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Abstract-The modulating effects of leucovorin on the synthesis of methotrexate (MTX) polyglutamates 
in the MCF-7 human breast cancer cell line have been investigated using a paired-ion high performance 
liquid chromatography (HPLC) system. Leucovorin decreased the intracellular level of h4TX and 
profoundly affected polyglutamate synthesis irrespective of whether it was administered with or after 
MTX. Inhibition of MTX polyglutamate synthesis was also observed when concentrations of leucovorin 
too low to affect intracellular levels of MTX were employed. Leucovorin did not promote efflux of 
MTX from the MCF-7 cells and did not affect the distribution of the retained drug amongst the various 
polyglutamate forms. 

Methotrexate (MTX) poly-y-glutamates consist of 
one or more glutamyl residues linked to MTX 
through y-carboxyl bonds and are analogous to the 
polyglutamyl derivatives of folic acid [l]. Metho- 
trexate polyglutamates are synthesized by a wide 
variety of cell types including L1210 [2], rat hepa- 
tocytes [3], human fibroblasts [4] and human breast 
cancer [5]. The highly anionic nature of these metab- 
olites suggests that they will not cross the cell mem- 
brane readily and hence longer chain derivatives 
will be preferentially retained. Although it has been 
reported that MTX polyglutamates could efflux from 
L1210 cells with the same facility as MTX [6]; it is 
generally accepted that MTX nolvrzlutamates are 
retained by cells [5,7]. More than 20 years ago it 
was reoorted that MTX could oersist in murine tissue 
for up’to 3 months after administration of the drug 
[8,9]. In addition MTXGl (MTX containing one 
additional y-glutamyl residue) may persist in human 
liver for periods of up to 6 months after admin- 
istration of the drug [lo]. The chronic toxicity associ- 
ated with MTX, leucoencephalopathy [ll], hepato- 
toxicity [12] and pulmonary fibrosis [13], may be in 
part explicable by the long-term accumulation of 
these metabolites. 

Methotrexate polyglutamates can bind to di- 
hydrofolate reductase [14] and are at least as good 
inhibitors of this enzyme as the parent drug [15,16]. 
The twin features of equal cytotoxicity and increased 
persistence in tissue makes the formation of these 
derivatives an important feature of the pharmacology 
of MTX. 

Leucovorin (calcium N*-formyl tetrahydrofolate) 
may rescue cells from the toxicity induced by MTX 
in vitro [17] and in uiuo [18]. Following parenteral 
administration, leucovorin is converted to @-methyl 
tetrahydrofolate [ 191 which may compete with MTX 
for transport into cells [20]. Once inside the cell, the 
reduced folate may be used to restore thymidine and 
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purine synthesis which had been inhibited by MTX. 
The ability of leucovorin to rescue cells is dependent 
on the concentration of MTX. Pinedo et al. [17] 
demonstrated that lo-‘M leucovorin could com- 
pletely abolish the toxicity associated with lo-‘M 
MTX in vitro. Rescue from 10m5 M MTX required 
10d3 M leucovorin and 10m4 M MTX resulted in tox- 
icity which leucovorin was unable to reverse. Rosen- 
blatt ef al. [21] reported that leucovorin and N*- 
methyl tetrahydrofolate could abolish the synthesis 
of MTX polyglutamates in human fibroblasts in vitro. 
However, these workers used an assay for MTX 
polyglutamates which could not resolve polyglu- 
tamates longer than MTXGl. Galivan and Nimec 
[22] showed that leucovorin prevented the synthesis 
of the higher mol.wt polyglutamate species following 
a short pulse with MTX in rat hepatoma cells. 

In the present study we have used a high resolution 
high performance liquid chromatography (HPLC) 
method to characterize the effect of a wide range of 
concentrations of leucovorin (10-9-10-5 M) on the 
synthesis of MTX polyglutamates in a human breast 
cancer cell line, MCF-7. 

