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[CANCER RESEARCH 61, 1996-2001, March 1, 2001]

Experimental Chronotherapy of Mouse Mammary Adenocarcinoma MA13/C with
Docetaxel and Doxorubicin as Single Agents and in Combination

T. G. Granda, E. Filipski, R. M. D’Attino, P. Vrignaud, A. Anjo, M. C. Bissery, and F. L& vi?

Laboratoire Rythmes Biologiques et Chronothérapeutique (Université Paris Xl, Institut du Cancer et d'Immunogénetique) [T.G.G., E.F.,, R.M.D., F.L], and Service
d’Anatomie Pathologique [A. A.], Hopital Paul Brousse, 94800 Villejuif, France; Oncologia Medica Complementare, Regina Elena Institute, Rome, ltaly [R. M. D.]; and Aventis
Pharma S.A., Vitry sur Seine, France [P. V., M. C.B.]

ABSTRACT Doxorubicin is an anthracycline that inhibits topoisomerase Il ac-
tivity, intercalates between the DNA base pairs, and decreases DNA
and RNA polymerase activity. Docetaxel is an antimitotic drug that

administration. The present study constitutes a prerequisite to testing the promotes tubulin assembly in microtubules and inhibits their depoly-

clinical relevance of chronotherapy in human breast cancer. Three exper- merization (2). . . . .
iments were performed in C3H/HeN mice. Each treatment modality was _ BON€ marrow suppression and cardiac toxicity are the major dose-
administered i.v. once a week for 3 weeks at one of six circadian S[agesyhmltlng faCtOFS Of an'[hl’aCyChneS. |n pal’tICU|aI’, dOXOI’UbICIn InduceS
during the light span, when the mice were resting: 3, 7, and 11 h after light irreversible congestive heart failure as a function of cumulative dose
onset (HALO), or during darkness, when the mice were active: 15, 19, and (3, 4). Docetaxel mostly produces bone marrow suppression and
23 HALO. The circadian time dependency of single agent tolerability was capillary leakage (5). Preclinical studies have reported that doxorubi-
investigated in healthy mice using four dose levels for docetaxel (38.8, 23.3,cin and docetaxel do not generate cross-resistance or disrupt their
14, and 8.4 mg/kg/injection) and for doxorubicin (13.8, 8.3, 5 and 3 respective pharmacokinetic profiles (6). Their combination may have
mg/kg/injection; experiment 1). The circadian time dependency of each an additive activity (7)
single agent efficacy was studied in MA13/C-bearing mice, using two dose The adaptation of chronotherapy delivery to circadian rhythms has
levels of docetaxel (38.8 or 23.3 mg/kg/injection) or doxorubicin (8.3 or 5 . d tolerabilit d/ i f anti ts in both
mg/kg/injection; experiment 2). The toxicity and the efficacy of the simul- Improved tolerability ar] ore |cac_y of anticancer agents in Do
taneous docetaxel-doxorubicin combination were assessed as a function otrodents and cancer patlgnts. Experimental chronopharmacology stud-
dosing time in experiment 3. Two combinations were tested (A, 16.3 1€S ha\{e successfully gmded the (.jevelopment. of ghrqnotherapy sched-
mg/kglinjection of docetaxel and 2.5 mg/kg/injection of doxorubicin; and ules with 5-fluorouracil, leucovorin, and oxaliplatin in human colo-
B, 11.6 and 3.5 mg/kg/injection, respectively) at each of the above six rectal cancer. The chronomodulated chemotherapy regimens have
circadian times. Mortality, body weight change, and tumor size were produced the highest tumor response rates and the longest survival
recorded for 60-70 days in each experiment. Single agent docetaxel or reported in multicenter randomized trials for this disease (8—10). The
doxorubicin was significantly best tolerated near the middle of the rest chronopharmacological changes result from the circadian rhythms
£ T WAL and moet o I e e of e sty 1 (9 hat modute cellur profferason and metabolism (1)
at 7 HALO, irrespective of dose. Treatment at 7 HALO produced highest Mammalian circadian rhythms ?re generated by a set of specific
genes that are expressed in most if not all normal cells (12, 13). They

rates of complete tumor inhibition (81% versus11% at 3 HALO for . ) .
docetaxel, p from x? <0.001, and 69%versus44% at 11 HALO for ~ @ré coordinated by the suprachiasmatic nucleus, a central clock lo-

doxorubicin, not significant) and highest day 60 survival rate (100% cated in the hypothalamus (14).
versus28% at 3 HALO for docetaxel, p from x? <0.001 and 89%versus The tolerability of docetaxel and that of doxorubicin varied as a
69% at 15 HALO for doxorubicin, not significant). Docetaxel-doxorubicin ~ function of dosing time along the 24 h time scale in C57BL/
combinations were most effective following dosing in the beginning of the 6 X DBA/2 F, (B6D2F,) mice (15, 16). In particular, the highest
rest span or short after the onset of the activity span, with regard to the docetaxel tolerability was found during the rest phase of these ani-
rates of both complete tumor inhibitions (45% at 3 HALO versusls% at  mg|s in coincidence with best antitumor efficacy against transplanted
19 HALO) and day 7% survival rates (85% and 80% at 3 and 7 HALO  py3 pancreatic adenocarcinoma (16). The antitumor activity of the
respectively, VerSUS.‘Z.O/" at 19 HALO).‘ The eﬁlca}cy of S.'ngle agent do- docetaxel-doxorubicin combination was further studied in B6D2F
cetaxel or doxorubicin and that of their combination varied largely as a . . . . . . .
function of circadian dosing time. Single agent docetaxel at 7 HALO was mice with P388 leukemia as a fl,mCt.'(m of dosing time gnd interval
the best treatment option in this model with regard to both tolerability ~P€tween both agents. The combination was more effective than any
and efficacy. This timing may correspond to the middle of the night in  Single agent in this model. Survival time was increased if administered
cancer patients. simultaneously (i.e.docetaxel injected 1 min before doxorubicin),
rather than 12 or 24 h earlier. This combination schedule was signif-

icantly more effective if it was administered in the beginning of the
INTRODUCTION rest span (17).

