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Abstract-Using an outgrowth method, combinations of trimetrexate and etoposide were synergistic 
against L1210 leukemia as assessed by the median-effect method. Trimetrexate was also found to 
stimulate etoposide-mediated protein-associated DNA strand breaks by nearly 2-fold when L1210 cells 
were exposed to 0.5 PM drug(s) for 2 hr. Trimetrexate had no effect on the transport of etoposide or 
the repair of etoposide-induced DNA strand breaks. Other drugs that interfere with de nova purine 
biosynthesis, including methotrexate and 5,10-dideazatetrahydrofolate, also potentiated etoposide- 
induced DNA strand breaks, whereas agents that specifically reduce intracellular concentrations of 
pyrimidines (pyrazofurin or CB-3717) had no effect. Only those protectants that restored ATP levels 
(adenosine or hypoxanthine) could abolish the stimulatory effect of trimetrexate. Finally, it was shown 
that by exposing cells to various concentrations of 2,4-dinitrophenol, there was an inverse relationship 
between the number of DNA strand breaks produced by etoposide and the intracellular concentrations 
of ATP down to about 6OOpM. The results indicate that trimetrexate stimulates etoposide-induced 
DNA strand breaks possibly by modulating intracellular ATP levels which may contribute to the 
synergistic interaction between these drugs. 

Although the potential success of any new anticancer 
agent depends heavily on the demonstration of a 
broad spectrum and a high degree of activity as a 
single agent, most new drugs are incorporated 
eventually into clinical regimens involving com- 
binations of two or more drugs. The reasons 
that combination chemotherapy is usually more 
advantageous can involve a number of factors 
including acquired resistance to specific single agents, 
tumor heterogeneity, severe dose-limiting toxicity, 
or therapeutic synergy between drugs. Synergism 
has been observed between a number of drugs and 
several reasons for these interactions have been 
proposed which include circumvention of resistance 
to one drug by another, non-overlapping host 
toxicities, kinetic effects on cell cycle distribution or 
biochemical modulation. 

The present study describes the biochemical 
interactions between trimetrexate and etoposide 
which are relatively new drugs currently used in the 
clinic and mechanistically quite distinct. Trimetrexate 
[5 - methyl - 6 - [[(3,4,5 - trimethoxyphenyl)amino]- 
methyl]-2,4_quinazolinediamine] is a “nonclassical” 
antifolate (i.e. does not possess a glutamate moiety) 
and is one of a series of 2,4_diaminoquinazolines 
[ 1,2]. This compound, currently undergoing clinical 
trial, is a potent inhibitor of dihydrofolate reductase 
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and exhibits a broad spectrum of activity against a 
variety of murine tumor models, many of which are 
refractory to methotrexate [3,4]. 

Etoposide is a semisynthetic derivative of 
podophyllotoxin with a respectable spectrum of 
activity [5,6] especially against testicular [7] and 
small cell lung carcinoma [S]. This drug causes a 
dose-dependent production of protein-associated 
DNA strand breaks mediated by topoisomerase II. 
These and other pharmacological aspects of etoposide 
are reviewed in Ref. 9. 

This paper describes a cytotoxic synergy in L1210 
leukemia exposed to combinations of trimetrexate 
and etoposide and provides evidence to suggest a 
specific biochemical mechanism for this phenom- 
enon. 

METHODS 

Chemicals. Trimetrexate glucuronate was obtained 
from Parke-Davis Pharmaceutical Research Division 
(Ann Arbor, MI). Pyrazofurin and 5,10-dide- 
azatetrahydrofolate were gifts from Eli Lilly & Co. 
(Indianapolis, IN). Etoposide was a gift from the 
Bristol-Myers Co. (Syracuse, NY). 2,4-Dinitro- 
phenol was from the Sigma Chemical Co. (St. Louis, 
MO), and [3H]etoposide was from Moravek (City 
of Industry, CA). 

