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ABSTRACT

The catabolism of 5-fluorouracil (FUra), which accounts for

90% of the elimination of this antimetabolite in vivo, has recently
been characterized in freshly isolated rat hepatocy tes Â¡nsuspen
sion using a highly specific high-performance liquid Chromato

graphie methodology. The present study evaluates the effect of
thymine and uracil, which are thought to be catabolized by the
same enzymes as FUra, on the metabolism and transmembrane
distribution of FUra in isolated rat hepatocytes. Following simul
taneous exposure of cells for 5 min to 30 /IM [6-3H]FUra and

increasing concentrations of either thymine or uracil, dihydrofluo-
rouracil (FUH2) levels decreased in a concentration-dependent
manner, and the concentration determined for 50% inhibition of
FUra catabolism was 8.0 Â±0.3 (S.D.) and 67.8 Â±15.6 IM for
thymine and uracil, respectively. Analysis of intracellular and
extracellular 3H from 1 min to 2 hr after simultaneous incubation

of the hepatocytes with 30 Â¿Â¿MFUra and thymine (or uracil) in a
1:7 molar ratio resulted in a decrease of intracellular and extra
cellular FUH2 and a-fluoro-/3-alanine (FBAL), while <*-fluoro-/3-

ureidopropionic acid (FUPA) was enhanced. Unmetabolized FUra
(not detected in the absence of thymine or uracil) was detected
intracellularly in the presence of thymine or uracil and was
accompanied by the appearance of a novel metabolite, prelimi
narily identified as a glucuronide of the FUra base which reached
intracellular levels of 44 Â±9.76 and 27.45 Â± 1.35 /Â¿Min the
presence of thymine or uracil, respectively, within 1 hr. This
metabolite, which penetrates the cell membrane only slowly,
accounted for approximately 60% of the intracellular 3H in the

presence of 300 MM FUra and 2 mw thymine, whereas FUra
catabolism was inhibited by more than 99% under these condi
tions. The formation of FUra anabolites was insignificant in the
presence of thymine and uracil, and incorporation of FUra into
RNA was not enhanced. The lack of anabolism of FUra in isolated
hepatocytes exposed to either high initial concentrations of FUra
or high intracellular FUra concentrations resulting from modula
tion (inhibition) of FUra catabolism is consistent with the clinical
observation of minimal hepatotoxicity with FUra, despite expo
sure of the liver to high blood levels. These studies indicate that
thymine is a more potent modulator of FUra catabolism in hep
atocytes than is uracil. Further studies are needed to clarify the
biological importance of the glucuronide of the base FUra which
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accumulates intracellularly as the concentration of FUra in
creases within the hepatocytes.

INTRODUCTION

Since its synthesis in 1957 (10), FUra4 has been one of the

most widely used antineoplastic agents in the treatment of
human cancer. However, because of its low response rate (6),
attempts have been made to modulate FUra metabolism with
other antitumor agents or with naturally occurring metabolites in
order to increase the chemotherapeutic effectiveness of this
agent (5, 7, 19). Thymidine has been shown in several studies
to enhance FUra toxicity both in vitro and in vivo in mice or
humans (20, 21, 23, 28, 31). Although pretreatment with thymi-
dine increases the incorporation of FUra into RNA in tumor cells
(27), the basis for the observed enhancement of FUra toxicity by
thymidine in vivo has not been clarified, although it appears to
be related to the reductive degradation of thymidine to thymine,
which is thought to inhibit the reduction of FUra by dihydrouracil
dehydrogenase (32). This prolongs the plasma half-life of FUra
and hence the interval over which tumor cells are exposed to
this drug (22). Although several pharmacokinetics studies have
examined the in vivo interaction between FUra and thymidine (1,
17,31), there have been no reported pharmacokinetic studies of
the interaction of these drugs at the cellular level. The lack of
such studies has resulted in part from the absence of adequate
techniques to evaluate FUra catabolism in a whole-cell system.

