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ABSTRACT

Docetaxel tolerance and antitumor efficacy could be enhanced if drug
administration was adapted to circadian rhythms. This hypothesis was inves
tigated Â¡nseven experiments involving a total of 626 male B6D2F, mice,
synchronized with an alternation of 12 h of light and 12 h of darkness ( 12:12),
after i.v. administration of docetaxel. In experiment (Exp) 1, the drug was
given once a week (wk) for 6 wks (20 mg/kg/wk) or for 5 wits (30 mg/kg/wk)
at one of six circadian times, during light when mice were resting [3, 7, or 11
hours after light onset <II M ( >i|. or during darkness, when mice were active
(15, 19, or 23 HALO). Kndpoints were survival and body weight change. In
Kxp 2 and 3, docetaxel (30 mg/kg/wk) was administered twice, 1 wk apart, at
one of four circadian stages (7, 11, 19, or 23 HALO). Endpoints were
hcmatological and intestinal toxicities. In Kxp 4, circadian changes in cell
cycle phase distribution and BC'L-2 immunofluorescence were investigated in

hour marrow as possible mechanisms of docetaxel tolerability rhythm. In
Exp 5 to 7, docetaxel was administered to mice bearing measurable P03
pancreatic adenocarcinoma (270-37(1 mg), with tumor weight and survival as

endpoints. Mice from Exp 5 and 6 received a weekly schedule of docetaxel at
one of six circadian stages (20 or 30 mg/kg/wk at 3.7,11,15,19, or 23 HALO).
In Exp 7, docetaxel (30 mg/kg) was given every 2 days (day 1, 3, 5 schedule)
at 7, 11, 19, or 23 HALO.

Docetaxel dosing in the second half of darkness (19 or 23 HALO)
resulted in significantly worse toxicity than its administration during the
light span (3, 7, or 11 HALO). The survival rate ranged from 56.3% in the
mice treated at 23 HALO to 93.8 or 87.5% in those injected at 3 or 11
HALO, respectively (Exp I. /' < 0.01). (iranulocytopenia at nadir was

-49 Â±14% at 7 HALO compared with -84 Â±3% at 19 HALO (Exp 2
and 3, /' < 0.029), and severe jejunal mucosa necrosis occurred in 5 of 8

mice treated at 23 HALO as opposed to 2 of 18 receiving docetaxel at 7,
II, or 19 HALO (Exp 2 and 3, P < 0.02). The time of least docetaxel
toxicity corresponded to the circadian nadir in S or (. ,-M phase and to the
circadian maximum in BCL-2 immunofluorescence in bone marrow. Do
cetaxel increased the median survival of tumor-bearing mice in a dose-

dependent manner (controls: 24 days; 20 mg/kg weekly, 33 days; 30 mg/kg
weekly or day 1, 3, 5 schedule, 44 or 46 days, respectively; Exp 5-7).

Survival curves of treated mice differed significanti) according to dosing
time for each dose and schedule (P from log rank <0.003 to /' < 0.03). In

Exp 5 and 6, the percentage of increase in life span was largest if docetaxel
was administered weekly at 7 HALO (20 mg/kg, 220%; 30 mg/kg, 372%)
and lowest after docetaxel dosing at 19 HALO (80% with 20 mg/kg) or at
15 HALO (78% with 30 mg/kg). In Exp 7, (day I, 3, 5 schedule), docetaxel
was most active at 11 HALO (percentage increase in life span, 390% ) and
least active at 23 HALO (210%). Docetaxel tolerability and antitumor
efficacy were simultaneously enhanced by drug dosing in the light span,
when mice were resting. Mechanisms underlying the tolerability rhythm
likely involved the circadian organization of cell cycle regulation. Do
cetaxel therapeutic index may be improved with an administration at
night in cancer patients, when fewest bone marrow cells are in 8 or <. ,-M

phase.
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INTRODUCTION

Tolerability rhythms have been demonstrated for >30 anticancer
agents in mice or rats. They result from circadian changes in cellular
mechanisms involved in protection, repair, or proliferation (1-5).
Several of these cellular rhythms appear to be coupled to the rest-
activity circadian cycle across species. Thus, the activity of dehydro-
pyrimidine dehydrogena.se. the rate limiting enzyme of 5-fluorouracil

catabolism, was highest in the first half of the rest span, and the
proportion of S-phase cells was highest near the middle of the activity

span, both in mice and in humans, despite the activity spans of both
species are 12 h out of phase (5-9). These findings led to the
assumption of a coupling between tolerability rhythms and the rest-

activity cycle in mice and in cancer patients. An improved tolerability
of chronotherapy schedules based upon this concept was shown in
Phase I and II clinical trials for fluoropyrimidines. anthracyclines, and
platinum complexes (10-15). Furthermore, the chronotherapy princi

ple was validated in two randomized multicenter Phase III trials
involving a total of 278 patients with metustatic colorectal cancer. A
5-fold reduction in the incidence of severe mucositis, a 2-fold de

crease in that of peripheral sensitive neuropathy, and a near doubling
of objective response rate resulted from delivering 5-fluorouracil and

oxaliplatin at experimentally determined circadian times, i.e., at 4:00
a.m. and at 4:00 p.m., respectively, compared with constant rate
infusion (16,17).

