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ABSTRACT

The metabolic products formed and incorporated into the nucleic acids
(RNA and DNA) of mice bearing Lewis lung carcinoma (I. LC")following
optimal doses of S-fluorouracil (FUra), 5-fluoro-2'-deoxyuridine
(FdUrd), and 5-fluoro-2'-deoxycytidine (FdCyd) coadministered with

tetrahydrouridine (II4I rd), a potent inhibitor of cytidine deaminase, were
examined.

Treatment with FdCyd plus IM rd resulted in a tumor-selective incor
poration and formation of antimetabolites compared to either FUra or
FdUrd treatments. Between 45- and >5400-fold higher levels of the
potent thymidylate synthetase inhibitor, 5-fluoro-2'-deoxyuridylate
( l dl Ml"), were formed in tumor than in any of the normal tissues
analyzed. RNA-level antimetabolites (FUra, 5-fluorouridine, and 5-fluo-
rouridylate) were also between 3 and >990-fold higher in tumor compared
to normal tissue following FdCyd plus II.il rd administration. DNA-level
antimetabolites (FdCyd, 5-fluorodeoxycytidylate, FdUrd, and FdUMP)
were from 2- to 6-fold higher in tumor compared to normal tissue.

FUra and FdUrd treatments resulted in between 3 and > 1300-fold
higher RNA-level antimetabolites and from 4 to > 1020-fold higher
FdUMP pools in normal tissues than FdCyd plus 1141rd treatment.
DNA-level antimetabolites were also from 4- to 32-fold higher in normal
tissues following optimal doses of FUra or FdUrd. In tumor tissue,
optimal doses of FUra or FdUrd resulted in lower (a) FdUMP levels (5-
to 2-fold), (6) RNA-level antimetabolites (6- to 3-fold), and (c) DNA-
level antimetabolites (10- to 4-fold) compared to an optimal dosage of
FdCyd plus IM 'rd. In serum, the administration of IU rd resulted in

the protection of FdCyd from systemic catabolism, unlike that found with
FUra or FdUrd. Substantial levels of FdUMP, H rd, and FUMP were
noted in serum following FUra or FdUrd treatment.

The formation of di- and triphosphate antimetabolite pools and the
incorporation of antimetabolites into the RNA and DNA of normal and
tumor tissues demonstrated trends similar to those mentioned above with
nucleoside, mononucleotide, and free base pools.

I I4l rd treatment of 25 mg/kg did not affect the elevated levels of
deoxycytidine kinase or deoxycytidylate deaminase in LLC tumor tissue
or the low levels found in normal tissue. A critical feature of this
chemotherapeutic strategy using FdCyd plus IU rd was that the elevated
level of cytidine deaminase in LLC tumor tissue was inhibited <10% by
the administration of 25 mg/kg H.,l rd, whereas deoxycytidine deaminase
activities in normal tissues (including bone marrow and intestine) were
inhibited >93%. Although [3H]FdCyd was utilized far more by cytidine
deaminase (2.8- to 7.8-fold), deoxycytidylate deaminase (33- to 13.7-
fold), and deoxycytidine kinase (1.6- to 6.7-fold) than |3H(deoxycytidine

in various normal and tumor tissues, IU rd administration resulted in
similar inhibitory effects. The tumor-selective synergistic action of all
the formed and incorporated antimetabolites observed following FdCyd
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plus Hjl.'rd treatment may well explain the far superior antitumor

efficacy observed compared to those of FdUrd and FUra against LLC.

INTRODUCTION

The highly invasive metastatic tumor, LLC,4 is considered to

be essentially unresponsive to treatment with fluoropyrimidines
in current use (1, 2). Our recent studies have, however, shown
that treatment with FdCyd coadministered with H4Urd to mice
bearing solid LLC surpassed the antitumor efficacies of FUra,
FdUrd, 5-trifluorothymidine, and FdCyd administered alone
(3, 4). An optimal treatment of FdCyd (12 mg/kg) plus H4Urd
(25 mg/kg) to mice bearing LLC resulted in between 100 and
85% inhibition of tumor growth from days 1 to 22, an increased
life span ratio with respect to control animals of 1.71, no toxic
deaths, and a maximum weight loss of 8%. In order to obtain
equivalent antitumor and increase in life span responses the
required dosage of FUra (30 mg/kg) was raised 17% above its
optimal and resulted in 50% toxic deaths and a maximum
weight loss of 21 % (3). This superior antitumor activity caused
by FdCyd plus H4Urd treatment was thought to be the result
of the 4- to 44-fold elevation of deoxycytidylate deaminase in
LLC, which contains an enzymatic profile similar to those
demonstrated in many malignant human tumors (5-8).

