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Abstract
Purpose Studies have demonstrated that selenium supple-
mentation reduces the incidence of cancer, particularly
prostate cancer. Evidence from experimental studies sug-
gests that apoptosis is a key event in cancer chemopreven-
tion by selenium and reactive oxygen species play a role in
induction of apoptosis by selenium compounds. The current
study was designed to investigate the role of superoxide
and mitochondria in selenite-induced apoptosis in human
prostate cancer cells.
Methods LNCaP cells were transduced with adenoviral
constructs to overexpress four primary antioxidant
enzymes: manganese superoxide dismutase (MnSOD), cop-
per-zinc superoxide dismutase (CuZnSOD), catalase
(CAT), or glutathione peroxidase 1 (GPx1). Cell viability,
apoptosis, and superoxide production induced by sodium
selenite were analyzed by the MTT assay, chemilumines-
cence, Xow cytometry, western blot analysis, and Hoechst
33342 staining following overexpression of these antioxi-
dant enzymes.
Results Our study shows the following results: (1) sele-
nite induced cancer cell death and apoptosis by producing
superoxide radicals; (2) selenite-induced superoxide pro-
duction, cell death, and apoptosis were inhibited by overex-
pression of MnSOD, but not by CuZnSOD, CAT, or GPx1;

and (3) selenite treatment resulted in a decrease in mito-
chondrial membrane potential, release of cytochrome c into
the cytosol, and activation of caspases 9 and 3, events that
were suppressed by overexpression of MnSOD.
Conclusions This study demonstrates that selenite
induces cell death and apoptosis by production of superox-
ide in mitochondria and activation of the mitochondrial
apoptotic pathway and MnSOD plays an important role in
protection against prooxidant eVects of superoxide from
selenite. The data suggest that superoxide production in
mitochondria is, at least in part, a key event in selenium-
induced apoptosis in prostate cancer cells.
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Introduction

Selenium (Se) is an essential trace element for human
health and necessary for the antioxidant enzyme (AE) func-
tion of glutathione peroxidases (GPxs) and other selenopro-
teins. In addition, experimental and clinical studies have
demonstrated that Se has anticancer activity [1–3]. A recent
clinical trial showed that selenized yeast supplementation
was eVective in reduction of prostate cancer incidence by
60% compared with placebo treatment [4, 5]. Epidemiolog-
ical studies also demonstrated an inverse association
between levels of Se in serum or toenails and incidence of
prostate cancer [6–8]. Thus, selenomethionine is currently
being evaluated as a chemopreventive agent for prostate
cancer prevention by Se [9].

Although Se has been demonstrated to be a promising
chemopreventive agent for cancer, the underlying mecha-
nisms are still not fully understood. Data from experimental
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studies indicate that induction of apoptosis may account for
the anticancer eVect of Se [10]. A number of studies have
demonstrated that several Se compounds, particularly those
with a redox-cycling property, can produce reactive oxygen
species (ROS) and subsequently induce prooxidant eVects
and cancer cell apoptosis, which can be suppressed by AEs
or small molecular weight antioxidant compounds [11–15].
Based on these data, it has been proposed that a prooxidant
eVect may be one of the anticancer mechanisms for some
Se compounds [11, 16].

Our previous study showed that selenite induced apopto-
sis and growth inhibition of human prostate cancer cells in
association with production of ROS, reduction of intracel-
lular reduced glutathione (GSH) and generation of oxidized
glutathione (GSSG), and mitochondrial damage [17]. Sele-
nite treatment also up-regulated AEs manganese superox-
ide dismutase (MnSOD), copper-zinc superoxide dismutase
(CuZnSOD), and GPx. These eVects of selenite were inhib-
ited by a synthetic superoxide dismutase (SOD) mimic. We
also demonstrated that overexpression of MnSOD pre-
vented cell death from selenite treatment [18]. Addition-
ally, our previous studies documented that treatment with
selenite or combined selenomethionine and methionase
resulted in cancer cell apoptosis with p53 translocation to
mitochondria, upregulation of the proapoptotic protein Bax,
increased levels of superoxide, release of cytochrome c into
the cytosol, activation of caspase 9, and induction of cell
apoptosis [19, 20]. Taken together, these results suggest
that mitochondria may be the target and the generation of
the superoxide radical may play an important role in Se-
induced cell apoptosis.

