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Abstract Purpose: A comprehensive pharmacokinetic
study of leucovorin (5-formyltetrahydrofolate, 5-HCO-
FH,) and its metabolites was conducted in plasma, liver
and implanted tumor tissue from mice maintained on a
low folic acid diet. While it has been previously dem-
onstrated that the antitumor activity of fluorouracil
(FU) can be potentiated by 5-HCO-FH,4, the optimum
time for administration of FU after 5-HCO-FH,, to
maximally elevate the active folate metabolite methy-
lenetetrahydrofolate in tumor has not been established.
Human plasma studies have defined the pharmacoki-
netics of circulating 5-HCO-FH, and its metabolites, but
comparison with human tumor accumulation has not
been practicable because of sampling difficulties. As an
alternative, a mouse model system, based on low dietary
folic acid, was used to evaluate plasma, liver and im-
planted tumor reduced folates after administration of 5-
HCO-FH,. Methods: Plasma and tissue samples were
collected from folate-deplete mice over a 12-h period
after intraperitoneal administration of 90 mg/kg [R, S]
5-HCO-FH,. Reduced folates were evaluated using a
ternary complex assay. Results: The time at which max-
imal accumulation of parent compound and all metab-
olites, except S-methyltetrahydrofolate (5-CH;FH,),
occurred in tumor was the same as in plasma. Alterna-
tively, peak liver accumulation was delayed relative to
plasma for all folates except 5-CH;FHy. Conclusions:
The results suggest that mouse plasma accumulation of
reduced folates, with the exception of 5-CH3;FH,, can
predict tumor accumulation. Hence, evaluation of hu-
man plasma folate accumulation may potentially pro-
vide a means to improve the timing of the administration
of FU relative to 5-HCO-FH, to achieve a superior
therapeutic outcome.
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Introduction

Leucovorin (5-HCO-FH,) is currently in widespread use
to potentiate FU antitumor activity against several types
of advanced solid tumors [2, 11, 23]. This potentiation
has been attributed to accumulation of the metabolite,
CH,FH,, which stabilizes the inhibitory ternary com-
plex formed between TS (EC 2.1.1.45) and the active
metabolite of FU, 5-FAUMP [3, 5]. For this reason 5-
HCO-FH, administration often precedes FU to permit
folate metabolite accumulation. However, the time in-
terval used, which has generally been based on accu-
mulation of plasma folates, has varied widely [7-9, 12,
21]. Tumor accumulation of the active metabolite,
CH,FH,, is the most direct determinant of activity, but
it has been difficult to obtain more than very limited
evaluation of human tumor CH,FH, levels for com-
parison with plasma because it is difficult to obtain
sufficient human tumor tissue sample [4, 22, 23]. To
obtain sufficient tissue, an animal model is the only
practicable alternative. Recently, we have established a
dietary folic acid-deplete mouse model system and have
shown that while there is only a marginal effect of the
diet on tumor growth, the model is more sensitive to 5-
HCO-FH, potentiation of FU antitumor activity [16].
This system was used to determine the pharmacokinetics



of 5-HCO-FH, and its metabolites in plasma and to
compare these results with accumulation in an im-
planted mouse mammary tumor and liver.

