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The relevance of P-glycoprotein (P-gp) for irinotecan chronopharmacology was investigated in female B6D2F1
mice. A three-fold 24 h change in the mRNA expression of Abcb1b was demonstrated in ileum mucosa, with a
maximum at Zeitgeber Time (ZT) 15 (p b 0.001). No rhythm was found for abcb1a in ileum mucosa, or for
Abcb1a/b in Glasgow osteosarcoma (GOS), a mouse tumor cell line moderately sensitive to irinotecan. Non-
tumor-bearing mice received irinotecan (50 mg/kg/day i.v. × 4 days) as a single agent or combined with P-gp
inhibitor PSC833 (6.25 mg/kg/day i.p. × 4 days) at ZT3 or ZT15, respectively corresponding to the worst or the
best irinotecan tolerability. Endpoints involved survival, body weight change and hematologic toxicity. Antitu-
mor efficacy was studied in GOS-bearing mice receiving irinotecan (25, 30 or 40 mg/kg/day × 4 days)
and +/−PSC833 at ZT3 or ZT15, with survival, body weight change, and tumor growth inhibition as endpoints.
Non-tumor bearingmice lost an average of 17% or 9% of their bodyweight according to irinotecan administration
at ZT3 or ZT15 respectively (p b 0.001). Dosing at ZT15 rather than ZT3 reduced mean leucopenia (9% vs 53%;
p b 0.001). PSC833 aggravated irinotecan lethal toxicity from 4 to ~60%. In tumor-bearing mice, body weight
loss was ~halved in the mice on irinotecan or irinotecan–PSC833 combination at ZT15 as compared to ZT3
(p b 0.001). PSC833–irinotecan at ZT15 increased tumor inhibition by ~40% as compared to irinotecan only at
ZT15. In conclusion, P-gp was an important determinant of the circadian balance between toxicity and efficacy
of irinotecan.

© 2013 Elsevier Inc. All rights reserved.

Introduction

The circadian timing of forty anticancermedications largely and pre-
dictably modified treatment tolerability and/or efficacy in experimental
models. These findings led to the concept of chronotherapy through op-
timized circadian drug delivery (Lévi, 2006; Lévi and Okyar, 2011; Lévi
et al., 2010). Improved outcomes on chronotherapy resulted from the
circadian coordination of most determinants of drug effects, including
the 24 h rhythmic changes in drug metabolism and detoxification, cell
proliferation, DNA repair and apoptosis (Lévi and Okyar, 2011; Lévi
et al., 2010). The clinical relevance of these findings was illustrated
mostly in patients receiving oxaliplatin, 5-fluorouracil and leucovorin
as first line treatment for metastatic colorectal cancer. Thus, tolerability
was improved nearly 5-fold and antitumor activity was nearly doubled
with a fixed chronotherapy schedule as compared to constant rate infu-
sion (Lévi et al., 1997, 2007, 2008). A recent meta-analysis of three in-
ternational randomized trials further revealed a statistically significant

survival prolongation for men on this chronotherapy schedule as
compared to conventional delivery, while the opposite was found
for women (Giacchetti et al., 2012). The results supported sex-
dependent differences in optimal chemotherapy timing and dose levels
(Giacchetti et al., 2012; Lévi et al., 2007).

Irinotecan [7-ethyl-10-[4-(1-piperidino)-1-piperidino]-carbonyloxy-
camptothecin] is a broadly used anticancer agent which is effective in
patients with gastro-intestinal malignancies. The drug however trig-
gered severe and unpredictable hematological, intestinal or systemic
toxicities, which were detrimental to the patient quality of life, and im-
paired treatment safety and compliance (Innocenti and Ratain, 2003).
Circadian timing profoundly altered irinotecan tolerability and antitu-
mor efficacy. Notably, irinotecan dosing in themid to late rest span (Zeit-
geber Time, ZT7 to ZT11) proved to be least toxic and most effective in
male ICR or male B6D2F1 mice (Filipski et al., 2004; Granda et al., 2002;
Ohdo et al., 1997). In contrast, the circadian times associated with the
best and the worst tolerability in female B6D2F1 were located in the
first half of the dark span (ZT15) and in the early rest span (ZT3) respec-
tively (Ahowesso et al., 2011; Li et al. 2013; Okyar et al., 2011). Irinotecan
detoxification involves the active drug efflux from cells through ATP-
binding cassette (ABC) transporters, especially P-glycoprotein (P-gp,
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also designated as abcb1a and abc1b in mice and ABCB1 in humans) and
Multidrug Resistance Associated Protein 2 (MRP2, also designated as
Abcc2 in mice and ABCC2 in humans). In prior work, we showed that
Abcc2mRNA and protein expression patterns displayed robust circadian
rhythms in mouse ileum mucosa that moderated irinotecan tolerability
(Okyar et al., 2011).

