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Abstract-The aim of this study was to explain why 5-ethyldeoxyuridine (EUdR) showed 
cytotoxic activig against Ehrlich aktes tumour (EA T) cells in vitro but not in vivo. In vitro 
studies showed that EUdR was phosphorylated to nncleotides which inhibit thymidylate synthetase 
and DNA polymerase. Toxicity in tissue culture appeared to be relaied to the inhibition of one or 
both of these eqymes; and could be prevented/reversed b thymidine ( TdR). In vivo EAT cells 
also formed active ElJdR nucleotides at levels which in vitro would have been associated with 
cytotoxicity but these levels were not maintained. EUdR has been shown to compete with TdR for 
catabolism by pyrimidine nucleoside phospho$ases from mouse liver and gut. In the asciticyuid it 
was found that the leve1 of EUdR fel1 rapidly while that of TdR and 5-ethyl-uran’l increased. R is 
proposed that comfietition for catabolism in vivo resulted in the rise in TdR which then 
compromised the antitumour effect of EUdR. 

INTRODUCTION 
IT HAS been wel1 established that modification of 
natura1 pyrimidine molecules at the 5 position 
results in compounds with potent biological activ- 
ity [l, 21. The substitution of the methyl group in 
thymidine (TdR) by an ethyl group resulted in a 
compound (EUdR) which has been shown both to 
inhibit cel1 proliferation in vitro [3] and to possess 
antiviral activity [4, 51. However, when tested for 
antitumour activity in vivo at doses up to 1000 
mg/kg, EUdR was found to be inactive against the 
same tumour line that was sensitive to it in vitro 

(preliminary report [6]). 
Thc purposc of the present study was to eluci- 

date thc molccular mcchanisms which might bc 
responsible for the diffcrcntial action of EUdR in 
vitro and in vivo by mcasuring certain of its biochc- 
mica1 and pharmacokinetic propertics. 

MATERIALS AND METHODS 
EUdR was synthcsised as rcported [7]. Thc 

radioactivc form containcd ‘“C at the 2 position of 
the pyrimidine ring and had a spccific activity of 
2.48CVmmol. 

‘H-methyl-thymidinc (“H-TdR, 40Ci/mmol), 

3H-dcoxyuridinc (“H-UdR, 5Ci/mmol) and 5-“H- 
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deoxyuridine monophosphate (“H-dUMP, 2OCi/ 
mmol) were purchased from Thc Radiochemical 
Centre (Amersham, U.K.). Biochcmicals were 
obtained from Boehringcr Corp. (London) Ltd. 
(Lewes, U.K.) or Sigma (London, U.K.). Chemic- 
al reagents were of thc AnalaR grade whercvcr 
possiblc. 

Cel1 culture 

Ehrlich ascites tumour (EAT) cclls wcrc main- 
tained as suspension cultures in RPMI 1640-Hcpes 
buffcred medium (Flow Laboratorics) sup- 
plemented with 2mM glutamine and 10% donor 
horse serum. For each experiment cclls were di- 
lutcd to 5 X 104/ml, treated and cc11 counts were 
performed after 24 and 48hr incubation at 37”C, 
using an improvcd Neubaucr hacmocytomctcr. 

EAT cells wcrc also routincly passagcd in fcmalc 
Balb C- micc by injcction of 10” tumour cclls i.p. 
For cxpcrimcnts using tumour bcaring animals 2.5 
X 10” cells were injccted and thc micc trcatcd 4 
days later. 

Radioactive nucleoside incorporation 

EAT cclls were incubatcd at 1.5 X 107/ml at 
37°C in thc prcscnce of a radiolabclled nuclcosidc 
(‘H-TdR 1.7 X 10-“M, ‘H-UdR 2.7 X 10eUM, or 
‘“C-EUdR 2 X 10-4M). At the end of the incuba- 
tion the cclls wcrc washcd with cold RPMI 1640 
medium, and fractionatcd by the mcthod of 
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Schneider el al. [8]. The nuclcotidc fraction was 
analyscd on a Dowcx 1X8 column using thc 
method of Hurlbcrt el al. [9] as modificd by Toth et 
al. [ 101, or by high performance liquid chroma- 
tography. 