Studies have shown that Se induced apoptosis via its
prooxidant activity in various types of neoplastic cells,
including prostate cancer, colon cancer, liver cancer, leuke-
mia, and lymphoma [19–24]. At least four prostate cancer
cell lines have been studied [18–20, 25]. Superoxide and
H2O2 are considered to be the ROS that result in the proox-
idative eVects of Se [11, 16, 19, 20, 26]. Previous studies
used synthetic SOD mimics, N-acetyl-cysteine, or buthio-
nine sulfoximine to assess the involvement of ROS in the
prooxidant eVects of Se compounds in cancer cells [13, 17,
19, 20, 26]. However, the speciWcity and subcellular eVects
of these approaches have not been clearly deWned.
Although it was reported that selenite-induced cell death in
a prostate cancer cell line (RWPE2) was inhibited by over-
expressing MnSOD by gene transfection using plasmid
constructs, eVects of CuZnSOD, GPx, or catalase (CAT)
were not analyzed in that study [18]. In this study, we trans-
duced LNCaP cells with recombinant adenoviral constructs
to separately overexpress MnSOD, CuZnSOD, CAT, or
GPx1 in human LNCaP cells and subsequently treated with
selenite to determine whether superoxide was the main
ROS involved in apoptosis and whether mitochondria were

the target organelles. Our results show that only overex-
pression of the mitochondrial-localized antioxidant enzyme
MnSOD decreased selenite-induced superoxide production
and apoptosis in human prostate cancer cells. Our study
also provides evidence that selenite induced apoptosis by
damaging mitochondria through production of superoxide.

Materials and methods

Chemicals and antibodies

Sodium selenite and anti-�-actin antibody were purchased
from Sigma Chemical Co. (St Louis, MO, USA). Lucigenin
(bis-N-methylacridinium nitrate), dihydroethidium (DHE),
and EnzChek Caspase-3 Assay Kit #1 were purchased from
Molecular Probes (Eugene, OR, USA). Caspase-Glo™ 9
Assay Kit was purchased from Promega Co. (Madison, WI,
USA). M-Per Mammalian Protein Extraction Reagent,
Mitochondria Isolation Kit, and SuperSignal West Pico Sta-
ble Peroxide/Luminol Enhancer Solutions were purchased
from Pierce Biotechnology Inc. (Rockford, IL, USA). Anti-
cytochrome c antibody was purchased from Cell Signaling
Technology (Danvers, MA, USA). Adenoviral constructs
containing MnSOD, CuZnSOD, GPx1, or CAT cDNA and
adenoviral empty constructs were purchased from the Gene
Transfer Vector Core of the University of Iowa (Iowa City,
IA, USA) [27–29].

Cell culture

LNCaP cells were obtained from the American Type Cul-
ture Collection (ATCC) and routinely maintained in 100-
mm tissue culture dishes in RPMI 1640 supplemented with
5% heat-inactivated fetal bovine serum and 1% antibiotic-
antimycotic (Life Technologies Inc., Rockville, MD, USA)
at 37°C in a humidiWed atmosphere of 95% air and 5%
CO2.

MTT assay

Cells were seeded at 1 £ 105 cells/well in 24-well plates
overnight before treatment with diVerent agents and then
allowed to grow for an additional 5 days. MTT solution
(10 �l; 5 mg/ml in PBS) was added to each well of the plate
and incubated for 3 h at 37°C. MTT lysis buVer (100 �l of
10% SDS, 45% dimethyl formamide, adjusted to pH 4.5 by
glacial acetic acid) was then added to dissolve the forma-
zan. The optical density was measured at 570 nm using a
Beckman Coulter DU-640 Spectrophotometer (Beckman
Coulter Inc., Fullerton, CA, USA). The percentage of via-
ble cells was calculated as the relative ratio of optical den-
sity to the control.
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Adenovirus transduction

LNCaP cells (2 £ 106) were plated in 10 ml complete
medium in a 100 mm dish and allowed to attach for 48 h.
Adenoviral constructs (AdMnSOD, AdCuZnSOD,
AdGPx1, AdCAT, or AdEmpty) suspended in 3% sucrose
were added to cell cultures in 6 ml serum- and antibiotic-
free medium, respectively, at multiplicities of infectivity
(MOI) as indicated. Cells were incubated for 18 h and then
6 ml of medium with 10% FBS were added to the cultures.
Cells were allowed to grow for 24 h and then treated with 0,
0.5, 1.5, or 2.5 �M selenite for 5 days for cell viability
assay or 2.5 �M selenite for 18 h before harvesting for
other analyses.

Western blot analysis

Cell pellets were lysed with M-PER mammalian protein
extraction reagent and protein concentrations were deter-
mined using the Bradford assay (Bio-Rad, Hercules, CA,
USA). Cell lysates (20–50 �g) were electrophoresed in
12.5% SDS polyacrylamide gels and then transferred onto
nitrocellulose membranes. After blotting in 5% nonfat dry
milk in Tween 20 Tris-buVered saline (TTBS), the mem-
branes were incubated with primary antibodies at 1:1,000–
2,000 dilutions in TTBS overnight at 4°C, and then second-
ary antibodies conjugated with horseradish peroxidase at
1:10,000 dilution in TTBS for 1 h at room temperature.
Protein bands were visualized on X-ray Wlm using an
enhanced chemiluminescence system (Pierce Biotechnol-
ogy, Rockford, IL, USA).

