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Abstract

Purpose Nucleoside and base modulation of the cyto-

toxicity of nucleic acid and folate antimetabolite drugs has

been widely discussed. Many investigators have observed

reduced toxicity due to circumvention of drug-induced

inhibition of de novo purine and pyrimidine synthesis.

However, exogenous purine nucleosides and bases may

also enhance the cytotoxicity of even moderate concen-

trations of antifolate drugs (MTX and PTX) which inhibit

dihydrofolate reductase. In this study, the effects of

nucleosides in the medium on the cytotoxicity and deox-

yribonucleoside triphosphate pools after brief exposure of

cultured cells to methotrexate have been studied in cultured

L1210 murine leukaemia cells.

Methods Cell viability was determined by trypan blue

exclusion assay. Colony formation was assessed by mic-

rotitration cloning assay. The deoxyribonucleotides were

measured by a modification of the DNA polymerase assay.

Purines were extracted with trioctylamine and 1,1,2-

trichlorotrifluoroethane buffer and concentrations of purine

bases were determined by HPLC.

Results Subculture of drug-treated cells in fresh medium

containing 10% FCS led to greater toxicity than sub culture

in ‘conditioned’ medium, i.e. fresh medium in which

logarithmically growing cells had been cultured for 24 h

before separation. Cells resuspended in fresh medium had

increased dATP and sustained inhibition of dTTP levels,

while cells subcultured in ‘conditioned’ medium had no

elevation of dATP. Hypoxanthine concentration determined

by HPLC in ‘conditioned’ medium was 0.9 lM compared to

6.7 lM in fresh medium. Resuspension of drug-treated cells

in conditioned medium supplemented with 10 or 100 lM

HX enhanced cytotoxicity and increased the dATP levels.

Conclusion These results add further evidence that pur-

ines present in normal culture conditions are important

determinants of methotrexate cytotoxicity. Elevation of

dATP levels after methotrexate treatment is an important

modulator of cytotoxicity.
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Abbreviations

MTX Methotrexate

HX Hypoxanthine

PTX Piritrexim

DHFR Dihydrofolate reductase

DP Dipyridamole

HPLC High pressure liquid chromatography

FCS Foetal calf serum

HCIO4 Perchloric acid

CMF Cyclophosphamide methotrexate fluorouracil
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and antifolate drugs have been studied for many years

[1–6]. These bases or nucleosides not only may disturb

drug anabolism to cytotoxic metabolites, but also salvage

may circumvent the inhibition of key enzymes of de novo

purine or pyrimidine synthesis. The presence of nucleo-

sides and bases in human and animal sera is well docu-

mented [7–11], and particularly high purine levels have

been detected in bone marrow presumably derived in part

from catabolism of nuclei during erythrocyte maturation

[12]. Nucleotides, which are also present in human serum,

may be catabolised by extracellular nucleotidases found in

serum, and by ecto-enzymes bound to the external surface

of the plasma membrane [13]. The hypoxic environment in

tumour with or without the presence of necrosis is also

likely to increase regional concentrations of nucleotides,

nucleosides and bases [14].

Nucleoside and base modulation of the cytotoxicity of

antimetabolite drugs has been widely discussed [6, 14, 15].

Many investigators have observed reduced toxicity due to

circumvention of drug-induced inhibition of de novo pur-

ine and pyrimidine synthesis. However, exogenous purine

nucleosides and bases may also enhance the cytotoxicity of

even moderate concentrations of antifolate drugs (MTX

and PTX) which inhibit dihydrofolate reductase [2, 6, 16,

17]. These studies have lead us to propose that when dTTP

levels are reduced, elevation of dATP pools is the main

cytotoxic mechanism of purine potentiation of cytotoxicity

of DHFR inhibitors, and perhaps also an important deter-

minant of antifolate toxicity per se. In present study, we

investigate the effects of nucleosides in the medium on the

cytotoxicity and deoxyribonucleoside triphosphate pools

after brief exposure of cultured cells to methotrexate.

