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Summary. The value of thymidine as a cytotoxic drug alone or
in combination with other pyrimidine antimetabolites has
received considerable attention in recent years.

In this paper, the biochemical basis for the cytotoxicity of
thymidine and its interaction with other pyrimidine antimetab-

olites is described. It is indicated that early clinical trials have

largely failed to substantiate data from experimental studies that
have shown thymidine to be an effective antimetabolite and
capable of potentiating the antineoplastic effect of several other
agents.

1t is suggested that tumours likely to respond to thymidine
alone or in combination may be identified by measuring in
clinical tumour specimens known biochemical determinants of
thymidine efficacy.

Introduction

The growth-inhibitory and cytotoxic effects of the pyrimidine
nucleoside thymidine on mammalian cells in vitro have been
known for two decades and have been used extensively to
synchronize mammalian cells in the S phase (DNA synthesis)
of the cell cycle [49, 52, 64]. However, the potential clinical
value of these phenomena has only recently received attention.
Interest in the use of thymidine as an anticancer agent has
developed since the nucleoside has been found to produce
tumor regression in human tumor xenograft models [22, 37,
39}, and the intracellular biochemical changes produced by
exogenous thymidine appear to be capable of modulating the
cytotoxic effects of some of the antimetabolites used widely in
clinical practice [43]. Thymidine is now undergoing clinical
assessment both as a single agent and in combination with
other antimetabolites.

In this paper, current concepts of the biochemical basis for
thymidine cytotoxicity and the interaction of the nucleoside
with other antimetabolites will be reviewed, and their
relevance to the available data on the clinical efficacy of
thymidine will be critically discussed.

Thymidine Alone

The biochemical basis for these effects of thymidine is believed
to be mediated by an increase in the intracellular content of the
metabolite thymidine 5'-triphosphate (TTP) (Fig. 1). TTP
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Fig. 1. Deoxyribonucleotide metabolism. Thymidine metabolism and
effects of TTP. 1, thymidylate synthetase; 2, deoxycytidylate deam-
inase; 3, thymidine kinase; 4, ribonucleotide reductase; 5, deoxycy-
tidine kinase; 6, thymidine phosphorylase; 7, CTP synthetase. Broken
lines indicate inhibition by TTP; double bars indicate activation by
TTP

exerts a significant regulatory effect over several key pyrim-
idine enzymes (Fig.1), inhibiting thymidine kinase and
deoxycytidylate deaminase and activating deoxycytidine
kinase, while thymidylate synthetase is indirectly controlled by
TTP modulation of the intracellular deoxyuridine 5'-mono-
phosphate (dUMP) pool [10—12, 29, 30]. However, the major
effect of exogenous thymidine is believed to be inhibition of
ribonucleotide reductase. TTP is an allosteric inhibitor of
ribonucleotide reductase and inhibits the reduction of cytidine
5'-diphosphate (CDP) to deoxycytidine 5'-diphosphate
(dCDP) (Fig. 1), resulting in a decrease in the size of the dCTP
pool, which is a critical determinant of cell deoxyribonucleic
acid (DNA) synthesis [14, 54]. As a consequence of dCTP pool
depletion, DNA synthesis and celi proliferation are suppressed
[3, 54]. This concept is supported by the ability of deoxycy-
tidine to reverse the cytotoxic effect of thymidine {17]. A less
important effect of TTP is the allosteric activation of the
ribonucleotide reductase-catalyzed reduction of guanosine
5'-diphosphate (GDP) to deoxyguanosine 5'-diphosphate
(dGDP) (Fig. 1), which leads to expansion of cellular dGTP
content [3].