Materials and methods

Materials

Leucovorin ([R,S]5-HCO-FH,) was obtained from Ben Venue
Laboratories, Ohio. C3H mammary adenocarcinoma was obtained
from Lilly Research Laboratories (Indianapolis, Ind.) and was
maintained in C3H mice (Charles River Co. Wilmington, Mass.) as
subcutaneous (s.c.) axillary implants with a passage time between 14
and 20 days. Folic acid-deplete chow (#5831C-2) containing 0.01
ppm folic acid with 1% succinylsulfathiazole to deplete intestinal
bacteria, and control chow (#5001) containing 5.9 ppm folic acid,
were purchased from Purina Mills (Richmond, Ind.). 5-[*H]JFdUMP
was purchased from Moravek Biochemicals (Brea, Calif.). Sep-
hadex G-25 was obtained from Pharmacia (Piscataway, N.J.).
NADPH, ATP and all other reagents were purchased from Sigma
Chemical Co. (St. Louis, M¢.). TS (4 U/mg protein) was purified
from an Escherichia coli strain that overproduces Lactobacillus casei
TS [14]. The E. coli strain was a gift from D. Santi (University of
California, San Francisco). 5,10-Methylenetetrahydrofolate reduc-
tase (0.52 U/mg protein) and 10-formyltetrahydrofolate dehydro-
genase (0.2 U/mg protein) were purified from pig liver as described
previously [10, 17]. 5,10-Methenyltetrahydrofolate synthetase (0.1
U/mg protein) was purified from rabbit liver largely as described
previously [19]. Previous preparations contain low but interfering
levels of [S]5-HCO-FH, bound to the purified enzyme. This [S]5-
HCO-FH4 has been removed by incubation of purified MS and
ATP (0.5 mM) for 15 min at room temperature to convert enzyme
bound [S]5-HCO-FH, to 10-HCO-FHy. The resultant 10-HCO-
FH, was separated from MS by Sephadex G-25 column chroma-
tography. Purified MS was stored in 20 mM potassium phosphate
(pH 7.2), 5 mM mercaptoethanol, 0.1% Tween-20 and 0.5 mM
ATP. ATP does not interfere with detection of [S]5-HCO-FH,
because it is present in excess during assay.

Animal experiments

C3H mice were maintained on the folic acid-deplete diet for 14
days. Animal weight was monitored and found to be no different
from the control group (average weight 22 g). Mouse mammary
adenocarcinoma was excised from seed mice, cut into pieces small
enough to fit into a 13-gauge trocar, and implanted s.c. into the
mice. Implanted tumors were allowed to grow for 10 days before
initiation of pharmacokinetic experiments. [R,S]5-HCO-FH, was
diluted in sterile saline and injected intraperitoneally (i.p.) (300 pl
per mouse) at a dose of 90 mg/kg. To obtain blood, liver and tumor
samples, animals were sacrificed in a CO, chamber.

Tissue preparation

Whole blood (~ 600pul) was collected by cardiac puncture and
centrifuged immediately at 400 g for 5 min. The plasma obtained
was diluted with an equal volume of cold 50 mM Tris-HCI buffer
(pH 7.4) containing 50 mM sodium ascorbate and 1 mM EDTA
and stored at =70 °C. Liver and tumor were excised from mice and
washed with cold phosphate-buffered saline (PBS) and stored at
—70 °C. For folate analysis, these tissues were each homogenized in
cold 50 mM Tris-HCI buffer (pH 7.4) containing 50 mM sodium
ascorbate and 1 mAM EDTA and centrifuged at 10 000 g for 10 min
at 4 °C to remove cell debris. An aliquot of the supernatant was
used for soluble protein determination by the method of Bradford
[1]. The remainder of the supernatant was immediately placed in a
boiling water bath for 5 min and centrifuged to remove precipitated
proteins. The resultant supernatant was used for folate estimation.
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Because CH,FH4 can potentially become dissociated to FH,4 and
formaldehyde under these conditions, the sum of these folates is
reported. Other reference folates are stable under these conditions
with routine recovery in the range 70-95% [15].

