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ABSTRACT

The cellular pharmacology of methotrexate was evaluated in
freshly isolated rabbit hepatocytes in suspension with an analysis
of drug metabolism by high-performance liquid chromatography.
After exposure of hepatocytes at a cytocrit of 5% to 5 /tw [3H]-

methotrexate, intracellular 7-hydroxymethotrexate appears rap
idly within the cell; within 15 sec, the level of 7-hydroxymetho

trexate exceeds the level of intracellular methotrexate, although
the latter has not achieved the dihydrofolate reducÃasebinding
capacity. Within 20 min, virtually all methotrexate is hydroxylated.
There is minimal formation of methotrexate polyglutamyl deriva
tives even after exposure of cells to very high levels of metho
trexate, and 7-hydroxymethotrexate polyglutamates do not ac
cumulate in the cell at all after incubation with [3H]-7-hydroxy-

methotrexate. Because of the rapidity of the hydroxylation of
methotrexate, transport of this agent could not be characterized.
However, some aspects of the transport properties of 7-hy

droxymethotrexate could be studied since the catabolite is nei
ther bound nor metabolized in this system. Net 7-hydroxymeth
otrexate transport was reduced by the addition of 5-formyl-
tetrahydrofolate. As observed for 4-aminoantifolate transport in
other cell systems, net 7-hydroxymethotrexate transport was

markedly stimulated by sodium azide, an inhibitor of energy
metabolism.

The data suggest that hydroxylation of methotrexate proceeds
at a rate at least comparable to the rate of association of the
drug with dihydrofolate reducÃaseand that transport of metho
trexate into rabbit hepatocytes is slow relative to the rate of
catabolism to the 7-hydroxy derivative. Rabbit hepatocytes may
be a useful model for exploring methotrexate catabolism at the
cellular level and may provide insights into the interaction be
tween methotrexate and/or other 4-aminoantifolates and the

human liver.

INTRODUCTION

The folate antagonist, methotrexate, is rapidly converted to
the 7-hydroxy derivative by aldehyde oxidase, an enzyme found
in both rabbit (21, 28) and human liver (20), which is apparently
responsible for the high levels of this catabolite in human plasma
after high-dose methotrexate therapy (4, 23). While 7-hydroxy

methotrexate is only a weak inhibitor of dihydrofolate reductase
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(5) and was considered a detoxification product (28), recent
studies raise the possibility that formation of this catabolite may
have important pharmacological consequences (6, 7): (a) 7-

hydroxymethotrexate shares the same membrane transport car
rier as does methotrexate in tumor cells (7,23) and when present
in the extracellular compartment with methotrexate, suppresses
both the influx and level of free methotrexate that accumulates
in cells (7). This reduction in the intracellular monoglutamyl
substrate level reduces the direct suppression of dihydrofolate
reductase by methotrexate as well as subsequent polyglutamy-
lation of methotrexate (7); (D) 7-hydroxymethotrexate is at least

as good a substrate as methotrexate for folylpolyglutamate
synthetase (6, 7, 25, 27), so that direct competition between
these 2 compounds at the level of this enzyme is possible; and
(c) because 7-hydroxymethotrexate polyglutamyl derivatives are
retained within cells, and 7-hydroxymethotrexate tetraglutamate
is a better inhibitor of dihydrofolate reductase than is the mon-

oglutamate (6), these derivatives could themselves have phar
macological activity.

This paper describes studies that explore for the first time the
cellular pharmacology of methotrexate in freshly isolated rabbit
hepatocytes in suspension, a system that permits characteriza
tion of the 7-hydroxylation and polyglutamylation processes that

also occur in human liver. This study demonstrates (a) very rapid
catabolism of methotrexate to 7-hydroxymethotrexate in these
cells, (b) the rapid release of 7-hydroxymethotrexate into the

extracellular compartment, and (c) the slow metabolism of meth
otrexate to polyglutamyl derivatives. This report further charac
terizes the membrane transport of 7-hydroxymethotrexate and
its interactions with 4-aminoantifolates at the level of the trans

port carrier.

