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Summary. To determine the optimal concentration time 
factors for the fluoropyrimidines 5-fluorouracil (FU), 
5-fluorouridine (FUR), and 5-fluoro-2'-deoxyuridine 
(FUdR) in regional chemotherapy, we tested these drugs 
against the colorectal carcinoma cell line HT 29 at various 
dosages and exposure times. The measure of cytotoxicity 
used was the degree of inhibition of colony formation in 
soft agar after drug treatment compared with untreated 
control cells. Colonies were visible after 6 days of growth 
in soft agar, so the initial evaluation of toxicity was done 
at this time. Additional colonies were found 10 and 16 
days after the first evaluation, so the dishes containing the 
treated cells were also evaluated for this delayed growth 
phenomenon ("regrowth"), which we considered to be due 
to a cell growth inhibition effect of the drugs rather than a 
cytocidal effect. Exposure times of the cells to the drugs 
ranged from 5 min to 24 h and the doses, between 0.01 and 
1000 Ixg/ml. The toxicity of FUdR was concentration-de- 
pendent, but its time dependence ceased after a relatively 
short exposure time. There was a cell population that was 
not susceptible to FUdR regardless of dose and exposure 
time; consequently, FUdR treatment was always accompa- 
nied by substantial regrowth of colonies. With FU and 
FUR, conditions could be achieved that resulted in com- 
plete cell death (no regrowth), but high concentrations and 
long exposure times were required with FU. With FUR, on 
the other hand, both cytostasis and cytoxicity could be 
achieved with substantially lower doses and shorter expo- 
sure times than with FU. These results indicate that FUR 
has the potential to be an effective drug in chemotherapy 
protocols not involving systemic administration. 

Introduction 

The fluorinated pyrimidine FU is widely used, alone or in 
combination with other agents, in the treatment of colorec- 
tal carcinoma, even though the response rate to this drug 
has usually been under 25% and the survival of patients 
with this particular disease has not been significantly pro- 
longed [3, 11]. The poor clinical results with FU are most 
probably attributable to its relatively slow anabolism to the 
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active metabolites in most cells. Most clinical regimens in- 
cluding FU have involved bolus injections which result in 
high peak levels of FU in the plasma, which decline rapid- 
ly with half-times of 10-15 min [2], and in vitro studies of 
the influence of concentration vs time (c x t) factors on 
the toxicity of FU against cultured human colorectal carci- 
noma cell lines have shown that the average exposure 
times attainable with bolus injections would not in most 
cases be likely to cause appreciable toxicity to patients' 
cancer cells [2, 4, 51. It has been proposed on the basis of 
such studies that if FU is to have any further impact on the 
treatment of colon carcinoma, different treatment strate- 
gies must be evolved, aimed at improving the c x t factor 
of the drug [4]. 

We are interested in the use of regional chemotherapy 
as a strategy by which the c x t factor for drugs might be 
effectively manipulated in certain categories of patients. 
The rationale behind the development of regional chemo- 
therapy is to provide a means of delivering to a specific lo- 
cation a higher dose of the drug for longer periods of time 
than is possible with systemic administration. In addition, 
it may be possible to use drugs in regional chemotherapy 
that cannot be used in systemic protocols for various rea- 
sons, such as excessive host toxicity or degradation of the 
drug by catabolic enzymes in the serum (e.g., thymidine 
phosphorylase). 

In regional chemotherapy of colorectal liver metasta- 
ses, the most commonly used drugs have been FU and 
FUdR [9, 141. The various modes of administration of 
these drugs have included long-term continuous infusion 
via external pumps [13] or implantable pump systems [6], 
short-term intra-arterial infusion of ultrahigh doses of FU 
[1], and isolation perfusion [1, 15]. Consistently higher re- 
sponse rates have been achieved with hepatic arterial infu- 
sion of FU than with systemic chemotherapy [10], although 
correspondingly increased survival rates have not yet been 
reported. FUdR was thought to provide an advantage over 
FU because of improved liver extraction and lower sys- 
temic levels than those of FU [61, but response rates have 
been variable and it is still not clear whether there is any 
therapeutic advantage for either FU or FUdR. Part of the 
reason for these uncertainties may be that the treatment 
protocols have not been optimal with respect to drug con- 
centration and exposure time. 