Materials and methods

Chemicals and reagents

Methotrexate (MTX) was obtained (in solution 25 mg/ml)

from David Bull Laboratories (Lexia Place, VIC, Austra-

lia). Purine bases and nucleosides were purchased from

Sigma and P.L. Biochemicals Inc (Milwaukee, WI, USA).

Hypoxanthine (HX) was made up as a 10 mM solution and

10 M sodium hydroxide was added drop wise until the drug

was dissolved. [8-3H]dATP and [methyl-3H]dATP were

purchased from the Radiochemical Centre Amersham

(UK). DNA polymerase (Klenow fragment) was obtained

from Pharmacia (Piscataway, NJ, USA). Polydeoxyade-

nylate–deoxythymidylate template was purchased from

Miles Laboratories (Elkhart, IN, USA) and Sigma. 0.2%

trypan blue was purchased from Flow Laboratories, Ryde

NSW, Australia.

Cell culture

L1210 murine leukaemia cell line was grown as suspension

cultures at 37�C in RPMI 1640 media (Multicoil Biosci-

ence, NSW, Australia) supplement with 10% non-dialysed

foetal calf serum (FCS), L-glutamine (2 mg) and gentami-

cin and gentamicin (20 lg/mL). Cell population doubling

time was approximately 11–12 h. Cells were set up at

5 9 104 cells/mL and allowed to grow undisturbed for

24 h addition of drugs. All observations were made by

phase-contrast microscopy which was used to discriminate

live (phase-positive) and dead (phase-negative) cells. 4 h

after MTX treatment, L1210 cells were harvested by cen-

trifugation at 2009g for 5 min at room temperature and

washed once with RPMI 1640 medium. The cells were

suspended in fresh medium containing 10% foetal calf

serum. In some experiments, conditioned medium was used

for subculturing cells after drug-treatment.

Conditioned medium was obtained by setting up cells

in fresh medium at a concentration of 5 9 104 cells/mL

and allowing the cells to grow for 24 h. The medium was

then harvested by centrifugation at 8009g for 10 min.

The supernatant was then filtered with a 0.2 lM sterile

acrodisc (Gelman Science, USA), and was stored at 4�C.

Dialysed FCS was made by dialysing FCS with dialysis

membrane (Union Carbide Corporation, Chicago, USA)

against five changes in 109 Hanks balanced salt solution

over 3 days.

Microtitration cloning assay

Cells were washed once after drug-treatment and resus-

pended in drug-free medium. Cells were counted and the

viable cells diluted to the required cell number. The cells

were distributed into 96 well round-bottom plates

(Crown Corrning, NY, USA) containing 200 ll of drug-

free medium per well. Cloning efficiency was determined

by plating doubling dilutions of viable cells ranging from

5 to 0.625 cells/well. Cells were distributed into 24 wells

for each dilution. If drug-treatment resulted in a high

number of negative wells, the cells were plated at 109

higher cell concentration (i.e. 50–6.25 cells/well). The

plates were incubated in a humidified 10% CO2, 5% O2

atmosphere and the wells were inspected for positive

colonies after 14 days. Positive colonies were scored if

wells contained 100 or more viable cells at 14 days. The

cloning efficiency of cells was calculated from the pro-

portion of negative wells using Poisson statistic and X2

minimisation [18]. Cloning results were expressed as

colony forming units/ml, which was calculated from the

percentage cloning efficiency multiplied by the viable

cell concentration of cultures at the time of cloning.
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Deoxyribonucleoside triphosphate pool assay

