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ABSTRACT

The growth inhibitory effects of combinations of antifolates on hepa-
toma cells in culture have been examined. In these studies ntethotrexate
or the lipophilic inhibitors of dihydrofolate reducÃasewere used with the
thymidylate synthase inhibitor Â¿Y<0-propargyl-5,8-dideazafolate(PDDF).

Under certain conditions partial growth inhibition by methotrexate and
trimetrexate is reduced by noninhibitory to slightly inhibitory concentra
tions (< 1 MM)of PDDF. At somewhat higher concentrations (1.6-4 MM)
of PDDF, synergy is observed with methotrexate, trimetrexate, or me-
toprine. Trimetrexate exerted greater synergistic effects than methotrex
ate. A noninhibitory concentration of trimetrexate (2 UM)in combination
with a partially inhibitory concentration of PDDF reduced growth by
93%. Metoprine was capable of replacing trimetrexate and exhibits
slightly greater inhibitory activity in combination than trimetrexate. Both
metoprine and trimetrexate in combination with PDDF caused synergistic
inhibition of the de novo synthesis of thymidylate in intact cells as
measured by tritium release from (5-3H)deoxyuridine. Clonal assays were

used to demonstrate synergy between trimetrexate or metoprine and
PDDF, attesting to the cytotoxic properties of this combination. Thymi-
dine alone can protect against both the synergistic combination of tri
metrexate or metoprine and PDDF and PDDF alone, but has only a weak
protective effect on toxic concentrations of trimetrexate and metoprine.
These observations suggest that growth inhibition is mediated by the
activity of /VÂ°-propargyl-5,8-dideazafolate on thymidylate synthase.

These results are discussed with regard to the mechanism of inhibition
of thymidylate synthase by the 5,8-dideazafolates and the possibility of
enhancing the inhibitory activity of this class of compounds by using
them with inhibitors of dihydrofolate reducÃase.

INTRODUCTION

The disruption of folie acid metabolism has long been known
to inhibit cell growth and has been established as a useful
therapy in the treatment of neoplastic diseases (1-3). The most
widely utilized clinical agent is methotrexate (Fig. 1), a folate
analogue which has been extensively studied therapeutically (1-
3) and mechanistically (4, 5). The most sensitive and primary
intracellular target of methotrexate and its polyglutamate de
rivatives is dihydrofolate reducÃase(EC 1.5.1.3), although the
possibility of direcl or indirecl effects al olher siles such as
Ihymidylale synlhase (EC 2.1.1.45) (6, 7) or 5-aminoimidazole-
4-carboxamide-/3-D-ribofuranosyl 5'-monophosphate Iransfor-

mylase (EC 1.2.1.3) (8) have been documenled.
ReceÃ±Ãsludies in ihe developmenl of novel antifolates have

generaled compounds wilh enhanced specificity and the ability
lo inhibil olher folate ulilizing enzymes. Three examples of
Ihese are shown in Fig. 1. Trimetrexale and meloprine are
lipophilic antifolates whose sole known sile of inhibilion is
dihydrofolate reductase (9-11) and Ihe available dala indicate
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that PDDF3 acls by inhibiling Ihymidylale synthase (12-14).

These agenls have all been shown lo be aclive lo varying
degrees againsl cell lines in culture and also in certain in vivo
lumor models. However, very few sludies are available concern
ing ihe effecls of combinations of antifolates. The intriguing
investigations of KÂ¡sihik et al. (15) demons! ral ed Ihat a dihy-
drofolale reducÃaseinhibilor, irimelhoprim combined wilh ihe
Ihymidylale synlhase inhibilor PDDF or ils diglulamale deriv
ative, could produce growth inhibition in Lactobacillus casei
lhal was noi consislenl wilh addilive drug acliviiy. These re-
sulls, along wilh ihe possibilily of learning more about ihe
acliviiy of anlifolales, Ihe availabilily of new classes of highly
specific anlifolales, and Ihe praclical therapeutic possibilities
of synergislic drug acliviiy have prompled a sludy of Ihe inler-
aclion of ihe Ihree dihydrofolale reducÃaseshown in Fig. 1 wilh
PDDF against hepalic lumor cells in vitro.

MATERIALS AND METHODS

Materials. Swims S-77 medium, fetal calf serum, and horse serum
were obtained from Grand Island Biological Co. (Grand Island, NY).
Methotrexate was a gift of Lederle Laboratories and was purified by
aniÃ³nexchange Chromatograph) prior to use (16). PDDF was kindly
provided by Dr. Hilary Calvert of the Institute of Cancer Research,
Surrey, United Kingdom; trimetrexate was provided by Drs. D. Fry and
R. Jackson, Warner Lambert, Ann Arbor, MI; and metoprine was
supplied by Dr. David Duch of Burroughs Wellcome, Research Triangle
Park, NC.

