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ABSTRACT

Human prostate carcinoma cell line DU-145 was used to examine the
relationship between the intracellular levels of cysteine-rich metallothi

onein (MT) and the sensitivity or resistance of cells to Adriamycin (ADR).
The basis for the poor response of human prostate carcinomas to ADR
was studied. Cadmium-resistant (Cdr) cells, capable of growth in Kl 5 M
cadmium, were derived from DU-145 cadmium-sensitive (Cd*) cells, by

exposure to increasing concentrations of cadmium. The relative rates of
MT synthesis were measured by L-|3SS]cysteine incorporation and MT
separation by high-performance liquid chromatography. Cdr cells, contin

uously exposed to cadmium, show a steady-state rate of MT synthesis
(designated as control = 100%) which is 3.5 times the basal rate in Cd*

cells (29%). Dose-response curves, using clonal and cell count assays,

show that the dose levels required to produce inhibition of growth to 50%
and 90% of control, respectively, of ADR for Cd' cells (19.00 and 132.0
ng/ml) are 1.5 to 1.7 times those for Cd' cells (12.5 and 77.5 ng/ml). In

the absence of cadmium, deinduction of MT occurs with MT synthesis
declining, after 70 and 118 h, to 29% and 19% of control. Correspond
ingly, in such deinduced cells (Cdr minus cadmium), the 50% inhibitory

doses of ADR in clonal and growth assays are 3.5 and 4.8 ng/ml,
respectively. Thus, deinduced cells are 3 and 4 times more sensitive to
ADR than Cd' and C'a' cells. This increased sensitivity is explained by

the rapid and marked inhibition of MT synthesis upon exposure to ADR,
even in the presence of cadmium, so that after 6 and 10 h in the presence
of 10 ng/ml of ADR, the rates drop to 62% and 19% of control. On the
basis of these results, we propose that: (a) the increased levels of MT
increase the resistance of Cdr cells to ADR and that this may be partly

responsible for the poor response of prostate carcinomas to ADR; (b)
MT deinduction results in increased sensitivity to ADR; and (c) ADR
inhibits MT synthesis. Thus, it is suggested that a treatment regimen
consisting of ADR exposure followed by a second exposure, during
increased ADR sensitivity, may be effective for growth inhibition of slow-

growing prostatic carcinomas.

INTRODUCTION

Prostate cancer has, in the past, been the second leading
cancer in the American male population after lung cancer
(22%), showing an incidence of 19% of all cancers in men,
excluding nonmelanoma skin cancer (1). However, the 1987
American Cancer Society estimates show that lung and prostate
cancers will show the same incidence (20%) due to a decrease
in lung cancer in men and an increase in prostate cancer
incidence (2).

Prostate cancer is the most common malignancy of the male
urogenital tract (2, 3). Hormonal therapy is used as the initial
treatment for patients with symptomatic metastatic disease;
however, this treatment has little impact on prolonging the
survival (3). Systemic therapy for hormone-resistant prostate
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cancer is still an unresolved problem (4). The failure of endo
crine therapy to provide permanent relief, the availability of
cell culture techniques for testing efficacy of drugs, and the
development of effective chemotherapeutic agents for other
carcinomas have stirred interest in the possible role of chemo
therapeutic agents in the treatment of prostate cancer. The
most extensive studies in this area have been conducted by the
National Prostatic Cancer Project (5). Cyclophosphamide, 5-
fluorouracil, imidazole carboxamide, methotrexate, vincristine,
cisplatin, estramustine phosphate, and Adriamycin have been
tested singly or in various combinations (5). However, the
objective remission rate to standard chemotherapy has been
less than 20%, with little or no survival benefit to the patient
(4).

Adriamycin has been used for advanced prostatic carcinoma
as a single agent or in combination with hormones and other
chemotherapeutic agents (3, 6, 7). While ADR3 was found to
be more effective than 5-fluorouracil (6), only 18% of the
patients showed positive response to ADR compared to 43%
with nitrogen mustard (7). Overall, the effectiveness of Adria
mycin or other chemotherapy in treating prostate cancer has
been disappointing (4, 8). The purpose of this study is to
examine this problem, particularly in relation to Adriamycin.

