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Abstract-MTX and dipyridamole are synergistic in their toxicity towards the MDA.MB.436 human 
breast cancer cell line. Dipyridamole increases net MTX uptake into the cells and increases the 
intracellular levels of MTXG7 to GlO, the highest molecular weight polyglutamyl derivatives of MTX 
detected. During a recovery period, after completion of exposure to MTX with and without dipyridamole, 
levels of MTXG7 to GlO remained elevated in dipyridamole treated cells by comparison with controls. 
Dipyridamole, which has no intrinsic effect on cell growth, transforms a cytostatic response of 
MDA.MB.436 cells towards MTX into a cytotoxic response. The effect of dipyridamole is not mediated 
through an increase in prostacyclin biosynthesis. 

The poly-y-glutamyl derivatives of methotrexate 
(MTX), first detected in human lymphocytes by 
Baugh et al. [l], have now been observed in a wide 
variety of cell types [2-4] including human breast 
cancer [5-121. The polyglutamates bind to di- 
hydrofolate reductase (DHFR) with an equal affinity 
to MTX but show decreasing values of k,,@ (the 
dissociation rate constant) with increasing chain 
length [13]. Furthermore, the polyglutamates are 
retained by cells, their half life of retention increasing 
with increasing y-glutamyl chain length [lo]. Hence 
the synthesis of high molecular weight polyglu- 
tamates in vitro and in vivo may explain the per- 
sistence of MTX and the toxicity of the drug observed 
previously [ 141. 

Dipyridamole (Persantin) is an anti-platelet drug 
and is indicated for use in cases of thromboembolism 
and angina. It acts by increasing prostacyclin biosyn- 
thesis and inhibition of CAMP phosphodiesterase 
[15]. It is also known to inhibit the active transport 
systems of nucleosides [16]. Furthermore, the action 
of avicin, an inhibitor of de novo nucleotide biosyn- 
thesis is potentiated by dipyridamole in vitro [17]. 

Two recent reports by Cabral et al. [18] and Nelson 
and Drake [19] have shown that dipyridamole may 
potentiate the cytotoxicity of MTX in vitro and in 
vivo. Cabral and co-workers reported that dipy- 
ridamole inhibited cytidine and thymidine uptake by 
Sarcoma-180 cells. They also observed that 10m5 M- 
dipyridamole enhanced MTX accumulation and dim- 
inished MTX efflux in these cells [18]. Nelson and 
Drake reported that dipyridamole potentiated MTX 
toxicity against CHO cells in vitro but failed to 
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enhance significantly the toxicity of MTX against 
Ridgeway osteogenic sarcoma and L1210 cells which 
had been implanted into AKR and BD2F1 mice, 
respectively [ 191. 

The present study was initiated to investigate the 
interactions between MTX and dipyridamole in a 
human breast cancer cell line (MDA-MB-436). The 
influence of dipyridamole on the formation and 
retention of MTX polyglutamates and on the drug- 
induced growth delays was studied. 

MATERIALS AND METHODS 

3’,5’,7-[3H] Methotrexate (TRK 224; specific 
activity 11.9 Ci/mmole) was purchased from Amer- 
sham International PLC (Amersham, U.K.). The 
purity of the label was not less than 98% as deter- 
mined by paper chromatography using n- 
butanol:pyridine:water (1:l:l) as the eluent system. 
MTX polyglutamate standards were purchased from 
Dr. C. M. Baugh (University of South Alabama, 
Mobile, AL, U.S.A.). The MDA-MB-436 cell line, 
the characteristics of which have previously been 
described [20], were obtained from Flow Lab- 
oratories Ltd. (Irvine, Scotland). Foetal calf serum 
was supplied by Randox Laboratories (Crumlin, 
U.K.) and was dialysed extensively against physio- 
logical saline before use. Dipyridamole, indo- 
methacin and arachidonic acid were obtained from 
the Sigma Chemical Corporation. 

Cell culture conditions. Cells (5.103cm-‘) were 
plated onto petri dishes (20 cm* surface area, Sterilin 
Ltd.) in Eagles Minimal Essential Medium sup- 
plemented with Earles salts, 5% dialysed serum, 
penicillin (100 i.u./ml) and streptomycin (100 pg/ 
ml). The cells were grown for 72 hr in an air:C02 
(95:5) atmosphere at 37” and were then exposed to 
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fresh medium containing 10-‘M-[JH]-MTX with or 
without dipyridamole, indomethacin or arachidonic 
acid, as appropriate. 

Following exposure of the cells to the test media 
for 48 hr the cell monolayer was washed twice with 
ice-cold isotonic phosphate buffered saline pPI 7.4 
(3.0 ml) and once with ice-cold 0.15 M sodium phos- 
phate, pH 7.4 (3.0 ml). 

