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ABSTRACT. Cadmium is an environmental pollutant exposed from contaminated foods or cigarette
smoking and known to cause oxidative damage in organs. We investigated the cadmium-induced
apoptosis and cell arrest in human breast cancer cells, MCF-7 cells and MDA-MB-231 cells. Obvi-
ous apoptotic cell death was shown in CdCl, 100 uM treatment for 12 hr, which were determined by
DAPI staining and flow cytometric analysis. In cell cycle analysis, MCF-7 cells and MDA-MB-231
cells were arrested in S phase and G2/M phase respectively. These could be explained by the
induction of cell cycle inhibitory protein, p21¥"“ and p27""', expression and reduction of cyclin/
Cdk complexes in both cell lines. The decreased expression of cyclin A and Cdk2 in MCF-7 cells and
cyclin B1 and Cdc2 in MDA-MB-231 cells were consistent with the flow cytometric observation. p-ERK
expression was increased dose-dependent manner in both cell lines. It suggests that ERK MAPK
pathway are involved in cadmium-induced cell cycle arrest and apoptosis. Moreover, cotreatment of
zinc (100 uM, 12 hr) recovered the cadmium-induced cell arrest in both cells, which shows cadmium-

induced oxidative stress mediates apoptosis and cell cycle arrest in human breast cancer cells.
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INTRODUCTION

Cadmium is a toxic heavy metal, which is introduced
and accumulated in human from environment, contami-
nated foods and mainly cigarette smoking. Cadmium
was identified as a category 1 carcinogen from interna-
tional Agency for Research on Cancer (IARC, 1993)
and known to induce tumors in lung, prostate and tes-
tes in vitro experiments (Koizumi and Yamada, 20083;
Waalkes, 2000). Besides the carcinogenic potential of
cadmium, it causes damages in liver, kidney, bone and
central nerve system as well as in testis by acute or
chronic administration (Stohs and Bagchi, 1995; Waalkes
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and Diwan, 1999). Generally, toxic heavy metals includ-
ing cadmium have been suggested to affect on antioxi-
dative system via producing hydroxyl radicals, super-
oxides and other reactive oxygen species and modulat-
ing the activities of antioxidation-related enzymes, such
as superoxide dismutase (SOD) and catalase (Szuster-
Ciesielska et al, 2000). Although the mechanism of
cadmium toxicity has not been completely proved,
extensive researches have exhibited that cadmium-
induced oxidative stress increases lipid peroxidation and
DNA damage, and finally links 1o apoptosis and necro-
sis in organs (Stohs and Bagchi, 1995; Sarkar et al,
1998).

Several reports have been suggested the association
between apoptosis and cell cycle control. As shown in
the reports, toxicants can arrest cells in a mitogenic
phase to prevent from inaccurate division of damaged
cells and to eliminate them through apoptosis (Pieten-
pol and Stewart, 2002). These cell cycle controls are
tightly controlled by regulating the formation of cyclin/
Cdk complexes or by binding of Cdk inhibitors such as
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p21WaCPT and p27XP" on the cyclin complexes. How-
ever, since the effect on cell cycle would differ in
depends on the species of toxicants and cell lines,
researches for cadmium should be implemented in vari-
ous tissues and cell lines.

Recent study has been demonstrated cellular events
involved in proliferation, differentiation as well as cell
death are mediated by activation of mitogen-activated
protein kinases (MAPKSs), c-jun N-terminal kinase (JNK),
p38 and extracellular signal regulated kinase (ERK)
(Chuang et al, 2000). Among the MAPKs, ERK has
critical roles in proliferation, growth arrest or apoptosis
{Chao and Yang, 2001; Son et al, 2001). We have
determined the activated ERK, which are responsible
for the extracellular stress signal and activation of other
subsequent MAPKs.

Although many approaches have been done to iden-
tify the toxic mechanism of cadmium in cell cycle arrest
and apoptosis, it was not enough to make it under-
stood the cell line specific effects (Garcia-Morales et al.,
1994). Current study was objected to investigate cad-
mium effects on cell cycle progression and expression
of cell cycle regulator protein in human breast cancer
cell lines, MCF-7 cells (ERa positive cells) and MDA-
MB-231 cells (ERa negative cells). In addition, we exam-
ined whether cadmium induced cell cycle arrest and cell
damage can prevented by treating antioxidant, zinc, to
make use of these finding to reducing cadmium toxicity.