The present investigations constituted a first assessment of the
relevance of this principle for docetaxel (Taxotere; RhÃ´ne-Poulenc

Rorer. Antony. France). Taxanes stabilize microtubules and inhibit
their depolymerization into free tubulin (18-22). Docetaxel cytotox-
icity mostly results from its ability to induce apoptosis through BCL-2

phosphorylation (23). This drug displays high activity in patients with
breast, lung, or ovarian cancer (24-27). Bone marrow suppression
constitutes its main dose-limiting toxicity in cancer patients and was

predicted from murine studies (28). The toxic effects of other spindle
poisons, such as vincristine, vinblastine, vinorelbine, or etoposide,
varied by 50% or more according to their dosing time along the 24-h

time scale in mice. These rhythms were observed after single or
repeated oral, i.p. or i.v. administrations, with survival and/or bone
marrow toxicity as endpoints. Quite strikingly, vinorelbine and vin
blastine were less toxic after dosing in the second half of the activity
span of mice, whereas etoposide and vincristine were best tolerated if
administered in the second half of the rest span (Refs. 29-32; re

viewed in Ref. 2). Therefore, the effects of docetaxel on bone marrow
proliferation and the possible role of BCL-2 as a possible mechanism

of the bone marrow tolerability rhythm of this drug were further
investigated.

Finally, the relationship between toxicity rhythm and antitumor
efficacy of docetaxel was studied in mice bearing a palpable trans
planted P03 pancreatic adenocarcinoma (33). This tumor displays
moderate sensitivity to docetaxel and grows in B6D2F, mice, a strain
that has been used for most chronopharmacological studies of other
spindle poisons (21). Furthermore, this tumor reaches 150-400 mg

within 3 weeks, a timespan that is appropriate to ensure an adequate
synchronization of the circadian system of mice to different photope-
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DOCETAXEL CHRONOPHARMACOLOGY

Table 1 Characteristics of the seven experiments on the chronopharmacology of docetaxel, involving a total of 626 male B6D2FÂ¡ mice 9 weeks of age

Experiment1No.
of mice

(treat./contr.)96/36Dosagemg/kg/day20

30Schedule

(days)1,

8. 15, 22. 29. 35
1, 8, 15, 22, 29Total

dose
(mg/kg|120

150Circadian

time
(HALO)03,7,

11, 15, 19.23EndpointsToxicity:
Survivalâ€”Â»
Body weightâ€”Â»Day

ofassessmentDaily

for 60 days
3 times/wk

94/24

96/24

0/36

59/12

30 60 7. 11. 19.23

30 60

20 I. 8. 15.22 80

7. II. 19. 23

0, 4, 8, 12, 16. 20

3.7, 11, 15, 19,23

Target organ toxicity:
Leukocyte count
CFU-GM count
Histology of:
- Oral mucosa
- Bone marrow
- Jejunum
Leukocyte, granulocyle counts
Histology of bone marrow and

jejunum
CFU-GM count
Bone marrow cell cycle phase

distribution
BCL2

immunofluorescence

Days 9. 11. and 15

6 42/24 30 1,8, 15, 22 120 3. 7, 11. 15,19,237

40/20 30 1,3,5 90 7. 11, 19, 23Efficacy

against P03:
- Tumorsizeâ€”*-
Survivalâ€”*Toxicity:

- Body weightâ€”Â»3

limes/wkDaily
for 60days3

times/wk

" HALO, hours after light onset, in mice synchronized by an alternation of 12 h of light and 12 h of darkness (LD 12:12).

riodic regimens (reviewed in Ref. 2). It was expected that an improve
ment in docetaxel therapeutic index brought about by its administra
tion at specific circadian times would warrant further exploration of
the basic mechanisms and clinical relevance of the chronopharmacol
ogy of this highly active drug.

MATERIALS AND METHODS

Study Designs. The overall toxicity of two dose levels of docetaxel was
assessed according to administration time in a first experiment (Exp3 1)

involving once-weekly injections. Twelve groups of eight mice each received

20 mg/kg/wk for 6 wk or 30 mg/kg/wk for 5 wk, at one of six circadian stages
located 4 h apart. Endpoints were survival and body weight change (Table 1).

Two separate experiments (Exp 2 and 3) evaluated the bone marrow toxicity
of two injections of 30 mg/kg of docetaxel one wk apart. The drug was
administered at one of four circadian stages, associated with least toxicity for
two of them and with highest toxicity for the other two. Bone marrow
histology, circulating leukocyte counts, and bone marrow CFU-GM were

assessed in both experiments involving 118 and 120 mice, respectively. Ad
ditional histology studies were performed on oral and intestinal mucosae in
Exp 2. Granulocyte counts were determined in Exp 3.

The proportions of bone marrow cells in G,, S, G2, and M-phase of the cell
cycle were determined at six circadian stages staggered over the 24-h time
scale, as well as BCL-2 immunofluorescence. This experiment (Exp 4) was

conducted in 36 mice as a first attempt to identify some of the potential cellular
mechanisms involved into docetaxel chronopharmacology.

The role of dosing time upon docetaxel antitumor activity was investigated
in three experiments, respectively, involving a total of 197 mice bearing
established and measurable P03 pancreatic adenocarcinoma (Exp 5, 6, and 7).
In Exp 5 and 6, docetaxel was administered at one of six dosing times, located
4 h apart, once a week for 4 wk at respective doses of 20 and 30 mg/kg/wk. In
Exp 7, docetaxel (30 mg/kg/day) was given three times every 2 days (day 1, 3,
5 schedule) at one of four circadian stages near least or highest toxicity.

Drug. For each experiment, a stock solution was prepared by dissolving
docetaxel in ethanol, which was then aliquoted and kept at â€”¿�20Â°C.Final drug

dilution was obtained by adding polysorbate 80 then 5% glucose in water
(5:5:90; v/v/v). The final solution (pH 5.2), maintained on iced water, was

injected into the retroorbital sinus vein (i.v.) within 20 min after preparation.
Mice received an average of 0.28 ml of the solution at each injection, accord
ing to body weight.

