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Abstract. The present study was designed to analyze the
growth-inhibitory effects of the combination of fluoroura-
cil (FUra), cisplatin (CDDP), and dipyridamole (DP).
These toxic effects were assessed on the human breast-car-
cinoma cell line MCF-7 using the MTT (tetrazolium
bromide) assay in 96-well culture dishes. Data were ana-
lyzed using the median-effect principle. The drug combi-
nations tested included FUra concentrations ranging from
0.8 to 800 nmol/l, CDDP concentrations of 0.3—30 pwmol/l,
and DP concentrations of 2200 umol/l. A total of 189
different experimental conditions were tested, including
different sequences of administration, with being DP ap-
plied before, simultaneously with, or after the two anti-
tumor drugs. Synergistic cytotoxic interactions were found
between FUra and CDDP, FUra and DP, and CDDP and
DP as well as when the three drugs were combined. The
sequence of exposure did not influence the growth-inhibi-
tory activity of the combination FUra-CDDP but altered
the effect of combinations of either FUra or CDDP with
DP, since at lower concentrations the effect shifted from
synergism to antagonism when DP was added simulta-
neously with CDDP and after the two antitumor drugs.
However, the interaction was shown to be truly synergistic
by median-effect analysis when the two antitumor drugs
were simultaneously associated, with no change in the
synergistic effect being observed for the three DP adminis-
tration sequences.

Abbreviations: FUra, fluorouracil; CDDP, cisplatin, cis-diam-
minedichloroplatinum(Il); MTT,  3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyl tetrazolium bromide (azolyl blue); ICso, concentration inducing
50% inhibition of cell growth; fa, fraction affected; fu, fraction unaf-
fected; CI, combination index
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Introduction

A variety of new therapeutic strategies continues to evolve
from in vitro work attempting to manipulate pharmacolog-
ically the biochemical homeostasis of cancer cells. Among
these novel strategies, two would appear promising: first,
the use of particular drug combinations identified as being
capable of developing in vitro synergistic efficacy, and
second, the exploitation of a new class of drugs known as
modulators. We report the results of an in vitro analysis
that exploits the second of these chemotherapeutic strate-
gies simultaneously: the use of a modulator (dipyridamole)
to enhance the efficiency of the chemotherapeutic agents
fluorouracil (FUra) and cisplatin (CDDP).

Dipyridamole (DP) is well known as an antithrombotic
agent and is reported to be a potent inhibitor of facilitated
transmembrane transport systems for purines and pyrimid-
ines [9, 19, 26]. In addition, DP has been observed in vitro
to be a modulator of a variety of cytotoxic agents, includ-
ing antimetabolites and topoisomerase II-directed agents,
and it has also been reported to reduce the cytotoxicity of
cytarabine in normal and malignant myeloid cells [15] by
altering the cellular uptake and retention of antimetabolite
drugs. Other agents have been reported to be potentiated by
DP, including mitoxantrone [7], etoposide [10), doxorubi-
cin [11], and vinblastine [11]. Furthermore, DP has been
reported to be an inducer of class 1 interferons (8] and to
potentiate the inhibition of replication of human im-
munodeficiency virus in human monocyte-macrophages,
suggesting that this drug may become important in antivi-
ral therapy.

The evaluation of the ternary combination (FUra,
CDDP, and DP) arises as a logical therapeutic strategy for
several reasons. First, in HT-29 and MCF-7 (respectively,
human colon and breast cancer) cell lines, we have demon-
strated that inactive, low FUra concentrations can induce
toxic effects in a dose-dependent manner when combined
with DP [3]. Moreover, we recently reported that the in
vivo toxicity of FUra was enhanced by DP in BsD2F] mice
bearing P388 ascitic tumors and receiving a 4-day schedule
of FUra following a i-h exposure to DP. These data al-
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lowed a prospective evaluation of 4-day treatment with i. p.
FUra and DP, revealing an increase in life span without
toxic death [2]. Keane et al. [14] also recently reported that
the in vivo cytotoxicity of CDDP against human tumor
xenografts could be increased by DP.