Recently, we described new HPLC methodology which, by its
specificity and speed compared to previous techniques (8, 15,
22), enabled intracellular and extracellular quantitation of unme-
tabolized FUra, its presumptive catabolites and its anabolites
(25). FUra catabolism and anabolism were assessed in isolated
rat hepatocytes, a model system for the exploration of hepatic
processes on the cellular level, which maintains many of the
biochemical and physiologial properties of normal hepatocytes
in the liver lobule (13). This model is particularly useful for the
analysis of drug-cell interactions over brief time intervals, permit

ting the characterization of rapid transport and metabolic events
(13). Utilizing this approach, we observed rapid and complete
intracellular conversion of FUra to several catabolites identified
as FUH2, FUPA, and FBAL, after exposure of cells to 30 /Â¿M
FUra, while anabolism of FUra by liver cells was insignificant.
However, at higher FUra levels, which are more clinically relevant
(7), we discovered the existence of a new FUra metabolite5

4The abbreviations used are: FUra, 5-fluorouracil; HPLC, high-performance liquid

chromatography; FUHz, dihydrofluorouracil; FUPA, Â«-fluoro-fi-ureidopropionic acid;
FBAL, a-fluoro-/3-alanine; FUra-GLU, FUra glucuronide.

6J-P. Sommadossi, D. S. Cross, D. A. Gewirtz, I. D. Goldman, J-P. Cano, and
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MODULATION OF FUra CATABOLISM

preliminarily identified as a glucuronide of the FUra base.
The present report was designed to evaluate the effects of

thymine and uracil on FUra metabolism in isolated rat hepatoytes
in order to understand, on the cellular level, how these agents
might interact in clinical regimens. Uracil was included in this
study because of the recent introduction of undine in therapeutic
regimens with FUra (18) and in order to compare the potency of
uracil to thymine in altering FUra metabolism in liver cells.

MATERIALS AND METHODS

Materials. [6-3H]FUra (20 Ci/mmol) was obtained from Moravek Bio-

chemicals, Inc. (City of Industry, CA) and purified by the HPLC technique
described below. [carboxy/-14C]lnulin (2.5 Ci/g) was purchased from

Amersham-Searte (Irvine, CA). FUra and authentic standards of FUH2,
FUPA, and FBAL were kindly supplied by Hoffman-La Roche Laborato

ries. Thymidine and uracil were provided by Sigma Chemical Co. (St.
Louis, MO). All other chemicals used were reagent grade.

Cells, Media, and Incubation. Hepatocytes in suspension were pre
pared from male Sprague-Dawley rats (200 to 300 g) by a modification

of the method of Berry and Friend (3), which increases cell yield and
viability (13). Cell viability was determined by trypan blue exclusion, and
only preparations with an initial viability >90% were used. Hepatocytes
in suspension (5 x 106 cells/ml) were incubated at 37Â°in Krebs-Henseleit

buffer containing 0.25% gelatin and 10 mw glucose. The pH was main
tained at 7.4 by passing wanned and humidified 95% O2:5% COa over

the cell suspension.
Experiments were initiated with simultaneous addition of sufficient

[3H]FUra (specific activity, 3 to 15 mCi/mmol) to achieve final concentra

tions of 30 or 300 /IM and various thymine or uracil concentrations. At
appropriate times, portions of the cell suspension (0.5 ml) were layered
on 400 n\ of inert silicone oil in 1.5-ml plastic microfuge tubes. The tubes

were immediately centrifuged at 15,000 x g for 15 sec to sediment the
cells, and the pellet was placed in a dry iceracetone bath. The tip
contained radiolabel representing the total amount of intracellular FUra
and metabolites accumulated. The oil contained no radioactivity, and the
remaining upper fraction was the extracellular medium.