Cell culture. All experiments employed L1210 
mouse leukemia cells grown as a suspension culture 
in RPM1 1640 medium (Gibco Laboratories) 
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supplemented with 10% fetal bovine serum and 
50 yg/mL gentamycin. During all drug treatments, 
cells were in early log growth at a density of 
approximately 2 x 105/mL. The doubling time was 
12-13 hr, and viability was greater than 95% as 
measured by trypan blue exclusion. Outgrowth 
experiments involved exposing the cells to drug(s) 
for 2 hr, washing the cells twice in warmed medium, 
and reseeding as described above. Intracellular water 
was determined by the method of Rottenberg [lo] 
using tritiated Hz0 to determine total water and 
[14C]inu1in as a measure of the extracellular space. 

Analysis of combined drug effects. Results from 
the above outgrowth experiments were analyzed 
using the median-effect principle described by Chou 
and Talalay [lt, 121. Unlike the fractional product 
and isobologram methods, the median-effect 
methods allows analysis of combined drug effects 
independent of individual drug kinetics or mechanism 
of drug action. In its simplest form, the median- 
effect equation depicts the equality of two 
dimensionless ratios: 

Lqr1 
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where D is the dose; fO and fu are the fractions of 
the system affected and unaffected, respectively, by 
the dose or concentration of drug, D; D, is the dose 
required to produce the median-effect (i.e. 50% 
affected or in the present case 50% inhibition of cell 
growth or ICY,,); and m is a Hill-type coefficient 
signifying the sigmoidicity of the dose-effect curve. 
Since by definition, fa + fu = 1, several useful 
alternative forms of Equation 1 are possible, one of 
which being: 

[(fa)-l - 11-l = ; m 
[ 1 m (2) 

which can be linearized by taking logarithms of both 
sides: 

log[(f,)-’ - 11-l = mlog(D) - mlog(D,). (3) 

Equation 3 forms the basis for the median-effect 
plot (see Fig. 1) where the slope of the lines is equal 
to m and the x-intercept, log D,. The D, can be 
calculated from the antilog of -(y intercept)/m. 

The median-effect principle has been extended to 
multiple drug effects. For the summation of effect 
of two drugs (see Ref. 11 for derivation): 

[E&‘” = [GLJ” + [UJ’” 

+ 
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For mutually exclusive drugs, LY = 0 and the median- 
effect plot gives parallel lines for the parent drugs 
and their mixture (ml = m2 = ml.2). When (Y= 1, 
the effects of the two drugs are mutually nonexclusive 
and the median-ffect plots produce lines where 
ml = m2 < ml~2. The interaction of two drugs can 

be quantitated as a “combination index” or Cl 
where: 

WI CD)2 a(D)l(D)z - - 

‘I= @‘x)1 + CD,)2 + (Dx),(Dx)2 
(5) 

where D, is the dose that is required to produce x% 
affected. Sets of D, and x% can be calculated from 
equation 1 by knowing D, and m obtained from the 
median-effect plot. A plot can be generated depicting 
CI at various fractions affected as in Fig. 2. When 
CZ = 1 or < 1 or > 1, then summation or synergism 
or antagonism is indicated. 