In order to establish a more rational basis for the most 
effective use of various fluorinated pyrimidines in regional 
chemotherapy, we have determined concentration-vs-time 



products for the toxicity of three fluoropyrimidines, FU, I 
FUdR, and FUR, against the HT 29 line of human colon 100~ 
carcinoma cells. The drug effects were determined by mea- . 

suring both the permanent (cytotoxicity) and the reversible 
(cytostaticity) inhibition of colony-forming efficiency of a0- 
the HT 29 cells in soft agar. We found that (1) FUR was 
the most effective of these three drugs, in terms of both cy- 60- 
tostasis and cytotoxicity; (2) 100% cytotoxicity could be 
achieved with FU, but only with high doses and long expo- 
sure times; and (3) a subpopulation of cells always re- 40- 
mained refractory to FUdR, regardless of time or dose. 

Materials and methods 

FUR and FUdR were generously supplied by Hoffmann- 
LaRoche, Basel, Switzerland. FU was purchased from 
Farmitalia Carlo Erba (Freiburg, FRG). The drugs were 
dissolved in sterile water immediately prior to use. 

Test cells and media. The toxicity experiments were per- 
formed with human colorectal carcinoma cell line HT 29 
(American Type Culture Collection, Rockville, Md, USA). 
The cells were cultured in modified PYM (Hams F12 sup- 
plemented with 8% fetal bovine serum), L-glutamine, insu- 
lin, hydrocortisone, EGF, and penicillin/streptomycin un- 
der standard conditions (5% carbon dioxide in humidified 
air at 37 ° C). 

Cytotoxicity assay. Cytotoxicity assays were carried out 
with logarithmically growing cells using the inhibition of 
soft agar colony-forming efficiency as the in vitro response 
indicator. After harvesting with a trypsin/EDTA solution 
(0.25%/0.02%), the cells were tested for viability by trypan 
blue dye exclusion and the suspensions were adjusted to 
contain the same number of viable cells. The cells were ex- 
posed to the test drugs in suspension at 37°C at various 
exposure times and drug concentrations. At the end of the 
incubation period, the cells were washed twice with 
McCoy's 5A plus 10% fetal bovine serum using centrifuga- 
tion at 200 g. Then the cells were seeded in a soft agar bi- 
layer system, the base layer (feeding layer) and the top lay- 
er (cell layer) containing 0.5% and 0.3% agar (Difco), re- 
spectively. Three 35-ram dishes were prepared for each test 
point and the experiments performed at least twice. The 
cultures were observed with an inverted light microscope 
(Diavert, Leitz, Wetzlar). The day after seeding, the plates 
were checked for aggregates. Colony growth of HT 29 cells 
was sufficient for evaluation 6 days after seeding, reaching 
a plateau growth phase 16 days after seeding. The number 
of colonies of untreated control HT 29 cells was 
1400-1600 per dish on day 6 and 2000-2400 per dish on 
day 16. On day 6 the colonies were counted and only co- 
lonies containing more than 30 cells were scored. Survival 
was determined as the percentage of colony growth in the 
drug-treated cells compared with colony growth in un- 
treated controls. The cultures were reviewed 10 and 16 
days later to determine colony regrowth (see Results for 
definition of this term). 

Results 

Time and concentration dependence of FU, FUR, and FUdR 
cytotoxieity. In order to establish c x t factors for the fluo- 
ropyrimidines FU, FUR, and FUdR for short-term as 
well as long-term exposures, we measured the toxicity of 
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Fig. 1. The dose- and time-dependence of the toxicity of FU, 
FUdR, and FUR to HT 29 cells with short exposure times of 
5-20 min 
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Fig. 2. The dose- and time-dependence of the toxicity of FU, 
FUdR, and FUR to HT 29 cells with longer exposure times of 
1-24 h 