Docetaxel and doxorubicin are among the most active single agentyef* wcferhave mfvzstlgated Ithe glrgadlanbr.hythm in the tglerqbﬂﬂy
against human breast cancer. Their combination has induced a Higf the efficacy of docetaxel and doxorubicin, in mice bearing a

rate of complete regressions, with consequences on patient surviv@fggeneic mammary cancer model (MA13/C)_’ asa prerequisi_te for the
be further assessed (1). development of chronotherapy schedules with these drugs in human

breast cancer.

The therapeutic index of docetaxel, doxorubicin and their combination
may be improved by an adequate selection of the circadian time of

Received 7/13/00; accepted 1/3/01.
The costs of publication of this article were defrayed in part by the payment of paddATERIALS AND METHODS
charges. This article must therefore be hereby masgdertisemenin accordance with
18 U.S.C. Section 1734 solely to indicate this fact. Animals
1 Supported by a Marie Curie Research Training Grant (1999 fellowship to T. G.
Granda) and by Ligue Nationale Francaise Contre le Cancer (2000 fellowship to T. G.Male C3H/HeN mice, 5 weeks old (Charles River, St. Aubin les Elbeuf,

Granda), by ARTBC and Institut du Cancer et d'Immunogénetique. : . : .
2To whom requests for reprints should be addressed, at Laboratoire Rythmes Ié@nce), were housed three per cage in an autonomous chronobiological animal

ologiques et Chronothérapeutique, Institut du Cancer et d'lmmunogénetique, Hopital Fagility (ESI-Flufrance, Arcueil, France). The facility has six compartments
Brousse, 94800 Villejuif, France. each with its own programmable lighting regimen, control of temperature, and
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soundproofing. All mice were supplied food and waaef libitum, and they mg/kg/injection. The two doses of 8.3 and 5 mg/kg/injection for doxorubicin
were synchronized with an alternation of 12 h of light and 12 h of darknessgere selected based on previous experiments (7). Each drug was injected at
before and during each experiment. Synchronization was checked by tme of six dosing times, once a week for 3 weeks. The first injection was
assessment of a normal circadian variation in the rectal temperature measpextormed 9 days after tumor transplantation, when tumors were palpable

before treatment initiation. (<63 mg). Mouse tumor and body weight were measured three times a week,
and mortality was recorded daily for 60 days.
Drugs Experiment 3. The circadian dependency of the antitumor efficacy of

- ) ) . . . docetaxel-doxorubicin combination was studied. Docetaxel and doxorubicin
Doxorubicin (Adriblastine; Pharmacia & Upjohn S.A., St. Quentin- . . . . - . s o
- ) ) ) - ) ) were combined to achieve high antitumor activity without significant toxicity
Yvelines, France) was dissolved in sterile water; the final solutions were - - - ) - ;
. : and to investigate whether docetaxel-doxorubicin efficacy varied as a function
obtained by adding 0.9% NacCl.

. . . of circadian dosing time.
Docetaxel (Taxotere) was provided by Aventis Pharma S.A. (Vitry SUT C3H/HeN mice (n= 150) were randomized to receive either combination:

Seine, France). It was dissolved in ethanol; polysorbate 80 and 5% glucose, i A - S
water were added to obtain concentrations of 5:5:90 (v/v/v). The final dilutior(/:&s?docetaxel’ 16.3 mg/kg/injection and doxorubicin 2.5 mg/kg/injection) or

(pH ~5) were maintained on ice until their use within 20 min after preparatiorl(%n?gk:ilgs)non B (docetaxel, 11.6 mg/kg/injection and doxorubicin 3.5 mg/kg/
Drug injections were made at one of six circadian times expressed 'AThe re-s ective drug doses in each combination were selected according to
HALO®: 3, 7, and 11 HALO during the light span and 15, 19, and 23 HALQ, P g 9

. L . e effects of each drug given as a single agent; 70% of the dose of 23.3
during darkness. Each drug dose was injected i.v. once a week for 3 weeks |nqt0/k finiection of docetaxel and 50% of the dose of 5 ma/kafiniection of
the retroorbital venous sinus (10 ml/kg of body weight). grkgiiny grxginy

doxorubicin were chosen for combination A, and the reverse proportion for
combination B, so as to deliver 120% of the total drug dose equivalent given
for each single agent.

Mammary MA13/C is a grade Ill adenocarcinoma from mouse origin (18), Mice allocated to each combination regimen were randomized to be treated
which was obtained from Aventis Pharma S.A. The tumors were dissected, atdbne of six circadian times. Treatment consisted of the administration of
4 X 4-mm tumor fragments were prepared. A tumor fragment was implanted slocetaxel, followed 1 min later by that of doxorubicin. Chemotherapy was
into both flanks of each mouse using a 12-gauge trocar. Two perpendicidéren once a week for 3 weeks. Body weight and tumor size were measured
diameters (mm) of each tumor were measured with a caliper three times weellyee times a week, and mortality was recorded daily for 70 days.