The objectives of the present study were to analyze the
interactions of FUra + CDDP, FUra + DP, CDDP + DP,
and (FUra + CDDP) + DP in MCF-7 human breast-carci-
noma cells using the multiple drug-effect analysis of Chou
and Talalay [5, 6] and to compare three sequences of
administration so as to obtain maximal synergistic growth
inhibition [16].

Materials and methods

Drugs. CDDP (Cisplatyl) was obtained from Laboratoires Roger Bellon,
France; FUra, from Produits Roche, Neuilly, France; and DP, from
Laboratoires Boehringer, Ingelheim, France. All drugs were stored at
—20° C and constituted the stock solutions. Dulbecco’s modified Eagle’s
medium (DMEM), r-glutamine, fetal bovine serum (FBS), penicillin,
and streptomycin were obtained from Seromed (Polylabo, Strasbourg,
France). The MTT test was performed using 3-(4-5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) and sodium dodecy! sulfate
(SDS) obtained from Sigma (La Verpillere, France).

Cell cultures. MCF-7 human breast-adenocarcinoma cells were main-
tained in DMEM supplemented with 10% FBS, penicillin (10,000 IU
I), streptomycin (86 mol/l) and L-glutamine (2 pmol/l) at 37°C in an
atmosphere containing 5% COz. The cultures were proved to be myco-
plasma-free by the European Organization for Research and Treatment
of Cancer (EORTC) Clonogenic Assay Screening Study Group test
procedure (Dr. L. Suardet, Institut Suisse de Recherches Expérimentales
sur le Cancer, Lausanne, Switzerland). Exponentially growing cells were
harvested by enzymatic disaggregation  (trypsin-ethylenedi-
aminetetraacetic acid) and assayed for cytotoxicity in 96-well dishes
(2 x 104 cells/well).

The drug concentrations ranged between 0.8 and 800 nmol/l for
FUra, between 0.3 and 30 pumol/l for CDDP, and between 0.2 and
200 pmol/1 for DP. The duration of cell exposure to FUra, CDDP, and
DP was 72 h; it was compatible with the cell-doubling time, as under
the conditions described above the doubling time for the MCF-7 cell line
was 36 h.

Evaluation of growth inhibition. The cytotoxicity of the drugs tested
alone or in combination were assessed after 3 days using the MTT assay.
This assay was carried out according to a procedure based on the assay of
Tada et al. [24]. MTT was dissolved in phosphate-buffered saline (PBS),
filter-sterilized, and stored at 4°C. After 72 h, 50 yl of a 0.5% MTT
solution was added to each well and incubated for 3 h at 37° C to allow
MTT metabolism. The crystals formed were dissolved within 15—
30 min by the addition of 100 pl of a 25% SDS solution to each well and
were vigorously pipetted to ensure the homogeneity of the solution prior
to scanning. Absorbance was measured at 540 nm on an MCC/340 Titer-
tek Multiskan (Flow, Les Ulis, France). Results were expressed as the
relative percentage of absorbance as compared with untreated controls.

Before performing growth-inhibition assays, we examined the linear-
ity of the MTT assay with increasing numbers of plated cells (between
104 and 106 cells/well) and obtained quite satisfactory results (7<0.995).
Blank measurements were performed on wells containing no cell and
no drug.

Each experimental point was determined as the mean value derived
from eight wells, ICso was defined as the concentration inhibiting 50% of
the cell growth as compared with that in untreated controls, ICso values
were calculated by logarithmic analysis and were divided by the corre-
sponding value obtained in the absence of drug to give an estimate of the
cytotoxicity-potentiating effect.

