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ABSTRACT

We have investigated the effects of ,V-(phosphonacetyl)-i.-aspartate

(PALA) administered i.v. as a single dose (100 mg/kg) on the antitumor
activity of 5-fluoro-2'-deoxyuridine (FdUrd) and 5-fluorouracil 11I rin. on

the pharmacokinetic parameters of I Â¡IIrd and FUra, and on the tumor
pyrimidine ribonucleotide triphosphate pools in mice bearing advanced
colon carcinoma 26 and leukemia 1210. The antitumor activity was eval
uated with PALA administered i.v. 24 h prior to the maximum tolerated
dose of FUra and Idi rd administered by: (a) 4 days of continuous infu
sion (schedule 1, c.i. days 1-4); (In daily for 4 days by i.v. push (schedule
2, i.v. days 1-4); and (c) weekly for 3 weeks (schedule 3. i.v. weekly for 3

weeks). The maximum tolerated doses of FdUrd were 20, 150, and 400
mg/kg/day and for FUra were 25, 50, and 80 mg/kg/day for schedule 1, 2,
and 3, respectively. At the maximum tolerated doses, the antitumor activ
ity in mice bearing advanced colon carcinoma can be summarized as
follows: (a) FdUrd is significantly more active than FUra; I/M for both
drugs the weekly for 3 weeks i.v. push schedule is superior to the c.i. or i.v.
push daily for 4 days schedules; (e) pretreatment with PALA enhances the
antitumor activity of FdUrd and FUra and resulted in 95 and 13% com
plete responses, respectively; u/i long-term survivors with FUra could

only be achieved in the presence of PALA; in mice bearing leukemia 1210
cells, FdUrd or FUra with or without PALA exhibited no significant
antitumor activity when PALA was administered in a single dose 24 h
prior to fluoropyrimidine treatment; and (e) in C-26 and 1.121(1. PALA
reduced the pools of ( "IT and UTP equally, to about 10% of controls with

significant difference in their rates of recovery.

INTRODUCTION
PALA' is a specific transition state inhibitor of ACTase (EC 2.1.

3.2) and a competitive inhibitor of the de novo biosynthesis of pyri
midine nucleotides (1, 2). The potent and long-lasting inhibition of
ACTase (1, 3-5) and the cytotoxicity by PALA can be reversed by
uridine and carbamoyl-L-aspartate (6). Although the action of FUra is

multifactorial and may vary according to tumor types, incorporation
of the drug into cellular RNA (7, 8) and inhibition of thymidylate
synthase (9-11) are the two generally accepted mechanisms of action.

Recent results obtained by Nord and Martin (12) demonstrated that
increased therapeutic activity of high dose FUra was associated with
greater incorporation of the drug into RNA resulting in decreased
thymidine kinase.

Incorporation of 5-fluorouridine triphosphate into cellular RNA is
influenced by the level of competing normal metabolite. UTP. Reduc
tion of these pools in tumor tissues could lead to a more selective
enhancement of FUra and FdUrd metabolism. Due to the rapid and
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pronounced inhibition of pyrimidine nucleotide pools at nontoxic
doses. PALA was evaluated as a modulator of FUra in various model
systems (8, 13. 14). The results obtained demonstrated that the en
hanced FUra incorporation into cellular RNA by PALA in murine
breast tumors (8) and the increased formation of fluorodeoxyuridine
phosphate and enhanced thymidylate synthase inhibition in sarcoma
180 cells (13) were associated with the observed augmentation of the
antitumor activity of FUra by PALA.

Martin and his coworkers (8, 14, 15) pioneered and developed the
rationale and the schedule dependence for PALA modulation of FUra
antitumor activity. These investigators recommended low and non-

toxic doses of PALA administered 24 h prior to the administration of
the maximum tolerated doses of FUra. Based on these data, clinical
protocols were developed and the results in phase I and II are very
encouraging yielding an overall response rate of about 43% in patients
with advanced colorectal cancer (16, 17).

