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Selenium, an essential trace element, showed the significant protective effects against liver and kidney
damage induced by some heavy metals. However, the mechanism how selenium suppresses cadmium
(Cd)-induced cytotoxicity remains unclear. In this study, we investigated the protective mechanism of
selenium on Cd-induced apoptosis in LLC-PK; cells via reactive oxygen species (ROS) and mitochondria
linked signal pathway. Studies of PI and Annexin V dual staining analysis demonstrated that 20 pM

g(ef/wgrds: Cd-induced apoptosis as early as 18 h. A concomitant by the generation of ROS, the loss of mitochondrial
clenium membrane potential, cytochrome c (cyt c) release, activation of caspase-9, -3 and regulation of Bcl-2 and

Cadmium . . .

Apoptosis Bax were observed. N-acetylcysteine (NAC, 500 ptM), a free radical scavenger, was used to determine the

involvement of ROS in Cd-induced apoptosis. During the process, selenium played the same role as NAC.
The anti-apoptosis exerted by selenium involved the blocking of Cd-induced ROS generation, the inhibi-
tion of Cd-induced mitochondrial membrane potential collapse, the prevention of cyt c release, subse-
quent inhibition of caspase activation and the changed level of Bcl-2 and Bax. Taken together, we
concluded that Cd-induced apoptosis was mediated by oxidative stress and selenium produced a signif-
icant protection against Cd-induced apoptosis in LLC-PK; via ameliorating the mitochondrial

Reactive oxygen species (ROS)

dysfunction.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Cadmium (Cd) is a long lifetime occupational and environmen-
tal pollutant, which has been classified by the International Agency
for Research on Cancer (IARC, 1993) as type I carcinogen in hu-
mans. It has been well established that chronic exposure to cad-
mium causes irreversible kidney damage and renal tubular
dysfunction (Nishijo et al., 2006; Horiguchi et al., 2006).

Although, Cd is a redox-inactive metal, it was reported to induce
the formation of reactive oxygen species (ROS) in a wide variety of
cells (Hart et al., 1999; Stachura et al., 2000; Thevenod et al., 2000).
ROS are known to affect mitochondrial membrane potential and
trigger a series of mitochondria-associated events including apop-
tosis (Chatterjee et al., 2008; Pathak and Khandelwal, 2007). High

Abbreviations: CdCl,, cadmium chloride; cyt ¢, cytochrome c; DCF, 2,7-dichlo-
rofluorescein; DCFH-DA, 2,7-dichlorofluorescein diacetate; FITC, Annexin V-fluo-
rescein isothiocyanate; GPx, glutathione peroxidases; GSH, glutathione; JNK, c-Jun
N-terminal kinase; MAPK, mitogen-activated protein kinases; NAC, N-acetyl-L-
cysteine; PBS, phospate buffered saline; PI, propidium iodide; ROS, reactive oxygen
species; SAPK, stress-activated protein kinase; Se, selenium; Aym, mitochondrial
membrane potential.
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level of ROS in the mitochondria can result in free radical attack
of membrane phospholipids, preceding mitochondrial membrane
depolarization. Mitochondria depolarization, considered as an irre-
versible step in the apoptosis process, can trigger a cascade of casp-
ases (Pelicano et al., 2003; Stohs and Baghi, 1995). The
mitochondrion is a major subcellular compartment where the
Bcl-2 family members interact with each other or exert function
independently (Huppertz et al., 2006). The Bcl-2 family of proteins
include proteins that can either inhibit (Bcl-2, Bcl-xL, etc.) or favor
(Bax, Bak, Bad, etc.) apoptosis. Bcl-2 is an anti-apoptotic protein,
which is predominantly present in mitochondria, prevents apopto-
sis by suppressing oxyradical-mediated membrane damage and
stabilizing mitochondrial membrane potential (Bruce-Keller et al.,
1998; Desagher and Martinou, 2000). The proapoptotic protein
Bax regulates the mitochondrial pathway by triggering the release
of apoptotic factors such as cytochrome c from the mitochondrial
subsequent to the death signal (Hsu et al., 1997).