Animals. Male B6D2F, mice, 5-6 wk of age, were purchased from IFFA-
Credo (L'Arbresle, France). They were stratified according to body weight at

arrival and then housed two or three per cage with water and food ad libitum.
Mice were randomly allocated to one of four or six groups, according to
experiment. Cages from each group were placed on a different shelf of an
autonomous chronobiological animal facility (ESI-Flufrance. Arcueil, France).
Each facility has six soundproof, temperature-controlled compartments, each

having its own programmable lighting regimen. Each compartment was con
stantly provided with filtered air delivered at an adjustable rate.

All mice were synchronized with an alternation of 12 h of L and 12 h of D
(LD, 12:12) for 3 wk before the first drug injection (Fig. I). An adequate

Time of light onset (h)

3The abbreviations used are: Exp, experiment; wk, week(s); CFU-GM, granulomono-
cytic colony-forming unit; L, light; D, darkness; %ILS, percentage increase in life span;
MST, median survival lime; HALO, hours after light onset.

CircadianStage (HALO)

Fig. 1. Experimental design using an autonomous chronobiological animal facility. Six
soundproof shelves are available, each one provided with an independent pholoperiodic
schedule consisting in an alternation of 12 h of L and 12 h of D, controlled by separate
clocks. Staggered LD 12:12schedules were used for synchronizing mice. Synchronization
was initiated 3 weeks before sampling or drug injection to properly adjust the biological
rhythms of mice from different groups to these respective LD 12:12 regimens. The clock
hour of light onset in each compartment is indicated. The circadian stages of treatment are
shown and correspond to similar local clock hours (9:00 a.m. to 10:15 a.m.; Exp I, 4, 5,
and 6).
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synchronisation of mice by these lighting regimens was assessed by the
occurrence of a normal circadian variation in rectal temperature before treat
ment initiation.

Tumor. P03 pancreatic tumor had been induced by the implantation of
cotton threads saturated with 3-methylcholanthrene into the pancreas tissue of

C57BL/6 mice and then successfully established in serial passages in the strain
of origin (33). It is a grade II ductal adenocarcinoma with slow tumor volume
doubling time (~4 days) and low incidence of visceral mÃ©tastaseswhen

transplanted s.c.
Both tumor donor and recipient mice were synchronized with LD 12:12,

with I. starting at 6:(X) a.m. Approximately twice as many recipient mice as the
number needed for the experiment received a 4 X 4-mm s.c. tumor implant in
each Hank, using a 12-gauge trocar. Tumor fragments were prepared from

dissecting tumors grown in about 10 donor female C57BL/6 mice. Tumor
passage numbers were 94, 96, and 109 for Exp 5, 6, and 7, respectively.
Freshly transplanted mice were (hen randomly allocated to one of six or four
different groups (Exp 5-6 and Exp 7, respectively). Each group corresponded

to a different circadian stage of treatment (thus to a different shelf of the
chronobiological animal facility). All mice then underwent circadian synchro
nization with LD 12:12 for 3 weeks, the duration needed for tumors to grow
and to reach a measurable si/.e. The desired weight window for initiating
treatment was 200-400 mg in Exp 5 and 6 and 150-250 mg in Exp 7. Mice

with a tumor in this window were selected and randomi/.ed, within each
circadian group, to receive docetaxel or to serve as controls. It was verified that
tumor sire was not influenced by a shift in LD schedule in Exp 5 and 6. Thus.
20 days after tumor inoculation, individual tumor weight ranged from 172 to
1437 mg without any difference between groups according to the synchroni
zation schedule (F from ANOVA, 0.9: df, 5: P = 0.5). Mice with tumor weight

reaching 2000 mg along the course of the study were sacrificed for ethical
reasons and were considered as dead from tumor progression on this date.

Mortality, Body Weight, and Tumor Measurements. Mortality was re
corded daily for the first 30 days, then three times a week for 50 additional
days. Body weight was measured with a precision balance three times a week
at the same daily time. Tumor sire was determined three times a week using
a caliper. Tumor weight (mg) was estimated from two perpendicular measure

ments (mm):

Tumor weight =
Length X Witlth2

(1)

Complete tumor regression was defined as regression below the limit of
palpation. Partial tumor regression was regression >50% of tumor weight.

Tumor growth delay (T â€”¿�C value) was defined as the difference between

median times (in days) for the treated (TI and control (C) group tumors to reach
1000 mg. %ILS was computed as follows:

100 X
MST treated mice - MST control mice

MST control mice
(2)

Leukocyte and (Ã¬ranulocyte Counts. Blood was sampled via a needle
puncture of the right retroorbital sinus and collected on EDTA-K3 for total

leukocyte count determination (7.M Counter; Coultronics. Margency, France).
Granulocyte counts were determined on smears performed immediately after
blood drawing.

HistolÃ³gica! Lesions. A fragment of cheek pouch mucosa and jejunum and
one femur were obtained immediately after sacrifice and fixed into Bouin's

picroformol solution, then embedded into paraffin 24 h later. Sections were
made and stained with H&E. All encoded slides were read by the same
histopathologist. who blindly graded the lesions from 0 (normal) to 4 (exten
sive necrosis). This scoring system has given excellent reproducibility for
grading extent of toxicity.

