Journal of Neuro-Oncology 17: 123-129, 1993.
© 1993 Kluwer Academic Publishers. Printed in the Netherlands.

Laboratory Investigation

Metallothionein and anticancer agents: the role of metallothionein in cancer
chemotherapy

Frangois Doz,! Norbert Roosen” and Mark L. Rosenblum?

! Service d’Oncologie Pédiatrique and the Laboratoire de Pharmacocinétique Clinique et Expérimentale,
Institut Curie, Paris, 75231 France; > Department of Neurological Surgery, Henry Ford Hospital, Detroit,
Michigan, USA

Key words: metallothionein, brain tumor, chemotherapy
Summary

Metallothioneins (MTs) are intracellular proteins containing the highest amount of thiol groups within the
cytoplasm. These thiol groups are able to bind several cytotoxic agents, such as platinum compounds and
alkylating agents. Increased levels of MT are one mechanism of resistance to these anticancer drugs, as in-
tracytoplasmic binding of MT prevents the active molecules from reaching their target, the intranuclear DNA
of tumor cells. MT synthesis can easily be induced by physiologic heavy metals such as zinc and copper.
Pharmacological modulation of MT levels has been used to increase the MT pool in normal tissues and de-
crease their susceptibility to the toxicity of anticancer drugs. In the case of tumors arising in the brain, where
the inducibility of MT synthesis is low, this approach would allow protection of normal tissues without de-
creasing the antitumor activity of the cytotoxic agents. The interaction of MT with cytotoxic agents is not
limited to covalent binding. A correlation between MT synthesis and amplification of oncogenes such as ras
has been reported. Furthermore, the cytotoxic drugs are bound by MT after competition with zinc and copper;
these metals are cofactors of numerous metalloenzymes, some of which are involved in the metabolism of
nucleic acids. Competitive displacement of these metals might modify nucleic acid metabolism and influence
cellular proliferation. On the other hand, increased MT levels could provide a zinc cofactor reserve that
increases the cell’s reparative potential when faced by DNA damage by cytotoxic agents. Although the physi-
ologic role of MT in resistance to the cytotoxic effects of anticancer drugs remains unclear, a better under-
standing of the interaction between MT and chemotherapeutic agents may be important in the treatment of
cancer.

Introduction heavy metals. MTs are involved in the physiologic

metabolism of zinc [2] and copper [3], and they have

The metallothioneins (MTs) are intracellular pro-
teins of low molecular weight (6000-7000 D) char-
acterized by an abundance of thiol groups (30%
cysteine) [1] (Fig. 1). MTs are, in fact, the principal
source of thiol groups in eukaryotic cells. These
proteins are found in all animal species, and their
structure has largely been conserved during evolu-
tion. By virtue of their thiol groups, MTs can bind

been implicated in detoxication of heavy metals
such as cadmium and mercury [4]. There are at least
five types of MTs in humans, all of similar biochem-
ical structure [5].

MT is synthesized in most body tissues. The high-
est concentrations are found in the kidney and liver;
a brain-specific MT, MT III, has recently been de-
scribed [6]. In addition to the heavy metals men-
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Fig. 1. Zinc thiolate clusters of metallothionein. From Kagi JH,
Kojima: Chemistry and biochemistry of metallothionein. Expe-
rientia Suppl 52: 25-61, 1987. Reproduced with permission.

tioned above, MT synthesis can be induced by a
wide variety of compounds [1], including the gluco-
corticoids [7], progesterone, estrogens, interleukin
1 {8], ethanol, dextran, and phorbol ester tumor
promotor [9], as well as by conditions such as in-
fection [10], fasting [11], and stress [1,12]. The abun-
dance of thiol radicals in MTs has prompted spec-
ulation that they interact with electrophilic cytotox-
icagents, such as the alkylating agents and platinum
compounds, since their affinity for thiol groups,
such as intracellular glutathione in the form of re-
duced glutathione (GSH), is known.

