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ABSTRACT

Dihydrofluorouracil (FUH2), the initial catabolite of 5-fluorouracil

(FUra), was examined to determine whether this derivative had
antitumor activity or host cell (bone marrow) toxicity. Studies
were undertaken with Ehrlich ascites tumor and bone marrow
cells isolated from CF-1 mice. Cells were exposed for 1 h either

to no drug (control) or to varying concentrations, ranging from 1
to 250 MM,of either FUra, FUH2, or a-fluoro-/3-alanine. Cells were

then cultured and colony formation was assessed after 10 to 14
days. Ehrlich ascites tumor cells were more sensitive to FUra
[50% lethal dose (LD50)= 18 UM] than to FUH2 [LD50 = 50 MM],
with no sensitivity to a-fluoro-0-alanine even at 250 MM. Bone
marrow cells had a toxicity profile similar to that of FUra (LD50=
10 MM)but were relatively insensitive to FUH2 (LDso > 250 MM),
with no sensitivity to o-fluoro-/3-alanine. Subsequent studies

examined colony formation of the human breast carcinoma cell
line MCF-7 following 1 h exposure to varying concentrations of

FUra and FUH2. These cells were less sensitive to both FUra
(LDso ~ 80 MM)and FUH2 (LDso ~ 350 MM).Initial studies on the

mechanism of toxicity of FUH2 demonstrated that this FUra
catabolite could produce inhibition of thymidylate synthase activ
ity in Ehrlich ascites tumor cells with a pattern similar to that
resulting from exposure to FUra. This is the first study to dem
onstrate that FUH2 (a quantitatively important catabolite of FUra)
is cytotoxic, and it suggests that FUH2 may contribute to the
toxicity of FUra in vivo, possibly by being anabolized to FUra.

INTRODUCTION

Since the synthesis of FUra3 almost 25 years ago, there have

been extensive reports on FUra metabolism with most studies
focusing on anabolism (1, 2) compared to few on catabolism (3-

6). The development of new highly specific and sensitive analyt
ical techniques (7, 8) has permitted a rÃ©Ã©valuationof FUra
catabolism. With these methods FUH2 has been demonstrated
to be a quantitatively important fluoropyrimidine catabolite (with
regard to both peak levels and duration) in cellular (8, 9) and in
clinical studies (10,11) and not an insignificant transient metab
olite as was implied in the earlier reports (3-6).

The initial step in the degradation of the pyrimidine bases and
its analogues is thought to be a reductive enzymatic degradation
by which the pyrimidine ring is first reduced with hydrogen from
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NADH or NADPH (12,13). However, none of the previous studies
of pyrimidine catabolism has examined the conversion of FUH2
to FUra in intact cells.

Because of the quantitative importance of this FUra catabolite
in cellular (8) and in clinical (10, 11) studies and because the
enzyme converting uracil to dihydrouracil appears to be reversi
ble (12), we questioned whether FUH2, a FUra catabolite consid
ered inactive (2, 4, 5), could exhibit toxic effects possibly by
conversion back to FUra.

MATERIALS AND METHODS

Chemicals. FUra, FUH2, and FBAL were generously provided by
Hoffman LaRoche Laboratories (Nutley, NJ). These compounds were
purified by high pressure liquid chromatography (8) prior to the studies
described below. [5-3H]dUMP (18 Ci/mmol) was purchased from Mora-

vek Biochemicals (Brea, CA). All other biochemicals used in the assay of
TSA including L-Â±-tetrahydrofolate were obtained from Sigma Chemical

Co. (St. Louis, MO).
Cells. Ehrlich ascites tumor cells were obtained from suspension

spinner cultures maintained in our laboratory as described previously
(14) at 37Â°C in a 5% CO2 atmosphere. Cells were grown in Â«-MEM

containing spinner salts supplemented with penicillin (100 ng/m\), strep
tomycin (100 /Â¿g/ml),glutamine (2 HIM), and 10% heat inactivated fetal
calf serum; all were purchased from Grand Island Biological Co. (Grand
Island, NY). The 2-mercaptoethanol (10~5 M) was obtained from Sigma.

Exponentially growing cells (4 x 104 cells/ml) were utilized for cell toxicity

studies. Viability was greater than 90% as assessed by trypan blue
exclusion.