Analysis of Intracellular and Extracellular FUra and Its Metabolites.
Portions of the buffer separated from cells (25 to 50 n\) were analyzed
by HPLC without further processing. The frozen cell pellet (see above)
was aspirated into the tip of a Pasteur pipet and extruded into a plastic
tube immersed in ice and subjected to sonic oscillation in 1 ml of 2 mw
potassium phosphate buffer (pH 7.4) for 30 sec to release the intracellular
3H. The sonicate was centrifuged at 25,000 x g at 0Â°for 15 min to

sediment the debris. Portions of the supernatant (100 to 200 n\) were
injected in the Chromatographie system within 12 hr following the expo
sure of the hepatocytes to FUra, because of the instability of FUH2 in the
presence of cellular protein (26).

Analyses were performed with a Hewlett-Packard 1084B equipped

with automatic injector, variable wavelength spectrophotometer, and
Chromatographie terminal (Hewlett-Packard 79850 ALC) as described

previously (26). The extracts from cells or media were examined by a
reverse-phase ion-paired HPLC using 2 Brownlee RP18 (25 x 0.46 cm)

connected in tandem and packed with 5 /Â¿mof Hypersil ODS and 5 Â»/m
of Spherisorb ODS, respectively. The mobile phase was 0.005 M tetra-

butylammonium hydrogen sulfate and 0.0015 M potassium phosphate
buffer (pH 8). The flow rate was 1 ml/min. The parent drug and its
metabolites were detected by radioactivity by comparison of their reten
tion times with standards. The retention times of unlabeled drug and its
catabolites were: FBAL, 6.7 min; FUH2,7.8 min; FUPA, 11 min; and FUra,
17 min. The new metabolite, FUra-GLU, had a retention time of 27 to 28

min on the radiochromatogram profile. This methodology also completely
resolves the nuclosides 5-fluorouridine and 5-fluoro-2 '-deoxyuridine. with

retention times of 31 and 39 min, respectively. The nucleotide pool was
strongly retained using this ion pair technique. 5-Fluorouridine 5'-mono-

phosphate, 5-fluorouridine S'-diphosphate, and 5-Fluorouridine S'-tri-

phosphate with their deoxyderivatives were eluted with retention times
of 54, 57, and 64 min, respectively, using a 10-min linear gradient of

methanol from 0 to 50% starting at 40 min. Eluent from the columns
was directed via a low dead volume connection into a LKB 2112 Redirac
fractions collector (LKB Instruments, Rockville, MD). Timed fractions of
either 0.2 or 0.5 ml were collected by using a microprocessor-controlled

switching valve to direct eluent into miniscintillation vials over 45 min.
Total aqueous volume was made up to 0.5 ml with deionized water.
After addition of 5 ml of Triton-based scintillation fluor, radioactivity was

measured using a Beckman scintillation counter. A quench correction
was made using a standard quench curve with utilization of the external
standardization process of the Beckman LS-8000.

Determination of Intracellular Water. Intracellular water was deter
mined from the difference between the wet and dry weights of the cell
pellet, less the [14C]inulin space. Corrections were made for FUra as well

as the individual metabolites present in the extracellular space that
accompany the intracellular radiolabeled substances into the cell pellet.
This technique has been described in detail previously (12,14).

Incorporation of [*H]FUra into RNA. After disruption of the cell pellet

by sonic oscillation, the sonicate was acidified with 10% trichloroacetic
acid. Radioactivity in each fraction was determined, and the incorporation
of radiolabeled drug was expressed in pmol/Mg of RNA contained in the
acid precipitate using the orcinol reaction (4).

RESULTS

Effects of Thymine and Uracil on FUra Catabolism in Hep
atocytes. Table 1 illustrates the effects of increasing concentra
tions of thymine and uracil on FUra catabolism which is assessed
by measuring the decrease in intracellular FUH2, the major (>90%
of intracellular 3H at 5 min) intracellular catabolito of FUra de

tected in hepatic cells (26). Hepatocytes in suspension were
simultaneously exposed for 5 min to 30 /Â¿M[3H]FUra and either

thymine from 30 to 600 /Â¿Mor uracil from 90 to 900 >IM. The
estimated concentration of thymine required for 50% inhibition
of FUra catabolism was 8.0 Â±0.3 ^M, whereas 67.8 Â±15.6 A/M
uracil was necessary to achieve the same effects. This 8-fold

greater value with uracil than with thymine to inhibit FUra catab
olism indicates that thymine is a more potent modulator (inhibitor)
or FUra catabolism than is uracil in hepatic cells in vitro.