MATERIALS AND METHODS

Materials. [3',5',7-3H]Methotrexate was synthesized by Amersham-
Searle (Arlington Heights, IL) and purified by HPLC5 as described previ

ously (12). Unlabeled methotrexate, and aminopterin obtained from the
National Cancer Institute were purified by DEAE-cellulose chromatogra
phy (17). 4-NHÂ¡r10-CH3-PteGIU2and 4-NHu-10-CH3-PteGlu3 were kindly

supplied by Dr. C. M. Baugh (University of South Alabama, Mobile, AL)
and used without further purification. Unlabeled 7-hydroxymethotrexate
was obtained by direct 7-hydroxylation from methotrexate after incuba

tion with a crude preparation of fresh mature rabbit liver and purified by
DEAE-cellulose chromatography as described previously (7,18). Radio-
labeled 7-hydroxymethotrexate was prepared by the same technique

using a highly purified aldehyde oxidase, followed by HPLC purification
(7, 8). Bio-Gel P-6 (200 to 400 mesh) and Bio-Gel P-60 were purchased
from Bio-Rad Laboratories (Richmond, CA). All other chemicals used

were reagent grade.

'The abbreviations used are: HPLC, high-performance liquid chromatography;
4-NH2-10-CHa-PteGIUj, 4-amino-10-methylpteroyldiglutamate; 4-NH2-10-CH3-
PteGlu3, 4-amino-IO-methylpteroyltriglutamate.
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Preparation of Hepatocyte Suspensions. Hepatocytes in suspension
were prepared from male New Zealand white rabbits, weighing 0.6 to
1.5 kg, by a modification (12) of the collagenase perfusion technique of
Berry and Friend (1). Before experimentation, animals were anesthetized
by injection of pentobarbital (45 rng/kg) in the marginal vein of the ear.
Trypan blue exclusion was determined at the beginning and end of
experiments and was 90% or greater.

Incubation Conditions. All experiments were performed at 37Â° in
Waymouth's medium (Grand Island Biological Co., Grand Island, NY) in

specially designed flasks (17). The pH was maintained at 7.4 by passing
warm and humidified 95% 02:5% CO2 over the cell suspension. Radio-

labeled compounds were added following which portions of the cell
suspension were injected into 10 ml of a 0Â°0.85% NaCI solution at pH

7.4. Cells were separated by centrifugation at 1000 x g for 60 sec and
then washed twice with the same solution. The washed pellet was
aspirated into the tip of a Pasteur pipet, extruded onto a polyethylene
tare, dried overnight at 70Â°, weighed on a Cahn 4700 electrobalance

(Cahn Instruments, Paramount, CA), and then digested in 0.25 ml of 1 N
KOH (1 hr at 70Â°).The digest was neutralized with 0.25 ml of 1 N HCI,

dissolved in 3 ml of Ready-Solve scintillation fluor (Beckman Instruments,

Fullerton, CA), and radioactivity was measured in a liquid scintillation
spectrometer.

Analysis of Intracellular and Extracellular Radiolabel by HPLC. Cell
pellets were resuspended in 0.6 ml of 10 mw sodium ascorbate (pH 7.2)
and boiled for 10 min following which 50% trichloroacetic acid was added
to achieve a final concentration of 10%. Protein debris was separated
by centrifugation at 15,000 x g for 10 minutes, and 0.7 ml of the
trichloroacetic acid extracts were then neutralized by adding 0.75 ml of
1 M KOH and 0.35 ml of 1 M KH2PO4 (pH 7.0). Samples of the medium
were chromatographed directly without extraction. Analyses were per
formed with an Altex Model 332 gradient liquid chromatography equipped
with a Model 210 injector and a 5-jum-particle-size octadecyl C18column

(25 cm x 4.5 mm; IBM Instruments). The resolution of the compounds
was achieved by a modification of the procedure of Fry ef al. (11). Each
analysis for methotrexate and its metabolites consisted of linear gradients
of 0 to 30% in 2.5 min, 30 to 62% in 10 min, and 62 to 100% in 1 min
of 15% acetonitrile in 0.1 HIM sodium acetate buffer at pH 5.5. The flow
rate was 2 ml/min, and the temperature was ambient. One-mi fractions

were collected and examined for radioactivity as described above. Au
thentic standards of methotrexate, 7-hydroxymethotrexate, 4-NH2-10-
CH3-PteGlu2 and -PteGlu3 were included in each sample and monitored

with a UV detector at 254 nm. This Chromatographie technique permits
resolution of methotrexate, 4-NHz-l 0-CH3-PteGlu2, 4-NH2-10-CH3-
PteGlu3, and 7-hydroxymethotrexate (Chart 1).