Cell Culture and Growth Inhibition. H35 hepatoma cells were grown
in monolayer culture as described previously (16). The cells were plated
at a density of 2 x 10s cells/plate in 60-mm Falcon culture dishes

(Becton, Dickinson Co., Cockeysville, MD). The time of exposure and
concentration of antifolates are indicated in the text, and cell counting
was accomplished by two methods (17, 18). The attached cells could be
directly counted on the plates by staining for 5 min at 23Â°Cwith

0.024% trypan blue and the viable cells were counted in situ with an
inverted microscope at x2S6 (17). All cells that remained attached to
the substrate excluded trypan blue. Five reticle fields having an area of
0.55 mm2 were counted on each culture dish and the total number of
cells for the 60-mm plate (surface area, 21 cm2) was calculated by
multiplying the average of the five counts by 3.8 x 10'. The standard

deviation of five replicate observations on one experimental plate over
all experiments was Â±6%.Cell counts were also accomplished by release
from the plates wilh 0.05% Irypsin and counling as previously described
with a ZBI Coulter Counter (Coulter Electronics, Hialeah, FL) (18).

Cytoloxiciry Study. Three h after the H35 cells are seeded at 2 x
105/60-mm plate the indicated antifolates were added. After 48 h of

culture, cells were trypsinized and plated at 800 cells in 4 ml growth
medium/60-mm plate in the absence of drugs. After 7 to 10 days at
37Â°Cthe cultures were rinsed with 0.85% saline buffered with 10 HIM

phosphate buffer (pH 7.4) three times, stained with methanol-crystal

3The abbreviations used are: PDDF, ArlÂ°-propargyl-5,8-dideazafolate, N-
\ |4-|Ar-[(2-amino-4-hydroxy-6-quinazolinyl)methyl]prop-2-ynyl amino|benzoyl| |-
L-glutamic acid also known as CB3717; methotrexate, 4-NH2-A'")-CH3-pteroyl-
glutamic acid; trimetrexate, 2,4-diamino-5-methyl-6-|(3,4,5-trimethoxyani-
lino)methyl]quinazolineglucuronic acid salt; metoprine, 2,4-diamino-5-(3',4'-
dichlorophenyl)-6-methylpyrimidine also known as DDMP; Isa, 50% inhibitory
concentration.
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Fig. 1. Structure of methotrexate, trimetrexate, metoprine (DDMP), and
PDDF(CAJ7/7).

Table I Growth inhibition ofhepatoma cells by methotrexate, trimetrexate,
and PDDF

The cells were plated at a density of 2 x 10' cells/plate and cultured in the
presence of the indicated amount of drug for 72 h, after which the cells were
counted in situ. The 2-h pulse with methotrexate was made after the cells had
been in culture for 24 h. Untreated cultures grew to a density of 3.5 Â±0.2 x 10*
(n = 6) cells/plate. The results are the mean Â±SD of 6 independent experiments.

Antifolate I

Methotrexate
Methotrexate. 2-h pulse
Trimetrexate
Metoprine
PDDF

0.0096 Â±0.002
0.26 Â±0.03

0.0032 Â±0.001
0.12 Â±0.03

3.8 Â±1.0

violet (2.0%), and the colonies (diameter, >0.25 mm, >75 cells) were
counted on an Artek colony counter.

Drug interactions using growth inhibition or clonal assay are char
acterized as follows, based upon analysis by Webb (19). Summation
indicates that the fractional inhibition by a combination of two agents
is the product of the fractional inhibition of each agent given separately.
Synergism occurs when the combined effect is greater than summation
and antagonism occurs when the combined effects are less than that of
either agent alone.

RESULTS AND DISCUSSION

Growth Inhibition Studies. The inhibitory activity of the four
folate analogues shown in Fig. 1 was determined by measuring
the growth of cells in vitro (Table 1). Methotrexate caused 50%
inhibition at approximately 10 n\i upon continuous exposure
and the I50 was increased by 26-fold when the exposure was
reduced to 2 h. Metoprine and trimetrexate have I5ovalues of
3.2 nM and 0.12 /Â¿M,respectively, and PDDF exhibited the
weakest dose effect, having an I50of 3.8 /Â¿M.The relative toxicity
of these agents are consistent with their activity against several
other tumors in vitro (20).