Activity gel assays for MnSOD, CuZnSOD, CAT, or GPx1

Cells transduced with AdMnSOD, AdCuZnSOD, AdCAT,
AdGPx1, or AdEmpty were washed with PBS and scraped
oV tissue culture dishes in cold PBS. Protein concentrations
were determined by the Bradford method. Activity gel
assays were preformed as previously described [30]. Two
hundred �g of total protein were separated in a native poly-
acrylamide gel (5% for stacking and 8% for separating).
The gel was run in the pre-electrophoresis buVer at 40 mA
for 1 h, and then left at 4°C overnight. The electrophoresis
process was performed in two steps: the gel with samples
was run in the pre-electrophoresis buVer at 4°C for 3 h and
then in the electrophoresis buVer at 4°C for another 4 h.
After electrophoresis, the gel was incubated in NBT (nitro-
blue tetrazolium) solution for 20 min and then in riboXavin-
TEMED for 15 min at room temperature in the dark. The
gel was then washed with distilled water and illuminated
under a bright Xuorescent light for achromatic bands indi-
cating the presence of SOD. CuZnSOD and MnSOD were
diVerentiated by adding sodium cyanide to inhibit CuZn-

SOD. Activity gels for GPx1 and catalase were performed
using cumene hydroperoxide as the substrate. After electro-
phoresis, the gel was rinsed with 1 mM GSH three times for
7 min each and then incubated in 75 ml of distilled H2O
containing 0.008% cumene hydroperoxide plus 1 mM GSH
for 10 min with gentle shaking. After brieXy rinsing twice
with distilled H2O, the gel was stained with a freshly made
1% ferric chloride and potassium ferricyanide solution and
mixed immediately from equal volumes of a 2% stock solu-
tion of each before use. The achromatic bands correspond-
ing to GPx1 and catalase were illuminated under a
Xuorescent light and photographed.

Superoxide measurements

Lucigenin-dependent chemiluminescence (CL) in cells was
measured by a modiWed method as described previously
[19, 31]. The stock solution of lucigenin (10 mM) was pre-
pared in PBS and stored at ¡20°C in the dark. Lucigenin
(100 �M) was added to 1 £ 105 cells in 100 �l PBS after
transduction with AdMnSOD, AdCuZnSOD, AdCAT,
AdGPx1, or AdEmpty for 48 h. The reaction was initiated
by the addition of lucigenin and selenite to the cells and the
CL level was monitored as relative light units (RLU) using
a luminometer (Lumat LB9501, Berthold, Oak Ridge, TN,
USA) for a total period of 10 min at 30 s intervals. To mea-
sure superoxide using DHE, 5 £ 105 LNCaP cells were
suspended in 1 ml of serum-free medium and incubated
with 2.5 �M selenite and 5 �M DHE for 5 min at room
temperature. Fluorescence was immediately measured
using a Xow cytometer (Becton-Dickinson, Franklin Lakes,
NJ, USA) [32].

Flow cytometric analysis of apoptosis

Cell samples were prepared and analyzed as described pre-
viously [17]. Cells were washed with PBS/EDTA/BSA
buVer (PBS, 1 mM EDTA, and 0.1% BSA) and Wxed in
100 �l of PBS/EDTA/BSA buVer plus 900 �l of 70% etha-
nol for 30 min at ¡20°C. After washing with phosphate-cit-
ric acid buVer (0.192 M Na2HPO4 and 4 mM citric acid,
pH 7.8), the cells were stained in 500 �l of propidium
iodide staining solution (33 �g/ml propidium iodide,
200 �g/ml DNase-free RNase A, and 0.2% Triton X-100)
overnight at 4°C. Both cell cycle distribution and sub-G1

cells were simultaneously measured using a FACScan Xow
cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA).

Detection of apoptosis by Hoechst 33342 staining

For morphological analysis of apoptosis, cells were spread
onto glass slides by centrifugation at 700 rpm for 5 min
using a Shandon Cytospin 3 centrifuge (Shandon Cytospin,
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Sewickey, PA, USA). The slides were incubated in a Hoe-
chst 33342 staining solution (3 �l of 10 mg/ml Hoechst
33342 in 10 ml PBS) for 20 min after Wxing in 95% alcohol
for 15 min. The stained cells were examined under a Xuo-
rescence microscope. Cells with nuclear fragmentation
were designated as apoptotic, and the apoptotic index was
determined by counting a total of 300 cells on each slide
from three slides.

Measurement of mitochondrial membrane potential

For mitochondrial membrane potential measurement, cells
were suspended in 1 ml of serum-free medium containing
2.5 mmol/l JC-1 dye (Molecular Probes, Eugene, OR,
USA) and incubated at 37°C for 20 min at room tempera-
ture. After washing twice with PBS, Xuorescence in cells
was immediately measured using a Xow cytometer (Bec-
ton-Dickinson, Franklin Lakes, NJ, USA). Mitochondrial
depolarization was determined by the decrease in the ratio
of the red signal at 590 nm emission to the green signal at
530 nm emission.