The data generated provide the following new and clinically rele
vant findings: (a) PALA modulates not only the therapeutic efficacy
of FUra but also that of FdUrd; (b) the duration and the extent of
tumor tissue pyrimidine nucleotide pools reduction are associated with
the favorable response observed with PALA modulation; and (f) the
therapeutic efficacy of FdUrd Â±PALA is schedule dependent.

MATERIALS AND METHODS

Drugs. PALA was obtained from U.S. Biosciences (West Conshohocken.
PA), and FUra and FdUrd were from Sigma Chemical Co. (St. Louis. MO). All
drugs were dissolved in 0.9% NaCI solution, pH 7. Drugs were given in a
volume adjusted to 0.2 ml/20 g mouse weight on a mg/kg basis. Continuous i.v.
infusions were performed as described previously (18).

Mice. Six- to 7-week-old female BALB/c mice for C-26 experiments and

DBA/2J mice for L1210 experiments were obtained from HarÃan(Prattville,
AL) and kept 5/cage with water and food ad libitum according to an institu
tionally approved animal protocol.

MTD. The MTD was defined as the maximum dose that could be admin
istered to tumor-bearing mice without causing drug-related lethality.

Tumors and Antitumor Activity Evaluation. The growth characteristics
of C-26, a chemically induced undifferemiated murine adenocarcinoma, are
described elsewhere (19). Tumor fragments of 1-5 mm1 were transplanted on

both flanks of mice under slight ether anesthesia. Chemotherapy was initiated
10 days thereafter (day 0), when tumor sizes reached 50-300 mm3. Tumor

volume was determined by measuring three axes (length, width, and height)
with a vernier caliper and calculated by multiplying these axes and dividing by
2 (20). Tumor measurements were taken at least 3 times a week. Antitumor
activity was assessed by the following parameters: the mean time for tumors to
reach twice the initial size (TD): and the mean maximum inhibitory ratio (T/C)
of the relative tumor volumes of the treated over the untreated mice. Partial
responses represent greater than 50% reduction in tumor volume and CR are
mice with no detectable tumors. Tumor regrowth after CR occurred in only
10% of animals with C-26 between days 31 and 45. As a general policy, mice
were sacrificed when the tumor size reached about 2 cm. LI 210 ( 10* cells) was

transplanted i.p. and chemotherapy was initiated 48 h thereafter. Body weights
of the animals were recorded immediately before treatment, I day after treat
ment, and at least twice a week thereafter during therapy. Mice average
survival time was calculated as the mean survival time after tumor transplan

tation.
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Pharmacokinetics. Blood (50-75 ul) was taken retroorbitally with a hep-

arinized hematocrit capillary under slight ether anesthesia prior to initiation of
therapy and at various times after the i.p. administration of fluoropyrimidines.
All specimens were kept on ice and processed at 4Â°C.An internal standard (3

ug bromouracil) was added to the plasma and following centrifugation at 4000
X g, samples were extracted with ethylacetate and centrifugea at 4000 X g for

5 min and the supernatants were evaporated, reconstituted with a minimum
volume of HPLC buffer, and analyzed immediately thereafter. HPLC analysis
for FUra and FdUrd was performed, using a 15-cm Alltech Spherisorb ODS-2

3-micron column and a Waters 600(1 A pump (at a flow rate of 0.8 ml/min)
attached to a Perkin Elmer ISS-100 autosampler with a Waters Lambda-Max

model 481 spectrophotometer. using a wavelength of 265 nm. Materials were
eluted from the column wiih an isocratic buffer solution of 2.5 msi ammonium
acetate (pH 51 and 1.25<7rHPLC grade methanol. Typical retention times for

FUra. bromouracil. and FdUrd were 5. 12, and 19 min, respectively.
The lagran program was utilized to calculate the plasma pharmacokinetic

parameters for FdUrd and FUra. Plasma drug concentrations during the initial
phase of elimination (FUra; 15-60 min: FdUrd; 30-120 min; FUra derived
from FdUrd; 45-70 min) were used to calculate the initial half-lifes. The mean