these drugs to HT 29 cells over a wide range of concentra- 
tions and exposure times. At concentrations ranging from 
0.01 to 1000 ~tg/ml, all three drugs showed a clear dose-re- 
sponse behavior in the reduction of colony formation 
(Figs. 1 and 2). At the shorter incubation times, the activity 
of the drugs in inhibiting colony formation was in the or- 
der FUR > FUdR > FU (Fig. 1). However, with longer 
exposure times (1 h), the order of activity was FUR > FU 
> FUdR (Fig. 2). Whereas the toxicites of FU and FUR 
showed a considerable time dependence, changing notice- 
ably even from a 5-min to a 20-min exposure time, the cy- 
totoxicity of FUdR did not appear to change appreciably 
with time until the long-term 24-h exposure time was 
reached. Conditions that killed 100% of the cells were 
achieved with FU and FUR, but about 9% of the HT 29 
cells were not susceptible to the toxic effects of FUdR, re- 
gardless of dose or exposure time. 
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Fig. 3. Dose-dependence of the regrowth of colonies of HT 29 
cells exposed to FU, FUdR, and FUR for 1 h 
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Fig. 4. Dose-dependence of the regrowth of colonies of HT 29 
cells exposed to FU, FUdR, and FUR for 8 h 
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Fig. 5. Dose-dependence of the regrowth of colonies of HT 29 
cells exposed to FU, FUdR, and FUR for 24 h 

Delayed growth o f  colonies after drug treatment 

We noted that after drug treatment of the cells and seeding 
in soft agar, more colonies were visible after 16 days of 
growth in the soft agar than after 6 days. We assume that 
this phenomenon, which we have termed "regrowth" be- 

cause of its analogy to the resumption of growth of a tu- 
mor treated with drugs, is due to the presence of cells that 
have been damaged but not killed by the drug treatments, 
resulting in very slow replication of these damaged cells 
and thus a delay in the time required to from a visible col- 
ony. We therefore used the regrowth phenomenon as an 
indication of a reversible toxic (cell growth inhibition) ef- 
fect of the drugs, as distinct from an irreversible cytotoxic 
effect causing cell death. 

The regrowth potential of the cells was evaluated with 
various durations of exposure to each of the three fluoro- 
pyrimidines (Figs. 3-5). As might be anticipated, longer 
exposure times and higher drug concentrations resulted in 
less regrowth of the cells in all cases. With the shorter ex- 
posure of 1 h (Fig. 3) substantial regrowth was observed 
with FU and FUdR at all doses. Compared with the other 
two drugs, FUR was much more effective in preventing re- 
growth; with a 1-h exposure time and a concentration of 
10 gg/ml there was an increase on colony formation from 
5% of control to 19%, while at the high dose of 1000 ~tg/ml 
negligible regrowth was seen, indicating almost complete 
cytotoxicity. With longer exposure times no regrowth was 
observed at any concentration of FUR. With FUdR re- 
growth was observed at all concentrations even after a 
24-h exposure time, which is consistent with the inability 
of this drug to inhibit colony formation completely at 6 
days, even at a level of 1000 ~g/ml. FU was intermediate 
between the last two drugs in its regrowth inhibition pot- 
ency. An 8-h exposure was required before complete inhi- 
bition of regrowth was observed. However, at the lower 
dose of 0.1 gg/ml some regrowth was observed even after 
a 24-h exposure (Fig. 5). 

Discussion 

The purpose of this study was to determine the concentra- 
tion and time dependence of the cytotoxicity and growth 
inhibition potency of three fluoropyrimidines, FU, FUR, 
and FUdR, against the HT 29 line of colon carcinoma 
cells. This was done over a wide range of exposure times 
and doses in order to cover the conditions resulting from 
most conceivable treatment schedules. We considered that 
such data could be especially useful for planning and se- 
lecting regional chemotherapy protocols, since this tech- 
nique may allow more flexibility in the exposure times, 
doses, and types of drugs that can be used. For easier com- 
parison of the c x t factors of these fluoropyrimidines, we 
have tabulated the toxicity data obtained at 6 days in 
Table 1. 