Cytosol fractionation

Cells were seeded at 6 £ 105 in 100-mm tissue culture
dishes and allowed to grow to 60% conXuence. Cells were
treated with or without 2.5 �M selenite for 18 h and then
mitochondria and cytosol fractions were separated using
Mitochondria Isolation Kit according to the manufacturer’s
instructions (Pierce Biotechnology, Rockford, IL, USA).

Caspase activity assays

Caspase 9 activity was determined using Caspase-Glo™ 9
Kit per manufacturer’s instructions. Cells were seeded at
3 £ 104 cells/well in a 96-well plate with 100 �l medium.
Approximately 16 h later, cells were treated with 2.5 �M
selenite for 18 h and then Caspase-Glo™ 9 Reagent
(100 �l) was directly added into each well to a Wnal volume
of 200 �l/well. Chemiluminescence was measured using a
Tropix TR717 Microplate Luminometer (Applied Biosys-
tems, Bedford, MA, USA). Caspase-3 activity was mea-
sured using EnzChek Caspase-3 Kit #1 (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s proto-
col. BrieXy, LNCaP cells were treated with 2.5 �M selenite
for 18 h after adenoviral transduction for 48 h. The cells
were harvested and suspended in 50 �l of 1£ cell lysis
buVer followed by three cycles of freeze-thaw. Samples
equivalent to 200 �g protein were incubated with 50 �l of
2£ substrate solution at room temperature for 30 min.
Fluorescence produced by Caspase-3-mediated cleavage of
the substrate was determined using a Xuorescence micro-
plate reader (PerkinElmer, MA, USA) with settings of exci-

tation wavelength at 380 nm and emission wavelength at
480 nm. Fluorescence intensity (arbitrary units) was nor-
malized by the protein concentration.

Statistical analysis

All data are presented as means § SD with N = 3 or more
and independent experiments were repeated at least 3 times.
Student’s t test was used to determine the signiWcance of
statistical diVerences between data at the level of P < 0.05.

Results

EVect of selenite and superoxide on cell viability 
and growth

To assess the eVect of selenite in LNCaP cells, cell viability
was determined using the MTT assay after 5 days treatment
with diVerent doses of selenite, while growth inhibition was
determined by counting cell number using a Coulter
counter following treatment with diVerent doses of selenite
for diVerent times. Cells were treated with 0, 0.5, 1.0, 1.5,
2.0, or 2.5 �M selenite for 5 days (Fig. 1a) or with 0, 0.5,
1.5, or 2.5 �M selenite for 3, 5, 7, and 9 days (Fig. 1b). As
shown in Fig. 1a, selenite treatment induced a dose-depen-
dent cell death. SigniWcant cell killing occurred in cells
treated with 1.5 �M and higher doses of selenite and 50%
of cell death (LD50) occurred at the 2.0 �M concentration.
There was no signiWcant decrease in cell viability in cells
treated with 0.5 or 1.0 �M selenite. Cell growth inhibition
by selenite was also time-dependent (Fig. 1b). SigniWcant
cell growth inhibition was observed on day 7 in cells
treated with 1.5 �M selenite and on day 5 in cells treated
with 2.5 �M selenite. There was no signiWcant eVect in
cells treated with 0.5 �M selenite compared to the control
(no selenite). These results demonstrate that cellular eVects
of selenite in LNCaP cells are dose- and time-dependent.

EVect of overexpression of AEs on superoxide production 
and cell viability by selenite

In order to determine involvement and localization of ROS
in cellular eVects of selenite, MnSOD, CuZnSOD, GPx1, or
CAT were overexpressed in LNCaP cells by recombinant
adenoviral construct transduction. Levels of protein and
activity of these AEs were determined using western blotting
analysis and native gel assays. As expected, there were dose-
dependent increases in both immunoreactive proteins and
enzymatic activities of MnSOD, CuZnSOD, GPx1, or CAT
in LNCaP cells following speciWc adenoviral transduction
for 48 h (Fig. 2a, b). Densitometry showed that levels of
immunoreactive protein increased sixfold in cells transduced
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with 50 MOI AdMnSOD or AdCuZnSOD and 15-fold in
cells transduced with 100 MOI AdMnSOD compared to
control cells (no Ad transduction) or AdEmpty-transduced
cells (Fig. 2a). Levels of CAT and GPx1 dramatically
increased in cells transduced with AdCAT, or GPx1. There
were no signiWcant changes in these four AEs in cells trans-
duced with AdEmpty. Enzyme activity is the most important
parameter for determining the function of AEs, and there-
fore, activities of these antioxidant enzymes were deter-
mined by activity gel assays. As shown in Fig. 2b, activity
gel electrophoresis demonstrated that cells transduced with

adenoviral constructs containing individual AE cDNA had
signiWcant increases in activities of all four AEs in a dose-
dependent manner at 48 h. The activity gel results agree with
those observed by western blotting analysis. Compared to
100 MOI viral transduction, 50 MOI already achieved sig-
niWcant increases in AEs, particularly enzymatic activity,
and showed lower cytotoxicity. Thus, 50 MOI was chosen as
the test-dose in the remainder of the experiments.