Intracellular methotrexate and methotrexate polyglutamyl derivatives
were quantitated by evaluating the percentage of each derivative from

0 2 4 6 8 IO I2 I4 I6

MINUTES
Chart 1. HPLC of authentic methotrexate (MTX), 4-NH2-10-CH3-PteGlu2 (MTX-

G,), 4-NH2-10-CH3-PteGlu3 (MTX-G,), and 7-hydroxymethotrexate (7-OH-MTX).
Chromatographie conditions are described in "Materials and Methods."

the Chromatographie analysis and the total radiolabel in each cell pellet
as determined in units of nmol per g dry weight. In these calculations,
the data were corrected for the loss of 3H at position 7 of the pteridine

molecule that occurs with the hydroxylation of methotrexate. This was
based upon a nuclear magnetic resonance spectroscopic analysis of a
typical batch of methotrexate, provided by Amersham, which indicated
that 53.6% of the label is at position 7 of the molecule.

Intracellular Space Determination. A portion of the hepatocyte sus
pension was incubated under the same conditions as described above
with [carboxy/-14C]inulin for 5 to 10 min. Intra- and extracellular volumes
were determined on unwashed pellets using [14C]inulin as an extracellular

marker and gravimetric determination of cell wet and dry weights as
described previously (3). The rabbit hepatocyte dry weight:wet weight
ratio was 0.239 Â±0.039 (S.D.); the extracellular waterwet weight ratio
was 0.346 Â±0.129 n\/mg; and intracellular watendry weight ratio was
2.131 Â±0.448 Â¿Â»l/mg(n = 6), similar to the values reported by Gewirtz

ef a/. (14) for rat hepatocytes.
Intracellular Binding to Macromolecules. Cell pellets were resus

pended in 1.5 ml of ice-cold buffer consisting of 0.05 citrate (pH 6.0),

0.15 M KCI, 0.05 M mercaptoethanol, 1 mw EDTA, and 0.1 rtiM NADPH.
The cell suspension was subjected to sonic oscillation until 95% of the
cells were broken and then centrifuged at 40,000 x g for 30 min. One
ml of the supernatant was passed through a minicolumn of Bio-Gel P-6

by centrifugation. As described previously (9,11), this procedure permits
isolation of the enzyme-ligand complex from the free drug which is
retained completely within the column. The enzyme-ligand complex was
also chromatographed on a column (1 x 50 cm) of Bio-Gel P-60 equili

brated with the above buffer and calibrated with appropriate molecular
weight markers.

RESULTS

Analysis of Intra- and Extracellular 4-Aminoantifolate Com

position after Exposure of Hepatocytes to Methotrexate. The
time course of appearance of methotrexate, 7-hydroxymetho

trexate, and methotrexate polyglutamyl derivatives in the intra
cellular water of hepatocytes after exposure to 5 MM[3H]metho-

trexate is illustrated in Chart 2A. There was a rapid initial increase
in total cell 3H, the major portion of which represented 7-hy
droxymethotrexate, following which the rate of 3H uptake fell to

a very slow constant velocity. 7-Hydroxymethotrexate far ex

ceeded the methotrexate level at the first measurement (5 min)
and remained in excess of the methotrexate level over the
following hour of observation. The intracellular methotrexate level
also rose rapidly initially but achieved only a value that was below
the dihydrofolate reductase binding capacity of 1.99 Â± 0.67
/iinol/liter of intracellular water (n = 5). There was a slow rise in
intracellular methotrexate polyglutamyl derivatives that paralleled
the small increment in total 3H over 20 to 60 min. No 7-hydroxy

methotrexate polyglutamyl derivatives were detected in the cells
as confirmed by incubation of each radiolabeled derivative with
chicken pancreas conjugase (2) which resulted in quantitative
reversion of each derivative to an elution time identical to that of
methotrexate.