DNA strand scission. DNA single-strand breaks 
were measured by alkaline elution as described by 
Kohn et al. [13]. L1210 cells in early log growth were 
grown in 1 PM [methyl-‘4C]thymidine, at a specific 
activity of 0.02 @i/nmol, or 1 PM [methyl- 
3H]thymidine, at 0.1 &i/nmol, for 24 hr. The 
[ 14C]thymidine-labe1ed cells were exposed to drug 
at a specified concentration and time interval, after 
which 5 x lo5 cells were mixed with an equal number 
of [3H]thymidine-1abeled cells which had been X- 
irradiated previously with 300rads as an internal 
standard. The cells were placed on polycarbonate 
filters (2 ym pore diameter; Nucleopore Corp., 
Pleasanton, CA) in a 25mm filter holder with a 50- 
mL funnel (Millipore, Bedford, MA) and washed by 
gravity with three 5-mL aliquots of ice-cold phos- 
phate-buffered saline. The cells were lysed by passing 
5 mL of 2% sodium dodecyl sulfate/25 mM EDTA, 
pH9.7, through the filter. Two milliliters of the 
same solution containing 0.5 mg of proteinase K/mL 
(Sigma) were layered over the cells and pumped 
through the filter at 20pL/min for 1 hr, collecting 
the eluate into scintillation vials. The funnel was 
then filled with eluting buffer (tetrapropylam- 
monium hydroxide/25 mM EDTA/O. 1% sodium 
dodecyl sulfate, pH 12.1), and this solution was 
pumped through the filter at 20pL/min with 1-hr 
fractions being collected for at least 16 hr. At the 
end of the run the filters were placed in scintillation 
vials and incubated with 0.4 mL of 1 N HCl at 60” 
for 1 hr, followed by 1 mL of 1 N NaOH for 1 hr at 
room temperature. Residual radioactivity in the filter 
holders and tubing was pumped into scintillation 
vials with an additional 2 mL of eluting buffer. All 
radioactivity was incorporated into Ready-Solv 
(Beckman) containing 0.7% acetic acid. Counting 
efficiencies were determined with [‘“Cl and [3H] 
standards (Amersham), and radioactivity contri- 
buted by each isotope was determined by the method 
of dual channel counting. Data were graphed as a 
log-log plot of [ 14C] versus [3H] retained on the filter, 
and single-strand break frequency, expressed as rad 
equivalents, was calculated as previously described 
[13]. Repair of single-strand breaks was assessed by 
first incubating cells with drug for 1 hr, washing the 
cells twice in an excess of medium, and resuspending 
the cells into 10mL of medium at 37”. Cells were 
then incubated at 37”, and aliquots (lo6 cells) were 
periodically removed and lysed on filters following 
the procedure for single-strand breaks. 

Those procedures requiring X-irradiated cells 
employed a 120 kV, 5 milliamp X-ray tube (Torr X- 
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Fig. 1. Median-effect plot 111,121 for the inhibition 
of L1210 outgrowth by trimetrexate, etoposide or their 
comb~ation. Ceils were exposed to drug for 2 hr, 
and the ratio of etoposide to trimetrexate was held 
constant at 4 throughout the concentration range. See 
Methods for additional details on the median-effect 
plot. Key: (0) trimetrexate, (0) etoposide, and (A) 

3.0 

r . 
2.5 - 

2.0 
1’ ‘1 
I *. 

Cl 1.5 

1.0 - - - - _?-%.F*__ - - - .A,j&jve 

Synerqism 

0 
I I I I I 

0 0.2 0.4 0.6 0.8 1.0 

Fraction affected 

Fig. 2. Computer-generated graphical presentation showing 
interactions between trimetrexate and etoposide. CI 
represents the combination index [ 11,121. See Methods 

for details of this plot. 

ray, Burlington, MA) set in a self-contained lead- 
lined cabinet (Test Equipment Distributors, Troy, 
MI). Cells were kept on ice during and after 
irradiation until they were lysed on the filters. Radi- 
ation doses were monitored with a model 500 dual 
polarity electrometer, equipped with a 0.33-cc probe 
(Victoreen Inc., Cleveland, OH). 

Transport of etoposide. Transport studies were 
conducted in RPM1 medium plus 10% fetal calf 
serum identical to that employed for the synergy and 
DNA strand break experiments. L1210 cells were 
grown to approximately 5 X 105/mL, collected by 
~ntri~gation, and resuspended into fresh medium 
at 1 X 107/mL. Cells were agitated with a shaking 
water bath and maintained in an atmosphere con- 
taining 5% COZ in air. Fluxes were initiated by 
exposing the cells to 0.5 ,uM tritiated etoposide (final 
specific activity, 1 &&‘nmol) with or without 0.5 PM 
trimetrexate. Transport was abolished at designated 
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Fig. 3. Alkaline elution profile showing DNA single-strand 
breaks caused by etoposide, trimetrexate or their 
combination in L1210 cells. Cells were exposed to 0.5 PM 
drug for 2 hr. Experimental details are given in Methods. 
Key: (0) untreated control, (0) trimetrexate, (A) 

internals by injecting 1 mL of cell suspension into 
10 vol. of ice-cold phosphate-buffered saline (PBS). 
The cells were washed twice by centrifugation with 
5 mL of ice-cold PBS, and the pellet was digested in 
1 mL Protosol (New England Nuclear, Boston, MA). 
Radioactivity was determined in a Beckman model 
6800 liquid scintillation counter, and counting 
efficiencies were determined with quenched stan- 
dards. 

