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Abstract
Cadmium is a heavy metal posing severe risks and destructive effects on human health. Although cadmium was classified as a human carcinogen, it has been also 
shown to be a cytotoxic agent that induces cell death either by necrosis or apoptosis. In this study, we investigated the protective role of N-acetylcysteine, a free radi-
cal scavenger, on cadmium induced apoptosis in MDA-MB468 cells. The breast cancer cells were exposed to increasing concentrations of CdCl2 in the presence and 
absence of NAC and the cell viability was assessed using MTT assay. The microscopic studies of apoptosis were carried out with fluorescent staining. To investigate 
the induction of apoptosis, cellular DNA was isolated using DNA kit extraction and analyzed electrophoretically. The results showed significant decrease in cellular 
viability upon 48 hours exposure to CdCl2 in a dose-dependent manner (p < 0.05). Pretreatment of MDA-MB468 cells with N-acetylcysteine (1mM) reversed the 
cadmium cytotoxicity effects and protected cells from apoptotic death. DNA Hoechst staining showed the apoptotic bodies. The electrophoresis of extracted DNA 
identified a fragmentation pattern consistent with apoptosis mechanism. The results suggest that cytotoxic effects and induction of apoptosis caused by CdCl2 are 
mediated, by oxidative stress.
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Introduction

Relationship between metals and cancer has been 
widely studied. Almost all metals are capable of pro-
duction of reactive oxygen species (ROS). This charac-
teristic highlights their important role in carcinogenesis 
as well as cancer treatment. Based on Domingo health 
classification, metals are divided into four categories. 
The highest cytotoxic heavy metals such as arsenic, cad-
mium, mercury, uranium and lead are widely dispersed 
in the environment. The ability of heavy metals in the 
production of ROS can be used to destroy cancer cells 
and its clinical applications are also considered (1,2). 
Cadmium is found in water, soil, sediment and air, and 
has been used without limitations in larger quantities 
since 1940. According to US Environmental Protection 
Agency, cadmium is in the 129 priority environmental 
pollutants (http://water.epa.gov/scitech/methods/cwa/
pollutants.cfm).One common example of the impor-
tance of cadmium as an environmental pollutant, is Itai-
Itai disease in Japan. A disease with severe pain, bone 
fractures, severe proteinuria and progressive osteomala-
cia, caused by the consumption of rice and water conta-
minated by cadmium mines waste waters (3). Activities 
such as burning of fossil resources, smoking, or nickel-
cadmium/ solar batteries industry are important sources 
of cadmium exposure to human. Due to its long biologi-
cal half-life (20-15 years), cadmium can accumulate in 
the human body. Cadmium is absorbed through the gas-
trointestinal tract, inhalation and skin into the blood and 
then be transported to other tissues. Cadmium binds to 
melatonin in blood circulation and concentrates mainly 

in the erythrocytes (4).
In spite of its ability to induce apoptosis and cell 

death, cadmium may facilitate the induction of various 
tumors. Epidemiological studies have shown that cad-
mium causes tumors in the lung, prostate, kidney and 
stomach. So, cadmium is placed in category I of car-
cinogens by the International Agency for Research on 
Cancer (IARC). It is thought that cadmium acts via ge-
notoxic mechanisms such as increasing mutation rate, 
activation of proto-oncogenes as well as inhibition of 
DNA repair and apoptosis. The cadmium carcinogenici-
ty seems to be mediated through the production of ROS 
and oxidative DNA damage. Likewise The genotoxicity 
of cadmium was significantly inhibited by scavengers 
of free radicals (5,6). However, the different conditions 
and sensitivities of the cells are the main explanations 
for both inhibitory and stimulatory effects of cad-
mium. It was shown that cadmium has dual functions 
on angiogenesis and induces apoptosis through VEGF 
pathways in HUVECs in a dose-dependent manner (7).

In this study, we used MDA-MB468 cell line as a 
known model for human studies, to investigate the me-
chanism underlying cytotoxicity of cadmium and the 
role of ROS-dependent apoptosis using N-acetylcys-
teine.

Materials and methods

Chemical and reagents
Cadmium chloride was obtained from Merck (Ger-

many). N-acetyl-L-cysteine (NAC) was purchased from 
Sigma (CAS Number 616-91-1, Sigma Grade, ≥99% 
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(TLC), powder). RPMI medium, FBS and all other cell 
culture reagents and chemicals were purchased from 
Gibco and invitrogen. Flasks, petri dishes and multi-
well plates were obtained from Nunc (Denmark). All 
other chemicals were of analytical grade and were pur-
chased from Sigma Aldrich (St. Louis,MO, USA) or 
were of the highest purity commercially available.