The cells (5 9 106) were collected by centrifugation

(2009g, 5 min), washed once in cold PBS and the nucle-

otides were extracted with ice cold 60% (v/v) ethanol. The

extract was lyophilised and resuspended in 500 lL of

10 mM Tris buffer (pH 7.85). The sample was then cen-

trifuged at 11,0009g for 15 min at 4�C and the supernatant

was stored at -20�C. The deoxyribonucleotides were

measured by a modification of the DNA polymerase assay

[19]. 50 lL aliquots of supernatant, or appropriate standard

solutions of dNTP, were assayed in duplicate in a reaction

mixture containing 0.75 mM MgCl2, 40 mM Tris buffer,

pH 7.85, 2 mM dithiothreitol and 0.2 lL of DNA poly-

merase in a total volume of 200 lL. dATP and dTTP pools

were assayed using a poly(dA–dT) template and [3H]dATP

and [3H]dTTP, respectively (0.2 lCi/lmoL/assay). After

60 min incubation at 37�C, the reaction was stopped with

0.1 mL of 0.1 M sodium pyrophosphate. The trichloro-

acetic acid precipitates were filtered, and dried filter papers

were counted in organic scintillant in an LKB1215 Rack-

Beta scintillation counter (Wallac, Turku, Finland). Mea-

sured dNTP values were corrected for isotope dilution by

complementary dNTPs from the cell extracts. The con-

centrations of deoxyribonucleoside triphosphates were

determined from calibration curves of picomole amounts of

pure standards.

Extraction of purines in culture media

Purines were extracted according to a modification of the

method of Sherman et al. [20]. Briefly, 0.5 mL of

medium was de-proteinized with 0.6 M HClO4 and

allowed to stand on ice for 15 min. The protein was

pelleted by centrifugation (9,0009g, 5 min) and the

supernatant was neutralised by an equal volume of 0.5 M

trioctylamine in 1,1,2-trichlorotrifluoroethane. Phases

were separated by centrifugation (9,0009g, 5 min) and

the upper aqueous phase was stored at -20�C for sub-

sequent HPLC analysis. All chemicals were purchased

from Sigma.

HPLC analysis of purines

Analysis was based on the method of Hull-Ryde et al. [21].

Separation was performed on a Waters HPLC system

(Milford, MA, USA) with a Radial-PAKTM C18 cartridge

column. Peaks were identified by their retention times and

absorbance at 254 nm. An aliquot of 50 lL of medium was

eluted isocratically using 0.1 M ammonium dihydrogen

phosphate buffer pH 5.5. Flow rate was 4.0 ml/min. The

limit of detection of all compounds was 0.1 lM.

Statistical analysis

Student’s t test was used to determine the significance of

the differences between groups.

Results

Effects of subculture media on MTX cytotoxicity

A microtitration-cloning assay was used to determine the

effects of subculture medium on the cloning efficiency of

cells after exposure to MTX 10 lM for 4 h. Figure 1

shows the results according to time of incubation in drug

free media for 2, 8, or 20 h after removal from MTX.

Cells subcultured in drug free conditions for 2 h prior to

cloning survived less well in both fresh and in condi-

tioned media than cells exposed to MTX for 4 h and then

immediately cloned. However, cells subcultured in fresh

medium for 8 h after 4 h MTX exposure survived sig-

nificantly less well than those subcultured in conditioned

medium (P \ 0.01). Similar results were observed at 20 h

with 0.9 and 2.4% colony forming units, respectively,

surviving (P \ 0.05).
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Fig. 1 The effects of subculture conditions for varying times on

MTX cytotoxicity. L1210 cells were exposed to 10 lM MTX for 4 h

and then washed (W). Cells were then cloned immediately (0) or

subcultured in fresh medium (Fresh) or conditioned medium (Cond)

for 2, 8, or 20 h prior to cloning. Data are the mean ± SD (bars) from

at least six experiments
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Effect of medium change on dNTP pool levels

Potentiation of MTX cytotoxicity by purines has been

correlated with a rise in dATP level and a reduction in

dTTP levels [2, 16]. The effects of subculture conditions

after 4 h MTX treatment on deoxyribonucleoside triphos-

phate pools are shown in Table 1. In all conditions, MTX

treatment reduced dTTP levels. However, in cells exposed

for 4 h to MTX (10 lM), dATP levels fell to approxi-

mately 45% of control, but subsequent subculture in fresh

medium lead to a rapid increase in dATP pool. In contrast,

cells subcultured in conditioned medium after MTX treat-

ment did not have elevated dATP, but dTTP remained

reduced and similar to that of cells continuously exposed to

MTX (10 lM) for up to 24 h. Similar results were obtained

if cells were subcultured in fresh medium supplemented

with dialysed FCS (Table 1). Cells subcultured in condi-

tioned medium supplemented with HX (100 lM) had

increased dATP similar to that in cells subcultured in fresh

medium containing 10% FCS.

