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Abstract Purpose: The cytotoxicity of the thymidylate
synthase (TS) inhibitor raltitrexed (RTX) is reversed by
supraphysiologic thymidine concentrations. Dipyrida-
mole (DP) blocks thymidine salvage (uptake) and
potentiates several chemotherapeutic agents in vitro.
The purpose of this study was to determine whether DP
is capable of potentiating RTX cytotoxicity in the
presence of physiologic thymidine concentrations.
Methods: We examined the e�ect of DP on RTX cyto-
toxicity in the presence of various physiologic thymidine
concentrations in eight colorectal adenocarcinoma cell
lines by colony formation assay, and in p53-defective
HL60 S and p53-competent HL60 SN3 promyelocytic
leukemia cells by a tetrazolium reduction-based assay.
Results: In WiDr colon adenocarcinoma cells the cyto-
toxicity of 1.0 lM RTX (4 h) varied from 0% to >99%
within the reported range of human serum thymidine
concentrations from 500 to <50 nM, respectively. DP
potentiated RTX cytotoxicity 2- to >93-fold within this
range. Free DP concentrations of 10 to 20 nM, achiev-
able with oral dosing, potentiated RTX at thymidine
concentrations up to 100 nM. Potentiation at higher
physiologic thymidine concentrations of ³200 nM
required DP concentrations of at least 50 nM, or about
twice the steady-state DP concentration obtainable from
oral and intravenous dosing, but well within that

obtainable by intraperitoneal infusion. Maximal poten-
tiation required 72 to 120 h of DP exposure. DP also
potentiated RTX in the absence of exogenous thymidine
in six of eight colon cell lines and HL60 S and SN3 cells
suggesting a second, nonthymidine salvage-dependent
mechanism of potentiation. Conclusions: Clinically
achievable free DP concentrations potentiated RTX
cytotoxicity within the range of physiologic serum thy-
midine concentrations. RTX/DP or DP analogue-based
combination therapy should, therefore, be considered
for clinical trial. Serum or tumor thymidine concentra-
tion determinations may aid in identi®cation of patients
likely to respond to TS and nucleoside salvage inhibitors
versus alternate, non-TS-directed therapies.
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Introduction

The antimetabolite drug raltitrexed (RTX, Tomudex,
ZD1694) is a quinazoline folic acid analogue and a
potent competitive inhibitor of thymidylate synthase
(TS), the enzyme responsible for the de novo synthesis of
the nucleotide thymidylate [1]. RTX has shown clinical
activity, particularly against colorectal cancer, where it
is as e�cacious as standard ¯uorouracil plus leucovorin
therapy [2].

Like that of other TS inhibitors, such as the proto-
type quinazoline antifolate CB3717, RTX cytotoxicity
can be prevented by supraphysiologic concentrations (10
to 100 lM) of the nucleoside thymidine. This is because
extracellular thymidine is taken up by cells and con-
verted to thymidylate by the salvage enzyme thymidine
kinase [1], thereby providing a means of bypassing TS.

While a whole array of model systems have been
derived for in vitro testing of antitumor drugs, arriving
at a realistic estimate of the antitumor activity that could
be expected from TS-directed drugs in vivo presents a
special challenge because of the e�ect of thymidine on
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their cytotoxicity. For example, the high thymidine
levels in mice compared to humans (at least tenfold
higher) have been shown to be su�cient to circumvent
TS inhibition by CB3717 [3]. On the other hand, in vitro
systems using dialyzed serum (in order to prevent
salvage of thymidine present in undialyzed serum) or
model tumors designed to be de®cient in thymidine
kinase [4] may present a falsely optimistic picture of TS-
directed antimetabolite activity in humans. This is be-
cause thymidine salvage is completely absent in such
systems. Although the physiologic serum concentrations
of purine and pyrimidine nucleosides are known, they
are rarely used in the in vitro analysis of antimetabolites.