Estimation of reduced folates

The ternary complex assay used is based upon enzymatic cycling of
reduced folates (monoglutamates and polyglutamates) to CH,FH,
followed by entrapment into a stable ternary complex with excess
Lactobacillus casei TS and 5-PHJFAUMP. Methods have been
described previously for estimation of CH,FH,4 + FHy, 5-CH3FHy,
10-HCO-FHy, and 5-HCO-FH, using this approach [15]. Typically,
reaction mixtures contained 20 mU TS and 125 nM 5-[°PH]JFdUMP
(20 Ci/mmol) in 200 pl 50 mAM Tris-HCl buffer (pH 7.4) containing
50 mM sodium ascorbate and 1 mM EDTA. Additional enzymes
and cofactors were added as necessary for cycling each reduced
folate to CH,FH4. Ternary complex formation was allowed to
proceed at 25 °C for 30 min. Addition of 1% SDS and boiling for
10 min were used to stop reactions. Aliquots (25 pl) were applied to
Sephadex G-25 minicolumns and eluted by centrifugation to sep-
arate tritiated complexes from free 5-PHJFdAUMP. Bound radio-
activity was determined by scintillation counting. The practical
limit of detection for CH,FH, and other folates under these con-
ditions was 7 fmol [15]. The area under the concentration-time
curve (AUC.|»,) for each folate in plasma, liver and tumor was
calculated using the linear trapezoidal method [18].

Methenyltetrahydrofolate synthetase assay

A novel assay for determination of MS activity in crude tissue
extracts was developed. This assay is based on enzymatic conver-
sion of [S]5-HCO-FH, to CH"FH, with subsequent hydrolysis to
10-HCO-FH,4. The latter folate was estimated by the ternary
complex assay. Liver (~ 3 mg/ml) and tumor (~ 30 mg/ml) were
homogenized in 50 mM Tris-HCI buffer (pH 7.4) containing
50 mM sodium ascorbate and 1 mM EDTA, and centrifuged to
remove cell debris. For analysis, reaction mixtures, which con-
tained 5-20 pl of tissue extract supernatant, 10 pM [R,S]5-HCO-
FH,, 0.5 mM ATP and 10 mM magnesium acetate in the ho-
mogenization buffer in a final volume of 0.5 ml, were incubated at
37 °C for 5, 10 and 15 min and terminated by boiling for 5 min.
One unit of MS activity corresponds to 1 pmol 10-HCO-FH,4
formed per min. Soluble protein in tissue supernatants was deter-
mined by the method of Bradford [1].

Results

To determine the disposition of 5-HCO-FH,4 and its
metabolites, reduced folates were monitored over a 12-h
period in plasma, liver and implanted tumor. Mice were
maintained on a folic acid-deplete diet to permit more
extensive elevation of reduced folates and to mimic more
closely levels typically observed in humans. Figure 1
shows the behavior of the total folate pool (the sum of
[S]5-HCO-FH, and its metabolites) in plasma and each
tissue after i.p. injection of [R,S]5-HCO-FH,. The cor-
responding AUC values are shown in Table 1. Plasma
folates were extensively elevated over the first few min-
utes (from 6 pmol/ml to 135 nmol/ml) followed by a
rapid depletion. Tumor reduced folates followed the
same general profile, in that they achieved a peak con-
centration at the same time as plasma folates. Total
tumor folates became elevated from basal levels of
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Fig. 1 Total reduced folate accumulation in mouse tissues after
[R,S]5-HCO-FH, administration. Individual reduced folates were
estimated by the ternary complex assay in plasma (A), liver (O) and
implanted tumor ((J) from folic acid-deplete mice after i.p. injection of
90 mg/kg [R,S]5>-HCO-FH; and summed to obtain total folate
estimates. The inset shows an expanded time axis for clarity of the
early results. Values are the means+ SE of duplicate analyses of
plasma and tissues from four mice
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Fig. 2 [S]5-HCO-FH,4 accumulation in mouse plasma and tissues
after [R,S]5-HCO-FH, administration. [S]5-HCO-FH, was estimated
by the ternary complex assay in plasma (A), liver (O) and implanted
tumor (OJ) from folic acid-deplete mice after i.p. injection of 90 mg/kg
[R,S]5-HCO-FHy. Values are the means + SE of duplicate analyses of
tissues from four mice

Table 1 AUC values for [S]5-

AUCO-IZ h

Plasma (nmol - h/ml)

Tumor (pmol - h/mg)  Liver (pmol - h/mg)

