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Abstract-2,2’-Anhydrc&ethyIuridine (ANEUR), a potent inhibitor of uridine phosphorylase, mark- 
edly potentiated the antitumor activity of fluorouridine (FUR) against murine mammary adenocarcinoma 
755 in BDF, mice and human colon adenocarcinoma LS174T in athymic-nude mice. Whereas ANEUR 
annihilated the antitumor activity of S-fluoro-Z’-deoxyuridine (FLJdR) and 5’-deoxy-5-~uorouridine 
(DFUR) in the murine adenocarcinoma 755 system, it did not alter the antitumor activity of FUdR in 
the human adenocarcinoma LS174T system. In oitru, ANEUR proved inhibitory to the phosphorolytic 
cleavage of both FUR and FUdR by uridine phosphorylase, and this could explain why in viuo conversion 
of FUR and FUdR to S-fluorouracil was suppressed. FUR can be held directly responsible for the 
antitumor effects observed in the murine adenocarcinoma 755 system, whereas in the activity against 
human adenocarcinoma LS174T may be mediated by both FUR and FUdR. 

The 5-fluorouracil derivatives 5-fluorouridine (FUR) 
and 5-fluoro-2’-deoxyuridine (FUdR) are converted 
to 5-fluorouracil (5FU) by pyrimidine nucleoside 
phosphorylases. Two distinct pyrimidine nucleoside 
phosphorylases are widely distributed in both pro- 
karyotes and eukaryotes. One is uridine nucleoside 
phosphorylase (EC 2.4.2.3), which phosphorolyses 
both uridine and thymidine [l, 21. The other is thy- 
midine phosphorylase (EC 2.4.2.4), which is 
assumed to be specific for pyrimidi~e Z’-deoxy- 
nucleosides such as thymidine and 2’-deoxyuridine 
[3]. Uridine phosphorylase would be responsible for 
the phosphorolysis of FUdR in murine tumors, while 
in human tumors phosphorolysis of FUdR would be 
achieved by thymidine phosphorylase [4]. Degra- 
dation of FUR or FUdR to 5-FU by the pyrimidine 
nucleoside phosphoryIases is viewed as a limiting 
factor in their antitumor activity. In fact, com- 
bination of FUR with 2,2’-anhydro-5-ethyluridine 
(ANEUR), which is a potent inhibitor of uridine 
phosphorylase [5], markedly enhances the antitumor 
activity and toxicity of FUR 161. We have now exam- 
ined the effect of ANEUR on the antitumor activity 
of various 5-~uorouracil derivatives in mice bearing 
murine adenocarcinoma 755 or human colon adeno- 
carcinoma LS174T. Plasma levels of FUdR, FUR, 
5-FU and ANEUR were determined following 
administration of FUdR, FUR and ANEUR. In 
uitro, ANEUR was evaluated for its effect on the 

t Correspondence: Dr Masaaki Iigo, chemotherapy 
Division, National Cancer Center Research Institute, Tsu- 
kiji S-chome, Chuo-ku, Tokyo 104, Japan. 

phosphorolysis of FUR and FLJdR by uridine 
phosphorylase and/or thymidine phosphorylase. 

MATERIALS AND METHODS 

Drugs. 5-FU, FUR and FUdR were obtained from 
the Sigma Chemical Co. (St Louis, MO). 5’-Deoxy 
5-fluorou~dine @FUR) was generously provided by 
Nippon Roche (Kamakura, Japan). ANEUR was 
synthesized essentialiy as described previously [5]. 
[2-14C)ANEUR (101.7 MBq/mmol) was prepared 
according to the methods of Szabolcs et ai. [7] and 
Nishimura ef al. [S]. [6-‘4C]-5-FUR (1~.4MBq/ 
mmol) was prepared from [6-i4C]FU (2.07 GBq/ 
mmol; Amersh~) by the method of Niedballa and 
Vorbrtiggen [9]. [S-i4C]-5-FUdR (84.7 MBq/mmol) 
was also prepared from [6-i4C]FU by the method of 
Szabolcs et al. [7]. 

~~zymepreparatio~ ~~ndpartiulpur~cation. Urid- 
ine phosphoryiase was prepared and partially puri- 
fied from (Wistar male) rat (160-180 g) intestinal 
mucosa; thymidine phosphorylase was isolated from 
(NMRI male) mouse (2&25 g) liver, as previously 
described [S] , 

Protein determination. Protein concentration was 
determined by the method of Lowry et ai. lo]. 