Because of the possibility of tumor protection from
drugs by salvage enzymes, Weber has suggested that
antimetabolites targeting de novo pathways should be
combined with salvage inhibitors [5]. Dipyridamole (DP,
Persantine) is a nucleoside transport inhibitor in clinical
use for its antiplatelet and vasodilator activities. DP
potentiates the action of several cytotoxic drugs in vitro
including the antimetabolites methotrexate [6], ¯uoro-
uracil [7], and CB3717 [8]. Diverse agents potentiated by
DP include: Adriamycin, daunomycin, vincristine [9];
vinblastine [10]; doxorubicin [11]; etoposide [12];
cisplatin [13]; and others. DP's ability to potentiate these
drugs has been attributed to both inhibition of nucleo-
side uptake and blockage of the multidrug-resistance
P-glycoprotein membrane pump [9].

As RTX is a relatively pure TS inhibitor whose
activity is reversible by thymidine and DP e�ciently
blocks cellular thymidine uptake, its cytotoxicity should
be enhanced by DP. However, a rational proposal to use
this combination clinically should be based on data
indicating the anticipated e�ect of clinically achievable
levels of DP on the activity of RTX at thymidine levels
approximating those found in humans. Here we exam-
ined the e�ects of various combinations of DP and
physiologic thymidine concentrations on RTX cytotox-
icity in di�erent cell lines.

Materials and methods

Reagents

RTX (Tomudex) was provided by Zeneca (Wilmington, Del.).
Fetal calf serum (FCS) and dialyzed fetal calf serum (dFCS) were
from Gibco-BRL (Gaithersburg, Md.). RPMI-1640 culture medi-
um was from Irvine (Santa Anna, Calif.). l-Folinic acid was
generously provided by Dr. C. Paul Spears. Trypsin (0.05%)/
EDTA-4Na (0.02%) without Ca++ and Mg++ was from JRH
(Lenexa, Kan.). Methanol was from Fisher (Fair Lawn, N.J.) and
ethanol was from Gold Shield (Hayward, Calif.). All other
chemicals were purchased from Sigma (St. Louis, Mo.).

Colony formation assays

Cell culture was carried out in standard water-jacketed incubators
at 37 °C in an atmosphere containing 5% CO2. Colon adenocar-
cinoma cells were plated at 200 to 4000 cells per 60-mm culture dish
(Corning, Grand Island, N.Y.) in 5.0 ml of medium with 10% v/v
dFCS or FCS, and 24 h later treated with RTX for 4 h in the

presence or absence of DP. A 4-h RTX exposure was used to
approximate cellular exposure time from the 15-min intravenous
infusion used clinically where a triphasic decline of plasma RTX
concentration shows a mean b-phase half-life of 1.3 to 2.6 h [14].
Following each drug treatment cells were washed with Dulbecco's
phosphate-bu�ered saline and the medium replaced with fresh
medium. The medium was otherwise changed every 3 to 4 days
with or without drug treatment. Control dishes were manipulated
exactly as treated dishes. Added thymidine and/or folates were
present during the entire experiment where indicated. Dishes were
stained with 0.5% methylene blue w/v in methanol 10 to 14 days
after all RTX or DP treatments were completed. Visible colonies
were counted with a Lab-Line (Melrose Park, Ill.) model 1590
colony counter under 2´ magni®cation. Percent survival was
calculated as the ratio of the mean number of colonies formed in
triplicate treatment dishes to the mean number of colonies in three
or more control dishes.

MTS assays

Logarithmically growing HL60 S and SN3 suspension culture cells
were seeded into 24-well culture plates (Becton Dickinson, Franklin
Lakes, N.J.) at 100,000 cells/ml and exposed to RTX with or
without DP for 24, 48, or 72 h. Cell viability was then measured
in triplicate by spectrophotometric determination of 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophe-
nyl)-2H-tetrazolium, inner salt (MTS) reduction using a CellTiter
96 AQueous assay kit (Promega, Madison, Wis.).

Results

Raltitrexed cytotoxicity in colon tumor cell lines

RTX was potently cytotoxic against colon adenocarci-
noma cell lines in medium containing dFCS. RTX at a
concentration of 1 lM resulted in approximately 1.0%
survival or less in SW480, HT29, WiDr and RKO cells
(Fig. 1). LoVo and Colo 205 cells were more sensitive
with 1.0 lM RTX resulting in less than 0.1% survival,
while H630 and SW48 cells were relatively resistant to
1.0 lM RTX showing about 55% and 6.0% survival,
respectively (Fig. 1).