CFU-GM Assay. Bone marrow from the contralateral femur was flushed
with I ml of NaCI 0.9%, and the CFU-GM assay was performed according to

Nakahata and Ogawa (34). Briefly, methylcellulose cell culture was carried out
in 35-mm Retri dishes (Falcon: Sigma, Saint-Quentin-Fallavier, France). One
ml of culture contained 0.5 X 10s bone marrow cells in Iscove's modified
Dulbecco's medium ATTO. Noisy-Le-Grand. France) with \c7r methylcellu

lose (Fluka-Cages. Paris. France). 1% deioni/ed BSA (Fraction V: Sigma),
30% PCS (ICN, Orsay, France), 1 X IO"1 M mercaptoethanol (Sigma), and 10

units/ml recombinant mouse granulocyte/macrophage colony-stimulating fac

tor (Genzyme, Richelieu. France). Two dishes per mouse were incubated for 7
days at 37Â°Cin a humidified atmosphere flushed with 5% CO, in air. Clusters

(Â£50 cells) and colonies (>50 cells) were counted blind in each dish by the

same investigator using an inverted microscope.
Cell Cycle Phase Distribution and BCL-2 Expression. Bone marrow

samples (one femur) were taken at different times (0, 4, 8, 12, 16, and 20

HALO) to study cell cycle phase distribution. Each femur was flushed with a
constant volume of 1 ml 0.9% NaCI. Bone marrow cells were gently suspended
and passed repeatedly through a 26-gauge needle to obtain a single-cell

suspension. The cells were washed once in 0.9% NaCI and centrifuged at 1500
rpm (400 x i>).The cell pellet was vigorously vortexed in the remaining fluid
for ~10 s, and 1 ml of ice-cold 70% ethanol was slowly added dropwise. The
cells were stored at 4Â°Cuntil further processing. Fixed cells were centrifuged

at 3000 rpm (800 X g). After centrifugation and removal of the supernatant. 1

ml of propidium iodide staining solution (50 /ig/ml propidium iodide. 100
/i/ml RNAse; Sigma) was added, and samples were incubated for 30 min at

room temperature. The cellular DNA content was then measured with a flow
cytometer (EPICS Profile II; Coultronics, Margency, France). Single cells
(IO4) were analyzed per sample. Cell cycles were analyzed with a second-

degree polynomial function (35). The cell cycle distribution was estimated as
percentage of cells with DNA content corresponding to the S, the G,-M, and

(G, + G0) phases.
BCL-2 immunofluorescence was determined in total bone marrow cells

after incubation with anti-BCL-2 monoclonal antibody, clone 3F11 (Clini-
science, Montrouge, France), dilution 1:1000, for 45 min at 4Â°C.Cells were

then washed twice with PBS-BSA and incubated with FITC-conjugated mouse
anti-hamster IgG, for another 45 min at 4Â°C.After being washed two times,

samples were analyzed with a flow cytometer. Mean fluorescence index (mFÂ¡)

was calculated according to the equation:

m FI BCL2 - mFl neg control

niFI neg control
(3)

where BCL-2 represents a sample exposed to anti BCL-2. and neg control

represents the controls exposed only to hamster IgG,.

Statistical Analyses. Means, SDs, and SEs were computed for each set of
parameters. Intergroup differences were statistically validated using multiple-

way ANOVA. independent-samples T test for parametric data, and Wilcoxon
Rank sum test for nonparametric data. Incidence data were compared with x2

test. The statistical significance of circadian rhythmicity was further docu

mented by cosinor analysis. This method characterized a rhythm by the

parameters of the fitted cosine function best approximating all data. A period
T = 24 h was a priori considered. The rhythm characteristics estimated by this
linear least squares method include the mesor (M, rhythm-adjusted mean), the

double amplitude (2/4. difference between minimum and maximum of fitted

cosine function), and the acrophase (0, time of maximum in fitted cosine

function, with light onset as 0 reference, so that units were in HALO). A
rhythm was detected if the null hypothesis was rejected with P < 0.05;

however. A and 0 could be approximated if 0.05 < P < 0.10. Survival was
computed with the Kaplan-Meier method, and differences in survival were

validated with the log-rank method. All standard statistics were performed

using SPSS for Windows software.

RESULTS

Synchronization of Mice

Mean recta! temperature ( Â±1 SE) of non-tumor-bearing mice var
ied from 36.1 Â±0.1Â°Cduring the light span up to 37.2 Â±0.1 Â°Cduring

darkness. ANOVA validated significant differences as a function of
sampling time (P < 0.001 ). Cosinor analysis of data further revealed

a significant circadian rhythm, with an acrophase localized near 20
HALO, i.e., during the dark span, when mice were active (P < 0.001 ).
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Fig. 2. Survival curves of healthy B6D2F, male mice receiving five weekly docetaxel

injections ( i : 30 mg/kg/wk i.v. on days 1. 8. 15, 22, and 29) at one of six dosing times
(Exp 1). The circled numbers represent the circadian stage of drug administration in
HALO (P from log rank = 0.01).

Toxicity in Non-Tumor-bearing Mice

Survival

No death occurred in controls or in mice receiving six weekly
administrations of 20 mg/kg/wk of docetaxel. On the other hand, 24 of
the 48 (50%) mice treated with 30 mg/kg once a wk for 5 wk died
from toxicity between day 30 and day 50 after treatment onset,
irrespective of drug dosing time. Highest mortality was recorded in
those mice treated at 23 HALO, when seven of eight toxic deaths
(87.5%) were encountered compared with one of eight (12.5%) or two
of eight (25%) if docetaxel was given at 3 or 11 HALO, respectively
(X* = 6.9; P < 0.01). Survival curves differed largely according to

docetaxel dosing time (P from log rank = 0.01: Fig. 2).