MATERIALS AM) METHODS 

[3’,5’,7-3H]Methotrexate (TRK 224; sp. act. 
11.9 Ci/mmole) was purchased from Amersham 
International (Amersham, U.K.). The purity of the 
label was not less than 98% as determined by paper 
chromatography using n-butanol : pyridine : water 
(1: 1:l) as the eluent system. Methotrexate poly- 
glutamate standards were purchased from Dr. C. M. 
Baugh (University of S. Alabama, Mobile, AL). The 
MCF-7 cells were a gift from Dr. C. R. Green 
(University of Liverpool, U.K.) and originated from 
Dr. M. Lippman (N.I.H. Bethesda, MD). Foetal 
calf serum was purchased from Randox Laboratories 
(Crumlin, U.K.) and was exhaustively dialysed 
against physiological saline before use. Tetra- 
butylammonium hydrogen sulphate and bovine liver 
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dihydrofolate reductase (DHFR) was purchased 
from Sigma Chemical Co. (St Louis, MO, U.S.A.). 

Cell culture conditions. Approximately 5 x 105 
cells were plated onto petri dishes in Eagles Minimal 
Essential Medium supplemented with Earles salts, 
5% dialysed serum, 100 I.U. ml penicillin and 
100 pgg/ml streptomycin. The cells were grown in an 
air:COz atmosphere (95:5) at 37” for 72 hr. The 
medium was replaced with fresh medium containing 
10-‘M [3H]MTX with and without leucovorin. 
Influx of MTX and MTX polyglutamate formation 
was measured at various times up to 48 hr. At each 
time point the medium containing the tritiated drug 
was removed and the monolayer washed twice with 
an aliquot (3 ml) of ice-cold phosphate-buffered 
saline, pH 7.4 and once with an aliquot of 0.15 M 
phosphate buffer, pH 7.4. Efflux of the drug from 
the cells and the polyglutamate distribution of the 
retained drug was measured by preloadin the cells 
for 48 hr with medium containing lo-’ M 4 [ H]MTX. 
The monolayer was washed 3 times with sterile, ice- 
cold phosphate-buffered saline, pH 7.4. Drug-free 
medium (3 ml), with and without leucovorin, was 
added. Efflux of MTX from the cells was followed 
for periods of up to 24 hr. 

Measurement of intracellular drug levels. The cell 
monolayer was dissolved in l.OM NaOH (l.Oml). 
Radioactivity in an aliquot (500 ,ul) of the resulting 
solution was determined using a Rackbeta 1217 
liquid-scintillation spectrometer. The remainder of 
the solution was assayed for protein content [23] 
using human serum albumin to prepare the standard 
solutions. Results were expressed as fmoles MTX/ 
mg cell protein. 

Estimation of poly- y-glutamate formation. The cell 
monolayer was suspended in 0.15 M phosphate 
buffer, pH 7.4 (300 ~1) and transferred to a tapered 
centrifuge tube which was placed in a boiling-water 
bath for 10 min to inactivate intracellular peptidases. 
The cell debris was pelleted by centrifugation at 
10,000 g for 10 min and the supernatant was stored 
at -20” until required. 

Methotrexate and MTX polyglutamates were sep- 
arated using a paired-ion HPLC system (Waters 
Associates). The mobile phase was prepared by mix- 
ing the effluents of a model M-45 and a model 6000A 
pump under the direction of a model 720 system 
controller. Samples were injected onto a P-Bon- 
dapak Cl8 reverse-phase column (0.39 x 30 cm) 
using a model U6K injector. Solvent A consisted of 
10mM potassium dihydrogen phosphate, pH 7.0 
containing 10 mM tetrabutylammonium hydrogen 
sulphate and solvent B consisted of methanol. The 
column was irrigated at a flow rate of 1.5 ml min with 
25-32% methanol over 10 min and 32-42% methanol 
over 20 min. The retention times of MTX and MTX 
polyglutamates were determined by measuring the 
absorbance of the effluent at 254 nm using a model 
441 detector. Column effluent was collected into 
disposable scintillation-vial inserts using an LKB 
2112 Redirac fraction collector and radioactivity 
determined as described earlier. 