Fig. 1 Cytotoxicity of increasing concentrations of RTX in colon
adenocarcinoma cell lines in medium supplemented with dFCS.
Cytotoxicity is expressed as the average percent survival of control
colonies formed after a 4-h RTX treatment. The mean of triplicate
values from two experiments are shown
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Thymidine modulation of raltitrexed cytotoxicity
in WiDr cells

In medium containing dFCS and added thymidine at
50 nM or less, 1.0 lM RTX produced substantial
cytotoxicity (0.2% to 4.2% survival, Table 1). This
cytotoxicity was partially negated by 100 nM thymidine
(43.9% survival), nearly completely negated by 200 nM
thymidine (80.6% survival) and obliterated in the
presence of FCS (Table 1).

Dipyridamole potentiation of raltitrexed cytotoxicity

A 24-h exposure to DP concentrations of up to 5.0 lM
produced no appreciable toxicity in WiDr cells in
medium containing FCS (93.3 � 3.1% survival, Fig. 2).
When 2.5 lM DP was present during RTX treatment of
WiDr cells in medium containing FCS and for a total of
24 h, RTX cytotoxicity was restored to that seen in
medium containing dFCS without added thymidine
(Table 1, Fig. 2). DP also enhanced RTX cytotoxic
potency in the presence of physiologic thymidine
concentrations of 50 to 200 nM (Fig. 3). Both RTX
potency and potentiation by low-dose DP increased with
decreasing thymidine concentrations. DP at a concen-
tration of 2.5 lM potentiated RTX (at 50 nM, 100 nM
or 1.0 lM) by at least twofold even in medium
containing dFCS without added thymidine in six of the
eight cell lines tested (Table 2). Among the eight cell
lines the average RTX potentiation from 2.5 lM DP
was about 3.6-fold with a range of zero (0.9-fold) to
16.3-fold (Table 2). p53) HL60 S promyelocytic leuke-
mia cells, which do not express functional p53, were
resistant to RTX cytotoxicity compared to p53+ HL60
SN3 cells, which express transfected functional p53 [15]
(Fig. 4). DP at a concentration of 2.5 lM potentiated
RTX cytotoxicity in HL60 S and HL60 SN3 cells both
in the presence of 200 nM thymidine and in its absence
(Fig. 4).

Time course of the dipyridamole e�ect

Treatment of WiDr cells with 50 nM DP continuously
for 72 h after initiation of RTX exposure resulted in

98% of maximal cell kill. The maximal e�ect (0% sur-
vival) occurred with between 5 and 10 days of DP
exposure (Fig. 5).

E�ect of concomitant versus sequential
dipyridamole cotreatment

In WiDr cells the cytotoxicity of 50 nM RTX with
concomitant DP cotreatment (10 nM to 2.5 lM) essen-
tially did not di�er from sequential DP treatment
occurring just after RTX exposure (Table 3).

Table 1 Cytotoxicity of RTX with various thymidine concentra-
tions. WiDr cells were treated with 1.0 lM RTX for 4 h and cul-
tured in medium containing 10.0% dFCS alone or plus various
concentrations of thymidine, or 10.0% FCS alone. The mean �
SEM of triplicate values from separate experiments (n) are shown

Medium supplement Survival (%)

dFCS alone 0.2 � 0.08 (n = 3)
dFCS + 50 nM thymidine 4.2 � 1.0 (n = 3)
dFCS + 100 nM thymidine 43.9 � 11.5 (n = 3)
dFCS + 200 nM thymidine 80.6 � 6.4 (n = 5)
dFCS + 500 nM thymidine 105.5 (n = 1)
FCS alone 97.2 � 1.6 (n = 2)

