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Summary

Enchanced therapeutic effectiveness has been demonstrated
by combining methotrexate and 5-fluorouracil in the treatment
of murine leukemia L1210. Optimal combinations of the 2 drugs
consistently showed greater antileukemic activity than optimal
treatment with each drug by itself. The treatment schedules
resulting in this enhanced activity were characterized by rela
tively low and therapeutically ineffective doses of 5-fluorouracil,
whereas the associated level of methotrexate ranged from slightly
less than optimal to optimal. The therapeutic activity of the
combination of the drugs was limited by the development of
host toxicity similar to that observed when the drugs were used
by themselves.

Introduction

The fluorinated pyrimidine, 5-fluorouracil (FU)2 has been

shown (4, 15, 16, 22) to have antitumor activity against several
experimental animal neoplasms. However, in both laboratory
and clinical situations where antitumor effects have been realized
by the use of this antimetabolite, it has been only at the expense
of well-defined toxicity (1, 3, 6, 23).

Biochemical studies (19, 20) have shown that the activation
of FU proceeds through 5-fluorouridine-5'-monophosphate
(FURP) to 5-fluoro-2'-deoxyuridine-5'-monophosphate (FUdRP).

It is as the deoxyribonucleotide that FU inhibits thymidylate
synthetase, thus preventing the methylation of deoxyuridylic
acid to thymidylic acid (2, 5). Inhibition of this reaction is con
sidered likely to lead to the observed tumor inhibition by FU
since it results in a reduced synthesis of DNA. FU may also act
through 2 additional mechanisms. These are (a) inhibition of
the incorporation of uridine monophosphate into RNA, and (6)
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incorporation of FU or 5-fluorouridine (FUR), presumably as
nucleo tides, directly into RNA to give a fraudulent RNA. How
ever, concentrations of FU which markedly inhibit DNA syn
thesis and cellular proliferation have no effect on RNA or pro
tein synthesis (7).

The studies in this report were designed to investigate the
concerted action of the fluorinated pyrimidine (FU) and the
folie acid antagonist methotrexate (MTX, amethopterin) on
the survival of mice inoculated with leukemia L1210 (21). The
rationale for using this particular combination was as follows:
MTX, as an inhibitor of dihydrofolate reducÃase, reduces the
availability of tetrahydrofolate coenzymes involved in thy
midylate and inosinate biosynthesis (16). This inhibition in
itself reduces considerably the rate of DNA synthesis. Addition
of a fluorinated pyrimidine to this system results in the direct
inhibition of the enzyme, thymidylate synthetase (14). Thus, a
combination of MTX and FU would be e.xpected, as a form of
sequential blockade, to achieve almost total inhibition of thy
midylate synthesis. Additionally, since MTX also inhibits purine
biosynthesis de novo, this would constitute concurrent (parallel)
blockade, the net effect being a dramatic reduction in DNA
synthesis which should certainly exceed that achieved with
either agent used alone. It might be anticipated, therefore, that
any therapeutic effect that these drugs exert individually might
be enhanced when they are used together. As reported prelimi
narily, it does appear possible to obtain an enhanced therapeutic
effect, in mice, when a combination of the agents is used.

Materials and Methods

The materials and methods are essentially the same as those
described in previous reports from this laboratory (11, 12). A
saline suspension of cells prepared from leukemia (L1210)-in-
filtrated spleens of CDBA stock mice was inoculated (0.2 ml/
mouse) s.c. into the right hind leg of male or female CDBA or
BDFi hybrid mice. All the animals used in these experiments
weighed 18-26 gm at the beginning of the experimental period.

Treatment was initiated (day noted in the individual tables)
when the local tumor at the site of s.c. leukemic inoculation was
estimated by manual palpation to be in the range of 7-12 mm in
diameter. In each experiment, on the day of treatment initiation,
4-6 mice selected at random from the inoculated population were
killed and splenic cell suspensions were prepared and implanted
s.c. into normal mice of the same strain. The resulting tumor-
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induced death of the recipients was taken to indicate that the
disease was systemic in the donor mice.

