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ABSTRACT

The effects of selenium exposure were studied in LNCaP human pros-
tate cancer cells, and this same cell line adapted to selenium over 6 months
to compare acute versus chronic effects of sodium selenite, the latter most
closely resembling human clinical trials on the effects of selenium in
cancer prevention and therapy. Our results demonstrated that oxidative
stresswasinduced by sodium selenite at high concentrationsin both acute
and chronic treatments, but outcomes were different. After acute expo-
sureto selenite, cells exhibited mitochondrial injury and cell death, mainly
apoptosis. After chronic exposure to selenite, cells showed growth inhibi-
tion caused by cell cycle arrest, increased numbers of mitochondria and
levels of mitochondrial enzymes, and only minimal induction of apoptosis.
Immunoblotting analysis revealed that multiple proteins were up-regu-
lated by chronic exposure to selenite. Among them, only up-regulation of
manganese superoxide dismutase and the cyclin-dependent kinase inhib-
itor p21Waveirl proteins known to be redox sensitive and to have cell
cycle regulatory functions, correlated with cell growth inhibition. Our
resultsin selenite-adapted cells suggest that selenium may exert its effects
in human prostate cancer cells by altering intracellular redox state, which
subsequently results in cell cycle block.

INTRODUCTION

Selenium, an essential nutritional trace element, has been known to
be an essential component in the enzymatic active site of GPX, one
of the key enzymes involved in detoxification of hydrogen peroxide
(1). Recent studies have demonstrated that selenium is also an essen-
tial element of Trx Rs of the Trx redox system, which has been shown
to have multiple functions, including regulating cell growth and
apoptosis (2, 3). In addition, selenium compounds have been demon-
strated to have antitumorigenic activities in animal models by inhib-
iting tumor initiation and promotion (4). Selenium compounds inhibit
the growth of a variety of tumor cells in vitro via the induction of
apoptosis (5-7). Epidemiological studies have suggested that low
serum selenium levels were associated with an increase in the inci-
dence of cancer (8—10). Recent clinical trials showed that supplemen-
tal selenium reduced the incidence and mortality of at least five types
of human cancers, including prostate cancer (11-13). A recent epide-
miological study aso showed that high levels of toenail selenium
were associated with lower incidence and slower progression of
human prostate cancer (14).

Received 3/6/01; accepted 8/2/01.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1 Supported by the Veterans Administration Research Service (to T. D. O.) and the
Department of Pathology and Laboratory Medicine (to W. Z.), University of Wisconsin
Medical School.

2To whom requests for reprints should be addressed, at Pathology and Laboratory
Medicine Service, Room A35, William S. Middleton Memorial Veterans Administration
Hospital, 2500 Overlook Terrace, Madison, WI 53705. Phone: (608) 256-1901, extension
11722; Fax: (608) 280-7087; E-mail: toberley@facstaff.wisc.edu.

3 The abbreviations used are: GPX, glutathione peroxidase; BSO, buthionine sulfoxi-
mine; CuZnSOD, copper and zinc-containing superoxide dismutase; GSH, reduced glu-
tathione; GSSG, oxidized glutathione; MnSOD, manganese-containing superoxide
dismutase; MnTMPyP, manganese (I1l) tetrakis (1-methyl-4-pyridyl) porphyrin
pentachloride; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium  bromide;
NAC, N-acetylcysteine; ROS, reactive oxygen species; SOD, superoxide dismutase; Trx,
thioredoxin; Trx Px, peroxiredoxin; Trx R, thioredoxin reductase; TTBS, Tween 20
Tris-buffered saline; CAT, catalase.

Prostate cancer is the most commonly diagnosed and second lead-
ing cause of cancer death in men in the United States (15). The
etiology of prostate cancer remains unknown, and there are no effec-
tive chemopreventive and/or chemotherapeutic agents for prostate
cancer. However, arecent clinical trial and an epidemiological study
have shown that selenium is a promising chemopreventive agent for
prostate cancer (11, 14). To date, there are only a few published
studies on the in vitro effects of selenium on prostate cancer cell lines.
These studies focused on acute short-term effects (6, 16—18). Thereis
a scarcity of studies on the long-term effects of selenium in prostate
cancer cells. Information on the effects of selenium on prostate cancer
cellsisimportant because studies of the effects of selenium on cancer
prevention in humans are currently being conducted, and it is possible
that a small number of human subjects could actually have early but
clinically undetectable prostate cancer at the time of initiation of
clinical trials. Thus, it isimportant to know what the long-term effects
of selenium on these early cancers will be.

The chemopreventive and chemotherapeutic mechanisms of sele-
nium remain unclear. Many potential mechanisms have been pro-
posed, including protection against oxidative damage, modulation of
metabolism of carcinogens, cytotoxicity of selenium metabalites, in-
duction of apoptosis secondary to production of ROS, regulation of
the Trx redox system, regulation of the cell cycle, and inhibition of
angiogenesis (19—22). In addition, GSH and NADPH are consumed,
and GSSG and NADP* are produced during the redox metabolism of
selenite (7, 19, 22). This may alter the intracellular redox state, which
has been known to be crucial for a variety of biological functions,
including regulation of gene expression.