Fig. 3 RTX potentiation in the presence of various concentrations
of thymidine and DP. WiDr cells were treated with 1.0 lM RTX
(4 h) in the presence of various concentrations of thymidine with
and without various concentrations of DP (24 h). The values
shown are the mean � SEM percent survival from two experi-
ments relative to RTX without DP. RTX alone produced
92.2 � 4.2% survival in the presence of 200 nM thymidine,
49.2 � 8.0% survival in the presence of 100 nM thymidine and
4.5 � 1.7% survival in the presence of 50 nM thymidine

Fig. 2 DP potentiation of RTX cytotoxicity in medium containing
FCS. WiDr cells were treated with DP (24 h) in medium containing
non-dialyzed FCS alone (h) or with a 1 lM RTX (4 h)
cotreatment (j). The solid line indicates 1 lM RTX alone. The
mean � SEM of triplicate values from two experiments are shown
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E�ects of exogenous folates on dipyridamole
potentiation of raltitrexed

In WiDr cells folic acid led to partial reversal of RTX
cytotoxicity (3.2-fold reduction), and to a lesser degree,
DP potentiation of RTX cytotoxicity (2.3-fold reduc-
tion), whereas folinic acid produced full reversal of both
RTX and DP-potentiated RTX cytotoxicity (Table 4).

Discussion

In this study, we sought to determine: (a) the extent to
which thymidine concentrations approximating those
found in human serum would obviate the activity of the
TS-directed antifolate RTX; and (b) the extent to which
clinically achievable concentrations of DP could reverse
the negative e�ects of thymidine on RTX activity.
Reported mean human serum thymidine concentrations
range from 130 to 360 nM in normal subjects and 160 to
200 nM in cancer patients, and individual values range
from less than 40 to 870 nM [16, 17]. As shown in
Table 1, a thymidine concentration of 100 nM, which is
in the low to mid portion of the range found in humans,
was su�cient to increase cell survival in the presence of

Table 2 Potentiation of RTX cytotoxicity by DP in colon adeno-
carcinoma cell lines. Cells were exposed to RTX (4 h) in medium
containing 10% dFCS with or without 2.5 lM DP (24 h). Average

values from 2 or more experiments are shown. The percent survival
of DP alone ranged from 72.1 to 112.6% for all cell lines,
mean = 92.5 � 3.8 (n = 10)

Cell line Survival (%)

50 nM RTX 100 nM RTX 1.0 lM RTX

Without
DP

With
DP

Fold
potentiation

Without
DP

With
DP

Fold
potentiation

Without
DP

With
DP

Fold
potentiation

WiDr 27.4 6.1 4.5 12.8 3.1 4.2 ± ± ±
HT29 43.7 12.5 3.5 21.3 4.9 4.3 ± ± ±
RKO 9.7 3.5 2.8 25.7 7.6 3.4 ± ± ±
Colo 205 2.2 2.6 0.9 2.0 1.4 1.4 ± ± ±
SW480 53.5 45.3 1.2 35.4 32.0 1.1 ± ± ±
SW48 59.1 30.0 2.0 57.9 31.3 1.9 ± ± ±
LoVo 5.9 0.4 16.3 0.4 0.1 3.1 ± ± ±
H630 ± ± ± ± ± ± 53.8 15.14 3.5

Fig. 4A±F RTX cytotoxicity in p53) and p53+ HL60 cells in the
absence (A±C) and presence (D±F) of 200 nM thymidine, with and
without 2.5 lM DP (h HL60 S cells without DP, j HL60 S cells
with DP, s HL60 SN3 cells without DP, d HL60 SN3 cells with
DP). The mean of triplicate values are shown

145



1.0 lMRTX from near zero without added thymidine to
almost 50%. As thymidine concentrations increased to-
ward the high end of the human serum range, cells were
completely protected against RTX (Table 1). These re-
sults indicate that thymidine levels found in humans can
in¯uence the activity of RTX, and, considering the pre-
viously observed variability of human serum thymidine
concentrations, suggest that in order to predict the e�-
cacy of TS-directed agents such as RTX, serum or tumor
thymidine levels need to be taken into account along with
tumor TS levels. This may be more important with pure
TS inhibitors such as RTX, in contrast to ¯uoropyrimi-
dines, for example, since ¯uorouracil's toxicity has also
been partially attributed to direct e�ects on RNA [18].

