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The activity of 5'-deoxy-5-fluorouridine (dFUR) depends on its activation to 5-fluorouracil (FU) by
pyrimidine nucleoside phosphorylases. These enzymes are found in tumors and normal tissues, with
the highest activity in the small intestines. The present study examined the inhibition of dFUR phos-
phorolysis in intestinal tissues. dFUR metabolism in intestinal homogenates was inhibited by uracil
(U), uridine (UR), and thymidine (TdR), which are the normal substrates for the phosphorylases.
Conversely dFUR reduced the metabolism of these inhibitors. A good agreement was found between
the observed data and the computer-fitted data using the equations for competitive inhibition between
dFUR and the inhibitors. In the absence of inhibitors, the V,,, of dFUR phosphorolysis was 47.1 *
4.9 uM/min and the apparent K, was 910 = 167 wM. The V,,, was unaltered by the inhibitors, while
the K,, was increased with increasing inhibitor concentrations. The maximal inhibition of dFUR me-
tabolism by UR and TdR was about 80%. The K;'s were 372 uM for U, 87.2 uM for UR, and 112 pM
for TdR and are orders of magnitude higher than their reported endogenous serum concentrations.
The rate of dFUR phosphorolysis to FU in the intact intestinal epithelial crypt cells, indicated by the
ratio of FU to dFUR in the intracellular fluid, was reduced by UR in a concentration-dependent
fashion. These data indicate that the naturally occurring pyrimidines inhibit competitively the dFUR
metabolism by the intestinal phosphorylases, that this inhibition occurs at concentrations much higher
than the circulating endogenous levels, and that phosphorolysis is the major route of dFUR metabo-
lism.
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INTRODUCTION

5'-Deoxy-5-fluorouridine (dFUR)* is a metabolic pro-
drug of S-fluorouracil (FU) (1,2). The activation of dFUR to
FU by phosphorylases is required for its activity (3). Both
compounds are used in the palliative treatment of solid
tumors (2). FU is active by the intravenous route but has
little or no activity by the oral route, while dFUR is active
by both routes (3-8). However, the intestinal toxicity of
dFUR in patients by the oral route is greater than by the
intravenous route (8).

Phosphorylases catalyze the reversible conversion from
(pyrimidine base plus ribose-1-phosphate) to (nucleoside
plus inorganic phosphate) (9). These enzymes are present in
tumors and in various normal tissues. The small intestine,
liver, kidney, and lung have the highest activity, while the
bone marrow contains little or no activity (10-13). We
showed that the conversion of dFUR by rat intestinal ho-
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mogenates is 80% faster than in liver homogenates and esti-
mated that the small intestine metabolizes about 10% of the
dFUR presented to the tissue during a single passage (13).
This represents a significant amount of FU in terms of ac-
tivity, because FU is 100 times more potent than dFUR on a
molar basis (14), and may explain the high intestinal toxicity
of dFUR. The inhibition of intestinal phosphorylases and
hence the reduction of the activation of dFUR may spare the
intestinal tissue from drug toxicity. This study examined the
inhibition of dFUR phosphorolysis in intestinal tissue ho-
mogenates and intestinal cells by uridine (UR), uracil (U),
and thymidine (TdR), which are the nontoxic and normal
substrates for the pyrimidine nucleoside phosphorylases (9).

METHODS

Chemicals. All chemicals including FU (MW 130.1), U
MW 112.1), UR (MW 244.2), and TdR (MW 242.2) were
obtained from Sigma Co. (St. Louis, Mo.) and Mallinckrodt
Co. (Paris, Ky.), dFUR (lot 0305001, MW 246.2) was from
Hoffman LaRoche Inc. (Nutley, N.J.), [6-*H]dFUR (sp act,
450 p.Ci/pmol) was from Moravek Biochemical (City of In-
dustry, Calif.), and tissue culture supplies were from the
Grand Island Biological Co. (Grand Island, N.Y.).