Estimation of dihydrofolate reductase levels. 
Approximately 5 X lo6 cells were plated onto tissue- 
culture flasks (75 cm2) and cultured for 3 days as 
described above. The cells were then exposed to 

medium containing lo-’ M [3H]MTX for 48 hr and 
then harvested and suspended in 0.1 M potassium 
phosphate buffer, pH 6.0 (2.0 ml). Following cell 
disruption by three cycles of freezing and thawing, 
an aliquot (200@) was removed for determination 
of total radioactivity and cell protein as described 
above. The remainder was centrifuged at 10,OOOg 
for 1 hr at 4” to pellet the cell debris. An aliquot 
(500 ~1) of the supernatant was applied to a calibrated 
column of Bio-Gel P30 (0.9 X 80 cm). The column 
was irrigated with 0.1 M potassium phosphate buffer, 
pH 6.0 at a flow rate of 10 min/ml and radioactivity 
determined in effluent fractions (1.0 ml). Levels of 
DHFR were expressed as pmoles DHFR mg/cell 
protein. 

Binding of methotrexate polyglutamates to dehy- 
drofolate reductase. An extract of MCF-7 cells con- 
taining MTX and MTX polyglutamates and 1 PM 
NADPH was incubated with bovine liver DHFR 
(3 ,ug) before being subjected to gel filtration on a 
Bio-Gel P30 column as described above with the 
exception that the irrigating buffer contained 
0.1 mg/ml bovine serum albumin and l.OpM 
NADPH. The distribution of the radioactive MTX 
amongst its polyglutamyl forms was measured by 
HPLC as described above. 

RESULTS 

When cell extracts containing MTX polyglu- 
tamates were subjected to analysis using HPLC, 
peaks of radioactivity corresponding to authentic 
polyglutamate standards (MTX-MTXGS, which 
contains five additional y-glutamyl residues) were 
detected. However, further peaks of radioactivity 
were detected which eluted from the column after 
MTXGS. These were provisionally designated 
MTXG6-MTXG8 on the basis of the relationship 
established by Cashmore et al. [24] between the 
logarithm of the adjusted retention time (tr’) and the 
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Fig. 1. Structure-retention time relationship for MTX poly- 
glutamates. Plot of log f,’ against the square root of the 
total number of glutamate residues (N) for MTX for 
MTXGS (N = 1-6, respectively). The function t,’ is given 
by the equation &’ = f, - co; where f, and to are the retention 
times of a polyglutamate species and the void volume of 
the column, respectively. Species eluting beyond MTXGS 

are provisionally designated MTXG6MTXG8. 
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Table 1. The percentage of radioactivity present in each of the poly- 
glutamate forms was determined using HPLC 

Species Percentage of radioactivity 

MTX 29.9 
MTXGl 8.6 
MTXGZ 2.1 
MTXG3 7.0 
MTXG4 15.9 
MTXGS 6.0 
MTXG6 6.0 
MTXG7 10.4 
MTXG8 14.1 
% of radioactivity eluting with DHFR 95.1 
% of radioactivity eluting with MTX 4.9 

The percentage of the radioactivity which could bind to DHFR was 
determined using gel filtration on a Bio-Gel P30 column (0.9 x 80 cm) 
and determining radioactivity in the column effluent. The values for 
polyglutamate composition are subject to an average error of about 7%. 

square root of the total number of glutamate residues 
(Fig. 1). The correlation coefficient of regression for 
this relationship (0.999) is comparable with the value 
of 0.995 obtained by Jolivet et al. [2.5]. Table 1 
shows that when cell extracts containing substantial 
amounts of the putative high-molecular-weight poly- 
glutamates were incubated with DHFR and sub- 
jected to gel filtration on Bio-Gel P30 more than 
95% of the radioactivity detected in the column 
effluent was associated with DHFR. The DHFR 
content of the MCF-7 cell line was determined to be 
2.3 2 0.2 pmoles/mg cell protein (mean 5 S.D. of 3 
determinations). 