Ribonucleoside triphosphate analysis. Approxi- 
mately lo7 cells were extracted with 0.5 mL of 0.7 N 
perchloric acid. Extracts were centrifuged to remove 
precipitated protein, neutralized with solid pot- 
assium bicarbonate, and centrifuged once more to 
remove potassium perchlorate. Then 5OpL of the 
supernatant was analyzed by anion-exchange 
chromatography in a Perkin-Elmer series 4 liquid 
chromatograph equipped with a Whatman Pellicular 
anion exchange precolumn (0.4 x 6 cm) and a What- 
man Partisil PSX 10125 SAX column (0.46 x 25 cm). 
Nucleosides were resolved with an ammonium phos- 
phate gradient starting with 5 mM, pH 2.8, and end- 
ing at 0.5 M, pH 4.8. Precise details of the elution 
procedure are given elsewhere [14]. Peaks were 
detected using a Kratos spectroflow UV detector and 
integrated with a Perkin-Elmer Sigma 15 integrator 
calibrated against known standards. 

RESULTS 

Combination of trimetrexate and etoposide on cell 
growth. Figure 1 represents a median-effect plot 
111,121 and illustrates the outgrowth inhibition of 
L1210 cells by trimetrexate, etoposide and their com- 
bination. The ratio of the two drugs was held constant 
at 4 to 1 (etoposide to trimetrexate), and the linearity 
of the plots (r = 0.97,0.92 and 0.98 for trimetrexate, 
etoposide and their combination, respectively) illus- 
trates the applicability of the median-effect method. 
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Table 1. Effect of trimetrexate on the repair of protein-associated DNA strand breaks 
in L1210 cells exposed to etoposide 

Treatment during 
initial incubation* 

0.5 PM Etoposide 
0.5 PM Etoposide + 

0.5 PM trimetrexate 
0.5 PM Etoposide + 

0.5 PM trimetrexate 

Treatment during 
repair period 

None 
None 

0.5 PM Trimetrexate 

% Repairt 

30 min 60 min 

69 92 
70 96 

66 88 

* The initial incubation period was 2 hr. 
t DNA damage and repair were assessed by alkaline elution. Percent repair 

represents the percentage decrease in the net slope generated by plotting [‘“Cl 
remaining on the filter from treated cells versus [3H] from irradiated control cells. 

The slopes of the lines (m) were 0.98, 1.16 and 
1.26, respectively, and therefore not parallel which 
suggests that trimetrexate and etoposide may be 
mutually nonexclusive drugs. A computer-generated 
graphical presentation (Fig. 2) of the combination 
index (Cr) with respect to the fraction affected was 
derived with parameters obtained from Fig. 1. CI in 
this case was calculated from Equation 5 (Methods) 
where LY = 1. This plot indicates that a combination 
of the two drugs will produce a synergistic effect but 
only at concentrations of drugs that affect greater 
than 50% of the cells. A plot based on CI values 
calculated from Equation 5 where (Y = 0 also showed 
synergy at the higher doses (data not shown). Based 
on this information, the subsequently described 
mechanistic studies designed to investigate the mech- 
anism of synergy between trimetrexate and etoposide 
were performed at drug combinations that would 
reduce growth by at least 90% after a 2-hr exposure. 

Effect of trimetrexate on etoposide-mediated pro- 
tein-associated DNA strand breaks. Since recent evi- 
dence suggests that the mechanism of cytotoxicity 
for etoposide is topoisomerase II-mediated DNA 
strand breaks [9], the production of these lesions was 
assessed in the presence of etoposide alone and in 
combination with trimetrexate. Figure 3 shows an 
alkaline elution profile demonstrating DNA single- 

strand breaks in L1210 cells exposed for 2 hr to either 
0.5 PM etoposide, trimetrexate or their combination. 
Although trimetrexate by itself caused no DNA 
breaks under these conditions, its combination with 
etoposide significantly increased the elution rate over 
etoposide alone. These data were converted to X- 
ray rad equivalents [13] for a more quantitative com- 
parison. Trimetrexate, etoposide or their com- 
bination caused 2, 455 and 788rad equivalents, 
respectively, under the conditions described for Fig. 
3. This indicates that the combination of trimetrexate 
with etoposide produced an additional 333 rad equiv- 
alents. These additional DNA strand breaks appear 
to be protein-associated, similar to those caused by 
etoposide alone, since in the absence of treating the 
cell lysate with proteinase, no increase in elution 
rates were observed in cells exposed to the drugs 
singly or in combination (data not shown). 

