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Abstract

Metallothioneins (MT) are ubiquitous low-molecular-weight metal-binding intracellular proteins. We used wild
type mouse embryo fibroblasts, GKA1, and its MT-null variant, named GKA2, in order to correlate the presence
of MT to the response to a number of different antitumor drugs with different mechanisms of action. We studied
sensitivity of GKA1 and GKA2 cells to metal-based compounds having alkylating property, or able to generate
reactive oxygen species (ROS); as well as to drugs acting with different mechanisms. The absence of MT in
GKA2 cells was correlated to higher sensitivity to the metal-based drugs compared to that of GKA1. No marked
differences in sensitivity of two cell lines against gemcitabine, taxol, and vinblastine were observed. No significant
change in sensitivity of either GKA1 or GKA2 cells to these non-alkylating drugs was seen after heavy metal
pretreatments. In GKA1 cells, MT biosynthesis was induced by copper and cadmium but not by zinc treatment
under the conditions of these experiments. Induction of MT was directly proportional to decrease in sensitivity
of GKA1 cells to the compounds used in this experiment. In contrast to GKA1 cells, the MT-null cells (GKA2)
expressed no detectable metallothionein either constitutively or after treatment with zinc, copper, or cadmium.
Nonetheless, heavy metal pretreatment of GKA2 cells did not cause any change in their sensitivity.

Introduction

Metallothioneins (MTs) are defined as low molecular
weight (6–7 kDa), cysteine-rich (30%), intracellular
proteins with high affinity for certain trace metals in-
cluding cadmium, mercury, platinum, and silver, as
well as biologically essential metals like zinc and cop-
per (Shaw et al. 1991). Although metallothionein does
not show any enzymatic activities, multifunctional
roles have been proposed such as a chelator to harm-
ful heavy metals and excessive essential metals, and
a scavenger to various radicals and reactive oxygen
species (ROS) (Basu & Lazo 1990; Klaassen et al.
1999). These biological roles are manifested through
the thiolic functionalities that characterizes MT. The
intracellular levels of MT can be readily increased by
heavy metals, cytokines, drugs, steroids, and hypoxia

via transcriptional activation (Lazo & Pitt 1995). Early
research on MT has generally concerned with its role
in essential trace element homeostasis and in metal
toxicity, or with the molecular control mechanisms
of its genetic expression. In the last decade, however,
another area has emerged in MT research, which con-
cerns its role in disease states and their therapy. In this
regard, the aspect that has received the most atten-
tion is the role of MT in tumor chemotherapy. This
includes a potential role for MT in drug resistance,
as well as in possible rescue therapy to reduce drug
toxicity. The nucleophilic properties of MT resulting
from its high cysteine content have stimulated sev-
eral investigators (Kelley et al. 1988; Cherian et al.
1994; He et al. 2000) to examine the protective role of
MT against electrophilic anticancer drugs and muta-
gens. Elevated MT levels have been observed in some
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malignant cells with acquired resistance to antineo-
plastic agents (Kelley et al. 1988). Selection for heavy
metal resistance produces cells with cross-resistance
to anticancer drugs, such as cisplatin and melphalan.
Increase in intracellular MT by gene transfer also can
produce resistance to electrophilic mutagens and an-
ticancer drugs, such as cisplatin and mitomycin C
(Kelley et al. 1988). Nevertheless, increases in MT do
not always result in a phenotype that is less sensitive to
the toxic effects of electrophilic antineoplastic agents
and mutagens (Schilder et al. 1990).

Cells grown in culture provide an invaluable tool
for examining the importance of MT in the cellular
responsiveness to antineoplastic agents. Among the
studies aimed at examining the role of MTs, MT-null
cells are the most direct and simple model. Therefore,
in the current studies we have examined embryonic
fibroblasts from wild type and MT-null mice and char-
acterized their sensitivity to metal-based anticancer
drugs.

MT can be induced by chemical stimuli such as
metals and organic chemicals as well as by ultraviolet
radiation and various kinds of stress (Suzuki 1996).
Therefore, in this study, prior to exposure of the cells
to various anticancer drugs, we pretreated the cells
with different concentrations of ZnCl2, CuSO4, and
CdCl2 for different time intervals.