Chart 23 illustrates the extracellular 3H composition under the

same conditions as described above (cytocrit 5%). The disap
pearance of methotrexate and the appearance of 7-hydroxy

methotrexate are very rapid. Only a very low level of unchanged
methotrexate (0.53 Â±0.15 /Â¿mol/literof extracellular water; n =
3) was detectable after 30 min. Aside from the very low levels of
methotrexate bound to dihydrofolate reductase and converted
to polyglutamyl derivatives, conversion of methotrexate to 7-
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IO 20 50 60

MINUTES
Chart 2. Intracellular (A) and extracellular (S) 4-aminoantifolate composition after

exposure of hepatocytes to 5 <IM [3H]methotrexate (MTX). Each symbol in ^
represents the mean Â± S.D. (bars) of 4 different experiments. 7-OH-MTX, 7-
hydroxymethotrexate; MTX-PG, methotrexate polyglutamyl derivatives.
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Chart 3. Time course of uptake and metabolism of 5 IÂ¡Mmethotrexate (MTX)
over 15 to 120 sec. Bound intracellular 3H was assessed by gel-filtration analysis
as described under "Materials and Methods." 7-OH-MTX, 7-hydroxymethotrexate.

hydroxymethotrexate was about 90% complete by this time.
The hydroxylation of methotrexate occurs entirely in the intra
cellular compartment; there is no extracellular aldehyde oxidase
activity. Hence, when hepatocytes were incubated for 15 min
following which the cells were separated from the medium by
centrifugation, 7-hydroxymethotrexate was added to the super
natant and incubation at 37Â° was continued for 30 min, no

metabolites of methotrexate were detected.
Chart 3 focuses on the time course of accumulation and

metabolism of methotrexate over 15 to 120 sec after addition of
the drug. Within 15 sec, the intracellular level of 7-hydroxymeth

otrexate exceeded that of methotrexate and increased at a rate
faster than that of methotrexate. Gel filtration followed by HPLC
analysis of the drug-protein complex indicated that all metho

trexate that appears within the cells over this interval is bound;
no bound 7-hydroxymethotrexate could be detected. Bio-Gel P-
60 chromatography indicates that the drug-protein complex

Ã©lÃ»teswith the same pattern as does dihydrofolate reductase
suggesting that this enzyme is the binding site for methotrexate.

Relationship between Extracellular Methotrexate Level and
Intracellular Levels of Methotrexate and Its Metabolites. Intra
cellular composition after a 30-min exposure of hepatocytes to
5, 25, 50, and 100 JIM [3H]methotrexate is analyzed in Chart 4,

conditions in which intracellular radiolabel was at or near con
stant levels. The intracellular increase in total 3H as extracellular

methotrexate was increased is accounted for largely by the
increase in 7-hydroxymethotrexate. There was a much smaller

increase in methotrexate and methotrexate polyglutamyl deriv
atives. Hence, as the extracellular methotrexate concentration
was increased from 5 to 100 MM.there was a 12-fold increase in
the formation of 7-hydroxymethotrexate but only a 3-fold in

crease in methotrexate and its polyglutamyl derivatives. No free
methotrexate could be detected at methotrexate concentrations
below 25 UM. When extracellular methotrexate was increased
from 50 to 100 UM, there was a 10-fold increase in free drug.
However, this was accompanied by only a 1.6-fold increase in

methotrexate polyglutamyl derivatives.
Intracellular Retention of Methotrexate and Its Derivatives.

Chart 5A illustrates the efflux properties of radiolabeled intracel
lular constituents after hepatocytes were loaded for 30 min in
the presence of 5 UM [3H]methotrexate, conditions in which

methotrexate, 7-hydroxymethotrexate, and methotrexate poly

glutamyl derivatives represented 29, 62, and 9% of the total

Chart 4. Relationship between extracellular methotrexate (MTX) and intracellular
drug and metabolite levels. Cells were incubated for 30 min with 5 (A), 25 (B), 50 â€¢

(C), or 100 MM (D) methotrexate and then were analyzed as described under
'Materials and Methods." Data are presented as the mean Â±S.D. (bars) of 3

different experiments. 7-OH-MTX, 7-hydroxymethotrexate; MTX-PG, methotrexate

polyglutamyl derivatives.
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60