Inhibition of dFUR Phosphorolysis in Intestinal Ho-
mogenares. Three- to six-month-old female Fischer rats
(Charles River Breeding Laboratories, Kingston, N.J.) were
used in groups of two to five animals per experiment. The
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13,000g supernatant fraction of intestinal homogenates was
obtained as described (13). Our previous study showed that
the dFUR metabolism by intestinal homogenates is linear at
an enzyme concentration range of 5 to 25% and that the
dFUR metabolism was fastest during the first 10 min (13).
Preliminary experiments in this study confirmed the linear
phosphorolysis rate during the first 15 min. Drugs were in-
cubated with 12.5% (w/v) intestinal homogenate, 1.5% KCl,
10 mM phosphate, and 2.5 mM MgSO, (pH 7.4), at 37°C
under 95% O, and 5% CO,. The dFUR concentration ranged
from 60 to 1200 wM, and inhibitor concentrations from 0 to
1200 wM. The initial metabolic rates of dFUR and inhibitors
were measured by their disappearance over 3 to 9 min.

Inhibition of dFUR Phosphorolysis in Intestinal Crypt
Cells. Epithelial cells were dissociated from everted small
intestinal segments using 1.5 mM EDTA (14). The villus
cells which dissociated during the first 15 min were dis-
carded, and the crypt cells which dissociated during the
subsequent 60 min were collected. The cell viability deter-
mined by trypan blue exclusion was >70%. Drugs
({[6-*H]dFUR with or without UR) were incubated with 5
million cells/ml of RPMI-1640 culture medium containing 20
mM phosphate, 20 mM glucose, 12 mM MgCl,, and 10%
fetal bovine serum, at 37°C under 95% O, and 5% CO,. The
cell pellet (about 50 pl in volume) obtained after centrifuga-
tion was washed three times with 2 ml of ice-cold saline. The
intracellular contents were extracted as described below.
The concentrations of dFUR and UR in the extracellular
culture medium and in the intracellular extracts were mea-
sured.

Sample Analysis. The proteins and macromolecules in
washed cell pellets and incubation mixtures were precipi-
tated with acetonitrile. Ten micrograms of 5-bromouracil
was added as the internal standard. The supernatant fraction
was analyzed by HPLC using a published reversed-phase
HPLC assay (15). Elution volumes were 6.0, 6.9, 7.5, 8.9,
10.0, 19.0, and 27.2 ml for U, FU, thymine, UR, 5-bromour-
acil, TdR, and dFUR, respectively. The lower detection
limits were 4 M for dFUR and TdR, 120 pM for UR, and
240 pM for FU, U, and thymine. In the experiments using
radiolabeled dFUR, the HPLC eluting fractions corre-
sponding to dFUR and its metabolite FU were collected and
the radioactivity was determined by liquid scintillation
counting.

Data Analysis. The V., and K,, for dFUR phosphoro-
lysis and the K; of the inhibitors were analyzed using the
following equations for enzyme kinetics with competitive in-
hibition (16).

Vinax X S
V=
S + K, (1 + I/K)

M

and the linearized form,

N S K,, I
—=——+ — {1 + = 2
V Vmax Vmax Ki

where V is the rate of phosphorolysis, and § and I are the
concentrations of dFUR and inhibitors at midpoint. Under
competitive inhibition, the V. is unchanged but the ap-
parent K,, which equals K,, (1 + I/K)) increases with inhib-
itor concentration. The S/V versus § plot, for a single inhib-
itor at several concentrations, gives a set of parallel lines
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with each line corresponding to an inhibitor concentration.
The computer fitting of experimental data to these equations
was done using a SAS program.

RESULTS

The nonenzymatic aqueous hydrolysis of dFUR, deter-
mined in a preliminary experiment, had an apparent first-
order rate constant of 0.005 hr—! at 37°C and pH 7.4. The
nonenzymatic degradation at a concentration of 1200 wM is
calculated to be 0.1 pM/min, which is negligible compared
to the enzymatic rate of >8 wM/min. Upon incubation with
intestinal homogenates, the disappearance of UR, TdR, and
dFUR was accompanied by the appearance of U, thymine,
and FU, indicating that these nucleosides were metabolized
by the phosphorylases (9). The extensive inhibition between
these compounds further indicates that phosphorolysis is the
major route of dFUR metabolism (see below). Because the
products of nucleoside phosphorolysis, i.e., pyrimidine
bases, are further metabolized by dihydrouracil dehydroge-
nase (17), which is a different enzyme also present in tissue
homogenates, quantitation of the product formation would
underestimate the phosphorolysis rate. Hence the rate of
enzymatic phosphorolysis was measured by the substrate
disappearance rate.