The anthracyclin antibiotics daunorubicin and Adriamycin
(doxorubicin hydrochloride) are potent antineoplastic agents
(9). ADR is one of the most widely used chemotherapeutic
agents for the treatment of a variety of carcinomas, soft tissue
and bone sarcomas, and hematogenous neoplasms (10). How
ever, the usefulness of ADR is limited by its dose-related
cardiomyopathy, nephrotoxicity, bone marrow suppression, al
opecia, skin and oral ulcÃ©ration(11), and the development of
drug resistance (10). The antitumor activity of ADR appears to
be multifactorial and includes DNA intercalation, inhibition of
DNA and RNA polymerases, production of free radicals, and
the modulation of cell membrane activity (10). The mechanisms
of drug resistance to ADR and to other chemotherapeutic
agents are likely to be just as varied. The emergence of drug-
resistant tumor cells is a major limiting factor in chemotherapy,
and this phenomenon can be described as evolution at the
cellular level, in which cells emerge with new phenotypic traits
(12). We have shown earlier (13) that ADR produces cell growth
inhibition of DU-145 human prostatic carcinoma cells in a
dose-dependent manner. When ADR and vitamin E are used
in combination, an additive or synergistic effect occurs, depend
ing on the dose of vitamin E used. This causes an increase in
cytotoxicity of ADR while lowering the ID50 of the anticancer
drug. This combination may allow the clinician to administer
lower doses of ADR while increasing the drug efficacy and
decreasing the risk of toxicity to other tissues (13).

Another approach for enhancing the tumoricidal effects of
the drug and for bypassing the existing or acquired cellular

3The abbreviations used are: ADR. Adriamycin; Cd' cells, cadmium-sensitive
cells; Cd' cells, cadmium-resistant cells; GSH, glutathione; HPLC, high-perform

ance liquid chromatography; MT, metallothionein; II).,, and 11),,,,,dose levels
required to produce inhibition of growth to 50% and 90% of control; FBS, fetal
bovine serum; PBS, phosphate-buffered saline.
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mechanisms of drug resistance is to understand the various
mechanisms involved in drug resistance. As far as ADR is
concerned, some known mechanisms include reduced drug
transport into cells, active efflux, and enhanced DNA repair
(10, 14). These mechanisms, however, do not fully explain
resistance to ADR (IS) and suggest the existence of additional
mechanisms. The purpose of this investigation was to explore
one possible mechanism in which elevated metallothionein
levels may be related to drug resistance and to propose an
approach by which sensitivity of cancer cells to ADR, and
perhaps to other drugs, can be enhanced.

Cell lines producing high levels of MT can be selected after
exposure to stepwise increasing concentrations of cadmium, a
potent inducer of MT (16, 17). These cadmium-resistant cell
lines, designated as Cdr, derived from the parent cadmium-
sensitive (Cds) cell line, show increased resistance to the alkyl-
ating agent chlorambucil, to estramustine, an ester of chlor-
ambucil and prednisolone, to c/i-diamminedichloroplatinum,
and to radiation (18-21). No studies, to our knowledge have
been done on the possible role of MT in the development of
drug resistance to ADR. The reasoning behind our investigation
is the following: normal prostate has the highest zinc content
of all soft tissues (22, 23). A marked decrease in zinc and an
increase in cadmium levels have been observed in prostatic
carcinomas, as compared to the normal prostate (22,23). Levels
of cadmium increase in the human prostate with age (22, 23).
Both zinc and cadmium are potent inducers of MT synthesis
(17). Our studies are based on the hypothesis that prostate
carcinomas are relatively resistant to ADR and show a poor
response, because high levels of zinc and cadmium are associ
ated with increased MT induction, and that high MT levels are
responsible for resistance to ADR treatment. The following
experiments were done to determine whether there is any
relationship between intracellular MT levels and the sensitivity
or resistance of DU-145 human prostatic carcinoma cells to
ADR.

MATERIALS AND METHODS

Cell Cultures and Reagents

The human prostatic cancer cell line DU-145 was used in this study
(13, 24). Cells were maintained in RPMI-1640 medium (Gibco) con
taining 5% FBS with 50 ng/m\ of gentamicin (Schering) and 2.5 ^g/ml
of Fungizone in a humidified atmosphere of 95% air and 5% CÃ›2at
37Â°C.The same medium and conditions were used for all experiments.
The cadmium-resistant cell line Cdr was developed from the parent cell

line by exposing cells to stepwise increasing concentrations of cadmium.
DU-145 cells were first grown in medium containing IO"9M cadmium.
Subsequently, the cells were exposed to 10~", 10"', 5 x 10~7, 10~6,5 x
10~6, and 10~5 M cadmium concentrations at intervals of 2 to 3 wk.

