,4-
bis[2-(3,5-dichloropyridyloxy)]benzene of the Cyp2bl0 gene in
mouse primary hepatocytes. Drug Metabolism and Disposition
30, 208-211.

Saadeddin, A., Torres-Molina, F., Carcel-Trullols, J., Araico, A.
and Peris, J.-E. (2004) Pharmacokinetics of the time-dependent
elimination of all-trans-retinoic acid in rats. AAPS Pharmscience
6, 1-9.

Soderlund, M.B., Sjoberg, A., Svard, G., Fex, G. and Nilsson-
Ehle, P. (2002) Biological variation of retinoids in man.
Scandinavian Journal of Clinical and Laboratory Investigation
62, 511-519.

Buletic, Z., Soprano, K.J. and Soprano, D.R. (2006) Retinoid
targets for the treatment of cancer. Critical Reviews in Eukaryotic
Gene Expression 16, 193-210.

Garcia, J., Rosen, G. and Mahowald, M. (2001) Circadian
rhythms and circadian rhythm disorders in children and adoles-
cents. Seminars in Pediatric Neurology 8, 229-240.

Hofman, M.A. and Swaab, D.F. (2006) Living by the clock: the
circadian pacemaker in older people. Ageing Research Reviews 5,
33-51.

Claustrat, F., Fournier, I., Geelen, G., Brun, J., Corman, B. and
Claustrat, B. (2005) Vieillissement et expression des genes de
I’horloge circadienne dans les tissus peripheriques chez le rat.
Pathologie Biologie 53, 257-260.

Kolker, D.E., Fukuyama, H., Huang, D.S., Takahashi, J.S.,
Horton, T.H. and Turek, F.W. (2003) Aging alters circadian and
light-induced expression of clock genes in golden hamsters.
Journal of Biological Rhythms 18, 159-169.

Strolin Benedetti, M., Whomsley, R. and Baltes, E.L. (2005)
Differences in absorption, distribution, metabolism and excretion
of xenobiotics between the paediatric and adult populations.
Expert Opinion on Drug Metabolism and Toxicology 1, 447-471.
Cho, Y.-M., Bae, S.-H., Choi, B.-K., Cho, S.Y., Song, C.-W.,
Yoo, J.-K. and Paik, Y.-K. (2003) Differential expression of the
liver proteome in senescence accelerated mice. Proteomics 3,
1883-1894.

Mikhailova, O.N., Gulyaeva, L.F. and Filipenko, M.L. (2005)
Gene expression of drug metabolizing enzymes in adult and aged
mouse liver: a modulation by immobilization stress. Toxicology
210, 189-196.

Gems, D. and McElwee, J.J. (2005) Broad spectrum detoxifica-
tion: the major longevity assurance process regulated by insulin/
IGF-1 signaling? Mechanisms of Ageing and Development 126,
381-387.

Kondratov, R.V., Kondratova, A.A., Gorbacheva, V.Y., Vykh-
ovanets, O.V. and Antoch, M.P. (2006) Early aging and age-
related pathologies in mice deficient in BMALI, the core



T. Claudel et al. | FEBS Letters 581 (2007) 3626-3633

[76]

(771

(78]

component of the circadian clock. Genes and Development 20,
1868-1873.

Kornmann, B., Schaad, O., Bujard, H., Takahashi, J.S. and
Schibler, U. (2007) System-driven and oscillator-dependent cir-
cadian transcription in mice with a conditionally active liver
clock. PLoS Biology 5, 179-189.

Katsuki, K., Fujimoto, M., Zhang, X.-Y., Izu, H., Takaki, E.,
Tanizawa, Y., Inouye, S. and Nakai, A. (2004) Feeding induces
expression of heat shock proteins that reduce oxidative stress.
FEBS Letters 571, 187-191.

Brown, S.A. et al. (2005) The period length of fibroblast circadian
gene expression varies widely among human individuals. PLoS
Biology 3, 1813-1818.

3633

[79] The International HapMap Consortium (2005) A haplotype map
of the human genome. Nature 437, 1299-1320.

[80] Iida, A., Saito, S., Sekine, A., Takahashi, A., Kamatani, N. and
Nakamura, Y. (2006) Japanese single nucleotide polymorphism
database for 267 possible drug-related genes. Cancer Science 97,
16-24.

[81] Hansen, J. (2001) Increased breast cancer risk among women who
work predominantly at night. Epidemiology 12, 74-77.

[82] Karlsson, B.H., Knutsson, A.K., Lindahl, B.O. and Alfredsson,
L.S. (2003) Metabolic disturbances in male workers with rotating
three-shift work. Results of the WOLF study. International
Archives of Occupational and Environmental Health 76, 424—
430.



	Crosstalk between xenobiotics metabolism and circadian clock
	Introduction
	Control of circadian genes expression
	Circadian transcription factors and detoxification
	PARbZip transcription factors
	Peroxisome proliferator activated receptor  alpha 
	Aryl hydrocarbon receptor
	Small heterodimer partner

	Perturbation of the circadian clock by xenobiotics
	Circadian clock, detoxification and aging
	Conclusion
	Acknowledgements
	References