Figure 1 shows the Michaelis—Menten plot of dFUR
phosphorolysis in the intestinal homogenates and the effect
of increasing TdR concentrations. The linearized S/V versus
S plot for the dFUR phosphorolysis rate in the presence of
different TdR concentrations (Fig. 2) shows that the slopes
of the lines are similar, indicating that the V,,, remained
unchanged while the apparent K,, increased with increasing
TdR concentrations. Similar plots were obtained for UR and
U (not shown). For all three inhibitors, the computer-fitted
values by Egs. (1) and (2) were within 7.7 = 5.9% of the
observed values. The predictability of the experimental data
by Eqgs. (1) and (2) for competitive inhibition, the unchanged

25
20
% 15
> 10
:
w5
>
0 T T T
1] 250 500 750 1000 1250
dFUR, Jr.Y

Fig. 1. Michaelis—Menten plot for the inhibi-
tion of dFUR phosphorolysis by TdR. The
rate (V) of dFUR phosphorolysis in an intes-
tinal enzyme solution was determined at the
indicated midpoint dFUR concentrations in
the presence of thymidine at various midpoint
concentrations: 0 wM (control; open circles),
34 wM (filled squares), 98 pwM (open tri-
angles), 342 uwM (filled circles), and 1044 pM
(open squares). The lines linking the data
points were computer fitted using Eq. (1).
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Fig. 2. Linearized S/V versus V plot for the
inhibition of dFUR phosphorolysis by TdR.
The symbols are the same as in the legend to
Fig. 1. The lines linking the data points were
computer fitted using Eq. (2).

Vmax and the increased apparent K, indicate a competitive
inhibition between these compounds (16). The data in Fig. 1
were fitted to Eq. (1) by least-squares nonlinear regression
and solved for the V,,, and K,, of dFUR phosphorolysis and
the K; of the inhibitors. The data in Fig. 2 were fitted to Eq.
(2) by least-squares linear regression, under the constraint of
a common slope for all inhibitor concentrations, and solved
for the K,, and V., of dFUR phosphorolysis. The K,,’s and
Vmax S Obtained from these equations are comparable (Table
1). Figure 3 shows the results of a series of experiments (N
= 6) indicating the progressive reduction of the disappear-
ance rate of dFUR (initial concentration of 200 wM) by in-
creasing TdR and UR concentrations. The maximal inhibi-
tion was 80% by 600 uM UR or TdR. A further increase in
UR and TdR concentration to 1200 wM did not enhance the
inhibition. These data indicate that UR and TdR inhibited
the dFUR degradation and that dFUR metabolism is pri-
marily (>80%) by the pyrimidine nucleoside phosphory-
lases.

Upon incubation with intestinal homogenate, the con-
centrations of the inhibitors declined monoexponentially (r
> 0.98) during the incubation period, but the apparent half-
lives increased with increasing concentrations. The half-
lives were 3 min at 400 uM and 9.7 min at 1200 uM for UR,
27 min at 400 pM and 33 min at 1200 pM for TdR, and 16
min at 800 wM and 22 min at 2400 pM for U. In comparison,
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Fig. 3. Inhibition of dFUR phosphorolysis by
UR and TdR. dFUR (200 p.M) was incubated
with intestinal homogenates with or without
the inhibitors UR (diamonds) and TdR
(squares) at various initial concentrations.
The rate of dFUR phosphorolysis without in-
hibitors was taken as 100%, and the reduction
in phosphorolysis rate was expressed as the
percentage inhibition. Data represent the
mean of six experiments.

1000

the half-life of dFUR (without inhibitors) was 15 min at an
initial concentration of 60 pM, 19.5 min at 600 pM, and 26.6
min at 1200 pM. The concentration-dependent degradation
half-lives of dFUR and the inhibitors suggests a nonlinear
and saturable metabolism in the intestines. The half-lives of
UR, TdR, and U at an initial concentration of 400 wM (800
wM for U) were increased by 20, 17, and 34% when the
dFUR concentration in the incubation mixture was in-
creased from 60 to 1200 pM. The increase in degradation
half-lives of the inhibitors by dFUR further supports a com-
petitive inhibition between these compounds. The possible
interactions between U and dFUR include a competition for
the phosphorylases and a competition between the dFUR
metabolite FU and U for the dihydrouracil dehydrogenase
(17) also present in tissue homogenates.