Enzyme assay. The phosphorolysis of [6-l ! C]FUR 
and FUdR by uridine phosphorylase was examined 
in a 125 PL incubation mixture which contained 
0.04 M potassium phosphate buffer (pH 7.4), 2 mM 
2-mercaptoethanol, 0.9-1.8 ,ug protein, 20-100 ,uM 
FUR or 60-6OO~M FUdR and an appropriate 
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Fig. 1. Double reciprocal plot for inhibition of uridine 
phosphorylase by ANEUR. Key: (0) FUR alone; (0) 
75 nM ANEUR; (A) 125nM ANEUR; (A) 250nM 

ANEUR. 

amount of inhibitor. The phosphoroiysis of the 5- 
~uorouraci1 derivatives by thymi~n~ phosphory~ase 
was also examined in a 125_uL incubation mixture 
which contained potassium phosphate buffer and 
2-mercaptoethanol as indicated above, 0.3-1.5 mg 
protein, 1 mM FUR or 15~5~~M FUdR, and 
inhibitor. Ki values were determined from the 
Lineweaver-Turk plots of the data by feast-squares 
fitting. Incubations were carried out at 37”. The 
enzyme reactions were stopped with ice-cold meth- 
anol (125 @IL). The amount of radioactive product 
was determined by thin-layer chromatography as 
described elsewhere [5]. The solvent system for 
FUR-FU and FUdR-FU was chloroform-methanol- 
acetic acid (8:2:0.1, v/v/v and 30: 10:5, v/v/v. 
respectively). 

Animals and treatment. Groups of six male BDFr 
mice (Shizuoka Laboratory Animal Center, Ham- 
amatsu, Japan) or six male athymic-nude mice 
(CLEA Japan, Tokyo, Japan) weighing 20-23 g were 
used. Murine mammary adenocarcinoma 755 
(S x IO5 ceIls/BDF, mouse) or human colon adeno- 
carcinoma LS174T (30 mg/nude mouse) were 
implanted subcutaneously (se.) on day 0 into the 
right thigh. All mice were housed under SPF con- 
ditions in plastic cages in an air-conditioned room 

(2Y) kept in the light for 12 hr per day. BDF, mice 
received CA-1 pellets (CLEA Japan, Inc., Tokyo, 
Japan) and nude mice received CMF pellets (Orien- 
tal Yeast Co. Ltd, Tokyo, Japan). The mice were 
given sterilized water ad iib. 

Twenty-four hours after implantation of adeno- 
carcinoma 755, the mice were treated intravenously 
(i.v.) with FUR, FUdR or DFI-JR, or any of these 5- 
FU derivatives combined with ANEUR. Treatment 
was continued for 4 consecutive days. The tumors of 
treated and untreated mice were weighed on day 11, 
and the ratio of average tumor weight in the treated 
group to that of the control group (T/C %) was 
determined. For the LS174T tumors, i.v. treatment 
with FUR, FUdR, FUR-t ANEUR or FUdR 
+ ANEUR was started on day 7 and continued for 
4 days. The growth of S.C. implanted LS174T cells 
was monitored by measurement of the perpendicular 
diameters with cahpers, and tumor volume size (mm) 
was calculated as the square root of long diameter 
(mm) x short diameter (mm). 

HPLG assay of piasma concentrations of 5-FU, 
FUR and FUdR. Single dose of FUR (3 mg/kg) or 
FUdR (1UO mg/kg), whether or not combined with 
ANEUR (100 or 300mg/kg) were given i.v. to the 
(BDFr or nude) mice. Blood samples were collected 
from the inferior vena cava under light anaesthesia 
with ether at the indicated times after administration 
of the drugs. Plasma concentrations of FUR, FUdR 
and 5-FU were determined as reported previously 
VI. 

Clearance of ANEUR from plasma. Male NMRI 
mice (24-25 g) were given [2-14CfANEUR (100 mg/ 
kg; dissolved m 0.9% NaCl; 0.28 MBq/0.2 mL/ 
animal) by injection into the tail vein. At the indi- 
cated times mice were decapitated, blood was col- 
lected in heparinized tubes and centrifuged. Plasma 
was pooled per group (3 samples, SOpL), dried at 
60” and then burnt in an automatic sample analyser 
prior to scintillation counting [12]. 

Measurement of intratumor FdUMP co~centrai~on 
following FUdR adtn~~~s~ra~~oF~. Single doses of 
FUdR (100 mg/kg) were given i.v. to BDFr or nude 
mice, 7 or 14 days after the transplantatjon of murine 
mammary adenocarcinoma 755 or human colon 
adenocarcinoma LS174T, respectively. The tumors 
were removed under light anaesthesia with ether at 
half an hour or 3 hr after administration of FUdR 

Table 1. Kinetic parameters for the phosphorolysis of FUR and FUdR by pyrimidine 
nucleoside phosphorylases and for the inhibitory effects of ANEUR on these enzymatic 

reactions 

Compound 

Uridine phosphorylase 
FUR 
FUdR 

Thymidine phosphorylase 
FUR 
FUdR 

(S) 