P-gp was detected inmany organs, yet its expression in liver and in-
testine played a critical role for irinotecan excretion and metabolism
(Innocenti and Ratain, 2003). A few reports suggested a circadian regu-
lation of P-gp in healthy mouse tissues. Thus, the mRNA expression of
Abcb1a displayed a 24 h rhythm in total jejunum and liver of male
C57BL/6J (Ando et al., 2005), in the liver of male C57BL/6 (Zhang et al.,
2009) and in the ileum mucosa of male B6D2F1 (Okyar et al., unpub-
lished data). Moreover, circadian changes were recently demonstrated
for the functional activity of P-gp in rat jejunum and ileum, with P-gp-
dependent intestinal secretion being highest during the dark span as
compared to the light span (Okyar et al., 2012). Recent articles further
emphasized the occurrence of a control of efflux transporter gene ex-
pression by the molecular clock (Ballesta et al., 2011; Claudel et al.,
2007; Gachon et al., 2006; Lévi and Schibler, 2007; Lévi et al., 2010).
Convincing evidence was further offered regarding the molecular regu-
lation of Abcb1a by clock-controlled transcription factors HLF and E4BP4
along the circadian time scale in the small intestine of male C57BL/6J
mice (Murakami et al., 2008).

Here, the mRNA expression of P-gp was first determined in the
ileum mucosa of female B6D2F1 mice at ZT3 and ZT15 which in this
mouse strain and gender corresponded to the best and the worst
irinotecan tolerability, respectively (Ahowesso et al., 2011). P-gp
mRNA expression was also assessed in early or late stage Glasgow oste-
osarcoma (GOS), following its inoculation to B6D2F1 female mice. In-
deed, GOS lacked coordinated molecular clocks at tumor tissue level
following transplantation intomalemice (Filipski et al., 2005). However
a circadian rhythm in themRNA expression of ABCB1was previously re-
ported in synchronized and confluent human colorectal cancer (Caco-2)
cells (Lévi et al., 2010). Thus, a possible circadian control of P-gp was
here investigated in synchronized GOS cell cultures, using Per2::Luc
GOS cells. GOS was chosen as a relevant tumor model, since it was ini-
tially used for probing the experimental activity of irinotecan (Bissery
et al., 1996). This tumor displayed moderate circadian-dependent sus-
ceptibility to single agent irinotecan (Granda et al., 2002).

PSC833 (PSC), a second generation, a highly potent and selective in-
hibitor of P-gp in vitro (Johnson et al., 2003; Achira et al., 1999), ex vivo
(Okyar et al., 2012), and in vivo (Kemper et al., 2003; Tai, 2000)was used
as a pharmacological tool for probing the contribution of P-gp to
irinotecan chronotherapy in female B6D2F1 mice. PSC reverted the P-
gp dependent multidrug resistance phenotype in several in vitro and
in vivo tumor models (Cagliero et al., 2004; Krishna and Mayer, 1999;
Page et al., 2000;Watanabe et al., 1995). However, the role of P-gp inhib-
itors as possible amplifiers of cancer chronotherapy has not yet been re-
ported. PSC addition was first tested on irinotecan chronotoxicity in
healthy mice. Systemic, bone marrow, ileum, colon and liver toxicities
were evaluated. The relevance of dosing time, irinotecan dose and PSC
addition were then assessed in mice with early stage GOS.