Previous studies have shown that TS expression levels
are important in determining response to ¯uorouracil in
gastrointestinal cancers [19]. Tumors with high TS
expression have been found to be resistant to ¯uoro-
uracil-based therapy, but many tumors with low TS
levels, which would normally be a favorable condition
for response, are also nonresponsive. The ®ndings of this

study suggest the possibility that some fraction of
tumors with low TS levels do not respond to ¯uorouracil
because those patients have su�ciently high thymidine
levels to decrease the e�ectiveness of TS inhibition.
Moreover, it has been shown that RTX treatment itself
can lead to increased thymidine kinase activity and
nucleoside transporter expression in vitro [20], thereby
increasing the activity of the salvage pathway.

Clinically achievable free DP plasma levels are
limited by extensive serum protein binding, largely to
a1-acid glycoprotein, the levels of which vary in cancer
patients and are a potentially important determinant of
obtainable free DP concentrations [21]. Hendrix et al.
[22] reported free DP peak plasma concentrations of
18.4 to 30.8 nM (mean 24.1 nM) from 450 mg DP di-
vided into six oral doses daily, concentrations similar to
steady-state free DP plasma levels (mean 27.8 nM)
obtainable by continuous intravenous infusion [23]. To
address the question as to whether clinically achievable
free DP levels could be expected to alter the e�ect of
thymidine on RTX activity in vivo, we measured the
e�ect of DP on restoration of RTX sensitivity of cells at
various DP doses. In culture medium supplemented with
10% FCS, 75±100% of DP is non-protein bound, i.e.
free [24]. DP potentiated RTX in the presence of phys-
iologic thymidine concentrations from less than 50 nM
to 200 nM or more1 (Figs. 2±5). This potentiation was
quite sensitive to DP, being observable even at 10 nM
(Fig. 3). Thymidine concentrations in serum may
underestimate those found in areas of high cell turnover,
such as tumor margins. Conversely, a large tumor
burden of actively dividing cells with a large salvage
capacity could deplete local thymidine in a manner
similar to a large number of proliferating cells in culture
[3]. Nevertheless, our data show that 20 to 30 nM DP
could be expected to potentiate the activity of RTX at
thymidine concentrations up to 100±200 nM, which is
within the range of thymidine levels found in humans.

Higher free DP levels capable of potentiating RTX at
higher thymidine concentrations may be obtained via
localized infusions. Intraperitoneal infusion of DP and
methotrexate has been used to treat advanced ovarian
and gastrointestinal cancers predominantly con®ned to
the peritoneal cavity with which a mean steady-state free
DP concentration of 11.7 lM has been achieved [25].
A combination of RTX and DP as a localized infusion
may prove e�ective for compartmentalized disease such
as intraperitoneal carcinomatosis, primary bladder tu-
mors, or intrathecal or paraventricular neurological tu-
mors. Kelland et al. [26] found no cross-resistance
between RTX and platinum-based drugs in RTX- and
cisplatin-resistant cell lines and suggested these drugs be
considered for combination chemotherapy. Since DP
enhances cisplatin activity, a regimen including DP with
RTX and a platinum-based drug should be highly
potent.

Fig. 5 Time-course of the e�ect of DP on RTX cytotoxicity. WiDr
cells were treated with 1.0 lM RTX and 50 nM DP for 4 h in
medium supplemented with dFCS and 200 nM thymidine. Identi-
cal medium containing 50 nM DP without RTX was replaced and
incubation continued for various lengths of time. The means of
triplicate values from two experiments are shown (h, j)

Table 3 Potentiation of RTX cytotoxicity by concomitant vs. se-
quential DP treatment. WiDr cells were treated with 50 nM RTX
for 4 h in medium containing 10% dFCS with or without 200 nM
thymidine. DP was added during RTX treatment (concomitant) or
just following RTX treatment (sequential ) and continued for 72 h

Treatment Fold potentiation

Concomitant Sequential

RTX + 10 nM DP 1.6 2.0
RTX + 20 nM DP 2.1 2.0
RTX + 2.5 lM DP 2.8 3.2
RTX + 2.5 lM DP
+ 200 nM thymidine

