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Summary

Some experimental approaches designed to attain more
potent therapies for the treatment of malignant diseases have
been described. It is suggested that the therapeutic potency of
agents, with known utility in the treatment of tumors in man,
can conceivably be enhanced by capitalizing further on known
metabolic sites of vulnerability of tumor cells, either by the
rational modification of existing antineoplastic agents or by
their use in combination with other drugs to achieve greater
biochemical alteration of metabolic processes. Several theories
predictive of enhanced activity by two agents in combination
are described. These include the application of the concepts of
sequential, concurrent, and complementary inhibition to the
treatment of neoplastic disease.

To achieve complete remission of tumors in both
experimental animals and man inherently requires the
preferential killing of neoplastic cells compared to the most
sensitive of the tissues of the host. Although few biochemical
differences, potentially exploitable by chemotherapy, have
heretofore been found between normal and malignant cells, it
would appear that significant differences do exist, since
preferential cell kill with drugs can be achieved in
experimental systems (17) and in patients with neoplastic
disease. Thus, complete and apparently permanent regressions
of tumors are obtained in 10 to 20% of patients with Burkitt's

tumor treated with large, single doses of cyclophosphamide or
Orthomerphalan (19), in about 70% of individuals with
metastatic trophoblastic disease treated sequentially with
Methotrexate and actinomycin D (49), and in approximately
90% of patients with Wilms' tumor receiving actinomycin D in

addition to nephrectomy and postoperative radiotherapy (22).
Evidence is available to indicate that immunologie processes
may be a factor in Burkitt's lymphoma and trophoblastic

tumors (34, 37); however, the contribution of immunologie
defense mechanisms to the attainment of drug-induced
remissions is unknown. This paper is concerned with some
concepts and factors conceivably of use in the rational
development of new therapies designed to achieve additional
advances in the treatment of cancer with drugs.

'Support was provided by Grant CA-02817 from the National Cancer
Institute, USPHS, and Grant T-23 from the American Cancer Society.

The present-day chemotherapist has available an impressive
array of chemical agents, of diverse biochemical action, that
possess the potential to retard the progression of some
malignant diseases. While the ability of these agents to
maximally damage tumors with minimal harm to the host may
well be increased, perhaps even dramatically in some instances
by manipulation of the dosage and schedules of drug
administration, the relative refractoriness of various tumor
types to therapeutic management dictates that basic research
provide new and potent therapeutic regimens for the
treatment of cancer in man. To a degree, such development
can be accomplished by the empirical screening of new agents
as they become available ; such tests are effectively conducted
by the Cancer Chemotherapy National Service Center of the
National Cancer Institute. More rational approaches, however,
must also be applied.

Exploitation of Sites of Vulnerability

To employ, at optimum effectiveness, the tools of
biochemistry and pharmacology to develop new therapeutic
modalities, it is necessary to understand precisely the
mechanism by which known antineoplastic agents inhibit the
progression of neoplastic disease; such information allows
certain cellular processes in tumors to be delineated as sites of
metabolic vulnerability and thereby earmarks these reactions
as likely candidates for additional therapeutic attack. For
example, from investigations into the mode of action of
Methotrexate and 5-fluorouracil, it would appear that the
enzymes dihydrofolate reducÃaseand thymidylate synthetase,
the respective targets for these agents, are sites worthy of
further aggressive chemotherapeutic attack. To achieve a more
effective metabolic blockade of such enzymes which are
deemed to be of particular significance to neoplastic cells, the
structure of active antineoplastic agents may be modified or
entirely new drugs affecting the same target site developed,
with the ultimate aim being gain in therapeutic index. Baker
(7), by use of such an approach, has fabricated a great variety
of folie acid antagonists in an effort to devise a more effective
inhibitor of dihydrofolate reducÃase thai also possesses
therapeutic advantage over Methotrexate. These invesligalions
have taken into consideration the development of anti-
metabolites with a function capable of alkylating either the
active site of the enzyme (endo-alkylation) or some reactive
group on the enzyme surface other than the catalylic cenler
(exo-alkylation). In a recent report (10), illustrative of the
conceptual approach to the design of active-site-directed
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Therapeutic Exploitation of Metabolic Sites

irreversible enzyme inhibitors, the hypothetic advantages of
exo-alkylation were stressed. It was emphasized that binding
of inhibitors to the active site of enzymes from different
sources which catalyze the same reaction should be expected
to be reasonably similar, since few evolutionary changes within
the catalytic site itself are to be expected. However, since
alterations in areas adjacent to the active center of the enzyme
are possible without loss of catalytic activity, it was further
theorized that selective inhibition of the same enzymatic
activity from different species, or even from different tissues
of the same animal, might be possible by capitalizing on small
differences in regions proximate to the active site of the
enzyme.