MCF-7 human breast carcinoma cell line was kindly provided by Dr.

Robert Hall of the Medical College of Virginia, Richmond, VA. Cells were
grown on a monolayer containing RPMI medium (Grand Island Biological
Co.) with 10% heat inactivated dialyzed fetal calf serum, 2 mw L-

glutamine, penicillin (100 ^g/ml) and streptomycin (100 units/ml). Versene
was used to remove cells from flasks. Exponentially growing cells (5 x
103 cells/ml) were utilized for toxicity studies. Viability was greater than

90% as assessed by trypan blue exclusion.
Bone marrow cells were obtained from male CF-1 mice (21-24 g)

purchased from Marian (Indianapolis, IN). Marrow cells were collected
under sterile conditions from the tibias and femurs by inserting a 23-
gauge needle into the medullary cavity of the open-ended bones, as

described previously (15). Briefly contents were flushed from the bones
by injecting 2 ml of ice-cold Â«-MEM (Grand Island Biological Co.). The

pools of marrow cells were cleared of blood and connective tissue by
filtering through gauze and vortexing to produce a single cell suspension.
The isolated marrow cells were counted with a hemacytometer and
viability was assessed by trypan blue exclusion (viability was greater
than 85%). Harvested cells (1 x 106 cells/ml) were then suspended in an

a-MEM mix. This medium was supplemented with 2.1 mw L-glutamine,
53.6 (TIM NaHCC-3, 107.5 units penicillin/ml, and streptomycin in the

presence of 10% dialyzed horse serum and 10% fetal calf serum from
Grand Island Biological Co., 0.35% Noble agar (Difco, Detroit, Ml), and
10% colony stimulating factor obtained from supernatant of cultured L-

929 cells as described previously (15). This colony stimulating factor had
been purified and demonstrated to stimulate granulocyte colony forma-
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tion (16). An aliquot (2.0 ml) of the medium described above was added
to 60-mm Costar plates purchased from BÃ©licoGlass (Vineland, NJ) and
allowed to solidify at ambient temperature for 30 min. Cultures were
then incubated at 37Â°Cin a 95% 02-6% CO2 humidified atmosphere.

Assessment of Tumor Cell Drug Sensitivity with a Modified Tumor
Stem Cell Assay. Exponentially grown Ehrlich ascites (4 x 104 cells/ml)
or MCF-7 tumor cells (5 x 103 cells/ml) were exposed at 37Â°Cfor 1 h to

varying concentrations of either FUra, FUH2, or FBAL. Following drug
exposure cells were centrifuged at 1000 rpm at 0Â°C,washed twice in

media, and then plated in soft agar using the methodology of Hamburger
and Salmon (17). Briefly a feeder layer was prepared using enriched
McCoy's medium (RPMI was used for MCF-7) and 0.3 ml DEAE-dextran

and then mixed with 3% agar to a final agar dilution of 0.5%. One ml of
this mixture was placed in a 35-mm Petri dish. The top layer contained

tumor cells. Cell suspension (200 ^l) were added together with 0.8 ml
enriched CMRL medium (RPMI was used for MCF-7) to each 35-mm

Petri dish on top of the agar layer. The plates were incubated for 7 to
10 days and then counted visually with a BÃ©licoprojection screen at
x17.5. Aggregates of 50 or more cells were considered colonies. Toxicity
was defined as the percentage of survival of the number of colonies in
drug-treated cultures compared to the number of colonies in the control.

Assessment of Bone Marrow Drug Sensitivity. Bone marrow cells
obtained as described above were adjusted to a final concentration of
106 cells/ml with a-MEM together with the desired concentration of FUra,

FUH2, or FBAL. Toxicity studies were performed as described previously
(15). Briefly cells were exposed to drug for 1 h at 37Â°Cfollowing which
they were centrifuged at 1000 rpm at 0Â°C,washed twice with fresh Â«-
MEM (0Â°C), and plated in drug free a-MEM mix. The mean plating

efficiency [defined as (number of colony forming units/well/number of
cells plated) x 100] was 0.015%; experiments with lower plating effi
ciency did not give reproducible results and were excluded. Colonies
were scored 11 to 14 days after plating using a BÃ©licoprojection screen
(Vineland, NJ) at X17.5. Aggregates of 50 or more cells were considered
colonies. Toxicity was defined as the percentage of survival of the
number of colonies in drug treated cultures compared to the number of
colonies in the control.