Cells used in experiments for ADR effects on cell growth and cell
survival were maintained in medium containing 10 '' Mcadmium, while
those used for MT analyses contained 10~5 M cadmium. Cadmium
(10~6 M) does not inhibit growth of cadmium-conditioned DU-145
cells.4 Cadmium chloride (formula weight, 183.31; Aldrich Chemicals;
No. 20,290-8) was dissolved in distilled water to make a stock solution
(10"' M). Dilutions (1:10) were made to obtain 10~3and l O"4Msolutions
and stored at 4Â°C.One ml of these stocks was added per 100 ml of
medium to obtain media with 10~5or 10"* M cadmium, respectively.

Each vial of Adriamycin (doxorubicin hydrochloride; Adria Laborato
ries) contained 10 mg of ADR and 50 mg of lactose. Thus, when
calculating the actual concentration of ADR, it should be noted that
only 'Ath of the preparation is ADR (13). Values used in this paper

refer to the actual ADR concentration. The ADR preparation was

4 Unpublished data.

diluted in distilled water to a final concentration of 1 mg/ml. All further
dilutions were also made in distilled water. ADR was prepared fresh
for each experiment. Special precautions were taken to protect all
solutions from light. ADR is stable in distilled water, but in tissue
culture medium and after exposure to light, it is converted to a chemi
cally distinct form which is cytostatic but not cytotoxic. Conversion to
this form occurs with a /./,of 3 h (25, 26). ADR, at 2-mg/ml concentra
tion in distilled water, can be frozen at â€”20Â°Cand thawed and refrozen

up to 7 times without appreciable degradation (25).

Cell Culture Assays

Stock cultures with 85 to 90% confluency were used in each experi
ment. Cells were dissociated with 0.25% viokase (Gibco) in Dulbecco's

medium containing 0.02% EDTA, before plating (13). Whelan et al.
(27) used monolayer cell cultures of bladder tumors for predicting
sensitivity to chemotherapeutic agents. This in vitro assay showed a
good correlation with tumor response. We have used two widely ac
cepted assays to assess response to ADR. A clonal assay (criterion for
cell survival) and a cell count assay (criterion for growth) were used to
quantitate the effects of ADR.

In the clonal assay, 500 cells were plated in 60-mm sterile tissue
culture dishes (Falcon Plastics) on Day 1 in 5 ml of medium with or
without cadmium (10~6 M). On Day 3 (48 h), ADR was added to each

dish (20 n\ of the appropriate concentration) to obtain the desired
concentration. The colonies were fixed in methanol and stained with
0.1 % crystal violet on Days 14 and 16 for Cds and Cdr cells, respectively.

Final colony counts were made using the New Brunswick Biotran II
colony counter. The plating efficiency of these cells in a clonal assay is
20%.

In the cell count assay 50,000 DU-145 cells (Cds or Cdr) were plated
per 60-mm culture dish on Day 1 in 5 ml of medium with or without
cadmium (10~6 M). ADR was added on Day 3, and the cells were

counted on Day 7 after dissociation with 0.25% viokase and 0.02%
EDTA. Counting was done using an electronic Model ZF Coulter
Counter. In order to determine the response of Cdr cells to ADR in the
absence of cadmium, 50,000 Cdr cells were plated in medium without

cadmium. ADR was added on Day 3 (48 h), and the cells were counted
on Day 7. For clonal assay, 500 Cdr cells were plated in cadmium-free

medium and treated with ADR on Day 3. Colonies were fixed and
stained on Day 16.

In all experiments, two sets of controls were used, one without any
vehicle and the other containing lactose. Five hundred ng/ml of lactose
were added in 20 (/I. This is equivalent to the amount present with the
highest concentration of ADR used. Five replicate cultures were pre
pared for each treatment. Each experiment was done in triplicate. The
data shown in the figures are from representative experiments and are
expressed as the percentage of the lactose-containing control. The
vertical lines in the figures represent 1 SD from the mean. Where there
are no bars, the standard deviations were too small to show.

Metallothionein Experiments and Assay

Basal and Induced Relative Rates of MT Synthesis. In order to
determine the basal rate of MT synthesis in ( d' cells and the stable
rate in Cdr cells continuously exposed to cadmium, the following

protocols were used.
On Day 1, 150,000 Cds cells or 300,000 Cdr cells were plated per T-