The measurement of intracellular drug levels, di- 
hydrofolate reductase levels and extraction of MTX 
polyghrtamates from the cell monolayers was 
accomplished as described previously fll]. Cells for 
growth delay experiments were plated onto 24-well 
mu~tiwell dishes (Flow Laboratories, FE-1624-TC) 
at a density of 5. lo3 cells/cm2 in medium as described 
above. Following a 72 hr incubation, cell number was 
determined electronic~ly using a Coulter Counter 
(Model ZBl, Coulter Electronics, England). The 
cells were then exposed to fresh medium containing 
lo-’ M-MTX and/or 10e5 M-dipyridamole, as 
appropriate. After a 48 hr exposure to the test media, 
the cell number was determined and the medium 
replaced with drug free medium. Thereafter, the 
cells were re-fed and cell number determined every 
three days for 18 days. 

High pressure liquid chromatography. MTX and 
MTX poly8lutamates were separated using a paired- 
ion HPLC system (Waters Associates). The mobile 
phase was prepared by mixing the effluents of two 
model 580 pumps under the direction of a model 680 
Automated Gradient Controller as described earlier 
[ll]. Column effluent was collected as 27 drop frac- 
tions into disposable scintillation vial inserts using 
an LKB 2112 Redirac fraction collector. 

Scintillation fluid (4ml of 0.2% PPO in 
toluene:Triton X-100 2:l (v/v)) was added and radio- 
activity determined using a Rackbeta 1217 liquid 
scintillation spectrometer. Recovery of rad~oacti~ty 
from the HPLC column was 92.0 + 8.9% (mean 4 
SEM). 

RESULTS 

The MDA-MB-436 cell line can synthesize poly- 
~-glut~yl derivatives of MTX with up to 10 
additional y-giutamyl residues (MTXGlO) as 
described earlier [ 121. 

Dip~damole (10-8-10-6 M) failed to affect the 
intracellular level of MTX following co-exposure of 
the cells to dipyridamole and [3H]-MTX for 48 hr 
(6.75 rt: 0.39 pmoles/mg cell protein). However, 
10s5 M d~p~damole increased that intracellu~~ 
level of MTX to 9.01 + 0.44 pmoles/mg cell protein, 
equivalent to an increase in the free intracellular 
drug level of about 40%. (The DHFR level is 
0.91 f O.lOpmoles/mg cell protein 1121.) This con- 
centration of dipyridamole produced a 56% increase 
in the amount of MTXG7 to MTXGlO present in 
the cells at the end of the incubation period (Fig. 1). 
A smaller increase (34%) in the amount of MTXGl 
to MTXG3 was also observed. At lower con- 
centrations of dipy~damole (10-8-10-6 M) there 
were no significant alterations in the intracellular 
amounts of MTX to MTXG6. However, there were 
slight increases in the levels of the highest molecular 
weight po~yglutamates. At 10e4 M, dipyr~damole 
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Fig. 1. The effect of dipyrid~ole on iatracelIu1~ noiv- 
gi&+mate formation. MDA.MB.436 cells were c&red 
for 72hr before beine exuosed to lo-‘M-13Hl-MTX for 
48 hr in the presence and ibsence of d~~~~~a~ole (lOVs- 
10W5 M). The values represent a mean from two experi- 
ments and are subject to an average error of less than 7%. 
Key: MTX (+); MTXGI to G3 (a); MTXG4 to G6 (A); 

MTXG7 to GlO (0). 

caused cell death during the 48 hr exposure to the 
drug combination (data not shown). 

Cells exposed to 10e7 M [3H]-MTX with and with- 
out 10ms M-~pyrid~ole for 48 hr were transferred 
to drug-free medium for a 24 hr efflux period. The 
dipyridamole treated cells retained more MTX than 
the control cells throughout the efflux period 
(PC 0.05, Student’s t-test; data not shown). The 
polyglutamate pattern of the retained drug is shown 
in Fig. 2. MTX to MTXGB decreased to similar levels 
in the treated and control cells by the end of the 
effhrx period. However, MTXG7 to MTXGlO levels 
in dipyridamole treated cells were still 40% in excess 
of those in the control cells at the end of the efflux 
period. Lower concentrations of dip~idamole 
(10-8-10-6 M) failed to affect (P > 0.1, Student’s t- 
test) either the amount of drug retained after the 
24 hr efflux period (3.84 t 0.10 pmoles/mg cell pro- 
tein) or the ~~yglutamate dist~bution of the 
retained drug (Fig. 3). 

The effect on cell number of a 48 hr exposure of 
MDA-MB-436 cells to MTX (10m7 M) and dipy- 
ridamole (low5 M) separately and together is shown 
in Fig. 4. Dipyridamole-treated cells were unaffected 
by the drug and grew at the same rate as control 
cells. MTX, under the conditions employed, was 
cytostatic, rather than cytotoxic, with no change in 
ceil number being observed for five days after the 
start of the treatment. in marked contrast, however, 
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Fig. 2. MTX polyglutamate content during efflux of MTX from MDA.MB.436 cells preloaded with 
MTX in the presence and absence of dipyridamole. MDA.MB.436 cells were cultured for 72 hr before 
being exposed to lo-’ M-[3H]-MTX alone or with 10m5 M dipyridamole for 48 hr. The cells were 
transferred to a drug-free medium and intracellular polyglutamate formation assessed at various times 
during a 24 hr recovery period. Values represent a mean from 2 experiments and are subject to an 
average error of less than 7%. Key: MTX (+); MTXGl to G3 (W); MTXG4 to G6 (A); MTXG7 to 

G10 (0). 

the number of dipyridamole plus MTX-treated cells 
fell by 67% during the same period. 