The HT 29 cell line appears to be a reasonably good 
model for the response of colon tumor cells to fiuoropyri- 
midines. A previous study showed HT 29 cells to be some- 
what more sensitive to FU than were LoVo or CoLo 205 
cells, but the general patterns of response of all three of 
these cell lines to FU were very similar [2]. Similarly, pre- 
liminary studies from the laboratory of one of the authors 
have shown that with 1-h exposures of LoVo cells to the 
fluoropyrimidines, the sequence of activity was FUR > 
FU > FUdR, just as with the HT 29 cells, but the LoVo 
cells were slightly more sensitive to FUR and slightly less 
sensitive to FU and FUdR than were the HT 29 cells 
(K. H. Link, unpublished results). The data presented in 
this paper, together with the above preliminary data con- 
firming the similar responses of two cell lines to the fluoro- 
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Table 1. Exposure time- and concentration-dependence of the cytotoxicity of FU, FUdR, and FUR to HT 29 human colorectal carcinoma 
cells 

Drug Cell survival as percentage of that in untreated controls with exposure times indicated a 
concentration 
(gg/ml) 5 rain 10 rain 15 min 

FU FUdR FUR FU FUdR FUR FU FUdR FUR 

103 60_+ 1 16_+ 2 0.5_+ 1 39_+11 11-+ 0 0 22+16 9.6-+0 1.5-+ 2 
102 74_+10 33_+ 2 7 _+ 5 60_+ 2 29-+ 5 2.4___ 0 53_+ 3 22 +6 1.1_+ 0 
10 78_+ 9 65+ 4 38 -+ 5 72_+ 6 62+14 8.1_+ 3 63+ 1 63 _+1 3.1_+ 0 
1 83___10 89_+ 6 75 + 8 81-+11 79_+ 4 7l +20 77_+ 4 76 _+7 66 _+27 

10 -~ 85___ 8 93_+ 8 94 _+ 8 84_+11 89_+ 9 88 _+10 81_+ 8 82 +6 91 _+12 
10 .2 93_+11 100_+ 5 100 _+ 6 89_+12 97_+ 9 94 _ 4 88_+12 92 _+1 95 _+ 5 

1 h 8h 24h 

FU FUdR FUR FU FUdR FUR FU FUdR FUR 

103 |5±  3 21_+18 0 0+ 0 34+ 3 0 0 7 _+2 0 
102 21_+ 5 46+_17 0 0-+ 0 43-+ 4 0 0 9.3-+2 0 
10 54_+10 67+21 5 -+ 2 13-+ 2 63+ 3 0 0 18 _+2 0 
1 65_+19 69_+19 38 _+17 72_+ 3 68_+ 5 3 _+ 2 18_+ 2 18 _+2 0 

10 -~ 70_+24 72_+19 60 _+24 90+ 2 77+ 2 55 -+ 2 20-+ 2 18 +4 3 _+ 1 
10 .2 74_+24 76_+23 71 _+24 97_+ 2 96+ 1 82 _+ 3 25_+ 3 19 _+4 9 _+ 2 

a The cells were treated in suspension with the drugs shown as described in Materials and methods, and the number of colonies was 
determined after 6 days of growth in soft agar 

pyrimidines,  have already been used as a basis for select- 
ing FU over F U d R  in a short-term, high-dose intra-arterial 
chemotherapy protocol. 

We found that the toxicity of the most commonly  used 
fluoropyrimidine,  FU, was highly time dependent,  as other 
investigators have also found [2, 4, 5]. Moreover, the time 
required to achieve a significant cytotoxic effect was con- 
siderable. At the high concentrat ion level of 1000 p~g/ml, a 
1-h exposure to FU gave only about a 96% inhibi t ion of 
colony-forming efficiency after a 6-day growth assay and 
was followed by considerable regrowth after removal of 
the drug, resulting ultimately in a tumor cell kill of only 
about 70%. However, this combinat ion of concentrat ion 
and exposure time cannot  normal ly  be achieved in clinical 
practice since the normal  bolus injection protocol results 
in a peak level of about 100 gg/ml ,  which persists with a 
half-life of about 10 min [7]. From Table 1, it is apparent  
that these condit ions will only yield a maximum toxicity of 
60%, even without taking into account regrowth stemming 
from the slow recovery of drug-damaged cells, which can 
be expected to be considerable. Thus, the generally poor 
response of colon tumors to the convent ional  FU treat- 
ment  protocols is not surprising. It is clear that for FU to 
be an effective anticancer drug, substantial concentrat ions 
of the drug must be given for much longer exposure times 
than can be achieved using bolus injections. 