In an effort to find out why trimetrexate 
potentiated the DNA strand breaks produced by 
etoposide, its effect was determined on several bio- 
chemical and pharmacological parameters of eto- 
poside. The effect of trimetrexate on the net trans- 
port of etoposide was assessed under the same 
conditions and at drug concentrations which 
potentiated DNA damage. No significant difference 
in initial rate or intracellular levels at the steady state 

Table 2. Effect of trimetrexate with or without various potential protectants on ribonucleoside triphosphate pools and 
DNA single-strand breaks produced by etoposide in L1210 cells 

Etoposide* Trimetrexate* SSB$ 
Addition* (PM) (PM) ATPt GTP CTP UTP (rads) 

Control 0 0 2638 2 179 602 -t 32 459 f 47 1398 + 98 
None 0.5 0 98 101 95 102 498 + 49 
None 0.5 0.5 46 22 151 240 728 f 56 
100 PM Hypoxanthine 0.5 0.5 112 100 69 58 468 2 22 
10 PM Thymidine 0.5 0.5 45 24 131 209 718 2 42 

100 VM Guanosine 0.5 0.5 40 498 56 60 699 f 67 
20 PM Adenosine 0.5 0.5 142 108 75 74 456 5 82 

100 ,uM Cytidine 0.5 0.5 36 22 180 195 721 ? 43 
100 PM Uridine 0.5 0.5 39 22 135 226 734 t 71 

* Cells were exposed to the indicated concentrations of drugs for 2 hr. 
t Ribonucleotides fcr the control cells are expressed as pmol/106 cells (mean * SE). Values from treated cells 

represent the percent of each respective control. All results are the mean of three experiments. 
$ DNA strand breaks, expressed as X-ray rad equivalents, were determined by alkaline elution as described in Methods. 

Values are means ? SE, N = 3. 
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Table 3. Effects of various antimetabohtes on ribonucieoside triphosphate pools and DNA single-strand breaks produced 
by etoposide in L1210 cells 

Etoposide* SSBS 
Additions* (PM) ATPt GTP CTP UTP (rads) 

Control 0 2650 2 252 605 -r- 41 425 2 43 1360 f 132 
None 0.5 94 96 99 98 498 f 49 

0.5 PM Trimetrexate 0.5 41 21 136 212 728 2 56 
0.5 PM Methotrexate 0.5 42 30 116 149 730 t 41 
0.5 PM 5,10-Dideazatetrahydrofolate 0.5 48 54 111 139 602 * 32 

20 PM CB-3717 0.5 109 113 108 116 463 * 59 
1 PM Pyrazofurin 0.5 142 173 36 24 485 2 36 
0.5 PM Trimetrexate + 0.5 34 25 30 40 734 t 42 

1 pyrazofurin pm 

* Cells were exposed to the indicated concentrations of drugs for 2 hr. 
t Ribonucleotides for the control cells are expressed as pmol/106cells (mean * SE). Values from treated cells 

represent the percent of each respective control. All results are the mean of three experiments. 
$ DNA strand breaks, expressed as X-ray rad equivalents, were determined by alkaline elution as described in 

Methods. Values are means ? SE, N = 3. 

were observed between control and trimetrexate- 
treated cells. These results were not biased by 
changes in cell volume since there was no significant 
change in intracellular water under each condition 
(data not shown). Another possible explanation is 
that trimetrexate does not potentiate the DNA 
strand breaks produced by etoposide but slows any 
repair of these lesions that might occur during the 
drug treatment period. Table 1 shows experimental 
data related to this possibility. Cells were exposed 
to 0.5 PM etoposide with or without 0.5 ,uM tri- 
metrexate. After 2 hr the drug(s) was removed by 
washing the cells in medium and the repair period 
was initiated by resuspending into 37” medium with 
or without trimetrexate. After 0, 30 and 60 min of 
repair, alkaline elution was performed to assess 
remaining DNA strand breaks. No significant 
reduction in extent of repair was observed under any 
of the described conditions. 