Cell Line and Cell Culture Conditions
MDA-MB468, an estrogen receptor negative human 

breast cancer cell line was obtained from National Cell 
Bank of Iran (NCBI, Pasteur Institute of Iran).The cell 
line was grown in RPMI-1640 media supplemented 
with heat-inactivated 10% fetal bovine serum, 100 U/
ml penicillin, and 100 μg/ml streptomycin. The cells 
were maintained in a humidified atmosphere at 37°C 
in 5% CO2/95% air. Cells were passaged two or three 
times weekly and examined regularly for contamination 
and growth assessment. The cells were cultured in 25 
cm2 cell culture flasks. For experimental purposes, cells 
were cultured in 96 multi-well plates. The optimum cell 
concentration as determined with the growth profile of 
the cell line was 50,000 cells/ml.

Cadmium Chloride Treatment 
The cells (50,000 cells/ml) were plated and allowed 

to attach. After 24 hours, the medium was replaced with 
fresh medium supplemented with 1% FCS. Stock solu-
tion of CdCl2 (10 mM) was prepared in distilled wa-
ter and sterilized by filtration and then further diluted 
with medium to the desired concentrations. Different 
concentrations of cadmium chloride (1-1000 μM) were 
added to the plates which were incubated for 48. The 
concentration range and the exposure time have been 
selected based on our previous publications (8).
 
Evaluation of cell viability using MTT assay

After the incubation of MDA-MB468 human breast 
cancer cells with different concentration of CdCl2, the 
viability of living cells were determined colorime-
trically using the MTT assay. At the end of 48 hours 
incubation MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5- 
diphenyltetrazolium bromide) solution was added to 
culture media (0.5 mg/ml) and incubation continued 
further for 3 additional hours to determine the extent of 
cytotoxicity caused by the test metal. MTT was reduced 
by live cells having functional mitochondrial succinate 
dehydrogenase to insoluble formazan. Then the medium 
was removed and DMSO was added to dissolve the for-
mazan crystals to purple color. The optical density of 
samples was read on an ELISA microplate reader at 570 
nM. The color formation and absorbance were directly 
proportion to the number of living cells. The results 
of cell viability are expressed as percentage of control 
untreated cells. To study the effect of N-acetylcysteine 
(NAC), MDA-MB468 cells were pre-incubated with 1 
mM NAC for 2 hours before treatment with the indica-
ted concentrations of cadmium chloride. 

Evaluation of apoptosis by DNA fragmentation
The cells were seeded in 6-well plates at a concen-

tration of 1x106 per ml of medium and allowed to enter 
the logarithmic phase of cell growth. Then, the cells 
was treated with different concentrations of cadmium 

chloride (25, 50, 100 and 200 micromolar) in the pre-
sence and absence of 1 mM N-acetylcysteine for 48 
hours. The DNA fragmentation (internucleosomal DNA 
cleavage) assay was carried out using a High Pure PCR 
template preparation kit (Roche Applied Science, Cata-
log Number: 11796828001) according to the manufac-
turer instruction. Briefly, the cells were harvested and 
lysed with lysis buffer supplemented with proteinase 
K. After heating and several step centrifuging, lysates 
were mixed with DNA loading buffer. Equal amounts of 
DNA from different samples were run on 1.5% agarose 
gels containing 1 µg/ml ethidium bromide. Separated 
DNA fragments (DNA ladders) were visualized and 
photographed on the BioRad Gel Imager and their size 
was determined by comparison with DNA size markers.

Evaluation of apoptosis using fluorescence staining 
A fluorescent nuclear stain, Hoechst 33342 (Sigma-

Aldrich, CAS Number 23491-52-3, ≥98%, HPLC and 
TLC), was used for morphological studies. Hoechst 
33342 staining was performed in 6-well plates. Brie-
fly, the cells (1x106cells/ml) were plated and allowed to 
attach. Then MDA-MB468 cells were exposed to the in-
dicated concentrations of cadmium chloride for another 
48 h. Untreated and treated cells were washed by PBS 
and fixed  with paraformaldehide (4%-30 min) and stai-
ned with Hoechst 33342 (10 µM) for 60 min in the dark 
at 37  °C. The morphological changes were visualized 
with a fluorescence microscope using a 320 to 350-nm 
filter. Normal cells were considered to have Hoechst-
stained smooth nuclei, whereas cells with brightly stai-
ned condensed chromatin, nuclear fragmentation or 
apoptotic bodies were considered as apoptotic.

Statistical Analysis
Nonparametric one-way analysis of variance (ANO-

VA) was performed with the Dunnett’s test (when re-
quired), using SPSS software, v.11.0. Each experiment 
was carried out in triplicate and repeated three to four 
times independently. A value of p < 0.05 was conside-
red significant in comparison to the respective untreated 
control. Differences were considered statistically signi-
ficant when a p < 0.05 was achieved. All values in the 
figures and text are expressed as means ± SD of n obser-
vations (with n > 9).