Interest in the possible clinical use of thymidine as
anticancer agent developed from the finding that continuous
infusions of thymidine produced regression in human tumor
xenografts borne by nude mice [22, 37, 39]. Furthermore,
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other data suggest that some human tumor cell lines are
selectively sensitive to thymidine when compared with their
non-neoplastic counterparts [38, 55, 61]. The biochemical basis
for this phenomenon has been determined in vitro, using
cultured human T and null leukemia cell lines, which are
extremely sensitive to low concentrations of thymidine com-
pared with B cell lines [15, 16, 18]. In these cell lines, increased
sensitivity to thymidine correlates with a sustained elevation in
the intracellular TTP pool, which is due to the lack of or low
activity in T and null leukemic cells of enzymes capable of
catabolizing thymidine and its nucleotides [5, 15, 18].
Current data on the clinical activity of thymidine as an
anticancer agent indicate that the nucleoside alone has limited
effectiveness [4]. However, partial responses have been
observed in acute non-lymphocytic leukemia and in T cell
leukemia at thymidine doses in the order of 75 g/m?/day [4, 25,
27, 36]. These responses occurred in previously treated
patients, and correlated with greater activity of the thymidine
anabolic than of the thymidine catabolic pathway, the
intracellular accumulation of TTP, and arrest in leukemic cell
DNA synthesis [25, 27, 36]. These findings are consistent with
the experimental concepts, previously described, that TTP is
the active metabolite of thymidine and that its cytotoxic effect
occurs through inhibition of DNA synthesis. Toxicities
encountered included myelosuppression, gastrointestinal
side-effects (anorexia, nausea, vomiting, diarrhea), and neu-
rologic sequelae, including headache, somnolence, illusions
and memory impairment [4, 36]. A wide range of other tumor
types failed to respond [4]. Although further clinical studies
are required to establish the place of thymidine as a single

anticancer agent, it seems likely that its effectiveness will be-

limited to tumors composed of cells with the ability to
adequately expand intracellular TTP content after exposure to
clinically tolerable concentrations of exogenous thymidine.

Thymidine and Cytosine Arabinoside (Ara-C)

Ara-C is a primary agent for the treatment of acute leukemia
[9]. The active metabolite is are-C 5'-triphosphate (ara-CTP),
which produces cytotoxicity by inhibition of DNA polymerase
and the direct incorporation of ara-C into DNA [7, 40, 65}.
Both these effects are opposed by the naturally occurring
nucleotide dCTP, which also inhibits deoxycytidine kinase, the
rate-determining enzyme for incorporation of ara-C into the
nucleotide pool [9]. As a consequence, the intracellular level of
dCTP is an important- determinant of sensitivity to ara-C.
Ara-C cytotoxicity is cell-cycle phase-specific, being limited to
the S phase of the cell cycle {1]. In view of these data, there is
considerable experimental and clinical interest in the combi-
nation of thymidine and ara-C.

An early study using cultured Novikoff hepatoma cells
showed that thymidine increased the incorporation of ara-C
into DNA, but without alteration in ara-C nucleotide content
[53]. In another study, the sensitivity of some types of cultured
mouse tumor cells to ara-C was found to be markedly
enhanced by thymidine concentrations which were below the
level required for growth inhibition by thymidine alone {21].
The phenomenon occurred in two lymphoma lines at a
thymidine concentration as low as 10 uM. In keeping with
present concepts of the biochemical pharmacology of ara-C,
the enhancement in the cytotoxicity of ara-C produced by
thymidine directly correlated with a fall in tumor cell dCTP
content. Conversely, absence of the thymidine effect was
associated with lack of significant change in the dCTP pool,