22 
190 

* 

237 

Y mzLx 
(nmol/min mg protein) 

77.5 
157.0 

* 

0.4 

* Could not be determined. 
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Table 2. Plasma concentrations of ANEUR following i.v. 
administration of a dose of 100 mg/kg 

Time 
(min) 

Plasma concentration of ANEUR 
(~g/mL) 

2.5 
5 

15 
30 
60 
120 
240 
360 
480 
24 hours 

115.7 -c 17.0 
79.4 + 7.1 
44.4 li: 7.7 
20.8 ” 2.2 

6.4 + 0.7 
1.5 t 0.2 
0.4 ” 0.03 
0.3 i: 0.05 

ND 
ND 

Values are mean 2 SD of five mice. 
ND, not detectable. 

hr 

0 10 20 30 40 50 60 

FdUMP (n mol/g) 

Fig. 2. FdUMP concentration in murine mammary 
adenocarcinoma 755 and human colon adenocarcinoma 
LS174T at l/2 hr and 3 hr following i.v. administration of 
FUdR (100 mg/kg) to the host mice (BDF, and nudes, 

respectively). 

and chilled in dry ice-acetone as rapidly as possible. 
Concentrations of FdUMP in the tumors were deter- 
mined according to the procedure of Moran et al. 
(131. 

RESULTS AND DISCUSSION 

Effect of ANEUR on the phosphorolysis of FUR and 
FUdR by pyrimidine nucleoside phosphorylases 

FUR is not a substrate for thymidine phospho- 
rylase (Table 1). This is consistent with the concept 
that this enzyme is specific for 2’-deoxyribonucleo- 
sides [3]. In contrast, FUR is a good substrate for 
uridine phosphorylase. Its K, value is similar to 
that of the natural substrate, uridine 1141. This is in 
agreement with data reported by Niedzwicki et al. 
[1.5]. ANEUR is a competitive inhibitor of uridine 
phosphoryl~e (Fig. 1). Its Ki is 77.7 nM with FUR 
as the substrate. 

FWdR is a substrate for both uridine phospho- 
rylase and thymidine phosphorylase. The Km value 
of thymidine phosphorylase for FUdR is similar to 
that for thymidine 1141. According to the data of 
Niedzwicki et al. [15], the apparent Ki of thymidine 

Table 3. Inhibition of the growth of murine mammary 
adenocarcinoma 755 in BDF, mice by combi~tion of FUR 

with ANEUR 

Dose (mg/kg/day) 

FUR ANEUR 

Expt. I 
0 0 
1 0 
3 0 
5 0 
1 300 
3 300 
5 300 

Expt. II 
0 0 
1 0 

; :: 
10 0 

: 100 100 
5 100 

Tumor 
weight (mg)* T/C (%) 

3784 f 372 100 
1675 rt 238 44 
1479 t 567 39 
481 r 135 13 
584 ‘-+ 120$ 15 

78 _t 24t 2 
0 G/6) 

3401 r 360 100 
2588 2 267 76 

630 384 t 2 142 131 19 11 
-18 it 4 (216) 

904 133 ? + 2489 17$ 27 4 
0 (4/6) 

* Values are means +- SE, 
t P < 0.05, $ P < 0.01, Ii P < 0.001, as compared to 

FUR alone. In parentheses: ratio of dead mice to total 
number of mice. 

phospho~lase for FUdR is about two-fold higher 
than for thymidine. ANEUR does not inhibit the 
cleavage of FUdR by thymidine phosphoryiase up 
to an inhibitor concentration of 1 mM (Table 1). The 
K, value of uridine phosphorylase for FUdR is one 
order of magnitude higher than the Km for uridine. 
ANEUR inhibits the phosphorolysis of FUdR by 
uridine phosphorylase with a Ki value of 158 nM. 

Clearance of ANEUR from plasma 

Foilowing i.v. injection of 2-‘4C]ANEUR at a 
dose of lOOmg/kg (0.28MBq fi mouse), ANEUR is 
rapidly cleared from the plasma (half-life: ~15 min, 
Table 2). This suggests that ANEUR must be rapidly 
taken up by the tissues and/or rapidly eliminated 
(i.e. by urinary excretion f6]). 