Materials and methods

Chemicals

The metal-based drugs, cisplatin (Dhara 1970), carbo-
platin (Harrison et al. 1980), and decamethylferroce-
nium tetrafluoroborate (DFc+) (Osella et al. 2000)
were synthesized according to the published proce-
dures. Gemcitabine was obtained from Eli Lilly, taxol
from Bristol–Myers Squibb, and vinblastine as well all
other chemicals and solvents, unless noted otherwise,
were purchased from Sigma Chemical Co.

Cell culture

The simian virus 40 (SV-40) transformed mouse em-
bryo fibroblasts from MT-I and MT-II double nul-
lizygous (knockout) mice, named GKA2, and normal
mice of the same strain, named GKA1, were kindly
provided by Prof Dr G. K. Andrews, University of
Kansas Medical Center. Cells were maintained in
Dulbecco’s modified Eagle’s medium (MEM) supple-
mented with 10% (v/v) fetal bovine serum, 2 mM L-

glutamine, and antibiotics (penicillin 100 IU/ml and
streptomycin 100 IU/ml). Cells were grown at 37 ◦C
in 5% CO2 and passaged every 3 days.

Pretreatment with heavy metals

For heavy metal pretreatment, cells were exposed to
complete medium containing ZnCl2 (10 µM, 2 days),
CuSO4 (10 µM, 2 days), or CdCl2 (0.4 µM, 6 days).
Higher concentrations of these metals cause evident
cytotoxic effects. Control cells were allowed to grow
in complete medium under the same experimental
conditions.

Cytotoxicity

Cell sensitivity to various drugs were determined us-
ing MTT (3-(4-,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assay (Mosmann 1983). Briefly,
exponentially growing (control and heavy metal-
pretreated) cells were harvested by means of treatment
with 0.1% trypsin/0.02% EDTA for 3 min and the
resulting single cell suspension was plated in 6-well
plates at 60,000–70,000 cells/well. After 24 h at 37 ◦C,
cells were exposed to 0–100 µM carboplatin, 0–7 µM
cisplatin, 0–100 nM gemcitabine, 0–150 nM taxol, or
0–150 nM vinblastine. Moreover, a molecule able to
produce radical stress, DFc+ (Osella et al. 2000), was
also employed in 0-150 µM range. After 3 days at
37 ◦C, 100 µl of MTT stock solution (5 mg/ml) was
added into each well and the cells were incubated at
37 ◦C for 1 h. The converted dye was solubilized with
acidic propanol (0.1 N HCl in absolute propanol). The
viability of cells was quantified by measuring the ab-
sorbance of converted dye at 570 nm with background
subtraction at 630 nm. The inhibition values were plot-
ted against concentration of drug in medium, and IC50
value (defined as the concentration of drug required to
inhibit 50% of cell growth) was then calculated.

Metallothionein sample preparation

Exponentially growing cells (25×106) were harvested
as described above. The cell suspension was washed
3 times in ice-cold phosphate-buffered saline, and
resuspended in 250 µl of buffer containing 50 mM
Tris-HCl (pH 7.4), 150 mM NaCl, 0.2% SDS, 2%
Triton X-100, 0.5% sodium deoxycholate, 0.01% β-
mercaptoethanol, 2 µg/leupeptin, and 2 mM phenyl-
methylsulfonyl fluoride (PMSF) at 4 ◦C. Lysates were
sheared through a 26-gauge needle and clarified at
4 ◦C by microcentrifugation. The supernatant was
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then treated with ethanol/chloroform as described be-
fore (Viarengo et al. 1997). Briefly, 1.05 vol of cold
(−20 ◦C) absolute ethanol and 0.08 vol of chloro-
form was added to the supernatants. The samples were
centrifuged at 12.000×g for 5 min at 4 ◦C. The super-
natants were collected and 3 vol of cold ethanol were
added. The samples were incubated at −20 ◦C for 1 h
and were centrifuged at 12.000 × g for 5 min. Finally,
the pellets were resuspended in 50 ml of 50 mM Tris-
HCl buffer, pH 7.4. Protein content of the samples
was determined by means of the BCA protein assay
(Pierce, Rockford, IL) using bovine serum albumin as
the standard.