To assess possible involvement of superoxide in sele-
nite-induced cell death, cellular levels of superoxide were
measured by the lucigenin-dependent chemiluminescence
assay. Figure 3a shows that intracellular chemilumines-
cence was elevated in AdEmpty-transduced cells following
treatment with 2.5 �M selenite for 6 min. Elevated chemi-
luminescence was suppressed by overexpression of
MnSOD only, but not by overexpression of CuZnSOD,
CAT, or GPx1. Elevation of intracellular superoxide was
also conWrmed by Xow cytometric analysis of DHE Xuores-
cence. As shown in Fig. 3b, DHE Xuorescence was ele-
vated in AdEmpty-transduced cells for 48 h following
selenite treatment for 5 min, but not in AdMnSOD-trans-
duced cells. Cell viability assay showed that AdMnSOD
protected against cell death from selenite treatment, while
transduction of AdCuZnSOD, AdCAT, or AdGPx1 had no
protection against cell death induced by selenite treatment
(Fig. 3c). Cells transduced with AdEmpty, AdCuZnSOD,
AdGPx1, or AdCAT showed 50% cell death at 2.5 �M sel-
enite treatment, while those transduced with AdMnSOD
showed only 30% cell death. Dose-dependent protection
against selenite-induced cell death by overexpression of
MnSOD was observed in LNCaP cells and protection of
overexpression of MnSOD against selenite-induced cell

Fig. 1 EVect of selenite on viability and growth in LNCaP cells: a
eVect of selenite on cell viability. Percentage of survival is expressed
as cell viability relative to control without selenite treatment. Cells
were treated with selenite for 5 days and viability was measured by the
MTT assay. Data represent mean § SD, n = 3. * P < 0.05 compared
with control without selenite; b eVect of selenite on cell growth in LN-
CaP cells. Cell numbers were counted using a Coulter counter. Data
represent mean § SD, n = 3. * P < 0.05 compared with control at the
corresponding time points

Fig. 2 Adenovirus-mediated overexpression of MnSOD, CuZnSOD,
CAT or GPx1 in LNCaP cells. Cells were transduced with adenoviral
constructs for 48 h and cell lysates were harvested for western and
activity gel analyses. 1 Control (no adenoviral transduction); 2 50 MOI
AdEmpty; 3 100 MOI AdEmpty; 4 50 MOI AdMnSOD, AdCuZn-
SOD, AdCAT, or AdGPx1; 5 100 MOI AdMnSOD, AdCuZnSOD,
AdCAT, or AdGPx1. a Western blot analysis of expression of Mn-
SOD, CuZnSOD, CAT and GPx1. Twenty micrograms of total cellular
protein were loaded per lane. b Native gel analysis of MnSOD, CuZn-
SOD, CAT or GPx1 enzymatic activities. A total amount of 200 �g of
protein was loaded per lane. Data presented are one representative
experiment of three independent experiments that showed similar
results
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death was also observed in PC3 human prostate cancer cells
(data not shown). On the other hand, only AdCAT trans-
duction, but not AdMnSOD, protected against cell death
from H2O2 treatment (Fig. 3d). These data not only demon-
strate that selenite treatment produces superoxide in cells,
but also indicate that superoxide production following sele-
nite treatment is mainly in mitochondria.

EVect of overexpression of MnSOD on apoptosis induced 
by selenite

To determine whether superoxide was responsible for
apoptosis induced by selenite, apoptosis was analyzed by
Hoechst 33342 staining to detect nuclear fragmentation and
by Xow cytometry to measure sub-G1 cells following AE

Fig. 3 EVect of overexpression of AEs on selenite-induced produc-
tion of superoxide and viability in LNCaP cells. a Levels of selenite-
induced superoxide production in LNCaP cells with overexpression of
MnSOD, CuZnSOD, CAT, or GPx1. Cells were pretreated with
2.5 �M selenite for 6 min and then harvested for chemiluminescence
assay using a luminometer after transduction with 50 MOI AdEmpty,
AdMnSOD, AdCuZnSOD, AdCAT, or AdGPx1 for 48 h. The data
were obtained from three independent experiments and shown as
means § SD. * P < 0.05 compared with control cells without selenite
treatment. b Levels of superoxide in cells transduced with AdEmpty or
AdMnSOD. After transduction with 50 MOI AdEmpty or AdMnSOD
for 48 h, cells were harvested in suspension and then incubated with