A series of folie acid antagonists designed to interact with
regions of dihydrofolate reducÃase capable of hydrophobic
bonding were tested on enzymes from the Walker 256
carcinosarcoma and the liver of the rat; a 100-fold greater
inhibition of the tumor enzyme was achieved with l-phenyl-4,
6-diamino-l,2-dihydro-S-triazine (8). To probe further for
differential binding, a group that forms covalent bonds, such
as bromoacetamido or sulfonyl fluoride was introduced onto
the hydrophobic bonding portion of the analog in such a
manner that the positioning of the reactive function on the
inhibitor corresponded to a polar region of the enzyme at the
end of the hydrophobic bonding area adjacent to the active
center. The sulfonyl fluoride group was envisioned to be
capable of either combining with the enzyme molecule to
form the desired covalent bond or to undergo enzyme-
catalyzed hydrolysis to a less active form; the pathway chosen,
which dictates enzymic sensitivity, depended upon the
positioning of this group relative to the structure of the
enzyme molecule, with small differences in structure resulting
in either covalent-bond formation or hydrolysis (9). That such
an approach would indeed appear to be feasible has been
shown, for example, with 2,6-diamino-5-(3,4-dichloro-
phenyl-6-[p-(m-fluorosulfonylphenylureido)phenoxymelhyl]
pyrimidine substituted with a 3-methyl group on the phenoxy
moiety (11); this compound produced excellent inhibition of
dihydrofolate reducÃase from three strains of the LI210
lymphoma and lesser inhibition of the enzyme from mouse
liver when Ihese preparalions were preincubaled with the drug
in the absence of Ihe subslrate dihydrofolate.

The modificalion of olher effeclive antineoplastic agents
employing such principles would appear to be warranted as
precise delineation of sensilive enzymic loci become known;
the ultimate success of Ihis approach, however, would
necessarily depend upon the presence of differences between
enzymes of human tumors and their counterparts from the
most susceptible of host tissues.

Another approach is to seek new inhibitors of key enzymes
shown to be vulnerable to clinically useful carcinostalic agents.
As an example, the hydroxylamine derivative, hydroxyurea, a
compound of Iransienl benefit in chronic granulocytic
leukemia (38) and melaslalic melanoma (14), functions to
inhibit the enzyme ribonucleotide diphosphate reducÃase (1,
15, 28, 44, 62). This enzyme is of central importance to the
replication of DNA, catalyzing Ihe reduclion of ribonucleo-
lides lo deoxyribonucleotide forms. Investigations into Ihe
mechanism of inhibilion of ribonucleotide diphosphate

reducÃase by hydroxyurea have shown lhal the drug is
noncompetilive wilh Ihe various ribonucleolide subslrales
(i.e., UDP2, CDP, GDP) and Ihe positive effeclor ATP.