Effects of nucleotideprotectants on thepotentiation 
of etoposide-mediated DNA strand breaks by tri- 
metrexate and their effect on ribonucleoside tri- 
phosphate pools. One of the better known bio- 
chemical responses in cells exposed to trimetrexate 
is a reduction in purine ribonucleotide pools [3]. To 
assess whether these perturbations may be related to 
the increase in strand breaks produced by etoposide, 
DNA single-strand breaks and ribonucleoside tri- 
phosphate pools were measured in L1210 cells 
exposed to combinations of trimetrexate and eto- 
poside with or without various nucleoside protect- 
ants. Table 2 shows that etoposide alone had no 
effect on ribonucleoside triphosphate pools whereas 
added trimetrexate produced the usual increase in 
DNA single-strand breaks as well as a 54 and 78% 
depletion of ATP and GTP, respectively, and an 
elevation in pyrimidine nucleotides. The addition of 
hypoxanthine or adenosine restored purine intra- 
cellular concentrations to control values and also 
prevented the increase in DNA strand breaks. Thy- 
midine, cytidine and uridine elevated pyrimidine 
levels but with no effect on augmentation of the 
strand breaks. Addition of guanosine elevated GTP 
but not the ATP and under these conditions there 

was the full augmentation of strand breaks. Thus, 
only those protectants that restored ATP pools were 
able to prevent the increase in DNA damage. 

Effects of other inhibitors of thepurine orpyrimidine 
pathways on etoposide-mediated DNA strand breaks. 
Similar to trimetrexate, the antifolate methotrexate 
reduced purine nucleotides and also potentiated etop- 
oside-mediated strand breaks (Table 3). Inhibitors of 
dihydrofolate reductase, however, not only reduce 
purines but also deplete thymidylate pools. To further 
distinguish between purine and pyrimidine effects on 
etoposide action, several other agents which more 
specifically perturb nucleotide metabolism were com- 
bined with etoposide. Cells were exposed to 5,10- 
dideazatetrahydrofolate (DDTHF) which has been 
reported to be a specific inhibitor of glycinamide aden- 
ine ribonucleotide transformylase [ 151, an enzyme 
which occupies an integral position in the de novo 
purine biosynthetic pathway. Purine nucleotides were 
reduced in the presence of this agent and again there 
was a stimulation of etoposide-mediated DNA single- 
strand breaks (Table 3). In contrast, when etoposide 
was combined with CB-3717, a quinazoline which 
selectively depletes thymidylate pools by inhibition of 
thymidylate synthase [16], there was no potentiation 
of DNA strand breaks nor depletion of purine nucleo- 
tides. To ensure that there was no involvement of the 
pyrimidine pools, etoposide was combined with pyr- 
azofurin, an agent that inhibits orotidylate decar- 
boxylase and depletes pyrimidines [ 171. Table 3 shows 
that pyrazofurin caused a severe reduction in CTP 
and UTP but had no effect on single-strand breaks 
produced by etoposide. When all ribonucleotides 
were depleted by a combination of pyrazofurin and 
trimetrexate, no greater or lesser augmentation of 
etoposide effects were produced than with the eto- 
poside-trimetrexate combination alone. 

Relationship between intracellular ATP concen- 
tration and the number of DNA strand breaks pro- 
duced by etoposide. The data thus far indicate a 
strong relationship between the decline in ATP levels 
produced by trimetrexate or other inhibitors of the 
purine pathway and the augmentation of etoposide- 
mediated strand breaks. This relationship was inves- 
tigated further by exposing cells to a combination of 
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Fig. 4. Alkaline elution profile showing the effect of 2,4- 
dinitrophenol on DNA single-strand breaks produced by 
etoooside in L1210 cells. Cells were exposed to the 
follbwing for 2 hr: (1) untreated control. (2) 0.5 ,uM 
etonoside. (3‘10.5 uM etonoside + 25 uM DNP, (4) 0.5 uM 
etoboside’; 50 pi DNP,’ (5) 0.5 PM’ etoposide‘< 100 LM 
DNP, (6) 0.5 PM etoposide + 150 PM DNP, and (7) 0.5 PM 

etoposide + 150 PM DNP + 20 mM 2-deoxyglucose. 