Selenium (Se), an essential trace element, is involved in func-
tions of several enzymes and proteins such as glutathione peroxi-
dases (GPx), selenoprotein P and thioredoxin reductases
(Stadtman, 1991). GPx is an antioxidant enzyme which protects
membrane lipids and macromolecules against the oxidative dam-
age generated by peroxides (Hsu et al., 1997). Most of the seleno-
proteins have ROS scavenging activities, so that the action of
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selenium has been known as an antioxidant system in cell survival
(Stadtman, 1991). There are some reports showed that renal prox-
imal tubular damage caused by prolonged Cd exposure was sup-
pressed by treatment with antioxidants, such as Vitamin E,
glutathione, and N-acetylcysteine (NAC), indicating that oxidative
stress plays a critical role in Cd-induced nephrotoxicity (Acharya
et al,, 2008; Shaikh and Tang, 1999). However, the underlying
mechanisms involved in the cytoprotective effects of selenium
against Cd-induced apoptosis remains to be elucidated.

In our previous report, we clarified the protective effects of sele-
nium on Cd-induced apoptosis in LLC-PK; cells through the c-jun
N-terminal kinase (JNK) phosphorylation activation (Liu et al.,
2007). The JNK, also known as stress-activated protein kinase
(SAPK), belongs to the mitogen-activated protein kinases (MAPK)
superfamily. Some reports showed that MAPK signal pathways
seemed to be responsible for mitochondria mediated cell apoptosis
and ROS production was lined to JNK phosphorylation activation
(Liu and Huang, 2006; Zhou et al., 2008). Therefore, we hypothe-
sized such protective effects of selenium against Cd-induced apop-
tosis might involve ROS and mitochondrial medicated-pathway.
This study was conducted to explore the protection mechanism
of selenium on Cd-induced apoptosis in LLC-PK; cells via ROS
and mitochondria function.

2. Materials and methods
2.1. Materials

Cadmium chloride, Sodium selenite and N-acetyl-L-cysteine
(NAC) (Sigma Chemical Co., St. Louis, MO, USA) were dissolved in
water, sterilized with 0.22 um filters, and added to cultures at
the indicated time and concentrations. Cell culture reagents were
obtained from GIBCO Life Technology (Grand Island, NY). Antibod-
ies specific for the bcl-2, bax and anti-rabbit IgG, were purchased
from Cell Signaling Technology (Beverly, MA). B-Actin antibodies
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Annexin V-FITC Apoptosis Detection kit from Pharmingen
(Becton Dickinson Company). The 6-carboxy-2’,7’ dichlorodihydro-
fluorescein diacetate (DCFH-DA) and caspase-3, 9 activity kit were
obtained from Beyotime Institute of Biotechnology (Haimen, Chi-
na), Rhodamine123 (Rh 123) was purchased from Molecular
Probes (Eugene, OR, USA). All other reagents unless indicated were
purchased from Sigma Chemical Co. (St. Louis, MO).

2.2. Cell culture and chemical treatments

LLC-PK; cells, a porcine renal epithelial cell line, generously pro-
vided by Dr Zhou XM (Uniformed Services University, USA). Cells
were cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum, 100 units/ml penicillin G and 100 pg/ml streptomy-
cin in a humidified atmosphere of 5% CO,, 95% air at 37 °C. The cells
were seeded at a density of 1.5 x 10° cells on 10 cm petridishes
and used for the drug exposures after overnight culture. Cd
(100 mM), selenite (100 mM) and NAC (100 mM) were used
respectively as stock solutions in distilled water, and these were
further diluted with a medium to the desired concentrations. The
cells were pretreated with selenite and NAC for 0.5 h prior to the
addition of Cd.