Table 2 shows that leucovorin at concentrations 
greater than that of MTX (lo-’ M) caused a decrease 
in the 48 hr intracellular drug level, irrespective of 
whether the rescue agent was administered with 
MTX or delayed by 24 hr. In addition, leucovorin 
(10e6 M) decreased the intracellular drug level at all 
times during a 48-hr incubation with lo-‘M MTX 
(Fig. 2, P < 0.01). Leucovorin (lo-’ and 10esM) 
exerted a marked effect on the synthesis of MTX 
polyglutamates in comparison with control values, 
when cells were exposed simultaneously to MTX 
and leucovorin (Fig. 3a). These concentrations of 

leucovorin were sufficient to cause a shift in the 
distribution of the intracellular drug toward the lower 
molecular weight species. When leucovorin (in at 
least equimolar concentrations) was presented to the 
cells, little polyglutamate synthesis was observed. 

Cells treated only with MTX (1O-7 M) synthesized 
substantial amounts of MTX polyglutamates (Fig. 
4a). The intracellular levels of MTXGl and MTXG2 
rose at first and then declined as the proportion 
of the higher molecular weight species increased. 
However, at all times the single most abundant 
species was the parent drug. In marked contrast, 
cells treated simultaneously with MTX (lo-’ M) and 
leucovorin (10e6 M) showed virtually no poly- 
glutamate synthesis (Fig. 4b). Approximately 90% 
of the intracellular drug was in the form of MTX at 
all times during the 48 hr incubation. 

Since MTX and leucovorin are rarely co-admin- 
istered in the clinic, the effect of delayed admin- 
istration of leucovorin was investigated (Fig. 3b). At 
leucovorin concentrations less than that of MTX, 
little effect on polyglutamate synthesis was observed, 
although there was a slight increase in the con- 
tribution of MTX to the total intracellular drug level. 
Equimolar MTX and leucovorin resulted in an 

Table 2. Effect of leucovorin (1O-9-1O-5 M) on the intracellular level of MTX 
achieved after a 48-hr incubation with lo-’ M MTX 

Leucovorin 
concentration (M) 

0 
1o-9 
10-s 
lo-’ 
10-G 
10-S 

Intracellular drug concentration 
(fmoles MTX/mg cell protein) 

Simultaneous Delayed administration 
MTX + leucovorin of leucovorin 

5789 2 115 5789 f 115 
5849 2 78 (P > 0.1) 5701 2 241 (P > 0.1) 
5689 -c 5843 k 143 (P > 0.1) 187 (P > 0.1) 
5837 2 5634 2 68 (P > 0.1) 74 (P > 0.1) 
4978 2 5112 2 35 (P < 0.001) 95 (P < 0.002) 
4632 k 115 (P < 0.001) 5125 2 74 (P < 0.002) 

Leucovorin was administered following 24 hr of a 48-hr exposure of MCF-7 
cells to MTX (lo-‘M). Values shown mean k S.D. P values were assigned using 
Student’s t-test 
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Fig. 2. Influx of total drug following exposure of MCF-7 
cells to lo-’ M [3H]MTX in the presence or absence of 
leucovorin (10V6 M). Mean +. S.D. of 3 determinations. 

9 6 7 6 5 

increase in the proportion of the lower molecular 
weight species (G < 4) at the expense of the higher 
molecular weight species. Marked effects on poly- 
glutamate synthesis were observed at high con- 
centrations of leucovorin (1O-6 and 10m5 M) with the 
progressive abolition of the higher molecular weight 
species. 

When MCF-7 cells were exposed to lo-’ M MTX 
for 48 hr before being transferred to drug-free 
medium with or without leucovorin (10e6 M), no 
difference in overall drug efflux was observed (Fig. 
5). Similarly no pronounced difference in the poly- 
glutamate distribution of the retained drug was 
observed during the efflux period (Fig. 6). 