HCO-FH, and its metabolites Folate

in mouse plasma, tumor and

liver (values are the means + SE

from four mice) Total 947
[S15-HCO-FH,4 74+ 6
10-HCO-FH,4 4+1
CH,FH4 + FH4 8+ 1
5-CH;3;FHy 9+1

2356 +71 8102 £+ 531
338 £ 58 247+ 47
418 +31 1395 £ 289
547 £ 57 4587 £123

1021 +£58 1749 £ 263

18 pmol/mg protein to 705 pmol/mg. The loss of folate
from tumors was somewhat slower than from plasma.
The total folate pool in liver achieved a peak concen-
tration (from 213 to 1013 pmol/mg) about 45 min later
than in plasma and tumor, and remained elevated much
longer. The AUC for liver total folate was nearly four
times greater than for tumor. However, at peak, the
total increase in folate above basal levels was five-fold in
liver while tumor folates were elevated 28-fold.

The behavior of the biologically active form of [R,S]5-
HCO-FHy,, [S]5-HCO-FHy, is shown in Fig. 2 with the
corresponding AUC values shown in Table 1. It can be
seen that the kinetic patterns for plasma and tumor were
essentially superimposable, while the peak concentration
in liver was attained substantially later. AUC for tumor
[S15-HCO-FH,4 was approximately 40% greater than for
liver because the peak accumulation was higher. For
comparison purposes, AUC values for liver and tumor
[S]5-HCO-FH, accounted for only a small fraction of
total folate AUC in each tissue (3% and 14%, respec-
tively) while plasma folate consisted primarily of [S]5-
HCO-FHy (80% of total plasma AUC).

More extensive accumulation of [S]5-HCO-FHy4 in
tumor compared to liver could potentially be explained

by slower metabolism. Hence, the activity of MS, the
only enzyme known to metabolize [S]5-HCO-FH,, was
determined [19]. Because of the relatively low activity of
this enzyme in crude tumor extracts [13], it was necessary
to develop a more sensitive assay than those previously
available. This assay was based upon detection of the
final product, 10-HCO-FH4, by the ternary complex
assay method, after enzymatic conversion of [S]5-HCO-
FH; to CH'FH,, and subsequent hydrolysis to
10-HCO-FH,. Using this approach, it was determined
that liver contained a substantially higher level of ac-
tivity than tumor (520 + 178 vs 203 £ 27 uU/mg pro-
tein, n = 4).

The behavior of the leucovorin metabolites, 10-HCO-
FH4, CH,FH4 + FH4 and 5-CH3;FHy, in plasma, liver
and tumor is shown in Fig. 3 with the corresponding
AUC values shown in Table 1. As was true for the
parent compound, the kinetic behavior of tumor
10-HCO-FH4 was very similar to the profile in plasma.
On the other hand, liver 10-HCO-FH, achieved a peak
concentration somewhat later than plasma or tumor,
and there was a three-fold greater AUC for this folate in
liver than in tumor. The combined CH,FH,4 + FHy4 pool
(Fig. 3B) also followed the same general kinetic pattern
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Fig. 3A—C Reduced folate metabolite accumulation in mouse tissues
after [R,S]5-HCO-FH, administration. 10-HCO-FH, (A), CH,FH4+
FH, (B) and 5-CH3FH,4 (C) were estimated by the ternary complex
assay in plasma (A), liver (O) and implanted tumor () from folic
acid-deplete mice after i.p. injection of 90 mg/kg [R,S]5-HCO-FH,.
Values are the means + SE of duplicate analyses of tissues from four
mice