MTX was obtained from the Lederle Laboratories Division,
American Cyanamid Co., and FU from Hoffmann-LaRoche, Inc.

The vehicles employed for the administration of the drugs
were 2% NaHCOa solution for MTX, and physiologic saline for
FU (except in Experiment 1, for which FU was prepared as a
suspension in 0.5% methylcellulose).

The drugs were administered s.c. in the scapular region over a
wide range of logarithmically spaced dose levels in the constant
volume of 0.01 ml/gm of body weight. The various treatment
schedules employed for the drugs when given singly or in com
bination are noted in the tables.

The antileukemic effect of FU used alone or when administered
in combination with MTX was rated relative to the efficacy of
daily s.o. administered MTX in increasing the survival time of
the leukemic mice.

Results

The therapeutic effectiveness, against advanced leukemia
L1210, of FU in combination with MTX was investigated, 3
schedules of treatment being used: (a) FU given on a daily
schedule in combination with daily MTX treatment, (b) FU
given as a single injection followed by MTX administered daily,
and (e) FU given as a single injection followed by MTX admin
istered every 4 days.

The results in Table 1 are from an experiment in which FU
and MTX were administered, alone or in combination. The dose
levels of FU were 40, 80, 160, and 320 mg/kg when given alone
as a single dose, and 40, 80, and 160 mg/kg when given as a
single dose in combination with MTX. The dose levels of MTX
were 0 25,0.50, 1.0, 2.0, and 4.0 mg/kg on a daily treatment sched
ule, 5, 10, 20, 40, and 80 mg/kg on the intermittent schedule,
and 5,10, 20, and 40 mg/kg on the intermittent schedule in com
bination with a single dose of FU.

The most effective combination, 80 mg FU/kg (single) plus
10 mg MTX/kg (intermittent) was more effective than an opti
mal single treatment with FU (320 mg/kg) or optimal inter
mittent therapy with MTX alone (80 mg/kg). For this experi-

ment the combination was also more effective than treatment
with daily MTX alone. It is of interest that the optimal combina
tion treatment was achieved with doses of FU and MTX substan
tially below the optimal individual doses of FU or MTX. The
necessity for reduction in dosage of both drugs suggests that
with this schedule of therapy the enhanced therapeutic effect
was accompanied by substantial additive host toxicity.

In a 2nd experiment FU was given alone or in combination
with MTX administered daily (Table 2). Both drugs were given
at logarithmically spaced dose levels so that each dose was 0.6
of the next highest level. The dose levels for FU were 65-500
nig/kg for single dose administration alone, 23-180 mg/kg for
daily administration alone, and 23-65 mg/kg for single dose ad

ministration in combination with MTX. MTX was given alone
and in combination with FU on a daily schedule of 0.39-3.0
mg/kg. For each schedule of treatment, only the optimal dose
of the chemical agents is reported in Table 2. In this experiment
a single treatment with 23 mg FU /kg plus daily treatment with
1.08 mg MTX/kg constituted the most effective therapy, giving
a 78% increase in survival time as compared with daily treatment
with MTX alone. It may be noted that the enhanced therapeutic
effect of the combination was obtained with an ordinarily optimal
daily dose of MTX when employed alone, indicating that, for
the combination, the single dose of FU (23 mg/kg) did not con
tribute appreciably to toxicity.