2.3. Assessment of apoptotic and necrotic cells

Flow cytometry was used to assess the membrane and nuclear
events during apoptosis. The assay was performed with a two color
analysis of FITC-labeled Annexin V binding and PI uptake using the
Annexin V-FITC Apoptosis Detection kit. Briefly, after the treatment

period the harvested cells were suspended in a binding buffer (1x).
An aliquot of 100 pl was incubated with 5 ul of Annexin V-FITC and
5 ul of PI for 15 min in dark, 400 pl binding buffer (1x) was added
to each sample. The stained cells were analyzed directly by flow
cytometry using the Cell Quest program (Becton Dickinson, Frank-
lin, NJ).

2.4. Reactive oxygen species (ROS) measurement

The production of peroxides was measured by staining cells
with the fluorescent probe 2,7-dichlorofluorescein diacetate
(DCFH-DA). This dye is a stable nonpolar compound that readily
diffuses into cells and yields DCFH. Intracellular H,O, or OH in
the presence of peroxidase change DCFH to the highly fluorescent
compound 2,7-dichlorofluorescein (DCF). Thus, the fluorescence
intensity is proportional to the amount of peroxides produced by
the cells. After the treatment, cells were harvested, washed with
phosphate-buffered saline (PBS pH 7.2), and incubated with
10 pmol/L DCFH-DA for 0.5 h at 37 °C. And then ROS generation
was measured by the fluorescence intensity (FL-1,530 nm) of
10,000 cells.

2.5. Measurement of mitochondrial membrane potential (Aym)

For the detection of mitochondrial membrane potential, Cd, Se
or NAC treated cells were incubated with Rh 123 (5 mg/ml) for
60 min in dark at 37°C, harvested and suspended in PBS. The mito-
chondrial membrane potential was measured by the fluorescence
intensity (FL-1, 530 nm) of 10,000 cells.

2.6. Cytochrome c quantification by ELISA

Cytochrome ¢ was determined using a quantitative immunoas-
say (DCDCO, R&D Systems, Wiesbaden, Germany). Briefly, un-
treated, Cd, Se or NAC treated cells (1.5 x 10° cells/ml) were
washed in PBS and treated with lysis buffer for 1 h at room temper-
ature. Following centrifugation at 1000g for 15 min, supernatants
were removed and 200 pl of a 1:100 dilution was used for a sand-
wich enzyme-linked immunosorbent assay. Following incubation
with substrate solution in the dark for 30 min the reaction was
stopped. The optical density of each well was determined on an en-
zyme-linked immunosorbent assay reader at 450 nm. The amount
of cytochrome ¢ was determined according to a calibration curve.

2.7. Caspase-3,-9 activity assay

Caspase-3 and -9 activities were measured through cleavage of
a colorless substrate specific for caspase-3 (Ac-DEVD-pNA) or cas-
pase-9 (Ac-LEHD-pNA) releasing the chromophore, p-nitroaniline
(pNA). Assays were carried out according to manufacturer’s
instructions. To evaluate the activity of caspase-3,-9, cell lysates
were prepared after their respective treatment with various desig-
nated treatments. Assays were performed on 96-well microtitre
plates by incubating 10 pl protein of cell lysate per sample in
80 pl reaction buffer [1% NP-40, 20 mM Tris-HCl (pH 7.5),
137 mM Nad and 10% glycerol] containing 10 pl caspase-3 sub-
strate (Ac-DEVD-pNA, 2 mM) or caspase-9 substrate (Ac-LEHD-
pNA, 2 mM). Lysates were incubated at 37 °C for 4 h. Samples were
measured with an ELISA reader at an absorbance of 405 nm.

2.8. Western blotting

Cells were grown at 5 x 10% cells/well in 6-well microplates and
incubated with Cd, Se or NAC for indicated time and concentra-
tions. Following treatment, cells were washed with PBS, and total
cell lysates were prepared by scraping in 200 ul of lysis buffer
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[20 mM Tris-HCI (pH 8.0), 1 mM sodium orthovanadate, 10% glyc-
erol, 1mM phenylmethylsulfonyl fluoride, 2 mM ethylenediamine-
tetraacetate (EDTA), 1% Triton X-100, 50 mM B-glycerolphosphate,
10 mg/ml each of aprotinin, leupeptin, and pepstatin]. Fifty micro-
grams of proteins determined by Bradford assay was electropho-
retically separated using a 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred
to PVDF membrane and then immunoblotted with the correspond-
ing antibodies. Immunodetection was performed using enhanced
chemiluminescence (ECL) detection kit (Cell Signaling Technology,
Beverly, MA).