2.5 �M selenite and 5 �M DHE for 5 min. DHE Xuorescence was de-
tected using a Xow cytometer. c MTT assay of cell viability. Cells were
plated in 96-well plates overnight, transduced with 50 MOI AdEmpty,
AdMnSOD, AdCuZnSOD, AdCAT, or AdGPx1 for 48 h, and then
treated with diVerent concentrations of selenite for an additional
5 days. Data are presented as means § SD of three independent exper-
iments. * P < 0.05 compared with AdEmpty at the corresponding con-
centrations of selenite. d MTT assay of cell viability. Cells were grown
in 96-well plates overnight, transduced with 50 MOI AdEmpty, Ad-
MnSOD, or AdCAT for 48 h, and then treated with 50 �M H2O2 for
24 h. Data are presented as means § SD of three independent experi-
ments. * P < 0.05 compared with control cells without H2O2 treatment
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overexpression and selenite treatment. Cells were trans-
duced with 50 MOI AdEmpty or AdMnSOD for 48 h prior
to selenite treatment for an additional 18 h. As shown in
Fig. 4a, selenite treatment signiWcantly increased the level
of apoptosis (9.4%) in control cells compared to cells with-
out selenite treatment (3.5%), while the level of apoptosis
was only slightly increased in AdMnSOD-transduced cells
with selenite treatment (5.7%) in comparison to AdMn-
SOD-transduced cells without selenite treatment (4.2%). In
contrast, apoptosis was increased from 4.5 to 11.5% in
AdEmpty-transduced cells following selenite treatment,
which was even slightly higher than that observed in con-
trol cells treated with selenite. This was most likely due to
stress induced by adenoviral infection because apoptosis
was also slightly increased in AdEmpty- or AdMnSOD-

transduced cells without selenite treatment. Flow cytomet-
ric analysis also showed that selenite treatment resulted in
an increase in sub-G1 cells from 5% to 17% in AdEmpty-
transduced cells (Fig. 4b). In contrast, there were only 8%
sub-G1 cells in AdMnSOD-transduced cells following sele-
nite treatment, which was twofold lower than that in
AdEmpty-transduced cells (Fig. 4b). The results indicate
that superoxide is involved in selenite-induced apoptosis
and also suggest that mitochondria may be the target organ-
elles.

Mitochondria as targets in apoptosis induced by selenite

To conWrm mitochondria as targets in selenite-induced
apoptosis, we next analyzed the mitochondrial membrane

Fig. 4 Inhibition of selenite-in-
duced apoptosis by overexpres-
sion of MnSOD. a Apoptosis 
detected by Hoechst 33342 
staining. Cells were transduced 
with 50 MOI AdEmpty or Ad-
MnSOD for 48 h and then treat-
ed with 2.5 �M selenite for 18 h. 
Cells were stained with Hoechst 
dye and apoptosis was analyzed 
using a Xuorescence micro-
scope. At least 300 nuclei were 
counted per sample in triplicate. 
Data are presented as 
means § SD of three indepen-
dent experiments. * P < 0.05 
compared with cells without sel-
enite treatment. ** P < 0.05 
compared with control and Ad-
Empty-transduced cells with sel-
enite treatment. b Sub-G1 cell 
population measurement by Xow 
cytometry for apoptosis. After 
transduction with 50 MOI Ad-
Empty or AdMnSOD for 48 h, 
cells were treated with 2.5 �M 
selenite for 24 h and harvested in 
suspension. After Wxation, cell 
suspensions were stained with 
propidium iodide and sub-G1 
cell populations were measured 
using a Xow cytometer
123



358 Cancer Chemother Pharmacol (2009) 63:351–362
potential, cytochrome c release into the cytosol, and activa-
tion of caspases 9 and 3 in LNCaP cells following 2.5 �M
selenite treatment. Figure 5 shows a time-dependent eVect
on the mitochondrial membrane potential and activation of
caspases 9 and 3. A signiWcant decrease in the mitochon-

drial membrane potential (Fig. 5a) and signiWcant increases
in caspase 9 (Fig. 5b) and caspase 3 (Fig. 5c) were
observed at 3 h and reached peaks between 12 and 18 h fol-
lowing selenite treatment. These events occurred almost
simultaneously, but much later than the event of superoxide
production (Fig. 3). As shown in Fig. 6a, selenite treatment
signiWcantly decreased the mitochondrial membrane poten-
tial in AdEmpty-transduced cells, indicating disruption of
polarization of mitochondrial membranes, while AdMn-
SOD transduction inhibited alteration of mitochondrial
membrane potential by selenite. Western blot analysis
showed that the protein level of cytochrome c in the cytosol
was signiWcantly elevated in AdEmpty-transduced cells fol-
lowing selenite treatment, while selenite treatment only
slightly increased the level of cytochrome c in AdMnSOD-
transduced cells (Fig. 6b). Chemiluminescence analysis
showed that AdMnSOD transduction signiWcantly sup-
pressed activation of caspase 9 in cells following selenite
treatment compared to control and AdEmpty (Fig. 7a).
Meanwhile, AdMnSOD transduction also slightly
decreased caspase 9 activity in cells without selenite treat-
ment compared to control and AdEmpty. AdMnSOD trans-
duction signiWcantly decreased caspase 3 activity in cells
without selenite treatment and suppressed caspase 3 activa-
tion induced by selenite treatment compared to AdEmpty-
transduced cells (Fig. 7b). These results demonstrate that
selenite induces apoptosis by damaging mitochondria via
superoxide-mediated damage with subsequent mitochon-
drial membrane depolarization, cytochrome c release into
the cytosol, and activation of caspases 9 and 3.

