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Abstract

Objectives The combination of cisplatin and docetaxel shows a better cure rate against
non-small-cell lung cancer than other drug combinations in clinical studies; however, severe
myelosuppression and nephrotoxicity are dose-limiting factors. The purpose of this study was
to establish a suitable dosing schedule to reduce adverse effects and improve the antitumour
effects.

Methods Cisplatin and docetaxel were administered i.p. to male ICR mice simulta-
neously, or sequentially with either cisplatin or docetaxel first followed by the second drug
12 h later (docetaxel—cisplatin and cisplatin—docetaxel groups). Antitumour effects of these
schedules were also tested in C57BL/6N mice bearing Lewis lung carcinomas.

Key findings The simultaneous docetaxel/cisplatin group showed the lowest survival
rate and the highest blood urea nitrogen (BUN) concentration. Cisplatin concentrations in
the plasma and kidney were higher in the simultaneous dosing group than the sequential
dosing groups. Antitumour effect was the greatest in the docetaxel—cisplatin group.
Conclusions The docetaxel—cisplatin regimen inhibited tumour growth the best and
reduced mortality and nephrotoxicity.
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Introduction

The combination of cisplatin and docetaxel has a high therapeutic effect against non-
small-cell lung cancer (NSCLC).""#1 However, the combination of cisplatin and
docetaxel causes severe myelosuppression and peripheral nerve injury, limiting its
clinical use in many patients with NSCLC.B* Moreover, nephrotoxicity caused by
cisplatin is a dose-limiting factor,>®" when used alone and in combination with
docetaxel.”! Many studies have attempted to decrease cisplatin-induced nephrotoxicity
using anti-oxidising agents.”_gj Protocols in previous clinical studies have almost always
administered cisplatin 1 h after an infusion of docetaxel.* However, there has been
little research into the dosing schedule for cisplatin and docetaxel in combination in
terms of interval and sequence.

In preliminary studies of adriamycin and docetaxel in mice we found that modifying the
dosing sequence and the dosing time not only significantly reduced leucopenia and toxic
death but also significantly improved inhibition of tumour growth compared with
simultaneous administration of the drugs, as commonly used in clinical practice.''®'* A
remarkable result in these studies was that toxic death was markedly reduced in the group
that were given adriamycin 12 h after docetaxel injection compared with all the other co-
administration groups.''®'?! In other combination therapies, adverse effects and antitumour
effects vary according to the dosing interval and dosing sequence.[13’l4] The dosing
schedule for cisplatin and docetaxel injections in terms of dosing interval and sequence has
not been examined in detail. We therefore investigated whether modifying the dosing
schedule can reduce severe adverse effects and improve antitumour effect. We analysed the
pharmacokinetics of cisplatin and docetaxel to clarify the mechanisms underlying the
effects of dosing schedule on pharmacological actions.
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Materials and Methods

Animals and tumour cell line

Male ICR (5 weeks old) and C57BL/6N (4 weeks old) mice
were purchased from Charles River Japan, Inc. (Kanagawa,
Japan). Mice were housed 6-9 per cage under standardised
light—dark cycle conditions (lights on and off at 7:00 and
19:00, respectively) at a room temperature of 22 + 1°C and
humidity of 60 £ 10%, with free access to food and water.
Experiments were performed after formal approval by the
Institutional Ethical Committee for Research on Animals.
Lewis lung carcinoma (LLC) cells were purchased from
Dainippon Sumitomo Pharma Co., Ltd (Osaka, Japan). LLC
cells were maintained in Dulbecco’s modified Eagle’s
medium (high-glucose) supplemented with 10% fetal bovine
serum and 0.05% kanamycin, penicillin and streptomycin in
a humidified atmosphere of 95% air and 5% CO, at 37°C.
LCC cells (3 x 10° cells) were transplanted into the
subcutaneous tissue of mice 4 days before drug injection.

Drugs

Cisplatin (supplied by Nippon Kayaku Co. Ltd Tokyo, Japan)
was dissolved in saline and the solution sonicated for 20 min
(final concentration: 0.75 mg/ml). Docetaxel (purchased
from Sanofi-Aventis, Tokyo, Japan) was dissolved in 95%
ethanol and diluted with 5% glucose solution.