Eslimation of nucleotides by high performance liquid 
chromatography (HPLC) 

Following trcatment, cc11 pellets were obtained 
by centrifugation at 600 g for 5 min at 37°C. The 
medium was decanted and nucleotides extracted 
by the addition of lOOp1 ice-cold 0.6M perchloric 
acid per 107 cells. Samples were placed on ice for 1 
hr and the prccipitate removed by centrifugation at 
600 g for 10 min at 4°C. Fifty-microlitrc aliquots of 
the supernatant were analysed. HPLC was per- 
formed on a Waters Associates liquid chromato- 
graph (Boston, MA, U.S.A.) equipped with two 
model 6000A solvent pumps, a model 660 solvent 
programmer, a U6K injector and a model 440 U.V. 
detector. Samples were separated on a 
p,Bondapak-NHs column (Waters Associates) and 
eluted with ammonium phosphate buffer at a flow 
rate of 4ml/min. The separation was achieved by 
gradient elution, from O.OlM ammonium phos- 
phate pH 3.0 to 0.35M ammonium phosphate pH 
4.0, using curve 8 on the solvent programmer over 
20 min. Two-millilitre aliquots of the eluate were 
analysed for radioactivity following the addition of 
lom1 of PCS scintillant (Hopkin and Williams 
Ltd., Romford, Essex, U.K.). 

ammonium sulphate and thc prccipitatcd protein 
resuspcnded in 50 mM Tris pH 7.8 and used 
directly. The assay mixture contained 7.5 mM 
ATP, 3.5mM MgCls, lO-lOOp,M “H-TdR 
(lOOp.Ci/pmol), 50 mM Tris pH 7.8. Thc rcaction 
was carried out at 37°C and stopped by boiling for 
5 min. 3H-thymidine was separated from its nuc- 
leotides on PEI-cellulose plates (Camlab, U.K.) by 
repeated washing with 5 mM Tris pH 7.8. Thc 
3H-nucleotides were eluted from the PEI-cellulose 
with 1N HCl and counted with an efficiency of 
30%. When measuring the phosphorylation of 
EUdR, 14C-EUdR (2.48pCi/pmol) was uscd in- 
stead of 3H-TdR. Al1 other procedures were the 
same. 

Pyrimidine nucleoside phosphorylase. Tumour, liver 
or intestinal mucosa was homogenised in 50 mM 
Tris pH 7.5 and the 30,000 g supernatant used 
directly. The assay mixture was similar to that of 
Friedkin and Roberts [12] and contained 50mM 
arsenate, 33mM succinate, 17mM Tris, 0.5- 
10 mM 3H TdR (PpCi/kmol) pH 5.9. The reaction 
was carried out at 37°C and stopped by the addi- 
tion of cold thymine and rapid freezing. Thymine 
and thymidine were separated on cellulose TLC 
plates (Merck, Darmstadt) running in a 65 : 5 : 30 
mix of ethyl acetate, formic acid and water. Thc 
thymine spots were cut out, the thymine clutcd 
with 1 ml water and counted using Cocktail T 
scintillant (BDH Chemicals Ltd., Poole, U.K.) 
with an e8ìciency of 30%. 

Pharmacokinetics of ElJdR 
Tumour-bearing mice were treated i.p. with 

400mg/kg EUdR. At various times after injection, 
mice were sacrificed, the tumour cells removcd 
without dilution, and separated from the ascitic 
fluid by spinning at 600 gfor 10 min. The levels of 
EUdR, ethyl uracil (EU) and TdR in the ascitic 
fluid were mcasured by adapting the method of 
Taylor et al. [ 111. The ascitic fluid was treatcd as 
described for plasma. 

An initial HPLC run was performcd using a 
PBondapak 10~ Cl8 column (Waters Associatcs) 
running isocratically in 0.05M ammonium acctatc 
pH 5.0 for 30 min followed by a 5-min linear 
gradicnt to 15% methanol. Fractions collcctcd 
from this run were subjected to a sccond HPLC 
scparation using an Apex 5~ Cl8 column fJoncs 
Chromatography, Glamorgan, Wales) running 
isocratically in 20% methanol 80% O.lM acctic 
acid. 

Thymidylate synthetase. EAT cells were homoge- 
nised in 10 mM Tris, 250 mM sucrose, 3mM 
CaCls, 2 mM dithiothreitol (DTT), pH 7.5. The 
homogenate was centrifuged at 150,000 g for 30 
min and the supernatant partially purified using 
saturatcd ammonium sulphate solution. The pro- 
tein precipitating betwecn 40 and 60% saturation 
was redissolved in 10 mM Tris, 10 mM DTT pH 
7.5 and dialysed against the samc buffer bcforc usc. 
Thymidylate synthetase activity was dctermincd 
using the method of Calvert el al. [ 131. Thc assay 
containcd 200pM tctrahydrofolate, 100 mM NaF, 
2 mM formaldehyde, 25-200p.M “H-dUMP 
(lOpCi/p.mol), 40 mM DTT, 10 mM Tris pH 7.5. 
‘HzO was separated from “H-dUMP on Dowcx 
1X8 chloride columns. 