2.9. Statistical analysis

Data were expressed as means = SD and analyzed using one-
way analysis of variance (ANOVA) procedures among treatment
groups. Statistically significant differences were reported as
p<0.05, “p<0.01 or ¥p<0.01. Data with values of p < 0.05 were
generally accepted as statistically significant.

3. Results
3.1. The effects of selenium on Cd-induced apoptosis

To observe whether selenium is capable of inhibiting Cd-in-
duced apoptosis, cells were pretreated with different concentra-
tions of selenium (5, 10 and 20 uM) or NAC (500 uM), then
incubated them with 20 uM of Cd. After the treatment, cells were
stained with PI and FITC-labeled Annexin V (AV-FITC) to analyze
the percentage of apoptotic cells with flow cytometry. At 18 h,
the total (early +late) apoptotic cells drastically enhanced from
2.05% (control) to 82.33% at 20 uM Cd (Fig. 1A and B). However,
selenium or NAC pretreatment before Cd exposure to the cells re-
sulted in protection against Cd-induced apoptosis, as compared to
that observed in the cells treated with Cd alone (Fig. 1C-F). The
apoptotic population decreased with the advancing dose of sele-
nium, a 5.7-fold lowering in the apoptotic population by 20 uM
selenium and 4-fold by NAC at 18 h were observed. The results
showed the protective effect of selenium for Cd-induced apoptosis.

3.2. The effects of selenium on Cd-induced ROS generation

The cells were stained with DCFH-DA to examine the produc-
tion of ROS in the LLC-PK; cells and the DCF fluorescence was mea-
sured by flow cytometer. We determined that ROS was peaked
within 12 h in the LLC-PK; cells after Cd treatment, and then at
18 h, when DNA damage was intense, the ROS decreased
(Fig. 2A). To further investigate the protective role of selenium
on Cd-induced ROS production, the 12 h time period for the evalu-
ation of ROS was selected based on our experiments, because max-
imum DCF fluorescence was observed at this time point. Selenium
pretreatment before Cd exposure to the cells resulted in the recov-
ery of ROS generation levels to basal levels, as reflected by the de-
crease of DCF fluorescence staining from 194 to 31 at 20 uM
selenium (Fig. 2B). NAC as a thiol antioxidant can raise intracellular
glutathione levels and thereby protect cells from the effects of ROS
(Aruoma et al., 1989). As shown in Fig. 2, NAC also effectively
inhibited the Cd-induced ROS generation, the fluorescence inten-
sity of DCF decreased from 194 to 24. Therefore, the results sug-
gested that selenium may abolish Cd-induced ROS generation.

3.3. The effects of selenium on Cd-induced mitochondrial membrane
potential (Aym) reduction and the Cd-induced cyt c release

ROS production may be accompanied by the reduction of Aym,
so we monitored the change of Aym in cells following treatment
using Rh 123 and flow cytometry. A decrease in A\ym occurred
as early as 3 h, and the loss in Aym became significant at 6 h
and 12 h (Fig. 3A). Pretreatment with selenium reversed the reduc-
tion of Ayym resulted from Cd as indicated by a decrease in Rh 123
fluorescence. Concurrently, NAC was found to be capable of restor-
ing the drop of Aym caused by Cd to its normal state (Fig. 3B).
Concomitantly, Cd-induced cyt c release was also observed in
LLC-PK; cells, represent as significant increase of cytosolic cyt ¢
concentration (Fig. 3C). And cyt c in cytosolic markedly increased
by Cd was restored by selenium or NAC treatment. These results
indicated that selenium exerted cytoprotective effects against Cd-
induced apoptosis by inhibiting the reduction of Aym and cyt ¢
release.
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Fig. 1. The effects of selenium and NAC on cadmium-induced apoptosis. LLC-PK; cells were treated with Cd (20 uM) for 18 h or pretreated with Se (5, 10, 20 pM) or NAC
(500 uM) for 0.5 h, then exposed to 20 uM Cd for 18 h, cell distribution analyzed using Annexin V binding and PI uptake. The FITC and PI fluorescence were measured using
flow cytometer with FL-1 and FL-2 filters, respectively. LL, living cells (Annexin V~/PI"); LR, early apoptotic/primary apoptotic cells (Annexin V*/PI"); UR, late apoptotic/