Cisplatin (7.5 mg/kg) and docetaxel (12.5 mg/kg) were
injected i.p. to ICR mice. Mice were divided into four groups.
Those in the simultaneous dosing group (docetaxel/cisplatin)
were given both drugs simultaneously. The sequential dosing
groups (cisplatin—docetaxel and docetaxel—cisplatin) were
given the second drug 12 h after the first. Controls were
given vehicle (ethanol-glucose solution).

Determination of antitumour effect

Four days after subcutaneous inoculation of LLC (3 x 10°
cells) into C57BL/6N mice, mice (n = 14 per group) were
given two cycles of cisplatin and docetaxel 7 days apart.
Control mice (n = 13) received no treatment.

Tumour dimensions was measured using Vernier callipers
and the tumour weight (mg) was calculated once every
2 days according to the following equation: tumour weight =
A X B2/2, where A is the longer dimension and B the shorter
dimension (mm). Relative tumour growth was expressed as
the change in tumour volume from the initiation of drug
injections.

Determination of tolerance (survival)

To determine toxic death, seven cycles of cisplatin and
docetaxel were administered at 7 day intervals (total of
52.5 mg/kg cisplatin and 87.5 mg/kg docetaxel) (n = 14 or
15). Survival time was recorded for 49 days.

Measurement of leucocyte count

Blood samples were withdrawn from the orbital sinus 3 days
after single or three-times-weekly injections of drugs in the
four groups (n = 9-12). Leucocyte counts were measured
immediately after blood sampling using an automatic
leucocyte counter.
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Measurement of blood urea nitrogen (BUN)

Four cycles of drugs were administered at 7-day intervals
(n = 13-16). To estimate its renal toxicity when administered
alone, cisplatin (7.5 mg/kg i.p.) was injected into ICR mice.

Blood samples were withdrawn from the orbital sinus
on days 5, 12 and 26 after the first drug administration. All
blood samples were centrifuged immediately at 3000g for
15 min at 15°C, and then the plasma frozen at —80°C until
assay. BUN was measured using a commercial kit (Wako
Pure Chemical Industries Ltd, Osaka, Japan).

Pharmacokinetics

In mice treated every 7 days for four cycles, blood samples
were obtained via the orbital sinus at the following time
points after drug injection: 4 h after each docetaxel injection
in the three docetaxel-treated groups on days 0, 7 and 21
(n =4-9); 4 h after each cisplatin injection in the three
cisplatin-treated groups on days 0, 7 and 21 (n = 6-9).

The right kidney was removed under ether anaesthesia 4 h
(day 0) after a single administration of drugs (n = 8) and 4 h
(days 7 and 21) after twice- or four-times-weekly injections
of drugs (n = 8). Blood samples were centrifuged immedi-
ately at 3000g for 15 min at 15°C. Plasma and kidneys were
frozen at —80°C until assay.

Docetaxel concentrations in plasma were quantified
by an HPLC method with UV detection, as described
previously.“oJ Cisplatin levels were determined from platinum
(Pt) concentrations in the kidney and blood.

Plasma (40 pl) was added to 248 pul 1% Triton X-100 and
32 pl 1 M HCI, and the concentration of Pt measured.

The kidney was weighed and treated with 2 ml 60% nitric
acid until completely digested. The solution was added to
248 pl 1% Triton X-100 and 32 pl 1 m HCI to determine the
Pt concentration.

Pt was determined on a 20-ul sample by flameless atomic
absorption spectrophotometry using Zeeman effect correc-
tion (Hitachi Polarized Zeeman AAS Model Z-9000; Hitachi,
Hitachi City, Japan) under the following conditions: lamp
current 12.5 mA; wave length 265.9 nm; slit width 0.40 nm.

Statistical analysis

Survival was plotted using the Kaplan—-Meier method and
compared by the log-rank test. Leucocyte count, BUN levels
and drug concentrations are given as means = SD. All other
values are given as means + SE.

Groups were compared by one-way analysis of variance
(ANOVA) and repeated ANOVA, and differences between
groups were determined by Scheffe’s test. Statistical moment
analysis was performed by calculating pharmacokinetic
parameters such as area under the plasma—time concentration
curve (AUC).

A P value of less than 0.05 was considered significant.