Chart 5. Efflux properties for methotrexate (MTX) and its metabolites. In A, cells
were exposed to 5 /JM ['HJmethotrexate for 30 min, separated by centrifugation,
washed twice in methotrexate-free buffer, and resuspended in drug-free medium.
At the indicated times, portions of the cells were analyzed for Â¡ntiacellularconstit
uents as described under "Materials and Methods." In 8, cells were exposed to 5
Â»iM [3H]-7-hydroxymethotrexate for 30 min, diluted 10-fold in fresh drug-free me
dium, and the efflux of 7-hydroxymethotrexate (7-OH-MTX) was monitored. MTX-

PG, methotrexate polyglutamyl derivatives.

radiolabel, respectively. After resuspension in drug-free medium,
the major portion (approximately 90%) of intracellular 7-hy

droxymethotrexate exits from the cells within 30 min. Over this
interval, there was only a small net cellular loss of methotrexate,
with no net loss of methotrexate polyglutamates. The levels of
methotrexate and its polyglutamyl derivatives were below the
dihydrofoÃate reducÃase binding capacity and were shown, by
gel filtration analysis, to be bound within the cells.

The time course of 7-hydroxymethotrexate efflux is illustrated

in more detail in Chart 53. Cells were loaded for 30 min in the
presence of 5 MÂ«[3H]-7-hydroxymethotrexate, then diluted with
10 volumes of fresh drug-free medium at 37Â°,conditions under

which 85% of intracellular 7-hydroxymethotrexate leaves the

cells by 20 min. This technique permits measurements of initial
rates of efflux that could be perturbed by the usual washing and
centrifugation procedures (13). Based upon the decline of intra
cellular drug over the first 2 min during which only 25% of
intracellular 7-hydroxymethotrexate leaves the cells, the efflux
rate constant was computed to be 0.186 Â±0.049/min (n = 3).

Analysis of 7-Hydroxymethotrexate Transport. Methotrex
ate and 7-hydroxymethotrexate share the same uphill transport

carrier in Ehrlich and other tumor cells (7, 23). Because of the
rapid metabolism of methotrexate in rabbit hepatocytes and the
technical difficulty in the accurate measurement of initial uptake
rates (see Chart 3), properties for this transport process were
characterized with 7-hydroxymethotrexate.

When hepatocytes were incubated for 30 min with 5 MM7-[3H]-

hydroxymethotrexate and 5 mw L-glutamine, no polyglutamyl
derivatives were detected and no intracellular 7-hydroxymetho
trexate was bound, as assessed by gel filtration. 7-Hydroxy
methotrexate rapidly achieved (20 min) a steady-state intracel
lular level of 2.08 Â±0.38 MM(Chart 6; n = 4), comparable to the
7-hydroxymethotrexate level of 2.18 Â±0.32 MM(Chart 2; n = 5)
obtained after a 30-min exposure to 5 UM [3H]methotrexate,

conditions in which virtually all extracellular methotrexate was

Ã³
i
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50 60

Chart6. Effect of sodium azide on net 7-hydroxymethotrexate transport. â€¢,
cells incubated with 5 Â¡M[3H]-7-hydroxymethotrexate until a steady state was

achieved. At the time indicated by the arrow, portions of cells were exposed to
sodium azide (10 mM final concentration), and intracellular levels of [3H]-7-hy-

droxymethotrexate were determined (O). Points, mean of 3 different experiments;
bars, S.D.

catabolized to this derivative (Chart 2). When cells at the steady
state with 5 MM[3H]7-hydroxymethotrexate were then exposed

to 10 HIM of sodium azide, there was a rapid and marked
augmentation of net drug uptake resulting in a 2- to 3-fold
increase by 30 min (Chart 6). The addition of 50 MM5-formyltetra-
hydrofolate resulted in a net efflux of 7-hydroxymethotrexate

from cells (not shown) consistent with a common carrier mech
anism for these compounds (16). Nonlabeled methotrexate (50
MM)also induced a net efflux of 7-[3H]hydroxymethotrexate from

the hepatocytes; however, interpretation of this result is compli
cated by the rapid intracellular formation of the nonlabeled ca-

tabolite followed by its rapid efflux and extracellular accumulation
with subsequent inhibition of influx of the labeled 7-hydroxy

methotrexate into the cells.