Overall, lethal toxicity was twice as low in those mice receiving
either dose during L (8 of 48, 16.7%, after injection at 3, 7, or 11
HALO) compared with those treated during D ( 16 of 48, 33.3%, after
administration at 15, 19, or 23 HALO; x2 = 5.3; P < 0.02). Median

survival time of non-tumor-bearing mice was 70 days if docetaxel was

given during the L span and 38 days if the drug was administered
during D (P from log rank = 0.01).

Body Weight Change

Mean body weight reached its nadir 1 wk after the last docetaxel
injection, irrespective of dose level. Recovery was almost complete on
day 60, i.e., 24 days after the sixth injection of 20 mg/kg/wk and 31
days after the fifth injection of 30 mg/kg/wk. Mean maximal body
weight loss was approximately twice as large in the mice treated with
30 mg/kg/wk compared with those injected with 20 mg/kg/wk (Table
2). The least body weight loss resulted from docetaxel dosing during
the L span, at 3 or 7 HALO for the 20 mg/kg/wk dose and at 7 or 11
HALO for the 30 mg/kg/wk dose. The largest body weight loss was
recorded in those mice treated during D (at 15, 19, or 23 HALO),
irrespective of dose level (Table 2). These dosing time-related differ
ences were statistically validated with multiple-way ANOVA
(Fdose = 480, P < 0.001; F,ime = 24, P < 0.001). A circadian rhythm

in weight change was documented at each dose level with cosinor
analysis (20 mg/kg/wk: P = 0.05, 2A = 9%, 0 = 4s" HALO; 30
mg/kg/wk: P = 0.02, 2A = 17%, 0 = 91" HALO).

Hematological Toxicity

(5\ Leukocyte and Granulocyte Rhythms in Controls

The mean leukocyte count (Â±SE) of all 48 control mice from Exp
2 and 3 was 6350 Â±540 cells/mm' and varied according to sampling

time, with a 24-h rhythm. Highest values were found near 23 HALO
(7120 Â±680 cells/mm3) and 7 HALO (7020 Â±380) and the lowest

one at 19 HALO (4890 Â±540; F from ANOVA = 9.9: P < 0.01;
cosinor: P < 0.01, acrophase = 4 HALO). The mean granulocyte

count was highest at 23 HALO (990 Â±120) and lowest at 7 HALO
(640 Â±90; ANOVA, P = not significant; cosinor: P = 0.10, ac
rophase = 23 HALO).

Leukopenia and Granulocytopenia

Moderate leukopenia was observed after the second docetaxel dose
(30 mg/kg/wk), irrespective of drug dosing time, with similar patterns
in Exp 2 and 3, for which pooled results are presented. Mean leuko
cyte counts were 3980 Â±170 cells/mm3 24 h after this second dose

(day 9) and 3980 Â±150 2 days later (day 11). Recovery was complete
1 wk after the second dose (day 15, 7900 Â±330). On days 9 and 11,
leukopenia was largest in the mice receiving docetaxel at 23 HALO.
Furthermore, recovery of a normal leukocyte count was complete on
day 15 in the mice treated at 7, 11, or 19 HALO but not in those
injected at 23 HALO.

Granulocytopenia was more severe than leukopenia. Mean granu-

locytopenia reached a nadir on day 11 and was largely less in the mice
treated at 7 HALO compared with 11, 19, or 23 HALO. Recovery was
fastest in the mice treated with docetaxel at 11 HALO (Fig. 3).

Bone Marrow Histology

One day after the second docetaxel dose (30 mg/kg/wk), con
gestive and edematous lesions were found in femoral bone marrow
(Exp 3). These moderately severe lesions (grade 1 or 2) were
associated with an increased density of mature granulocytes, with
out any apparent myeloid hyperplasia. Two days later, very few
mature granulocytes were observed, whereas myelocytes were
abundant. Grade 2 lesions were more numerous in the mice treated
at 7 or at 23 HALO (5 of 13, 38.5% and 3 of 14, 21.4%,
respectively) compared with those injected at 11 or at 19 HALO ( 1
of 13, 7.7% and 1 of 10, 10%).

Table 2 Maximum bod\ weight loss in non-tuinor-beahng mice after weekly

docetaxel treatments

Day of nadir in parentheses. Minimum and maximum values are boxed and underlined,
respectively. The eircadian lime-related differences were statistically validated with
ANOVA and cosinor (see text).

Time of injection
(HALO)3

7

II

15

19

23

AllDose

(mg/kg/wk)2013.5

Â±2.3%
(47)[

12.7 Â±1.7%](45)

18.3 +4.2%(45)

24.7 Â±3.9%(45)19.6

Â±2.3%(47)20.4

+2.9%(43)15.9

Â±1.4(43)3036.4

Â±2.0%
(36)27.7

+3.5%(33)126.0

Â±4.8%1(36)

37.2 *4.0%(36)40.6

Â±3.7%(36)41.9

Â±6.9%(36)34.2

Â±1.9
(36)
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Fig. 3. Changes in mean granulocyte count (bars. SE)
after two weekly docetaxel injections ( 1 ; 30 mg/kg/wk i.v.
on days I and 8: Exp 3). Both nadir and recovery counts
varied as a function of the circadian time of drug admin
istration (F from ANOVA = 5.2. P < 0.01 and F = 2.7,
P = 0.07, respectively). A circadian rhythm was further

demonstrated with cosinor (P < 0.01).
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Bone Marrow Precursors