25 flask in 5 ml of RPMI-1640 with 5% FBS, with or without cadmium
(10~5 M), respectively. On Day 4, medium was replaced with the

appropriate fresh medium. On Day 6, cells were placed on a serum-
free, cystine-free medium prepared from a RPMI-Kit (Gibco). This
medium contained growth factors as described earlier for growth me
dium but without zinc (28). This medium will be referred to as the Kit
medium. The Kit medium was prepared with or without cadmium, as
appropriate for Cds and Cdr cells. Cultures were kept on this for 8 h.
Radioactive L-[35S]cysteine was then added in 10 Â¿tl,with a final con

centration of 1.75 fid per flask, and cells were incubated for 2 h.
L-["S]Cysteine was purchased from Amersham, and it had a specific

activity of 1390 Ci/mmol and a radioactive concentration of 11.4 mCi/
ml in an aqueous solution of 20 m\i potassium acetate and 5 HIM
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dithiothreitol. The compound was kept frozen at â€”70Â°Cuntil it was

first used, and then the sample was divided into five equal 10 i/l aliquots,
four of which were put back into the freezer. Two n\ of the thawed L-
[35S]cysteine were aseptically added to 130 p\ of cold sterile culture

medium. This dilution caused the radioactive concentration to go from
11.4 ^Ci/Ml to 0.175 MCi/nl. Then 10 ÃŸ\of the diluted sample, added
to each culture flask gave 1.75 /iCi of L-[35S]cysteine. Hildebrand et al.
used this amount of L-[35S]cysteine to measure the rate of metallothi-
onein synthesis in Chinese hamster Cd' cells (29). Two h later, medium
was removed, and cells were washed 4 times in cold Dulbecco's PBS.
Flasks were drained completely and then put into a â€”70Â°Cfreezer until

analyzed.
In order to determine the induction of MT in Cds cells after exposure

to cadmium, Cds cultures were used as above, but on Day 4 when the
medium was changed, it also contained 10~5cadmium. Subsequently,

the cultures were processed, as described above. The Kit medium for
this experiment also contained cadmium. Appropriate controls were
prepared for all experiments. All samples were prepared in duplicate.

Metallothionein Deinduction. Experiments were done to examine the
time course of deinduction of MT in Cdr cells after removal of cadmium
from the medium. On Day 1, 300,000 Cdr cells were plated per T-25
flask in RPMI-1640 with 5% FBS and IO"5 M cadmium. On Day 4,
two control flasks were placed on the Kit medium with 10~5Mcadmium,
L-[35S]cysteine was added, and cultures were incubated for 2 h to
measure the stable rate of MT synthesis in Cdr cells. The remaining

flasks were placed, in duplicate, on medium without cadmium for 4, 8,
20, 44, 68, 94, and 116 h followed by a change to the Kit medium and
L-["S]cysteine, but without cadmium, for 2 h to examine the kinetics

of MT deinduction. All cultures were then washed in cold PBS, drained,
and frozen at â€”70Â°Cuntil analyzed.

Effects of ADR on the Relative Rate of MT Synthesis. To examine
the effects of ADR on the rate of MT synthesis, 500,000 Cdr cells were
plated in 5 ml of RPMI plus 5% FBS plus 10~5M cadmium in each of

6, T-25 flasks on Day 1. Medium was changed on Days 3 and 5. On
Day 7, after changing the medium, 10 ng/ml of ADR were added in 20
p\, to each flask. After 4 and 8 h of exposure to ADR, cells were placed
on the Kit medium without ADR. L-[35S]Cysteine was added, and

cultures were incubated for 2 h and frozen as described above.
Cell Lysis. One flask at a time was removed from the freezer, and

then 1 ml of cold 0.05 M Tris-HCl, pH 8.0, containing 0.02% sodium
azide, was added. Cells were scraped down off the wall of the flask into
the buffer and then freeze-thawed 2 more times using a bath of dry ice
in ethanol. The suspension was centrifuged at 15,000 x g for 20 min
at 4Â°C.

HPLCand Detection of 35S-labeled Metallothionein. Instead of Seph-

adex gel filtration (29), we used HPLC for the separation of MT from
both the larger proteins and the free unincorporated L-[35S]cysteine.
The HPLC equipment consisted of a U6K injector, a M-45 pump, two
Protein Pak 125 columns, and a Model 441 absorbance detector set at
254 nm (all from the Waters Associates). A linear Model 1200 recorder
(Markson Co.) recorded the UV-detected protein peaks, and a LKB
7000 fraction collector was used for obtaining fractions of the eluted
sample. The supernatant resulting from the above centrifuged cell lysate
was pushed with a syringe through a Millex GV filter (Millipore Co.);
300 /il of the nitrate were injected into the HPLC system. The sample
was eluted at 0.5 ml/min with 0.1 M sodium phosphate, pH 6.O.
Fractions of 0.5 ml were collected, transferred into 10 ml of liquid
scintillation fluid [the newer, more environmentally compatible fluids,
e.g., OPTI-FLUOR (Packard)], and counted in a Beckman LS 100 C
scintillation counter. The tirsi radioactive peak eluted consisted of
labeled proteins eluted in the void volume of the Protein Pak 125
column. The second peak is characteristic of metallothionein, according
to similar experiments with other types of cells (16, 29). The third and
largest peak is free unincorporated L-[35S]cysteine.The areas of the first

two peaks can then be determined. The ratio of the MT peak to the
void volume peak provides an index of the relative rate of MT synthesis
by the cells (29).