RESULTS 

Enzyme assays 

EUdR inhibited thc prolifcration of EAT cclls 
growing in vitro (ID50 at 48 hr 3 >i. lO-“M), but 
trcatmcnt of the tumour growing in vivo with up to 
1000 mg/kg of EUdR had no effect on the tumour 
growth (Tablc 1). 

Thymidine kinase. The EAT cclls were sonicatcd Thc uptakc and incorporation of “C-EUdR 
in 50 mM Tris, 150 mM KCl pH 7.8, and thc (lO-“M) into ccllular matcrial was studicd in vilro. 
sonicatc ccntrifugcd at 100,000 g for 30 min. Thc Uptake was rapid but at al1 timcs studicd >89% 
supcrnatant was brought to 30% saturation with was associatcd with thc acid solublc pool (corrcs- 
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Table 1. Inhibition by ElJdR of cel1 prokyeration in vitro or in vivo 

In vitro no. cells 
X IO-‘/culturr 

In vivo no. cel15 
X lO~‘/mouse 

Treatment 
time: 24hr 48hr 24hr 48hr 

Drug conc. 

(W 

Doses 

(mg/kg) 

Control 14.0 + 1.9 27.8 + 1.5 Control 12.0 k 1.4 17.1 + 2.1 
10-” 14.2 + 1.7 22.1 + 2.6 
10-” 10.6 tr 0.4 12.2 + 1.8 40 12.8 + 1.8 18.8 1: 1.9 
IOP 7.7 + 0.5 8.3 tr 0.6 200 14.1 It 1.9 18.0 tr 2.3 
10-‘+ 5.9 + 0.3 5.7 + 0.4 1000 14.6 f 2.5 18.0 k 2.2 

ponding to base, nucleoside and nucleotides), 
<3% with the lipid fraction and Cl% with the 
protein fraction. 14C-EUdR incorporation into 
DNA increased with time, and amounted to 33 
pmol/ 1 O6 cells after 60 min at which time the acid 
soluble pool contained 500 pmol/106 cells. This 
incorporation into DNA was reduced markedly 
(69%) by the addition of 10e5M TdR to the 
culture 5 min before EUdR, but not significantly 
(14%) by a similar addition of UdR. Analysis of 
the acid soluble pools showed that the addition of 
TdR also reduced the amount of EUdR in the 
nucleotide triphosphate and diphosphate pools (by 
75, 42% respectively) while UdR addition only 
reduced those amounts by 25, 22% respectively. 

The effects of EUdR on 3H-TdR and 3H-UdR 
uptake and incorporation were then studied (Table 
2). EUdR pretreatment had no effect on the forma- 
tion of TdR nucleotides whereas it decreased the 
3H-UdR labelling of the total nucleotide pool. 
Furthermore EUdR specifically decreased the “H- 

UdR labelling of the di- and tri-phosphate but not 
the monophosphate pool. The incorporation of 
both labelled nucleosides into nucleic acids was 
decreased, the effect on 3H-UdR being more pro- 
nounced as would be anticipated from the reduced 
labelling of the triphosphate pool. 

The activity of EUdR against thymidine kinase 
and pyrimidine nucleoside phosphorylase was 
measured as these enzymes are important in the 
metabolism of pyrimidine deoxynucleosides. In 
addition, the activity of EdUMP against thymidy- 
late synthetase was also measured, as inhibition of 
this enzyme could account for the differential effect 
of EUdR on 3H-TdR and ‘H-UdR uptakes. Thc 
results are given in Table 3. EUdR competitivcly 
inhibited thymidine kinase (K; 61pM) by virtue of 
it being a substrate for the enzymc with a K,, 

considerably higher than that of TdR (53 pM v. 
1 .O kM) and with a Vm somewhat higher (96 v. 7 1 
nmol/hr/mg protein). EdUMP was found to be a 
competitivc inhibitor of thymidylatc synthctase 

Table 2. Incorporation of %-TdR or 3H-lJdR into cellular material 
in the presence or absente of EUdR 