DISCUSSION 

The data presented in Fig. 1 and Table 1 have 
permitted the tentative identification of peaks of 
radioactivity which elute from the HPLC column 
after MTXGS as MTX polyglutamates, designated 
MTXG6-MTXG8. The retention times of the radio- 
active species are consistent with their being poly- 
glutamates (Fig. 1) according to the relationship 
established by Cashmore et al. 1241. Jolivet et al.[25] 
have used this relationship to confirm the identity of 
polyglutamate species detected in extracts from the 
MCF-7 cell line. The correlation coefficient of 
regression obtained in this study (0.999, Fig. 1) is 
comparable with that previously reported [25]. Fur- 
thermore, when cell extracts containing substantial 
amounts of the species (>30% of total radioactivity) 

lb) 
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Fig. 3. The effect of leucovorin (10-9-10-5 M) on the distribution of MTX amongst its polyglutamate 
forms. Cells were exposed to 10e7 M [3H]MTX for 48 hr. The cells were exposed to leucovorin either 
at the start of the incubation period with MTX (a, left panel) or 24 hr after commencement of the 

incubation with MTX (b, right panel). Key: 0, MTX; A, MTXGl-G3; n , MTXG4+. 
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(a) 
100 

Fig. 4. Accumulation of intracellular MTX and polyglutamates following exposure of MCF-7 cells to 
lo-’ M [3H]MTX in the absence (a, left panel) and presence (b, right panel) of 10m6 M leucovorin. 

tentatively identified as MTXG6-MTXGS were sub- 
jected to gel filtration using Bio-Gel P30 together 
with DHFR, over 95% of the radioactivity detected 
in the column effluent eluted at a position consistent 
with the radioactivity being bound to DHFR. There- 
fore it may reasonably be concluded that the peaks 
of radioactivity emerging from the HPLC column 
beyond MTXGS are MTXG6MTXGS. 

2), profound effects on the synthesis of MTX poly- 
glutamates were observed (Fig. 3a). No poly- 
glutamates with chain lengths G > 4 were syn- 
thesized throughout the 48-hr incubation period 
(Figs 3a and 4). 

The DHFR content of this cell line 
(2.3 -c 0.2 pmoles/mg cell protein) is in reasonable 
agreement with that (4pmoles/mg cell protein) of 
Jolivet et al. [25]. The intracellular level of MTX 
exceeded that of DHFR following approximately a 
10 hr incubation with lo-’ M MTX (Fig. 2). The 
intracellular level of MTX was still slightly in excess 
of that of DHFR following a 24 hr efflux period (Fig. 

5). 

When administration of the rescue agent was 
delayed by 24 hr, less marked effects on poly- 
glutamate synthesis were observed. This is consistent 
with the observations of Galivan and Nimec [22] who 
showed that addition of folinic acid to rat hepatoma 
cells in uitro after MTX treatment resulted in a 
partial rescue that was concentration and time depen- 
dent. However, Fig. 3b shows that low con- 
centrations of leucovorin (10e9 and low8 M) could 

Leucovorin, at concentrations equal to or greater 
than that of MTX, was able to affect the intracellular 
drug level following a 48 hr incubation with lo-’ M 
MTX (Table 2). However, leucovorin concentrations 
which were too low to affect the intracellular drug 
level could affect the polyglutamate distribution of 
the intracellular drug. When the cells were exposed 
to 10e9 and 10m8 M leucovorin simultaneously with 
MTX, the proportion of the intracellular drug pre- 
sent as MTX was increased (Fig. 3a). This is in 
contrast with the data of Rosenblatt et al. [21] who 
suggested that the reduced folates acted by com- 
peting with MTX for transport into the cell. In 
addition Fig. 3a suggests that leucovorin may com- 
pete with folylpolyglutamate synthetase, although it 
may also compete with MTX for transport into the 
cell at higher concentrations (Table 2). At leucovorin 
concentrations equal to or greater than that of MTX, 
which could affect the intracellular drue level (Table 

3oooj 

TIME (hr) 

Fig. 5. Total drug efflux from MCF-7 cells following a 
4%hr exposure to lo-’ M [‘HJMTX in the absence and 
presence of 10-6M leucovorin. Mean 2 SD. of 3 

o- ~- \----- determinations. 
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Fig. 6. Efflux of MTX and polyglutamates from MCF-7 cells following a 48-hr exposure to lo-’ M [3H]- 
MTX in the absence (a, left panel) or presence (b, right panel) of leucovorin (10d6 M). 