RESULTS

the presence of cadmium, and Cdr in the absence of cadmium

were exposed to varying concentrations of Adriamycin, ranging
from 0.1 to 150 ng/ml in the culture medium. The effects of
ADR were then measured. The cell growth assay measures the
extent of growth after 7 days in cultures initiated by 50,000
cells/60-mm Petri dish. ADR is added on Day 3 (48 h) after
plating so that cells are exposed to a single dose of ADR during
the early part of their exponential growth, between Days 3 and
7. During this period, the DU-145 cells have a doubling time
of about 34 h. Fig. 1 shows dose-response curves for ADR,
based on the cell growth assay for Cds and Cdr cells. Results
show that ADR inhibits the growth of Cds cells, and at levels

as low as 0.1 ng/ml, ADR reduced the growth in cultures, in
this experiment, to 81% of control. The curve is then fairly flat
between ADR concentrations of 0.1 to 1.0 ng/ml. Thereafter,
growth begins to decline more rapidly and shows an ADR ID5o
of 12.5 ng/ml and an 10,0 of 77.5 ng/ml (Fig. 1).

The dose-response curve for Cdr cells has a similar shape;

however, the levels of ADR required to produce an ID5o are
higher than those for Cds cells. The ID50 for ADR Cds cells was

found to be 19 ng/ml and the IDÂ«),132 ng/ml (Fig. 1). Thus,
the levels of ADR which produce 50 and 90% inhibition of
growth in Cdr cells are 1.5 to 1.7 times higher than those
required for Cds cells. An examination of the ID50s from differ
ent experiments shows a mean ID5o for Cds cells to be 13.3 Â±
0.9 ng/ml and for Cdr cells to be 18.2 Â±1.3 ng/ml. Using an
unpaired t test, the results for IDso in Cds and Cdr cells are
significantly different (t = 7.4, P< 0.001). The most significant
difference between Cds and Cdr cells, in terms of response to
ADR, is observed at the 10-ng/ml level of ADR. While ADR
at this concentration produces a 42% inhibition of growth in
Cds cells, the inhibition in Cdr cells is only 22%, suggesting
that, at 10 ng/ml, Cdr cells are twice as resistant to ADR than
Cds cells. Ten ng/ml of ADR are also the concentration we

have used for the MT synthesis inhibition experiments reported
in this paper.

In the clonal assay, 10.3 ng/ml of ADR were required to
reduce the survival of Cds cells to 50% of control, and the ID5o
for Cdr cells in this assay was 14.0 ng/ml (Fig. 2). There does
not seem to be a significant difference between Cds and Cdr

cells in this assay. This may be because in a clonal assay, in the

120H

Cd'

= 19.0 ng/ml

0.1 0.3 1 3 10 30
Adriamycin Concentration (ng/ml)

100150

Effects of Adriamycin on Cell Growth and Survival in Cd* and
Cdr Cells. DU-145 human prostatic carcinoma cells Cds, Cdr in

Fig. I. Dose-response curves for Adriamycin based on the cell growth assay
for Cd* and Cd1 cells. Fifty thousand cells were plated on Day 1, ADR was added
on Day 3, and cells were counted on Day 7. For Cd' cells, IDÂ»= 12.5 ng/ml,
and IDÂ»= 77.0 ng/ml; and for Cd' cells, IDM = 19.0 ng/ml. and IDÂ«= 132.0
ng/ml of Adriamycin. In experiments with Cd' cells, IO"6M cadmium was present

in the culture medium. Solid horizontal lines, level of inhibition of growth with
10 ng/ml of ADR in Cd' and Cd' cells. Points, mean: bars, SD.
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120

0.1 0.3 1 3 10 2030 100150
Adriamycin Concentration (ng/ml)

Fig. 2. Dose-response curves for Adriamycin based on the clonal assay. Five
hundred Cd' or Cd' cells were plated on Day 1, ADR was added on Day 3, and
colonies were stained and counted on Days 14 and 16 for Cd* and Cd' cells,
respectively. For Cd' cells, IDÂ»= 10.3 ng/ml, and for Cd' cells, IDÂ«,= 14.0 ng/
ml of Adriamycin. In experiments with Cd' cells, 10"' M cadmium was present in

the culture medium. Points, mean; bars, SD.