despite an appropriate rise in intracellular TTP content. The
reason(s) for the absence of a reduction in dCTP levels in
response to TTP pool expansion are unclear, but may involve
an alteration in ribonucleotide reductase sensitivity to thy-
midine. However, the phenomenon also draws attention to the
potential importance of other enzymes in regulating the dCTP
pool. Amongst these enzymes are deoxycytidylate deaminase
and cytidine 5'-triphosphate (CTP) synthetase (Fig. 1), which
have been found to make an important contribution to the
dCTP pool of some mammalian cell lines [10, 30, 56]. Several
investigations have found that thymidine enhances the cyto-
toxicity of ara-C to L1210 mouse leukemia cells and this effect
is both schedule- and exposure duration-dependent [19, 33,
41]. Optimum cytotoxicity of the thymidine and ara-C
combination required exposure of L1210 cells to in excess of
100 uM thymidine for at least 5 h before ara-C treatment. In
keeping with the role given to dCTP pool depletion in the
cytotoxicity of this combination, the addition of deoxycytidine
or cytidine to the culture medium abolished the thymidine
effect. The optimum cytotoxic combination of thymidine and
ara-C for L1210 cells correlated with expected biochemical
ghanges, which were a substantial reduction in dCTP content,
increased ara-CTP formation, and enhanced incorporation of
ara-C into DNA. The results from an in vitro study of the
efficacy of the thymidine and ara-C combination against
human leukemic blast cells, and a human B cell line [59}),
diverged from the findings in the L1210 model. The thymidine
and ara-C combination was synergistic against a virus trans-
formed B celi line with the anticipated biochemical phenom-
ena predicted by the L1210 model. However, at clinically
relevant concentrations of thymidine (1 mM) and ara-C
(0.1 uM) different effects occurred in leukemic blast cells.
Thymidine produced a uniform reduction in ara-C nucleotide
formation, and only a marginal enhancement in ara-C
incorporation into DNA. ‘Although these in vitro results were
not correlated with clinical responsiveness to the thymidine
and ara-C combination, they do suggest the combination will
only be effective in subgroups of acute leukemia. Other in vitro
studies have indicated another potentially serious limitation to
the clinical use of the thymidine and ara-C combination. A
mutant clone of Chinese hamster fibroblasts resistant to ara-C
as a result of dCTP pool expansion exhibits simultaneous
resistance to thymidine and ara-C, as the expanded dCTP pool
is not suppressed by thymidine [56, 57]. The biochemical basis
for the dCTP pool expansion is an alteration in the regulation
of the CTP synthetase activity of these cells, with loss of the
normal CTP feedback inhibition on enzyme activity. These
studies indicate that a single-step mutation could produce
clinical resistance to both thymidine and ara-C, thereby
limiting the clinical efficacy of the combination. Although
dCTP pool expansion could be suppressed by the addition of
the investigational drug 3-deazauridine [46], it is not known
whether the mutant CTP synthetase enzyme is sensitive to
inhibition by the active metabolite deaza-uridine-5'-triphos-
phate (deaza-UTP).

In vivo data on the efficacy of the thymidine and ara-C
combination obtained from mice bearing L1210 leukemia cells
are consistent with the findings of cell culture studies and
emphasize the importance of pretreatment with thymidine to
obtain maximum enhancement of ara-C efficacy [33]. Simi-
larly, in another in vivo study, which used a rat-borne colon
carcinoma model, enhanced tumor sensitivity to ara-C was
achieved with thymidine pretreatment, but increased normal
tissue toxicity was also observed {8]. Of some interest was the



observation in this study that pretreatment with thymidine
produced a marked decrease in plasma deoxycytidine levels.
The mechanism of this is unclear, but it may result from the
lower intracellular deoxycytidine nucleotide pools produced by
exogenous thymidine [14, 54].

There is a paucity of clinical data on the efficacy of the
thymidine and ara-C combination. In a single phase III clinical
trial of simultaneous thymidine (8 g/m?) and ara-C (250 mg/m?)
infusions for 7—12 days in 21 cases of relapsed adult acute
leukemia [62], responses were seen in eight patients, all of
whom had previously received ara-C. In six patients complete
remission was achieved, while two had only partial responses.
Responses were seen in acute non-lymphocytic leukemia and
the blastic crisis of chronic myeloid leukemia, but not in acute
lymphoblastic leukemia. This result is consistent with an in
vitro study of human leukemic lymphoblasts, in which
thymidine failed to enhance the ara-C effect in lymphoblasts
[59]. The duration of response ranged from 28 to in excess of
233 days. These data suggest that a thymidine and ara-C
combination may be effective in the treatment of acute
leukemia, and the results of further clinical trials are
awaited.

Thymidine and 5-Aza-2' Deoxycytidine (5-Aza-dCyd)

5-Aza-dCyd is an investigational anticancer agent that exhibits
cytotoxicity against mouse leukemia cells both in vitro and in
vivo [44, 45]. The biochemical mechanism of action of
5-aza-dCyd is unclear, but the available data suggest that the
incorporation of 5-aza-dCyd into DNA is a major contributor
to the cytotoxicity of the antimetabolite, and that this
phenomenon is opposed by dCTP [46). These biochemical data
are similar to those for ara-C, and it is probable that thymidine,
through its TTP-mediated suppressive effect on cellular dCTP
content, would enhance the cytotoxicity of 5-aza-dCyd. A
single in vitro study of a thymidine and 5-aza-dCyd combi-
nation in L1210 cells and HL-60 human promyelocytic
leukemia cells [46] has shown very similar results to those
described for the thymidine and ara-C combination. The
pretreatment of both cell lines with thymidine produced
significant potentiation in S5-aza-dCyd cytotoxicity. For an
optimum thymidine effect, the two cell lines differed with
respect to the duration of exposure and concentration of
thymidine required. For the human leukemic cell line these
were clinically relevant, being a 24-h exposure to 1mM
exogenous thymidine. The thymidine effect was not dependent
on the 5-aza-dCyd concentration over the concentration range
1-100 uM. Thymidine enhancement of 5-aza-dCyd cytotox-
icity correlated with substantially increased formation of
5-aza-dCyd nucleotides and the incorporation of S-aza-dCyd
into DNA. The dose- and schedule-dependent thymidine
enhancement of 5-aza-dCyd cytotoxicity found in this study
could be of considerable value for the design of future clinical
trials.