AUCs were generated from the AUC calculated in the individual animals.
Tumor Ribonucleotide Pools. Thirteen days after bilateral tumor implan

tation (C-26) and 3 days post-L1210 tumor cell transplant, mice were treated

with 100 mg/kg PALA. At various times thereafter, tumors were removed
under ether anesthesia and quickly frozen in liquid nitrogen (for C-26) or

processed to isolate LI 210 cell pellets. For each time point three to eight mice
with tumors were included. Tumors were homogenized in 500 ul (i7r perchloric
acid in 0.1 M ammonium formate buffer (pH 4.4) and the supernatants were
separated by centrifugation at 4000 x g for 3 min at 4Â°C,adjusted to pH 7 with
3 N KOH, and stored at -75Â°C until analysis by HPLC. A Spherisorb S5SAX

ODS 4.6 ID column attached to a Perkin Elmer LC-234 diode array single
detector set at a wavelength of 260 nm and a PE LC-100 computer integrator

were utilized. The gradient buffer system consisted of 50 msi (pH 3.5) ammo
nium phosphate buffer as the primary buffer and 500 mst ammonium phosphate
(pH 2.9) as the secondary buffer. Typical retention times for CTP. ATP, UTP,
and GTP (at a flow rate of 1 ml/min) were 24, 29, 34, and 36 min, respectively.

Statistical Evaluation. Student's r tests for unpaired data were used for

statistical evaluation.

RESULTS

Dose Response of FUra and FdUrd

To identify the MTD of FUra (Fig. 1) and FdUrd (Fig. 2), BALB/c
mice were treated i.v. with different drug doses according to the three
schedules: (a) c.i. for 4 days (I); (b) i.v. for 4 days (II); and (c) weekly

100

Fig. I. Dose response of FUra in normal BALB/c
mice. All treatments are via the i.v. route. Mice were
observed for a period of 3 months posttherapy. At each
dose. 5-15 mice were used representing 1 to 3 separate
experiments.
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for3 weeks (III). The results are summarized in Figs. 1 and 2. For both
drugs and independent of the schedule used, a steep dose response
curve was observed. The MTD of FUra were 25. 50, and 80 mg/kg for
schedule I, II, and III, respectively. For FdUrd the MTD were 20, 150,
and 400 mg/kg. respectively. The total MTD/course of treatment with
FUra were 100, 200, and 320 mg/kg, respectively, and for FdUrd they
were 80. 600. and 1200 mg/kg. respectively.

Antitumor Activity

Colon 26. The antitumor activity of FdUrd and FUra alone and in
combination with PALA (100 mg/kg; 24 h prior to therapy) was
evaluated using c.i. days 1â€”4,i.v. push days 1-4, and i.v. push weekly

for 3 weeks schedules at their MTD (Figs. 3 and 4; Tables 1 and 2).
These data demonstrate superiority of the weekly schedule in terms of
TD, T/C, and CR. Similarly, these parameters were increased by
PALA when FdUrd was administered according to the daily for 4 days
i.v. push and more so with the weekly for 3 weeks schedules. No CR
was achieved with FUra Â±PALA using either of the days 1-4 sched
ules. The weekly i.v. push schedule of FdUrd + PALA was therapeu-

tically selective since the observed increase in therapeutic efficacy
was not achieved at the expense of greater host toxicity.

Although at equimolar doses of FdUrd 200 mg/kg (representing
one-half of the MTD) and FUra (80 mg/kg MTD), similar T/C were

obtained the TD and percentage of CR were greater with FdUrd (P <
0.001). The antitumor activity of PALA + FUra was comparable to
200 mg/kg FdUrd alone (data not shown). At equitoxic doses (MTD,
weekly schedule) of FUra and FdUrd (80 versus 400 mg/kg, respec
tively), the antitumor activity of FdUrd was superior to FUra (P <
0.001 Â»(Table 1).

L1210. The effect of PALA (100 mg/kg, 24 h prior to drug treat
ment) on the antitumor activity of FdUrd and FUra (MTD) were
evaluated in mice bearing L1210 cells. In general, this tumor was not
very sensitive to either FUra or FdUrd yielding 71 and 44% increases
in life span, respectively. Pretreatment with PALA did not modify
significantly the antitumor activity of these agents in this tumor.