Previously it was thought that MT and cytotoxic
agents interacted through simple covalent binding
by the thiol groups [13]. Studies of pharmacologic
manipulation of the intracellular pool of MT by
metals or other compounds have provided an ex-
perimental basis for attempts to reduce the toxicity
of these drugs [14]. More recently, it has been sug-
gested that the interaction between MT and cyto-
toxic agents is more complex than previously
thought. First, it appears that the intracellular pool
of MT can be modulated by oncogenes involved in
cellular proliferation [15]. Second, the effect of the
interaction of MT and cytotoxic agents on the in-
tracellular pool of zinc and copper [16] may also af-
fect the proliferation kinetics of tumor cells [17].

Metallothioneins and resistance to drugs

Studies of MT and resistance to alkylating agents and
platinum compounds in cell culture

In cell culture, an increased intracellular concentra-
tion of MT, most often induced by exposure to cad-
mium or zinc, has been associated with greater re-
sistance to alkylating agents [18-21] and platinum
compounds {20, 22-26]. Direct binding of cisplatin
by MT has been documented [13, 16, 27, 28], prob-
ably after competition with zinc and copper [16]. In-
tracytoplasmic covalent binding of alkylating
agents and platinum compounds by MT reduces the
proportion of these drugs that can interact with nu-
clear DNA and thereby exert their cytotoxic effect.

The role of MT in resistance to platinum com-
pounds and alkylating agents is controversial. Kelly
et al. [20] have demonstrated that the overexpres-
sion of MT confers resistance to alkylating agents
and platinum derivatives. Through chronic expo-
sure to cisplatin or cadmium, cellular populations
made resistant to cisplatin exhibited cross resist-
ance to other alkylating agents (chlorambucil and
melphalan) and were found to have elevated intra-
cytoplasmiclevels of MT. Moreover, transfection of
mouse cells with a bovine papilloma virus that ex-
pressed DNA encoding human MT II conferred re-
sistance to these same drugs [20, 21]. However,
other authors have shown no alteration in intracel-
lular concentrations of MT in cell lines made resist-
ant to these drugs by chronic exposure to progres-
sively increasing doses [29-31].

The contradictory nature of these findings does
not necessarily indicate that they are incompatible.
MTs may well represent a potential factor in the re-
sistance to this family of cytotoxic agents, but their
role in this resistance may vary from one type of tu-
mor to another or among individual tumors of the
same type. The effect of tissue heterogeneity on the
role of MTs in resistance to these drugs is compli-
cated by the fact that different types of MT are
probably heterogeneous in their inducibility and in
their reactivity to these drugs [6]. Increasingly there
is contradictory evidence concerning the inducibil-
ity of MT by the cytotoxic agents themselves. In cer-
tain experimental systems, cytotoxic drugs have



been shown to induce MT [20, 32, 33], whereas in
others the increase in the intraceltular pool of MT
reduced the toxicity of the drugs, but the drugs did
not directly induce MT [20].

Besides its role in the binding of these cytotoxic
agents, MT may also affect resistance by interacting
with intracellular GSH. The role of GSH in the re-
sistance to platinum compounds and alkylating
agentsis well established [34]. In platinum-resistant
tumor cell lines with elevated GHS levels, resist-
ance is partially reversible by administration of
buthionine sulfoximine to deplete GSH. Interest-
ingly, however, it has been shown in cell culture that
depletion of intracellular GSH by buthionine sul-
foximine may be associated with an increase in MT
synthesis [35]. This interaction might partially limit
the effect of GSH depletion on increasing drug ac-
tivity.