Thymidine and Methotrexate

Since it was first demonstrated that thymidine could reverse
methotrexate toxicity in mice bearing L1210 leukemia cells
without loss of anticancer activity [60], considerable interest
has arisen in the interaction between these antimetabolites.
Particular attention has been given to the apparent ability of
thymidine to enhance methotrexate selectivity for tumor cells.
The cytotoxic action of methotrexate is due to inhibition of
dihydrofolate reductase, which leads to depletion of the

intracellular pool of tetrahydrofolate cofactors, a biochemical
abnormality resulting in impaired TTP synthesis and an
antipurine effect [6, 47]. The relative importance of the two
effects varies between different cells, including normal and
neoplastic types {31, 32, 60]. The phenomenon of thymidine
enhancement of the selectivity of methotrexate for tumor cells
has been ascribed to the persistence of the antipurine effect of
methotrexate in tumor cells [31, 32, 60]. The biochemical basis
of this is that tumor cells in vitro are dependent upon de novo
synthesis of purines, while normal tissues including bone
marrow and intestinal epithelium preferentially use preformed
plasma purines and are protected from the block in TTP
synthesis by exogenous thymidine [24]). Recent in vitro
experimental data indicate that other factors also determine
the efficacy of this combination [31, 48). Of importance is the
temporal relationship in the use of the two antimetabolites.
Prior treatment with thymidine antagonizes the cytotoxic
effects of methotrexate in both normal and neoplastic cell
lines, by depleting dUMP levels and therefore limiting the
thymidylate synthetase reaction and the consumption of
tetrahydrofolate cofactors. In contrast, thymidine given after
methotrexate treatment provides a substantial degree of
protection for normal cell lines but not for neoplastic cells. This
differential effect is most marked in neoplastic cells with a high
rate of thymidylate biosynthesis and therefore greater deple-
tion of tetrahydrofolate content. Another biochemical factor
of likely importance to the efficacy of selective thymidine
‘rescue’ from methotrexate cytotoxicity is the ratio between
the activities of thymidine anabolic and catabolic pathways in
human cells [28], which will determine the ability of exogenous
thymidine to bypass the block in TTP synthesis.

Clinical data have not confirmed the experimental concept
of thymidine enhancement of methotrexate selectivity for
tumor cells. Clinical trials have shown thymidine to be capable
of reversing methotrexate toxicity in vivo, but it has yet to be
clearly demonstrated that thymidine enhances methotrexate
selectivity for tumor cells [13, 23, 24, 26]. In fact, recent data
on human marrow and tumor xenograft cells indicate that in
view of the wide range of human plasma thymidine levels and
high bone marow and tumor hypoxanthine content, differences
in the requirements of these cells for thymidine and hypox-
anthine for protection against methotrexate toxicity would be
insufficient to allow for selectivity [28].

The optimum regimen for thymidine rescue of methotrex-
ate toxicity is not yet established. When high-dose metho-
trexate (3 g/m?) is given as a single bolus dose, there is a steep
dose-response relationship between serum thymidine and
rescue of normal tissues, and adequate rescue is achieved when
thymidine is given at a dosage of 1 g/m%*day, 24 h after the
methotrexate [26]. This is considerably lower than the 8 g
thymidine per m® per day given in other studies using
continuous methotrexate infusion [13, 23, 24}, and could
enhance the antitumor effect of methotrexate on the basis of a
differential requirement for thymidine between normal and
neoplastic cells {26]. Thymidine rescue of methotrexate
toxicity can be associated with significant toxicity [13, 23, 26],
and it remains to be documented whether thymidine rescue of
methotrexate toxicity is clinically superior to the established
folinic acid rescue technique.