Results

The cytotoxicity effects of cadmium chloride on the 
growth of MDA-MB468 cell line

The present study shows that cadmium chloride at 
1 micro molar concentrations did not show significant 
cytotoxicity, but with increasing concentration up to 
100 micro molar a significant reduction in the number 
of live cells can be observed (Figure 1). However, the 
concentrations greater than 100 μM don’t affect the 
percentage of viable cells compared to lower effective 
doses of cadmium. In these studies, according to the fi-
gure 1, the incipient EC50 value for the cytotoxic action 
of cadmium chloride was calculated to be 70 μM. In our 
previous work we used different times of incubations 
(24, 48 and 72 hours) and the best effect of cadmium 
chloride was obtained at 48 h (8). Therefore in this stu-
dy, the incubation time was 48 h with cadmium chloride. 
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cytotoxic effects of cadmium chloride was reversed by 
N-acetylcysteine pretreatment  ​​(Figure 2). As shown in 
Fig 2 the reduced cell numbers by cadmium chloride 
at concentrations of 25, 50, 100, 200 and 500 micro-
molar was markedly attenuated by 1 mM NAC (16, 20, 
22, 24 and 26 per cent respectively , EC50 value >200 
μM).  These results suggest that NAC can exert greater 
protective effects in higher concentrations of cadmium. 

Figure 3. Agarose gel electrophoresis of DNA extracted from 
MDA-MB468 cells treated with cadmium chloride for 48 h 
shows ladder pattern. Lane 1: 100bp DNA marker, Lane 2: zero 
concentration of cadmium, lanes 3: treatment with 50 µM, lane4: 
treatment with 100 µM and lane5: treatment with 250 µM cadmium 
chloride, indicating that this pattern ladder are confirmed because 
the apoptosis is caused by cadmium chloride.

 
The protective role of N-acetylcysteine on the apopto-
tic DNA fragmentation induced by cadmium chloride 

During apoptosis, the cellular DNA is broken into 
several pieces. This DNA fragmentation leads to the 
formation of DNA ladder pattern on agarose gel elec-
trophoresis (9). Our results demonstrate that the cyto-
toxic effect of cadmium chloride leads to the apoptotic 
cell death in the MDA-MB468 human breast cancer cell 
line. As shown in figure 3 the cells was incubated for 
48 hours with different concentration of cadmium ( 50, 
100 and 250 μM) and then genomic DNA was extracted 
and transferred to agarose gel to prove the ladder pattern 
(Figure 3). To assess the protective role of N-acetylcys-
teine, NAC (1mM) was added 2 hours prior to incubation 
with cadmium chloride. Figure 4 shows that DNA ladder 
fragmentation pattern was not observed in the presence 
of NAC, which indicates that NAC inhibits ROS pro-
duction and subsequent apoptosis induced by cadmium. 

The results represent staining with Hoechst (33342)
One of the features of cells that undergo apoptosis 

is nuclear chromatin condensation and DNA fragmen-
tation that form  apoptotic bodies (10). The cells were 
incubated for 48 hours with the 100 μM concentration 
of cadmium chloride. Then the cells were stained with 
a DNA-binding bisbenzimide fluorochrome (Hoechst 
33342) and examined with  the fluorescence micros-
cope. Apoptotic bodies that are characteristic of apopto-

Effects of cadmium chloride cytotoxicity in the pres-
ence of N-acetylcysteine ​​

The protective role of NAC on the cytotoxicity of 
cadmium chloride was accessed by pretreatment of the 
cells with NAC (1 mM , 2 hours). According to the results 
showed in Figure 2, the concentrations of 25, 50, 100 , 
instead of and 200 and 500 μM of CdCl2 were selected 
and considered in two groups. The first group was trea-
ted with cadmium in the absence of NAC in the culture 
medium. The second group contains the aforementioned 
concentrations of cadmium chloride in the presence of 
1 mM NAC pretreatment (2 hours before exposure to 
cadmium). The results of this experiment show that the 
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Figure 1. The effect of cadmium chloride on the viability of 
MDA-MB468 breast cells. Cells exposed to different concentra-
tions of cadmium chloride  (1-500 µM). After 48 hours, MTT via-
bility test was performed as described in "Materials and Methods”. 
Results (Mean ± SD) were calculated as percent of corresponding 
control values. Statistical analysis was performed by ANOVA fol-
lowed by Dunnett’s test. Each point represents 3 repeats of triplicate. 
Stars show that each value is significantly different when compa-
red with control (*P< 0.05 and **P< 0.01). * P < 0.05 (significant 
difference from control), ** P < 0.01 (significant difference from 
control).