The series of experiments summarized in Table 3 shows that
concomitant treatment with daily FU in combination with daily
MTX was more effective in increasing the survival time of the
mice than daily treatment with either drug alone. In all of the
5 experiments each drug alone was given as a wide range of daily
doses. Also in each experiment the drugs were combined in a
number of FU to MTX dosage ratios and a wide range of daily
treatment levels was used in each combination ratio. Daily MTX
alone was consistently more effective than daily FU alone, and
optimal combination treatment was 11-57% more effective than

the optimal daily dose of MTX alone. Maximal effectiveness was
achieved when the ratio of the drugs, on a mg/kg basis, ranged
from 4 to 16 parts of FU to 1 part MTX. Of interest was the ob
servation that in each experiment, an improvement in therapeutic
usefulness was attained when a relatively low daily dose of FU

TABLE 1
INFLUENCEOP TUEATMENTSCHEDULEON THE EFFECTIVENESSOF METHOTKEXATE(MTX) PLUS

5-FLUOKOURACIL (FU) AGAINST ADVANCED LEUKEMIA L1210 IN MlCE"

TreatmentscheduleMTX,

daily from DayGMTX,
every 4 days from Day(5FU,

Day 6onlyFU,
Day 6only+MTX,

every 4 days from Day6ControlsOptimaltreatment

levels
(mg/kg)1.0080.032080.0+

10.0Range

of
individual

survival
times(days)11-3010-1513-1713-27Â£-10MSI*

(days)1813.514239%
Increase
over

controls1005056156Relative
increase in
MST over
controlsc1005056156

Â»Experiment 1: s.c. treatment was begun 6 days after s.c. inoculation of tumor;
(19-24 gm) were employed; 8 mice in treated groups and 16 mice in untreated group.

b MST, median survival time.
c MTX alone daily = 100.

female mice
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was combined with a dose of MTX which was optimal for daily
treatment with MTX when used alone (Experiments 5 and 6)
or actually higher than the optimal daily dose of MTX alone
(Experiments 3, 4, and 7). These observations suggest that on a
daily schedule, FU contributed to the enhanced therapeutic
effect without contributing significant toxicity for the host.

The summary data for Experiment 6, Table 3, are shown in
Chart 1. Included are the dosages employed and median survival
times for the leukemic mice and for treated nonleukemic control
mice. As observed previously (22) the toxicity of FU severely
limited its therapeutic usefulness as indicated by the toxicity of
therapeutic dose levels to normal mice. With MTX, toxicity also
limited therapeutic effectiveness, but this is partially attributable
to reduced tolerance of leukemic mice to the drug (13). The

improved therapy with an optimal dose level of MTX plus a
relatively low, nontoxic, and not detectably effective dose of FU
is apparently attributable to improved tolerance of the mice
accompanying the more successful therapy. With the combina
tion, the limitation to therapy was the toxicity as observed for
normal mice treated with MTX plus FU.

Discussion

The present studies show that therapeutic synergism (10) was
obtained when FU was administered in combination with MTX.
That is, a therapeutic response was observed with combination
therapy which was greater than that achieved when either of the
chemical agents was administered alone.

TABLE 2
EFFECTIVENESSOF METHOTREXATE(MTX) PLUS 5-FniOROURACiL(FU) AGAINSTADVANCED

LEUKEMIAL1210 IN MICE"

TreatmentscheduleMTX,

daily from DayGFU,
daily from Day6FU,
Day 6onlyFU,
Day 6only+MTX,

daily from Day6ControlsOptimal

treatment
levels

(mg/kg)1.0839.010823.0+

1.08Range

of
individual
survival

times(days)8-2610-1612-168-288-10MST6

(days)1714.515248%
Increase
over

controls1128188200Relative
increase in
MST over
controls01007278178

Â°Experiment 2: s.c. treatment was begun Gdays after s.c. inoculation of tumor: CDBA female mice
(19-25 gm) were employed; 10 mice in treated groups and 20 mice in untreated group.

bMST, median survival time.
cMTX alone daily = 100.