In the previous parallel metabolic study (9) using FdCyd Â±
H4Urd or FdUrd, an ascitic tumor model (i.e., mammary ade-
nocarcinoma-755) was utilized which did not rely upon the
circulatory system to deliver the injected fluoropyrimidines to
the tumor site; drugs were injected Â¡.p.,directly exposing tumor
cells to the antineoplastic agents. In the present study C57BL
x DBA/2 F, (hereafter called BD2F,) mice bearing LLC in its
solid form were utilized to: (a) investigate the effects of systemic
catabolism, deamination, and drug uptake upon the utilization
of FdCyd plus H^Urd compared to other structurally related
fluoropyrimidines (FUra and FdUrd); (Â¿>)investigate the effect
of various fluoropy rim Â¡dinedrug treatments upon a metastatic
tumor system which relies solely upon the circulatory system
for drug delivery; (c) correlate the incorporation of antimetab
olites into DNA and RNA and formation of antimetabolite
pool sizes in tumor compared to those of normal tissues derived
from [3H]FUra or [3H]FdCyd Â±H4Urd treatment with the

antitumor efficacies previously observed (3,4); and (d) confirm
in a parallel study (which may be considered more clinically
relevant to human solid tumors) our previous contentions (9)
that the coadministration of H4Urd with FdCyd results in

4The abbreviations used are: LLC, Lewis lung carcinoma; FdCyd, 5-fluoro-
2'- deoxycytidine; FdCMP, 5-fluoro-2'-deoxycytidine 5'- monophosphate;
FdCDP, 5-fluoro-2'-deoxycytidine 5'-diphosphate; FdCTP, 5-fluoro-2'-deoxy-
cytidine 5'-triphosphate; FUra, 5-fluorouracil; FUrd, 5-fluorouridine; FUMP, 5-
fluorouridine 5'-monophosphate; FUDP, 5-fluorouridine 5'-diphosphate; FUTP,
5-fluorouridine 5'-triphosphate; FdUrd, 5-fluoro-2'-deoxyuridine; FdUMP, 5-
fluoro-2'-deoxyuridine 5'-monophosphate; FdUDP, 5-fluoro-2'-deoxyuridine 5'-
diphosphate; FdUTP, 5-fluoro-2'-deoxyuridine 5'-triphosphate; I^Urd, tetrahy
drouridine; dim rd. 2'-deoxytetrahydrouridine; lUl'MP, tetrahydrouridylate;

dCyd, deoxycytidine.
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TUMOR-SELECTIVE METABOLISM OF FdCyd VERSUS FUra

tumor-selective formation and incorporation of inhibitory anti-

metabolites.

MATERIALS AND METHODS

Chemicals and Enzymes. All chemicals and enzymes utilized in this
study were described previously (9, IO).5 5-Fluorouracil was purchased

from the Sigma Chemical Company (St. Louis, MO).
Radiochemicals. A description of the characteristics of [3H]FdCyd

(18 Ci/mmol) and [3H]FdUrd (14.7 Ci/mmol) was given previously (9,
10). [3H]-S-Fluorouracil (26 Ci/mmol) was purchased from Moravek

Biochemicals (Brea, CA).
Incorporation of FdCyd- and FdUrd-related Metabolic Products into

Nucleic Acids. Female BD2F, mice (20-23 g) were bilaterally implanted
s.c. with one or two I -mm' Lewis lung carcinoma tissue pieces. Ten

days later, or when the tumor volume reached between 1500 and 3000
mm3, animals (3/group) received the appropriate radiolabeled drug

doses (each animal received 13.5 Â¿iCii.p.) as indicated in the figure
legends. Nuclear RNA (nRNA) and DNA along with cytoplasmic RNA
were then purified as described previously (9). Separation and quanti-
tation of antimetabolites incorporated into RNA or DNA were per
formed according to the method of Briggle et al. (11).

QuantitÃ¤ten of Antimetabolite Pool Sizes. Female BD2F, mice were
bilaterally implanted s.c. in a manner identical to that described for the
incorporation studies. Each animal received 13.5 Â¿iCii.p. at the indi
cated drug doses. After 60 min animals were decapitated; blood was
collected; and bone marrow, spleen, liver, and intestinal tissues were
removed, weighed, and placed on ice. Normal tissues were extracted
and analyzed as described previously (9, 11). After removal, tumor
tissue was debrided of necrotic areas, weighed, and processed in the
same manner as normal tissues. Di- and triphosphate nucleotide anti-
metabolite levels were assayed from unheated samples (9-11) and 3H-

antimetabolite levels were analyzed by the method of Briggle et al, (11).
No radioactivity was detected with any of the bone marrow cell pellet,
tumor, or normal tissue phosphate-buffered saline washings as deter
mined by high performance liquid chromatography-scintillation analy
sis from animals exposed to [3H]FdCyd Â±H4Urd, [3H]FdUrd, or [3H]

FUra.
Enzyme Assays. Cytidine and deoxycytidylate deaminase enzyme

activities were determined as described previously (4, 9).
Deoxycytidine kinase activity was measured using a modificai ion (4)

of the protocol described by Kessel (12). The extraction buffer and
preparation of tissue homogenates were identical to those described
previously for the deoxycytidine and deoxycytidylate deaminase assays
(4, 9) which allowed all three enzymes to be assayed simultaneously.
Reaction mixtures contained 5 mM MgCl2, 25 HIMTris-HCl (pH 8.0),
10 HIMNaF, 200 //M TTP as the phosphate donor, 100 Â¿Â»M[JH]dCyd
or | '1111'dCydand 60 ii\ of tissue homogenate which ranged from 70 to

120 UKof protein. Reactions were performed with and without the
addition of 3.4 mM tetrahydrouridine, which inhibits evadine deami
nase (4, 9). Enzyme activity was expressed as nmol dCMP formed/g
protein/h and calculated as described previously (3, 4). Protein deter
minations were performed according to the method of Bradford (13).