ROS, mainly superoxide, hydrogen peroxide, and hydroxyl radical,
are well known for their toxic effects and are produced from normal
cellular oxygen metabolism, chemotherapeutic agents, and radiother-
apy. Thetoxic effects generally result in induction of apoptosis and/or
necrosis. However, recent studies have shown that ROS are also
involved in regulation of gene expression by controlling signal trans-
duction through direct participation in cell signaling (23) and/or
modulation of cell redox state (24). The latter results in changes of
intracellular GSH and thiol groups in proteins, thus atering the
activation of cell signaling proteins. A variety of cell signaling pro-
teins, transcription factors, and cell cycle regulatory proteins are
known to be redox sensitive, e.g., p53 (25), p21WaVCPL (26), AP-1
(27), NF-xB (28), and hypoxia-inducible factor 1a (29). It is not
known if these proteins can be modified by selenium in prostate
cancer cells.

In the present study, we investigated the acute and long-term effects
of sodium selenite on the LNCaP human prostate cancer cell line and
explored possible redox effects of selenium, trying to determine
whether cellular redox has arole in anticancer effects of selenium. We
hypothesized that selenium functions as a redox modulator to regulate
gene expression and modulate apoptosis, resulting in atered cancer
cell growth. Our results demonstrated that intracellular redox state
was atered by selenite, but the results were different when cells were
exposed to selenium acutely versus chronically. Our results show that
acute treatment of LNCaP cells with selenium results in apoptosis,
whereas chronic treatment of the same cells with selenium results in
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cell cycle arrest. Both effects suggest the possibility that selenium
may inhibit prostate cancer cell growth in vivo.

MATERIALS AND METHODS

Chemicals and Antibodies. Sodium selenite, BSO, NAC, and anti-g-actin
and anti-Trx antibodies were purchased from Sigma Chemical Co. (St. Louis,
MO). MnTMPyP was purchased from Alexis Biochemicals (San Diego, CA).
Antimanganese SOD and anticopper, zinc SOD antibodies were a gift from Dr.
Larry Oberley (University of lowa, lowa City, IA). Anti-Trx Rs 1 and 2 and
anti-Trx Pxs|, I1, and |11 antibodies (30, 31) were agift from Dr. Sue Goo Rhee
(NIH, Bethesda, MD). Anti-p27 (C-19) and p21 (C-19) antibodies were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-CAT
antibody was purchased from Athens Research & Technology (Athens, GA).

Cell Culture. LNCaP cells were obtained from the American Type Culture
Collection and routinely maintained in 100-mm tissue culture dishes (Corning)
in RPMI 1640, supplemented with 5% hest-inactivated fetal bovine serum and
1% antibiotic-antimycotic (Life Technologies, Inc., Rockville, MD) at 37°Cin
ahumidified atmosphere of 95% air and 5% CO,. For selenite adaptation, cells
were first grown in media with sodium selenite at 0.5 um, and then the doses
were increased in a stepwise fashion to allow cells to adapt to higher concen-
trations of selenite. The adaptation process took 6 months. For biochemical
analyses, cells were collected by rinsing in PBS three times, scraping with a
rubber policeman in 10-ml PBS, and then centrifuging at 2000 rpm for 5 min.
After removing the PBS, the cell pellets were stored at —40°C until use.

Western Blot Analysis. Cell pellets were lysed with M-PER mammalian
protein extraction reagent (Pierce, Rockford, IL), and protein concentrations
were determined by the Bradford method (Bio-Rad). Cell lysates were elec-
trophoresed in 12% SDS polyacrylamide gels and then transferred onto nitro-
cellulose membranes. After blotting in 5% nonfat dry milk in 10 mm Tris
buffer (pH 7.8) with 0.1% TTBS, the membranes were incubated with primary
antibodies at 1:500—1,000 dilutions in TTBS overnight a 4°C, and then
secondary antibodies conjugated with horseradish peroxidase added at
1:10,000 dilution in TTBS for 1 h at room temperature. Protein bands were
visualized on X-ray film using the enhanced chemiluminescence system
(Pierce).

Ultrastructural Analysis of Mitochondria. Confluent cultured cells were
washed with PBS, detached by pipeting repeatedly, and fixed in 2.5% glutar-
adehyde. Cells were processed for transmission electron microscopy as de-
scribed previously (32). Cytoplasmic areas were measured from scanned
images of the electron micrographs using Scion image software (Scion Corp.,
Frederick, MD), and mitochondrial numbers were manually counted from the
electron micrographs.