in tumor as in plasma. On the other hand, the peak
CH,FH, + FH4 accumulation in liver, like [S]5-HCO-
FH,4 and 10-HCO-FHy, occurred considerably later than
in tumor. Further, there was an eight-fold greater AUC
for this pool in liver than in tumor. Compared with total
folate AUC, the CH,FH4 + FH4 AUC accounted for
more than half of the total folate in the liver but only
23% of tumor folate. In contrast to other metabolites,
tumor accumulation and depletion patterns for 5-
CH;FH, did not mimic the behavior in plasma (Fig. 3C).
However, the time of peak accumulation of this pool in
liver was close to the peak time in plasma. Hence, tumor
10-HCO-FH,4 and CH,FH,4 + FHy4 closely followed the
pattern for these folates in plasma, but peak accumula-
tion occurred later in liver. On the other hand, liver 5-
CH;FH, paralleled the plasma profile but peak accu-
mulation occurred somewhat later in tumor.
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Discussion

While the disposition of 5-HCO-FH, and its metabolites
have been extensively studied in human plasma [15, 20],
little direct evidence is available to establish the rela-
tionship between plasma pharmacokinetics and tissue
accumulation [4, 22, 23]. Because of the difficulty in
obtaining human tissue samples to adequately conduct
pharmacokinetic studies, animal models have been
sought as an alternative [6, 13, 24]. However, high basal
tissue and plasma folate levels present in animals
maintained on typical laboratory diets, which have ex-
tensive folic acid supplementation, have made assess-
ment of folate increases in response to 5-HCO-FH,
difficult to interpret. The dietary folic acid-deplete
mouse model used in this study was able to overcome
this difficulty.

The general schematic representation of folate me-
tabolite interconversions that are expected to occur after
5-HCO-FH, administration shown below reflects the
complexity of the overall system at the biochemical level.

10-HCO-FH; <«——» FH,

5-HCO-FH, i 5-CHaFH,

AN CH'FH, —~€——— CH,FH,

Scheme 1 Scheme of folate metabolite interconversions

In addition, differences in uptake from plasma of the
parent compound as well as metabolites formed else-
where, make precise modeling exceptionally difficult.
Hence, the current study was undertaken to evaluate
empirically the relationship between plasma and tissue
accumulation of each metabolite. One goal was to es-
tablish the time of peak accumulation of therapeutically
critical metabolites in tumor for comparison with peak
accumulation in more readily accessible plasma samples.
Results show that the parent compound, and every
metabolite except 5-CH3FH,, achieved a peak concen-
tration at the same time in tumor as in plasma. On the
other hand, peak accumulation in liver lagged well be-
hind plasma, again, except for the S-CH3FH,4 pool. It is
unclear why 5-CH;FH,, which is the primary circulating
folate under basal conditions, behaves differently from
the other pools.

The basis for the more extensive elevation of me-
tabolites in liver versus tumor is likely related to more
active metabolism of the parent compound in liver. This
is supported directly by the observation that cell-free
extracts of liver contain over twice as much MS activity
as tumor extracts. This lesser ability to metabolize
5-HCO-FH, in tumor may suggest that MS activity is a
rate-limiting step in the elevation of CH,FHy. If so,
tumor MS level may be a critical determinant of thera-
peutic response. However, it should be pointed out that
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CH,FH, is present in the circulatory system after 5-
HCO-FH, administration in this mouse system and in
humans [15], which could also provide a source for tu-
mor elevation. The relative contribution of CH,FH,
derived metabolically within the tumor itself, and that
taken up from plasma, is currently unknown.

In summary, the dietary folic acid-deplete mouse
model used in this study is particularly suitable for
pharmacokinetic evaluation of 5-HCO-FH, metabolite
disposition because plasma levels more closely approxi-
mate those of human plasma [15] and because a greater
degree of elevation can be obtained. This system showed
that there is excellent temporal agreement between
plasma and tumor peak accumulation of reduced folate
metabolites that are critical to modulation of FU. Under
the premise that it is likely that this relationship will also
be true for human cancer patients, it is proposed that the
optimal time for administration of FU following 5-
HCO-FH,4 can be predicted with a high degree of ac-
curacy from evaluation of appropriate metabolites in
plasma samples. Future studies with this system will
attempt to provide additional evidence to support this
proposal.
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