Drug combinations and data analyses. In this study, cells were exposed
to FUra, CDDP, and DP either alone or in combination for 72 h as
follows: treatment 1, FUra + CDDP; treatment 2, FUra + DP; treat-
ment 3, CDDP + DP; and treatment 4, (FUra + CDDP) + DP. Using these
four combinations, we looked for sequence-dependent cytotoxic effects.
Thereby, in treatment 1, CDDP was added either before (+1 h), during,
or after (-1 h) exposure to FUra, corresponding to assays 1 A, 1B, and
1C, respectively. In treatment 2, DP was added either before (+1 h),
during, or after (-1 h) exposure to FUra, corresponding to assays 2 A,
2B, and 2C, respectively. In treatment 3, DP was also added either
before (+1 h), during, or after (~1 h) exposure to CDDP, corresponding
to assays 3 A, 3B, and 3C, respectively. In treatment 4, DP was added
either before (+1 h), during, or after (-1 h) exposure to FUra-CDDP,
which were simultaneously tested, corresponding to assays 4 A, 4B, and
4C, respectively.

The surviving cell fraction was determined using the MTT assay as
described above. The synergy of activity was analyzed according to the
median-effect principle described by Chou and Talalay [5, 6]
This principle is described by the equation fa/fu = (D/Dm)®, where
fa is the fraction of MCF-7 cells affected by the dose D, fu is the
unaffected fraction, Dm is the dose required for a 50% effect (e. g., 50%
inhibition of cell growth at 72 h as compared with the control), and m is
a Hill-type coefficient signifying the sigmoidicity of the dose-effect
curve. A plot of y = log (fa/fu) versus x = log (dose), i.e., a median-effect
plot, linearizes the dose-effect relationship with the slope m and the
x-intercept at log (Dm). These values for FUra, CDDP, and DP were
calculated for each experiment and for each drug combination at a fixed
concentration ratio.

Interaction of the effects of the two drugs FUra and CDDP was
quantitatively determined by the combination index (CI) according to the
equation:

CI = (Drure/Drurax) + (Deppp/Depprx) + (DFuras X Drua/Depppx <
Dcppp).

The same equation was used to calculate the interactions of
the effects of FUra and DP as well as CDDP and DP. D drug x
(DFurax, Depppx, or Dppx) are the doses of each drug required to
produce an effect of x% when the drugs are used alone, and Drura,
Dcopp, or Dpp are the cytotoxic contributions of FUra, CDDP,
and DP, respectively, in the mixture as calculated from the known
dose ratio of the three groups of drugs that also yield an effect of x% in
combination.

The dose ratios were chosen such that we could conveniently explore
a range of cytotoxicities and such that the different concentrations used
would be lower than the ICso value for each compound. Finally, a
combination index (CI) versus fraction affected (fa-CI) plot was
generated for cell fa- values between 0.1 and 0.9. Thus, when CI<I,
synergism was indicated; when CI = 1, an additive effect was indicated;
and when CI>1, antagonism was indicated. The CI isobologram method
of Chou and Talalay [5, 6] for quantitation of synergism and antagonism
was also applied to three-drug combination studies in an equipotency
combination ratio [16]. A computer program based on the above-men-
tioned equations was used in the present study for automated analysis of
the dose-effect data [3].

Results

For all the experiments, the coefficients of variation ranged
between 3% and 16%.

Dose-response curve of FUra

Figure 1A shows the results of the assay when the cells
were exposed to FUra alone. The ICsp value for a 72-h
exposure was 16 pmol/l.
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Fig. 1A, B. Dose response plots for MCF-7 cells following treatment
with A FUra and B CDDP alone. Exponentially growing cells were
seeded in 15% serum-supplemented RPMI medium at 2 x 10* cells/well.
After 72 h, cell survival was determined by the MTT assay, with absor-
bance being measured at 540 nm with an automated microplate reader,
and expressed as the percentage of survival as compared with untreated
controls. Points represent the mean values triplicate determinations (SE,
<11% and 9% for FUra and CDDP, respectively) obtained in at least 3
independent experiments
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Fig. 2. Dose-response plot for MCF-7 cells following treatment with DP
alone. Points represent the mean values of triplicate determinations (SE,
<16%) obtained in at least 3 independent experiments

