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Abstract High-dose methotrexate therapy in a testicular cancer was studied pharmaco-
kinetically to obtain safe and effective massive methotrexate theraphy. The drug concentra-
tion in serum, cerebrospinal fluid and urinary excretion was analyzed according to two-or
three-compartment open models. The ratio of exposure to methotrexate in the central vs. the
peripheral compartments was calculated to be 1 : 0.14 by a two-compartment open model. A
larger amount of methotrexate permeates into the peripheral compartment by passive
transport when a high dose, as compared to the usual dose, is used. However, most of the
administered methotrexate is rapidly excreted in urine without any antitumor effects. The
urinary excretion showed almost the same pharmacokinetical parameters as obtained from
the serum data. The analysis based on a three-compartment open model indicates that the low
and sustained serum concentration of methotrexate at the third phase was found to be
governed by its release from the third compartment. General consideration about cancer
chemotherapy using methotrexate are also discussed.
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available!~®. However, only a few reports

Introduction

High dose methotrexate therapy combined
with leucovorin rescue is applied not only to
acute leukemia, choriocarcinoma and malig-
nant lymphoma but also to osteosarcoma
which is refractory against methotrexate
therapy at ordinary doses. Pharmaco-
kinetical information is essential in order to
obtain effective and safe therapy because the
antitumor effect of high doses of methotrex-
ate is accompanied by severely adverse or
fatal . reactions. Much information on the
pharmacokinetics of methotrexate is

give a detailed pharmacokinetic analysis
based on physiological pharmacokinetics®~®.
But it is not practical for clinical application.
Therefore, in the current study, one case of
high dose methotrexate adminisration was
analyzed according to conventional compart-
ment theory.

Methods
A twenty-six-year-old male (50kg) had been

experiencing right testicular swelling since Janu-
ary 1984. He visited a physician complaining of a
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cough and general fatigue. Later, he received
right orchiectomy in July of 1984. Histological
findings confirmed mixed type testicular tumors
with seminoma, embryonal carcinoma and chor-
iocarcinoma. His chest X-ray showed evidence of
multiple tumor metastasis. Human chorionic
gonadotropin level rose up to 114,000 units. Gas-
trectomy was carried out on August 15th, 1985,
because of uncontrollable gastric bleeding due to
metastasis. On September 4th, he became uncon-
scious due to cerebral metastasis. Consequently,
craniotomy was performed to remove intra-
cranial hematoma and metastatic tumor.
Because of the elevation of human chorionic
gonadotropin and disseminated choriocarcinoma
into the lung, intestinal tract and brain, high dose
methotrexate therapy combined with leucovorin
rescue was selected as the only possible treat-
ment. After being pretreated with hydration and
alkalinization of urine using sodiumbicarbonate
and sodium acetazolamide injections during 12 h,
the patient received 10g of methotrexate in 500
ml of 5% glucose injection containing sodium
bicarbonate over a period of 6 h with continuous
hydration and alkalinization of urine. From 3 h
after the completion of the administration of
methotrexate, 15 mg of leucovorin was admin-
stered parenterally every 3 h according to the
recommended protocol.

Blood and cerebrospinal fluid was collected
from the drainage tube set in the intracranial
cavity. The urine was collected immediately at
the initiation of methotrexate administration.
The methotrexate level in each body fluid was
determined by homogenous enzyme immunoas-
say (EMIT®). Data analysis was carried out
using an ACOS-850 computer (Nippon Electric
Co. Ltd,, Tokyo).

Results

The methotrexate level of each body fluid
is listed in Table I and depicted in Fig. 1.
The serum concentration of methotrexate
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Fig. 1 Time courses of the Concentrations

of Methotrexate in Serum and Cere-
brospinal Fluid (CSF).

Serum 10g/6h(—O-—), CSF 10g/6h(——
A——), serum 2g/3h(—@—).

Table 1 Concentrations of Methotrexate in Serum, Cerebrospmal Fluid(CSF) and Urinary Excretion

after Dosing 0.2g/kg by 6-h Infusion.

Serum .

Time (h) 6 6.65 8 10 12 18 30 42 54 78 102 150

M 939.6 2279 1480 621 26.5 4.70 0.90 0.23 0.019  0.087 0.055' 0.0188

CSF

Time (h) 3 6 7 8 9 12 15 18 21

M 0.0012 0.048 0,345 8.85 7.68 9.69 9.12 6.54 4.38

Urinary Excretion

Time(h) 1 2 3 4 5 6 65 715 8 9 10 12 15 21
% . 0.02 29 7.1 18.3 32.0 52.0 59.7 67.5 72.0 80.9 90.0 92.8 97.6 99.2 99.4
Time(h) 6.5 7 - 75 8 9 10 12 15 18 21 26 27 30 42

Uo—U, 6.34 5.11 441 3.03 1.61 1.14 0.38
()

0.26 0.13 0.10 0.075  0.043  0.027 0.014
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Fig. 2 The Sigma-minus Plots of the Uri-
nary Excretion of Methotrexate after Dos-
ing 0.2g/kg by 6h Infusion.

at 30 h and 50 h were 0.9 M and 0.19 M,
respectively. These values were similar to
those observed by Fujimoto et al 2,

The cumulative urinary  excretion and
sigma-minus values are also listed in Table
1. The plots of logarithms of the sigma-
minus values versus time shows the typical
biexponential pattern (Fig. 2).