“H-TdR 
Control EUdR 

“H-UdR 
Control EUdR 

DXA 95,500* 26,250 (27%) 117,600 4000 (3%) 
+ 3000 + 1570 f 530 + 24 

Acid soluhle 9000 9920 (110%) 15,750 6870 (44%) 
+ 540 f 770 + 1350 t 470 

Ratio 

N/M/D/T’ 2.31 ll5.2 2.71116.5 2.51114.6 4.8llI2.9 

Cells were incubated for 10 min with “H-TdR 1.7nM (40Ci/mmol) 
or “H-UdR 26.7 nm (5Ci/mmol) with or without a 20 min prcin- 
cubation with 200p.M EUdR. Ccll kactionation was carrkd out as 
dcscribed in .Matcrials and Methods. 
* Rrsults given as cpm/lO” cells f S.D.. with the numbcr in parrnth- 
cses bring thr rrsult rxpressed as a pcrccntagr of thr appropriatr 
control. 
t Ratio of’ cpm in nuclrosidr/monophospll~It~s/diI>hosphatrs/triphos- 
phatcs fraction. 
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Table 3. Kinetic parameters for enzymes important in pyrimidine metabolism 

Enzyme sourci 
Enzyme 

K,,, substrate 
IJ,,,;,, substratc 
Ki EUdR 
K, EdUMP 
K,, EUdR 
V,,,,, EudR 

EAT 
Thymidine 

kinase 
1.0 f 0.5pM* 

71 tr 7t 
61 f 9kM 

53 + 7pM 
96 f 5 

EAT phosphorylase 
Thymidylate Liver Gut 

synthetase Pyrimidine nuclcoside 
0.6 f 0.7wM 1.7 f 0.2mM 0.5 + O.lmM 

3.0 t: 0.1 377 + 14 796 + 50 
_ 4.5 + 0.5mM 0.6 + 0.03mM 

9 + 1lpM _ 

- 

Enzyme preparations and assays as described in Materials and Methods. 
Kinetic parameters were calculated by non-linear regression using program BMDX85 (17). 
* Mean + S.E. 
t nmol/hr/mg protein. 

with Ki 9pM compared with a K,, for dUMP of 
0.6pM. Pyrimidine nucleoside phosphorylase 
activity was considerably lower in the tumour 
preparation than in the gut or liver preparations 
(95 v. 796, 377 nmollhrlmg protein) and so no 
kinetic studies were carried out with the tumour 
extracts. However, the pyrimidine nucleoside 
phosphorylase activities in both gut and liver were 
competitively inhibited by EUdR, this inhibition 
being more pronounced for the gut preparation (Ki 
0.6mM cf. K, TdR 0.5mM) than for the liver 
preparation (Kt 4.5 mM cf. Km TdR 1.7 mM). 

Possible explanations for the lack of activity of 
EUdR in vivo were then investigated. In order to 
determine if EUdR was taken up into EAT cells 
and phosphorylated in vivo, tumour bearing mice 
were treated with 14C-EUdR (60mg/kg, i.p.). Sub- 
sequently the tumour was removed and the nuc- 
leotide profile analysed by HPLC. Al1 classes of 
nucleotide were labelled (Table 4) and the total 
amount was comparable to that achieved in vitro at 
a cytotoxic dose (2 X 10e4M). However, this total 
decreased considerably between 20 and 40 min 
after injection suggesting rapid turnover of EUdR 
and its metabolites. 

The pharmacokinetics of EUdR and its congcn- 
ers in thc ascitic fluid of tumour-bearing mice were 
followed after treatment with EUdR at a higher 
dose (400 mg/kg, i.p.) (Fig. 1). The conccntration 

Tlme (houd 

Fig. 1. The ~~n~entrdh of TdR (m), EC’dR (A) and El: (V) in the 
asciticJuid of EA tumour hearing micefollowin~q i.p. ndminisfration of 400 

mglkg qf EL:dR. 

Table 4. Uptake of “C-EUdR inio EAT cells in vivo, and its distribution between the 
nucleotide classes 

Time 
post inf. 