Dose-response curve of CDDP

Figure 1B shows the results of the assay when the cells
were exposed to CDDP alone. The ICsp value for a 72-h
exposure was 15 pmol/1.
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Fig. 3 A—C. Dose-response plots for MCF-7 cells exposed to combina-
tions of FUra with nontoxic concentrations of CDDP (3, 30, or
300 nmoVl/1). CDDP was added either A 1 h before, B during, or C 1 h
after exposure to FUra. Points represent the mean values of sextuplicate
determinations (SE, <10%) obtained in 3 independent experiments

Dose-response curve of DP

Figure 2 shows the results of the assay when the cells were
exposed to DP alone. The 1Csg value for a 72-h exposure
was 1000 pumol/1.

Potentiation of FUra growth inhibition by CDDP

The drug combinations tested included FUra concentra-
tions of 0.8—800 nmol/l and CDDP concentrations of 3,
30, and 300 nmol/l. Figure 3 shows the dose-response
curves for MCF-7 cells exposed to FUra in the presence or
absence of nontoxic doses of CDDP (<ICsp). A total of 45
different experimental conditions were used. Cells were
exposed to CDDP prior to treatment with FUra (Fig. 3A),
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Fig. 4 A - C. Dose-response plots for MCF-7 cells exposed to combina-
tions of FUra with nontoxic concentrations of DP (2, 20, or 200 wmol/1).
DP was added either A 1 h before, B during, or C 1 h after exposure to
FUra. Points represent the mean values of triplicate determinations (SE,
<10%) obtained in 3 independent experiments

simultaneously with FUra (Fig. 3B), or after FUra treat-
ment (Fig. 3C). The ICsp ratio for FUra in the presence or
absence of 300 nmol/l CDDP averaged about 40, indicat-
ing a 40-fold enhancement of FUra cytotoxicity for the
3 sequences of administration.

Potentiation of FUra growth inhibition by DP

The effect of FUra at varying concentrations in the accept-
ably nontoxic range of 0.8—800 nmol/l was assessed with
or without DP at concentrations of 2, 20, and 200 umol/l.
In this experiment (Fig. 4), the ICsg ratio for FUra in the
presence or absence of 200 pmol/l DP was 2000, 400, and
200 for treatments A, B, and C, respectively. Thus, more
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Fig. 5 A~ C. Dose-response plots for MCF-7 cells exposed to combina-
tions of CDDP with nontoxic concentrations of DP (2, 20, or 200 imol/I).
DP was added either A 1 h before, B during, or C 1 h after exposure to
CDDP. Points represent the mean values of triplicate determinations (SE,
<14%) obtained in 3 independent experiments

intense effects were observed when cells were exposed to
DP at 200 umol/1 at 1 h before FUra treatment (A), result-
ing in a very high ratio of 2000.

Potentiation of CDDP growth inhibition by DP

The effect of CDDP at varying concentrations in the non-
toxic range of 0.3-30 pmol/l was assessed with or without
DP at concentrations of 2, 20, and 200 pmol/l (Fig. 5). The
ICso ratio for CDDP in the presence or absence of
200 umol/l DP averaged about 3750, 3.8, and 5 for treat-
ment A, B, and C, respectively, indicating a 3750-fold
enhancement of CDDP cytotoxicity when DP was applied
1 h prior to CDDP treatment.
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Fig. 6. Combined effect of a 72-h exposure of MCF-7 cells to FUra and
CDDP, whereby CDDP was added (A) 1 h before, (B) simultaneously
with, or (C) 1 h after FUra treatment. Computer-generated curves de-
scribe the combined effects of FUra: CDDP at fixed ratios of 1:0.375.
Results are plotted as a function of the fraction of treated cells affected
versus the combination index (fa-CI plot) under a2 mutually nonexclusive
assumption. All points lying above a CI value of 1 are antagonistic and
those lying on a CI value of 1 are additive. Interactions of FUra + CDDP
were strongly synergistic (plot below the horizontal dotted line) over
nearly the entire range of concentrations tested