Discussion

In this study, we document that selenite treatment produced
superoxide and induced apoptosis in human prostate cancer
cells, which were suppressed by overexpression of MnSOD,
but not by overexpression of CuZnSOD, CAT, or GPx1.
Selenite treatment resulted in a decrease in mitochondrial
membrane potential, cytochrome c release into the cytosol,
activation of caspases 9 and 3, in which all measurements
were inhibited by the overexpression of only MnSOD.

Studies suggest that induction of apoptosis may be the
key event for cancer prevention by Se and prooxidant

Fig. 5 EVects of selenite on the mitochondrial membrane potential
and caspases 9 and 3. a Fluorescence analysis of mitochondrial mem-
brane potential. b Chemiluminescence analysis of caspase 9 activity. c
Fluorescence analysis of caspase 3 activity. LNCaP cells were treated
with 2.5 �M selenite for the times indicated. The mitochondrial mem-
brane potential was measured using a Xow cytometer. Casapases 9 and
3 were measured using a luminometer or a Xuorescence microplate
reader, rerspectively. Data are presented as means § SD (n = 3).
* P · 0.05 compared to cells without selenite treatment (time zero)

�
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eVects of ROS produced by some Se compounds may be
responsible for induction of apoptosis [11, 16]. Studies
have demonstrated that diVerent chemical forms of Se com-
pounds have diVerent anticancer eYcacy, and Se com-
pounds with superoxide production capability usually have
a better anticancer activity [11, 12], suggesting that the sub-
toxic yet prooxidative eVects of these Se compounds are, at
least in part, responsible for anticancer activity of Se. It is
known that some Se compounds catalytically produce ROS,
particularly superoxide, in the presence of glutathione [11,
33]. Certain metabolites of Se compounds, such as the sele-
nide anion (RSe¡) and hydrogen selenide (H2Se), can be
oxidized by O2 to produce superoxide through a redox-
cycling process [11, 34]. Importantly, this redox-cycling
process produces signiWcant amounts of superoxide from
low to moderate concentrations of Se over time.

It has been reported that selenite-induced cell death or
apoptosis is inhibited by SOD mimics or by stable overex-
pression of MnSOD in several types of cancer cells [13, 14,
17–20, 26]. It has been shown that cancer cells usually have
lower levels of MnSOD than their normal counterparts
[35]. Recent studies demonstrated that normal prostatic epi-
thelial cells had higher levels of MnSOD and lower sensi-
tivity to selenite compared to prostate cancer cells [36, 37].

These observations suggest that high levels of MnSOD may
protect normal cells against superoxide generated apoptosis
by Se. Studies also showed that selenite enhanced cancer
cell killing by radiation, suggesting a synergism of prooxi-
dant eVects of Se and radiation in cancer cells [38, 39].
These data support the notion that prooxidant eVects of
superoxide and other ROS are responsible for apoptosis
induced by certain Se compounds. Se may selectively target
cancer cells in vivo because they usually have lower levels
of MnSOD than normal cells.

To protect against the damaging eVects of ROS, cells
possess several AEs including SODs, GPxs, and CAT.
MnSOD and CuZnSOD are the two major intracellular AEs
reacting with superoxide. A major function of MnSOD is to
protect cells against oxidative stress by converting superox-

Fig. 6 Protection of mitochondrial damage from selenite by overex-
pression of MnSOD in LNCaP cells. a Fluorescence analysis of the
mitochondrial membrane potential by Xow cytometry. Cells were
transduced with 50 MOI AdEmpty or AdMnSOD for 48 h and then
treated with 2.5 �M selenite for 18 h. * P < 0.05 compared with Ad-
Empty control and both AdMnSOD control and selenite. b Western
blot analysis of cytochrome c release into the cytosol. Cells were trans-
duced with 50 MOI AdEmpty or AdMnSOD for 48 h and then treated
with 2.5 �M selenite for 18 h