Continuous MTX 10 lM exposure reduced dATP and

dTTP levels for the first 12 h, but at 24 h dATP level rose

above control, but dTTP remained reduced. Table 1 also

shows that dATP and dTTP change with time in culture in

logarithmically growing L1210 cells. 24 h after establish-

ing cultures at 5 9 104 cells/mL, cell numbers had

increased to 2–2.5 9 105/mL, and dATP and dTTP levels

were 21 and 39 pmol/106 cells, respectively. 24 h later, cell

number was 8–10 9 105/mL, and dATP and dTTP levels

had fallen by approximately 50%. dNTP pools changes

during drug free cell culture are likely related to con-

sumption via salvage pathway of nucleosides/bases in the

medium.

Effect of exogenous HX on MTX cytotoxicity

in conditioned medium

Figure 2 shows the effects of subculturing cells after 4 h

exposure to MTX 10 lM in conditioned medium supple-

mented with HX. Exogenous HX (10 lM and 100 lM)

enhanced cytotoxicity and increased dATP pools in a

manner similar to that of subculture in fresh medium

(Table 1). HX 1 lM added to the medium did not affect

MTX cytotoxicity (data not shown).

Effect of dipyridamole on MTX cytotoxicity

To further explore the effect of nucleosides and bases in

the medium after 4 h MTX exposure, we investigated the

effects on cytotoxicity of subculturing cells in medium

supplemented with dialysed FCS or containing dipyrid-

amole, an inhibitor of nucleoside transport. Cells treated

with MTX 10 lM for 4 h were washed and subcultured in

fresh medium containing either 10% FCS or 10% dialysed

Table 1 dATP and dTTP concentration (pmol/106 cells) with time in culture and after drug treatment

0 ha 4 h 6 h 12 h 24 h

dATP

Control 21.2 ± 5.4b 22.1 ± 2.1 21.0 ± 4.8 18.8 ± 3.2 11.4 ± 4.3

MTXc 9.2 ± 3.1 7.4 ± 1.4 8.4 ± 2.4 17.2 ± 3.2

MTX ? W ? fresh 31.6 ± 9.1* 43.2 ± 9.0* 34.4 ± 10.2

MTX ? W ? Con 6.2 ± 2.4 7.2 ± 2.0 15.0 ± 2.4

MTX ? W ? Dial 4.2 ± 2.2 7.8 ± 2.6 10.2 ± 2.5

MTX ? W ? Con ? HX 33.6 ± 7.2* 46.5 ± 6.2 30.1 ± 4.6

dTTP

Control 39.2 ± 9.6 42.4 ± 7.6 37.4 ± 7.4 38.8 ± 7.4 19.4 ± 9.8

MTX 7.6 ± 2.4 4.0 ± 1.6 2.4 ± 0.8 5.0 ± 1.0

MTX ? W ? fres 6.4 ± 1.4 3.2 ± 0.8 8.9 ± 2.8

MTX ? W ? Con 6.2 ± 2.0 3.4 ± 1.2 5.4 ± 1.2

MTX ? W ? Dial 3.4 ± 0.5 3.3 ± 0.7 5.5 ± 2.0

MTX ? W ?Con ? H X 4.8 ± 2.6 3.7 ± 2.3 6.5 ± 3.2

Time refers to total duration of cell culture after initial drug addition

* P \ 0.01 (Student’s t test) compare to other MTX treatment conditions
a Time refers to total duration of cell culture
b All results are expressed as a percentage of the zero hour untreated control. Mean ± SD were obtained from at least six duplicates from three

separate experiments
c MTX ? alone refers to cells exposed to MTX 10 lM for 4 h followed by washing and subculture in: Fresh Fresh medium containing 10%

FCS, Con conditioned medium, Dialy fresh medium containing 10% dialysed FCS, HX hypoxanthine 100 lM
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FCS, or in conditioned medium, The effects of addition of

1 and 10 lM dipyridamole to the subculture medium were

also investigated. Figure 3 shows that DP (1 lM) had

minimal effects. However, 10 lM DP in fresh medium and

to a lesser extent in conditioned medium enhanced cyto-

toxicity, suggesting that salvage of nucleosides was usu-

ally reducing cytotoxicity. Resuspension of drug-treated

cells in medium containing DP (10 lM) or in dialysed

FCS was more toxic than in conditioned medium

(P \ 0.05).