Clonal Assay

IDso = 4.8 ng/ml

o
o

0.1 0.3 1 3 10 2030 100150
Adriamycin Concentration (ng/ml)

Fig. 3. Dose-response curves for Adriamycin based on growth and clonal
assays, using Cd' cells in the absence of cadmium (Cd' â€”cadmium). For growth

assay, 50,000 cells were plated on Day 1, ADR was added on Day 3, and cells
were counted on Day 7. IDM = 4.8 ng/ml of Adriamycin. For the clonal assay,
500 cells were plated on Day 1, Adriamycin was added on Day 3, and colonies
were stained and counted on Day 16. IDÂ»= 3.5 ng/ml of Adriamycin. Points,
mean; bars. SD.

Table 1 Inhibition of cell growth and cell survival by Adriamycin in Cd' cells
and in Cd' cells in the presence and absence of Iff"6 M cadmium

Adriamycin (mg/ml)

Assay Cd* Cd' + cadmium Cd' â€”cadmium

GrowthassayIDÂ»IDÂ«,Clonal

assayIDÂ»12.577.510.319.0132.014.04.83.5

absence of conditioning influences of a large number of cells,
only the hardiest of Cd" cells survive.

Similar assays performed on Cdr cells but in the absence of

cadmium have ID50s for cell growth and clonal assays of 4.8
ng/ml and 3.5 ng/ml, respectively (Fig. 3). Table 1 facilitates a
comparison of data from the above three sets of experiments.

Rates of Metallothionein Synthesis in Cds and Cd' Cellsâ€”

Induction and Deinduction. The stable rate of MT synthesis in

Cdr cells continuously exposed to cadmium was used as the

standard control for comparison and was given a value of 100%.
Results are summarized in Table 2. The basal rate of MT
synthesis in Cds cells was found to be 29% of the control. When
Cds cells were challenged with 10~5 M cadmium for 70 h,

superinduction of MT occurred, and the rate of MT synthesis
increased to 152% of control, which is 5 times the basal rate in
Cds cells. Fig. 4 shows the kinetics of MT deinduction in Cdr

cells after cells are placed in medium without cadmium. During
the first 10 h in cadmium-free medium, there is no change in
the rate of MT synthesis, as compared to control levels. How
ever, by 22 h, the rate has declined to 60% of control, and at
70 h, the rate reaches the basal level found in Cds cells. The
rate of MT synthesis continues to decline further, so that at ~5
days (118 h) after removal of cadmium, the rate was found to
be 19% of control, which is one-fifth the stable rate in Cdr cells.

These results are particularly important in partly explaining
the enhanced cytotoxicity of ADR for Cdr cells undergoing MT

deinduction.
The rates of MT synthesis in Cdr cells in the continuous

presence of cadmium after the addition of ADR are of particular
interest. Within 10 h after the addition of 10 ng/ml of ADR to

Table 2 Relative rates of metallothionein synthesis in Cd' and Cd' cells during

induction and deinduction and effects of Adriamycin on the rate of MT synthesis

MetallothioneinsynthesisCell

lineCd'Cd-Cd'Cd'

Cd'Cd'

Cd'TreatmentContinuous

cadmi
um"(control)None70

h withcadmium70

h without cad
mium

118 h without cad
miumContinuous

cad
mium + ADR*

foroh
Continuous cad

mium + ADR
for 10 hRelative

rate2.10.63.20.6

0.41.3

0.4Rate

expressed as % ofcontrol1002915229

1962

19(stable

rate in Cd1

cells)(basal

rate in Cd*cells)(superinduction)(deinduction)

(furtherdeinduction)(inhibition

withADR)(marked

inhibition
with ADR)

" Cadmium (10s M) used in above experiments where indicated.
* ADR (10 ng/ml) used in experiments where indicated.