secondary apoptotic cells (Annexin V*/PI"); UL, necrotic cells (Annexin V~/PI").
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Fig. 2. The effects of selenium and NAC on cadmium-induced ROS generation. (A)
Time-course analysis of ROS production in the LLC-PK; cells. After cells were treated
with 20 uM of Cd for the indicated times, the cells were stained with DCFH-DA.
Intracellular ROS was monitored by flow cytometry. (B) Cells were pre-incubated
with 5, 10, 20 pM selenium or 500 pM NAC selenium for 0.5 h, and then treated
with 20 uM Cd for 12 h. Mean fluorescence obtained from the histogram statistics.
Each bar represents mean + S.D. (n = 3). *#p <0.01 compared to control; “p<0.01,
‘p <0.05 compared to Cd treated group, using one-way ANOVA.

3.4. The effects of selenium on Cd-induced caspase-9, -3 activation

Since caspase-9, -3 activation is predominantly triggered by the
changes of mitochondrial membrane potential (Aym). We further
investigated the effects of selenium on Cd-induced caspase activa-
tion. Cells were pre-incubated with 5, 10, 20 uM selenium or
500 uM NAC for 0.5 h before treatment with 20 uM Cd, respec-
tively. After 12 h of treatment of Cd, the caspase activity was quan-
tified. As shown in Fig. 4A, all the doses of selenium showed a
significant (p < 0.01) decrease in caspase-9 activity as compared
to Cd alone treated cells in a dose-dependent manner. A signifi-
cantly 2.0-fold increase for levels of caspase-3 activity was shown
in the LLC-PK;cells with Cd exposure. When the cells were pre-
treatment with selenium, this enzyme activity significantly
(p <0.01) decreased in a dose-dependent manner, 20 1M selenium
exhibiting maximum affect (Fig. 4B). Similarly, a significant de-
crease for the casapase-9, -3 activity was found in the cells with
NAC pretreatment. As described above, the results may suggest
that the elevation of Cd-induced casapase-9, -3 activation was
mediated by oxidative stress and selenium has a suppressive effect
on the Cd-related activation of caspases.

3.5. The effects of selenium on Bcl-2 and Bax protein expression

Bcl-2 family has been associated with mitochondrial function
during apoptosis, therefore the level of Bcl-2 and Bax proteins were
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Fig. 3. The effects of selenium and NAC on cadmium-induced mitochondrial
membrane potential reduction and the Cd-induced cyt c release. (A) Time-course
analysis of mitochondrial membrane potential in the LLC-PK; cells. After cells were
treated with 20 uM of Cd for the indicated times, Rh 123 was added and incubated
for 1 h. The fluorescence was measured using a flow cytometer with FL-1 filter. (B)
Cells were pre-incubated with 5, 10, 20 pM selenium or 500 uM NAC for 0.5 h, and
then treated with 20 uM Cd for 12 h. Mean fluorescence obtained from the
histogram statistics. (C) Cells were treated with 5, 10, 20 pM selenium or 500 uM
NAC 0.5 h prior to 12 h of 20 uM Cd treatment. Cytoplasmic cyt ¢ was determined
by ELISA. Each bar represents mean # S.D. (n=3). *¥p <0.01 compared to control;
“p<0.01, p<0.05 compared to Cd treated group, using one-way ANOVA.