Mean colony counts in controls were similar in Exp 2 and in Exp
3. Mean CFU-GM (Â±SE) ranged from 47 Â±4 at 23 HALO to 54 Â±4

at 19 HALO, with a significant difference according to sampling time
(ANOVA, F = 3.5, P < 0.04; cosinor: P = 0.05, acrophase = 15

HALO).
Twenty-four h after the second injection of 30 mg/kg/wk docetaxel,

CFU-GM count increased by 53% in mice receiving the drug at 7 or

11 HALO, compared with 35% in those treated at 23 HALO. Two
days later, the CFU-GM count increased by 150 to 170% in mice

injected at 7, 11, or 19 HALO and by 250% in those receiving
docetaxel at 23 HALO (ANOVA, F = 8.6, P < 0.01; cosinor:
P = 0.06, acrophase = I20 HALO). This variable remained above

baseline 7 days after the second docetaxel injection, with highest
values at 23 (67 Â±11%) or 7 (63 Â±6%) HALO and the lowest one
at 19 HALO (45 Â±9%; ANOVA, F = 2.8, P = 0.05; cosinor:
P = 0.03, acrophase = 33()HALO). Taken together, the data indicate

that the CFU-GM count increased after docetaxel administration.

Such increase was significantly greater in mice receiving the drug
during L than in those injected during D.

Oral Mucosa or Intestinal Toxicity

No oral mucosa damage was found. Of 85 mice assessable for
jejunal mucosa damage, 18 displayed moderate lesions (grade 2,
limited necrosis of villi), and 12 exhibited moderate to severe necrosis
(grade 3 or 4). Most jejunal damage was encountered 3 days after the
second 30 mg/kg/wk docetaxel dose (grade 2, 9 of 26; grade 3 or 4,
7 of 26 mice). On this day, 5 of 8 mice (63%) receiving docetaxel at
23 HALO had grade 3 or 4 lesions, compared with 2 of 18 (11%)
treated at the other tested times (%* = 7.4, P < 0.02; Fig. 4).

Circadian Organization of Bone Marrow Cell Cycle Parameters
and BCL-2 Immunofluorescence

The proportion of bone marrow cells in G,, S, and G2-M phases

varied according to circadian sampling time, with highest proportions
of S and G2-M phase cells during the D span and G, phase cells in
early L (Fig. 5A). This was also the case for BCL-2 immunofluores-

cence index. The magnitude of the circadian changes in the proportion
of cells in S or G2-M phase was -30%. That of the BCL-2 immu-
nofluorescence index was 20-fold (Fig. 5ÃŸ).A circadian rhythm was

statistically validated for each variable by ANOVA (P ^ 0.01) and
cosinor (P < 0.004).

Antitumor Efficacy

Control Mice

No significant difference in median time for a tumor to reach 1000
mg was found in Exp 5, 6, and 7. Thus, data from control mice were
pooled. The median C value was 24 days in each experiment. Control
mice died from tumor progression between 21 and 39 days after tumor
inoculation. As a result, median survival of control mice ranged from
24 days (Exp 5 and 7) to 28 days (Exp 6).

Docetaxel Weekly Schedule

Body Weight Change. Body weight loss was more pronounced in
the mice receiving 30 mg/kg/wk of docetaxel than in those treated
with 20 mg/kg/wk. Drug dosing at 19 or 23 HALO resulted in
significantly larger body weight loss than docetaxel administration at
7 or at 11 HALO. Three days after the last injection (30 mg/kg/wk),
mean body weight loss ranged from 17 to 23% in the mice treated
during the L span, compared with 22 to 31% in those injected during
D (F from ANOVA = 2.8, P < 0.03). Similarly, mean body weight

change of mice receiving 20 mg/kg/wk of the drug ranged from 0.7%
to -10% if treatment was applied during the L span, compared with
-7 to -11% in those receiving the drug during D (F from
ANOVA = 2.1, P < 0.05).

Tumor Growth. Tumor growth was slowed with docetaxel as a
function of dose and circadian time (Table 3). Thus, mean T â€”¿�C

value was 15 days in the mice receiving 20 mg/kg/wk and 19 days in
those treated with 30 mg/kg/wk. The mean T - C value of mice

treated with either dose at 7 HALO was two to three times as high as
that of animals injected during darkness, with 11 HALO being the
"second to best" injection time (Table 3).

Survival. No complete or partial tumor regression was found in
mice receiving 20 mg/kg/wk of docetaxel. Conversely, 23 partial
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Fig. 4. Transverse sections of jejunum 3 days after a second injection of docetaxel (30
mg/kg/wk or 0.9% NaCl (Exp 2). H&E staining. A. control, histolÃ³gica! score = 0; B.
docetaxel at 7 HALO, minor abnormalities (histolÃ³gica! score = 1); C docetaxel at 23
HALO, extensive necrosis (histolÃ³gica! score = 4).

regressions (55%), including 8 complete ones (19%), were obtained in
the mice treated with 30 mg/kg/wk. Drug administration during the L
span produced nearly 3-fold as many partial regressions and 7-fold as
many complete ones compared with treatment delivery during D
(Table 3). All the mice receiving 20 mg/kg/wk of docetaxel died from
tumor progression between the first and the sixth week after treatment
onset (Exp 5). Conversely, 29 of 58 mice injected with 30 mg/kg/wk
died from overt drug toxicity between the second and fifth week after

treatment initiation (Exp). Subsequent deaths were related to tumor
growth.