Pharmacokinetics

Using therapeutic doses of FUra (80 mg/kg) and FdUrd (400 mg/
kg) the pharmacokinetic properties of these agents in BALB/c mice
were evaluated. FUra exhibited a rapid monophasic elimination with

â€¢¿�FUra C.I X 4
"O FUra I.V Push X 4

V FUra I.V Push
Weekly X 3

i I 1â€”

0 25 50

Dose ( mg/kg )

100 125
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Fig. 2. Dose response of FdUrd in BALB/c mice.
All treatments are via the i.v. route. Other conditions
are as outlined in Fig. I.
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Fig. 3. Antitumor activity of various FdUrd schedules Â±PALA in BALB/c mice
bearing advanced colon carcinoma 26. So/id fines, schedules with PALA; dotted /inÂ«,
FdUrd alone. The groups are means of 3 experiments with 5 mice each. â€¢¿�.untreated
groups; O, FdUrd 20 mg/kg/day c.i. days 1â€”4;+, FdUrd 150 mg/kg/day i.v. days 1â€”4;A.
FdUrd 400 mg/kg weekly for 3 weeks.

an initial r,/2 of 7.6 min and a concentration below the limit of
detection by HPLC of 1 JIMat 60 min post-FUra treatment. The peak

plasma concentrations and AUC of FUra were 561 Â±119 (SD) and
17.0 Â± 9.0 min-min, respectively. FdUrd also demonstrated a

monophasic elimination with a tÂ¡,2of 16.8 min and a peak plasma
concentration and AUC of 570 Â±89 UMand 23.2 Â±5.9 mM-min,

respectively. The FUra derived from FdUrd exhibited a biphasic elim

ination pattern with an initial tl/2 of about 9 min and a peak plasma
concentration and AUC of 58 Â± 10 UM and 3.2 Â± 1.7 mM-min,

respectively.
The peak plasma concentrations of FUra derived from FUra were

about 10 times higher than those derived from FdUrd. Similarly, the
AUC for FUra derived from FUra were higher. Pretreatment with
PALA did not alter the pharmacokinetics of FdUrd, FUra, or FUra as
a metabolite derived from FdUrd. The conversion of FdUrd to FUra
calculated as:

AUC FdUrd

AUC FUra
x 100%

was low and represented about 14% of the total pools.

Ribonucleotide Pools

The time-dependent effects of PALA (100 mg/kg) on pyrimidine

ribonucleotide triphosphate pools, CTP and UTP, were evaluated in
mice bearing solid C-26 tumors and LI210 cells (Fig. 4). Although

PALA produced greater than 90% reduction in UTP and CTP pools in
both tumors, the onset of maximum reduction was reached at 8 h in
L1210 cells and at 24 h in C-26. The values for UTP and CTP in C-26

were 184 Â±35 (SD) and 84 Â±17 nmol/g wet weight and in LI210
were 1340 Â±260 and 800 Â±200 nmol/10g cells, respectively. As
suming that IO9L1210 cells are equivalent to l g weight, the CTP and

UTP pools in L1210 were about 10-fold higher than those found in
C-26. In addition to this, the major differences in the effects of PALA

between the two tumor types were in the onset of maximum reduction
in CTP and UTP pools, at 8 h in LI210 and at 24 h in C-26 and in

duration of suppression of these pools. While these pools recovered to
normal values within 48 h in L1210 cells, in C-26 no significant pool

recovery was observed on day 5 and only partial recovery observed on
day 7 post-PALA treatment.