To examine the possible drug interaction between antifolates
acting at different enzymatic sites, the growth inhibition of
methotrexate and PDDF was tested alone and in combination.
Methotrexate exhibited synergy with PDDF when the cells
were exposed to the former agent continuously or by pulse
exposure (Table 2). The combination of a noninhibitory contin
uous exposure to methotrexate with a slightly inhibitory con-

Table 2 Effect of methotrexate and PDDF on cell growth
The cells were plated and counted after 72 h in culture as described in Table 1

and cell counting was accomplished with a Coulter Counter.

Addition (n\r) Cells (% of control)

Methotrexate PDDF Observed Expected
Continuous exposure"

100 Â±6*

0.0048 114 Â±12
3.2 69 Â±9

0.0048 3.2 27 Â±8.8
Pulse exposure*

0.2 61 Â±8.8
0.4 103 Â±8.5
4.0 66 Â±7

0.2 0.4 84 Â±4.3
0.2 4.0 8 Â±2

78e

63
40

" Cultures were exposed to both agents continuously through the 72 h culture.
* n = 5 Â±SD.
' Expected cell number is that predicted by summation as described in "Ma

terials and Methods." â€¢
'The cultures were exposed to a 2-h pulse of methotrexate after 24 h in

culture, followed by a 46-h exposure to PDDF.

IOO

2.0 5.0

PDDF (pM)

1.0 2.0 5.0

Fig. 2. Effect of trimetrexate ( TMTX) and PDDF on the growth of H35
hepatoma cells. The cells were cultured for 72 h in the presence of varying
concentrations of PDDF alone or 1. 1 nM, 2 nM, and B, 4 nM trimetrexate. The
cells were counted in situ and the results are the average of S cultures Â±SD. The
dashed line is the predicted result if the combinations exhibited summation. The
seeding density of the cultures not exposed to antifolates (2 x 10' cells/plate) is
5.7% of the cell density at 72 h.

centration of PDDF caused inhibition that was greater than
that predicted by summation. Similarly, a mildly inhibiting
pulse dose of methotrexate with PDDF could cause synergistic
growth inhibition. It should be noted that the inhibitory pulse
dose of methotrexate (61% of control) could be partially alle
viated by a noninhibitory concentration of PDDF. However,
the antagonistic effects were not as marked as the synergism.

The H35 hepatoma cell line is known to produce high con
centrations of methotrexate polyglutamates, particularly fol
lowing pulse exposure to dividing cells (16, 18, 21). Because
these derivatives have the potential to inhibit folate enzymes
other than dihydrofolate reductase, the molecular site of action
of methotrexate remains questioned (6-8). Trimetrexate is a
lipophilic antifolate whose only known site of action is dihy
drofolate reductase (9-11 ). By combining this agent with PDDF
we can be assured that the growth effects of timetrexate are
restricted to its inhibition of dihydrofolate reductase. The re
sults of this experiment are shown in Fig. 2A and these dem
onstrate a greater synergy when trimetrexate replaces metho
trexate. With the combination of a noninhibitory concentration
of trimetrexate (2 HM)and an amount of PDDF (4 pM) which
reduces growth by 60%, a nearly complete inhibition of cell
growth is observed (7% of control growth). The effect of an
inhibitory concentration of trimetrexate is reduced by a low
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Fig. 3. Effect of metoprine and PDDF on the growth of H35 cells. The
experiment is conducted in the same way as hepatoma cells described in Fig. 2,
except that trimetrexate was replaced by 0.036 MMmetoprine. Points, mean of
triplicate experiments; the dashed line is the predicted result if PDDF alone (O)
and metoprine exhibited summation.

Table 3 Cytotoxicity of metoprine and trimetrexate in combination with PDDF
Clonal assays were conducted as described in "Materials and Methods."

Metoprine
(DM)2525AdditionTrime

trexate
(nM)3.53.5%

ofsurvivalPDDF(*M)222Observed100

+7*86
Â±11.2C91.2

Â±6.472
Â±1.03.6
Â±1.24.8
Â±2.8Expected"6265.5

Â°Expected cell number is predicted by the product of the fractional inhibition

of the two agents assuming summation.
*n = 8 Â±SD for control. Control cultures had 255 Â±18 colonies.
' n 4 .*.SD for drug treated samples.

concentration of PDDF and a higher concentration of PDDF
results in synergy (Fig. 2B), which is similar to the results with
methotrexate (Table 2).

Because of the increased effectiveness of trimetrexate with
PDDF relative to methotrexate, an alternate lipopholic antifol
ate which inhibits dihydrofolate reducÃasewas examined. Such
a compound is metoprine (22), which also exhibits synergy in
combination with PDDF, although the inhibition seems slightly
greater than with trimetrexate (Fig. 3).