Analysis of Intracellular 3H after Incubation of Hepatocytes
with [3H]Fura and Thymine or Uracil. Chart 1 shows the time

course for the appearance of FUra and its metabolites, i.e., FUH2,
FUPA, FBAL, and FUra-GLU, in the intracellular water after

incubation of a hepatocyte suspension over 2 hr with either 30
tÃMFUra alone or in the presence of 200 MMthymine or 200 ^M

Tabtel
Effects of thymine or uracil on FUra catabolism, expressed as the percentage of

inhibition oÃFUHÂ¡formed

Amount added to FUra
(30MM)30

MM90
MM

200MM300
MM

600 MM
900MM1CÂ«,

(MM)CMean

% ofinhibitionThymine72.6

Â±1.1a

90.3 Â±1.7
94.8 Â±0.1
96.5 Â±0.1
98.2 Â±0.5

ND
8.0 Â±0.3UracilND*

50.5 Â±8.3
76.5 Â±2.3
83.0 Â±1.9
89.8 Â±1.2
92.0 Â±0.9
67.8 Â±15.6

8 Mean Â±S.D. of 3 experiments.
b ND, not determined; 1CÂ»,50% inhibiting concentration.
c 50% inhibiting concentration was determined by a plot of the probit of per

centage inhibition against log concentrations of thymine or uracil.
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MODULATION OF FUra CATABOLISM

Chart 1. Representative intracellular accu- ^
inulation of unmetabolizedFUra(A) and its me- -i
tabolites FUH2(â€¢),FUPA (O), FBAL P) and Â¿
FUra-GLU(D) after exposure of the cells over 2 ^ 800
hr either with 30 JIMFUra alone (A) or in the cr
presenceof 200 Â¡Mthymine (B)or 200 *IMuracil z 600
(C).Incubationconditions and separationof me
tabolites are described under "Materials and s 400
Methods." Corrections were made for extracel- ;;

lular FUraand the metabolites that accompany Ã¶ 200
cells through the siliconeoil. ^

A ISO ISO

100

30 60 90 120
MINUTES

I

uracil. As demonstrated previously (26), no intracellular FUra was
detected in cells incubated with 30 MM FUra alone, indicating
that, at this concentration, FUra transport is rate limiting to FUra
catabolism within the cell. The addition of thymine or uracil to
the incubation medium resulted in the appearance of intracellular
FUra. In the presence of thymine, peak intracellular FUra levels
of 60.1 Â±9.46 MM(S.D.) were achieved within approximately 10
min and subsequently declined while, in the presence of uracil,
intracellular FUra reached levels of 7.2 Â± 1.13 MM over 1 hr.
Concurrently, there was a marked net decrease within the hep-

atocytes of FUH2 in the presence of thymine and uracil. Hence,
this accumulation of FUra within cells in the presence of thymine
and uracil probably reflects inhibition of the dihydrouracil dehy-

drogenase by these pyrimidine bases. The FUH2 levels were
more stable with uracil and thymine, although lower, due to less
rapid depletion of extracellular FUra (see below). FUPA, a tran
sient intermediate in the transformation of FUH2 to FBAL (26),
was detected within the hepatocytes throughout the 2-hr incu

bation in the presence of thymine and uracil, while it was virtually
undetectable after 25 min of incubation with 30 MM FUra alone.
Intracellular FBAL concentrations decreased almost 4-fold in the

presence of thymine and uracil as compared to control.
The most dramatic difference in FUra metabolism in the pres

ence of thymine and uracil is the detection within cells of a novel
metabolite, recently characterized as a glucuronide of the FUra
base.5 This metabolite accumulated to a maximum intracellular

level of 44 Â±9.76 MM in the presence of thymine and 27.45 Â±
1.35 MM with uracil within 1 hr, accounting for approximately
25% of the total intracellular radioactivity. It is of further interest
to note that, in the presence of thymine or uracil, no nucleoside
or nucleotide derivatives of FUra were detected within the cells.