Total EUdR % Total 
in acid soluble Nucleoside Mono- Diphos- Triphos- 

fraction and base phosphates phates phates 
(pmol/lO” cells) 

20 min 1030 74.7 17.4 5.2 2.7 
40 min 500 67.6 17.3 12.2 2.9 

Tumour-bearing mice were given “C-EUdR (60mg/kg, 2.48mCVmmol) i.p. At the 
approprlate time, the tomour was removed and the acid soluble fraction obtained and 
analysed by HPLC as described in Materials and Methods. 
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of EUdR fcll rapidly, but remaincd above a leve1 
shown to bc cytotoxic in vitro (lO-“M) for at least 6 
hr. Thc base EU accumulatcd. Thc most intcrcst- 
ing obscrvation was thc elevation in TdR which 
was maintained for at least 2 hr. 

WC have shown above that pretreatmcnt with 
TdR rcduccd thc incorporation of EUdR into 
nuclcotidcs and DNA in vitro, but it was not known 
if TdR could rescuc thc cclls from thc cytotoxicity 
of EUdR whcn addcd after the compound. To test 
this, TdR was added at different timcs to cclls 
cxposed to EUdR. A time-dcpcndcnt rescuc was 
achicved (Tablc 5). 

Table 5. The reversal ofcytotoxic action of EUdR by thymidine 
in Ehrlich ascites tumour cells growing in vitro 

No. cells X 10-‘/ml 
+ S.D. after 48 hr 

Control 24 f 2.0 
EUdR 10-‘M 13 + 0.5 
TdR 10-‘.M 29 + 3.0 
EUdR + TdR 30 min later 23 f 0.8 
EUdR + TdR 3 hr later 20 f 4.0 
EUdR + TdR 8 hr later 17 + 1.0 
EUdR + TdR 24 hr later 12 + 0.3 

DISCUSSION 
The present studies indicated that EUdR acted 

as a nucleoside antimetabolite, competing with 
TdR for both TdRK and pyrimidine nucleoside 
phosphorylase. In EAT cells EUdR was phos- 
phorylated by thymidine kinase to EdUMP which 
inhibited thymidylatc synthetase from this sourcc 
and has also been reported to be an inhibitor of thc 
cnzyme from L1210 cells [14]. The inhibition of 
thymidylate synthetase by EdUMP leading to a 
reduccd convcrsion of 3H-UdR to “H-TMP can 
cxplain thc reduction in di- and tri-phosphates and 

1. 

2. 

3. 

4. 

5. 

6. 

thc increase in monophosphatcs from “H-UdR 
obscrvcd following EUdR trcatmcnt. 

In addition, EdUMP was further phosphory- 
latcd to EdUDP and EdUTP. Thc EdUTP formed 
could act as a substratc for DNA polymerase [15] 
and so account for thc rcduccd incorporation of 
3H-TdR in thc prcsence of EUdR and also for thc 
incorporation of “C-EUdR into nucleic acids 
reportcd herc. The incorporation of the analogue is 
not thought to contribute towards cel1 death as 
EUdR has no mutagenic activity and does not alter 
chromosome morphology [2, 161. Thus, in vitro it 
appears EUdR has two loei of action: TS and DNA 
polymerase, either or both of which may bc impor- 
tant for its cytotoxic activity. 

Zn vivo activation of EUdR to potentially cytotox- 
ic levels of EdUMP and EdUTP occurred after 
even a low dose (60 mg/kg), howcver, these levcls 
did not persist. The EUdR was rapidly brokcn 
down to its base (EU), probably by pyrimidine 
nucleoside phosphorylases, but following a dose of 
400 mg/kg cytotoxic lcvels of EUdR were main- 
tained for at least 6 hr. At higher doses the pcak 
leve1 and time of exposure to cytotoxic concentra- 
tions would be anticipated to be extended prop- 
ortionately. However, no antitumour activity was 
observed in mice receiving 1000 mg/kg. 

Associated with the rapid degradation of EUdR 
was a rise in TdR in the ascitic fluid. This prcsum- 
ably resulted from the inhibition of TdR break- 
down in thc liver and gut as a consequcnce of 
competition between EUdR and TdR for the samc 
nucleoside phosphorylases. Our in vitro studies 
showed that low levels of TdR reverse the cytotoxic 
effects of EUdR, suggesting that the elevation in 
TdR observed in zjivo could compromisc any anti- 
tumor activity of EUdR. 

In man it remains to be demonstratcd that 
EUdR metabolism and excretion is as rapid as in 
the mousc, and whether the competition betwcen 
EUdR and TdR for catabolism would gcneratc 
sufficient TdR to compromise the antitumour 
efficacy of EUdR in man, given that thc normal 
plasma levels of UdR and TdR are approximately 
IO-fold lowcr than those found in micc [ 181. 
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