Cytotoxicity Study. In order to determine if the combinations
used in the growth inhibition studies were cytotoxic, clonal
assays were conducted with PDDF in combination with meto
prine or trimetrexate. In these studies dividing cells were ex
posed to the folate analogue for 48 h and colonies were formed
over 7 to 10 days in the absence of inhibitors. Inclusion of
weakly inhibitory concentrations of the lipid soluble dihydro
folate reducÃaseinhibitors with PDDF exhibited a pronounced
synergy when evaluated by clonal assay (Table 3). Under the
conditions of this experiment metoprine and trimetrexate ap
peared to have approximately equivalent activity. The combi
nation of metoprine and trimetrexate, examined by growth
inhibition and clonal assays never exhibited combined activity
that was greater than summation.4

De Novo riamichiate Biosynthesis. The synergistic combi
nations of antifols would be expected to be active as a result of
enhanced activity against one or more folate dependent meta
bolic pathways. One way to test this in intact cells is to evaluate

the de novo synthesis of thymidylate with [5-3H]deoxyuridine,

which is a relative measure of the activity of the folate requiring
enzyme, thymidylate synthase (22). Cultures were grown in the
presence of low levels of the lipid soluble dihydrofolate reduc-
tase inhibitors for 72 h, and PDDF was added for 4 h, followed
by [5-3H]deoxyuridine. Due to the short exposure time no

reduction in cell number occurred and the effects were thus
related to inhibition of the metabolic pathway and not cell kill.
The data demonstrate that each of the three agents exert only
modest inhibition (<40%), while the combination of trimetrex
ate or metoprine with PDDF exhibits synergistic inhibition of
thymidylate synthase in the H35 cells (Table 4). These results
lead to the conclusion that the synergistic effect of the combi
nations is to enhance the antifolate effect of either or both of
the antifolates. However, this assay does not distinguish
whether these effects are mediated by direct inhibition of thy
midylate synthase or indirectly by inhibition of dihydrofolate
reducÃaseand perturbation of folate metabolism (23).

Thymidine Protection Studies. The site of activity of PDDF,
thymidylate synthase, has been deduced by enzymological stud
ies (13, 14) and by the fact that only thymidine is required to
prevent growth inhibition from this agent (13, 24). Thymidine
is not effective in preventing growth inhibition by high concen
trations of metoprine or trimetrexate in H35 hepatoma cells,
whereas it completely prevents the effects of PDDF (Table 5).
Thymidine has also been shown not to be effective in preventing
growth inhibition of H35 cells by methotrexate (25). We sought
to determine if the synergistic effects are mediated primarily
through inhibition of thymidylate synthase by examining the
capacity of thymidine to protect cells treated with this combi
nation. The results show that thymidine prevents the inhibition
of the combinations (Table 5), suggesting that the site of action
of the combination of drugs is caused by the inhibition of
thymidylate synthase.

Table 4 Effects of antifolate combination on the release of tritium from
f5-3HJdeoxyuridine by H35 cells

The cells were plated with the indicated concentration of metoprine or trime
trexate at a density of 2 x IO5cells/60 mm plate. After 72 h PDDF was added
and following a 4-h incubation 20 MM[5-3H]deoxyuridine (3.5 x IO4dpm/nmol)

was added. The tritium released was measured by the method of Yalowich and
Kaiman (23). The results are the average of duplicate observations.

Metoprine
(HM)7272AdditionTrimetrexate(nM)2

2PDDFOIM)4
4
4Tritium

released (Id*

x dpm/h/mg cell
protein)2.43

1.56
2.26
1.85
0.06
0.12

Table 5 Protection ofH35 cells against combined antifolates by thymidine
The cultures were grown as described in Table 1 and the results are the average

of duplicate observations. The cells were counted microscopically in situ.

43, Galivan, unpublished observations.

Metoprine(nM)720720100100AdditionTrimetrexate
(nM)404044PDDF

Thymidine(MM)
(20MM)+4040

+++44

+44

+%

ofgrowth10941084.5211315.610.81091891
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These results are the first documentation of synergy between
two antifolates having differing mechanisms of activity against
tumor cells. It is hoped that the utilization of this combination
or others like it may lead to a greater understanding of the
molecular interaction of antifolates and their cellular targets
and possibly a more efficacious use of these agents in neoplastic
diseases. Since these studies have been restricted to hepatoma
cells in vitro, further investigation will be required to determine
the application to other tumor cell lines and the in vivoeffects
of these and similar combinations. It is apparent from these
results that the concentration of each of the two agents will be
extremely important to any in vivo studies, since low concen
trations of PDDF can partially reduce the growth inhibition by
methotrexate and trimetrexate (Table 2; Fig. 2).