Western immunoblot analysis

The cell extract proteins (30 µg) were loaded on a
12% polyacrylamide gel, electrophoresed, and trans-
blotted to a nitrocellulose membrane. The blot was
incubated with a blocking buffer (5% bovine serum
albumin in 1× TBS) 2 h at room temperature. The
blot was incubated with metallothionein (N-19) anti-
body (Santa Cruz Biotechnology) overnight at 4 ◦C
on a shaker. The blot was then washed three times
with TBS/Tween, and incubated with a 1:1000 dilu-
tion of secondary antibody coupled with horseradish
peroxidase for 1 h at room temperature on a shaker.
The blot was washed three times with TBS/Tween
and then incubated with ECLTM Western Blotting de-
tection reagents (Amersham, UK) for 1 min at room
temperature. The blot was exposed to x-ray film to
visualize the results.

Electrophoretic-fluorimetric assay

To asses the metallothionein content of the samples,
electrophoretic-fluorimetric procedure was performed
according to method of Viarengo et al. (1997) with
slight modifications. Briefly, appropriate amounts
of 10% SDS (sodium dodecyl solfate) and 92 mM
Thiolyte (monobromobimane-mBBr) solutions were
added to 50 µl aliquots of samples to obtain final con-
centrations of 2% and 6 mM for SDS and Thiolyte, re-
spectively. Samples were then incubated for 30 min at
37 ◦C in the dark. Samples were diluted 1:1 with glyc-
erol, and the thiolyte labeled proteins (30 µg) were
separated by SDS polyacrylamide gel electrophoresis
(Laemmli 1970) on a 16% polyacrylamide gel. After
electrophoresis, the proteins on the gel were fixed in
methanol: acetic acid: water (45:10:45 v/v). Fluores-
cence of the protein bands in the gel was visualized
using Fluor-S Max MultiImager System (Biorad).

Fig. 1. Western immunoblot analysis of the effect of ZnCl2, CdCl2,
and CuSO4 on the level of MT in GKA1 (wild type) cells (A). The
protein band densities were quantified by densitometry: the relative
MT level is shown as the ratio between heavy metal- treated and
control cells (B). Heavy metal treatment conditions were performed
as described in Materials and methods.

Statistical analysis

The data were analyzed according to Student t-test.
Significance was established at P < 0.05 level. The
results of at least three measurements were presented
as mean ± S.D.

Results

Western immunoblot analysis of the GKA1 and GKA2
lines confirmed the different patterns of MT expres-
sion, i.e. the wild type cell line showed detectable
amounts of MT while the knockout cells were MT-
negative.

The continuous treatment with ZnCl2 for two days
under our experimental conditions did not induce any
change in MT content of GKA1 (Figure 1A). On the
other hand, an increase of MT level was experimen-
tally demonstrated after CuSO4 or CdCl2 exposure
and was calculated as 1.5 and 2.8-fold, respectively as
compared with the untreated cells used as control (Fig-
ure 1B). As expected, these heavy metal treatments
caused no MT expression in GKA2 cells.
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Fig. 2. Dose - cytotoxic response of carboplatin on GKA1 (wild
type) mouse fibroblasts from which IC50 are determined. Concen-
tration and duration of heavy metal pretreatments are described in
Materials and methods.

The survival ratio of metal-pretreated GKA1 and
GKA2 cells (under the mild conditions employed)
were ≥ 99% with respect to control cells, as deter-
mined by the MTT assay.

Our group has already set a method for MT de-
termination in molluscs (Viarengo et al. 1997). This
procedure had a good sensitivity, but it was not enough
to provide accurate measurements of MT content in
the mice fibroblasts used in this work. Using this
electrophoretic-fluorimetric assay, it was possible to
qualitatively reveal a MT increase in GKA1 cells only
for exposure to CdCl2 (0.4 µM for 6 days), while no
apparent variation in MT level was seen for ZnCl2
or CuSO4 treatments. GKA2 line showed no de-
tectable MT content before and after metal induction
treatment.