Pharmacologic modulation of intracellular
metallothionein: effects on the toxicity and
activity of platinum compounds and alkylating
agents in experimental animals

Although the physiologic role of MT in the resist-
ance to chemotherapeutic drugs remains uncertain,
it is nevertheless possible to envisage an experi-
mental strategy for increasing drug resistance in
normal tissue by inducing MT synthesis pharmac-
ologically. The goal of chemomodification is to re-
duce the toxicity of a drug without altering its activ-
ity [34]. The reduction of toxicity has been reported
for platinum compounds and alkylating agents. The
experimental strategy used in animals is to induce
MT synthesis, usually with a nontoxic heavy metal,
before treatment with the cytotoxic drug and study
the effect of MT induction on the toxicity of the
treatment. In this fashion it has been shown that sys-
temic injection of copper, zinc, or bismuth reduces
the renal toxicity of subsequent treatment with cis-
platin [36,37]. A reduction in cisplatin’s hematolog-
ic toxicity [37, 38] and its toxicity to Sertoli cells [39]
has also been demonstrated. These protective ef-
fects might also be due solely to pharmacodynamic
interaction, especially in the renal handling of these
metals.
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The theoretical risk of this therapeutic strategy is
that MT synthesis might be induced in the cancer
cells, possibly conferring resistance to the cytotoxic
drugs used. However, Naganuma et al. [37] found
that MT induction did not diminish the antitumor
activity of cytotoxic drugs in mice inoculated with
tumor ascites (leukemia P388) or those with sub-
cutaneously implanted tumors. Despite such en-
couraging results in experimental animals, it is not
known why MT synthesis would be less inducible in
tumor tissue than in normal tissue and therefore the
possibility that it could increase resistance in tumor
cells cannot be dismissed [20, 23]. Nevertheless,
pharmacologic induction of MT synthesis could be
a very interesting approach to the treatment of tu-
mors of tissues in which induction of MT synthesis is
limited or impossible.

We recently began to study the experimental ba-
sis for increasing the therapeutic index of carbopla-
tin in the treatment of cerebral tumors by a high-
zinc diet. Systemic administration of zinc or other
nontoxic heavy metals does not induce MT synthe-
sis in brain parenchyma [40-42]. This appears to be
linked more to anatomic criteria, e.g., the poor pen-
ctration of the blood-brain barrier by zinc [43], than
to any intrinsic property of cerebral tissue, as intra-
ventricular administration of zinc can induce MT
synthesis in rat brain [41]; and mouse brain-specific
MT-111 is not inducible by zinc [5]. A high-zinc diet
increases the MT concentration in erythrocytes
[44], which suggests that MT synthesis can be in-
duced in bone marrow [45]. Carboplatin, a cisplatin
analogue that is an attractive drug for treating cere-
bral tumors [46] because of its proportionately bet-
ter brain penetration, has a dose-limiting hemato-
toxicity. Using a clonogenic assay (colony-forming
unit/granulocyte-monocyte [CFU-GM]), we have
shown that pretreatment with a high-zinc diet re-
duced the hematologic toxicity of carboplatin and
induced the production of mRNA of MT in mouse
bone marrow [14]. The high-zinc diet did not reduce
the activity of carboplatin against 9L rat gliosarco-
ma implanted intracerebrally and did not induce
MT synthesis in normal brain parenchyma or in ex-
perimental cerebral tumors [14].

Our most recent studies [47] have shown that ex-
posure to high zinc levels does not affect the sub-
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sequent sensitivity of human glioma cell lines U251
MG and SF763 to carboplatin, as determined by a
3-(4,5 dimethylthiazol-2-y1)-2,5 diphenyltetrazoli-
um bromide (MTT) assay, and that pretreatment
with zinc protected mouse bone marrow cells from
subsequent treatment with carboplatin in cell cul-
ture and in experimental animals, as demonstrated
by a CFU-GM assay. Similarly, exposure to high
levels of zinc did not affect the sensitivity of human
glioma cell lines U251 MG, U87 M@, SF126, SF188,
SF763, and SF767 to 1,3-bis-(2-chloroethyl)-1-nitro-
sourea (BCNU), the most effective and most widely
used chemotherapeutic agent against brain tumors,
but did protect bone marrow cells from the cytotox-
ic effects of subsequent BCNU treatment. Thus, in
this specific tumor site, increasing the intracellular
pool of MT in healthy tissues appears to carry little
risk of increasing tumor resistance to platinum
compounds or alkylating agents.