2610 22 46
Time (hours)

70 1 18

Fig. 4. Time course of MT deinduction in Cd' cells in the absence of cadmium
and inhibition of MT synthesis by Adriamycin in Cd' cells in the presence of
cadmium. One curve (â€¢)shows the kinetics of MT deinduction in Cd' cells after

they are placed on medium without cadmium for 2, 6, 10, 22, 46, 70, 96, and 118
h. Duplicate cultures were exposed to L-["Sjcysteine for 2 h, washed, frozen, and

subsequently lysed for MT separation by HPLC. The second curve (O) shows the
rapid and marked inhibition of MT synthesis by 10 ng/ml of ADR even in thepresence of cadmium (10~5 M), the MT inducer. Samples were collected after 6-

and 10-h exposure to ADR. Results are expressed as relative rate of MT synthesis
and are presented as the percentage of control, the control being the steady-state
rate of MT synthesis in Cd' cells continuously exposed to IO" M cadmium and

shown as 100%. Each Â¡mintrepresents the mean of two measurements. The
horizontal line represents the basal rate of MT synthesis in Cd' cells. Cd, cadmium.
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the system, the rate of MT synthesis drops to 19% of control, Metallothioneins are small (M, 6600), cysteine-rich, heavy
which is one-fifth the rate of control Cdr cultures (100%) not metal binding proteins and are thought to be involved in zincwhich is one-fifth the rate of control Cdr cultures (100%) not

exposed to ADR (Table 2; Fig. 4).

DISCUSSION

The Cdr cells were found to be about 1.5 times more resistant
to ADR than Cds cells, when tested in both the cell growth and

the clonal assays (Table 1). An examination of the relative rate
of metallothionein synthesis shows that Cdr cells continuously
exposed to cadmium show a 3.5-fold higher rate of MT synthe
sis than Cds cells. However, the resistance of Cdr cells to ADR
is not of the same magnitude, since the ID5o of ADR for Cdr
cells is only 1.5 times greater than that for Cds cells. It is
important to note that, while cells exposed to 10~5M cadmium

show a 3.5-fold increase in their rate of MT synthesis, those
exposed to IO"6 M cadmium show only a 1.5-fold increase. This

is comparable to the 1.5-fold increase in the IDso of ADR for
Cdr cells maintained on 10~6 M cadmium. Cadmium (10~5 M)

could not be used in growth and clonal assays because of the
complications created by combined toxicity of cadmium and
ADR over a 7-day assay period.

Once cadmium is removed from the culture medium, the
relative rate of MT synthesis decreases rapidly. A rate compar
able to the basal rate found in Cds cells (29%) is reached within

70 h after cadmium removal. The most interesting part of this
study is the observation that, while in the continuous presence
of cadmium, the stable relative rate of MT synthesis is 100%
(Table 2). When ADR is added to this system at a level of 10
ng/ml, a level which permits 78% of the cells to survive, the
relative rate of MT synthesis drops within 6 h to 62% and after
10 h to 19% of control, which is one-fifth that of the stable rate
in Cdr cells (Table 2). This suggests that ADR inhibits MT
synthesis in Cdr cells even in the presence of cadmium. There

fore, further treatment with fresh ADR is likely to make cells
more sensitive to ADR. It is proposed that sensitivity to ADR
may be enhanced by lowering intracellular levels of MT.

In order to test this proposal, we used Cdr cells in the absence

of cadmium to examine the degree of cytotoxicity of ADR in
these cells. From MT measurements, we already know that, in
the absence of cadmium, the MT levels drop to the basal level
in about 70 h (Table 2). It would be logical to suggest that MT
levels in these cells in the presence of ADR should drop below
the basal level, since they do so even in the presence of cadmium,
a potent MT inducer (Table 2). Therefore, one may predict that
Cdr cells in the absence of cadmium but in the presence of ADR
should be more sensitive to ADR than the Cds cells. Our results

support this prediction and show that these cells require only
about one-third (4.8 ng/ml) the amount of ADR as compared
to Cd5 cells (12.5 ng/ml) and one-fourth the amount of ADR
as compared to Cdr cells (19.0 ng/ml) in the presence of

cadmium, to produce a 50% inhibition of growth (Table 1; Figs.
1 and 3). Thus, Cdr cells in the absence of cadmium are 3 and
4 times more sensitive to ADR than Cd5 cells and Cdr cells plus

cadmium, respectively.
Cytotoxicity of ADR results from multiple biochemical alter

ations in the cell. These include accumulation of the drug in
the cell, peroxidative damage to the cellular lipid membranes,
inhibition of enzyme function, and intercalation into DNA,
resulting in the inhibition of macromolecule synthesis and cell
proliferation (15, 30-34). There is, however, evidence to show
that, while some or all of these mechanisms may come into
play, the degree of their effectiveness varies from cell to cell
(15,30-34).