Additional experiments examined the interaction be-
tween dFUR and UR in intact isolated intestinal epithelial
crypt cells, which are the target cell for anticancer drug tox-
icity (2). In the presence of 5 million cells/ml, the apparent
half-life of dFUR in the extracellular culture medium was 67
min at a starting concentration of 60 pM and increased to

Table L. Inhibition of dFUR Phosphorolysis®

8] UR TdR

Nonlinear regression, Eq. (1)

Vmax Of dFUR (uM/min) 475+ 24 46.7 = 3.7 459 + 53

K,, of dFUR (pM) 906 = 114 780 =+ 162 918 == 20

K; (uM) 372 = 37 872+ 16.8 124 = 17
Linear regression, Eq. (2)

Vmax of dFUR (uM/min) 50.0 = 4.1 500 = 5.7 414 = 4.8

K,, of dFUR (pM) 1089 =+ 162 881 =+ 215 764 + 195

2 The phosphorolysis of dFUR in the 13,000¢ supernatant of rat intestinal homogenate
(12.5%) and its inhibition by competing substrates were determined at 37°C. The data
were computer fitted to Eq. (1) by least-squares nonlinear regression and to Eq. (2) by

least-squares linear regression, using SAS programs. Best-fit values +

standard errors are presented.

asymptotic
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123 min at 600 pM. UR was metabolized faster, with ap-
parent half-lives of <5, 6.1, 9.4, and 17.0 min at starting
concentrations of 60, 160, 300, and 600 wM. The concentra-
tion-dependent metabolism of UR and dFUR by intact in-
testinal crypt cells and the more rapid degradation of UR
compared to dFUR are consistent with the results obtained
with intestinal homogenates. Results of three experiments
showed that the intracellular conversion of [6-*H]dFUR to
[6-*H]FU, measured by the ratio of [6-*H]FU to [6-*H]dFUR
in the intracellular extract after a 60-min incubation, was de-
creased to 87.5, 52.1, 44.3, 42.7, and 15.0% by 50, 100, 150,
600, and 6000 pM UR. These results indicate a concentra-
tion-dependent inhibition of dFUR conversion in intact
crypt cells to FU by UR.

DISCUSSION

This study established the competitive inhibition of
dFUR metabolism in rat intestinal homogenates and intact
epithelial crypt cells by the normal substrates of pyrimidine
nucleoside phosphorylases, UR, TdR, and U. The K;’s of
these compounds (100-400 pM) were defined in this study
and are orders of magnitude higher than their serum concen-
trations in humans [2—-8 uM for UR, 0.04—1 pM for TdR,
and undetectable for U (<0.5 pM); from Refs. 18-22], indi-
cating that the circulating levels of U, TdR, and UR are not
sufficient to inhibit dFUR activation.

The cytotoxicity of dFUR requires its activation by
phosphorylases (3,10-12). An inhibition of these enzymes in
a tissue may therefore spare the tissue from drug toxicity.
TdR and UR are nontoxic (18,19,23) and are good candi-
dates for this purpose. A localized inhibition in the intestines
is necessary to achieve a selective protection of the intes-
tines without compromising the antitumor activity of dFUR.
Based on the rapid clearance of UR and its metabolite U in
humans (19), the nearly complete extraction of UR by per-
fused rat livers after a single passage (24-26), the low oral
bioavailability of TdR in humans (18), and the rapid intes-
tinal metabolism of UR and TdR shown in the present study,
it can be speculated that these compounds if given orally will
be eliminated by presystemic metabolism and will not enter
the systemic circulation in appreciable quantities. Hence,
they may provide selective protection of the intestines from
dFUR toxicity. Data from this study suggest several factors
which can complicate a selective rescue. First, the concen-
tration-dependent degradation half-lives of these com-
pounds suggest saturable first-pass metabolism, which may
result in increased systemic availability of the inhibitors and
loss of the selective protection. Second, upon their absorp-
tion UR and TdR are metabolized to their bases, U and T.
As shown in this study, these bases may inhibit the conver-
sion of dFUR to FU. Third, by competing for the pyrimidine
enzymes, U and T may inhibit the activation of FU to cyto-
toxic nucleotides and/or its degradation (17), which will re-
duce and/or potentiate the toxicity of FU. Hence the protec-
tion of the intestines from the dFUR toxicity depends on the
fine tuning of the dose of the inhibitors. Further studies to
determine the pharmacokinetic interaction between dFUR
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and UR and the effect of UR on the therapeutic selectivity of
dFUR are ongoing in our laboratory.