Tumor weight (mg) was computed as: tumor weightlength X width?)/2.

Mice with tumor weight reaching 2000 mg were sacrificed for ethicabtatistical Analyses
reasons, and they were considered as dead from tumor progression on this day. ) . )

Toxic deaths were attributed to drug treatment in the mice that died after™0r €ach studied variable, mean and SEM were calculated. Differences
body weight loss>10% and tumor size<100 mg at time of death. between groups were ana_lyz-_:-:d_ py one or twc_> way ANOVA._ Differences in the
rates of complete tumor inhibitions or survivors were validatedyBytest.

Electron Microscopy of the Heart Survival curves were drawn according to Kaplan-Meier and were compared

with log rank test.
Heart ultrastructure was studied in non-tumor-bearing mice receiving the

highest doxorubicin dose (13.8 mg/kg/injection) because delayed mortality
was observed after administration of this dose level. RESULTS
Two untreated controls and four treated mice were killed by cervical
dislocation 17 days after the first of three weekly injections of vehicle or Docetaxel Tolerability. The overall docetaxel-induced mortality
doxorubicin, respectively. Two of the treated mice displayed ascites. ranged from 4% with 38.8 mg/kg/injection to 2% with 23.3 mg/kg/
The heart was rapidly removed, and the ventricular cross (apex) wiagection. No toxic death was recorded after the administration of 14
immediately cut into 1-2 mfblocks and frozen in a 4% paraformalde-or 8.4 mg/kg/injection.

hyde-1% glutaraldehyde fixative. The blocks were postfixed in 2% osmium The dose dependency of t0|erab|||ty of docetaxel was obvious on
tetroxide, dehydrated in graded ethanol, and embedded into epoxy resin. T mination of body weight changes. Maximum body weight loss
sections were cut at 84 nm and examined with a Jeol 100C electron micb%'curred 9 days after last injectioire., 11 and 5% for the 38.8- and

Tumor Model

scope. 23.3-mg/kg/injection dosages, respectively. Body weight returned to
Study Designs pretreatment values 27 and 15 days after the last injection of these
respective doses. Mice treated with 14 or 8.4 mg/kg/injection did not
Three experiments were performed in a total of 887 mice. lose any weight throughout the whole experiment.

Experiment 1. Each drug tolerability was investigated after three weekly Irrespective of dose level

administrations at each dosing times (3, 7, 11, 15, 19, or 23 HALO). Four d - - .
levels were tested for each agent: docetaxel (38.8, 23.3, 14, or 8.4 mg i € in the mice treated near the middle of the darkness span (19

injection) and doxorubicin (13.8, 8.3, 5, or 3 mg/kg/injection). Each dose a LO) as compar_ed with those treated near the middle of the light

time group consisted of eight mice. The endpoints, body weight change areen (7 HALO) (Fig. 1).

survival, were recorded daily for 60 days. Doxorubicin Tolerability. The overall lethal toxicity of doxoru-
Pilot Experiment. The antitumor efficacy of docetaxel was evaluated o®icin ranged from 81% with 13.8 mg/kg/injection to 0% with 3

MA13/C-bearing mice treated on days 10, 17, and 24 post-tumor implantatieng/kg/injection. Deaths began 1 week after the first injection. Doses

Three doses of docetaxel were tested: 38.8, 23.3, and 14 mg/kg/injection. Befly8.3 and 5 mg/kg/injection caused 19 and 25% mortality, respec-

weights were followed daily until recovery and then two to three times awee[lfve|y’ with overlapping 95% confidence intervals (8—30% and 13—
Tumor measurements were performed twice a week. Mortality was recordgyl%)_

daily. ) ) ) ) Mean body weight loss was largest 7 days post-last treatment. On
Experiment 2. The antitumor efficacy of single agent docetaxel or doxo;:

rubicin was investigated as a function of circadian time of administration tléns day, the mice receiving 13.8 or 8.3 mg/kg/injection lost, respec-
It

mice bearing mammary adenocarcinoma MA13/C. The tumor was implan &ely, 16 and 9% of _thelr pretreatment weight an(_j did not recover _at
s.c. in 281 C3H/HeN mice. the end of the experiment. The average body weight loss of the mice

A pilot experiment led us to select two doses of docetaxel: 38.8 and 24r¢ated with 5 mg/kg/injection was 0.4%. Mice receiving 3 mg/kg/
injection continued to gain weight despite treatment, although less

mean body weight loss was 3-fold as

3 The abbreviations used are: HALO, hours after light onset; HNTD, highest nontoﬁpan COf‘ItI’OlS: . L o .
dose. A large variation in doxorubicin toxicity was observed as a function
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Doxorubicin  days post-last treatment. The HNTD of 23.3 mg/kg/injection produced
=] Docetaxel a 9.1% body weight loss at nadir on day 31. This HNTD was highly
active (three of five tumor-free survivors 161 days post-tumor im-
plantation). The dosage of 14 mg/kg/injection maintained a good level
0 . of efficacy with a 3.3-log cell kill.