Synergy between FUra and CDDP

To determine whether the interaction between FUra and
CDDP was truly synergistic, MCF-7 cells were exposed to
FUra and CDDP either alone or combined over a wide
range of concentrations but at a fixed dose ratio for the

three administration cases (A, B, and C). In this experiment

(FUra: CDDP concentration ratio, 1:0.375), for the A, B,
and C tests, respectively, the median-effect doses (Dm)
were 258, 226, and 130; the correlation coefficients (r)
were 0.883, 0.851, and 0.882; and the slopes (m) were
4,206+1.317,4.065£0.447, and 4.092 1+ 1.226.

The analysis of the data obtained with FUra and CDDP
combined at aratio of 1:0.375 suggested that the two drugs
acted synergistically over nearly the entire range of con-
centrations tested but were antagonistic at lower concentra-
tions (fa, <.015 for treatments A and B; <0.2 for treat-
ment C). Figure 6 shows the results of the interaction of the
effects of the two drugs FUra and CDDP as determined by
CI analysis.

Synergy between FUra and DP

To determine whether the interaction between FUra and
DP was really synergistic, MCF-7 cells were exposed to
FUra and DP either alone or in combination over a wide
range of doses but at a fixed dose ratio for the three admin-
istration cases (A, B, and C). In the experiments (FUra : DP
concentration ratio, 1:250), for the A, B, and C tests, re-
spectively, the median-effect doses (Dm) were 24.9, 34.8
and 81.3 amol/l; the correlation coefficients (r) were
0.982, 0931, and 0.977; and the slopes (m) were
4.258+0.4704,4.285+0.973, and 6.105 = 0.774. Figure 7
illustrates the cytotoxic effects observed when DP was
added 1 h before (A), simultaneously with (B), or 1 h after
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Fig. 7. Combined effect of a 72-h exposure of MCF-7 celis to FUra plus
DP, whereby DP was added (A) 1 h before, (B) simultaneously with, or
(0) 1 h after FUra treatment. Computer-generated curves describe the
combined effects of FUra:DP at fixed ratios of 1:250. Resuits are
plotied as a function of the fraction of treated cells affected versus the
combination index (fa-CI plot) under a mutually nonexclusive assump-
tion. All points lying above a CI value of 1 are antagonistic and those
lying on a CI value of 1 are additive. Analysis of the data for FUra and
DP combined at this ratio suggested that the two drugs acted synergisti-
cally over nearly the entire range of concentrations tested but were
antagonistic at lower concentrations

FUra treatment (C). The DP and FUra concentrations and
the sequence of administration (DP added after FUra) were
determinant factors that changed the effects of a combina-
tion from antagonism (at low DP concentrations of
<20 umol/l) into synergism (at high DP concentrations of
>100 umol/1). Analysis of the data obtained for FUra and
DP combined at a ratio of 1:250 suggested that the two
drugs acted synergistically over nearly the entire range of
concentrations tested but were antagonistic at lower con-
centrations (fa, <0.05 for treatment A; <0.1 for treat-
ment B; <0.2 for treatment C). The best results were ob-
tained with treatment A, when DP was applied 1 h before
FUra. Figure 7 details the results of the interaction of the
effects of the two drugs FUra and DP as determined by CI
analysis.