ACKNOWLEDGMENTS

The excellent technical assistance of Cindy Chang is
gratefully acknowledged. This work was supported in part
by Research Grants CA-37110 and CA-16058 from the Na-
tional Cancer Institute, DHHS.

REFERENCES

1. A. F Cook, M. J. Holman, M. J. Kramer, and P. W. Trown. J.
Med. Chem. 22:1330-1335 (1979).

2. B. A. Chabner. In B. A. Chabner (ed.), Pharmacologic Prin-
ciples of Cancer Treatment, W.B. Saunders, Philadelphia, 1982,
pp. 183-212 (and references therein).

3. J. L.-S. Au, Y. M. Rustum, J. Minowada, and B. I. S. Srivas-
tava. Biochem. Pharmacol. 32:541-546 (1983).

4. F Trave, L. Cannobio, J. L.-S. Au, and Y. M. Rustum. J. Natl.
Cancer Inst. 78:527-532 (1987).

5. W. Bollag and H. R. Hartmann. Eur. J. Cancer 16:427-432
(1980).

6. H.-R. Hartmann and A. Matter. Cancer Res. 42:2412-2415
(1982).

7. R. Abele, P. Alberto, R. J. Seematter, F. Germano, R. Heintz,
and W. Bollag. Cancer Treat. Rep. 66:1307-1313 (1982).

8. T. Taguchi, K. Kimura, and T. Saito. Abstracts of 3rd European
Conference on Clinical Oncology, 1985, p. 12.

9. J. G. Niedzwicki, M. H. el Kouni, S. H. Chu, and S. Cha. Bio-
chem. Pharmacol. 32:399-415 (1983).

10. H. Ishituka, M. Miwa, K. Takemoto, K. Kukuoka, A. Itoga,
and H. B. Maruyama. Gann 71:112—-123 (1980).

11. R. D. Armstrong and R. B. Diasio. Cancer Res. 41:4891-4894
(1981).

12. Y. S. Choong and S. P. Lee. Clin. Chim. Acta 149:175-183
(1985).

13. J. L.-S. Au. Pharm. Res. 2:279-284 (1985).

14. M. M. Weiser. J. Biol. Chem. 248:2536-2541 (1973).

15. J. L.-S. Au, J. S. Walker, and Y. M. Rustum. J. Pharmacol.
Exp. Ther. 227:174—180 (1983).

16. J. R. Gillette. In B. N. LaDu, H. G. Mandel, and E. L. Way
(eds.), Fundamentals of Drug Metabolism and Drug Disposi-
tion, Williams and Wilkins, Baltimore, Md., 1971, pp. 400-418.

17. M. Tuchman, M. L. R. Ramnaraine, and R. F. O’Dea. Cancer
Res. 45:5553-5556 (1985).

18. D. S. Zaharko, B. J. Bolten, T. Kobayashi, R. G. Blasberg,
S. S. Lee, B. C. Giovanella, and J. S. Stehlin, Jr. Cancer Treat.
Rep. 63:945-949 (1979).

19. A. Leyva, C. J. van Groeningen, 1. Kraal, H. Gall, G. J. Peters,
J. Lankelma, and H. M. Pinedo. Cancer Res. 44:5928-5933
(1984).

20. A. Leyva, J. Schornagel, and H. M. Pinedo. In A. Rapado,
R. W. E. Watts, and C. H. M. M. DeBruyn (eds.), Purine Me-
tabolism in Man, III, Plenum Press, New York, 1980, pp.
389-394.

21. J. T. Eells and R. Spector. Neurochem. Res. 8:1451-1457
(1983).

22. G. A. Taylor, P. J. Dady, and K. R. Harrap. J. Chromatogr.
183:421-431 (1980).

23. Tokyo Liver Cancer Chemotherapy Study Group. Jap. J. Clin.
Oncol. 15:559-562 (1985).

24. T. Gasser, J. D. Moyer, and R. E. Handschumacher. Science
213:777-778 (1981).

25. J. D. Moyer, J. T. Oliver, and R. E. Handschumacher. Cancer
Res. 41:3010-3017 (1981).

26. A. Monks and R. L. Cysyk. Am. J. Physiol. 242:R465-R470
(1982).