5The preparation of 5-fluorodeoxycytidine, which was kept in a desiccator at
â€”20'Csince its synthesis in 1979, developed a degradation product in the summer

of 198S which was evident at tirsi by diminished tumor inhibition and weight loss
obtained in BD2I , mice bearing Lewis lung carcinoma. The same chemical
contaminant was found in the original batch synthesized and stored by Calbi-
ochem-Behring by the chemists of that company after they were notified of this
problem. The degradation product was not present in the FdCyd and the ['11|

FdCyd utilized in this and the previous study (9). It was not detectable in the
original material when synthesized. The degradation product has Chromato
graphie properties in several solvent systems similar to that of deoxycytidine and
can be separated from 5-fluorodeoxycytidine by descending paper chromatogra-
phy with acid washed Whatman No. 3M paper utilizing 1 pan M MU I to 99
parts n-butyl alcohol saturated H2O as solvent. Both our supply and the supply
obtained recently from Calbiochem-Behring contain <10% of the degradation
product as determined by high performance liquid chromatography and UV
spectrophotometry. Paper Chromatographie separation in n-butyl alcohol M I,
reveals a slow migrating second unknown chemical contaminant which comprises
less than 0.5% of the preparation. After one cycle of purification by paper
chromatography we obtain 5-fluorodeoxycytidine which is greater than 99.99%
pure.

The effect of H4Urd or dH4Urd upon deoxycytidine kinase or deox
ycytidylate deaminase using [3H]FdCyd as substrate required special
conditions. [3H]FdCMP was not available. Thus, the deoxycytidylate

deaminase assay depended upon the conversion of FdCyd to FdCMP
before enzyme activity could be measured. To compare enzymatic levels,
[3H]dCyd (the normal substrate) was used in a similar fashion. Each of

3 separate experiments involved combining LLC tumor, serum, or
various normal tissues from 3 animals in treated or control groups.
Thin layer Chromatographie techniques (4, 10) were used to separate
dCyd from dCMP and dUMP and FdCyd from FdCMP and FdUMP.
dCTP, the inhibitor of deoxycytidine kinase and activator of deoxycy
tidylate deaminase, was excluded from the reaction. The addition of
H4Urd to the reaction mixture prevented the conversion of dCyd or
FdCyd to dllrd or FdUrd, respectively, by cytidine deaminase. Even
though 3.4 mM H4Urd was added directly to the reaction mixture, no
effect upon the control levels of deoxycytidylate deaminase resulted.
To inhibit deoxycytidylate deaminase, H4Urd must be converted to
H4UMP(14).

Deoxycytidine kinase levels in tumor compared to normal tissues
were measured with and without the direct addition of 3.4 mM H4Urd
to the reaction mixture. The conversion of FdCyd or dCyd to FdUrd
or dUrd via cytidine deaminase was subtracted from values obtained
when H4Urd was not added and the net enzymatic activities were
calculated. The addition of H4Urd to the reaction mixtures did not
affect the deoxycytidine kinase activities in normal or tumor tissues.

Animal Care and Maintenance of Tumors. Animals were maintained
and cared for as described previously (4, 9). Lewis lung carcinoma was
obtained from the EG and G Mason Research Institute (Worcester,
MA) and passaged as described previously (3, 4).

RESULTS

Antimetabolite Pool Size Formation Studies. Optimal drug
dosages used in antimetabolite pool size and incorporation
studies were previously determined in regimens in which drugs
were given once/day for 7 days (3, 4). The metabolic fates of
various fluoropyrimidines following one i.p. injection of the
appropriate tritiated drug in LLC tumor and various normal
tissues were compared. Fig. 1 summarizes the levels of meta
bolic products formed following exposure to [3H]FdCyd plus
H4Urd, [3H]FdUrd, or [3H]FdCyd administered without H4Urd

in LLC tumor and various normal tissues. The ordinales in
Figs. \A and 2.1, which demonstrate the metabolic products
formed in LLC tumor, are scaled approximately 10-fold higher
than those of normal tissues.

The antimetabolite pools formed in 60 min following | '111

FdCyd plus H4Urd exposure were elevated in tumor, but not in
normal tissues (compare Fig. \A to Fig. 1, B-F). For example,
tumor tissue contained 45-, 94-, 100-, 60-, and >5400-fold
higher FdUMP levels (combined free and bound) than those
formed in bone marrow, intestine, spleen, liver, and serum,
respectively. The coadministration of H4Urd with FdCyd also
resulted in an 8.0-fold increase in RNA-level antimetabolite
pools (FUra, FUrd, and FUMP) and a 9.5-fold increase in
DNA-level antimetabolite pools (FdCyd, FdCMP, FdUrd, and
FdUMP, combined bound and free levels) in tumor tissue
compared to a treatment of FdCyd alone (Fig. 1/4). When
H4Urd was coadministered, 4.2-fold more FdCyd entered tumor
tissue. In normal tissues, however, H4Urd administration with
FdCyd resulted in 18-, 3-, 8-, 13-, and > 1000-fold lower RNA-
level antimetabolite pools in bone marrow, intestine, spleen,
and liver, respectively, than with FdCyd administered alone
(Fig. 1, B-F). In the serum only 0.5% of the total FdCyd-
related metabolic products detected consisted of FdUrd, the
product formed following deamination of FdCyd by cytidine
deaminase. Without H4Urd, however, significant conversion of
FdCyd to FdUrd, FUra, FUrd, FUMP, and FdCMP occurred
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Fig. 1. Antimetabolite pool size formation assayed by high performance liquid chromatography in Lewis lung carcinoma (A), bone marrow (A), intestine (C),

spleen (D), liver (E), and serum (F) following various i.p. administered fluoropyrimidines. Numbers in parentheses (A), i.p. administered fluoropyrimidine doses in
mg/kg. 0", detection limit of <0.2 fmol/g tissue, except for bone marrow in which <2.0 fmol/g tissue were detected.
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and was detected in the serum (Fig. IF). DNA-level antimetab-
olite formation was also 3-, 6-, 4-, and 2-fold greater following
FdCyd administration alone in bone marrow, intestine, spleen,
and liver, respectively, when compared to the coadministration
of H4Urd and FdCyd.