DISCUSSION

With high-dose methotrexate regimens there is appreciable
metabolism to the 7-hydroxy derivative with plasma concentra
tion ratios of 7-hydroxymethotrexate to methotrexate that range

from 30:1 to 1:1 (4, 23). This catabolite is a very poor inhibitor
of mammalian dihydrofolate reducÃase(5, 6) and has been con
sidered to be inactive (27). However, recent studies indicate that
7-hydroxymethotrexate has a high affinity for the methotrexate-

tetrahydrofolate cofactor transport carrier (7) and thereby limits
both the rate of entry of methotrexate into cells and the free
intracellular methotrexate level that is achieved. This interaction
depresses the inhibitory effect of methotrexate on tetrahydrofo-
late-dependent thymidylate synthesis and slows the rate of meth
otrexate polyglutamylation in cells (7). Furthermore, 7-hydroxy

methotrexate has been shown to be a very good substrate for
the folylpolyglutamate synthetase (6, 8, 25, 26), and finally, the
7-hydroxymethotrexate tetraglutamate derivative, which is re

tained within Ehrlich cells, binds to and is a much more potent
inhibitor of dihydrofolate reductase than is the 7-hydroxymon-

oglutamate (6).
Because of the potential importance of the 7-hydroxy cata

bolite of methotrexate and its known site of production in the
liver, studies were undertaken to characterize the hydroxlyation
in freshly isolated rabbit hepatocytes which like the human liver
(20) contain appreciable levels of aldehyde oxidase and are
therefore capable of this reaction (21, 28).

Catabolism of methotrexate to the 7-hydroxy derivative is very
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rapid in hepatocytes. At a cytocrit of about 5% and with an
extracellular methotrexate concentration of 5 MM.essentially all
methotrexate was hydroxylated within 20 min except for a small
portion bound to dihydrofolate reducÃasewithin the cells, and an
even smaller portion which is metabolized to polyglutamyl deriv
atives. After 20 min, 7-hydroxymethotrexate is at near maximum
levels in the intracellular and extracellular water.

In rabbit hepatocytes, the association of methotrexate with
aldehyde oxidase proceeds at a rate comparable to the rate of
binding of methotrexate to dihydrofolate reducÃase, since hy-
droxylation occurs prior to saturalion of Ihis enzyme by melho-

irexale. Likewise, Ihe very low levels of free methotrexate in
cells over a broad extracellular concenlralion range suggesls
lhal Iransport of Ihe drug is slow relalive to hydroxylation. The
rapidity of hydroxylation complicates the characterization of the
transport properties for methotrexate. However, aspects of the
transport of 7-hydroxymethotrexate which is neither bound nor
further metabolized in these cells could be evaluated. These
studies indicate rapid transport of 7-hydroxymethotrexate by a
mechanism similar to that utilized by 4-aminoantifolates and 5-

formyltetrahydrofdate. Hence, when cells at steady state with
7-hydroxymethotrexate are exposed to 5-formyltetrahydrofolate,
there is rapid net efflux of 7-hydroxymethotrexate. Furthermore,
as observed previously for both methotrexate and 7-hydroxy

methotrexate in Ehrlich and other tumors (7, 10,15), net trans
port of 7-hydroxymethotrexate is stimulated by sodium azide in
rabbit hepatocytes. This is attributed to inhibition of an energy-

dependent exit process which limits the accumulation of free
drug (10,15,16).

Only negligible levels of methotrexate polyglutamyl derivatives
were formed in rabbit hepatocytes which is consistent with the
absence of methotrexate polyglutamates in rabbit liver in vivo
(28). While this might be attributed to rapid hydroxylation limiting
the methotrexate substrate available for polyglutamylation, a 20-

fold increase of the extracellular methotrexate level which in
creases free intracellular drug resulted in only a small increment
in the accumulation of methotrexate polyglutamyl derivatives,
negligible in comparison to the levels of 7-hydroxymethotrexate
formed. Furthermore, no 7-hydroxymethotrexate polyglutamyl

derivatives were formed after exposure to methotrexate. Indeed,
no 7-hydroxymethotrexate polyglutamyl derivatives were de
tected even after cells were exposed directly to 7-hydroxymeth
otrexate when the lack of polyglutamylation of the 7-hydroxy