Results

Influence of dosing schedule on adverse effects

After repeated cisplatin and docetaxel administration, the
survival rates on day 49 were 0% in the docetaxel/cisplatin
group, 57.1% in the cisplatin—docetaxel group and 53.3% in
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the docetaxel—cisplatin group (Figure 1). The two sequential-
treatment groups showed significantly better survival than
the docetaxel/cisplatin group (both P < 0.05).

Leucocyte counts were significantly lower in the drug-
treated groups compared with the control group on days 3
and 17 (P < 0.05; Figure 2). There was no difference in
leucocyte counts between the drug-treated groups.

After a single drug administration, there was no difference in
BUN level between the treatment groups on day 5 (Figure 3).
When drugs were administered repeatedly, the BUN concen-
tration in the docetaxel/cisplatin group increased gradually,
and was significantly higher in the docetaxel/cisplatin group
than in the control group on day 26 (P < 0.05; Figure 3).
However, almost no mice in the cisplatin alone, cisplatin—
docetaxel and docetaxel—cisplatin groups showed an increase
in BUN.
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Figure 1 Influence of dosing schedule on survival rate during the
combined administration of cisplatin and docetaxel in ICR mice. Cisplatin
(CIS; 7.5 mg/kg i.p.) and docetaxel (DOC; 12.5 mg/kg i.p.) were
administered every 7 days simultaneously (DOC/CIS: n = 15; solid lines)
or sequentially, 12 h apart: DOC—CIS (n = 14; dashed line) and CIS-DOC
(n = 14; dotted line). The arrows show when drugs were administered.
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Figure 2 Influence of dosing schedule on myelosuppression. Leuco-
cyte counts were measured on days (a) 3 and (b) 17 during the combined
administration of cisplatin (CIS; 7.5 mg/kg i.p.) and docetaxel (DOC;
12.5 mg/kg i.p.) in ICR mice (n = 9-12). Vehicle was administered to
the control group (n = 10-13). Values are means = SD. *P < 0.05 vs
control group.
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Influence of dosing schedule on
pharmacokinetics

Plasma docetaxel concentrations were measured 4 h after
docetaxel injection in mice given repeated administration of
cisplatin and docetaxel. There were no significant differences
in docetaxel levels between the groups on days 0, 7 and 21
(Figure 4).

Plasma cisplatin concentrations were measured at 4 h
after cisplatin injection in mice given repeated injections of
cisplatin and docetaxel. Only the docetaxel/cisplatin
group showed an increase in cisplatin concentration com-
pared with day 0. On day 21, the cisplatin concentration was
significantly higher in the docetaxel/cisplatin group than in
the docetaxel-cisplatin and cisplatin—docetaxel groups
(P < 0.05; Figure 5).

Kidney cisplatin concentrations measured 4 h after
cisplatin injection in mice given repeated administration of
cisplatin and docetaxel were markedly higher in the
docetaxel/cisplatin group than in the cisplatin—docetaxel
group on day 21 (P < 0.05, Figure 6).

Influence of dosing time on tumour growth after
combination of cisplatin and docetaxel

Tumour growth was inhibited in all treated groups compared
with the control group (all P < 0.05; Figure 7).

Discussion

Survival rates in the intermittent dosing groups (cisplatin—
docetaxel and docetaxel—cisplatin), in which the second drug
was administered 12 h after the first, were increased
significantly by about 50% compared with the simultaneous
dosing (docetaxel/cisplatin) regimen commonly used in
clinical practice. Toxic death caused by administration of
antitumour drugs in rodents is generally thought to relate to
severe myelosuppression and drug-dependent organic injury.
Leucocytes were significantly decreased in all the drug-
treated groups compared with the control group. There were
no significant differences in leucocyte counts between the
drug-treated groups, even though lethal toxicity was
significantly higher in the the docetaxel/cisplatin group
than the cisplatin—docetaxel and docetaxel-cisplatin groups.
Cisplatin is known to be nephrotoxic, and severe renal
toxicity is potentially fatal.>® In the present study, rapid
augmentations in BUN were observed in all deceased mice.
BUN levels increased in the docetaxel/cisplatin group
compared with the control group with every cisplatin
administration. On other hand, BUN concentrations above
42.4 mg/dl were seen in 5 of 16 mice in the docetaxel—
cisplatin group and 4 of 15 mice in the cisplatin—docetaxel
group; almost all mice in both dosing groups showed BUN
levels about equal to the control group. Previous studies have
reported that toxic death could be markedly decreased by
inhibiting cisplatin-induced nephrotoxicity."'>'®" These
results suggest that relieving cisplatin-induced renal toxicity
contributes significantly to the improved survival rate in the
sequential dosing groups compared with the simultaneous
dosing group.