Synergy between CDDP and DP

In this experiment (CDDP : DP concentration ratio, 1 :6.6),
for the A, B, and C tests, respectively, the median-effect
doses (Dm) for CDDP were 19.6, 16634, and
4318.6 nmol/l; the correlation coefficients (r) were 0.993,
0.946, and 0.780; and the slopes (m) were 1.261+0.280,
1.42910.283, and 0.916+0.424. Analysis of the efficacy
of CDDP in inhibiting the growth of MCF-7 cells were
carried out in a way similar to those described above. The
analysis of the data obtained for CDDP and DP combined
at a ratio of 1:6.6 suggested that the two drugs acted
synergistically over nearly the entire range of concentra-
tions tested but were antagonistic at lower concentrations
(Fig. 8; fa, <0.1 for treatment A; <0.3 for treatment B; <0.2
for treatment C). As in treatment 2 (FUra + DP), the best
results were obtained with combination A, when DP was
added 1 h before CDDP. The DP and CDDP concentra-
tions and the sequence of administration (DP given prior to
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Fig. 8. Combined effect of a 72-h exposure of MCF-7 cells to CDDP plus
DP, whereby DP was added (4) 1 h before, (B) simultaneously with, or
(C) 1 h after CDDP treatment. Computer-generated curves describe the
combined effects of CDDP:DP at fixed ratios of 1:6.6. Results are
plotted as a function of the fraction of treated cells affected versus the
combination index (fa-CI plot) under a mutually nonexclusive assump-
tion. All points lying above a CI value of 1 are antagonistic and those
lying on a CI value of 1 are additive. The DP and CDDP concentrations
and the sequence of administration (DP added prior to CDDP) were
determinant factors that modified the effects of a combination from
antagonism into synergism
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Fig. 9. Combined effect of a 72-h exposure of MCF-7 cells to (FUra +
CDDP) plus DP whereby DP was added (A) 1 h before, (B) simultaneous-
ly with, or (C) 1 h after FUra + CDDP. Computer-generated curves
describe the combined effects of FUra:CDDP:DP at fixed ratios of
1:0.325:250. Results are plotted as a function of the fraction of treated
cells affected versus the combination index (fa-CI plot) under a mutually
nonexclusive assumption. All points lying above a CI value of 1 are
antagonistic and those lying on a CI value of 1 are additive. Interactions
of FUra-CDDP + DP were strongly synergistic (plot below the horizontal
dotted line) over nearly the entire range of concentrations tested

or simultaneously with CDDP) were determinant factors
that modified the effects of a combination from antagonism
into synergism. Figure 8 details the results of the interac-
tion of the effects of the two drugs CDDP and DP as
determined by CI analysis.

Synergy between (FUra + CDDP) and DP

In these experiments (FUra:CDDP:DP concentration
ratio, 1:0.375:250), for the A, B, and C tests, respectively,

the median-effect doses (Dm) were 4.65, 34.2, and 32.1;
the correlation coefficients () were 0.951, 0.899, and
0.932; and the slopes (m) were 3.13+0.45, 2.87+0.62,
and 3.11+0.54. Analysis of the data obtained for FUra +
CDDP and DP combined suggested that the three drugs
acted synergistically over the entire range of concentra-
tions tested. The composite fa-CI plot of the data from one
such experiment is presented in Fig. 9.

Discussion

Biochemical modulation is now a well-established tech-
nique in cancer chemotherapy. A synergistic interaction
has been demonstrated between FUra and DP in P388
tumor-bearing B¢D2F| mice receiving a 4-day schedule of
FUra (2 mg/kg daily) following a 1-h exposure to DP
(100 mg/kg daily) [2]. DP was found to lower significantly
(P <0.0001) the mortality induced by FUra in tumor-bear-
ing mice by nearly 2.5 times. These data allowed a pro-
spective evaluation of 4-day treatment with i.p. FUra and
DP, revealing an increase in life span without toxic death
[2]. In HT-29 and MCF-7 (human colon and breast cancer,
respectively) cell lines we used noncytotoxic FUra doses
and demonstrated that FUra cytotoxicity was enhanced by
DP in a dose-dependent manner in a soft agar colony-form-
ing assay with continuous drug exposure [3]. The potentia-
tion effect appeared to be higher in HT-29 cells than in
MCE-7 cells (enhancement ratios, 1.1-2.7 and 1.1-1.9,
respectively). Furthermore, recent in vitro studies with
human cell lines derived from other organs such as the
colon and ovary [14] have revealed a synergistic activity
between CDDP and FUra.