increase the contribution of MTX to total intra- 
cellular drug slightly, even when administration of 
the rescue agent was delayed by 24 hr. Higher con- 
centrations of leucovorin (10e6 and 10e5 M), which 
could affect the intracellular drug level (Table 2), 
reduced polyglutamate synthesis more markedly 
(Fig. 3b) with a progressive elimination of the syn- 
thesis of the higher molecular weight polyglutamates 
(G > 4). The difference between the polyglutamate 
distribution of the intracellular drug following a 48- 
hr exposure to lo-‘M MTX shown in Figs 3a and 
4a is caused by variations in initial cell density. A 
separate publication deals with this phenomenon 
1261. 

Although leucovorin may compete with MTX for 
transport into this cell line (Table 2), it did not 
promote drug efflux from the cells (Fig. 5) nor did it 
markedly affect the polyglutamate distribution of the 
retained drug during efflux (Fig. 6). This contrasts 
with the data of Nimec and Galivan [22] who 
reported that leucovorin promoted the loss of MTX 
polyglutamates from the H-35 rat hepatoma cell line. 
During the first 4 hr of efflux only about 30% of the 
intracellular MTX was lost from the cells (Fig. 6). 
This contrasts with previous results from this labora- 
tory [5] and results obtained by other workers [27], 
which showed that most of the intracellular MTX is 
lost after a few hours of efflux from cells preloaded 
with MTX polyglutamates, providing the intra- 
cellular drug level is in excess of that of DHFR. The 
data presented in Fig. 6 suggests that, given the 
absence of a rapid efflux of the parent drug, most of 
the MTX is DHFR-bound. Under such conditions a 
low rate of MTX efflux is to be expected, since 
the rate-limiting step in the efflux of MTX is the 
dissociation of the drug from DHFR. This, however, 
may not be the only explanation. Balinska et al. [28] 

exposed H-35 rat hepatoma cells to 1O-5 M MTX for 
16 hr when the intracellular drug level (48 @f) was 
in excess of that of DHFR (0.8 ,uM [14]). During a 
subsequent 6-hr efflux period, less than 40% of the 
parent drug was lost from the cells. At the end of 
the efflux period, the intracellular drug level was still 
in excess of the DHFR level. In this case the MTX 
cannot all be DHFR-bound since the intracellular 
level of the parent drug at the end of the efflux period 
was 5-fold that of DHFR. 

During the 24-hr immediately preceding the efflux 
period, little change in the distribution of the intra- 
cellular drug amongst its polyglutamyl forms 
occurred (Fig. 4a). An electrochemical and chemical 
equilibrium had been established. Hence no further 
synthesis occurred during the efflux period (Fig. 6). 
This is in contrast with the data of Jolivet and Chab- 
ner [27] who demonstrated continuing synthesis of 
MTXG4 during the first 6 hr of efflux at the expense 
of MTX and the lower molecular weight poly- 
glutamates. However, these authors used culture 
conditions (2 X 10e6 M MTX for 24 hr with MCF-7 
cells) which did not permit an equilibrium to be 
achieved. During the 12 hr preceding the com- 
mencement of the efflux period, major changes in the 
intracellular polyglutamate pattern were observed 
1272. 

In conclusion, the higher molecular weight poly- 
glutamates which efflux from human breast cancer 
cells less readily than the lower molecular weight 
species [5] and which are at least as active as MTX, 
may contribute to both the acute and chronic toxic 
reactions to MTX. Leucovorin can prevent the 
accumulation of the higher molecular weight poly- 
glutamates either when adminstered with, or more 
relevantly, after MTX. Furthermore, the effect of 
leucovorin on polyglutamate synthesis may be 
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observed even at concentrations of the rescue agent 
which are too low to affect the intracellular drug 
level. This study illustrates an additional mechanism 
whereby leucovorin may rescue cells from the toxic 
reactions associated with MTX. 
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