Materials and methods

Animals and circadian synchronization. The study was conducted in ac-
cordance with the guidelines approved for animal experimental proce-
dures by the French Ethical Committee (decree 87-848). All the
experiments involved female B6D2F1 mice which were 7 weeks of age
upon arrival from the breeder (Janvier, Le Genest St Isle, France). All
themice were housed under a 12/12 light/dark cycle in an autonomous
chronobiological facility (Jouan-Thermo Electron LED S.A.S., Saint-
Herblain, France) with food and water ad libitum for 3 weeks prior to
any intervention. Each facility was equipped with temperature control
(23 ± 1 °C) and comprised four or six compartments, each one being

provided with separate filtered air (100 ± 10 l/min) and individual
lighting regimen. Light intensity at cage level ranged from 220 to
315 lux. All the manipulations during the dark phase were performed
under dim red light (7 lux).

Drugs. IrinotecanHCl (Chemos GmbH, Regenstauf-Germany)was dilut-
ed in sterile isotonic NaCl solution on each study day, prior to injections.
The final drug solution was injected intravenously (i.v.) into the right
retro-orbital venous sinus (Filipski et al., 2004). Irinotecanwas adminis-
tered once daily for 4 consecutive days (d1 to d4) at the ZT correspond-
ing to the best or the worst tolerability, (i.e. ZT15 or ZT3) as established
previously (Ahowesso et al., 2011; Okyar et al., 2011). Irinotecan doses
ranged from 25 to 50 mg/kg/day according to experiment. PSC (a kind
gift from P. Krajcsi, Solvo, Budapest, Hungary) was administered via in-
traperitoneal (i.p.) injection at a dose of 6.25 mg/kg/day for 4 days, 1 h
before irinotecan injection. PSC dose was determined according to
pervious study by Song et al. (1999) and based on our preliminary
experiments.

Tumor model. Mouse GOS tumor cells were provided by the Research
Center of Aventis Pharma (Vitry sur Seine, France). For the in vivo ex-
periments, GOS fragments (~4 × 4 × 4 mm3) were prepared following
tumor excision from a donor mouse (Tampellini et al., 1998). One frag-
ment was inoculated subcutaneously in each flank of female C57BL/6
mice aged 7 weeks.

For the in vitro experiments, the original GOS cell line was modified
through stable introduction of a luciferase reporter gene under the con-
trol of the Per2 promoter (1.5 kb upstream of the ATG start codon and
containing the important e-Box sequences).

Mouse Per2::Luc GOS cells were cultured in minimum essential me-
dium alpha (MEMα, Invitrogen, France), supplemented with penicillin
(100 U/l), streptomycin (100 μg/ml), glutamine (2 mM, Fischer Scien-
tific, France) and 10% of fetal bovine serum (FBS) (Dutscher, France).
The cells weremaintained at 37 °C in a humidified atmosphere contain-
ing 5% CO2. After one night incubation, cells were synchronized with
100 nMdexamethasone (Dex) (Sigma, Aldrich, France) dissolved in ab-
solute ethanol (final ethanol concentration of 0.001%) for 2 h. The cells
were then washed with 1 ml phosphate buffered saline (PBS) and the
medium was replaced with a fresh one without Dex. Dex exposure
onset was defined as Circadian Time 0 (CT0).

In order to identify any circadianpattern in clock genePer2 transcrip-
tional activity, 3 × 104 GOS cells per 35-mm Petri dishes (one Petri dish
for non-synchronized and three Petri dishes for synchronized cell popu-
lations) were seeded and incubated one night prior to the experiment.
Before recording, cells were treated with Dex for 2 h. 0.1 μM luciferine
(Promega, France) was added to the culture medium, upon completion
of Dex exposure. Bioluminescence from each Petri dish was recorded as
photon counts/s every 10 min for 96 h in a LumiCycle32 (Actimetrics,
USA), a 32-channel automated luminometer placedwithin a 37 °C incu-
bator in a temperature-controlled room.

Abcb1a and Abcb1b mRNA expression patterns in ileum mucosa and
GOS. Ileummucosa sampleswere removed immediately after euthaniz-
ing mice at ZT3 or ZT15, then frozen in liquid nitrogen and stored at
−80 °C. Abcb1a and Abcb1b mRNA levels were measured by quantita-
tive real time polymerase chain reaction (qRT-PCR).