The present study demonstrates several new observa-
tions. Although previous in vitro studies [14] disclosed that
exposure of tumor cells to CDDP before administration of
FUra was necessary to achieve maximal synergistic cyto-
toxicity over the entire range of concentrations tested, our
results suggest that maximal cytotoxic effect and syner-
gism are not so related to the sequence of exposure to FUra
and CDDP (Fig. 6), since no substantial difference arose in
terms of whether FUra was applied 1 h before or after
CDDP. If the sequence of administration of FUra and
CDDP has no influence, as our data suggest, the design of
clinical trials could be vastly simplified.

The data presented in Figs. 4 and 5 indicate that at
nontoxic doses, DP can enhance FUra- and CDDP-induced
growth inhibition in a dose-dependent manner and that the
growth-inhibitory effects of the combinations FUra + DP
and CDDP + DP depend on the sequence of administration
of DP (Figs. 7, 8). However, the DP, FUra, and CDDP
concentrations and the sequence of administration are the
main important parameters that modified the nature of the
interaction from antagonism into synergism, and the
highest cytotoxic effects were obtained when DP was ap-
plied 1 h before FUra or CDDP. Preexposure of MCF-7
cells to DP at 1 h before FUra-CDDP combination treat-
ment (Fig. 9) did not appear necessary for the achievement
of maximal synergistic cytotoxicity.

Several mechanisms have been advanced to explain the
enhancing effect of DP on FUra in in vitro experiments [9,



19]. Two major mechanisms of action appear capable of
inducing cell injury: (a) activation of fluorodeoxyuridine
(FdUrd) to fluorodeoxyuridine monophosphate (FAUMP),
a potent inhibitor of thymidylate synthetase, which can
prevent the formation of deoxythymidine 5’-mono-
phosphate and subsequently interfere with DNA synthesis;
and (b) orotic acid phosphoribosyltransferase can directly
transfer a ribose phosphate from 5-phosphoribosyl-1-pyro-
phosphate to form fluorouridine 5’-monophosphate
(FUMP), or the sequential action of uridine kinase can
generate fluorouridine 5’-monophosphate. After activation
to the ribonucleotide level, fluorouridine 5’-triphosphate
(FUTP) can be incorporated into RNA and subsequently
cause alterations in RNA processing and function. Where-
as DP does not affect the uptake of FUra, a nucleobase, it
inhibits the efflux of FUrd (fluorouridine) and FdUrd in
HCT-116 cells [9], leading to an increased retention of
intracellular FAUMP. This pathway is important only when
an external source for deoxyribose 1-phosphate is pro-
vided. The addition of sufficient thymidine (dThd) can
prevent the increase in FUra cytotoxicity induced by DP, as
dThd reduces FAUMP levels and inhibits the uptake and
phosphorylation of FdUrd. Thus, DP could perturb FUra
metabolism and cytotoxicity in cancer cells through sever-
al alternative mechanisms, and kinetic studies of drug in-
flux and efflux have demonstrated that the transport of
specific nucleosides across cell membranes is strongly in-
fluenced by DP, resulting in a higher, or at least longer,
maintained intracellular concentration of the cytotoxic
agent [20]. Since in the present study the best results were
obtained with treatments A and B, when DP was given
simultaneously with and 1 h before FUra, we could im-
agine that DP might preferentially block the salvage of
physiological levels of dThd and therefore augment FUra
toxicity by maintaining a state of thymidylate deprivation
in cells dependent on salvage pathways. This explanation
is supported by our evaluation in a human colon-adeno-
carcinoma cell line (HT-29) of the role played by thy-
midine (dThd) at 25 UM in the cytotoxic action of FUra and
in the potentiating action of DP. We demonstrated (data not
shown) that the blockage of dThd by DP was dose-depen-
dent and that the growth-inhibitory effect of the association
FUra + DP was considerably modified by the addition of
dThd (25 pM) 1 h before FUra and DP.