Fig. 7 Inhibition of activation of caspases 3 and 9 by selenite by over-
expression of MnSOD in LNCaP cells. a Chemiluminescence analysis
of caspase 9 activity. Cells were transduced with 50 MOI AdEmpty or
AdMnSOD for 48 h and then treated with 2.5 �M selenite for 18 h.
Twenty micrograms of total protein from LNCaP cells with or without
AdEmpty or AdMnSOD transduction were mixed with the caspase-9
analysis reagent in 96-well plates. Chemiluminescence was measured
using a luminometer. Each bar represents the average of three wells.
Data are presented as means § SD of three independent experiments.
* P < 0.05 compared with cells without selenite treatment and AdMn-
SOD with selenite treatment. b Fluorescence analysis of caspase 3
activity. Cells were transduced with 50 MOI AdEmpty or AdMnSOD
for 48 h and then treated with 2.5 �M selenite for 18 h. Fluorescence
was measured using a Xuorescence microplate reader. Data are pre-
sented as means § SD of three independent experiments. * P < 0.05
compared with AdEmpty without selenite. ** P < 0.05 compared with
AdEmpty without selenite and AdMnSOD with selenite
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ide into hydrogen peroxide in mitochondria, while CuZn-
SOD mainly protects against superoxide damage in the
cytosol and lysosomes, although smaller amounts of CuZn-
SOD are also present in the mitochondrial intermembrane
space and the nucleus. GPx and CAT are AEs protecting
against H2O2 cytotoxicity by converting H2O2 into O2 and
H2O. Our current study demonstrated that only overexpres-
sion of MnSOD protected against cell death induced by sel-
enite, indicating that superoxide generated from selenite
damages mitochondria and subsequently triggers apoptosis
of prostate cancer cells. Overexpression of CuZnSOD had
no eVect on superoxide production and cell death by sele-
nite treatment, suggesting that selenite may produce super-
oxide mainly in or on the surface of mitochondria.
Overexpression of GPx1 or CAT had no eVect on selenite-
induced cell death, indicating that H2O2 is not the primary
ROS responsible for selenite-induced apoptosis in prostate
cancer cells. Mitochondria are the major site of intracellular
ROS production and also play an important role in apopto-
sis in cells [40, 41]. An increase in superoxide production
during apoptosis has been shown to be a direct consequence
of increased mitochondrial membrane permeability and
release of cytochrome c into the cytosol. After release from
mitochondria into the cytosol, cytochrome c together with
apaf-1 activates caspase 9 and subsequently caspase 3 to
trigger the apoptotic cascade. Our study demonstrates that
selenite treatment induced cancer cell apoptosis with
sequential events of elevation of superoxide, a decrease in
the mitochondrial membrane potential, release of cyto-
chrome c, and activation of caspases 9 and 3. Our results
are in agreement with those observed by others [42]. These
results indicate selenite-induced apoptosis is superoxide-
mediated via the mitochondrial apoptotic pathway.

Previous studies have used synthetic SOD mimics, N-
acetyl-cysteine, or buthionine sulfoximine to assess the
involvement of superoxide or other ROS in the prooxidant
eVects of Se compounds in cancer cells [13, 17, 19, 20, 26].
However, the speciWcity and subcellular eVects of these
approaches are diYcult to determine. In a previous study,
we demonstrated that stable overexpression of MnSOD
protected against cell death induced by selenite in the
RWPE-2 human prostate cancer cell line [18]. However,
this experimental approach using stable overexpression of
MnSOD in cells has potential pitfalls arising from clonal
selection and adaptation of cells. Also, there are no previ-
ous studies documenting whether overexpression of other
AEs, such as CuZnSOD, GPx, and CAT, would protect
against Se cytotoxicity. In the current study, we used aden-
oviral constructs to overexpress MnSOD in LNCaP cells to
verify the results of our previous study in which plasmid
vectors were used to stably overexpress MnSOD. In addi-
tion, we also overexpressed CuZnSOD, GPx1, and CAT
using adenoviral constructs to assess whether these other

AEs would have any impact on the cytotoxicity of selenite.
Our study demonstrates that only overexpression of
MnSOD suppressed selenite-induced superoxide produc-
tion, apoptosis, and other apoptotic events. Our results indi-
cate that superoxide production by selenite treatment is
mainly in mitochondria and mitochondria are the targets
that produce apoptosis. The results are consistent with
observations from previous studies [15, 17–20, 25, 26] and
more precisely deWne that superoxide is the ROS targeting
mitochondria to trigger apoptosis by redox Se compounds.

Studies have also shown that Se can induce cell death by
mitochondrial-independent apoptotic pathways, endoplas-
mic reticulum stress, autophagy, or necrosis [11, 25, 43, 44].
Our results show that the cell death could be induced by
higher levels of selenite treatment than just apoptotic levels
of treatment, suggesting that other mechanisms may also be
involved in selenite-induced cell death. Our results clearly
demonstrate that apoptosis induced by selenite is, at least in
part, superoxide-mediated via the mitochondrial pathway,
which may contribute to chemoprevention of prostate cancer.

In conclusion, we have demonstrated that selenite
induced cell death in LNCaP prostate cancer cells in associa-
tion with superoxide production and apoptosis. Superoxide
production was mainly in or adjacent to mitochondria and
triggered the mitochondrial pathway of apoptosis. Only
overexpression of MnSOD suppressed selenite-induced
superoxide production and apoptosis. Our study suggests
that levels of MnSOD in prostate and other cancer cells may
inXuence the eYcacy of Se in supplementation in cancer
chemoprevention. Since cancer cells usually have lower lev-
els of MnSOD, they should be more sensitive to Se than
their normal cell counterparts. Therefore, in cancer preven-
tion, Se may be found to selectively induce apoptosis of can-
cer cells without causing signiWcant damage to normal cells.
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