etoposide and various concentrations of 2,4-dinitro- 
phenol (DNP), an uncoupler of oxidative phos- 
phorylation. Figure 4 shows an alkaline elution pro- 
file for L1210 cells exposed to 0.5 PM etoposide with 
or without various concentrations of DNP for 2 hr. 
Elution rates were directly proportional to the con- 
centration of DNP. If the highest concentration of 
DNP (150 ,uM) was combined with 20 mM 2-de- 
oxyglucose, an inhibitor of the glycolytic pathway, 
the elution rate returned to approximately the 
control. A 2-hr exposure to 20 mM 2-deoxyglucose 
alone depressed ATP levels in L1210 cells by -35% 
and resulted in a 27% increase in DNA single-strand 
breaks. DNP and/or 2-deoxyglucose without eto- 
poside had no effect on elution rate (data not shown). 
ATP levels were measured in cells under identical 
conditions as those in Fig. 4 and are listed in Table 
4 along with the associated single-strand break rad 
equivalents. There was an inverse relationship 
between intracellular ATP levels and etoposide- 
mediated DNA strand breaks until the nucleotide 
concentration dropped below 180 pmol/106 cells, 
whereby there was a precipitous drop in DNA single- 
strand breaks. This relationship is expressed graphi- 
cally in Fig. 5 where ATP levels have been converted 
to millimolar concentrations based on intracellular 
water content of 0.52 pL/106 cells. 

DISCUSSION 

A number of previous studies have reported either 
therapeutic synergism or enhancement of DNA 
strand breaks when inhibitors of topoisomerase were 
combined with certain antimetabolites [18, 191. 
These combinations include 1-fi-D-arabinofurano- 
sylcytosine or hydroxyurea with amsacrine [20], 
methotrexate and teniposide [21], methotrexate and 
etoposide [22], and 5-azacytidine and amsacrine [23]. 
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Fig. 5. Relationship between intracellular ATP con- 
centrations and number of DNA single-strand breaks 
produced by etoposide in L1210 cells. Cells were exposed 
to 0.5 PM etoposide plus various concentrations of DNP 
(listed in Table 5) for 2 hr and then subjected to nucleotide 

analysis and alkaline elutions as described in Methods. 

Other agents that have been shown to modulate 
inhibitors of topisomerase are cu-difluoromethyl- 
ornithine [24-261, 4-hydroperoxycyclophosphamide 
[27], cisplatin [28] and 17-P-estradiol in estrogen 
receptor positive breast tumors [29,30]. Several 
explanations for these interactions have been put 
forth which include cell synchronization, modi- 
fication of DNA chromatin structure, or inhibition 
of DNA repair. 

The present study demonstrates cytotoxic synergy 
in vitro in L1210 cells exposed to combinations of 
etoposide and trimetrexate and provides evidence to 
suggest a specific biochemical mechanism. Tri- 
metrexate produced an increase in DNA strand 
breaks caused by etoposide, and the experimental 
results clearly imply that a reduction in intracellular 
ATP levels contributed significantly to this result. 
This conclusion is supported by three lines of 
evidence: (1) only those antimetabolites that reduced 
purine nucleotides were capable of increasing etop- 
oside-mediated DNA damage, whereas drugs that 
perturb pyrimidine pools had no effect; (2) only 
nucleosides that restored ATP levels, such as hypo- 
xanthine or adenosine, were capable of preventing 
the augmentation of DNA damage by trimetrexate; 
and (3) the number of DNA strand breaks produced 
by etoposide was inversely proportional to intra- 
cellular ATP levels when reduced by various con- 
centrations of 2,4_dinitrophenol. The observation 
that synergy occurred only at more cytotoxic con- 
centrations of trimetrexate may reflect the fact that 
purine nucleotide pools are not depressed enough at 
low drug concentrations to cause a significant effect. 