MATERIAL AND METHOD

Chemicals and reagents

Chemicals used in this study, cadmium chloride (CdCl,),
zinc chloride (ZnCl,), MTT, 4'6-diamidino-2-phenylin-
dole (DAPI) and propidium iodide (PI), trypan blue solu-
tion and other reagents were obtained from Sigma (St.
Louis, MO, USA).

Cell cultures

MCF-7 cell line, estrogen receptor positive human
breast cancer cell line, and MDA-MB-231 cell lines,
estrogen receptor ¢ negative human breast cancer cell
lines, were provided by American Type Culture Collec-
tion (ATCC) and Korean cell line bank (KCLB) respec-
tively. Both cells were maintained in RPMI 1640 medium
supplemented with 10% heat inactivated fetal bovine
serum (FBS) and 1% penicillin/streptomycine, and incu-
bated at 37°C in 5% CO, condition. All media constitu-
ents were obtained from Gibco BRL (Grand Island, NY).

Viability test
Cell viability was determined by MTT assay. For treat-

ment of cadmium with or without antioxidants, cells
were counted and plated to be same initial density (10°/
ml) in 96 well plates. After 24 hr incubation, CdCl, dis-
solved in DMSO was added to medium to contain less
than 0.5% DMSO and to be final concentration (10 uM~
250 uM). ZnCl, was cotreated in a range of concentra-
tion with cadmium. After 12 hr of treatment, 15l of
5 mg/ml MTT solution was added in each well and incu-
bated for 4 hr. Medium were carefully removed and the
absorbance of fomazan dissolved in 100 pl of DMSO
was measured using ultra microplate reader (Bio-Tech
Instruments, Inc., USA) in 570 nm. Viability was calcu-
lated using absorbances in each dose, which were
compared with that in vehicle control.

Trypan blue staining

To evaluate apoptotic cell death, the alteration of
membrane permeability was examined by trypan blue
staining. Cells were plated in 6 well plate (10%ml) and
treated with cadmium for 12 hr as described above.
Cells harvested by trypsinization were suspended in
100 W of PBS and stained with 20 ul of trypan blue
solution (0.4% w/v, Sigma). Both stained and intact cells
which were not stained, were counted using hemacy-
tometer (Bright-Line, USA).

Nuclear staining with DAPI (determination of apop-
totic cell death)

After cadmium treatment for 12 hr in 6 well plate, cells
(2.5 x 10*/ml) were washed with ice-cold PBS, fixed with
4% paraformaldehyde for 3 hr and stained with 4'.6'-
diamidino-2-phenylindole (DAPI). Apoptotic changes
were observed under fluorescence microscope (Olym-
pus, Japan).

Flow cytometric analysis

Changes in cell cycle distribution caused by cadmium
treatment were measured using FACS analysis. Treated
cells (10%ml) in 100 mm? dishes were harvested by
trypsinization. Same quantity of cells (10%ml) in each
time and concentration, were fixed with 70% ethanol
and incubated with 400 ug/mi of propidium iodide (Pl)
and 1 mg/ml of RNase A in 37°C for 30 min. Cell cycle
was analyzed using FACS (BeckmanCoulter, USA) with
EPICS system |l software (Ver.3.0).

Western blot analysis

Cellular proteins in cadmium and zinc treated cells for
12 hr, which were plated in 100 mm? dishes (10%ml),
were isolated using lysis buffer [50 mM Tris-HCI, 150
mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM NaF, 1 mM
phenyimethylsuifonyl fluoride (PMSF), aprotinin, pH 7.4].
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Protein concentrations of extracts were quantified by
Bradford method using Bio Rad Protein Assay Kit (Her-
cules, CA, USA). Same quantity, 20 ug/ul, of protein
were separated in SDS PAGE of 10~15% SDS poly-
acrylaminde gel and transferred to PVDF membrane
(Bio Rad) in 35V, 4°C. The blot was blocked with 5%
skim milk (PBS, 0.1% Tween-20), and incubated with
primary antibodies for p21, p27, cyclin A, cyclin B1,
cyclin D, Cdk2, Cdc2, p-ERK, RB, pRB (Santa Cruz
biotechnology) and B-actin (Sigma) in 3% skim milk
(PBS, 0.1% Tween-20). Corresponding horseradish per-
oxidase-conjugated secondary antibody (Santa Cruz
Biotechnology) was reincubated. Changes in protein
expression were detected using ECL plus kit (Amar-
sham, UK).