P-gp expression was determined in GOS tumors by determining
Abcb1a and Abcb1b mRNA expression levels. Tumors were sampled at
ZT5 nine days after subcutaneous tumor inoculation at ZT3, and proc-
essed for qRT-PCR as above described.

Possibly rhythmic expression of Abcb1a and Abcb1b was further
sought in synchronized cultures of proliferating Per2::Luc GOS cells.
9 × 104 cells per 60-mmPetri dishwere seeded as previously described.
Cells were scraped from three different Petri dishes in lysis solution
solution (4 M guanosine isothiocyanate + 0.75 M sodium citrate +
N-lauryl sarcosine 10% + 0.1 M β-mercaptoethanol) and frozen at
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−80 °C every 4 h for 48 h. Total RNAwas purified using the method of
Chomczynski and Sacchi (2006) and stored at−80 °C until use.

PCR was performed with a LightCycler 480 (Roche, Meylan, France)
using SYBR green I dye detection according to the manufacturer's rec-
ommendations. cDNA was added to a reaction mixture (Faststart DNA
SYBR Green I; Roche Diagnostics, Meylan, France) with appropriate
primers at 0.5 μM each. Relative mRNA abundance was calculated
using a standard curve method. Expression levels were normalized to
the levels of the constitutively and non-rhythmically expressed 36B4.
The following primers were used for Abcb1a (forward, 5′-CCA TGC
TGA GAC AGG ATG TGA-3′ and reverse, 5′-TCC TGC TAT CGC AAT GAT
GG-3′); for Abcb1b, (forward, 5′-CCA TGG CTG GAT CAG TGT TTC-3′
and reverse, 5′-CAG GCA GTG AGT CGA TGA AC-3′.); for 36B4, forward
5′-GCT GAT GGG CAA GAA CAC CA-3′ and reverse 5′–CCC AAA GCC
TGG AAG AAG GA-3′.

Circadian dependent toxicities of irinotecan as single agent or combined
with PSC in healthy mice. A total of 60 mice received four consecutive
daily injections of irinotecan (50 mg/kg/day on d1 to d4) with or with-
out PSC (6.25 mg/kg/day), either at ZT3 or at ZT15. At each ZT, 12 mice
received single agent irinotecan, and 12 mice received the drug combi-
nation. In addition, 3mice received PSC only and 3mice received vehicle
only as controls for each ZT. Body weight and survival were recorded
daily during 6 days. Body weight change was computed relative to its
pretreatment value at the same ZT. This biomarker reliably evaluated
circadian changes in the toxicity of several anticancer drugs, including
irinotecan (Filipski et al., 2004; Ohdo et al., 1997).

Hematologic and intestinal toxicities. Right retro-orbital sinus blood was
sampled on EDTA at ZT3 or ZT15 on d6, i.e. 2 days after irinotecan treat-
ment completion. Circulating leukocytes and bone marrow nucleated
cells were counted (Filipski et al., 2004). The upper femoral head, as
well as a segment of ileum and colon and a liver lobe were sampled at
ZT3 or ZT15, fixed, sliced and stained with hematoxylin–eosin (H&E)
as described previously (Okyar et al., 2011). All tissue samples were ex-
amined by the same senior histopathologist. Bone marrow toxicity was
graded as 0 (no lesion), 1 (congestion), 2 (mild cytopenia) and 3 (cellu-
lar necrosis). Ileumand colonmucosa lesionswere graded as 0 (none), 1
(moderate) or 2 (severe).

Circadian dependent antitumor efficacy. A total of 84 mice were inocu-
lated with a ~4 × 4 × 4 mm3 subcutaneous GOS implant in each
flank, using a 12-gauge trocar. The mice received irinotecan (25, 30
or 40 mg/kg/day for 4 days) starting 5 days after tumor inoculation
(d5–8). Irinotecan was combined with PSC or not. There were 6 mice
for each dose, administration time (ZT3 and ZT15) and treatment mo-
dality (single agent irinotecan or combined irinotecan–PSC). Six control
mice in each ZT received vehicle with or without prior PSC. Mortality
was recorded daily. Body weight wasmeasured and tumor size was de-
termined at the time of injectionwith a caliper during treatment (daily)
and after (3 times a week) the treatment period. Tumor weights (mg)
were estimated from two perpendicular measurements (mm), as de-
scribed by Tampellini et al. (1998).