% In experiment 2, 30 of the 52 mice receiving 38.8 mg/kg/injection
(58%) and 22 of the 52 mice treated with 23.3 mg/kg/injection (42%;
11 1§ 19 23

x> 2.5,P = 0.12) were tumor-free survivors on day 60 post-tumor
implantation. Large circadian time-related differences were found in
the rate of mice achieving a persisting complete tumor inhibition
irrespective of dose level. This was the case for 81% of the mice
treated at 7 HALO as compared with 11% of those receiving do-
cetaxel at 3 HALO §? 21.2,P < 0.001).
All of the untreated tumor-bearing mice died from tumor progres-
. sion between 21 and 41 days after tumor inoculation; 36.5% of the
Time (HALO) . L T .
mice receiving 38.8 mg/kg/injection of docetaxel died from lethal
Fig. 1. Histogram of body weight change at nadir as a function of docetaxel i ; : Fiartinn:
doxorubicin dosing time in C3H/HeN mice. Mice received three weekly administratior?éxmlty'_ Docetaxel improved su_rwval at 23.3 mg/kg/injection; the day
of docetaxel (38.8, 23.3, 14, or 8.4 mg/kg/injection) or doxorubicin (13.8, 8.3, 5, or 80 survival rate was 69%. At this dose level, all of the recorded deaths
mg/kg/injection) at one of six dosing times expressed as HALO. Differences weygere related to tumor progression.

statistically validated with two way ANOVA for both docetaxelyfs.= 584,P < 0.001; . . _ " o
Fume = 93, P < 0.001) and doxorubicin (Fe. = 1292, P < 0.001; Fyme = 95, Maximum body weight loss (17 days post-last injection) was 13.8%

P < 0.001). in the mice receiving 38.8 mg/kg/injection and 6% in those treated
with 23.3 mg/kg/injection. Complete recovery of body weight was
achieved 31 and 23 days after last injection for each respective dose.

Relative body weight change (%)

100 I Survival curves differed significantly as a function of the circadian
sHALo Stage of docetaxel administration at both dose levels (log radk.7;
80 - P = 0.008). The survival rate on day 60 was 28% after treatment at
sHALO 3 HALO as compared with 100% after treatment at 7 HALO (Fig. 4).
= i 23 HALO Efficacy of Doxorubicin as a Single Agent against MA13/C.
T 60+ W ~-11HALO Two dose levels were evaluated: 8.3 mg/kg/injection and 5 mg/kg/
s | injection. At the highest dose, complete tumor inhibition was ob-
2 40 | Forreeeens 15 HALO
3
] - 19 HALO
20
0 + """ + + """" T [RRARARM T LR T 1
0 8 15 23 31 38 46 53 61

Time (days)

Fig. 2. Survival curves of healthy C3H/HeN mice as a function of circadian time og.
three weekly doxorubicin injections ( | ). Pooled data from four dose levels (13.8, 8.3,
or 3 mg/kg/injection) administered on days 1, 8, and 15 at one of six dosing tim{
expressed in HALO. (From log rank,<0.001).

of dosing time, irrespective of dose level. Thus survival rate range
between 85% at 7 HALO and 35% at 19 HAL®?(17.2,P < 0.01).
Doxorubicin dosing at 7 HALO produced the best survival curv
throughout the study span @om log rank<< 0.001) (Fig. 2). _

Body weight loss at nadir was least in the mice receiving doxort
bicin at 7 HALO, near the middle of the light span and largest in thos
mice dosed with doxorubicin at 19 HALO, near the middle of the dar
span (Fig. 1).

Electron Microscopy of the Heart. Myocardial cells from all four

membrane fragments, moderate alterations of mitochondrial meif§
branes, and hydropic changes around the nucleus (Fig. 3). The ¢

junction layers were occasionally separated by 12-um conical Fig. 3. Electron microscopy study of heart of non-tumor-bearing mice receiving 13.8
spaces containing membrane fragments. The periodic structure of tiyég/injection of doxorubicin. The main observed lesions (arrows) warand B, a

e f ; ; ;~ionical localized separation along the cell junction layers of some intercalated discs, of
myofibrils dlsappgareq I_n some_ myocardial cells from a doxorUbIC"ﬁnoderate (A) or severe (B) intensity.Anthe periodic striations of myofibrils around the
treated mouse with clinical ascites. separation site did not show any alterations Binthe mitochondria and the muscular
Efficacy of Docetaxel as Single Agent against MA13/Cln the myofibrils disappeared around a localized separation, whereas the endoplasmic reticulum
ilot . t (Table1). the highest d fd t 1(38.8 /liaz:ained normalC, loss of myofibrils in a light lesion with edemd®, reduction of the
.pI.O e.Xpe“men (Tablel), . € nighest dose o ch axel (38. mg en (L) in some capillaries related to the edema in some endothelial cells. Original
injection) produced a maximum 24.2% body weight loss occurringnfagnifications:A andD, X 6600;B andC, X 5000.
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Table 1 Evaluation of docetaxel against mammary adenocarcinoma MA13/C on female C3H/HeN mice

Total Av. bwl.P/ Time for
Dose dose Drug mousé Median tumor wt % T/C  median tumor T — C Log cell Tumor-free
Agenf  (mg/kg/injection) (mg/kg) death (day of nadir) (mg on day 24) day 24 to reach 1000 mg (days) kill survivors day 161 Comments
Docetaxel 38.8 116.4 0/5 —24.2(31y NTBA NTBA NTBA NTBA NTBA NTBA Toxic, 24% bwl
23.3 69.9 0/5 -9.1(31) 0 (0-0) 0 3/5 HNTD, highly active
14 42 0/5 -1.9(31) 0 (0-71) 0 49 25.9 3.3 0/5 Highly active
Control 1250 (308-2217) 23.1 0/10

2 Schedule: i.v. injection on days 10, 17, and 24 post-tumor implantation.

b bwl, body weight loss (bwi=20%, toxic); T/C, tumor growth inhibition, determined on day 24, of control animal00 (T/C=42%, active; T/C<10% highly active); T— C,
tumor growth delay, median days required for the treated and the control group to reach 1000 mg, tumor-free survivors excluded from these calculations; log €UXBR2ET Ty;
Ty tumor-doubling time (2.4 days); NTBA, non-tumor-bearing animals.