RESULTS

Cadmium causes dose-dependent cell death in
human breast cells

To evaluate the cytotoxic effect of cadmium on human
breast cells, we investigated the viability in the two
breast cell lines, MCF-7 and MDA-MB-231 using MTT
assay and trypan blue exclusion assay. Cell viability
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Fig. 1. The viability of MCF-7 cells (A, C) and MDA-MB-231
cells (B, D). Upper panel was determined by MTT assay
(n =6) and lower panel was done by trypan blue exclusion
assay after 12 hr exposure to cadmium. The IC,, lies in the
center of the inflection of the curve.

was decreased concentration dependently in both cell
lines after 12 hr treatment (Figs. 1A, 1B) and marked
cell death was shown in both cell lines above 100 uM
treatment. Interestingly, MCF-7 was more sensitive to
cadmium than MDA-MB-231 cells and IC,, vaiues from
MTT assay were approximately 100 uM for MCF-7 and
125 uM for MDA-MB-231. Trypan blue assay, which
examine alteration of membrane permeability, was also
showed comparable results (Figs. 1C, 1D).

To determine whether the apoptosis was responsible
for the cadmium-induced cell death, we have observed
the cell morphology of cadmium treated cells after stain-
ing the cell with DAPI and analyzed the apoptotic cells
by FACS analysis. In both cell lines treated 100 uM of
cadmium, typical features of apoptosis including shrink-
age of cytoplasm and obvious nuclear condensation
were found under fluorescent microscope (Fig. 2). In
addition, apoptotic sub-G1 population in FACS analysis
was increased in cadmium treated MCF-7 cells above
50 uM treatment for 12 hr. In 24 hr treatment, MCF-7
cells exhibited sub-G1 population from 25 uM treat-
ment and the distribution curves were shifted to lower
DNA content due to the extensive cell death (Fig. 3).
However, MDA-MB-231 cells were more resistant to
cadmium and only small sub-G1 population was shown
in high concentration (Fig. 4).

Control CdCl,100uM

Fig. 2. Morphological evaluation of cadmium induced apopto-
sis. MCF-7 cells (A) and MDA-MB-231 cells (B) were incu-
bated for 12 hr without or with cadmium 100 uM and quan-
tified as normal or apoptotic by staining with DAP! under fluo-
rescence microscope (x 400). Nuclear fragmentation, apoptotic
bodies and presenting condensation are indicated by arrow.
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Fig. 3. Cell cycle was analyzed in untreated or cadmium (25 pM, 50 pM, 100 uM or 150 uM) treated MCF-7 cells for 12 hr (A)

and 24 hr (B).

Cadmium induces cell cycle arrest in human breast
cancer cells

The effect of cadmium treatment on cell cycle distri-
bution in MCF-7 and MDA-MB-231 cells was investi-
gated. MCF-7 cells showed considerable reduction of
G2/M phase in 12hr and 24 hr treatment, but signifi-
cant increase in S phase in 100 and 150 uM (Figs. 3,
5A). Whereas, MDA-MB-231 cells treated with 100 uM of
cadmium were markedly increased in G2/M phase, that
is, arrested in G2/M phase (Figs. 4, 5B).

Cadmium induces changes in expression of cell
cycle regulating proteins

To identify cell cycle regulators, which were affected
by cadmium treatment and caused cell cycle arrest, the
expression of regulatory protein was determined by
Western blotting (Figs. 6, 7). The cell cycle inhibitory
regulators, p21"¥“P' and p27**', were concentration-
dependently increased in both cell lines without cell

specific differences. Cyclin D1 expression, which regu-
lates G1 cell cycle, was not affected by cadmium in
either cell lines. In agreement to the observation of cell
cycle analysis, expressions of Cdk2 and cyclin A, which
regulate progression of S phase, were concentration-
dependently reduced in MCF-7 cells but not in MDA-
MB-231 cells. In MDA-MB-231 cells arrested in G2/M
phase, reductions in cyclin B1 and Cdc2 expression were
observed at 100 and 150 uM cadmium treatment, while
those proteins in MCF-7 cells were not affected. We
also evaluate the level of pRb, which are needed in dis-
sociation of E2F and initiation of transcriptional events in
S phase. The pRb expression was increased and the Rb
expression was conversely decreased in both cell lines.