Statistical analyses. Means and SEM were calculated for each study var-
iable. Differences in mRNA expression level of Abcb1a and Abcb1b ac-
cording to ZTs and CTs were validated using analyses of variance
(ANOVA). The statistical significance of a sinusoidal rhythm in mRNA
expressions was further assessed with Cosinor analysis (De Prins and
Hecquet, 1992). The input period was 24 h for those data obtained
in mice synchronized with LD12:12, or the dominant period was com-
puted with spectral analysis for the in vitro data as described below.

Bioluminescence time series were first imported into Lumicycle
analysis program (Actimetrics, USA). Due to high initial transients of lu-
minescence after medium change, the first 12 h of data was excluded
from analysis. A linear baseline trend was subtracted from raw data

(polynomial order = 1). Detrended data (counts/s) were plotted
against time (h) in culture. The spectrum was determined by spectral
analysis (FFT, Fast Fourier Transform) from the original signal for the
non-synchronized cell culture dish, and for the three synchronized cell
culture dishes. The corresponding period for the highest harmonic
was computed, and used as input for Cosinor. The spectrum and corre-
sponding period for the two apparent cycles were also determined for
each cell culture dish in order to validate the dominant period according
to all signals. This periodwas also used as an input one for Cosinor anal-
ysis of the in vitro Abcb1a and Abcb1b data.

Whenever the probability of the rejection of a non-null amplitude
with Cosinor was b5%, this linear least squares method yielded the pa-
rameters of the fitted cosine function best approximating all data with
their 95% confidence limits, including the mesor (rhythm-adjusted
mean), the amplitude (half the difference between the minimum and
the maximum of best-fitting cosine function), and the acrophase (Ø,
time of maximum). Incidence data were compared byχ2 test. All statis-
tical tests were two-sided and performed using PASW Statistics 18 soft-
ware (SPSS Inc. Chicago, IL).

Results

Gene and tissue specificity of circadian control of P-gp expression

Time dependent changes in P-gp mRNA expression were found in
the ileum mucosa of female mice. GOS tumor expressed both isoforms
of P-gp, i.e., Abcb1a and Abcb1b, following the subcutaneous tumor inoc-
ulation in mice.

Abcb1b expression displayed large and statistically significant three-
fold circadian changes in ileum mucosa (p from ANOVA = 0.03). Mean
values were highest at ZT15 and lowest at ZT3. In contrast, no significant
time-dependent variation was found for Abcb1a (p = 0.46) (Fig. 1). The
mRNA expression of Abcb1bwas several folds as high as that of Abcb1a
both in ileum mucosa and in GOS tumor in vivo. Thus, the respective
24 h means of Abcb1b and Abcb1amRNA expressions were 4.91 ± 1.18
and 2.41 ± 0.52 in the ileum mucosa (p from ANOVA = 0.06), and
3.17 ± 1.16 and 0.48 ± 0.04 in GOS tumors sampled at ZT5 (p b 0.001).

The possible circadian dependency of Abcb1a and Abcb1b in GOS
cells (in vitro) was explored in dex-synchronized cultures of Per2::Luc
GOS cells. First, a circadian rhythm with a dominant 28 h period was
demonstrated with FFT of detrended data for Per2 bioluminescence in
each of the three synchronized cell culture dishes. The three sinusoidal
patterns were validated with cosinor (p b 0.0001), with similar
acrophases clustered around CT3:50 modulo 28 h (Fig. 2, upper panel).

Despite the adequate circadian synchronization of Per2::luc GOS
cells, no time dependency or rhythmic pattern was found for Abcb1a
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andAbcb1b (Fig. 2, lower panel) (p fromANOVA = 0.32 andp = 0.402,
respectively). No 28 h rhythm was detected either with cosinor
(p = 0.53 and p = 0.48, respectively). However, consistent with the
in vivo data the expression of Abcb1b was four-fold as high as that of
Abcb1a.