In Exp 6, lowest mortality was recorded in the mice injected at 7
HALO, where one of seven (14%) toxic death was encountered,
compared with seven of seven (100%) or six of seven (86%) in mice
treated at 15 or 19 HALO, respectively ()f = 15.4; df=5;P< 0.01).
In Exp 5, 2 of 10 mice died from drug toxicity at 3 HALO (20%),
whereas 8 of 9 (89%) or 6 of 10 (60%) toxic deaths were recorded at
23 or 19 HALO, respectively (^ = 11.8; elf = 6; P < 0.05).

Median survival was prolonged by 11 days in the mice treated with
20 mg/kg/wk and by 16 days in those receiving 30 mg/kg/wk (P from
log rank <0.03 and <0.01, respectively). Median survival also dif
fered significantly according to docetaxel dosing time at each dose
level. Thus, median survival time of mice treated at 7 HALO was
nearly twice as long as that of mice treated at 19 HALO. Such
difference was observed at either docetaxel dose level tested (Table 3;
Fig 6). The computation of %ILS indicated that the dose-survival
relationship varied as a function of treatment time. Thus, a 50%
increase in docetaxel dose resulted in a 70-90% improvement in
%ILS if the drug was injected at 7 or at 19 HALO, respectively,
whereas minimal or no obvious improvement was observed in the
mice treated at other circadian times. Nevertheless, at the 30 mg/kg
dose level. %ILS was ~2.4 times as large after drug dosing at 7

HALO compared with 19 HALO (Table 3).

Docetaxel Alternate Day Schedule

Body Weight Change. Mean body weight decreasedto a nadir 18
days after treatment onset. Body weight loss was least after docetaxel
injections at 11 HALO (-26.6 Â±2.3%) or 23 HALO (-27 Â±3.7%).
It was largest in the mice treated at 7 HALO (-33.9 Â±3.3%) or at 19
HALO (-31.2 Â±2.2%; P from ANOVA <0.001).

Tumor Growth. The mean T â€”¿�C value was 26.5 days and was

similar in the four groups receiving docetaxel at a different time. This
schedule produced 35 partial regressions (87%), including 4 complete
ones (10%). All the complete regressions were obtained in the mice
treated at 11 HALO (Table 3).

Survival. The treatmentschedule significantly prolonged median
survival by 22 days compared with controls. Survival was signifi
cantly increased in the mice receiving docetaxel at 11 HALO com
pared with those treated at 7, 19. or 23 HALO (Fig. 7). Thus, %ILS
was nearly doubled as a result of drug administration at 11 HALO
compared with 7, 19, or 23 HALO (Table 3).

DISCUSSION

A circadian rhythm in docetaxel tolerability was demonstrated in
non-tumor-bearing mice receiving a weekly administration of the
drug. The survival rate was 7-fold larger in those mice receiving 30
mg/kg/wk of docetaxel in the early rest span compared with late
activity, whereas the administration of 20 mg/kg/wk did not produce
any mortality. Body weight loss followed a parallel circadian pattern,
being 40-50% less in those mice receiving 20 or 30 mg/kg/wk of the
drug during the rest span compared with drug administration during
the activity span.

These large differences in overt toxicity were related both to jejunal
mucosa damage and to hematological toxicity. Thus, two injections of
docetaxel 1 week apart resulted in severe necrosis of jejunal mucosa
in 63% of the mice dosed at the end of the activity span but in none
of those injected during the rest span. Mean leukocyte and neutrophil
counts dropped by ~40 and ~75% respectively, then recovered

within 1 week. Leukopenia and granulocytopenia were least and/or
recovered faster after drug dosing at 7 or 11 HALO. They were
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Fig. 5. Orcadian changes in the distribution of total bone
marrow cells in the different phases of the cell cycle (A) and
BCL-2 immunofluorescence index (B) in nontrcated mice (Exp 4).
Significant differences along the 24-h time scale characterized the
means (bars, SE) of each parameter. Percentage of cells in S-phase
(F from ANOVA = 3.6. P = 0.021: P from cosinor = 0.02).
percentage of cells in G,-M phase (F = 3.9, f = 0.015: P from
cosinor ~ 0.007), percentage of cells in G, phase (F = 4.1,

P = 0.012; P from cosinor = 0.008), BCL-2 Â¡mmunofluorescence
index (F = 3.7, P = 0.011; P from cosinor = 0.004).
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significantly worse if treatment was applied at 19 or at 23 HALO.
Despite this, no bone marrow necrosis was found, regardless of the
dosing time or the sampling day. This contrasted with observations
made with other spindle poisons such as etoposide or vinorelbine
(29,30)4 and suggested that docetaxel might primarily exert its cyto-

toxicity on well-differentiated hemopoietic cells in blood and/or in

bone marrow.
Indeed, docetaxel appeared to accelerate granulocyte maturation in

the bone marrow, where they remained trapped and possibly under
went apoptosis, the main mechanism of cell death after docetaxel
exposure (23). Thus, bone marrow granulocytosis was coincident with
blood granulocytopenia 24 h after the second docetaxel injection. Two
days later, bone marrow granulocyte density decreased in coincidence

4 E. Filipski. G. Lemaigre, and F. Levi, unpublished results.

with the nadir of blood granulocytopenia. Nevertheless, the in vitro
response of bone marrow granulomonocytic precursors to recombi
nant murine granulocyte/macrophage colony-stimulating factor was

enhanced rather than depressed 1, 3, and 7 days after docetaxel
administration. This suggests that bone marrow damage primarily
resulted from drug toxicity to differentiated cells, beyond the
CFU-GM stage. Apoptosis possibly elicited local growth factor se
cretion, accounting for the consistent CFU-GM count response. Such
CFU-GM response was highest in mice receiving docetaxel during the

L span compared with the animals treated during D and likely con
tributed to decreased nadir or accelerated recovery of hematological
toxicity.