Enzymic inhibilion by Ihis agenl, however, is partially
competitive wilh Ihe hydrogen donor (dithioerythritol) and
the cofactor ferrous ion (15, 44, 62). In accord wilh such
blockade, deoxyribonucleosides, either singly or in admixture,
partly reverse the inhibition of growth (43, 70) and Ihe
drug-induced decrease of Ihe incorporation of Ihymidine into
DNA (69). In E. coli the drug causes a concentration-depen
dent decrease in the acid-soluble deoxyribonucleotide triphos-
phale pool without significanl change in intracellular levels of
ribonucleotide triphosphates (45). These findings supporl the
contention that blockade of ribonucleotide diphosphate
reducÃase is the major cellular lesion created by this agenl,
allhough olher siles of action have been implicaled (58). The
ability to atlack more effectively the vulnerability of Ihis
enzyme is shown by Ihe observation lhal a variety of
Â«-(TVHielerocyclicaldehyde Ihiosemicarbazones, which exhibit
antineoplastic potency against a relatively wide speclrum of
Iransplanled rodent neoplasms, are 80- to 5,000-times more
potent than hydroxyurea as inhibilors of Ihe activity of
mammalian ribonucleotide diphosphale reducÃase. The mosl
promising members of Ihis class of antineoplastic agenls are
1-formylisoquinoline Ihiosemicarbazone (24, 26), ils 4- and
5-hydroxy derivatives (2â€”4), and both 2-formyl-3-hydroxy-
pyridine thiosemicarbazone and 2-formyl-54iydroxypyridine
Ihiosemicarbazone (3, 13, 25, 27). Allhough blockage of Ihe
biosynlhesis of RNA and prolein is produced by relatively
high concenlralions of these compounds, antineoplastic
potency appears lo be due lo inhibilion of ribonucleolide
diphosphale reducÃase and Ihe resulting impairmenl of Ihe
formation of DNA (52, 53, 56, 57, 59). In an efforl to
comprehend Ihe greal polency of Ihese agenls relative lo
hydroxyurea as inhibilors of ribonucleolide reducÃase, Ihe
mechanism of inhibilion by various a-(AO-heleroaromatic
aldehyde Ihiosemicarbazones was investigated wilh a 20-fold
purified enzyme from Ihe Novikoff ral lumor assayed for Ihe
reduction of cylidine diphosphale wilh dilhioerylhrilol as the
hydrogen donor, ATP as the activalor, and Ihe cations Mg++
and Fe++ (57, 59). A similar mechanism of action appeared lo
be operative for 1-formylisoquinoline Ihiosemicarbazone and
2-formylpyridine Ihiosemicarbazone, in lhal partial com
petition with dilhioerylhrilol occurred wilh bolh compounds.
Thai Ihese agenls were indeed slrong inhibilors of Ihis enzyme
was shown by Ihe finding lhal in Ihe presence of 6.3 X 10~5
M dilhioerylhritol, concenlrations of 7.5 X lo"8 M 1-formyl
isoquinoline thiosemicarbazone and 4.4 X 10~7 M 2-formyl

pyridine thiosemicarbazone caused 50% inhibilion of
enzymalic activity. Further studies provided data consistenl
with a model in which these agents are bound to an
iron-charged enzyme at the site occupied by the reducing
system.

The Abbreviations used are: UDP, undine diphosphate; CDP,
cytidine diphosphate; GDP, guanosine diphosphate; AMP, adenosine
monophosphate; GMP, guanosine monophosphate; IMP, inosine mono-
phosphate; 6-thioIMP, 6-thioinosine monophosphate.
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Delineation of metabolic alterations induced by drug
treatment must be accompanied by investigations that equate
antineoplastic activity with a particular metabolic lesion (or
lesions), since such knowledge is of considerable relevance to
the tailoring of the schedule and intensity of the metabolic
assault to achieve maximum inhibition of the target site in
neoplastic cells. For agents that require repeated adminis
tration to achieve maximum inhibition of the target site, such
blockade ideally should be sustained in malignant cells for the
entire period prior to the administration of an additional dose
of the drug, bearing in mind that these results must be attained
with the least possible damage to the most sensitive of the
normal tissues.