Assay of Thymidylate Synthase Activity. Ehrlich ascites tumor cells
were collected and incubated with either varying concentrations of FUra
or FUHu or no drug (control). At specific times from 0 to 60 min cells
were isolated and thymidylate synthase activity was measured using a
tritium release assay with [5-3H]dUMP described in detail previously (15,

18).

RESULTS

Effects of FUra, FUH2>or FBAL on Clonogenic Survival of
Ehrlich Ascites Tumor Cells. Chart 1 illustrates the effect of a
1-h exposure to varying concentrations, from 1 to 250 MM, of

FUra, FUH2, or FBAL on clonogenic survival of Ehrlich ascites
tumor cells. FUra produced the major suppression of clonal
growth with an LD50 (calculated graphically from the toxicity
curve) of approximately 18 MM- Although FUH2 exhibited less
toxic activity in these cells, colony formation was decreased at
all concentrations above 10 MM with an LDso of approximately
50 MM.These cells were insensitive to FBAL at all concentrations
between 1 and 250 MM,with no alteration of the colony formation
compared to the control.

Effect of FUra, FUH2, or FBAL on Clonogenic Survival of
CF-1 Mouse Bone Marrow Cells. In a parallel study Chart 2
depicts the effect of a 1-h exposure to varying concentrations (1
to 250 MM)of FUra, FUH2, or FBAL on clonogenic survival of CF-

1 mouse bone marrow cells. These cells were similar to Ehrlich
ascites tumor cells in sensitivity to FUra although colony forma
tion was decreased at all concentrations examined (compared
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Chart 1. Effect of a 1-h exposure to increasing concentrations of FUra, FUH2,
and FBAL on colony formation of Ehrlich ascites tumor cells subsequentlygrown
in soft agar compared to controls. CPU,colony forming units. Bars, SD (n = 6).

O 1.0 2.0

LOG CONC. [/J.M]
Chart 2. Effect of a 1-h exposure to increasing concentrations of FUra, FUH2,

and FBAL on colony formation of isolated CF-1 mouse bone marrow cells subse
quently grown in soft agar compared to controls. CFU,colony forming units. Bars,
SD (n = 6).

to Ehrlich ascites tumor cells) with an LD50of approximately 10
MM.These cells were relatively insensitive to FUH2 at LDso> 250
MM.Similar to Ehrlich cells bone marrow cells were insensitive to
FBAL at all concentrations (1 to 250 MM)with no alteration in the
colony formation compared to the control.

Effect of FUra or FUH2 on Clonogenic Survival of MCF-7
Tumor Cells. Chart 3 shows the effect of a 1-h exposure to

varying concentrations (1 to 1000 MM) of FUra or FUH2 on
clonogenic survival of the human breast carcinoma cell line, MCF-
7. These cells were less sensitive than Ehrlich ascites tumor and
bone marrow cells to FUra with an LD^ of approximately 80.
These cells were also less sensitive than Ehrlich ascites cells to
FUH2 with a much higher LD^ of approximately 350. There was
a suggestion, however, that these cells were slightly more sen
sitive to FUH2 than were mouse bone marrow cells, particularly
at higher concentrations.

Inhibition of Thymidylate Synthase Activity in Ehrlich As
cites Tumor Cells. Chart 4 depicts the pattern of inhibition of
TSA over 60 min produced by either 100 MM FUH2 or 18 MM
FUra. In a parallel experiment it was demonstrated that 20 MM
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Chart3. Effect of 1-h exposure to increasing concentrations of FUra and FUH2
on colony forming units (CPU) of MCF-7 tumor cells subsequently grown in soft
agar compared to controls. Bars, SD (n = 4).
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Chart 4. Effect of thymidylate synthase activity in Ehrlich ascites tumor cells of
varying intervals (1-60 min) of exposure to 100 IÂ¿MFUH2 or 18 ^M FUra. Results

are expressed as a percentage of control TSA. Results are representative of three
separate experiments.