©Mouse average weight, 22.12 g.

9 Numbers in parentheses, range.

served in 50 of 52 mice (96%). Two mice of 52 died from toxicity. Best Worst
The average body weight loss was 11.5% at nadir, 15 days post-last
treatment, without complete recovery throughout the whole treatment 100 - T

span.
At the 5 mg/kg/injection dosage, 62% of the animals were alive 60 4
days after tumor inoculation, 8 of 50 mice with complete tumor .
|:| Survival rate

inhibition. There was no weight loss during the entire experiment ang
no drug-related death. When mortality occurred, it was related t§’
tumor progression. 5
Regardless of dose level, the rate of day 60 complete tumor inhf‘;’ 40
bition was highest at 7 HALO (69%) and lowest at 11 HALO (44%).*

60 7] Complete tumor inhibition rate

At the lowest dose level (5 mg/kg/injection), the rate of complete 2 . 7%
tumor inhibition was 50% at 7 HALO and ranged between 0 and 22% 9
at the other dosing times. This difference was close to statistical
significance (P= 0.06). 0
The survival curves did not differ with statistical significance (log poC DOX DOC DOX
rank, 5.6,P = 0.35). Nevertheless, 75% of the mice receiving 5 7HALO 3or7HALO 3 HALO 15 HALO

m_g/kg/injeCtion of doxorubicin in_the first half of th_e light span were Fig. 5. Best and worst efficacy of single agent docetaxel or doxorubicin at the nontoxic
alive on day 60 as compared with 28% of the animals treated at ddse (23.3 and 5 mg/kg/injection) expressed in rates (=SEM) of complete tumor inhibi-

HALO, shortly after the beginning of darkness. tion and survival on day 60.

Antitumor Activity of Nontoxic Single Agent Chronotherapy
against MA13/C Tumor. We further examined the efficacy of single . .
agent docetaxel (23.3 mg/kglinjection) or doxorubicin (5 mg/kg/ Docetaxel produced tumor growth delay in 49 of 52 mice, but
injection) as a function of dosing time because these dose lev&{&10r grew back 12 days after the third injection. A complete tumor
produced no lethal toxicity and low body weight loss. inhibition was achieved in 42% of the mice (22 of 52).

Either agent produced moderate yet transient antitumor activity at20xorubicin inhibited tumor growth for 24 days after treatment
these dose levels. Tumor growth was significantly inhibited or d@NSet: Tumor weight increased quickly thereafter. Only 16% of the

layed as compared with untreated tumor-bearing mice. mice (8 of 50) were tumor-free survivors on day 60.
The antitumor activity of these nontoxic dose levels of docetaxel

and doxorubicin varied significantly as a function of circadian dosing
100 - - 7HALO time. The administration of either agent at 7 HALO produced the
i 19 HALO longer tumor growth inhibition (Fig. 3 from ANOVA, <0.05). The
rate of complete tumor inhibitions was 50% greater after administra-
- tion of docetaxel or doxorubicin at 7 HALO than after 3 or 15 HALO,
— 23HALO  regpectively (dfs; P from x? < 0.01 andP = 0.06, respectively).
MHALO  rhese differences translated into significant survival advantage for
those mice receiving docetaxel at 7 HALO (100% day 60 survival
15HALO rate) as compared with other dosing times with no day 60 survivor in
the mice treated at 3 HALO (¢, P from x® < 0.001). A similar trend
was found for doxorubicin: 75% of the mice treated in the first half of
the dark period (3—7 HALO) were alive on day 60, as compared with
28% of those injected at 15 HALO. The difference, however, was not
statistically significant (d6; P from x* = 0.41), possibly as a result
o4 A Y e S S S . of the limited number of mice per time point and dose level.
0 9 17 26 35 4 52 61 Efficacy of Docetaxel-Doxorubicin Combinations. The efficacy
of combination A was higher than that of combination B. A complete
persistent tumor inhibition on day 60 was achieved in 45% of the mice

Fig. 4. Survival curves of MA13/C tumor-bearing mice receiving three weekly dareated with combination A and in 20% of those treated with the B one
cetaxel injections (pooled data from two dose levels, 38.8 or 23.3 mg/kg/injection) at one, 86.P < 0.01
of six dosing times expressed as HALO. Injectiors) (vere performed on days 9, 16, and X = ©.5, ' ) . . . o
23 after tumor inoculation. (from log rank= 0.0076). The average tolerability of both combinations was similar. No

1999

60

a0 |

Survival (%)