Combination Chemotherapy

The use of drug mixtures is another potential means of
obtaining therapeutic gain in the treatment of malignant
disease. The selection of drugs to be tested in combination
cannot be carried out effectively on a random basis, but can be
made on the basis of biochemical, pharmacologie, and
toxicologie knowledge of the action of each agent as has been
discussed previously (51, 63). Drugs with differing toxicities to
host tissues may be used in admixture to intensify toxicity to
the population of tumor cells with considerably less damage to
the host; this approach constitutes what appears to be an
effective means of irradicating various segments of the
neoplastic population. Combinations such as Methotrexate,
prednisone, 6-mercaptopurine, and vincristine have been
successfully employed to achieve the fractional kill of
leukemic cells (23) and therefore may be illustrative of the
principles expounded by Skipper et al. (61) and Bruce et al.
(18). These concepts have established that (a) first-order
kinetics of cell kill are achieved by antineoplastic agents; (b) in
a random population of tumor cells in vÃ¬vo,a constant
percentage of the total neoplastic cell population is killed by a
given effective dose of a carcinolytic agent regardless of the
absolute size of the cell population; (c) certain drugs, which
act as inhibitors of tumor growth by interference with the
synthesis of DNA, are active only upon that segment of the
cellular population actively fabricating DNA during the period
in which effective concentrations of the active form of the
inhibitory molecule are present (other more highly reactive
compounds such as alkylating agents are effective on all cells
in which an adequate concentration can be achieved, regardless
of the particular phase of the cell cycle); and (d) preferential
kill of malignant cells, compared to normal hematopoietic
stem cells, can be achieved with certain agents. These latter
results may be due to differences between the proliferative
states of the two stem-cell types and a greater effect of the
drugs on the population with the larger percentage of
proliferating members.

The alternate approach in the selection of drugs for use in
combination involves the addition of a chemical agent, by
itself either active or inactive as a tumor-inhibitor, to a drug
clinically useful in the treatment of neoplastic disease, with
the end being the achievement of more effective interference
with some metabolic process in each tumor cell than can be
obtained with either compound alone. Some predictable

assaults on various sites of vulnerability may therefore be
fashioned. Drugs may be employed in combination to act
upon the same receptor or enzyme, or to inhibit different
enzymatic sites of either close or distant biochemical
relationship.

Although the aim of employing drug mixtures usually
involves the achievement of more complete blockade of
metabolic processes, a variety of responses are possible when
two inhibitors act on a single site, provided that the inhibitors
are not bound interdependently and are causing only
competitive and noncompetitive inhibition. If both drugs are
competitive with respect to the same enzymatic substrate,
they will presumably occupy the same binding site and will
therefore compete for this site. Thus, two equally potent
competitive inhibitors should yield an effect equivalent to the
activity of either drug employed alone; however, if one of
these compounds is less effective than the other, antagonism
will occur. Two noncompetitive inhibitors may react either at
the same locus to mutually interfere with binding, or at
different sites on the target enzyme to potentially yield either
enhancement of activity or antagonism. Finally, one agent
may be competitive and the other noncompetitive with respect
to a substrate; in this instance, the drugs react at different loci
and either an antagonistic or enhanced effect can be attained.

Two drugs may bind to the target enzyme interdependently;
in such instances, the binding of one of the drugs may
obviously be either increased or decreased by the presence of
the other and either a more or less effective blockade may
ensue. In addition, two inhibitors may react with each other to
change potency.

Several ways to direct a multiinhibitor attack on a metabolic
site of vulnerability can be visualized at present. A theoretical
candidate enzyme for such an assault is phosphoribosylpyro-
phosphate amidotransferase, the catalyst for the initial step in
the de novo biosynthetic pathway of purine nucleotides. This
enzyme is subject to feedback inhibition by end-products of
purine nucleotide synthesis (i.e., AMP, GMP, and IMP);
available evidence suggests the existence of separate binding
sites on the amidotransferase molecule for AMP and for GMP
or IMP (41,46, 66). Combinations of AMP with either GMP or
IMP, therefore, yield greater inhibition of the activity of this
enzyme than would be predicted from the individual actions
of each nucleotide. The carcinostatic purine analog 6-mer
captopurine, after activation to a nucleotide (6-thioIMP) and
possibly subsequent methylation to 6-methylmercaptopurine
ribonucleotide, inhibits the activity of this enzyme by
occupation of the IMP-GMP site (5, 6, 32, 33). In theory, it
should be possible to markedly lower the amount of 6-thioIMP
or 6-methylmercaptopurine ribonucleotide required to
maximally inhibit this enzyme, and consequently the de novo
purine nucleotide biosynthetic pathway, by simultaneously
employing an analog of adenine convertible to the nucleotide
level with the thiopurine. Such a combination may
conceivably result in therapeutic gain.