TABLE 3
COMBINATIONTREATMENTOF ADVANCEDLEUKEMIAL1210 WITHMETHOTREXATE(MTX) PLUS S-FLUOROURACIL(FU) IN MICE"

EXPERI-MKXT

\l>.345G7AGENTMTXFUMTXFUMTXFUMTXFUMTXFUOPTIMAL

TREATMENT
LEVELS(mg/kg)Separately0.851.20.564.01.0850.00.851.20.851.2Combined1.6+6.41.0+8.01.08+

10.80.8RATIO

FU
TOMTX4:18:110:1TEST

AGENTSeparatelyRange

of
individual

survivaltimes(days)9-2313-1011-2814-1517-2213-1716:1

10-29+
12.813-151.6+6.44:110-2714-16MST(days)171424.514201C221423.515CombinedRange

of
individual

survivaltimes(days)15-2627-3519-3018-3024-26MST(days)2131.5242625CONTROLSindividual
survival times

(days)8-129-118-98-109-14survival
time

(days)10RELATIVE

INCREASEi.vMSI*
AT OPTIMAL DOSE

OVERCONTROLSCSeparately1005710

100891028100671003810037Combined157148133131111

" Daily s.c. treatment was begun 6 or 7 days after s.c. tumor inoculation; CDBA and BDFÂ¡male and female mice (18-27 gm) were
employed; 10 mice in treated groups and 20 mice in untreated group.

*MST, median survival time.
Â°MTX alone dailv = 100.
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(10) (10) (10) (1) (O) (7) (O) (O) (O) (O) (10) (10) 00) (6) (O)

MTX 0.2 0.4 0.8 1.6 3.2 O
-â€¢-FU O 13 26 51

0.1 0.2 0.4 0.8
102 205 1.6 3.2 6.4 13

1.6
26

CHART1.â€”Dose response of normal and leukemic (L1210) mice to treatment with 5-fluorouracil (FU) and methotrexate (MTX), alone

and in combination. The doses of the drugs are given in mg of drug/kg of body weight and were administered, s.c., from the Gth day
after leukemic inoculation. Treatment was given daily until death or until the 70th day. Figures in parentheses represent the number
of normal animals alive on the 70th day.

The enhanced antileukemic activity shown by the combination
treatments was characterized by relatively low doses of FU,
whereas the associated level of MTX was either a suboptimal
one or an effective one for treatment with MTX alone. When
FU was given as a single treatment with MTX on a 4-day sched

ule, there was an appreciable reduction in both the optimal dosage
of FU and of the folie acid antagonist relative to the optimal
dosage when the drugs were employed individually. This finding
indicates that on this schedule the drugs showed increased tox-

icity for the host. However, the increased therapeutic effect ap
peared to be proportionately more extensive than the increased
toxicity for the host as evidenced by the increased survival time
of the leukemic animals. When FU and MTX were administered
on a daily schedule, a therapeutic advantage was obtained with
a substantially decreased level of the fluorinated pyrimidine,
but the dose level of MTX remained unchanged or was even
higher than when employed alone. Thus, with this regimen of
therapy the therapeutic advantage of combination therapy was
achieved without appreciable increased toxicity for the host.
Undesirable toxicity of FU was avoided by the use of a nontoxic
dose level, which by itself exerted no observable therapeutic
effect. Yet this low dosage contributed markedly to the chemo
therapy and even appeared to permit greater tolerance of the
host to MTX. The relative success of the combination therapy
was limited only by the ultimate toxicity of the combination
to the host.

Although the current experiments were undertaken with the
biochemical rationale that therapeutic synergism might be pro
duced by combination treatment with FU and MTX as the
result of a sequential blockade in thymidylate biosynthesis (9),
or as a form of concurrent blockade involving purine and thy
midylate biosynthesis (9) the precise nature of the enhanced
therapeutic response remains to be determined. It would, how

ever, be of interest to determine whether there is an enhanced
biochemical effect on thymidylate synthesis as a result of treat
ment with a combination of FU and MTX.

A number of combinations of drugs have now been demon
strated to provide a therapeutic advantage both in animal and
clinical leukemia (8). Detailed investigations of the mechanism
of action of combinations of drugs will undoubtedly, as with
individual drugs, provide additional increments of control of the
leukemic process.
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