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Therapeutic Uses and Clinical Toxicity. At pres-
ent, dacarbazine is employed principally for the
treatment of malignant melanoma; .the overall re-
sponse rate is about 20%. Beneficial responses
have also been reported in patients with Hodgkin's
disease, particularly when the drug is used concur-
rently with doxorubicin, bleomycin, and vinb1as-
tine (Santora and Bonadonna, 1979), as well as in
various sarcomas when used with doxorubicin
(Costanzi, 1976: Gottlieb er al., 1976). Toxicity in-
cludes nausea and vomiting in mo1'e than 90% of
patients; this usually develops 1 to 3 hours after
treatment. Myelosuppression. with both leukope-
nia and thrombocytopenia, is usually mild to mod-
erate. A flulike syndrome, consisting in chills.
fever, malaise, and myalgias, may occur during
treatment. Hepatotoxicity, alopecia, facial flush-
ing, neurotoxicity, and dermatological reactions
have also been reported.

II. Antimetabolites

FOLIC ACID ANALOGS

Mrrruornsxme

This class of antimetabolites not only

produced the first striking, although tempo-
rary, remissions in leukemia (Farber at al.,
1948) but also includes the first drug to
achieve cures of choriocarcinoma in

women (Hertz, 1963). The attainment of a
high percentage of permanent remissions in
this otherwise-lethal disease provided great

impetus to chemotherapeutic investigation.
Interest in folate antagonists has increased

greatly with the introduction of “rescue“
technics that employ leucovorin (folinic

acid, citrovorurn factor) andfor thymidine
to protect normal tissues against lethal
damage. These methods permit the use of

very high doses of folate analogs such as
methotrexate and extend their utility to
tumors such as osteogenic sarcoma that do

not respond to lower doses.
Methotrexate has also been used with

benefit in the therapy of psoria.vi'.r, a

nonneoplastic disease of the skin character-

ized by abnormally rapid proliferation of
epidermal cells (McDonald, 1981). Addi-

tionally, folate antagonists are potent inhib-
itors of some types of immune reactions
and have been employed as immunosup-

press-Eve agems, for example, in organ
transplantation. (For recent reviews, see
Symposium, 1981b; Chabner, 1982c; Johns
and Bertino, 1982; Jackson, 1984.)

Structure—Activity Relationship. Folic acid is an
essential dietary factor from which is derived a
coenzyme, tetrahydrofolic acid, and a group of
structurally related derivativcs;...these are con-
cerned with the metabolic transfer of one-carbon
units. A detailed description of the biological func-
tions and therapeutic applications of folic acid ap-
pears in Chapter 5'.-'.

Although there are many metabolic loci where
folate analogs (antifols) might act, the enzyme di-
hydrofolate reductase (D1-IFR) is the primary site
of action of most analogs studied to date (see Fig-
u1‘e 5'}'—1). This enzyme has been purified from a
number of species. Important structural differences
among the various enzymes have enabled the
design of important therapeutic agents for the
treatment of bacterial and malaria] infections
(see discussion of trimethoprim, Chapter 49; Pyri-
methamine, Chapter 45). These inhibitors have
much greater activity against the bacterial and pro-
tozoal DHFRs than they do against the mammalian
enzyme. Such developments have introduced a
new level of sophistication into the science of
chemotherapy and suggest the possibility of devel-
oping new analogs of folate that have unique ad-
vantages for the chemotherapy of neoplastic dis-
eases. _

Because folic acid and many of its analogs are
very polar, they cross the blood-brain barrier
poorly and require specific transport mechanisms
to enter mammalian cells. Once in the cell, addi-
tional glutamyl residues are added to the molecule
by the enzyme folylpolyglutamate synthetase. In-
tracellular methotrexate polyglutamates have been
identified with as many as five glutamyl residues.

Since these polyglutarnates cross cellular mem-
branes poorly. if at all, this serves as a mechanism
of entrapment and may account for the prolonged
retention of methotrcxate in tissues such as liver.
Evidence indicates that polyglutamylated folates
have substantially greater affinity than the
monoglutamate form for enzymes such as thymidy-
late synthetase. Other findings indicate that distinct
differences exist in the -folate influx system in cer-
tain tumors in comparison with normal tissues
(e.g., bone marrow). Novel folate antagonists have
been devised to attempt to exploit these difier-
ences. The analog 1(l—deaza,l0-ethyl aminopterin
is transported into many tumor cells much more

HZNYN N CH3 0 coonI II ]_/INO Ck N O -C Ciii“ / -_ \N/ \CH2—CH2—COOH
- NH2 H HMetholrexate
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efficiently than into normal tissues, is poly-
glutamylated, and is an excellent inhibitor of
DHFR. This promising new compound will be eval-

uated clinically in the near future (Sironialc, I983).
In efforts to bypass the obligatory me1_nbrane trans-
port system and facilitate penetration of the blood-

brain barrier. a number of lipid~soluble'-folate an-
tagonists have been synthesized; several of these
are in the early stages of clinical trial (Johns and
Bertino, 1982; Jackson I984). (For recent reviews,
see Chabner, 1982c; -Goldman ct (IL, 1983; Hitch-
ings. 1983; Jolivet and Chabner, 1983; McGuire
er (IL, 1983; Sirotnak, 1983; Cadman, 1984: Jack-
son, 1984.)