examined by western blot analysis in the presence or absence of
selenium. As shown in Fig. 5A, Bax protein in the cell lysate from
LLC-PK; cells treated with 20 pM Cd for 12 h caused almost 8-fold
increase as compared to control. However, pretreatment with 10,
20 uM of selenium or 500 pM NAC induced a marked reduction
in amount of Bax. In Fig. 5B, with 20 uM Cd for 12 h, the amount
of Bcl-2 in the cell lysate caused a 71% decrease compared to con-
trol. On the contrary, LLC-PK; cells which were pretreated with
selenium (5, 10, 20 uM) showed up-regulation for the level of
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Fig. 4. Effects of selenium and NAC on cadmium-induced caspase-9 (A), -3 (B)
activation. The LLC-PK; cells were treated with Cd (20 uM) for 12 h or pretreated
with Se (5, 10, 20 uM) or NAC (500 uM) for 0.5 h, then exposed to 20 uM Cd for
12 h, respectively. The relative activities of caspase-9, -3 shown were calculated
from the average of three experiments. Each value was expressed as the ratio of
caspase-9, -3 activation levels to control level, and the value of control was set to 1.
Each bar represents mean + S.D. (1 = 3). *#p < 0.01 compared to control; “p < 0.01,
"p<0.05 compared to Cd treated group, using one-way ANOVA.

Bcl-2 protein in a dose-dependent manner. The 20 uM selenium
exhibiting 4.5-fold increase of Bcl-2 protein compared to Cd trea-
ted group. The level of Bcl-2 protein was also significantly in-
creased in the groups of pretreatment with NAC at 500 pM.

4. Discussion

Numerous studies have reported that the Cd-induced apoptosis
related to oxidative stress in various cells. Our previous studies
also showed that Cd-induced apoptosis was through JNK signal
pathways, which associated with ROS in the LLC-PK; cells (Liu
et al., 2007). In this study, further protective effects of selenium
as an anti-oxidant against Cd-induced apoptosis have been ob-
served to clarify the protection mechanism of selenium on Cd-in-
duced apoptosis mediated by ROS via mitochondria function in
the LLC-PK; cells.

The generation of ROS, changes in mitochondrial membrane po-
tential and caspase-9 activation are known be major elements of
the mitochondrial pathway of apoptosis (Gupta et al., 2003; Fan
et al., 2005). ROS was predominantly produced in the mitochon-
dria, then leading to the free radical attack of membrane phospho-
lipids and loss of mitochondrial membrane potential, which leads
to increase of cytoplasmic cyt c released from damaged mitochon-
dria, activation of caspases and then resulting in apoptosis (Nicho-
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Fig. 5. The effects of selenium and NAC on cadmium-induced Bax (A) and Bcl-2 (B)
protein expression. LLC-PK; cells were treated with Cd (20 uM) for 12h or
pretreated with Se (5, 10, 20 pM) or NAC (500 puM) for 0.5 h, then exposed to 20 uM
Cd for 12 h, respectively. Bax and Bcl-2 were analyzed by the Western blot.
Intensity of each band was quantified by densitometry. The relative activities of
kinases shown were calculated from the average of three experiments. The protein
expression from control group was designated as 1, and the others were expressed
as folds compared with the control Each bar represents mean+S.D. (n=3).

##p <0.01 compared to control; “p<0.01, p<0.05 compared to Cd treated group,
using one-way ANOVA.

lIs and Budd, 2000; Kim et al., 2003; Belyaeva et al., 2006). Our
results indicated that 20 pM Cd-induced apoptosis through the
generation of ROS, the collapse of mitochondrial membrane poten-
tial, the accumulation of the cytosolic cyt ¢ and the activation of
caspase-9, -3. However, in our study ROS scavengers NAC had a
suppressive effect on the Cd-related apoptosis, suggesting ROS
may play a crucial role in Cd-induced apoptosis in the LLC-PK;
cells. The presence of NAC effectively blocked the Cd-induced
intracellular ROS generation, mitochondrial membrane potential
collapse, cyt c release and the activation of caspase-9, -3, indicating
that Cd-induced mitochondrial dysfunction may be regulated indi-
rectly by ROS mediated signaling pathway.