Control 3HALO

20 -

Time (days)
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Best Worst during darkness in C3H/HeN mice and during light in B6D2fice
(20, 21).
100] Taken together, the results support that both host and tumor cyto-
*1' *]* toxicity mechanisms remained coupled with the rest-activity circadian
cycle. Thus, the middle of the rest span of C3H/HeN mice (7 HALO)
[ Survival rate was found to be the time when single ager_lt doxor_ubicin or docetaxel
60 97 Complete tumor inhibition rate ~ WEr€ both best Folerated and more effective against MA13/C mam-
721 mary adenocarcinoma.
The larger the dose within the range tested, the larger was the rate
40 - of complete tumor inhibitions induced by each single agent. Never-
theless, the occurrence of lethal toxicity following the highest doses of
docetaxel (38.8 mg/kg/injection) and doxorubicin (8.3 mg/kg/injec-
tion) prevented the use of these dose levels for therapeutic purposes.
Furthermore, myocardial lesions were demonstrated with electron
0 microscopy after the highest doxorubicin dose (13.8 mg/kg/injection).
A B A B They were associated with clinical signs of cardiac failure, including
7or15HALO 3HALO  19HALO 19HALO ascites. Such lesions most likely accounted for the delayed mortality,
Fig. 6. Best and worst efficacy of docetaxel-doxorubicin combinations, expressedWhiCh was observed after high dose doxorubicin.
rates (+=SEM) of complete tumor inhibition and survival on day 60. The rate of complete tumor inhibitions displayed large variations as
a function of both dose and dosing time for each single drug. Indeed,
each dose level of docetaxel was more than 5-fold as active at 7

statistically significant difference in lethal toxicity was found betweeh!ALO as at 3 HALO. A similar difference was found for the nontoxic
combination A (15% of the mice) and combination B (6.6¢= 2.2, dose of doxorubicin, with 7 HALO being also the most effective
P = 0.15). The nadir in mean body weight loss was found 13 da@sing time.
after treatment and reached 20.5% for combination A and 20.3% forPocetaxel and doxorubicin were combined with the aim of improv-
combination B. A complete recovery of initial body weight wadnd treatment efficacy while reducing the risk of toxicity. Two com-
achieved 32 days after completion of treatment with combination A
and 34 days after that of combination B.

Large differences according to dosing time of the docetaxel-doxo- 1¢g -

80

Percentage

20

rubicin combination were found with regard to tolerability and anti- o | TP L -
tumor efficacy. The rate of complete tumor inhibitions on day 60 was ¢.._._.__.__.._L___IE 3HALO
2-fold as high after the administration of combination Aat7or15 %41 = H——————— | -T2
HALO than at 19 HALO. Conversely, combination B was up to 6-fold 70 - | i
as active at 3 HALO as at 19 HALO (Fig. 6). < 60 - L - TTHALS
Both combinations were more toxic (10 of 60 toxic deaths, 16.6%§§ |
in the mice treated during darkness than in those receiving docetaxeg- 50 1 [_ 1
doxorubicin during the light span (3 of 60, 5%? = 4.2,P < 0.05). a 40 |
The least body weight loss and the fastest recovery was found in the 3¢ |
mice treated at 3 HALO (From ANOVA, <0.01).
f ; ; 20 ~ Control - 19 HALG
Both drug combinations prolonged the life span of MA13/C-bear-
ing mice as compared with controls. The day 70 survival rate was 10
71.6% in the mice receiving combination A and 65% in those treated o *, } . *, e
with combination B, without any statistically significant difference 0 10 20 30 40 50 60 70
between themy 0.6, P = 0.45). The day 70 survival rate was 20% Time (days)

in the mice treated with either combination at 19 HALO as compared

: o i ; : Fig. 7. Survival curves of MA13/C tumor-bearing mice receiving either docetaxel-
with 85% in those treated at 3 HALO.(Flg' 7). Sl‘JCh Impro‘,/e,mergitoxorubicin combination A (16.3 mg/kg/injectioft 2.5 mg/kg/injection) or B (11.6
resulted from an overall better tolerability and antitumor activity ohgikg/injection + 3.5 mg/kglinjection) every 7 days for 3 consecutive weeks (1),
docetaxel-doxorubicin during the light span. starting 9 days after tumor inoculation (pooled data from both combinations). Each

combination was administered at one of six dosing times expressed as HAt@n log
rank, <0.005).

DISCUSSION

- L. Table 2 Summary of best treatment options with regard to drug, dose level, and

The tolerability of docetaxel and that of doxorubicin in C3H/HeN Y circadian time opf admmistraﬁ?m ¢

mice were several fold larger following dosing during the light span Dose Best ime Survival
as compared with darkness. These circadian stages also corresponded Agent (mglkg for 3 injections) (HALO) rate (%)
to highest efficacy of these drugs against transplanted MA13/C mam- pgcetaxel 38.8 7 and 19 100
mary adenocarcinoma in the C3H/HeN strain. Similar results have 23.3 7 100
been obtal_ned for docetaxel in I_3§Dl_2che Wlth PO3 pancreatic o 8.3 Al times 03
adenocarcinoma and for doxorubicin in rats with mammary cancer or 5 7 b
plasmacytoma (16, 19). Although B6D2Bnd C3H/HeN mice are o

. . . . . Combinations A2 7 and 15 90
nocturnally active, their pattern of melatonin secretion differs greatly. B 3 0

The average melatomn plgsma concentratior 19 tlm‘es as hlgh n 2 A, docetaxel 16.3 mg/kg/injectiorr doxorubicin 2.5 mg/kg/injection; B, docetaxel
C3H/HeN as in B6D2F mice, and the peak melatonin level occurai.6 mg/kglinjectiont+ doxorubicin 3.5 mg/kg/injection.
2000