The DP and CDDP concentrations and the sequence of
administration (DP added before or simultaneously with
CDDP) were determinant factors that modified the effects
of a combination from antagonism into synergism. Thus,
exposure to DP changes the cell such that it is more sensi-
tive to the cytotoxic effect of CDDP or FUra. Moreover,
the truly synergistic nature of the interaction bodes well for
the possible clinical use of this combination because it may
allow the use of relatively low doses of DP.

In the present study, enhancement of cellular sensitivity
to CDDP and FUra was observed at the lowest concentra-
tions tested (20 and 200 pwmol/l) and may occur at even
lower concentrations (2 pumol/l). Whereas 20 pmol/l is
higher than the total DP concentration obtained by oral DP
dosing [1], concentrations of 5—10 pmol/l can be achieved
in plasma by continuous i.v. infusion, and concentrations
of at least 100 pumol/l can be obtained in the peritoneal
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cavity by i.p. instillation [18]. However, as DP was 95%—
99% protein-bound in plasma [1], it was hypothesized that
the concentration of free DP achieved in plasma using
nontoxic DP doses would not be sufficient to produce the
expected effects on FUra and CDDP metabolism. On the
basis of physiological characteristics and pharmacokinetic
data collected following p. 0. and i. v. administration of DP,
Chan et al. [4] have predicted that i. p. infusion could be an
alternative that would leave free DP levels of 30% in the
peritoneal cavity, since only 70% of the molecules will
reach the portal circulation and be metabolized in the liver,
wherte glucoronidation is the primary mechanism of inacti-
vation of DP in humans [18]. Thus, since appropriate con-
centrations of DP are attainable and since DP increases the
antitumor efficacy of CDDP [14] and FUra [2] in animal
models in vivo, the clinical exploitation of these double or
triple combinations can be envisaged.

The mechanism(s) by which DP enhances sensitivity to
CDDP remains undefined. Impaired CDDP uptake is a
common characteristic of cells selected for CDDP resis-
tance, and Jekumen et al. [13] have demonstrated that DP
produces a concentration-dependent increase in the uptake
of [195mPt]-.CDDP. However, cellular sensitivity to CDDP
is known to be influenced by numerous parameters, includ-
ing increased glutathione content and enhancement of
DNA-repair synthesis [22]. No information is available as
to how DP itself causes cytotoxicity, but it must be remem-
bered that the synergistic interaction may result from an
effect of CDDP on cellular sensitivity to DP rather than the
other way around. Regardless of whether a DP-induced
increase in the uptake of CDDP might contribute to syn-
ergy, the observation that DP can increase CDDP uptake is
independently of interest.

The mechanism(s) by which CDDP enters cells is not
well characterized. There is strong evidence that some
fraction of the drug enters by simple diffusion; however,
the identification of inhibitors of uptake together with the
recent demonstration that activation of the protein kinase A
signal-transduction pathway can increase drug uptake ar-
gues in favor of a regulated route as well [12]. Itis not clear
whether an energy-dependent membrane pump is involved
in either of these processes; some investigators have pro-
posed that CDDP enters cells by passive diffusion [22].
Methionine uptake is different in CDDP-sensitive and -re-
sistant cancer cell lines [13]. The ability of DP to increase
CDDP uptake adds further support to the hypothesis that
some component of drug uptake occurs via a regulated
channel or transporter; other investigators have shown that
CDDP can interact selectively at the tumor cell-membrane
level. The effect of DP appears to be specific in that it is
saturable and does not occur in the simple bilayer-lipid
membranes of liposomes.

In summary, DP, which has no inherent growth-inhibi-
tory effect at the doses used in these studies, can potentiate
the cytotoxic effect of CDDP and FUra both alone and in
combination. Administration of FUra and CDDP before
DP produced marked antagonism in the resulting growth-
inhibitory effects, whereas a majority of synergistic effects
were observed for the inverse sequence. Further clinical
investigation would appear indicated.
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