Selenium is known to provide protection from ROS-induced cell
damage, and the proposed mechanism mainly invokes the func-
tions of glutathione peroxidases (GPxs) and selenoprotein P (SelP).



Y.-j. Zhou et al./Toxicology in Vitro 23 (2009) 288-294 293

Selenium has been linked to regulatory functions in cell growth,
survival and cytotoxicity, as well as transformations possibly
involving redox regulation, chemical toxicity. Some reports showed
that selenium can ameliorat the kidney damage induced by HgCl,
injection (ElI-Shenawy and Hassan, 2008), and selenium also had
the hepatoprotective effects against cadmium toxicity in rats (New-
airy et al., 2007). Those reports showed the protection of selenium
treatment might be associated with recovering inhibition of gluta-
thione peroxidase and thioredoxin reductase activities, decreasing
free radical-mediated lipid peroxidation and regenerate the gluta-
thione (Gan et al., 2002). In our previous report, we observed that
10 uM selenium as an antioxidant agent played a cytoprotective
role, which was mediated by the phosphorylation of JNK in Cd-in-
duced apoptosis (Liu et al., 2007). In this study, we used the lower
concentration of selenium and noted that even 5 uM selenium obvi-
ously protected against Cd-induced apoptosis. Furthermore, pre-
treatment of LLC-PK; cells with selenium significantly inhibited
the apoptosis due to ROS and mitochondrial dysfunction. An impor-
tant observation in this study showed that pretreatment of sele-
nium in the LLC-PK; cells was determined to inhibit Cd-induced
ROS generation. We found that selenium can induce the total inhi-
bition of Cd-induced mitochondrial membrane potential collapse,
the prevention of cyt c release and significantly attenuated the casa-
pase-9, -3 activities. These findings, taken together, indicated that
protective effects of selenium against Cd-induced apoptosis involve
ROS and mitochondria linked signal pathway.

Bcl-2 is known as an upstream effecter molecule in the apoptotic
pathway and is identified as a potent suppressor of apoptosis (Hoc-
kenbery et al., 1993; Tsujimoto and Shimizu, 2000). In addition, it
was observed that Bcl-2 promotes cell survival by preserving the
integrity of the external mitochondrial membrane, which prevents
the release of cyt ¢ from mitochondria and hence induce cell death
(Desagher and Martinou, 2000; Kawakami et al., 2008). Bax isa 21-
kDa protein promoting mitochondrial membrane permeability,
which has been demonstrated to accelerate apoptotic cell death
(Wolter et al., 1997; Neuzil et al., 2006). Our studies revealed Bcl-
2 protein expression was decreased significantly and Bax protein
expression was increased as early as 12 h following exposure to
Cd. On the contrary, in our study NAC was shown to completely in-
hibit the Cd-induced apoptosis pathway via the Bcl-2 up-regulation
and Bax downregulation. These results suggested that Cd-induced
ROS generation was capable of modulating Cd-induced apoptosis
via regulation of Bcl-2 and Bax. Furthermore, selenium markedly
reduced Cd-induced apoptosis in LLC-PK; cells by the regulations
of Bcl-2 and Bax. These results also provide further evidences for
the anti-apoptotic properties of selenium.

In conclusion, our results emphasized that selenium had an
ability to inhibit Cd-induced apoptosis in LLC-PK; cells and pro-
vided mechanistic evidence that cytoprotective effects was medi-
ated through blocking ROS generation, restoring the
mitochondrial membrane potential collapse, the prevention of
cyt c release, subsequent inhibition of caspase activation and the
changed expression of Bcl-2, Bax. Although other pathways may
be involved, this requires further investigation. Further works
in vivo studies are required to determine whether selenium could
be an effective therapeutic agent for the toxicity of Cd.
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