Neither arachidonic acid (10-10-10-7 M), a pre- 
cursor of prostacyclin, nor indomethacin (lOWg- 
10e5 M), an inhibitor of fatty acid cyclooxygenase, 
affected either the intracellular level of MTX or the 
polyglutamate distribution of the intracellular drug 
in the absence and presence of 10e5 M dipyridamole 
(data not shown). 
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Fig. 3. The effect of dipyridamole on MT’X polyglutamate 
retention by MDA.MB.436 cells following a 24 hr recovery 
period. MDA.MB.436 cells were cultured for 72 hr before 
being exposed to lo-’ M-13H]-MTX and dipyridamole (0 
and 10-8-10-5 M) for 48 hr. The cells were transferred to 
drug free medium and intracellular polyglutamates assessed 
at the end of a 24 hr recovery period. Values represent a 
mean from two experiments and are subject to an average 
error of less than 7%. Key: MTX (+); MTXGl to G3 (W); 

MTXG4 to G6 (A); MTXG7 to G10 (0). 
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Fig. 4. The effect of MTX plus dipyridamole in combination 
on cell growth. MDA.MB.436 cells were cultured for 72 hr 
before being exposed to drug free medium (+), 10-‘M 
MTX (A), lo- M dipyridamole (0) and lo-‘M MTX 
plus 10m5 M dipyridamole (a) for 48 hr. Cell number was 
determined and the cells transferred to drug free medium. 
Cell number was determined and the cells re-fed every 3 
days for 18 days. Values represent a mean from quad- 
ruplicate wells and are subject to an average error of less 

than 10%. 
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DISCUSSION 

The synthesis of poly-y-glutamyl derivatives of 
MTX, with up to 10 additional y-glutamyl residues 
[ll, 121 by the MDA.MB.436 human breast cancer 
cell line is highly dependent on the rate of cell 
proliferation [12]. The metabolites can bind to 
DHFR [ 111 and are highly retained by the cells since 
retention half life increases with the y-glutamyl chain 
length [lo]. 

The present study illustrates that dipyridamole can 
alter the intracellular kinetics of MTX and its poly-y- 
glutamyl derivatives. The intracellular level of MTX 
was increased by 33% when cells were co-cultured 
with dipyridamole (10e5 M) and MTX (lo-’ M) for 
48 hr. This increase was almost entirely accounted 
for by a 56% increase in the intracellular levels of 
MTXG7 to GlO (Fig. 1). 

Throughout a 24 hr recovery period the increase 
in MTXG7 to GlO was maintained in dipyridamole 
treated cells (Fig. 2). Hence total intracellular drug 
levels in dipyridamole-treated cells exceeded those 
in control cells at all times during the recovery period 
(data not shown). Lower concentrations of dipy- 
ridamole (1O-s-1O-6 M) failed to exert a significant 
effect on drug influx and efflux or on polyglutamate 
synthesis (Fig. 1) or retention (Fig. 2). This is in 
agreement with Cabral et al. [18], who observed that 
the enhancement of MTX accumulation in Sarcoma 
180 cells was optimal at a dipyridamole concentration 
of 10-5M. 

That the interaction between MTX and dipy- 
ridamole is synergistic, is shown by Fig. 4. Dipy- 
ridamole alone failed to affect cell growth, but, in 
combination with MTX, transformed the cytostatic 
effect of MTX into a cytotoxic effect. A marked 67% 
reduction in cell number was observed in the five 
days after the start of exposure to the drug combi- 
nation, as opposed to a maintenance of cell number 
during the same period following exposure of the 
cells to MTX alone. 

The present study confirms the observations of 
Cabral et al. [18] and of Nelson and Drake [19] that 
dipyridamole can increase the cytotoxicity of MTX 
and that this correlates with an increase in intra- 
cellular drug levels [ 181. However our results suggest 
an additional mechanism by which this effect is 
mediated. Not only are the intracellular drug levels 
increased, but the synthesis of the highest molecular 
weight polyglutamates (G7 to GlO) is also increased. 
This may explain the decreased rate of loss of drug 
from cells observed previously [18]. However, the 
conditions used in that study (influx and efflux 

periods of less than 1 hr [18]) do not favour extensive 
polyglutamate formation. Accordingly, their results 
may have an alternative explanation. The mechanism 
by which dipyridamole increases intracellular drug 
levels and modulates polyglutamate biosynthesis in 
unclear. However, it is unlikely to be mediated by 
an increased rate of biosynthesis of prostacyclin, 
since arachidonic acid and indomethacin did not 
affect either the uptake of MTX or the biosynthesis 
of MTX polyglutamates (data not shown). Further 
studies are required to determine the precise mech- 
anism of dipyridamole-induced changes in MTX 
transport and metabolism. 
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