The effect of 100 mg of dH4Urd/kg administered i.p. upon
the metabolism of FdCyd in BD2F , mice bearing LLC was also
examined (data not shown). FdUMP, FdUrd, and RNA-level
antimetabolite pool formations were restricted in both tumor
and normal tissues when compared to FdCyd administered
alone. In contrast, FdCMP levels were increased 7.2-, 1.7-,
1.3-, 1.6-, and 5.1-fold more in tumor, bone marrow, intestine,
spleen, and liver, respectively, compared to FdCyd treatment
alone.

The administration of FdUrd also led to the formation of
significant levels of antimetabolite pools in tumor tissue. When
compared to FdCyd plus H4Urd, however, significant formation
of both RNA- and DNA-level antimetabolite pools in normal
tissues was observed. Following [3H]FdUrd exposure, tumor
tissue formed 3-, 5-, 2-, 2-, and > 1000-fold higher levels of
FdUMP (combined free and bound) than in bone marrow,
intestine, spleen, liver, and serum, respectively (compare Fig.
1, B-F to Fig. IA). Tumor tissue FdUMP levels were, however,
5.2-fold lower following FdUrd treatment than with FdCyd
plus H4Urd. RNA-level antimetabolite pools formed following
FdUrd exposure were roughly 6-fold lower in tumor tissue than
following FdCyd plus H4Urd; DNA-level antimetabolites were
also 3-fold lower in tumor tissue (Fig. 1/4). In normal tissues,
FdUrd administration resulted in 120-, 3-, 28-, 89-, and >1300-
fold higher RNA-level antimetabolites in bone marrow, intes
tine, spleen, liver, and serum than following FdCyd plus H4Urd
treatment (Fig. 1, B-F). DNA-level antimetabolite pools were
also 5-, 9-, 26-, and 4-fold greater in bone marrow, intestine,
spleen, and liver, respectively (Fig. 1, B-F). As with FdCyd
administered alone, FdUrd treatment led to detectable levels of
FUrd, FUMP, and FUra, in the serum (Fig. IF). When H4Urd
was coadministered no statistical difference upon the metabo
lism of FdUrd in tumor or normal tissues was observed (data
not shown); the standard error of antimetabolite formation
when FdUrd or FdUrd plus H4Urd treatments were compared
was <Â±5%,which is consistent with our earlier findings (9,10).

In a series of separate experiments, the metabolism of [3H]-
FdCyd plus H4Urd was compared to [3H]FUra in BD2Fi mice

bearing LLC (Fig. 2). FUra exposure resulted in comparable
FdUMP levels in tumor tissue (only 2-fold lower combined
bound and free FdUMP levels) to an exposure of FdCyd plus
H4Urd (Fig. 2A). In normal tissues, however, FdUMP levels
were drastically elevated (Fig. 2, B-F). An optimal FUra ex
posure resulted in 44-, 25-, 87-, and 31-fold greater FdUMP
levels in bone marrow, intestine, spleen, and liver, respectively,
than an optimal exposure of FdCyd plus H4Urd. Combined
DNA-level antimetabolite pools following FUra treatment were
32-, 19-, 21-, and 4-fold higher in bone marrow, intestine,
spleen, and liver, respectively, compared to FdCyd plus H4Urd.
In tumor tissue, FUra exposure led to only 4-fold lower DNA-
level antimetabolites. Similarly, RNA-level antimetabolite
pools in tumor tissue were only 3-fold lower following FUra
treatment. In contrast, normal tissue RNA-level antimetabolite
pools were drastically increased. The combined levels of FUra,
FUrd, and FUMP were elevated >900-, 10-, 99-, and 52-fold
in bone marrow, intestine, spleen, and liver, respectively, fol
lowing FUra compared to an exposure of FdCyd plus H4Urd.

Unlike [3H]FdCyd plus H4Urd, [3H]FUra administration re

sulted in higher levels of various antimetabolites in the serum

of exposed mice bearing LLC (Fig. 2F). Substantial levels of
free FdUMP, FdUrd, FUMP, and FUrd were noted following
FUra exposure. An optimal dose of [3H]FdCyd plus H4Urd
resulted in substantial [3H]FdCyd serum levels; however, no

other metabolic products were detected (Fig. 2F).
Table I summarizes the extent of di- and triphosphate anti-

metabolite pool size levels in LLC tumor and various normal
tissues following the i.p. administration of the optimal drug
regimens, [3H]FUra, [3H]FdUrd, or [3H]FdCyd Â±H4Urd. The

coadministration of H4Urd with FdCyd resulted in the forma
tion of greater di- and triphosphate antimetabolite pools in
tumor tissue, with lower amounts in normal tissue than FdUrd
or FdCyd administration alone. FUra administration resulted
in the formation of a greater level (2-fold) of the combined
FUDP-FUTP pool in tumor tissue than FdCyd plus H4Urd.
FdCyd plus H4Urd exposure, however, led to a higher level of
the combined FdUDP-FdUTP pool in tumor tissue. Compared
to FdCyd plus H4Urd, however, FUra treatment resulted in 2-
to 560-fold greater levels of FUDP, FUTP, FdUDP, and
FdUTP in normal tissues (Table 1).