derivative could not be attributed to competition with methotrex
ate at the level of the folylpolyglutamate synthetase. The basis
for this observation is unclear since rabbit liver contains appre
ciable levels of folylpolyglutamate synthetase (28). Reduced poly
glutamylation could be attributed to high intracellular levels of
folate substrates that compete with the antifolates for the syn
thetase and/or high conjugase activity which hydrolyzes polyglu
tamates rapidly after they are formed. It would be expected that
the liver of the rabbit would store folates as polyglutamates for
subsequent release and utilization by peripheral folate-dependent
tissues, and hence would form 4-aminoantifolate polyglutamates

as well. Methotrexate polyglutamates have been detected in
human liver (19), and they form rapidly in rat hepatocytes (13,
14); it is of interest that the latter organ, however, produces only
negligible levels of 7-hydroxymethotrexate while humans rapidly

oxidize methotrexate in vivo (4, 25).
These data raise the possibility that the rabbit hepatocyte

system may be a useful model for understanding this catabolic
pathway for methotrexate and supports the critical role of the
hepatocyte as a major element in the clearance of methotrexate
from the circulation.

ACKNOWLEDGMENTS

The invaluable secretarial assistance of Brenda G. Coleman in the preparation
of this manuscript is gratefully acknowledged.

REFERENCES

1. Berry, M. N., and Friend, D. S. High yield preparation of isolated rat liver
parenchymal cells. J. Cell. Biol., 43:506-520,1969.

2. Bird, O. D., McGlohon, V. M., and Vairtkus, J. W. Naturally occurring folates
in the Wood and liver of the rat. Anal. Biochem., 72:18-35,1965.

3. Bobzien, W. F., Ill, and Goldman, I. D. The mechanism of folate transport in
rabbit reticulocytes. J. Clin. Invest., 5): 1688-1696,1972.

4. Breithaupt, H., and Kuenzlen, E. Pharmacokinetics of methotrexate and 7-
hydroxymethotrexate following infusions of high-dose methotrexate. Cancer
Treat. Rep., 66. 1733-1741,1982.

5. Chauvet, M., Bourdeaux, M., Briand, L, Dell Amico, M., Gilli, R., and Diarra,
M. Interaction of methotrexate metabolites with beef liver dihydrofolate reduc
ÃaseI. Binary complex study. Biochem. Pharmacol., 32:1059-1062, 1983.

6. Fabre, G., Fabre, l., Matheriy, L. H., Cano, J.-P. and Goldman, I. D. Synthesis
and properties of 7-hydroxymethotrexate polyglutamyl derivatives in Ehrlich
ascites tumor cells in vitro. J. Biol. Chem., 259: 5066-5072,1984.

7. Fabre, G., Matherty, L. H., Fabre, I., Cano, J-P., and Goldman, I. D. Interactions
between 7-hydroxymethotrexate and methotrexate at the cellular level in the
Ehrlich ascites tumor in vitro. Cancer Res., 44: 970-975,1984.

8. Fabre, G., Matherty, L. H., Favre, R., Catalin, J., and Cano, J-P. In vitro
formation of polyglutamyl derivatives of methotrexate and 7-hydroxymetho
trexate in human lymphoblastic leukemia cells. Cancer Res., 43: 4648-4652,

1983.
9. Fry, D. W., White, J. C., and Goldman, I. D. Rapid separation of low molecular

weight solutes from liposomes without dilution. Anal. Biochem., 90: 809-815,

1978.
10. Fry, D. W., White, J. C., and Goldman, I. D. Effects of 2,4-dinitrophenol and

other metabolic inhibitors on the bidirectional carrier fluxes, net transport, and
intracellular binding of methotrexate in Ehrlich ascites tumor cells. Cancer
Res., 40: 3669-3673,1980.

11. Fry, D. W., Yalowich, J. C., and Goldman, I. D. Rapid formation of poly--x-

glutamyl derivatives of methotrexate and their association with dihydrofolate
reducÃaseas assessed by high pressure liquid chromatography in the Ehrlich
ascites tumor cells in vitro. J. Biol. Chem., 257:1890-1896,1982.