DISCUSSION

In this investigation, using in vivo model systems we asked 2 basic
questions: (a) does PALA modulate the therapeutic efficacy of FdUrd;
and (b) is this modulation schedule dependent? Two murine tumor
model systems were evaluated, L1210 cells with marginally but sim-
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Fig. 4. Partial (PR) und complete (CY?) responses after various FdUrd treatment sched
ules Â±PALA Â¡nBALB/c mice bearing advanced colon carcinoma 26.

ilar antitumor response to FUra and FdUrd and advanced C-26 tumor

cells which are more sensitive to FdUrd than to FUra.
In general. FUra is used clinically according to three schedules,

daily for 5 days, continuous infusion, and weekly. In contrast, FdUrd
is generally administered by infusion (11, 21-28). Furthermore, the

toxicity profile of these agents has been shown to be schedule depen
dent, with hematological and gastrointestinal toxicity being dose lim
iting when the drugs are administered by i.v. push and continuous
infusion, respectively (11, 26). The maximum tolerated dose of FUra
given by protracted i.v. infusion is approximately 300 mg/rrr/day
(26). If the infusion rate is limited to 24 h/week for 6 weeks, up to 2.6
g/m2 combined with leucovorin can be delivered (17). The amount of

FdUrd that can be delivered to patients with advanced malignancies
decreases to a greater extent with increasing the duration of infusion
period (24. 27, 28). For example, while the MTD of FdUrd by 14 days
of continuous infusion is 0.25-0.30 mg/kg; by 3 h infusion this dose
is about 2 g/rrr/week for 6 weeks (27). The data in C-26 (Figs. 1 and

2) are consistent with the schedule dependence of both FdUrd and
FUra observed in the clinic; i.e., higher doses of FdUrd and FUra can
be administered by i.v. push as compared with the c.i. schedule.

The results reported herein demonstrate that although PALA poten
tiated the antitumor activity of both FUra and FdUrd in C-26 (Figs. 2

and 3; Tables 1 and 2) but not in L1210 cells, greater potentiation of
FdUrd was observed in terms of TD, T/C, and CR rate. Furthermore,
the ranking of schedules in CR rates was as follows: weekly > daily
i.v. push > continuous infusion. In addition, antitumor activity of
PALA 1 day prior to 24-h continuous i.v. infusion of FdUrd (150

mg/kg, day 1) weekly for 3 weeks was inferior to that of the weekly
PALA + i.v. push of FdUrd, 200 mg/kg (data not shown). Since the

data reported herein indicate that PALA did not potentiate the toxicity
of FdUrd or FUra at the MTD (i.e., requiring no dose reduction) this
modulation provides greater therapeutic index with FUra and more so
with FdUrd when administered according to the weekly schedules.

Higher therapeutic activity with FdUrd (400 mg/kg) than with FUra
(80 mg/m2) was achieved at lower peak plasma concentrations and

AUC for FUra derived from FdUrd than those derived directly from
FUra. Administration of FUra dose that produces similar plasma FUra
concentration to those derived from FdUrd did not produce significant

in vivo antitumor activity in this model system (data not shown). Thus
the favorable antitumor activity by FdUrd could not be explained
solely on the basis of the plasma pharmacokinetic properties of FUra
in the C-26 model system.

Since the weekly i.v. push schedule of FdUrd demonstrated superior
antitumor activity compared to that of continuous i.v. infusion, the
question arises of whether the mechanisms of action of FdUrd and
FUra differ when administered by i.v. push and infusion. Recent in
vitro data from our laboratory (29) indicate that when human ileocecal
carcinoma HCT-8 cells were exposed to FdUrd for 3 versus 24 h, the
amounts of FUTP and F-RNA derived from both drugs were signifi
cantly higher with the 24-h schedule. Although the levels of fluoro-

deoxyuridine phosphate derived from FdUrd were higher than those
derived from FUra, there was no significant increase in these pools by
prolongation of drug exposure. These data suggest that the greater
cytotoxicity associated with prolonged exposure to FdUrd or FUra
may be associated in part with greater incorporation of the drug into
cellular RNA. Studies in this laboratory are underway utilizing an in
vivo model system to identify and evaluate mechanisms associated
with the schedule dependency of FdUrd and FUra.