Analysis of Extracellular 3Hafter Incubation of Hepatocytes
with [3H]FUra and Thymine and Uracil. Analysis of the decline

of extracellular FUra and the accumulation of its metabolites over
1 min to 2 hr after exposure to 30 MM FUra alone and in the
presence of 200 MM thymine or 200 MM uracil is illustrated in
Chart 2. Extracellular FUra declined to one-half of its initial value

within 120 min in the presence of uracil compared to 8 min in
the presence of 30 MM FUra alone. In the presence of thymine,
79% of the initial FUra concentration was still present in the
medium after 2 hr of incubation, so that a meaningful half-time

for FUra could not be calculated.
The FUra catabolites, i.e., FUH2, FUPA, and FBAL, following

synthesis within the cells, appear in the extracellular compart
ment. The levels of extracellular FUH2 and FBAL were markedly

reduced in the presence of thymine or uracil, consistent with
inhibition of FUra catabolism within the cell. Whereas FUH2
achieved a maximal extracellular concentration of 10.6 Â±0.6 MM
within 30 min under control conditions, only 1.85 Â± 0.5 MM
extracellular FUH2 was observed in the presence of thymine, and
only 4.8 Â±0.71 Mm was observed in the presence of uracil, over
2 hr. Similarly, extracellular FBAL levels were reduced to 1.65 Â±
0.35 MMwith thymine and 5.85 Â±0.92 MMwith uracil, compared
to 18.5 Â±1.4 MMin the control. Only low levels (<1 MM)of the
FUra-GLU were detected in the extracellular medium. Based
upon the intracellular FUra-GLU levels in the cells, at this time, a

sustained transmembrane gradient of 23.4 Â±2.26/1 was present
for this derivative after 2 hr of incubation.

Effects of Thymine and Uracil on FUra Metabolism in Hep
atocytes at an Increased (300 MM)Initial FUra Concentration.
Hepatocytes in suspension were exposed to increasing concen
trations of FUra in the presence of thymine or uracil to assess
the relationship between FUra levels and formation of FUra-GLU

and to determine whether nucleoside or nucleotide derivatives
might accumulate in cells under these conditions. The intracel
lular accumulation of unmetabolized FUra and its metabolites
over 2 hr following exposure of hepatocytes to 300 MM[3H]FUra

alone and in the presence of 2 HIM of thymine or 2 mw uracil, is
illustrated in Chart 3. The 10-fold increase in the initial extracel

lular FUra concentration from 30 MM to 300 MM resulted in the
appearance of unmetabolized FUra within cells with levels of 161
Â±46 MMachieved within 5 min followed by a slow decline over
the next 2 hr. In the presence of 2 mw thymine or uracil,
intracellular FUra accumulation was transiently increased to lev
els in excess of the extracellular FUra concentration, following
which the FUra levels approached equilibirum across the cell
membrane. Similar to what was observed at the lower FUra level
(Chart 1), thymine and uracil decreased the net intracellular
formation of FUra catabolites. Thymine inhibited FUra catabolism
by more than 99% under these conditions, such that FUH2,
FUPA, and FBAL were not detected in the intracellular compart
ment. In contrast, uracil decreased FUra catabolism to a lesser
extent so that FUH2 was still observed at 30% of its control
(FUra alone) value; FUPA and FBAL were also detected in the
intracellular compartment. In the presence of thymine, the intra
cellular level of FUra-GLU reaching 482 Â±68 MM within 1 hr
increased almost 3-fold compared to control (187 Â±42 MM),

accounting for as much as 60% of the intracellular radioactivity;
with uracil, the intracellular level of FUra-GLU represented 278

Â±13 MMwithin the same time of exposure.
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MODULATION OF FUra CATABOLISM

measured Km for this enzyme (29). Under certain conditions in
these studies, transient transmembrane gradients were gener
ated for FUra in the presence of thymine or uracil. Although the
system ultimately approached or achieved equilibration, the basis
for this transient phenomenon is unclear, but it may represent
an interaction between FUra and thymine or uracil at the level of
their common transport carrier. This is currently under further
study.