Downloaded from cancerres.aacrjournals.org on June 12, 2013. © 2001 American Association for Cancer
Research.


http://cancerres.aacrjournals.org/

DOCETAXEL AND DOXORUBICIN CHRONOTHERAPY

binations were tested with a different relative proportion of botREFERENCES
o .
druQS' A targe.t. dose of 120% OT ea.Ch Smgle a_ge.m dO.SS was Chos?.nMisset, J. L., Dieras, V., Gruia, G., Bourgeois, H., Cvitkovic, E., Kalla, S., Bozec, L.,
The tolerability of both combinations was similar with regard t0 Beuzeboc, P., Jasmin, C., Aussel, J. P., Riva, A., Azli, N., and Pouillart, P. Dose-
toxic deaths and body weight loss. Nevertheless, they produced 11%finding study of docetaxel and doxorubicin in first-line treatment of patients with

; ; ; ;- ymetastatic breast cancer. Ann. Oncab; 553-560, 1999.
of toxic deaths, a percentage nearly twice as hlgh as that resulti .gRingeI, I., and Horwitz, S. B. Studies with RP56976 (Taxotere): a semisynthetic

from single agent therapy_. !n ad_dition, such Iet_hal toxi_city was 3 fold analogue of Taxol. J. Natl. Cancer In®3: 288-291, 1991.
as large in the mice receiving either combination during darkness @sMinow, R. A., Benjamin, R. S., and Gottlieb, J. A. Adriamycin (NSC 123127)
Compared with the Iight span. cardiomyopathy: an overview with determination of risk factors. Cancer Chemother.

. T Rep.,6: 195, 1975.
Desplte the overall rate of complete tumor inhibitions was Iargeﬁ_ Alexander, J., Dainiak, N., Berger, H. J., Golman, L., Johnstone, D., Reduto, L.,

with combination A than with combination B (45 and 20%, respec- Duffy, T., Schwartz, P., Gottschalk, A., and Zaret, B. L. Serial assessment of
tively), the overall efficacy of docetaxel-doxorubicin was lower than doxorubicin cardiotoxicity with quantitative radionuclide angiocardiography.

- . . : . Engl. J. Med. 300: 278-283, 1979.
that achieved with the hlgheSt dose tested for each Slngle age’ytgalindo, E., Kavanagh, J., Fossella, F., Valero, V., Bedikian, Y., and Pazdur, R.

(docetaxel, 58%; doxorubicin, 96%). Docetaxel (Taxotere TM) toxicities: analysis of a single institution experience of 168
The tolerability of the most effective combination (A) was worse patients (623 courses). Proc. Am. Soc. Clin. Oncigt; 164, 1994.

than that of single agent docetaxel (23.3 ma/ka/iniection). Yet botﬁ- Bellot, R., Robert, J., Dieras, V., Misset, J. L., Baille, P., Bozec, L., Vemillet, L.,
9 9 ( gikghny ) Riva, A., Azli, N., and Pouillart, P. Taxotere (T) does not change the pharmacokinetic

the ':ate of complete tumor inhibition (42%359545%) a_‘nd that of (PK) profile of doxorubicin (Dox) and doxorubicinol (Dx-ol) (Abstract 853). Proc.
survival on day 60 (70%versus75%) were similar. Single agent  Am. Soc. Clin. Oncol.17: 221a, 1998.
doxorubicin (5 mg/kg/injection) was better tolerated but less effectivé- Bissery, M. C., Vrignaud, P., and Lavelle, F. Preclinical profile of docetaxel (Taxo-

L\ . tere): effi ingl t and in combination. Semin. 1. 13):
than combination A (45%versus 15% of complete regressions). 36:523 ogg. ) ¢ & sindie agen and in combination. Semin. OrEx(Suppl. 13)

Nevertheless, the survival rates on day 60 were similar (75% aryl Levi, F., Zidani, R., Misset, J. L., for the International Organization for Cancer
62%). Thus, the most active combination did not improve the survival Chronotherapy. Randomized multicentre trial of chronotherapy with oxaliplatin,

outcome of mice as compared with docetaxel or doxorubicin given as fllgg;ouracn and folinic acid in metastatic colorectal cancer. Langg€: 681-686,

single agents_at a_non_tOXiC dose. ] 9. Levi, F., Zidani, R., Brienza, S., Dogliotti, L., Perpoint, B., Rotarski, M.,
A marked circadian time dependency further characterized the tolera-Letourneau, Y., Llory, J. F., Chollet, P., Le Rol, A., Kanoui, A., Focan, C.,
bility and efficacy of both combinations. The highest rate of complete Giacchetti, S., Bertheault-Cvitkovic, F., Kunstlinger, F., Adam, R., ltzhaki, M.,

t inhibiti hi din th . s binati Al Jasmin, C., and Misset, J. L. A multicenter evaluation of intensified ambulatory
umor Innibiuons was achieved in theé mice receiving comoination A N o, ynomodulated chemotherapy with oxaliplatin, fluorouracil and leucovorin as

the beginning of the activity span or in the beginning of the rest span in initial treatment of patients with metastatic colorectal cancer. Cancer (PIg.),
the mice treated with combination B. The poorest efficacy of either 2532-2540, 1999.