Two other possible explanations for the observed 
effects on etoposide action have been ruled out. 
Trimetrexate had no effect on transport of etoposide 
under identical conditions where synergy was 
observed nor was there any effect of trimetrexate 
on the repair of etoposide-mediated DNA strand 
breaks. Another explanation that has been offered 
in the literature [22] for synergistic interaction of 
antimetabolites and DNA damaging agents is cell 
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Table 4. Effect of 2,4-dinitrophenol on intracellular ATP concentrations and 
protein-associated strand breaks produced by etoposide in L1210 cells* 

2,CDinitrophenol 
(PM) 

ATP 
( pmol/106 cells) 

Single-strand breaks 
(rad equivalents) 

- 
‘25 
50 
75 

100 
125 
150 
200 
200 + 
20 mM 2-Deoxyglucose 

2034 2 181 519 2 19 
1583 -t 154 604262 
1372 ? 205 710 + 55 
825 2 56 750 f 69 
625 ? 51 785 2 71 
321 2 27 878 -c 85 
183 2 22 1068 f 79 
150 * 12 1027 f 72 

61-r-11 125 f 22 

* Cells were incubated with 0.5 PM etoposide plus the indicated concentrations 
of dinitrophenol for 2 hr and then subjected to either nucleotide analysis or 
alkaline elution as described in Methods. Each value is the mean 2 SE of three 
experiments. 

synchronization by the first drug which then allows 
most cells to enter the S phase simultaneously, thus 
making the majority susceptible to the second drug. 
This possibility is unlikely, however, since the experi- 
ments in the present study were short term, lasting 
only 2 hr which is not enough time for cells to 
accumulate significantly in any part of the cell cycle. 

Another study which addresses the relationship 
between ATP and topoisomerase-mediated cyto- 
toxicity was reported by Kupfer et al. [31] in which 
a reduction in the cytotoxicity of teniposide was 
observed in the presence of DNP or other metabolic 
inhibitors. This study seemingly contradicts the 
present results since no synergy was observed. How- 
ever, in the former study, the concentration of epi- 
podopholotoxin was 10pM teniposide versus the 
0.5 PM etoposide used in the present study. This not 
only represents a 20-fold difference in concentration 
but since teniposide is lo-fold more potent than 
etoposide, both in cytotoxicity and production of 
protein-associated strand breaks, it represents a 200- 
fold increase in DNA strand-breaking capacity. It 
may be that, at these superlethal concentrations of 
drug, the production of protein-associated DNA 
strand breaks is rapid enough to change drastically 
the ATP requirements of topoisomerase II. 

Modulation of etoposide-mediated DNA strand 
breaks by ATP is not an unreasonable concept since 
topoisomerase II is an ATP-requiring enzyme. How- 
ever, since there is an inverse relationship between 
ATP and activity, it appears that under normal con- 
ditions the enzyme must be under some degree of 
substrate inhibition at least with regard to formation 
of etoposide-induced cleavable complexes. Based on 
the present data, it appears to be operating at about 
50% of its maximum since peak stimulation was 
about 2-fold. From nucleotide analysis and intra- 
cellular water values, estimates of intracellular ATP 
concentration in control cells were between 3 and 
4mM. The hypothesis that cleavable complex for- 
mation by etoposide would be partially suppressed 
under this concentration of ATP is supported by 
studies with isolated nuclei from L1210 cells where 
concentrations of ATP in excess of 1 mM inhibit 

etoposide-induced strand breaks [32]. Similar obser- 
vations have also been reported in isolated nuclei 
from K562 human leukemia cells [33]. In the present 
study, the production of DNA strand breaks by 
etoposide appears to peak at ATP levels of between 
180 and 320pmol/106 cells which corresponds 
roughly to 350-6OO~M. Below these levels, pro- 
duction of strand breaks declined and presumably 
ATP concentrations became rate limiting. A 
reduction in enzyme activity as ATP levels decrease 
through this range of concentrations is consistent 
with known kinetic properties of topoisomerase II 
which reportedly has a K,,, for ATP of around 200 PM 
]341. 
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