Antioxidant, zinc, can inhibit cadmium induced cell
cycle arrest

To determine antioxidant, zinc, can protect cells from
cadmium-induced cell cycle arrest, various concentra-
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Fig. 4. Cell cycle was analyzed in untreated or cadmium (25 puM, 50 uM, 100 pM or 150 uM) treated MDA-MB-231 cells for

12 hr (A) and 24 hr (B).

tions of zinc were cotreated with 100 uM of cadmium

for 12 hr (Figs. 8, 9). In MCF-7 cells, 100 uM of zinc
treatment inhibited the cadmium-induced S phase arrest
and recovered to similar distribution of cell population in
untreated MCF-7 cells (Figs. 5, 8A, 9A). Moreover,
cotreatment of zinc was effectively reduced the G2/M
phase population and abolished the cell arrest in MDA-
MB-231 cells (Figs. 8B, 9B).

Zinc recovers cadmium-induced changes in ex-
pression of cell cycle regulators

Zinc in increasing concentration was cotreated with
100 uM of cadmium for 12hr. In MCF-7 cells, the
reduced expression of Cdk2 in 100 uM cadmium treat-
ment alone was recovered to control level by zinc
cotreatment. Cyclin A expression was also enhanced in
high concentration of zinc even though it did not reach
to the control level (Fig. 10). In MDA-MB-231 cells,
expressions of cyclin B1 and Cdc2 were partially recov-

ered by cotreatment with cadmium and zinc (Fig. 11).

Cadmium activates MAPK pathway

Considering that MAP kinases have crucial role in cell
cycle and cell survival, we have analyzed active p-ERK
expression (Fig. 12). Both cell lines exhibited concentra-
tion-dependent increase in p-ERK expression above
50 uM cadmium treatment, while in relatively low con-
centration, 25 uM, p-ERK was decreased compared
with control. Furthermore, the basal expression of p-
ERK in MDA-MB-231 cells was much higher than in
MCF-7 cells. These shows concentration and cell line
specific expression of p-ERK.

DISCUSSIONS

It has been reported that cadmium generates ROS
and induces dissociation of cytochrome C in mitochon-
dria and leads to apoptotic cell death via signal cas-
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Fig. 5. Effects of cadmium on cell cycle distribution in MCF-7 cells (A) and MDA-MB-231 cells (B). Data represents the mean

of more than duplicate measurements.
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Fig. 6. Concentration-dependent effect of cadmium on the ex-
pression of p21"/%! p27! Cdk2, cyclin D,, cyclin A, Cdc2,
cyclin B,, pRB and Rb in MCF-7 cells.

cade of caspase activation, especially caspase 9 (Bagchi
and Stohs, 1995; Kim et al., 2000; Yuan et al., 2000).
ROS produced during the xenobiotic metabolism, cause
cellular damage including DNA mutation and modulate
expression of protooncogenes and tumor suppressor
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Fig. 7. Concentration-dependent effect of cadmium on the ex-
pression of p21aer!  po74  Cak2, cyclin D1, cyclin A, Cdc2,
cyclin B,, pRB and Rb in MDA-MB-231 cells.

genes (Zimmermann et al., 2001). Moreover, since ROS
modifies transcription factors and protein kinase cas-
cades, it is possible that cells proceed abnormal prolif-
eration or differentiation, and result in apoptotic cell
death and cell cycle arrest, occasionally, cancer (Chao
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Fig. 8. Cell cycle analysis in MCF-7 (A) and MDA-MB-231 cells (B) cotreated with cadmium and a range of zinc. Cells were
incubated for 12 hr with mixture of cadmium (100 uM) and zinc (25 uM, 50 uM, 100 uM or 150 uM).

and Yang, 2001).