Figure 2. The effect of cadmium chloride on the viability of 
MDA-MB468 breast cells, A:  without N-Acetylcystein (NAC) B: 
in presence of NAC. Cells were exposed to different concentrations 
of cadmium chloride (In the presence and absence of 1 mM NAC). 
After 48 h incubation, the viability was determined by MTT assay. 
Results (Mean ± SD) were calculated as percent of corresponding 
control values. Statistical analysis was performed by ANOVA fol-
lowed by Dunnett’s test. Each point represents 3 repeats of triplicate. 
Stars show that each value is significantly different when compa-
red with control (*P< 0.05 and **P< 0.01). * P < 0.05 (significant 
difference from control), ** P < 0.01 (significant difference from 
control).
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Moreover many anticancer drugs and radiation destroy 
the cancer cells through induction of apoptosis (12, 13). 
The present study was conducted to study the  mecha-
nism of apoptosis induced by cadmium in the human 
breast cancer cell line MD-MB-468, as well as cla-
rifying the protective role of N-acetylcysteine, a free 
radical scavenger, on cadmium induced apoptosis. The 
results clearly indicated significant decrease in cellular 
viability upon exposure to CdCl2  in a dose-dependent 
manner. Moreover the preincubation with 1 mM NAC 
almost completely suppressed cadmium-induced cyto-
toxicity. Hoechst 33342 staining showed the apoptotic 
bodies and extracted DNA electrophoresis showed a 
fragmentation pattern consistent with apoptosis mecha-
nism. So the cytotoxic effects and induction of apopto-
sis by CdCl2 are mediated, by oxidative stress.

For a long time it was regarded that cell death in-
duced by cadmium was a form of necrosis. But in 1991 
the apoptotic nature of cadmium-induced cell death was 
shown in atrophic kidneys excised from beagle dogs 
(14). Subsequent studies showed that invitro and invivo 
apoptosis induced by cadmium is the consequences of 
production of reactive oxygen species that leads to more 
severe depletion of glutathione and protein-bound sul-
fhydryl groups (15,16). 

Antioxidants such as N-acetylcysteine, vitamin 
E, catalase and superoxide dismutase effectively 
are able to confirm apoptosis induced by cadmium 
(16).We demonstrate that NAC as an antioxidant 
largely reverse cadmium chloride induced apopto-
sis in MDA-MB468 cells. This is because that oxi-
dative stress through ROS production is the main 
source of cell death caused by cadmium chloride. 
(17).

The results from the present study are in agreement 
with previous studies. Lawal et al. showed  signifi-
cant increases in lactate dehydrogenase leakage, DNA 
damage, malondialdeyde and antioxidant enzymes ac-
tivities in  three cell lines (human hepatoma cell line 
HepG2, a human astrocytoma cell line 1321N1, and a 
human embryonic kidney cell HEK 293) upon exposure 
to cadmium.  ROS production and glutathione (GSH) 
depletion were attenuated by the presence of N-acetyl-
cysteine (NAC) (18). Exposure to cadmium chloride 
enhanced intracellular ROS generation that play a pivo-
tal role in the reduction of extracellular SOD in COS7 

tic index was observed while negative control cells (zero 
concentration of cadmium) stained  with Hoechst33342 
didn’t show any fluorescence (Data not shown). Figure 
5 show the morphological changes associated with 
apoptosis of the cells after exposure to cadmium chlo-
ride using light (Figure 5B) and fluorescence micros-
copy (Figure 5A). So the results indicate that cadmium 
induced cell death via apoptosis.

Discussion

During recent years the number of articles related 
to apoptosis has been grown considerably. This spe-
cial attention is due to defects in apoptosis that leads to 
diseases such as cancer or autoimmune diseases (11). 

Figure 4. Agarose gel electrophoresis of DNA extracted from 
MDA-MB468 cells incubated with cadmium chloride for 48 h 
in the presence and absence pretreatment with N-Acetyl cystein. 
Lane 1: 100bp DNA marker, Lane 2: zero concentration of cad-
mium, lanes 3: treatment with 100 µM in the presence of 1 mM 
NAC, lane4: treatment with 250 µM in the presence of 1 mM NAC, 
lane5: treatment with 100 µM in the absence of 1 mM NAC and 
lane6: treatment with 250 µM in the absence of  1 mM NAC

Figure 5. Fluorescence microscopy photomicrograph of MDA-MB468. Treated cells with Cadmium chloride stained with Hoechst 33342 in 
which the apoptotic cells (arrows) showed morphological changes including shrunken and condensed nuclei with a bright fluorescence appearance 
under a fluorescence microscope(A). Apoptotic bodies (arrows) also were clearly observed under the light microscope (B).  
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into a basal-like cancer phenotype (35). 
In conclusion our results suggest that cytotoxic ef-

fects and induction of apoptosis (morphological studies 
as well as DNA ladder fragmentation) caused by CdCl2 
are mediated, by oxidative stress.
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