The most common situation in the use of two or more drugs
in admixture is that they act on different receptor sites within
the target cell. The first attempt to direct the action of two or
more inhibitors upon different enzymes in a limited portion of
a multienzyme sequence was described by Potter (48) who
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Therapeutic Exploitation of Metabolic Sites

SEQUENTIAL BLOCKADE

Chart 1. Schematic mechanism of sequential inhibition.

applied the term "sequential inhibition" (Chart 1); the

combined in vivo inhibition of citrate formation by malonate
and fluoroacetate was used as a model system. The kinetics of
sequential inhibition have been described by a number of
workers (12, 30, 65). Webb (65) and Handschumacher (30)
have emphasized that the formation of an end-product C in
such a multienzymatic sequence is dependent upon the slowest
reaction, or in a steady state, upon the initial reaction in the
metabolic sequence. Inhibition of the rate-limiting enzyme
results in a decrease in the quantity of the end-product
produced; a further reduction in the concentration of the
end-product does not occur upon addition of a second
inhibitor until its level makes this second site become rate
limiting. At this time the degree of overall inhibition becomes
independent of the action of the first agent. When noncom
petitive or titrating inhibitors are used, enhanced inhibition of
the formation of C is clearly impossible; however, with
competitive inhibitors, blockade of the second reaction, the
conversion of B to C, will be partially nullified by the resultant
accumulation of intermediate B, which would then compete
with I2 to decrease the effectiveness of the inhibitor at this

enzymatic step. Inhibition of EI in this situation would be
expected to diminish the rate of accumulation of intermediate
B and thereby enhance the blockade of this pathway. These
theoretical situations are obviously only valid in a closed
system from which the substrate, intermediates, and inhibitors
cannot escape and pertain primarily to steady-state conditions.
Therefore, the conclusions of Black (12), who adopted a
mathematical model to show that the combined effect of two
inhibitors acting by sequential blockade is necessarily
synergistic when the enzyme concentration either
approximately equals or greatly exceeds those of the inhibitor
and the substrate, may well be indicative of the situation that
exists in vivo, especially at the onset and termination of
inhibition processes, when the concentration of inhibitor at
the enzymatic site in situ might be expected to be relatively
low. The action of 6-thioguanine employed alone on purine
nucleotide biosynthesis provides what may be considered to be
an example of a sequential blockade of particular relevance to
cancer chemotherapy (42). This agent, following conversion to
its nucleotide derivative, inhibits the activity of phosphoribo-
sylpyrophosphate amidotransferase, inosine S'-phosphate de-

hydrogenase, and ATP:GMP phosphotransferase. Such
multistep blockade should produce a profound decrease in the
intracellular concentration of guanine nucleotides, with re
sultant depression of the rate of synthesis of RNA and DNA
and of the activity of enzymatic reactions that require GTP as
a coenzyme. The contribution of sequential blockade of
guanine nucleotide biosynthesis by 6-thioguanine to the

ultimate attainment of cell death is unknown; incorporation of
the analog nucleotide into the DNA of sensitive tumors would,
however, appear to be involved in the susceptibility of these
cells to its growth-inhibitory activity (39).

CONCURRENT INHIBITION

B

Chart 2. Schematic mechanism of concurrent inhibition.

The concept of concurrent inhibition, suggested by Elion et
al. (21), is shown in Chart 2. The terminology "concurrent
blockade" was applied to situations in which two or more

inhibitors function to interfere with alternate metabolic
pathways available for the formation of a common inter
mediate required for growth. From the model shown in Chart
2, it can be seen that under usual conditions the rate of
formation of end-product C is the sum of the reactions
catalyzed by enzymes EI and Â£"2.As in the case of sequential

blockade, it is difficult to envision how two agents that inhibit
alternate metabolic pathways to the same end-product do so in
a biochemically synergistic manner, when the considerations
are based solely on the predicted kinetic behavior of isolated
enzyme systems. A major restriction to these enzymatic
considerations is, however, that they are not necessarily
predictive of biologic synergism, since they provide no
information as to the degree of depletion of an end-product
compatible with cell survival.

A more recent concept from this laboratory (50,51, 54,55)
envisions the rational selection of drug combinations with
synergistic properties by utilizing in admixture agents that
cause biochemical effects at different loci involved in the
formation of certain polymeric molecules. This concept,
termed "complementary inhibition," is depicted in Chart 3.