In the present study, we found that BCL-2 immunofluorescence of

murine bone marrow displayed a large amplitude circadian rhythm,
synchronous with that of the proportion of G, phase cells. Maximum
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Table 3 Summary of docetaxel antitumor activity according to dosing time in weekly or alternate (day I, 3. 5) schedule

Maximum and minimum values are boxed and underlined, respectively. Differences in median survival as a function of treatment time were statistically validated with Log Rank
test for each dose level or schedule (see text).

Dose
(mg/kg)T-C*
203030Tumor

regressions'203030Median

survival (days)203030%ILS

203030Circadian

time of injection(HALO)"ScheduleWeekly

X4Weekly

X4Day

1. 3.5Weekly

X4Weekly

X4Day

1, 3.5Weekly

X4Weekly

X4Day

1.3,5Weekly

X4Weekly

X4Day

1. 3. 53410.50/105(1

X733491802337m|

29.5|220/9|

7(4)/7|8/10356146220372220115.519.529

|0/105(2)/7|

10(4X10]3345[631ISO194|

390 |15410.50/102/731251402S19412.5260/103d

yi10/1028424680156220234Ã•S.\29

|0/10]/77/10314245140156210

" 3, 7, and 11 HALO are in the light span; 15, 19, and 23 HALO are in darkness.

T â€”¿�C, difference between median times (in days) for the treated (T) and control (C) group tumor to reach 1000 mg.
' Tumor regression, number of partial regressions (number of complete regressionsVtotal number of mice.
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Fig. 6. Survival curves of PO.Vbearing B6D2F, male mice receiving four weekly

docetaxel injections ( 1 : 30 mg/kg/wk i.v. on days 1. 8. 15. and 22) at one of six dosing
times (Exp 6). The circled numbers represent the circadian stage of drug administration
in HALO (P from log rank < 0.003).

values of both variables were found at 4 HALO, a time associated
with highest docetaxel tolerability in non-tumor-bearing mice. Con

versely, docetaxel toxicity was largest near the circadian maximum in
the proportion of G2-M phase cells. This is in good agreement with the
fact that cells in G2-M phase were reported to be most sensitive to
docetaxel (23). Quite strikingly, BCL-2 dephosphorylation, a step
toward apoptosis, could not be induced by docetaxel in G,-phase
cells, whatever the BCL-2 expression level was (23).

The relationship between the tolerability rhythm and antitumor
efficacy was investigated in mice bearing transplanted P03 pancreatic
adenocarcinoma, a tumor known for its intermediate sensitivity to this
drug at this stage of growth (21). Docetaxel prolonged survival in each
of the three experiments that were performed, using a weekly or an
alternate-day schedule. Nevertheless, in each of these three experi

ments, survival was significantly worse after docetaxel dosing at 19 or

23 HALO, whereas the best administration time was 7 HALO for the
weekly schedule and 11 HALO for the alternate-day schedule. Sig
nificant lethal toxicity was encountered in tumor-bearing mice treated

at 19 or 23 HALO, yet the drug also exerted reduced antitumor
activity at these times, as shown by the largest T-C values and/or

rates of partial or complete tumor regressions. Furthermore, the ad
ministration of 30 mg/kg/injection of docetaxel produced a total of 12
complete regressions (Exp 6 and 7), 10 of which were obtained in
mice treated at 7 or 11 HALO. Such coincidence between the circa
dian times associated with best tolerability and best antitumor activity
were observed with doxorubicin and cisplatin in immunocytoma-

bearing Lou rats and with vinorelbine in mice inoculated with P388
leukemia (36, 37). Indeed, the present study further demonstrated that
a 50% increase in docetaxel dose per injection translated into a
significant survival advantage, mostly if the drug was administered at
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Fig. 7. Survival curves of P03-bearing B6D2F, male mice receiving docetaxel ( i ; 30

mg/kg/day i.v.) on alternate days (day 1, 3, 5 schedule) at one of four dosing times (Exp
7). The circled numbers represent the circadian stage of drug administration in HALO (P
from log rank < 0.01).
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7 or at 11 HALO. These data suggest that differential mechanisms
characterize normal and tumor cells with regard to extent of drug-

induced cell damage or repair capabilities.
Taken together, the results indicate that docetaxel was clearly most

toxic if it was administered in the second half of the D span and that
dosing during the L span was better tolerated. Docetaxel increased
survival of tumor-bearing mice compared with untreated controls in

each of the three experiments that were performed. Nevertheless,
antitumor activity, as indicated both with tumor weight measurements
and survival, was consistently poorest in the mice receiving docetaxel
at 19 or 23 HALO. The exact time corresponding to maximal antilu-

mor efficacy slightly differed, however, as a function of docetaxel
schedule, being 7 HALO if the drug was administered weekly and 11
HALO if it was given every other day. Although docetaxel adminis
tration during the rest span of mice always corresponded to least
toxicity and best antitumor activity, the presence or absence of the
tumor and the frequency of drug administration could slightly alter the
precise "best" time. These issues deserve further exploration. Never

theless, the magnitude of the circadian changes in therapeutic index
already warrants an investigation of the clinical relevance of docetaxel
dosing time in cancer patients. Assuming docetaxel chronopharma-
cology is coupled to the rest-activity cycle, least toxicity can be

expected to occur at night in cancer patients.
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