The effects of several antineoplastic drugs on the
two cell lines were also examined by MTT vitality as-
say. The non-alkylating drugs, gemcitabine, taxol, and
vinblastine induced similar cytotoxic effects for both
cell lines before (control) and after metal treatment, as
evidenced by the IC50 values. These data are resumed
in Table 1.

A different response was observed when the wild
type (GKA1) and MT-null (GKA2) cell lines were
treated with metal-based alkylating drugs, carboplatin
and cisplatin, and with the ROS producing agent,
DFc+.

Both cell lines showed a concentration depen-
dent response to carboplatin (Figure 2), cisplatin and
DFc+. The sensitivity of GKA2 cell line to carbo-

platin, cisplatin, and DFc+ was always higher (from
2.6- to 3.3-fold) compared to GKA1 (Table 2 and 3, re-
fer to the control), and this sensitivity was not affected
at all by the pretreatment with metals.

The data presented in Table 2 point out that ZnCl2
pretreatment is not able to significantly modify the
IC50 values for all the metal-based drugs, thus con-
firming the data obtained from the content of MT. Pre-
treatment of GKA1 cells with CuSO4, however, gave
rise to a statistically significant decrease (≥ 1.5-fold)
in sensitivity of the cells to these agents. Pretreat-
ment with CdCl2 led to a higher decrease (≥ 2-fold)
in sensitivity of GKA1 cells to these agents (Table 2).

Atomic absorption spectrometry (AAS) was per-
formed for determination of Pt uptake (AAS;
model 3300 Perkin Elmer) according to the method
described elsewhere (Perego et al. 1999). The results
evidenced no significant difference in the intracellular
Pt content of GKA1 and GKA2 cells as the conse-
quence of the treatment, in the same experimental
conditions, with cisplatin (data not shown).

Discussion

Since all the cells have various physiological levels
of MT, the possibility for having a MT-null cell sys-
tem, as previously reported in literature (Kondo et al.
1995), gives the chance to improve the knowledge of
the role of MTs. The two cell lines used in this study
showed no significant difference in growth pattern and
viability under normal cell culturing.

In the current study, several antineoplastic drugs
with different mechanism of action and different resis-
tance machinery were used.

Gemcitabine, taxol, vinblastine were used as non-
alkylating agents. Gemcitabine acts as an inhibitor
of ribonucleoside diphosphate reductase and inhibits
DNA synthesis (Matsui & Fukuoka 1992). Taxol and
vinblastine (a vinca alkaloid) act on the mitotic fusion.
In particular, taxol promotes microtubule assembly
in vitro and induces the reorganization of the cy-
toskeleton into unusual microtubule arrays in cultured
cells (Green & Goldman 1983) and vinblastine in-
hibits tubulin polymerization into microtubules (Zhou
& Rahmani 1992). The cytotoxicity results of non-
alkylating agents used in this work revealed no sig-
nificant difference between sensitivity of GKA1 and
GKA2 cells to these drugs. Moreover, heavy metal
pretreatment did not alter the sensitivities of these cells
to the non-alkylating agents.
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Table 1. Effect of non-alkylating agents (gemcitabine, taxol, and vinblastine) on survival
of control and heavy metal-pretreated GKA1 and GKA2 cells. Concentration and dura-
tion of pretreatments are described in Materials and methods. Data are expressed as the
average concentration of drug required to kill 50% of cells (IC50), obtained from three
experiments ±SD.

Cell Line Pretreatment Gemcitabine (nM) Taxol (nM) Vinblastine (nM)

Control 22.0 ± 2.0 39.8 ± 2.4 42.6 ± 3.4

GKA1 ZnCl2 21.5 ± 1.9 38.6 ± 2.4 44.3 ± 2.7

CuSO4 21.9 ± 2.1 42.1 ± 2.0 41.3 ± 4.6

CdCl2 22.3 ± 2.4 40.9 ± 3.1 43.7 ± 4.5

Control 20.0 ± 1.0 42.5 ± 1.8 40.5 ± 3.5

GKA2 ZnCl2 19.5 ± 1.5 42.9 ± 2.5 43.5 ± 3.3

CuSO4 20.5 ± 1.8 44.5 ± 2.1 42.3 ± 4.2

CdCl2 20.8 ± 2.0 43.4 ± 2.7 43.1 ± 4.5

Table 2. Effect of alkylating agents (carboplatin and cisplatin) and ROS- producer (DFc+) on survival
of control and heavy metal-pretreated GKA1 (wild type) cells. Concentration and duration of pretreat-
ments are described in Materials and methods. Data are expressed as the average concentration of drug
required to kill 50% of cells (IC50), obtained from three experiments ± SD.