The observation that cellular dATP and dTTP levels of

untreated cells fell by 50% after 24 h in culture (Table 1)

prompted an experiment in which after 24 h culture, cells

were exposed to 10 lM MTX without media change, after

resuspension in fresh medium or with simultaneous addi-

tion of 10 lM HX (Fig. 4). The addition of HX or change

to fresh medium at time of MTX addition enhanced cyto-

toxicity after 12 and 24 h treatment compared to simple

addition of MTX without medium change (P \ 0.05).

These results further substantiate the view that consump-

tion of exogenous purines in culture medium and prior to

drug addition influences MTX cytotoxicity.

Purines in the culture medium

Concentrations of purine bases were determined by HPLC

(Table 2). HX but not xanthine concentration was
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Fig. 2 Effects of exogenous HX in the subculture medium on MTX

cytotoxicity. After 4 h 10 lM MTX exposure, cells were washed (W)

and subcultured in fresh medium, conditioned medium, conditioned

medium plus HX 10 lM, conditioned medium plus hypoxanthine

100 lM. for 2, 8, or 20 h prior to cloning. Data are mean ± SD (bars)

from three experiments
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Fig. 3 Effect of DP in the subculture medium on MTX cytotoxicity.

After 4 h MTX 10 lM exposure, cells were washed (W) and

subcultured in fresh medium (F), fresh medium containing DP 1 lM,

fresh medium containing DP 10 lM, conditioned medium (Con),

conditioned medium containing DP 1 lM, conditioned medium

containing DP 10 lM, medium supplemented with 10% dialysed

(Dial) FCS for 2, 8 or 20 h prior to cloning. Data are mean ± SD

(bars) from three experiments
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Fig. 4 Effect of culture conditions at the time of 10 lM MTX

addition. The cells were cultured for 24 h. At that time cells were split

into three groups, addition of MTX; addition of MTX and 10 lM HX;

cells were spun down and resuspended in fresh medium (equal

volume) with addition of MTX. Data are mean ± SD (bars) from

three experiments
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significantly higher in fresh medium than in conditioned

medium (P \ 0.01). Inosine concentration was similar in

both media. Medium containing dialysed FCS had lower

levels of purines. HX, xanthine and inosine did not change

in fresh medium incubated without cells at 37�C for 48 h.

HX recovery in water and in medium after extraction was

91 ± 6.0 and 127 ± 14%, respectively.

Discussion

MTX is an important agent in treatment of leukaemia and

solid tumours, and as an immunosuppressant [22]. MTX

inhibits dihydrofolate reductase, resulting in depletion of

intracellular reduced folates. Lowered reduced folate levels

inhibit both de novo purine and thymidylate synthesis [22–

24]. The cytotoxicity of MTX ([0.1 lM) is increased by

exogenous purines at least in cultured cells [2, 16, 17, 25,

26]. We have examined the effect of ‘physiological pur-

ines’ on the cytotoxicity of 4 h and longer exposure of

L1210 cells to MTX 10 lM. This MTX concentration and

exposure time was chosen to approximate the plasma

pharmacokinetics, which may occur following standard

MTX treatment regimens (e.g. CMF for breast cancer).