Combined FdCTP and FdCDP antimetabolite pools follow
ing various fluoropyrimidine regimens were also quantitated
(Table 1). As expected, neither FUra nor FdUrd exposures
resulted in the formation of FdCTP or FdCDP pools. When
100 mg/kg of dH4Urd were coadministered with FdCyd, the
combined FdCTP-FdCDP pool increased from 3- to 52-fold
while the FUDP, FUTP, FdUDP, and FdUTP pools decreased
in normal and tumor tissue compared to FdCyd treatment
alone; intestinal tissue, however, did not demonstrate an in
creased FdCTP-FdCDP pool.

The administration of H4Urd with FdCyd resulted in drastic
tumor-selective increases in both the FdCTP-FdCDP and
FdUTP-FdUDP pools. No apparent increase in the level of the
FdCTP-FdCDP pool in normal tissues occurred following
FdCyd plus H4Urd treatment. Both H4Urd (25 mg/kg) and
dlljlrd (100 mg/kg) administration restricted the conversion
of FdCyd to FUTP and FUDP in normal tissues when com
pared to the administrations of FUra, FdUrd, or FdCyd admin
istered alone (Table 1).

A comparative examination of the antimetabolite formation
data in Figs. 1 and 2 following [3H]FdCyd plus H4Urd admin

istration reveals overall individual antimetabolite levels which
are not identical. This reflects some variations in tumor and
normal tissue extractions as well as differences in the metabolic
activity of tumor and normal tissue in groups of tumor-bearing
mice from different experiments in spite of attempts to inject
the drugs when the tumor reached a specific volume. Within
any one experiment the standard error of extracting and quan-
titating antimetabolite levels is <10%.

Antimetabolite Incorporation Studies. To complement the
antimetabolite pool size data and to elucidate the overall met
abolic utilization of various i.p. administered optimal fluoro
pyrimidine drug regimens in normal and LLC tumor tissues of
BD2F, mice, the incorporation of antimetabolites into nuclear
DNA and RNA and cytoplasmic RNA were quantitated (see
Fig. 3. Treatment with FdCyd plus H4Urd resulted in the
tumor-selective incorporations of FdCyd and FdUrd into DNA
and FUMP into RNA (combined cytoplasmic and nRNA) as
compared to various normal tissues. Tumor tissue incorporated
18-, 19-, 20-, and 10-fold more FdCyd than bone marrow,
intestine, spleen, and liver, respectively, following FdCyd plus
H4Urd treatment. FdUrd was incorporated 19-, 14-, >129-,
and >129-fold more in tumor than in bone marrow, intestine,
spleen, and liver tissues, respectively. Similarly, FUMP was
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Fig. 2. AntimeUbolite pool size formation (mean, Â±SE) assayed by high performance liquid chromatography in Lewis lung carcinoma 1,1). bone marrow (//),intestine (C), spleen (/)), liver (Â£),and serum (/â€¢') following FUra or FdCyd plus I I4lrd administration. Numbers in parentheses (A), i.p. administered drug doses in
mg/kg. 0", detection limit of <0.2 fmol/g tissue, except for bone marrow in which <2.0 fmol/g tissue were detected.
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Table 1 Comparative analysis of the formation of di- and triphosphate pools following exposure of female BD2F, mice bearing Lewis lung carcinoma
to FUra, FdUrd, or FdCyd Â±HtUrd or dHJUrd

Tumor implantation, 3H-drug injection, and extraction, separation, and quantitation of antimetabolites were performed as described previously (9). Di- and
triphosphate antimetabolites were enzymatically brought to the S'-monophosphate level via snake venom phosphodiesterase treatment as described previously (9).
Actual levels were determined following subtraction of S'-monophosphate pools.

Condition(mg/kg)FUra

FdUrdFdCyd1212126025121212602512121260251212126025121212602512121225

60FdUTP-FdUDP*

H4Urd dH4Urdpool1.46925

4,091 Â±37.3*100

25.21,6972,61

2Â±35.812525

87.7 Â±8.59100
22.6159171

Â±19.125725

102 Â±3.0100
1103961,194

Â±11.418525

141 Â±1.50100
76.6296581

Â±32.363125

62.6Â±1.56100
16.79672,040

Â±9.8115325

3.61 Â±0.34100
0.0*207164

Â±2.51fmol/g

tissueFdCTP-FdCDPpool1221,027

Â±21.28880.0e0.0e300130

Â±3.08420.0"0.0"1,63416.9

Â±0.5712.90.0e0.0e52.1145

Â±0.944590.0e0.0e2513.6

Â±2.431,2770.0e0.0e0.0e0.0e0.0e0.0e0.0eFUTP-

FUDPpool2171,081

Â±82.761.36002,149

Â±91.61,60135.5

Â±0.300,0*1,4631,195

Â±14.8422151

Â±2.9526.79673,599

Â±1046016.91

Â±0.370.0e1,6343,850

Â±22.377864.6

Â±1.940.0e11,5003,357

Â±28121.30.0e0.0e52.660.3

Â±1.32TissueTumorBone

marrowIntestineLiverSpleenSerum'

"Samples analyzed by high performance liquid chromatography using 20% methanol instead of 7% methanol as described previously (11). Actual levels were
determined following subtraction of free 5'-monophosphate levels.

b Mean Â±SE. Statistical evaluation was performed following three separate experiments as described in the legend.
' Less than 0.2 fmol/g tissue or ml detected.
'' Less than 2.0 fmol/g tissue detected.
' Antimetabolites measured as fmol/ml serum.

incorporated 146-, 345-, 174-, and 221-fold more in tumor than
in bone marrow, intestine, spleen, and liver, respectively.