Thymidine and 5-Fluorouracil (5-FU)

The pyrimidine analogue 5-FU exerts its cytotoxic effect
through two biochemical mechanisms, both of which require



Table 1. Antimetabolites for which modulation of cytotoxicity by
thymidine has been demonstrated in vitro

Agent Biochemical Resuit

mechanism

{mediated by TTP)
Cytosine Inhibition of ribo- Decreased dCTP pool,
arabinoside nucleotide reductase enhanced ara-CTP
(ara-C) inhibition of DNA

polymerase, increased
ara-C incorporation

into DNA
Stimulation of deoxy- Increased ara-CTP
cytidine kinase formation

S-Aza-2’-deoxy- Inhibition of ribo-
cytidine nucleotide reductase
(5-aza-dCyd)

Decreased dCTP pool,
enhanced S-aza-dCyd
incorporation into
DNA

5-Fluorouracil Inhibition of ribo- Increase 5-FUTP

(5-FU) nucleotide reductase formation, enhanced
5-FU incorporation
into RNA

Methotrexate Bypass of block to Antipurine effect

retained, which is
selective for tumor
cells

TTP synthesis

intracellular activation of the drug. The metabolite 5-fluoro-
deoxyuridine 5'-monophosphate (5-FAUMP) is a tight-binding
inhibitor of thymidylate synthetase, an effect which results in
TTP pool depletion and impaired DNA synthesis [2, 42, 50].
The alternative active metabolite is 5-fluorouridine 5'-tri-
phosphate (5-FUTP), which interferes with ribonucleic acid
(RNA) metabolism in a number of different ways, but
particularly through direct incorporation of 5-FU into RNA [2,
35, 42). The relative importance of the DNA and RNA effects
for the cytotoxicity of 5-FU appears to vary with the cell types
examined [2, 43], and this probably in part reflects the relative
effectiveness of the metabolic pathways determining either
5-FAUMP or 5-FUTP formation. In vitro experiments have
shown that thymidine antagonizes the cytotoxicity of 5-FU for
some cultured tumor cells, suggesting that inhibition of
thymidylate biosynthesis is the major effect of 5-FU {2, 43].
However, recent data from a variety of experimental mam-
malian tumor systems have shown that when thymidine is used
to bypass the anti-DNA effect of 5-FU there is actual
enhancement of 5-FU cytotoxicity [2, 51, 58]. This suggests
that interference with RN A metabolism is the primary mode of
action of 5-FU in these cell lines. The biochemical basis for this
thymidine effect is thought in the main to be mediated by TTP
inhibition of ribonucleotide reductase reduction of 5-fluoro-
uridine-5'-diphosphate (5-FUDP) to 5-fluoro-deoxyuridine-
5’-diphosphate (5-FUDP) [2], thus promoting the formation of
5-FUTP. In addition, excess thymidine also suppresses the
catabolism of 5-FU and its metabolites [34]. Of potential
clinical interest is the finding in experimental tumors that while
thymidine selectively enhances 5-FU incorporation into the
RNA of sensitive tumors, the effect is virtually absent in
normal bone marrow and gut cells [S8}. This suggests that
thymidine could be used to protect normal cells against 5-FU
cytotoxicity while potentiating the antitumor effect of
5-FU.

The prefiminary clinical data from two studies of patients
with advanced solid tumors are at variance with these
experimental findings, as there is no in vivo evidence that
thymidine enhances the antitumor effects of 5-FU {34, 63].
Furthermore, in vivo thymidine enhances 5-FU bone marrow
toxicity [63]. The use of thymidine appears to enhance 5-FU
toxicity by competing with 5-FU for catabolic pathway
enzymes, which thereby prolongs 5-FU clearance [34]. More
clinical data are needed on.the combination of thymidine and
5-FU before conclusions on the antitumor efficacy of this
combination can be reached.

Conclusion

Although the biochemical basis of the cytotoxic action of
thymidine and its interaction with several pyrimidine antime-
tabolites is well defined in experimental systems (Table 1) its
clinical role is speculative, and further studies are needed. An
important finding from early clinical trials is the considerable
lack of correlation between the results of experimental studies
and these trials. The reasons for this are unclear, but must
include the greater biochemical heterogeneity of clinical
tumors than of experimental models. Future clinical trials
should include direct measurement in isolated tumor cells of
the biochemical determinants of thymidine efficacy which have
been identified from experimental studies, so that tumors
likely to benefit from therapy with thymidine either alone or in
combination can be identified.
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