Dosing time dependent tolerability of irinotecan with or without PSC in
non-tumor bearing mice

Survival and body weight change
Irinotecan treatment (50 mg/kg/day) resulted in a single toxic death

which occurred at ZT3 (1/24 mice, 4%). Mean body weight reached a
nadir two days after treatment completion. Mean maximum body
weight loss was 17% in the mice treated at ZT3 as compared to 9% in
those dosed at ZT15 (p from ANOVA b0.001). PSC addition severely ag-
gravated irinotecan-related mortality, which reached 66% for the mice
treated at ZT3 (8/12) and 58% for those injected at ZT15 (7/12). PSC ad-
dition further ablated the dosing time dependency of irinotecan-
induced body weight loss (Fig. 3).

Hematologic, intestinal and liver toxicities
Mean leukopenia worsened ~six-fold in the mice receiving

irinotecan at ZT3 as compared to ZT15 (p = 0.001) (Fig. 4a). Similarly,
the depletion in bone marrow nucleated cell count was ~three fold as
large in the mice treated at ZT3 as compared to ZT15 (p b 0.001)
(Fig. 4b). The combination of PSC and irinotecan decreased the mean
counts in circulating leukocytes and those in bone marrow nucleated
cells both at ZT3 and ZT15, without any statistically significant difference
according to dosing time (p = 0.54). Thus PSC addition not only wors-
ened irinotecan-induced hematological toxicities, but also suppressed
their dosing time dependency. However, PSC833 alone increased

circulating leukocyte counts both at ZT3 and ZT15 as compared to
vehicle-treated mice. Histological analysis further revealed a ~three-
fold increase in the occurrence of grade 2 or 3 lesions in femoral bone
marrow in the mice on the PSC–irinotecan combination as compared
to single agent irinotecan (7/9, 78% vs. 3/12, 25% respectively; p from
χ2 = 0.024). In contrast, neither ileum nor colon histological toxicities
were significantly modified with PSC addition. The incidence of grade 2
or 3 lesions in ileum mucosa ranged from 6/7 (86%) on single agent to
10/10 (100%) on the drug combination (p = 0.41). The respective
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figures in colon mucosa were 1/7 (14%) and 6/11 (55%) (p = 0.11). No
histological lesion was documented in liver.

Dosing time dependent therapeutic effects of irinotecan in
tumor-bearing mice

Irrespective of dosing time, themortality rates ofmice on single agent
irinotecan ranged from 17% (25 mg/kg/day) to 8% (30 mg/kg/day) and
25% (40 mg/kg/day) (χ2, p = 0.5). The corresponding rates for the com-
bination of irinotecan and PSC were 8%, 8% and 50% (χ2, p = 0.01). This
finding supported the consideration of both lower dose levels as thera-
peutic ones in thismodel.Mice lost significantly less bodyweight follow-
ing treatment at ZT15 as compared to ZT3, both on single agent and on
combined therapy (p from ANOVA, p b 0.001) (Fig. 5). No statistically
significant differences were found for body weight changes according
to irinotecan dose level (p = 0.3), within the dose range tested.

PSC accelerated tumor progression as compared to untreated con-
trols both at ZT3 and ZT15 (Figs. 6a, b and c). However this effect of
PSC was not statistically significant as compared to control on d14
(p = 0.2 for both ZT3 and ZT15). Both single agent irinotecan and its
combination with PSC inhibited tumor growth at all dose levels and at
both administration of ZTs. Maximum tumor growth inhibition occurred

on d12, i.e. 4 days after treatment completion. A dose–response relation
was found for tumor growth inhibition inmice on single agent irinotecan
both at ZT3 and ZT15, with a weak dosing time dependency (Figs. 6a, b
and c). Indeed, three-way ANOVA revealed significant effects of dosing
time (p = 0.05), irinotecan dose level (p b 0.001) and an interaction
term between irinotecan dose level and PSC addition (p = 0.02).

The combination of PSC and irinotecan significantly increased tumor
growth inhibition in the mice receiving the lowest irinotecan dose
(25 mg/kg/day) at ZT3 resulting in a 70% vs. 28% inhibition. PSC admin-
istration at ZT3 even decreased tumor growth inhibition as compared to
irinotecan alone at higher doses. In contrast, a consistent dose–response
relationwas shown in themice receiving the drug combination at ZT15.
Tumor growth inhibition increased from 68% (25 mg/kg/day) to 88%
(30 mg/kg/day) and 97% (40 mg/kg/day), yet this latter dose level
achieved excessive lethal toxicity (Fig. 6d).