Effect of ANEUR on the antitumor effect of various 5- 
FU derivatives on murine mammary adenocarcinoma 
75.5 

ANEUR markedly potentiated the antitumor 
activity, and host toxicity, of FUR in mice bearing 
murine mammary adenocarcinoma 755 (Table 3). 
However, the antitumor effects of FUdR or DFUR 
on the growth of murine adenocarcinoma 7.55 were 
abolished in the presence of ANEUR (Table 4). 
Apparently, conversion of DFUR and FUdR to 5- 
FU by uridine phosphorylase is essential for the 
antitumor activity of DFUR and FUdR in murine 
tumor systems, and, as demonstrated in Table 1, 
uridine phosphorylase is blocked by ANEUR. 
ANEUR is not inhibitory to thymidine phospho- 
rylase, and, hence, should not interfere with the 
conversion of DFUR to .5-FIJ by thymidine phospho- 
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Table 6. Plasma concentrations of FUdR and S-FU after administration of FUdR with or 
without ANEUR to BDF, mice 

Time 
(min) 

::, 
60 

FUdR alone 

Plasma concentrations of 
FUdR 5-FU 

(flg/mLI (&mLI 

6.37 0.58 f + 0.15 0.33 0.196 0.039 -c f 0.011 0.006 
0.05 rt 0.02 co.005 

FUdR + ANEUR 

Plasma concentrations of 
FUdR 5-FU 

(IrglmL) (FcglmLI 

10.72 0.89 -’ 2 0.17 2.40 0.055 0.008 r It 0.005 0.005 
0.18 +r 0.04 <O.OOS 

Both PUdR and ANEUR were administered i.v. at 100 mg/kg. 
Values are means 2 SE for three mice per group. 

-+ FUdR(lOO)iv 
-6 FUdR(lOO)iv 

tAN~UR(3OO)i\ *ANEUR(3~O)i I . I . , . 
0 10 20 30 40 0 10 20 40 

DAYS POSTIUPLANT DAYS POSflYPl?:NT 

Fig. 3. Effects of FUR and FUdR, alone and in ~mbination with ANEUR, on growth of human colon 
ade~ocarcinoma LS174T in athymic-nude mice. Values are means 2 SE for six mice per group. 

A markedly higher level of FdWMP was found 
in human adenocarcinoma LS174T as compared to 
murine adenocar~inoma 75.5 tumors after FUdR had 
been administered to the host mice (BDFI and nude 
mice, respectively) (Fig. 2). 

When ANEUR treatment was combined with 
FUdR or FUR treatment in the LS174T-nude mouse 

system, ANEUR markedly potentiated the anti- 
tumor activity and host toxicity of FUR but did not 
alter the antitumor activity of FUdR (Fig. 3). Yet, 
ANEUR blocked the metabolism of FUdR to S-FU 
in athymi~-nude mice (Table 7) in the same fashion 
as in BDFI mice (Table 6). The fact that, on the one 
hand, FUdR remained active against LSl74T when 
its conversion to S-FU was impeded by ANEUR and 
that, on the other hand, high levels of FdUMP were 

Table 7. Plasma concentrations of FUdR and 5-FU after administration of FUdR with or 
without ANEUR in athymic-nude mice 

Time 
(mini 

:: 
60 

FUdR alone 

Plasma concentrations of 
FUdR S-FU 

(~8/mL~ (~g/m~) 

0.79 3.14 + rt 0.47 0.14 0.226 0.093 t rt 0.060 0.016 
0.12 2 0.01 0.006 r 0.006 

FUdR + ANEUR 

Plasma concentrations of 
FUdR S-FU 

(dimly (pg/mL) 

0.86 6.66 c + 0.21 1.37 0.060 0.016 r -+ 0.040 0.002 
0.08 + 0.01 0.008 rf: 0.004 

FUdR and ANEUR were administered i.v. at 100 and 30 mg/kg, respectively. 
Values are means “_ SE for three nude mice per group. 
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Fig. 4. Synoptic scheme of modulatory effect of ANEUR on antitumor activity of FUR and FUdR in 
the murine mammary adenocarcinoma 755 and human colon adenocarcinoma LS174T systems. 

generated in LS174T tumor cells, suggests that in the 
adenocarcinoma LS174T system FUdR achieves its 
antitumor activity uia FdUMP, that is, most probably 
with thymidylate synthase as the target enzyme. For 
FUR, however, the mechanism of action in the 
adenocarcinoma LS174T system would be similar to 
that in the adenocarcinoma 75.5 system: i.e. FUR is 
directiy responsible for the antitumor activity, and if 
its degradation to 5-FU is blocked by ANEUR, its 
antitumor activity is increased. 

CONCLUSION 

The sequence of events that lead to the antitumor 
effects of FUR and FUdR in both the murine 
adenocarcinoma 755 and human adenocarcinoma 
LS174T systems can be presented in a synoptic 
scheme (Fig. 4). By blocking uridine phosphorylase, 
ANEUR prevents the conversion of FUR to 5-FU. 
This leads to a higher antitumor activity of FUR in 
both adenocarcinoma systems. ANEUR also pre- 
vents the conversion of FUdR to S-FU. This shuts off 
its antitumor activity in the murine adenocarcinoma 
system, but still permits FUdR to act against the 
human tumor cells. 
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