The culture conditions after MTX exposure were sig-

nificant modulators of cytotoxicity. Cells subcultured in

conditioned medium had reduced toxicity compared to

those subcultured in fresh medium. Some human and

rodent malignant cells including L1210 are methylthioa-

denosine phosphorylase (MTAP) deficient [27], though

retaining inosine nucleosidase activity. MTAP is an

essential enzyme in the salvage of adenine and methionine

synthesis. Cancer cells lacking MTAP are consequently

more dependent on the de novo synthesis of purines, and

more susceptible to MTX treatment [28].

dTTP levels were reduced in both conditions, but sub-

culture in fresh medium increased dATP levels, while

conditioned medium reduced dATP. Experiments in which

drug-treated cells were subcultured in medium supple-

mented with dialysed FCS gave similar results to those in

conditioned medium. Addition of exogenous hypoxanthine

to conditioned medium enhanced cytotoxicity, and dATP

was similar to that in cells subcultured in fresh medium

after MTX exposure. Taken together these results support

the hypothesis that elevation of dATP with sustained

reduction in dTTP is an important modulator of MTX

cytotoxicity [2, 17, 35]. The mechanism of accumulation of

intracellular dATP after MTX and exogenous HX exposure

is not certain. In cells exposed to MTX plus HX, dTMP

synthesis is reduced and dTTP levels fall while de novo

purine synthesis continues leading to a relative dATP

excess. Inhibition of AICAR transformylase by MTX

causes a rise of AICAR, resulting in inhibition of AMP

deaminase and adenosine deaminase [29]. This likely

increases adenosine and leads to an accumulation of AMP

[30], contributing to an increase in dATP in the presence of

exogenous HX in medium. Our results indicate that the

purine base levels in the culture medium are important

determinants of MTX toxicity.

Plasma HX is 0.1–10 lM in normal subjects [8, 10, 15].

Increased HX and xanthine levels have been reported in

bone marrow and plasma from patients with acute leu-

kaemia and lymphoma (9.1–73 lM) [10, 12]. These

‘physiological’ concentrations of purines are clearly ade-

quate to modulate MTX toxicity. MTX toxicity will be

reduced or potentiated depending on the plasma MTX

level. With MTX concentrations below 60 nM, purines

tend to protect cells from MTX toxicity, but at MTX higher

concentrations (above 80 nM), purines potentiate MTX

cytotoxicity [2, 16].

HX and other purines are essential for fibroblast growth

[31]. We found that HX concentrations fell over time in

cell culture (Table 2), indicating purine consumption or

catabolism. Moreover, dNTP levels in untreated cells

changed over time in culture (Table 1). Many in vitro

treatment protocols add drugs only after subcultured cells

have been allowed to grow unperturbed for 24 h. This time

lapse and ensuing changes in the medium may cloud

interpretation of the importance of nucleic acid salvage

pathways on treatment outcome [32, 33]. Figure 4 dem-

onstrates this effect in regard to methotrexate cytotoxicity

and furthermore shows that addition of HX to conditioned

medium enhances toxicity.

Previous studies reported that dying cells release

nucleosides and bases into their environment thereby

complicating the analysis of cytotoxic mechanisms [3–5].

The effect of dipyridamole in the subculture medium

(Fig. 3) illustrates the modulating effects of nucleosides/

bases whose transport is impeded under these conditions.

The concentrations of nucleosides and bases in media

identify the importance of salvage pathways in determining

the outcome of antifolate and nucleic acid antimetabolite

drug treatment in vitro. Surprisingly, few reports document

Table 2 Concentrations of purine bases and nucleoside in different

medium (lM)

Fresha Conditioned Dialysedb

Hypoxanthine 6.7 ± 0.5* 1.1 ± 0.2 0.9 ± 0.2

Xanthine 7.6 ± 1.3* 11.0 ± 0.4 \0.1

Inosine 0.8 ± 1.2 1.0 ± 0.4 \0.1

Data are the mean ± SD, n = 6 and conditioned medium samples

were collected from six separate cell cultures

* P \ 0.01 (Student t test) compared with conditioned medium
a Fresh medium containing 10% FCS
b Fresh medium containing 10% dialysed FCS
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these levels in vitro or in vivo [5, 7–10]. Moreover, it has

been recognised that extracellular nucleotides may be

significant sources of nucleoside and bases for salvage as a

result of cleavage by ectotriphosphatases and nucleotidases

[12, 34].
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