Previous investigators suggested that the interaction between
these pyrimidine derivatives occurred only during the initial ca-

tabolic step, i.e., the conversion of FUra to FUH2 (2). It should
be noted that, in the present experiments, intracellular FUPA
concentrations were significantly enhanced after simultaneous
incubation of the hepatocytes with 30 tiM [3H]FUra and 200 UM

thymine or uracil, while intracellular levels of FBAL decreased
almost 4-fold, compared to control. Thus, in addition to the

inhibition of the conversion of FUra to FUH2, there may be also
inhibition of the conversion of FUPA to FBAL in the presence of
thymine or uracil (or their metabolites).

Studies of the past 2 decades have demonstrated that FUra
is metabolized via 2 pathways, an anabolic route and a catabolic
route with inhibition of the catabolic pathway thought to be
closely correlated with stimulation of the anabolic pathway (9).
Indeed, the low levels of FUra in cells due to rapid catabolism
should limit the availability of substrate for phosphoribosylation
and subsequent incorporation into nucleic acids. However, no
stimulation of anabolism was observed when catabolism was
inhibited by thymine and uracil in the present study, with no
detectable anabolites formed and no increase in the incorporation
of FUra into RNA. While this is consistent with the proposition
that the level of FUra is not rate limiting to the anabolic pathway,
the presence of thymine or uracil (while increasing the FUra level)
might, at the same time, compete for the anabolic pathway, as
reported recently by Engelbrecht ef a/. (11).

In an accompanying paper, we reported the formation of a
new metabolite of FUra detected when hepatocytes are sus
pended in high (300 UM) extracellular FUra concentrations,5 a

condition in which appreciable levels of FUra accumulate in the
cells. Exposure of this derivative to /3-glucuronidase in the pres

ence or absence of a specific inhibitor of this enzyme suggested
that this metabolite was a glucuronide of the FUra base. Once
formed within the cell, this metabolite penetrates the cell mem
brane slowly so that high transmembrane gradients are sus
tained. Alternatively, this metabolite is formed when the first
enzyme of the degradative pathway, i.e., the dihydrouracil de-

hydrogenase, is inhibited by thymine or uracil, allowing accu
mulation of sufficient intracellular FUra levels to permit glucuron-

idation to occur. This inhibition of FUra catabolism in hepatocytes
does not lead to increased anabolism; rather, the available FUra
is metabolized via a previously unrecognized pathway to form
the glucuronide derivative.

These findings further define the nature of FUra metabolism in
hepatic cells in vitro and help to elucidate the effects of modu
lating agents, such as thymine and uracil, which have been used
in combination chemotherapy with FUra. At low extracellular
FUra levels, the level of intracellular FUra is very low because of
the rapidity of reduction relative to transport. Under these con
ditions, FUra-GLU is not detected. Accumulation of FUra in these

cells, either by increasing the extracellular level of FUra or by
blocking reduction with thymine or uracil, provides sufficient

substrate to result in detectable FUra-GLU which is largely

retained within the cell. However, this increased intracellular FUra
does not result in enhanced anabolism. The apparent rate of the
anabolic route for FUra in the hepatocytes is consistent with the
lack of FUra hepatotoxicity in vivo. Further studies are required
to clarify the biological importance of FUra-GLU and its formation

in vivo. Of particular interest is the rate of formation of this
derivative within hepatic cells with the extent to which it might
be released into the bile when the hepatocyte is in its normal
spatial orientation in the liver lobule and the extent that intracel
lular FUra-GLU pools in the liver might serve as "depots" for FUra

which might be slowly hydrolyzed and released from the liver,
influencing the late pharmacokinetics of this agent.
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