About half of the total amount of meth-
otrexate was excreted within 12 h after
methotrexate administration while sufficient
hydration and alkalinization of the urine was
maintained.

The concentration data for methotrexate
in serum up to 42 h and those in cerebrospinal
fluid were preliminarily analyzed according
to two-compartment open model (Fig. 3).

The time courses of decline of the amount
of methotrexate in the central compartment
(X,) and that in the peripheral compartment
(X;) are represented as Eq.l and Eq.2,
respectively.
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Fig. 3 Two-Compartment Open Model

X, and X,:amounts of methotrexate in
central and peripheral compartment, respec-
tively ; ki, and k; : transport rate constants
between central and peripheral comart-
ments ; ke : excretion rate constant ; k, :
infusion rate ; T : infusion time (h).
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Fig. 4 Three-Compartment Open Model

Cs : Concentration of central compart-
ment ; Vd : distribution volume of central
compartment ; k, : infusion rate; T : infu-
sion time ; k,, and k,, : transport rate con-
stants between central compartment and
peripheral comartment II ; ks and kg, :
transport rate constants between central
compartment and peripheral compartment
Il

B=05(k2+ky +ke— ((Kiz+ Koy +ke) 2— 4k, ke) %)
4
where k, is infusion rate («M/h), T is infu-

sion time. @ and g8 are represented as Eq. 3
and Eq. 4, respectively. '
The obtained data were analyzed accord-
ing to Eq. 1 and Eq. 2 using nonlinear least-
squares method program *“MULTI” ® written
in FORTRAN. The calculated values of
parameters were Vd 22.7 L/body, k,; =0.102
h™!, «=0.455 h~?, £=0.098 h~!, k;,=0.247 h™,
respectively. These values correspond to the
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degrees of exposure to methotrexate in each
compartment.

As for the cerebrospinal fluid data, physi-
cally reliable parameters could not be calcu-
lated.

The analysis of sigma-minus data (U,—
U,) of the urinary excretion according to Eq.
5 yielded «=0.547 h™!, and £=0.092 h!
which are similar to values obtained by
serum data according to Eq.1 and Eq.2.

U,—Ui=Ae **+Be™** (5)
This suggests that the urinary data also may
give comparatively useful pharmacokientic
parameters, although less precise compared
to serum data. Furthermore, the cumulative
urinary excretion data is important in the
evaluation of the urinary excretion and the
tissue accumulation.

The serum data were further analyzed
according to a three-compartment open
model. The model depicted in Fig. 4 and
described by Eq. 6 gave the most physically
reliable parameters.
e?T—1) (ko — @) (ki —a)

— ko ( —at
R 7 W e v ey e
@1 (kn =) (ki =B) —pr
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©T=1) (ko —y) (ki —%) —pt
@D GE- ©®

The results were Vd=20.1L, «=0.503h7",
£=0.167h"", y=0.022h7*, k,;=0.181h—' and
k31 == 0022h_1

Substituting these values for parameters in
Eq. 6, simulation curve of the time course of
methotrexate level was generated when 2g of
the methotrexate was administered within 3
h and was compared with measured values.
Relatively good fits were observed as shown
in Fig. 1, indicating the usefuless of the above
model and parameters.

Discussion

The uptake of methotrexate into the cell is
said to be intermediated by some active
transport mechanism through the cell
membrane'®. Because of the dysfunction of
the membrane of the tumor cell, the active
transport of methotrexate into a normal cell
is higher than in a tumor cell'V, This phenom-
enon is one of the favorable properties for

leucovorin rescue, but unfavorable in terms
of the selective antitumor activity of meth-
otrexate. Moreover, the transport of meth-
otrexate into the deep tissue is insufficient at
ordinary concentrations of methotrexate as
substantiated by the unsatisfactory response
for osteosarcoma by standard methotrexate
therapy. High dose administration of meth-
otrexate has overcome these problems by
compensating for the deficiency of active
transport through the enhancement of pas-
sive diffusion by a high concentration of
methotrexate, which allowed effective appli-
cation of this therapy to many other kinds of
tumors. Ultra high dose methotrexate ther-
apy has been successfully used even for
osteosarcoma. In this therapy, the rescue by
leucovorin should be done with careful
monitoring of the level of methotrexate in
the blood, urinary excretion, and laboratory
findings in order to avoid fatal adverse
effects.