Am Â¡metaboliteincorporation into nucleic acids following an
optimal dose of FdCyd plus H4Urd was also compared to those
found following optimal doses of FdUrd or FUra (Fig. 3). FUra
exposure resulted in 2.1- and 1.1-fold greater levels of FdUrd
in DNA and FUMP in RNA, respectively, in tumor tissue than
following FdCyd plus H4Urd exposure (Fig. 3/Ã•).Treatment
with FUra, however, led to significant FdUrd and FUMP
incorporation into the nucleic acids of normal tissues (Fig. 3).
22-, 14-, >19-, and >77-fold more FdUrd was found incorpo
rated into the DNA of bone marrow, intestine, spleen, and liver,
respectively, following FUra compared to FdCyd plus H4Urd
exposure. FUMP was found to be incorporated 19-, 14-, 2.4-,
and 9.2-fold more into the cytoplasmic and nRNA of bone
marrow, intestine, spleen, and liver tissues, respectively, follow
ing FUra treatment.

An optimal FdUrd dosage resulted in 4- and 9-fold less
incorporation of FdUrd and FUMP, respectively, into tumor
tissue nucleic acid than an optimal dose of FdCyd plus H4Urd
(Fig. 3A). Additionally, 31-, 22-, 43-, and 32-fold more FdUrd
was found to be incorporated into the DNA of bone marrow,
intestine, spleen, and liver, respectively, following FdUrd treat
ment (Fig. 3). FdUrd treatment also led to 41-, 27-, 5-, and 20-
fold greater levels of FUMP incorporated into the RNA of

bone marrow, intestine, spleen, and liver, respectively. The
administration of H4Urd with FdUrd did not statistically affect
the levels of FUMP or FdUrd found to be incorporated into
tumor or normal tissues (data not shown). FdCyd treatment
alone resulted in statistically similar incorporation of FdUrd
and FUra into the nucleic acids of normal and tumor tissues as
found following FdUrd treatment (data not shown). FdCyd
was, however, found to be incorporated into host tissue DNA
in amounts similar to those previously reported (9).

The effect of dH4Urd upon the incorporation of antimetab
olites derived from FdCyd into the nucleic acid of normal and
LLC tumor tissues was also examined (data not shown) and
found to be consistent with previous data (9). A 100-mg
dH4Urd/kg treatment resulted in increased incorporation of
FdCyd into both normal and tumor tissues as compared to
exposure with FdCyd alone. Increases of 190-, 8-, 32-, 2-, and
1.4-fold in the amount of FdCyd incorporated into the DNA of
tumor, bone marrow, intestine, liver, and spleen, respectively,
were seen when dH4Urd was coadministered with FdCyd (data
not shown). In addition, both FdUrd and FUMP incorporated
levels were found to be significantly lower in both normal and
tumor tissues (data not shown).

Enzymatic Studies. To further elucidate the effect of H4Urd
upon the metabolic capabilities of tumor and normal tissues to
utilize FdCyd, cytidine deaminase, deoxycytidine kinase, and
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DNA RNA
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Fig. 3. High performance liquid chromatographyquantitation of antimetab-

olite incorporation into the DNA and RNA of Lewis lung carcinoma and bone
marrow(A), intestine and spleen (B), and liver (C). Numbersin parentheses(A),
i.p. administered fluoropyrimidinedoses in mg/kg. FUMP incorporation levels
into RNA are the summation of both nuclear and cytoplasmic fractions. 0*,
detection limit of <1.0 x 10"'" mol incorporated/mol nucleicacid phosphate.

deoxycytidylate deaminase enzyme activities were assayed 60
min following the i.p. administration of 25 mg/kg H4Urd (Table
2). Cytidine deaminase, deoxycytidine kinase, and deoxycyti

dylate deaminase activities following 25 mg/kg H4Urd in tumor
tissue were inhibited 8.61, 6.60, and 0.0%, respectively (Table
2). Normal tissue cytidine deaminase activities, on the other
hand, were drastically inhibited, from 93 to 100%. Deoxycyti
dine kinase and deoxycytidylate deaminase activities in all
normal tissues were not influenced (Table 2).

The effect of 25 mg of H4Urd/kg upon deoxycytidine kinase,
cytidine deaminase, and deoxycytidylate deaminase levels in
tumor and normal tissues using [3H]FdCyd instead of [3H]dCyd
or [3H]dCMP as substrates (as performed in Table 2) was also

evaluated (data not shown). H4Urd did not influence the enzy
matic activities of deoxycytidine kinase or deoxycytidylate de
aminase in tumor or any of the normal tissues analyzed. Cyti
dine deaminase activities were, however, inhibited 9.5, 92.1,
91.8, 86.0, 92.0, 99.9, 95.3, and 97.2% in LLC tumor, liver,
spleen, intestine, bone marrow, serum, kidney, and skeletal
muscle, respectively. These results were similar to those found
using [3H]dCyd (Table 2).