618

—
Q
~

160
140
120}
100
80 |
60
401

20-. . . . .
0

BUN (mg/dl)

BUN (mg/dl)

Journal of Pharmacy and Pharmacology 2009; 61: 615-621

(b)
160 1

140 |
120 |
100 |
801
60 r
40
20 ¢

P <0.05

BUN (mg/dl)

o

Figure 3 Influence of dosing schedule on blood urea nitrogen (BUN) on days (a) 5 (b) 12 and (c) 26. Levels of BUN were measured during
administration of cisplatin (CIS; 7.5 mg/kg, i.p.) and/or docetaxel (DOC; 12.5 mg/kg, i.p.) in ICR mice (n = 14-16). Vehicle was administered to the

control group (n = 10). Values are means = SD.
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Figure 4 Influence of dosing schedule on plasma docetaxel concentrations after single or repeated administration to ICR mice on days (a) 0
(b) 7 and (c) 21. Cisplatin (CIS; 7.5 mg/kg, i.p.) and docetaxel (DOC; 12.5 mg/kg i.p.) were administered separately, or every 7 days simultaneously
(DOC/CIS; n = 4-9) or sequentially 12 h apart (DOC—CIS; n = 4-7 and CIS-DOC; n = 5-7). Values are means + SD.

Renal toxicity depends on the cisplatin concentration.'”"'®!

In the present study, AUC_;,y, of cisplatin in plasma was higher
by 1.3-1.4-fold in the docetaxel/cisplatin group than in the
cisplatin—docetaxel and docetaxel-cisplatin groups after a
single administration (data not shown). After a single
administration, renal cisplatin concentration was higher in the

docetaxel/cisplatin group than in the cisplatin—docetaxel and
docetaxel—cisplatin groups. Cisplatin-induced nephrotoxicity
becomes severe when the kidney cisplatin level is high.''”!
Thus, the increase in cisplatin concentrations in plasma and
kidney may have inhibited renal function in the docetaxel/
cisplatin group.
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Influence of dosing schedule on plasma cisplatin concentrations after single or repeated administration to ICR mice on days (a) 0 (b) 7

and (c) 21. Cisplatin (CIS; 7.5 mg/kg i.p.) and docetaxel (DOC; 12.5 mg/kg i.p.) were administered once or every 7 days simultaneously (DOC/CIS;
n = 6-9) or intermittently (DOC-CIS; n = 6-8 and CIS-DOC; n = 6-8). Values are means = SD.
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Figure 6 Influence of dosing schedule on cisplatin concentrations in the kidney 4 h after single or repeated cisplatin administration to ICR mice on
days (a) 0 (b) 7 and (c) 21. Cisplatin (CIS; 7.5 mg/kg i.p.) and docetaxel (DOC; 12.5 mg/kg i.p.) were administered every 7 days simultaneously
(DOC/CIS; n = 8) or sequentially, 12 h apart (DOC-CIS; n = 8 and CIS-DOC; n = 8). Values are means + SD.

The main route of excretion of cisplatin is via the urine,
with 40-50% being excreted within 4 h.”” In this study, the
simultaneous dosing schedule resulted in higher levels in
plasma and kidney than did the sequential regimens. Thus, a
drug—drug interaction that affects the renal excretion of
cisplatin might occur when docetaxel and cisplatin are
administered together. Cisplatin is filtered by the glomerulus
and is secreted from the renal tubule via drug transpor-
ters.”'**) The proximal tubule expresses drug transporters
such as P-glycoprotein (P-gp) and multidrug resistance
associated protein-2 (MRP-2);l23’24J docetaxel is a substrate
for both P-gp and MRP-2.[2527] Although the exact
mechanisms underlying the secretion of cisplatin via the
renal tubule are not fully understood, it has been reported that
cisplatin is not a substrate of P-gp,”® but is a substrate of
MRP-2.**! The increase in cisplatin concentrations in the
plasma and kidney in the docetaxel/cisplatin group suggests

competitive inhibition between cisplatin and docetaxel in
excretion via the MRP-2.