Discussion

Prior studies revealed that single agent irinotecan was best tolerated
following dosing in the late light span inmalemice (Filipski et al., 2004).
Such chronotolerance was coincident with chronoefficacy in male mice
bearing GOS treated with single agent irinotecan or the combination of
irinotecan andoxaliplatin (Granda et al., 2002). Subsequent experiments
indicated a sex-dependent optimal circadian timing for irinotecan
chronotolerance (Ahowesso et al., 2011; Li et al., 2013; Okyar et al.,
2011).

In the current study, we first searched for a possible relevance of
P-gp expression (Abcb1a and Abcb1b) as a circadian-controlled detoxifi-
cation mechanism of irinotecan, beside its role in tumor resistance for
chemotherapy. The current study was focused on female mice, where
the relation between chronotolerance and chronoefficacy was un-
known as yet. The mRNA expression of Abcb1bwas several folds higher
than that of Abcb1a both in ileummucosa and in GOS in vivo as well as
in vitro. A large amplitude circadian expression was documented for
Abcb1b but not for Abcb1a in ileum mucosa. The highest Abcb1b mRNA
expression occurred at ZT15, while lowest expression was found at
ZT3. In previous work, a circadian rhythm was also documented for
Abcc2 mRNA expression in female B6D2F1 mice, with a maximum at
ZT9 and a nadir at ZT0. In this latter study, Abcc2 protein expression
was highest at ZT12 and lowest at ZT3 (Okyar et al., 2011). In contrast,
despite effective circadian synchronization with dexamethasone
(Dibner et al., 2010), no circadian pattern was found for Abcb1a or
Abcb1b in synchronized Per2::Luc GOS cultures. This could result from
the continuous proliferation of the cultured Per2::Luc GOS cells. Indeed,
a large amplitude circadian rhythm was documented for ABCB1 in syn-
chronized well differentiated Caco-2 cells at confluence, a condition
when minimal proliferation was detected (Ballesta et al., 2011; Lévi
et al., 2010).

Here, the administration of single agent irinotecan achieved best tol-
erability following dosing at ZT15 as compared to ZT3 in female B6D2F1
mice, based on body weight change and hematological toxicities, in
good agreement with prior experiments in similar mice (Ahowesso
et al., 2011; Li et al., 2013). However, PSC833 alone increased circulating
leukocyte counts both at ZT3 and at ZT15. This effect could result from
the stimulation of glucocorticoid release by PSC,which in turn produced
neutrophil demargination (Cufer et al., 1998; Nakagawa et al., 1998).

No rhythm in tumor P-gp was sought since no circadian expression
of clock-controlled genes was found in this tumor model, as a result of
molecular clock disruption (Filipski et al., 2005; Iurisci et al., 2006).
The P-gp expression in GOS supported a possible therapeutic role for
P-gp inhibitors such as PSC in combination with irinotecan.

The current study demonstrated for the first time that PSC adminis-
tration could disrupt irinotecan chronotolerance and significantly
worsen body weight loss, and hematological toxicities. This pharmaco-
logic finding probed that P-gp was an important player in the circadian
control of irinotecan detoxification, a mechanism involving increased
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Fig. 4. Time dependent toxicity of irinotecan as a single agent or in combination with PSC.
Data obtained at maximum toxicity i.e. two days after treatment completion. All data are
expressed asmean ± SEM. (a) Leucopenia. Hematological toxicitywas significantly larger
following treatment at ZT3 as compared to ZT15 for single agent irinotecan (ANOVA,
p = 0.001) but not for the combination of irinotecan and PSC (ANOVA, p = 0.54).
(b) Bone marrow hypoplasia. The count in nucleated bonemarrow cells was significantly
less following treatment at ZT3 as compared to ZT15 for single agent irinotecan as well
as for the combination of irinotecan and PSC (ANOVA, p = 0.001 and p = 0.016,
respectively).
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efflux of the parent drug and its bioactive metabolite SN-38 (Bansal
et al., 2009; Chu et al., 1999; Iyer et al., 2002; Luo et al., 2002). Thus
P-gp knock-out mice displayed a 40% decrease in irinotecan biliary ex-
cretion. This finding supported its critical role for irinotecan intestinal
exposure and its subsequent toxicity for this organ. However, PSC also
reduced the biliary transport of SN-38 and SN-38G in P-gp knock-out
mice, indicating additional Abcc2 protein inhibition (Iyer et al., 2002).
PSC could also compete with irinotecan for CYP3A-mediated meta-
bolism thus reducing its toxicity. However, it was shown that PSC
selectively inhibited P-gp rather than CYP3A (Achira et al., 1999). Fur-
thermore, the drug escaped from first-pass liver CYP3A detoxification
since it was administered intravenously.