FUH2 did not produce any significant inhibition of TSA over 60
min (data not shown). Following exposure of cells to 100 UM
FUH2,significant TSA inhibition was observed by 10 min resulting
in approximately 40% of control within 1 h. Under the same
conditions, 18 MMFUra produced TSA inhibition by 1 min with a
maximum of approximately 20% of control between 30 min and
1 h. It should be noted that 100 ftu FUH2 added directly to a cell
free extract (prepared from untreated cells under the same
conditions as described in "Materials and Methods") resulted in

no suppression of TSA compared to control (data not shown).

DISCUSSION

Earlier studies had demonstrated that FUra was catabolized
by enzymes which would initially reduce the double bond in the
pyrimidine ring resulting in the formation of FUH2 which would
subsequently be degraded to CO2, NH3, and FBAL (3-6, 12).

The implication of these studies was that, following formation of
FUH2 thought to occur mainly in the liver, FUra was inactivated
and could cause no further toxicity (2, 4, 5). In addition these
studies suggested that FUH2 was a transient, unstable interme

diate present as a relatively minor metabolite producing no
cytotoxicity (3-6).

The development of a new and rapid high pressure liquid
chromatography method has demonstrated in studies with
freshly isolated rat hepatocytes that FUH2 was the major intra-
cellular catabolite detected following exposure to FUra (8, 9).
Using the same analytical methodology FUH2 has been shown
to be a major plasma metabolite formed after administration of
a 15-mg/kg i.v. dose of FUra with peak levels of 50 fiM and an
apparent elimination half-life of 6 to 8 h (10). These results were

in agreement with those reported by Aubert ef al. (7) who
quantitated FUH2 by a gas chromatography-mass spectrometry
technique after FUra administration in cancer patients. The find
ing of elevated sustained plasma levels of FUH2 together with
evidence that the initial catabolic step is a reversible enzymatic
reaction (13) led us to question whether FUH2might be converted
back to FUra in vivo and thus contribute to fluoropyrimidine
toxicity.

In the present study we have shown that a 1-h exposure to
FUH2 can suppress subsequent colony formation in Ehrlich as
cites tumor cells, bone marrow cells, and MCF-7 tumor cells.
Although FUra appeared more cytotoxic than FUH2 in the murine
tumor cell line (Ehrlich ascites), it is important to note that the
LOÂ» FUra/FUH2 ratio Â¡nthese cells is comparable to that ob
served with their plasma levels in the late phase of the kinetics
in vivo (7,10), suggesting a potential cytotoxic role of FUH2 after
FUra administration in vivo. Of interest also was the contrasting
sensitivity of bone marrow cells to FUra and FUH2, being more
sensitive to FUra and less sensitive to FUH2. In consequence
these data suggest that FUH2 might result in better selectivity
compared to FUra and thus possibly be a potential fluoropyrimi
dine "drug" itself with less host cell toxicity. The potential selec

tivity of this FUra catabolite must be confirmed in additional
human cell lines (both tumor and host cells), as well as in in vivo
studies.

The mechanism of action of FUH2 has not yet been clarified,
being limited by the unavailability of commercially prepared ra-
diolabeled FUH2. Preliminary studies suggest, however, that
FUH2 is converted back to FUra and then anabolized to ribonu-
cleotides and deoxyribonucleotides which can then interact with
the same biochemical targets (thymidylate synthase and possibly
nucleic acids) thought to be the major sites of action of FUra (1,
2). In the present study we have shown that FUH2 can produce
TSA inhibition in Ehrlich ascites tumor cells. Since only FdUMP
would be expected to cause inhibition of TSA in these cells (19)
and since FUH2 by itself in a cell free extract containing TSA did
not produce any significant direct inhibition, the data are com
patible with the conversion of FUH2 back to FUra. We have also
recently observed in a preliminary study that partially purified
radiolabeled FUH2 (containing no FUra) obtained from isolated
hepatocytes (8) was converted in Ehrlich ascites tumor cells to
radiolabeled FUra nucleotides corresponding to FUMP and FUTP
with subsequent incorporation of radiolabel into RNA.4 Attempts

are currently in progress in our laboratory to prepare sufficient
quantities of radiolabeled FUH2 and to further explore the mech
anism of action of this FUra metabolite. Of interest also will be
whether the oxidation-reduction state of the cell, hence the

relative amount of NADP/NADPH, may influence the reversibility

4 Unpublished data.
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of the uracil redactase reaction determining whether the cells
are likely to convert FUH2 back to FUra.
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