When cisplatin and docetaxel were administered repeat-
edly, cisplatin accumulated markedly in the plasma and
kidney in the docetaxel/cisplatin group compared with the
cisplatin—docetaxel and docetaxel—cisplatin groups. Impaired
renal function reduces cisplatin excretion, and this is
aggravated when cisplatin is administered repeatedly.m’31J
Plasma and renal levels of cisplatin were higher in the
docetaxel/cisplatin group than in the cisplatin—docetaxel and
docetaxel—cisplatin groups. The exposure to high cisplatin
concentrations may trigger more severe nephrotoxicity. The
nephrotoxicity caused by a single administration in the
docetaxel/cisplatin group results in decreased renal excretion
of cisplatin. Repeated injection of cisplatin resulted in
accumulation of the drug in the plasma and kidneys, which
could aggravate the renal dysfunction, explaining the high
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Figure 7 Influence of dosing schedule on tumour growth after the
combined administration of cisplatin and docetaxel in C57BL/6N mice
inoculated with Lewis lung carcinoma cells. Cisplatin (7.5 mg/kg i.p.) and
docetaxel (12.5 mg/kg i.p.) were administered every 7 days simultaneously
(docetaxel/cisplatin, n = 14) or sequentially, 12 h apart (docetaxel—
cisplatin, n = 14; and cisplatin—docetaxel, n = 14). The control group
was not treated (n = 13). Values are means = SE. *P < 0.05 vs control
group.

mortality in the docetaxel/cisplatin group compared with the
cisplatin—docetaxel and docetaxel—cisplatin groups.

Although there were no significant differences in plasma
docetaxel concentrations among the treatment groups after a
single drug administration, the docetaxel level was higher in
the docetaxel/cisplatin group than in the cisplatin—docetaxel
and docetaxel—cisplatin groups with repeated administration.
Docetaxel is metabolised in the liver, mainly by hepatic
cytochrome P450 (CYP)3A4.132331 Although no clear mechan-
ism is known, reduction in CYP activity and protein are
associated with cisplatin-induced renal failure.**** In this
study, severe renal failure was seen in the docetaxel/cisplatin
group, in which the plasma docetaxel concentration increased.
The increase in plasma docetaxel level in the docetaxel/
cisplatin group may have resulted from impaired renal
function, facilitated by reduction of activity and protein
expression of CYP3A.

On day 14, rates for inhibition of tumour growth were
42.3% in the docetaxel/cisplatin group, 41.8% in the cisplatin—
docetaxel and 59.1% in the docetaxel-cisplatin group;
antitumour effect was greatest in the docetaxel—cisplatin group.

It has been reported that the antitumour effect of co-
administered cisplatin and docetaxel in human cancer cells in
vitro is highly dependent on the dosing schedule: inhibition
of tumour cell growth was higher when cells were exposed
to cisplatin after docetaxel compared with cisplatin and
docetaxel simultaneously.”*®*”! The results of this in-vitro
study corresponded to the results of our in-vivo study. The
enhanced cytotoxicity of cisplatin when administered after
docetaxel pre-treatment was attributed to accumulation of
intracellular Pt—glutathione complexes, as docetaxel appears
to suppress the MRP-1 up-regulation induced by cisplatin
exposure,”*”! and pre-treatment with cisplatin significantly
blocked the subsequent docetaxel-induced apoptosis.l36J The
antagonistic effect between docetaxel and cisplatin and the
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intracellular cisplatin pharmacokinetics in tumour rather than
plasma drug concentrations are likely to have contributed to
the difference in antitumour effect between the groups.

Conclusions

The findings of the present study reveal that the docetaxel—
cisplatin regimen, in which cisplatin was administered 12 h
after docetaxel injection, not only inhibited tumour growth to
the greatest extent among the dosing groups but also
significantly reduced the toxic death and nephrotoxicity
compared with the cisplatin/docetaxel regimen commonly
used in clinical practice. The difference in nephrotoxicity may
be caused by the pharmacokinetics of cisplatin and docetaxel.
The 12 h dosing interval used in this study may not be the
optimal dosing schedule for docetaxel and cisplatin in the
clinic. Nevertheless, this study demonstrates that sequential
dosing may be preferable to simultaneous dosing. Choosing a
dosing schedule based on evidence from basic and clinical
studies may improve the safety and efficacy of chemotherapy
with combinations of cisplatin and docetaxel.
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