12. Gewirtz, D. A., Randolph, J. K., and Goldman, I. D. Catecholamine-induced
release of the folie acid analogue, methotrexate, from rat hepatocytes in
suspension. An alpha-adrenergic phenomenon. Mol. Pharmacol., 22:493-499,

1982.
13. Gewirtz, D. A., White, J. C., Randolph, J. K., and Goldman, I. D. Formation of

methotrexate polyglutamates in rat hepatocytes. Cancer Res., 39:2914-2918,
1979.

14. Gewirtz, D. A., White, J. C., Randolph, J. K., and Goldman, I. D. Transport,
binding, and polyglutamylation of methotrexate in freshly isolated rat hepato
cytes. Cancer Res., 40: 573-578,1980.

15. Goldman, I. D. Transport energetics of the folie acid analogue, methotrexate,
in L1210 leukemia cells. J. Bid. Chem., 244: 3779-3785,1969.

16. Goldman, I. D. The characteristics of the membrane transport of aminopterin
and the naturally occurring folates. Ann. NY Acad. Sci., 786: 400-422,1971.

17. Goldman, I. D., Uchtenstein, N. S., and Oliverio, V. T. Carrier-mediated

transport of the folie acid analogue, methotrexate, in the L1210 leukemia cells.
J. Btol. Chem., 213: 5007-5017,1968.

18. Henderson, G. B., and Zevely, E. M. Transport routes utilized by L1210 cells
for the influx and efflux of methotrexate. J. Biol. Chem., 259: 1526-1531,
1984.

19. Jacobs, S. A., Derr, C. J., and Johns, D. G. Accumulation of methotrexate
diglutamate in human liver during methotrexate therapy. Biochem. Pharmacol.,
26:2310-2313,1977.

20. Johns, D. G. Human liver aldehyde oxidase: differential inhibition of oxidation
of charged and uncharged substrates. J. Clin. Invest., 46: 1492-1505,1967.

21. Johns, D. G., lannotti, A. T., Salterelli, A. C., Booth, B. A., and Bertino, J. R.
The identity of rabbit liver methotrexate oxidase. Biochem. Biophys. Acta, 705:
380-382,1965.

22. Johns, D. G., and Loo, T. L. Metabolites of 4-amino-4-deoxy-N10-methyl-
pteroylglutamic acid (methotrexate). J. Pharm. Sci., 56: 356-359,1967.

23. Lankelma, J., Van der Klein, E., and Rameakers, F. The role of 7-hydroxy
methotrexate during methotrexate anticancer therapy. Cancer Lett., 9: 133-
142,1980.

24. Matheriy, L. H., Fry, D. W., and Goldman, I. D. Role of methotrexate polyglu-

CANCER RESEARCH VOL. 45 MARCH 1985

1090

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2420708/cr0450031086.pdf by guest on 19 M

ay 2023



7-HYDROXYLATION OF METHOTREXATE IN RABBIT HEPATOCYTES

tamylation and cellularenergy metabolismin inhibitionof methotrexate binding
to dihydrofolate reducÃaseby 5-formyl-tetrahydrofolatein Ehrlichascites tumor
cells in vitro. Cancer Res., 43: 2694-2699,1983.

25. McGuire, J. J., Mini, E., Hsieh, P., and Bertino. J. R. Folylpolyglutamate
synthetase: relation to methotrexate action and as a target for new drug
development. In: Y.-C. Cheng, B. Goz, and M. Minkoff (eds.),Developmentof
Target-OrientedAnticancer Drugs: pp. 97-106. New York: RavenPress,1983.

26. Moran, R. G., Rosowski, A., Coteman,P., Forsch, R., and Chan, K. Substrate

specificity of mouse liver folate polyglutamate synthetase (FPQS).Proc. Am.
Assoc. Cancer Res., 24: 279,1983.

27. Redetzki, H. M., Redetzki, J. E., and Elias, A. L. Resistance of the rabbit to
methotrexate: isolation of a drug metabolite with decreased cytotoxicity.
Btochem.Pharmacol.,15: 425-433,1966.

28. Sasaki, K., Hosoya, R., Wang, Y.-M., and Raulston, G. L. Formation and
disposition of 7-hydroxymethotrexate in rabbits. Biochem. Pharmacol., 32:
503-507,1983.

CANCER RESEARCH VOL. 45 MARCH 1985

1091

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2420708/cr0450031086.pdf by guest on 19 M

ay 2023