g ; f : . 10. Giacchetti, S., Perpoint, B., Zidani, R., Le Bail, N., Faggiuolo, R., Focan, C.,
combination was obtained in the middie of the activity phase. Chollet, P., Llory, J. F., Letourneau, Y., Coudert, B., Bertheault-Cvitkovic, F.,

Even at the lowest dose levels of single agent docetaxel or doxorubi- Larregain-Fournier, D., Le Rol, A., Walter, S., Adam, R., Misset, J. L., and Levi,
cin, the efficacy was increased by taking into account the time of F. for the International Organization for Cancer Chronotherapy. Phase Ill multi-

administration without any increase of toxicity Table 2 summarizes the center randomized trial of oxaliplatin added to chronomodulated fluorouracil-
' leucovorin as first line treatment of metastatic colorectal cancer. J. Clin. Oncol.,

treatments that achieved the best survival rates. Single agent docetaxel . 136147, 2000.
7 HALO appeared as both optimally effective and safer than as any other Levi, F. Therapeutic implications of circadian rhythms in cancer patiémtsD.
tested treatment option, including any of the tested docetaxel-doxorubicinChadwick and J. Goode (eds.), Mechanisms and Biological Significance of Pulsatile

. . . . Hormone Release, Novartis Foundation Symposium 227, pp. 119-142. Chichester,
combinations. Although the survival from the highest dose of doxorubi- ;. Kingdom: John Wiley and Sons, Ltd., 2000.

cin was similar to that produced by docetaxel at 7 HALO, this dose levl. whitmore, D., Sassone-Corsi, P., and Foulkes, N. S. PASting together the mammalian
was responsible far-10% body weight loss. Furthermore, the effect of ~ clock. Curr. Opin. Neurobiol 8: 635-641, 1998.

. : unlap, J. C. Molecular bases for circadian clocks. @él,271-290, 1999.
the dose of 13.8 mg/kg/injection on the heart ultrastructure suggests ﬁatll\)/\oore, R. Y. Entrainment pathways and the functional organization of the circadian

the cardiotoxicity from a lower dose could occur later, especially if  system. Prog. Brain Res11: 103-119, 1996.
additional injections were given. 15. Sothern, R. B., Halberg, F., Good, R., Simpson, H., and Grage, T. Differing charac-
In conclusion, the circadian dosing time of single agent docetaxel or teristics of circadian rhythms in murine tolerance to chemically related antimalignant

d bici thei binati f div infl d tol bili d antibiotics: Adriamycin and daunomycimn: C. A. Walker, K. Soliman, and C.
oxorubicin or their combination profoundly influenced tolerability an Winget (eds.), Chronopharmacology, pp. 257-268. Gainesville, FL: University

antitumor efficacy in mice with MA13/C mammary adenocarcinoma. Presses of Florida, 1981.
Each single agent produced the best results after administration neadfhgampellini, M., Filipski, E., Liu, X. H., Lemaigre, G., Li, X. M., Vrignaud, P.,

. . . . . Francois, E., Bissery, M. C., and Levi, F. Docetaxel chronopharmacology in mice.
middle of the rest span. Furthermore, single agent delivery at its optimal . | - "t e 5005 2904 1008,

dosing time displayed better tolerability and efficacy than both testegl Fiipski, E., Liu, X. H., Vrignaud, P., Bissery, M. C., and Levi, F. Chronopharma-
docetaxel-doxorubicin combinations. Although these results do not rule cologic optimization of docetaxel-doxorubicin combination in mice with P388 leu-

out a favorable therapeutic index of other drug sequences or intervalg jnkémia (Abstract 3885). Proc. Am Assoc. Cancer R48:,589, 1999.
18. Corbett, T. H., Griswold, D. P., Jr., Roberts, B. J., Peckman, J. C., and Schabel, F. M.,

this model, they support the investigation of the CIInIC.aI .relevance. or gy, Biology and therapeutic response of a mouse mammary adenocarcinoma (16/C)
chronotherapy of human breast cancer. The therapeutic index of singleand its potential as a model for surgical adjuvant chemotherapy. Cancer Treat. Rep.,

agent docetaxel or doxorubicin would be expected to be improved af{gr”i 1471-1499, 1978.

. .. . . . . Halberg, F., Nelson, W., Levi, F., Culley, D., Bogden, A., and Taylor, D. J. Chro-
their administration at night in cancer patients. notherapy of rats mammary cancer. Int. J. Chronobil85-90, 1980.

20. Vivien-Roels, B., Malan, A., Rettori, M. C., Delagrange, P., Jeanniot, J. P., and Pevet,
P. Daily variations in pineal melatonin concentrations in inbred and outbred mice.
ACKNOWLEDGMENTS J. Biol. Rhythms. 13: 403-409, 1998.

hank for di . b h . luati 2& Li, X. M., Liu, X. H., Filipski, E., Metzger, G., Delagrange, P., Jeanniot, J. P., and
We thank M. Reynes for discussions about the microscopy evaluation, C. Levi, F. Relationship of atypical melatonin rhythm with two circadian clock outputs

Mormont for advice on statistical methods, and the staff of the Aventis iy B6D2F, mice. Am. J. Physiol. Regul. Integr. Comp. Physi@l78: R924—R930,
Experimental Therapeutic Laboratory. 2000.

2001

Downloaded from cancerres.aacrjournals.org on June 12, 2013. © 2001 American Association for Cancer
Research.


http://cancerres.aacrjournals.org/