In this study, codmium treatment caused cell cycle
arrest in both cell lines; MCF-7 cells in S phase and
MDA-MB-231 cells in G2/M phase. Since there was no
remarkable change in G1 phase, we didn't included G1
specific cell cycle inhibitors in this study. Cadmium leads
to cell cycle arrest by increasing cell cycle inhibitors as
well as decreasing active cyclin/lCdk complexes, even
though cadmium stimulated the Rb activation. These
suggest that DNA synthesis keep on normally function-
ing but reduced active kinases are responsible for the
failure in progression S to G/2 or G2 to mitotic phase.
Specially, S phase arrest in MCF-7 cells was correlated
with reduction in Cdk2 and cyclin A, which have critical
role in progression S to G2/M phase. In MDA-MB-231
cell arrested in G2/M phase, cyclin B1 and Cdc2 pro-
tein, which participate in G2/M phase transition, were
down-regulated but cyclin A, cyclin D1 and Cdk2 were
not affected. From these observation, cadmium-evoked

cellular signals resulted in cell cycle arrest in cell line
specific manner. In cotreated cells with cadmium (100
uM) and zinc (100 uM), both celis kept in similar cell
distribution with control cells as well as did not change
in expression of Cdk2 and cyclin A in MCF-7 cell and
Cdc2 and cyclin B1 in MDA-MB-231 cells. This sug-
gest antioxidative metal, zinc, protect cell from cad-
mium-induced oxidative damages, even if the exact
mechanism in protection could not be identified in this
study.

Further studies using other antioxidant analyzed the
recovery of viability. Vit. E {(o-tocopherol), ascorbic acid
(Vit. C) and resveratrol, which are known to protect
human from oxidative stress by scavenging ROS and
inhibition of lipid peroxidation in cellular membrane
(Warren et al, 2000; Hsu et al., 1998). However, none
of antioxidant except zinc showed observable protec-
tive effect in both cell lines (data were not shown).

Park et al. (2002) reported that cytotoxic concentration
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Fig. 10. Effect of mixture of cadmium (100 uM) and zinc
(25 uM, 50 uM, 100 uM or 150 uM) supplementation on the
expression of cdc2 and cyclin A in MCF-7 cells. Cells were
treated with cadmium alone or mixture of cadmium and zinc
for 12 hr.

of zinc inhibited cell growth by activation of p21"F'cP

via ERK dependent pathway. In present study, we have
observed concentration-dependent increase in expres-
sion of p-ERK in both cell lines. Although it is generally
known that JNK and p38 MAP kinase are mainly
involved in apoptotic cell death, recent reports showed
that ERK MAP kinase pathway took part in apoptosis
as well (Chao and Yang, 2001; Son et al,, 2001). It has
been known that transient ERK activation leads to pro-
liferation while persistent activation mediates growth
arrest. In present study, high concentration of cadmium

Control 0 25 50 100 150
ZnCl, (1M)

CdCl, (100uM)

Fig. 11. Effect of mixture of cadmium (100 pM) and zinc
(25 uM, 50 pM, 100 uM or 150 uM) supplementation on the
expression of Cdc2 and cyclin B1 in MDA-MB-231 cells.
Cells were treated with cadmium alone or mixture of cad-
mium and zinc for 12 hr.

(50~150 uM) significantly increased p-ERK expression
and is likely to result in apoptosis. On the contrary, low
concentration of cadmium somewhat decreased the p-
ERK, which might contribute to cell cycle arrest (Chuang
et al, 2001). Thus, It could be inferred that cadmium-
induced stress signals were mediated by ERK MAPK
pathways and ERK activation were partially responsible
for the cell cycle arrest in our study.

Cadmium differentially arrested MCF-7 in S phase
and MDA-MB-231 cells in G2/M phase. We couldn't
conclude the existence or lack of estrogen receptor in
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Fig. 12. Concentration-dependent effect of cadmium on the
expression of p-ERK in MCF-7 cells (A) and MDA-MB-231
cells (B). Bands at 42 kDa and 44 kDa represent ERK1 and
ERK 2 respectively.

the two cell lines caused the differences in cell cycle
distribution, because these cell lines are basically driven
from different origin and show distinguished cell charac-
teristics. Thus further studies are needed to identify the
attributed cell specific characters in cadmium-induced
cell death and cell cycle arrest.

In conclusion, we observed that cadmium could induce
apoptosis and cell cycle arrest in MCF-7 cells and MDA-
MB-231 cells and that these effects could prevent by
adding effective antioxidant. These findings, even though
in vitro assay, could be usefull for miniming the adverse
effect of cadmium exposure on human health.
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