The impetus for these studies arose from the observation of
KÂ¡slinket al. (15) on the synergistic activity of trimethoprim
with PDDF against the growth of L. case!, and also enzymolog-
ical studies of the interaction of PDDF with thymidylate syn-
thase (13, 14, 26). Studies with L. casei further showed that the
diglutamate of PDDF and trimethoprim had more than additive
effects against cell growth and thymidylate synthase in a recon
stituted enzyme system (27). While a mechanism for the effects
observed here cannot yet be defined, current knowledge about
these drugs and enzymatic pathways allows some speculation
about the manner in which these drugs interact. These possi
bilities will be considered as an outline for future studies to
evaluate the mechanism of the results shown here.

The effect of weakly inhibitory concentrations of PDDF in
reducing the toxicity of trimetrexate or methotrexate (Table 2;
Fig. 2) has precedent in the effect of other inhibitors of thymi
dylate synthase on methotrexate toxicity. These studies have
shown that agents which could reduce thymidylate synthase
activity in cells had a sparing effect on the growth preventing
activity of dihydrofolate reducÃaseinhibitors (5,28). The reason
for this is thought to be that a reduction in thymidylate synthase
activity causes the tetrahydrofolate pool to be depleted less
rapidly. Thus, dihydrofolate reducÃaseis quantitatively less
important to cell growth. As a result agents such as PDDF or
fluorodeoxyuridine which reduce thymidylate synthase activity
can reduce the growth impairing effects of dihydrofolate reduc
Ãaseinhibitors (28, 29). It should be noted that under the
condilions used here Ihese effects are fairly modest and do not
conform to drug antagonism (19), since the effecl of Ihe com-
binalion is noi less inhibitory lhan the weakest of Ihe Iwo
inhibitors.

The mosl pronounced synergistic effects between PDDF and
the lipid soluble antifols or methotrexate occur al a concenlra-
lion of PDDF which is approaching or has achieved an inhibi
tory concenlralion. The Ihymidine proleclion sludies suggesl
lhal synergislic loxicily is effected via inhibilion of Ihymidylate
synthase and not dihydrofolate reducÃase.Thus condilions
which favor PDDF binding lo ihymidylale synlhase is one way
in which PDDF effeclivenesscould be enhanced. Melholrexale,
trimetrexate, and meloprine are potentially capable of doing
Ihis since il is known lhat the inhibilion of dihydrofolale
reducÃaseby antifolates can cause an increase in dUMP and
dihydrofolale (5, 13) and a reduclion in 5,10-methylenetelrahy-
drofolale (30). The enzymological dala of Pogololli et al. (26)
suggesl lhal Ihese conditions, dUMP elevation lo enhance
PDDF binding and depletion of 5,10-melhylenelelrahydrofol-
ale which competes wilh PDDF for binding lo thymidylate
synthase (12,13,26), would favor the formation of an inhibited
thymidylate synthase complex and increased growlh inhibilion.
This is especially important in Ihe case of Ihe PDDF-synlhase-

dUMP adduci since it has a slow rale of dissocialion and once
formed would cause long term inhibition (26). The results we
have presented are consislenl wilh Ihis postulate. However,
numerous parameters including altered cellular drug transport
or retention, effects on targel enzyme levels, olher changes in
folate pools, alteration in cell cycle kinelics, and factors which
are noi yet understood could also be involved in the observed
synergy. Regardless of the mechanism thai is operating, the
results suggesl lhal the growth inhibitory activity of PDDF can
be increased by nearly an order of magnitude (I50,3.8 MMalone
and 0.5 /Â¿Min Ihe presence of metoprine) by Ihe presence of an
inhibitor of dihydrofolate reducÃase.Similar synergy in drug
aclivily is observed when clonal growlh and impairment of de
novo thymidylate biosynthesis are evaluated. Further investi-
galion are under way to clarify Ihe mechanism of Ihe drug
interaction described here.

Lastly, il is templing lo speculate on the possible chemother-
apeulic implications of these results. What mighl be Ihe effecl
of combined treatment wilh two antifolates which differ in their
mechanism of aclion? The possibility for enhanced therapeutic
index exists providing each compound could be used al a
concenlralion lhal would noi by ilself cause excessiv3 loxicily.
Would Ihe Iherapeutic selectivily of Ihe combination be en
hanced if each of Ihe agenls had a different site of organ
loxicily? Such a slralegy mighl also be enhanced when olher
5,8-dideazafolale derivatives which had greater aclivily and less
hosl loxicily were developed.
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