Simultaneously assessed control enzymatic activities were
drastically higher (reflecting higher affinities) using [3H]FdCyd
as substrate compared to those measured using [3H]dCyd.
Cytidine deaminase activities were 4.8-, 2.7-, 5.5-, 7.8-, 2.8-,
6.2-, 3.0-, and 15-fold higher than those activities found using
[3H]dCyd for LLC tumor, liver, spleen, intestine, bone marrow,

serum, kidney, and skeletal muscle, respectively. Deoxycytidy
late deaminase levels were also 13.7-, 3.3-, 4.1-, 3.8-, 13.0-,
4.0-, and 3.8-fold higher in LLC tumor, liver, spleen, intestine,
bone marrow, serum, kidney, and skeletal muscle, respectively.
Serum did not contain any measurable deoxycytidylate deami
nase activity using [3H]FdCyd as similarly noted in Table 2
using [3H]dCyd. Additionally, deoxycytidine kinase activities
were 3.4-, 2.8-, 1.6-, 6.7-, 2.5-, 2.8-, 2.9-, and 3.3-fold higher in
LLC tumor, liver, spleen, intestine, bone marrow, serum, kid
ney, and skeletal muscle, respectively, using [3H]FdCyd as com
pared to those measured with [3H]dCyd.

DISCUSSION

The data presented in this paper together with other recent
studies from this laboratory (3, 4, 9) have revived FdCyd as a
potentially superior antineoplastic fluoropyrimidine. Shortly
following its synthesis by Fox et al. (15, 16), initial studies
illustrated that when FdCyd was administered alone to cells in
culture both RNA and protein concentrations increased without
cell division resembling the unbalanced growth observed with
FdUrd or FUra (17, 18). Burchenal et al. (19) showed that
FdCyd was remarkably similar to FdUrd against mouse leuke
mia B82. Further studies demonstrated that FdCyd was not
only more toxic than FUra or FdUrd but also resulted in
significantly lower antitumor efficacy (3, 4). FdCyd was, there
fore, abandoned shortly after its synthesis. Enzymatic and cell
culture studies (4, 20) did, however, indicate that the proposed
mechanism of activation of FdCyd through the cytidine deam-
inase-thymidine kinase pathway might not be entirely correct.
FdCyd was shown to be a potent cytotoxic agent against FdUrd-
resistant cell lines (4, 21). FdCyd was also shown to be an
efficient substrate for deoxycytidine kinase (22) and, as
FdCMP, for deoxycytidylate deaminase (23). It was possible
that the deoxycytidine kinase-deoxycytidylate deaminase path
way played a major role in the activation of FdCyd to FdUMP.
Our strategy in utilizing H4Urd with FdCyd was, therefore, to
take advantage of the apparent elevations of both deoxycytidine
kinase and deoxycytidylate deaminase in human neoplasms (5,
6, 8) to obtain a tumor-selective chemotherapeutic approach.
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Table 2 Effect of 25 mg HtUrd/kg mouse weight' upon cytidine deaminase, deoxycytidylate deaminase, and deoxycytidine kinase activities ofLLC

and various normal tissues

TissueTumor,

LLC
Liver
Spleen
Intestine
Bone marrow
Serum
Kidney
Skeletal muscleCytidine

deaminase*2,330
Â±76.6'

12.1 Â±1.42
84.8 Â±8.16
139 Â±0.25
507 Â±0.70

76.8 Â±1.48
136 Â±8.94

1.83 Â±0.01%of

inhibition08.61

Â±1.16
100 Â±1.00

97.6 Â±2.40
93.3 Â±0.68
95.2 Â±0.50
100 Â±0.20

95.8 Â±1.05
100 Â±0.40dCMP

deaminase'168

Â±6.92
3.79 Â±0.35
39.0 Â±0.89
17.5 Â±1.91
23.1 Â±1.20

NA'
4.69 Â±0.16
0.11 Â±0.153%of

inhibition'6.60

Â±5.12
0.0

1.54 Â±7.66
8.77 Â±2.44
1.20Â±0.393.88

Â±1.95
10.1 Â±0.10dCyd

kinase*228

Â±10.9
0.67 Â±0.08
82.8 Â±0.95
15.4 + 2.81
11.9 Â±0.40
0.34 Â±0.23
2.41 Â±0.77
0.95 Â±0.38%of

inhibition''0.0

0.00.0

0.0
4.60 Â±1.16
8.78 Â±0.78
2.22 Â±1.55
4.51 Â±4.52

" 1141ni. 25 mg/kg, was injected i.p. into animals bearing bilaterally implanted s.c. LLC with tumor volumes of 1500-3000 mm1. Tissues were excised and assayed
for the various enzyme activities according to the protocols described previously (9) and in "Materials and Methods."

* Levels represent control enzyme activities using [3H]dCyd as substrate from untreated animals. Enzyme activity was defined as nmol/g protein/15 min.
' Calculated by dividing H4Urd-treated enzyme activities by untreated enzyme activities and then multiplying the ratio by 100%. Inhibition values measured as

"0.0" indicate neither inhibition nor significant activation.
'' Levels represent control enzyme activities using [3H]dCMP as substrate from untreated animals. Enzyme activity was defined as /Â¿mol/gprotein/30 min.
'' Mean Â±SE for 3 separate experiments using 3 animals in the control and treated groups.

f NA, no activity detected.
* Levels represent control enzyme activities using ('H)dCyd as substrate from untreated animals. Enzyme activity was defined in "Materials and Methods."