A directed therapeutic attack is visualized in which agents

COMPLEMENTARY INHIBITION

SYNTHESIS BIOPOLYMER

DNA
RNA

PROTEIN

Chart 3. Schematic mechanism of complementary inhibition.
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capable of causing damage to macromolecules by altering
their structure either directly through complex formation, or
indirectly, are combined with drugs that, by metabolic
blockade, decrease the availability of precursor molecules.
Such assault can be expected to provide more complete
inhibition of either the synthesis or biochemical function of
the target molecule in those cells only minimally damaged
by either of the chemotherapeutic agents alone and also to
interfere with, and therefore to minimize, the cellular repair
of drug-induced damage to these polymeric structures. Some
chemical compounds theoretically useful in complementary
inhibition are shown in Table 1.

An experimental model of complementary inhibition, with
the metabolic attack being directed at the level of RNA, was
provided by the finding that combinations of actinomycin D
and ribonuclease were synergistic inhibitors of the growth of
Sarcoma 180 (50). Actinomycin D was assumed to function
by blockade of the synthesis of RNA; it was theorized that the
tumor cells surviving treatment with this antibiotic did so
through conservation and utilization of preexisting RNA
molecules for metabolic function. Ribonuclease was added to
actinomycin D to destroy RNA molecules fabricated prior to
administration of the antibiotic. Measurements of the total
RNA content of neoplastic cells treated with the mixture of
these two agents indicated that the cellular content of RNA
was indeed markedly depleted (50).

Several examples are available in which the inhibitory
potential of combinations of drugs has been directed at the
level of DNA. These studies have primarily utilized alkylating
agents to damage DNA templates. However, other classes of
drugs that bind to DNA, to thereby distort the structure of
these molecules and consequently their function as templates
in replication, theoretically should also be useful in admixture
with drugs with the capability of creating biochemical lesions
in the pathways involved in the fabrication and utilization of
the deoxyribonucleotide triphosphate precursors of DNA (16,
54, 55). Thus, mitomycin C, an antibiotic with the potential
to cross link complementary strands of the DNA double helix
(35, 40), and uracil mustard [5-Â¿>/s(2-chioroethyl)amino-
uracil], an alkylating agent with similar ability, have caused
synergistic inhibition of tumor growth when employed

simultaneously with certain antimetabolites possessing the
capacity to limit the availability of deoxyribonucleotide
triphosphates for replication of DNA. Representative members
of this latter class include (a) 5-fluorouracil, which functions
to inhibit thymidylate synthetase, after conversion to a
deoxyribonucleotide (31); (b) cytosine arabinoside, which
following anabolism to the triphosphate level, inhibits DNA
polymerase in a manner kinetically competitive with
deoxycytidine triphosphate (29, 36); and (c) 6-thioguanine,
envisioned to interfere with the formation of guanine nucleo-
tides by sequential blockade of purine nucleotide biosynthesis
(42). The latter compound also may act directly at the level of
DNA by being incorporated into its structure (39) and,
therefore, is one of several agents which may be considered to
be of an intermediate nature in that they can act at both the
polymer and precursor levels. The theoretical visualization of a
more complete inhibition of the replication of DNA by the use
of agents that interfere with template function in replicative
reactions in combination with drugs acting to minimize DNA
biosynthesis by limiting the availability of the deoxyribo
nucleotide triphosphate building blocks as the explanation of
the potent antineoplastic activity of such combinations would
appear to be an oversimplification, in view of the complexities
involved in replicative processes. The use of such a concept,
however, has enabled the prediction of several drug com
binations with synergistic potency in experimental animal
systems.

It should also be possible to employ the concept of
complementary inhibition at the level of certain key enzymes;
in this situation, site-directed irreversible inhibitors or com
pounds tightly bound to enzymes would be employed in
combination with general inhibitors of the synthesis of
proteins. Blockade of the formation of protein in such a
situation should prolong the consequences of the reparable
lesion induced by the inactivation of an enzyme. At present,
however, no examples of enhanced inhibition of tumor growth
by mixtures of drugs that might function by this mechanism
are known; drugs potentially capable of functioning by such a
mechanism are listed in Table 1.