Pretreatment Carboplatin Resistance Cisplatin Resistance DFc+ Resistance

(µM) ratioa (µM) ratioa (µM) ratioa

Control 23.0 ± 2.0 1.8 ± 0.1 23.1 ± 2.7

ZnCl2 22.0 ± 2.7 0.96 2.0 ± 0.2 1.11 25.6 ± 2.5 1.11

CuSO4 35.8 ± 3.0 1.56 2.9 ± 0.2 1.61 35.3 ± 3.0 1.53

CdCl2 46.6 ± 4.1 2.03 3.7 ± 0.3 2.06 46.7 ± 2.3 2.02

aResistance ratio is IC50 of heavy metal-pretreated cells divided by IC50 of control cells.

Carboplatin and cisplatin were chosen as a model
for alkylating agents. The cellular toxicity of these
electrophilic agents occurs primarily through their
ability to generate covalent DNA inter- and intra-
strand cross-links, hence, preventing DNA replication
and transcription (Lippert 1999).

There is an increasing body of evidence in the lit-
erature concerning antioxidant property of MT (Basu
& Lazo 1990; Viarengo et al. 1999). To evaluate
the involvement of MT in prevention of free radical
injury, we examined the cytotoxicity of DFc+, an
iron-based complex able to produce reactive oxygen
species (ROS), especially OH radicals (Osella et al.
2000).

The cytotoxicity results of alkylating and radi-
cal producing compounds used in this work revealed
significant differences between sensitivity of GKA1
and GKA2 cells to these drugs, and the heavy metal
pretreatment further enhanced these differences.

The response to the treatment with a number of an-
ticancer drugs allowed us to confirm the importance of
MT in protection against the metal-based agents (Lazo
& Pitt 1995). This is evident from the comparison of
the level of sensitivity of the two cell lines to Pt-based
drugs used in this study (Tables 2 and 3).

Knockout of the MT gene renders animals/cells
more vulnerable to oxidative stress and DNA alkylat-
ing agent-induced toxicity (Klaassen & Liu 1998). In
the current study, since both cell lines were treated
in the same way with heavy metals, any possible re-
sistance mechanism(s) other than induction of MT
should have occurred to the same extent for both cell
lines. Thus, the decrease in sensitivity observed for
metal-pretreated GKA1 cells with respect to GKA2
is, most probably due to the increase in MT level.
Moreover, similar Pt uptake in the two cell lines after
cisplatin treatment, as evidenced by AAS, supports the
conclusion that the difference in the drug sensitivity
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Table 3. Effect of alkylating agents (carboplatin and cisplatin) and ROS-
producer (DFc+) on survival of control and heavy metal-pretreated GKA2
cells. Concentration and duration of pretreatments are described in Mate-
rials and methods. Data are expressed as the average concentration of drug
required to kill 50% of cells (IC50), obtained from three experiments ±
SD. Resistance ratio is IC50 of heavy metal-pretreated cells divided by
IC50 of control cells.

Pretreatment Carboplatin (µM) Cisplatin (µM) DFc+ (µM)

Control 6.9 ± 0.8 0.7 ± 0.1 8.5 ± 1.0

ZnCl2 7.2 ± 0.9 0.8 ± 0.09 8.7 ± 0.9

CuSO4 7.1 ± 0.8 0.7 ± 0.1 8.3 ± 1.1

CdCl2 6.8 ± 0.7 0.8 ± 0.1 8.9 ± 1.0

(IC50) is not due to different drug permeability of the
cells.

In conclusion this work confirms that MT is a fac-
tor in determining the responsiveness of normal cells
to electrophilic platinum-containing agents, such as
carboplatin and cisplatin, as well as to oxidative stress
induced by the iron-based compound, DFc+.
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