Further studies are needed to clarify and improve
the pharmacologic induction of MT synthesis to re-
duce the toxicity of drugs. The intracellular MT
pool is known to vary significantly according to the
type and duration of the treatment used to induce
MT [40]. However, most of the reported studies
have analyzed the effect of a single method of in-
ducing MT. To obtain the maximal protective effect,
it is therefore necessary to find a means to optimize
the induction of MT synthesis in normal tissues.

Metallothionein and other anticancer agents

The thiol groups in MT can also react with the free
radicals that are one of the cytotoxic mechanisms of
anthracyclines. Reduction of the cardiac and he-
matologic toxicity of adriamycin by prior induction
of MT synthesis has been shown in experimental
animals [38, 48]. The detoxification of free radicals
[49, 50] has been implicated as a mechanism of re-
sistance to ionizing radiation as well, and induction
of MT synthesis has been described as a factor in
resistance to radiation therapy in animals [51-54].
However, in other studies, induction of MT synthe-
sis did not protect against radiation [21]. Thus, the
role of MT in resistance to radiation therapy as well
as chemotherapy remains controversial.

Mattern et al. [55] reported that certain inhibitors
of topoisomerase II (novobiocin and merbarone
but not the epipodophylotoxins) can inhibit cadmi-
um-induced MT synthesis. If confirmed in tumor
tissues, this finding has interesting clinical implica-
tions as it suggests a novel type of drug synergy: in-
hibitors of topoisomerase 1I would not only exert
their own cytotoxic effect, but would also reduce
one factor of resistance to alkylating agents and
platinum compounds.

Metallothioneins and control of cellular
proliferation: other types of interactions
with cytetoxic drugs

MTs are not only ‘reservoirs’ of heavy metals. They
are distributed throughout the cytoplasm and are
found in the nucleus as well. Their interactions with
DNA have not been elucidated, but it is thought
that they play an important role in the control of
cellular proliferation. Increased expression of
genes encoding for MT has been correlated with
amplification of the ras oncogene in two human tu-
mor cell lines that contain the activated gene c-Ha-
ras as well as in 3T3 mouse cells transformed by the
v-Ha-ras oncogene [15]. Interestingly, ras-trans-
formed 3T3 mouse cells show increased resistance
to cisplatin [56]. In normal rat cells (6m?2) trans-
formed by the v-mos oncogene, MT synthesis in-
duced by dexamethasone is reduced and the protec-
tive effect of glucocorticoids against the toxicity of
cisplatin is suppressed [57].

The existence of competition in binding of cispla-
tin and binding of copper and zinc by MT [16] could
also affect the kinetics of cell proliferation. Zinc is
indispensable to the functioning of more than 200
metalloenzymes, including thymidine kinase, DNA
polymerases, and ribonucleases, which have impor-
tant roles in nucleic acid metabolism. The eventual
liberation of zinc by MT as a result of covalent bind-
ing of a cytotoxic drug such as a platinum com-
pound or an alkylating agent could therefore have
indirect effects on nucleic acid metabolism [17].
Moreover, certain oncogenes such as gli are ‘zinc
finger’ proteins [58] that can bind with DNA. Mod-
ulation of the intracellular or intranuclear pool of



zinc as a result of a liberation by MT could have
consequences for the control of cellular prolifera-
tion.

Conclusions

The physiologic role of MT in resistance to cytotox-
ic agents remains controversial and probably varies
according to the type of tumor. Pharmacologic
modulation of the cellular pool of MT shows prom-
ise as an experimental approach to increase the
therapeutic index of anticancer drugs, especially in
the case of brain tumors because of the low induc-
ibility of MT in the brain. The interaction of these
drugs with MT involves more than simple covalent
binding, but the effects of this interaction on cell
growth remain obscure.
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