Homogenous multiplied enzyme im-
munoassay (EMIT®), fluorescence polariza-
tion immunoassay (TDX®) and high perfor-
mance chromatography are available to
determine methotrexate level'?>~'®. The
homogenous multiplied enzyme immunoas-
say has been confirmed as being able to
determine methotrexate selectively. Cross
reactivity in this immunoassay with its main
metabolite, 7-hydroxy-methotrexate, is only
4%, so overestimation is hardly likely in the
determination of methotrexate level'®.

The cumulative urinary excretion obser-
ved in this study was 509 within 6 h after the
initiation of methotrexate infusion and
almost 100% within 12 h. The reported uri-
nary excretion rates were 45.1+19.0% within
6 h and 64.2+28.0 % within 24 h and 66.1+27.
8% within 72 hY or 55% within 24 h and 65%
within 48 h®. The comparatively rapid uri-
nary excretion rate observed in this case
seemed to be more responsive to the diuresis
by sufficient hydration and alkalinization of
urine rather than to nonspecific determina-
tion of methotrexate and its main metabolite,
7-hydroxy-methotrexate.

The cytotoxicity of methotrexate shows
s-phase specificity in the cell cycle. The
degree of the exposure to methotrexate is an
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important factor in evaluating the antitumor
effect of methotrexate. The integration val-
ues of Eq.1 and Eq.2 during 0 to infinite times
were 5.16 x 10* gzmole-h for the central com-
partment and 7.26 x 10° gmole-h for the
peripheral compartment. This suggests that
only a small amount of the administered
methotrexate permeates into peripheral com-
partment by enhanced passive diffusion due
to its high concentration, and the greater part
is rapidly excreted without any contribution
to the antitumor effect on the tissues. From
the above stand point, techniques for the
enhancement of methotrexate uptake into
the cell need to be developed. Some such
approaches have already been carried out,
although most of them are in vitro experi-
ments. Probenecid'®, indomethacin'® and
non-ionic surfactant vesicle (niosome)'® are
reported to enhance the methotrexate uptake
and the antitumor effects.

Other successful approaches such as com-
bined use of vinca alkaloids with
verapamil'®®®, a calcium channel blocker,
and esterification of chlorambucil with
estradiol (estrabucil)?” have been reported.

Because of the nonspecific activity of
antitumor agents dissimilar to antibiotics
such as B-lactam antibiotics against infec-
tion, sophisticated pharmacokientic study is
also essential for the determination of dosage
schedule to obtain more effective and less
toxic antitumor therapy. For a representa-
tive example, rescue with leucovorin is neces-
sary to prevent adverse effects such as bone
marrow depression. Rescue with leucovorin
is said to be based on the differences of active
transport of cell membrane. It is difficult for
leucovorin to permeate the membrane of the
tumor cells due to the lack of active trans-
port, whereas it can selectively permeate into
the normal cells. Therefore, leucovorin res-
cue is possible. It has been reported, however,
that the excess administration of leucovorin
attenuates the antitumor activity of
methotrexate??, The protocol for leucovorin
rescue, therefore, has many difficult prob-
lems. Shirotnak et al?® has reported the rela-
tionship between the survival rate and inter-
val of leucovorin rescue after treatment with
various dose of methotrexate in mice. The

results show that a too-rapid administration
of leucovorin reduced the survival rate
compared to a gradual administration. This
suggests that leucovorin dose not enter the
cell when sufficient methotrexate remains in
the medium because of competition with
methotrexate for the active transport. Favre
at al ¥ reported the protocol of high doses of
methotrexate therapy with 24h continuous
infusion and initiation of leucovorin rescue at
36 h.

Another important problem in cancer
chemotherapy is the tissue distribution of
antitumor agents. When methotrexate is
administered in high doses, the prolongation
of plasma concentration level is observed
independently of administered dose. This
phenomenon was explained by the strong
binding of methotrexate to dihydrofolate
reductase in the cells. To clarify the precise
kinetics of methotrexate in the body includ-
ing the binding to dihydrofolate reductase,
pharmacokinetic technique based on physio-
logical knowledge instead of conventional
compartment theory is most useful. Dedrick
and Bischoff” have developed the physiologi-
cal pharmacokinetics and clarified the dispo-
sition of methotrexate in bone marrow,
spleen and small intestine, where the time
courses of the concentration in tissue are not
parallel to those in plasma. It is desired,
therefore, that we develop a practical appli-
cation of physiological pharmacokientics for
cancer chemotherapy in the near future.
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