On a biochemical level, the slow action of FU can be 
accounted for by its relatively sluggish rate of conversion 
to its corresponding ribonucleotide forms by the enzyme 
PRPP-phosphorib0syltransferase (Fig. 6). This is a lower- 
Vma X enzyme that uses PRPP as a co-substrate. The intra- 
cellular concentrat ions of PRPP have often been found to 
be suboptimal for main tenance  of maximal  activity in the 
conversion of FU to F U M P  [8, 12]. Various biochemical 

FUR 

FU 1-~ F ~MP-~" F UDP-~ FUTP "~ FU- RNA 

F UdR ---~-Fd UMP--~-Fd UTP .-~ FU - DNA 

dUMP +dTMP 
Fig. 6. Pathways of the metabolism of the fluoropyrimidines. 
FUMP, FUDP, FUTP are 5-fluorouridine-5'-mono-, di-, and tri- 
phosphates, respectively; FdUMP and FdUTP are 5-fluoro-2'-de- 
oxyuridine-5'-mono- and triphosphates, respectively. Enzymes 
are: 1, pyrimidine-PRPP phosphoribosyltransferase; 2, uridine ki- 
nase; 3, thymidine kinase; 4, ribonucleotide reductase; 5, thymi- 
dylate synthetase; 6, thymidine phosphorylase 

modulat ion protocols are currently being pursued in an ef- 
fort to raise intracellular PRPP levels, with the aim of ac- 
celerating this conversion and thereby increasing the c × t 
product  for FU without the necessity for longer exposure 
times [8]. 

The deoxyribonucleoside F U d R  is apparently often re- 
garded as another from of FU, since the two drugs appear 
to be used interchangeably in clinical protocols. However, 
there is considerable evidence that FU has multiple mech- 
anisms of action, including inhibi t ion of thymidylate syn- 
thetase and incorporat ion into RNA, whereas the activity 
of F U d R  is quite specifically directed at the inhibi t ion of 
thymidylate synthetase because of its rapid conversion to 
F d U M P  by thymidine kinase (Fig. 6) [8]. In most cell cul- 
ture systems F U d R  is not  appreciably cleaved to FU by 
degradative enzymes, although this may not be the case in 
vivo [8]. Furthermore, FU and F U R are not  phase-specific, 
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and they exert toxicity in all phases of  the cell cycle, presu- 
mably  because of  their RNA-d i rec ted  mechanism of  ac- 
t ion,  whereas F U d R  is an S-phase-specific drug [8]. The 
FUdR-res is tan t  subpopula t ion  of  HT 29 cells most proba-  
bly consists o f  cells that  are not  in S-phase, and  therefore 
not  susceptible to the effects of  FUdR,  at the t ime of  treat- 
ment. Because of  this effect, it can be predic ted  that the 
ant i tumor efficacy of  F U d R  will be l imited unless ways 
can be found to recruit  the tumor  cells into a prol iferat ive 
state so that more of  them are rendered susceptible to the 
drug. In  addi t ion to this problem,  we found that regardless 
of  the exposure t ime and concentrat ion,  there was always 
a high rate of  regrowth of  cells t reated with FUdR,  indicat-  
ing that the mode  of  action of  the drug is largely cytostatic. 

F U R  was by far the most effective f luoropyr imidine ,  in 
terms of  both the cytostasis and  the cytotoxicity achieved 
in the shortest exposure time. The superiori ty of  F U R  to 
the other drugs can be accounted for by two factors:  (1) 
the rapid  cellular uptake  and efficient conversion of  F U R  
to nucleotides compared  with F U  [16], and (2) the irrever- 
sible and non-phase  -specific RNA-di rec ted  cytotoxic ef- 
fects of  the drug. These results suggest that  it might be 
worthwhile reevaluat ing the clinical  use of  F U R  for cer- 
tain types of  regimens prescribing nonsystemic use. 
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