PSC disrupted irinotecan chronotolerance at the highest irinotecan
dose (50 mg/kg/day) in non-tumor bearing mice. This could result
from inadequate detoxification through joint inhibition of Abcb1a,
Abcb1b and Abcc2 protein by PSC. In contrast, no disruption of
irinotecan chronotolerance was found following the joint administra-
tion of PSC with lower doses of irinotecan (25 and 30 mg/kg/day) in
tumor-bearing mice. Furthermore, no worsening of body weight loss
was documented on the PSC–irinotecan combination as compared to
single agent irinotecan. These results supported adequate irinotecan de-
toxification at such dose levels. Thus the effect of P-gp inhibition on
irinotecan chronotolerance varied according to irinotecan dose level.

Irinotecan doses ranging from25 to 40 mg/kg/daywere significantly
more effective at ZT15 as compared to ZT3, both as a single agent or in
combination with a fixed dose of PSC, that was selected based upon
prior experimental work (Song et al., 1999) and our preliminary exper-
iments. Moreover, PSC consistently increased antitumor efficacy when
co-administered with irinotecan at ZT15 only. In contrast, no consistent
dose–response was seen in the mice treated at ZT3. PSC administration
alone unexpectedly induced tumor progression both at ZT3 and ZT15
but this effect was not statistically significant as compared with vehicle
controls. Kankesan et al. (2003, 2004, 2006) revealed that PSC inhibited
carcinogen-initiated tumor promotion in rats, yet we found no reported
information regarding PSC effects on tumor growth.

The design of optimal therapeutic schedules requires the use of non-
toxic doses, i.e. dose levels achieving lethal toxicity in less than ~10% of
the tumor-bearing mice. This was the case for both lower doses of
irinotecan tested in our study, since a 50% toxic mortality rate was

encountered in the mice receiving 40 mg/kg/day of this drug together
with PSC. The safest and most effective combination of irinotecan and
PSC involved joint treatment at ZT15 and irinotecan doses of 25 or
30 mg/kg/day. This corresponded to a 40 to 50% reduction in the thera-
peutic dose level of single agent of irinotecan in mice (Filipski et al.,
2004; Granda et al., 2002; Li et al., 2013). In this setting, the safest and
most effective treatment schedule involved the combination of PSC
and irinotecan at a dose level of 30 mg/kg/day at ZT15. This new
chronotherapeutic combination schedule increased tumor inhibition
by ~40% as compared to single agent irinotecan at the same time and
by ~130% as compared to PSC–irinotecan at ZT3. Such chronotherapy
optimization resulted from the integration of the differential clock con-
trol of P-gp in healthy and tumor tissues.

The ability of PSC to overcome multidrug resistance was tested in 8
randomized trials involving a total of 2276 cancer patients (Boote
et al., 1996). These clinical studies planned no systematic reduction of
chemotherapy dose levels, nor any circadian timing specification for
chemotherapy delivery. None of these studies revealed any benefit
from PSC addition to chemotherapy (Baer et al., 2002; Greenberg
et al., 2004; Kolitz et al., 2004; Sonneveld et al., 2001; Szakács et al.,
2006; van der Holt et al., 2005). Our experimental data support the
need for delivering chemotherapy both with a 40% dose reduction and
at the circadian time of best tolerability in order to safely improve effi-
cacy with PSC combination. This would correspond to the delivery of
irinotecan in the late morning hours in synchronized female patients,
i.e. ~3 h after activity onset.
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