Other means to achieve potentiation of inhibition of neo
plastic cell growth by drug combinations are encompassed in

Table1MacromoleculeDNARNAProteinPolymer

levelNitrogen

mustardMitomycin

C
ProflavinRibonucleaseAzaserine

MethotrexateTherapeutic

attackIntermediate6-Thioguanine5-Iododeoxyuridine

Cytosinearabinoside6-ThioguaninePrecursor

level5-FluorouracilHydroxyurea

a-(7V)-Heterocyclic
aldehyde thiosemi-
carbazonesActinomycin

D
Chromomycin A
DaunomycinPuromycin

Cycloheximide

Drugs of theoretical utility in complementary inhibition.
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the utilization of an agent to alter the metabolism or the
distribution of a second drug. Modification of the intracellular
conversion of 6-mercaptopurine to its active growth-inhibitory
form by exposure of neoplastic cells to 6-methylmercapto-
purine ribonucleoside was shown by Wang et al. (64), who
demonstrated simultaneously with Schabel et al. (60) that
such a combination caused enhanced inhibition of the growth
of several transplanted rodent neoplasms. The mechanism by
which this is accomplished was visualized to involve initially
the conversion of 6-methylmercaptopurine ribonucleoside to
its nucleotide form by the enzyme adenosine kinase. The
resultant analog nucleotide, through inhibition of phos-
phoribosylpyrophosphate amidotransferase (5, 32, 33), causes
intracellular accumulation of phosphoribosylpyrophosphate
not employed for purine nucleotide biosynthesis. The spared
phosphoribosylpyrophosphate is therefore utilized in part to
increase the degree of conversion of 6-mercaptopurine to
6-thioIMP (47).

Similarly, increased inhibition of the progression of
malignancy can occur when one agent prevents the enzymatic
destruction of an effective drug or when the excretion of an
active chemical agent is delayed. The demonstration that the
xanthine oxidase inhibitor 4-hydroxypyrazolo(3, 4-d)-pyrimi-
dine increased the carcinostatic activity against adenocar-
cinoma 755 of 6-mercaptopurine and 6-chloropurine, purine
analogs that are inactivated by this enzyme, provides a clear
example of this mechanism (20).

Drug-induced changes in cellular membranes can alter the
permeability of neoplastic cells to a second more cytotoxic
agent and thereby yield enhanced antineoplastic potency; both
the outer membranes and those of internal compartments may
be affected. An experimental illustration of this phenomenon
was provided by the reports (67, 68) that rat ascites hepatoma
cells pretreated in vitro with Tween 80 hand an increased
sensitivity to nitrogen mustard TV-oxide. Enhanced sensitivity
was correlated with greater uptake of the alkylating agent. The
greatest chance of success with combination therapy employ
ing drug-induced alteration of membrane permeability would
appear to be in those instances in which the additional drug is
transported slowly, particularly with compounds that are
bound intracellularly, and therefore will not diffuse outward
from cells with altered membranes.

The mechanisms described above provide means to enhance
the potential effectiveness of certain clinically useful tumor-
inhibitory agents to achieve greater neoplastic cell kill; the
concepts, other than stressing the need to exploit known sites
of vulnerability in neoplastic cells, are in no manner addressed
to the question of how these potent mixtures may be used to
achieve a preferential effect on malignant cell populations
relative to sensitive normal cell types. The solution of this
major problem will of necessity depend upon minor bio
chemical differences that exist between neoplastic cells and
the most susceptible of the normal tissues, optimum means for
administering these therapies to attain the greatest differential
between these cell types, and the development of technics to
protect cells of the host from the toxic manifestations of
drugs.

The implementation of the approaches to develop more
effective therapies for neoplastic disease outlined in this report

requires that more biochemically oriented oncologists address
themselves to the problems of delineation of the precise mode
of action of clinically useful agents. Such information
describes the most vulnerable sites of the cancer cell for
therapeutic attack and thereby allows the design and
fabrication of more effective chemotherapeutic agents and
their use in admixture for treatment of these diseases.
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