The observed potentiation of the antitumor activity of fluoropyri-
midines by PALA in C-26 could be the result of the pronounced and

extended duration of CTP and UTP suppression by PALA. In contrast,
the lack of significant antitumor activity of FdUrd and FUra in L1210
and the inability of PALA to modulate their antitumor activities could
be associated, in part, with the higher concentrations and the rapid
recovery of CTP and UTP pools from the effects of PALA and also
with the higher levels of ATCase and the more rapid cellular prolif
eration. Jayaram et al. (30) demonstrated that ATCase activity was
significantly lower in PALA-sensitive as opposed to PALA-resistant
tumors. In C-26 and L1210 cells, the ATCase activities were 182 Â±26

(SD) and 405 Â±185 nmol of carbamyl aspartate formed/mg protein/h,
respectively. Furthermore, Swyryd et al. (2) demonstrated increased
ACTase activity in PALA-resistant SV40 cells. In addition, since the

data in Fig. 5 demonstrated that when PALA is administered as a
single dose, the effect on CTP and UTP pools were pronounced and
short lasting, it is possible that in order to modulate the therapeutic

Table 1 Antitumor activity of FUra and FdUrd at the MTD Â±PALA in mice bearing
advanced colon carcinoma 26: weekly for 3 weeks schedule

TherapyPALAFUraPALA-FUra*1FdUrdPALA-FdUrd*Dose(mg/kg)1008080400400TD(days)2.9

Â±1.4"3.2

Â±1.07.2
Â±3.422.7

Â±3.430.1
Â±9.553.0

Â±6.9T/C

maximum1.00.91

Â±0.40.26
Â±0.160.07

Â±0.080.023
Â±0.020.004
Â±0.004

" Mean Â±SD.
* Fluoropyrimidines -t-PALA treated groups are significantly different from each other

and from iluoropyrimidine alone [P < 0.001).

Table 2 Antitumor activity of FUra and FdUrd (days 1-4} Â±PALA (100
day 0) in colon carcinoma 26: daily i.v. push and c.i. schedules

TherapyFUraFUraPALA-FUraFdUrd*PALA-FdUrd''FdUrd*PALA-FdUrd*Schedule/dose(mg/kg/day)i.v./50C.ÃŒ./25C.ÃŒ./25i.v./lSOÃŒ.V./150C.ÃŒ./20C.ÃŒ./20TD(days)9.4

Â±0.5"8.5

Â±0.612.3
Â±0.718.7
Â±2.6'7.8

Â±1.510.5
+ 0.9''T/C

maximum0.090.120.150.03

Â±0.010.012
+0.006'0.09

Â±0.070.04
Â±0.03'

" Mean Â±SD.
* Significantly different from each other (P < 0.001 ) and from groups without PALA.
'/>< 0.001.
'' P < 0.05.
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Fig. 5. Effects of 100 mg/kg i.v. PALA on tumor ribonucleotide pools in L1210 cells
and colon carcinoma 26 tumors Points 3 to 8 samples.

efficacy of fluoropyrimidines by PALA in this tumor model system,
PALA should be administered on a more frequent schedule. Under
these conditions, FUra is then administered when the CTP and UTP
pools are suppressed maximally by PALA. The concern, however, is
that the therapeutic selectivity of this modulation might be compro
mised by potentiating the toxicity of FUra in normal tissues. The data
in C-26 and L1210 cells indicate that the basis for the interaction

between PALA and FUra or FdUrd is multifactorial and reduction of
CTP and UTP pools is one important determinant in the selective
modulation of therapeutic activity of these agents.

In summary, if the generality of the greater antitumor activity of
FdUrd than FUra with and without PALA according to the weekly
schedule can be confirmed in other tumor types, this could have a
significant impact on the manner by which FdUrd alone and/or in
combination with various modulators should be utilized clinically.
Studies from our laboratory using rats bearing colon carcinoma tumor
yielded similar results (31). Future studies to delineate mechanisms of
action associated with the schedule dependence of the in vivo thera
peutic selectivity of FdUrd with and without PALA are underway.
This includes the simultaneous measurements of drug incorporation
into cellular RNA, DNA damage and repair, and the therapeutic con
sequences of these effects.
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