Mechanism of Action. To understand the mecha-
nism of action of folate analogs such as methotrex—
ate, it_ is necessary to appreciate the complexities of
the metabolism of folate cofactors and their multi-
plicity of functions; this is discussed in Chapter 5?.
To function as a cofactor in one-carbon transfer

reactions_, folate must first be reduced by DHFR to
tetrahydrofolate (Fl-L4). Single—carbon fragments
are added enzymatically to FH4 in various configu-
rations and may then be transferred in specific syn-
thetic reactions. A key metabolic event is catalyzed
by thymidylate synthetase and involves the conver-
sion oi' 2—deoxyuridy]ate (dUMP) to thymidylate,
an essential component of DNA. The methyl group
transferred to the uracil moiety of dUMP is do-
nated by l‘~l5"°-mcthylene FH4. Significantly, this
ca1'bon atom is transferred to the pyrimidine ring at
the oxidation level of formaldehyde and is reduced
to methyl by the pteridine ring of the folate coen-
zyme; the result is the formation of dihydrofolatc
(F1111). Thus, to function again as a cofactor, FH2
must first be reduced to FH4 by DHFR. Inhibitors
with a high affinity for DHFR prevent the forma-
tion of PH, and cause major disruptions in cellular
metabolism by producing an acute intracellular de-
ficiency of folate coenzymes. The folate coen-
zymes become trapped as FH2 polyglutamates,
which cannot function metabolically. One-carbon
transfer reactions crucial for the dc-nova synthesis
of purine nucleotides and of thymidylate cease,
with the subsequent interruption of the synthesis of
DNA and RNA (as well as other vital metabolic
reactions).

. Understanding of these events enables apprecia-
tion of the rationale for the use of thymidine andior
leucovo1'in (N5—formyl Fl-I4; folinic. acid) in the
‘frescue" of normal cells from toxicity caused by
drugs such as methotrexate. Leucovorin is a fully
reduced, metabolically functional folate coenzyme;
it enters cells"via the specific ca1'1'icr-mediated
transport system and is -convertible to other folate
cofactors. Thus. it may function directly. without
the need for reduction by DHFR in reactions such
as those required for purine biosynthesis. On the
other hand, thymidine may be converted to thy1ni—
dylate by thymidine kinase. thus bypassing the re-
action catalyzed by thymidylate synthetasc and

providing the necessary precursor for DNA synthe-813.

An important feature of the binding of active fo-
late antagonists with DHFRs is the very low inhibi-
tion constants observed (on the order of 1 nM).

[Chap. 55]

Covalent bonds are not involved in the enzyme-
inhibitor interactions despite the high affinity of the
antagonists for the protein. Substantial progress
has been made-in defining the chemical basis for
the binding of methotrex-ate to DHFR (see Mat-
thews er al., l9’i'8; Chabner, l982C).

As with most inhibitors of cellular reproduction,
a selective effect on neoplastic cells is obtainable to
only a partial extent with methotrexatc. Folate an-
tagonists kill cells during the S phase of the cell
cycle, and evidence indicates that methotrexate is
much more efiective when the cellular population
is in the logarithmic phase of growth, rather than in
the plateau phase. Because it is also capable of in-
hibiting RNA and protein synthesis, however,
methotrexate slows the entry of cells into S phase
and its cytotoxic action has been referred to as
“self-limiting” (Skipper and Schabel. 1982).

Mechanism of Resistance to Antifolates. Al-
though evidence is incomplete, three biochemical
mechanisms of acquired resistance to methotrexate
have been clearly demonstrated: (1) impaired trans-
port of methotrexate into cells, (2) production of
altered forms of DHFR that 11ave decreased affinity
for the inhibitor, and (3) increased concentrations
'0i"int1‘accllular DHFR. It has been known for years
that blood elements with marked increases in the
activity of DHFR appear within days after treat-
ment of patients with leukemia with single doses of
methotrexate. This may reflect induction of new
enzyme synthesis, temporary elimination from the
marrow of cells that are susceptible to the drug
because of low enzymatic activity, or protection of
DH FR against cataboiic degradation by intracellu-
lar proteases. It is well established that the en-

zyme, complexed with methotrexate, undergoes
conformational changes that render it remarkably
resistant to proteolysis. _

Of special interest is the phenomenon of gene
amplification and its relationship to acquired resis-
tance to methotrexate and, perhaps. other cytotoxic
agents. Methotrexate—resistant cell lines have been
isolated that have .several hundrcdfold more
DHFR than do wild type cells because of compara-
ble increases in the mRNA specific for the enzyme.
This is due to the occurrence in these resistant cells
of increased numbers of copies of the gene for
DHFR. (For further discussion, see Schimke
et at, 1978; Bertino er al., 1983; Stark and Wahl.
1984.)

Various therapeutic tactics have been recom-
mended to avoid selection of resistant cells. The
use of high doses of methotrexate with leucovorin
“rescue” may permit the intracellular accumula-
tion of methotrexate in concentrations that inacti-

vate DHFR even when the-enzyme is present at
markedly elevated levels. Alternation of treatment
with methotrexate with other active therapeutic
agents that function by different mechanisms is
another way to attempt to kill cells that are resis-
tant.

General Toxicity and Cytotoxic Action.

The actions of 4-amino analogs of folate in
animals have been studied extensively.
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