The data presented in this paper illustrate the reasons for the
poor efficacies of FUra, FdUrd, and FdCyd when these agents
are administered alone. Significant levels of FdUrd, FUra,
FUrd, and FUMP derived from these treatments were detected
in the serum, LLC tumor and normal tissues (Figs. 1 and 2).
Once transported into normal cells FdCyd was rapidly con
verted to FdUrd, then to the formation of a variety of antime-
tabolites, which were similar to those formed following FdUrd
administration. Treatment with FdCyd alone, therefore, re
sulted in the inactivation of the antineoplastic prodrug via the
formation of FUMP (as detected in the serum) and in the
conversion of FdCyd to FdUrd. The administration of FdCyd,
FUra, or FdUrd resulted in exposing an animal not only to
these parent antimetabolites but also to a variety of metabolic
products due to this premature catabolism. As a result, less
antimetabolites are taken up by tumor tissue following treat
ments, with FdUrd, FUra, or FdCyd alone than following a
treatment of FdCyd plus H4Urd.

Our previous studies (3, 4, 9) along with the present data
illustrate that when H4Urd is coadministered with FdCyd,
premature deamination before reaching the LLC tumor site is
prevented in both normal tissues and serum. Only 0.5% of the
total radioactivity detected in the serum following [3H]FdCyd
plus H4Urd treatment consisted of FdUrd, and no other anti-
metabolites were found. Enzymatic studies confirmed these
findings since H4Urd inhibited serum and normal tissue cyti
dine deaminase levels (using FdCyd as substrate) greater than
86%. This prevention of premature deamination of FdCyd in
conjunction with extremely low deoxycytidine kinase levels in
serum and normal tissues (Table 2) affords protection to normal
tissues from cytotoxic FdCyd-related metabolic products and
preserves FdCyd in a form in which LLC tumor tissue could
rapidly and selectively convert the parent antimetabolite to a
variety of cytotoxic compounds. Since LLC tumor tissue con
tains elevated levels of thymidine kinase (4), deoxycytidine
kinase (Table 2), deoxycytidylate deaminase (Ref. 4; Table 2)
and cytidine deaminase (Ref. 4; Table 2) and since these en
zymes have higher affinities for FdCyd than the corresponding
normal substrates, an overall tumor-selective elevation in all
antimetabolites formed or incorporated was noted over those
formed following treatments with FdUrd, FUra, or FdCyd
administered alone (Figs. 1 to 3).

FUra has been the drug of choice in the treatment of malig
nant human tumors of the breast and gastrointestinal tract for
more than 25 years. In addition to the problems of premature
catabolism before reaching the tumor site, the data of Figs. 2

and 3 demonstrate additional inherent problems following
FUra treatment. Several normal tissues (especially bone mar
row and intestine) formed high levels of antimetabolite pools.
As a result, antimetabolites were incorporated into host tissue
DNA and to an even greater extent into normal tissue RNA.
These data are consistent with previous findings (7, 8, 24, 25)
which have shown inherently high levels of thymidine and
uridine phosphorylases in normal human and murine tissues.
The data presented in this paper suggest, therefore, that due to
the high levels of these enzymes, an elevated amount of FUTP
was incorporated into the RNA of normal tissues following
FUra administration. In addition, high levels of FdUMP were
also formed in normal tissues. This suggests that thymidylate
synthetase is extensively inhibited in normal and tumor tissues
following FUra exposure. Since the incorporation of FUra into
RNA has a variety of cytotoxic effects, it seems logical to
assume that in conjunction with the extensive inhibition of
thymidylate synthetase due to the high levels of FdUMP, treat
ment with FUra may lead to the inhibitions of both normal and
tumor tissues and, thus, to the low antitumor efficacy observed
(3, 4, 26-29).

In contrast to FUra, a treatment of FdCyd plus H4Urd
resulted in the formation of low levels of antimetabolite pools
and incorporation of antimetabolites into the RNA or DNA of
host tissues. The enzymatic data presented in this paper have
confirmed our previous findings (3, 4, 9, 10) that an optimal
dosage of H4Urd (25 mg/kg) with FdCyd restricts the conver
sion of FdCyd to FdUrd through the selective inhibition of the
low levels of cytidine deaminase in the serum and normal tissues
of BD2Fi mice. Additionally, the data indicate that FdCyd is
only slowly metabolized via the deoxycytidine kinase-deoxycy-
tidylate deaminase pathway to the formation of FdUMP due
to the low levels of both enzymes in normal tissues (Table 2).
In tumor tissue, both FUra and FdCyd plus H4Urd treatments
resulted in extremely high levels of incorporated and formed
antimetabolites. The difference, therefore, between these two
drug regimens is the tumor-selective nature of FdCyd plus
H4Urd.

Based upon the present enzymatic and single time point
pharmacological data and previous studies using mouse tumor
models which contain enzymatic profiles similar to numerous
malignant human tumors (5-8), clinical trials with FdCyd
coadministered with H4Urd are warranted. An advantage of
chemotherapy utilizing FdCyd plus H4Urd is the potential
reduction in drug resistant tumor cells. Since a dual pathway
of activation of FdCyd produces a variety of inhibitory anti-
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metabolites, mutated (potentially drug resistant) cells will still
possess a poor selective advantage in the presence of FdCyd
plus H,Urd.
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