3.2 3.8

1We estimate that RPMI-1640 medium supplemented with 10%
FCS contains 300 to 500 nM thymidine
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The potentiation of RTX by DP was highly time-
dependent (Fig. 5). The time-course for the sensitization
e�ect of DP is similar to that of ``thymineless death''
produced by RTX against WiDr cells reported previ-
ously in medium containing dFCS [27] and represents
the time-course of irreversible cytotoxicity resulting
from interruption of thymidylate synthesis and thymi-
dine salvage. The lack of substantial di�erence between
concomitant or sequential RTX-DP cotreatment
(Table 3) suggests that DP does not signi®cantly inter-
fere with RTX metabolism or uptake. Clinical DP
loading could therefore occur prior to or during RTX
exposure. Drug administration sequence is important
with other compounds potentiated by DP, e.g. cisplatin,
cytosine arabinoside, or tiazofurin [13, 28, 29], and
would have to be considered in multiple drug regimens
including those agents.

Interestingly, we found that DP potentiated RTX
even in the absence of exogenous thymidine in six of the
eight colon adenocarcinoma cell lines and in HL60
promyelocytic leukemia cells (Tables 2, 3; Fig. 4A±C).
This suggests a second non-thymidine salvage-depen-
dent mechanism of action active in most, but not all, of
the colon adenocarcinoma cell lines. DP restored the
RTX sensitivity of p53) HL60 S cells to that of p53+

HL60 SN3 cells in the presence or absence of added
thymidine (Fig. 4). In fact, the ratios of cytotoxicities of
RTX + DP over RTX alone were greater for p53) cells,
i.e. potentiation was greater, indicating a possible se-
lectivity of DP-RTX potentiation for p53) cells.

The data in Table 3 show that both folic acid and
folinic acid protected cells against RTX, but the
protection by folic acid was reversed by DP whereas that
of folinic acid was not. Although a direct e�ect of DP on
folic acid transport remains to be shown, these obser-
vations tend to indicate that the mechanism of the non-
salvage potentiation e�ect of DP may involve decreased
intracellular folate pools due to inhibition of folic acid
uptake via the membrane folate binding protein. Lower
levels of folic acid metabolites in cells would be expected
to enhance the e�ciency of RTX polyglutamation and
binding to TS.

Serum levels of thymidine normally found in humans
can substantially decrease the antitumor activity of
RTX, thereby attesting to the importance of inhibiting
thymidine salvage for optimal therapeutic use of this
drug. The nucleoside transport inhibitor DP at its clin-
ically achievable plasma levels can be expected to

resensitize tumors to RTX in a subset of patients with
thymidine levels toward the low to mid range found in
humans. In the presence of higher thymidine levels a DP
analogue such as BIBW 22, which is reportedly seven-
fold more potent than DP at blocking nucleoside
transport [30], may be more e�ective. Salvage might be
further inhibited by the addition of the thymidine kinase
inhibitor azidothymidine (AZT) to an RTX/DP regi-
men. In vitro AZT potentiates ¯uorouracil plus DP and
enhances RTX cytotoxicity [31, 32]. The addition of
RTX/DP to AZT might be e�ective against AIDS-
related neoplasms or enhance inhibition of viral repli-
cation [22]. However, as with all cytotoxic therapies in
AIDS, bone marrow suppression could be problematic.

Clinical trials of combination therapy consisting of
RTX, DP (or a DP analogue) and a third agent poten-
tiated by DP, such as cisplatin or vinblastine, appear
warranted, particularly against refractory malignancies
such as colorectal, gastric, pancreatic, and non-small-cell
lung cancers where in vivo DP potentiation of ¯uoro-
uracil-based chemotherapy has been clinically suggested
[33±37]. Studies comparing patient serum thymidine
levels to clinical response to RTX, RTX plus a DP-like
agent, or even ¯uorouracil, may also be warranted, since
patients identi®ed as having high thymidine levels may
respond more favorably to alternate, non-TS-directed
therapies.
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