metal binding proteins and are thought to be involved in zinc
homeostasis and heavy metal detoxification ( 17, 21 ). They are
widely distributed in tissues and can be induced in cells by
exposure to heavy metals, glucocorticoids, stress, ethanol, and
some alkylating agents (17, 21). Cysteine makes up 20 (33%)
of the 61 amino acids in MT. Deinduction of MT occurs rapidly
upon withdrawal of cadmium from the culture medium, and
the rate of MT synthesis decreases with a half-life of 3 h in
superinduced Chinese hamster Cdr cells (35). Our results dem

onstrate a similar but somewhat slower deinduction process in
human prostatic carcinoma cells where a decline in the rate of
MT synthesis is not seen until after 10 h and the basal rate is
reached 70 h after cadmium removal (Table 2; Fig. 4).

The magnitude of the difference between the rates of MT
synthesis and drug resistance in Cds and Cdr cells in our system

is not as large as that found in Chinese hamster cells (35, 36).
One possible reason for the smaller difference is that we have
used an uncloned, Cdr cell population, compared to a cloned,
highly cadmium-resistant, Chinese hamster cell line used by
other investigators (35, 36). Our cell system has an unselected,
heterogeneous, mixed cell population, with regard to cadmium
resistance. We believe that this is an appropriate system, since
it more closely resembles the situation one is likely to encounter
in vivo in a heterogeneous tumor cell population.

Actinomycin D inhibits MT synthesis in Chinese hamster
Cdr cells, while allowing general protein synthesis to continue

at about 75% of the untreated, control rate (36). We propose
that ADR acts in a manner similar to that for actinomycin D.
Our results show that, in the presence of Adriamycin, the rate
of MT synthesis in cells continuously exposed to cadmium
drops even below the basal rate found in Cds cells. We suggest

that the increased sensitivity of deinduced cells to ADR is due
to very low levels of MT. These cells are 3 and 4 times more
sensitive to ADR than Cds and Cdr plus cadmium cells, respec

tively.
Cadmium-induced mouse and human cell lines show a 3 to

4-fold increase in sulfhydryl groups which is attributed to an
increase in MT levels (19). These cells were 1.9 times more
resistant to radiation than uninduced cells (19). Similar resist
ance in cadmium-induced cells was observed, when treated with
Chlorambucil, prednimustine, or cisplatin (18-21). We have
provided further evidence to suggest that increased MT levels
contribute to drug resistance.

There also seems to be a relationship between drug cytotox
icity and the intracellular levels of GSH and MT. The alkylating
agent iodoacetate, which binds to GSH and depletes its levels,
also depletes cells of MT-like activity (37). This decrease in
MT-like activity does not occur until GSH levels are maximally
reduced. Since toxic actions of many chemicals are mediated
by the formation of reactive electrophilic intermediates, one
mechanism for detoxification is conjugation with GSH, so that
GSH depletion results in increased toxicity (37). Tomashefsky
et al. have shown that thiol depletion by agents such as D.I
buthionine-S^Ã„-sulfoximine can result in sensitization of tu
mors to subsequent treatment with cyclophosphamide (38).
These observations and the increased resistance, to the drug, of
cells containing high levels of MT suggest that sulfhydryl
groups of MT can also act as binding sites and provide a
nucleophilic sink for binding toxic metabolites, since cysteine
constitutes 33% of all amino acids in MT. MT, thus, may
represent another detoxification and drug resistance mecha
nism, in addition to GSH. It is not known whether MT seques
ters ADR or it only acts as a scavenger for free radicals or both.
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The specific interactions between ADR and MT in human
prostatic carcinoma cells are also not yet known. However,
from results presented in this paper, it can be concluded that
high levels of MT in prostatic carcinoma cells in vitro impart a
certain degree of drug resistance to ADR. This mechanism may
be operating in vivo in prostatic carcinomas because prostate
has inherently high levels of zinc and cadmium and, further
more, cadmium levels are increased in prostatic carcinomas
(23, 39, 40). High levels of zinc and cadmium, two potent
inducers of MT, may be associated with increased MT induc
tion, which may make cells less responsive to chemotherapeutic
agents.

On the basis of the results presented in this paper, we propose
a mechanism for drug resistance involving metallothionein,
which may be enhanced in prostate cancer and cancers of other
organs which contain high levels of zinc and/or cadmium, such
as the pancreas and kidney. Our results also suggest a mecha
nism by which sensitivity of cells to ADR may be enhanced as
a result of deinduction of MT and inhibition of MT synthesis,
as with ADR. Thus, treatment with ADR may be made more
effective by giving the drug at short, rather than long, intervals.
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