GSH Levels. Cells were collected by trypsinization and washed with PBS
after selenite treatment. The cells were suspended in phosphate buffer [50 mm
potassium phosphate buffer (pH 7.8)], and a small aliquot was used for protein
quantitation. For GSH assay, protein precipitation was carried out by mixing
one volume of cell suspension with one volume of 10% 5-sulfosalicylic acid
and centrifuged at 15,000 rpm for 5 min at 4°C. The supernatants were
collected, and total GSH was measured in a DU640 spectrophotometer (Beck-
man) as described previously (33). Oxidized GSH was indirectly estimated by
measuring GSH after the supernatants were incubated in 2-vinylpyridine for 90
min at 4°C.

GPX Activity Assay. Cell pellets were lysed in M-PER mammalian pro-
tein extraction reagent, and 200 g of cell extracts were used to determine
GPX activity as described by Lawrence and Burk (34). One unit of GPX
activity was defined as the amount of protein required to oxidize 1 wmol of
NADPH per min.

Cell Growth Analysis. Cells were seeded at 2 X 10* cells/well in 12-well
plates with or without selenite, and media were changed every 3 days. After
trypsinization, cell numbers were counted every 3 days using a hemocyto-
meter.

Cytotoxicity Assay. Cells were seeded at 2 X 10* cellswell in 24-well
plates overnight before treatment with different agents and then alowed to
grow for an additional 72 h. MTT assay was used to estimate cell viability as
described previously (35).

Flow Cytometric Analysis. Cell samples were prepared and analyzed as
described previously (36). After selenite treatment and trypsinization, 1 X 10°

cells were washed with PBSEDTA/BSA buffer (PBS, 1 mvm EDTA, and 0.1%
BSA) and fixed in 100 ul of PBS/EDTA/BSA buffer + 900 ul of 70% ethanol
for 30 min at —20°C. After washing with phosphate-citric acid buffer [0.192
M Na,HPO, and 4 mm citric acid (pH 7.8)], the cells were stained in 500 ul of
propidium iodide staining solution (33 wg/ml propidium iodide, 200 ug/ml
DNase-free RNase A, and 0.2% Triton X-100) overnight at 4°C. Both cell
cycle distribution and apoptotic cells were simultaneously measured in a
FACScan flow cytometer (Becton Dickinson) using 488-nm laser excitation.
Intracellular ROS were determined using 2',7’-dichlorofluorescein diacetate as
described previously (37).

Statistical Analysis. Tukey’s multiple comparison and ANOVA analysis
were used to determine the significance of statistical difference of the data at
thelevel of P < 0.05 using SYSTAT computer statistics software (SPSS, Inc.,
Chicago, IL).

RESULTS

Effects of Sodium Selenite on Cytotoxicity and Cell Growth.
Cell viahility of LNCaP prostate carcinoma cells was measured using
the MTT assay after 72-h treatments with selenite and other agents. A
dose-response survival curve of selenite-induced acute cytotoxicity is
shown in Fig. 1A. Acute cytotoxicity induced by selenite occurred at
1 um concentration, increased as doses increased, and was maximal at
2.5 um. Cell viability was 81% of control (P < 0.001) at 1 um and 8%
at 2.5 um (P < 0.0001). Cell growth was determined by counting cell
numbers with a hemocytometer at different concentrations of selenite
and at different time points (Fig. 1B). Significant cell growth inhibi-
tion (P < 0.05) was seen at doses of 1.5 and 2 um selenite on day 3
and after but was not seen at 0.5 wm concentration until day 6.
However, cell growth inhibition at 0.5 um selenite was much less than
that at 1.5 and 2 um concentrations.

Fig. 1C shows the effects of selected redox-modulating agents on
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Fig. 1. A, MTT assay of acute cytotoxicity of sodium selenite in LNCaP cells without
selenite adaptation. Percentage of survival is cell viability relative to control (O um). Data
represent mean = SD, n = 3. Significant (P < 0.05) cell killing occurred at =1 um
concentration of selenite. B, effects of selenite on cell growth in LNCaP cells without
selenite adaptation; control (), 0.5 um selenite (M), 1.5 um selenite (A), 2 um selenite
(®@). Cell numbers were counted using a hemocytometer. Data represent mean + SD,
n = 3. Significant (P < 0.05) cell killing occurred on day 3in 1.5 and 2 um selenite but
not until day 6in 0.5 um selenite. C, modulation of acute cytotoxicity of sodium selenite
by antioxidants MNTMPyP and NAC and prooxidant BSO in nonadapted LNCaP cells.
Cell viability was determined by MTT assay, and percentage of viability is relative to
control without selenite. Data represent mean = SD, n = 3. *, P < 0.001 compared with
control cells without selenite; ##, P < 0.001 compared with control cells treated with 2
um selenite alone.
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selenite-induced acute cytotoxicity. When 1 um MnTMPyP, a syn-
thetic SOD mimic, was present, selenite-induced acute cytotoxicity
was completely prevented. This was in a dose-dependent manner,
reaching maximal protection at 1 um MnTMPyP for cells treated with
2 um selenite. The protection was also dependent on the selenite
concentrations; higher concentration of selenite required higher con-
centrations of MNnTMPyP (data not shown). Acute cytotoxicity was
also significantly decreased when 1 mm NAC was present, but NAC
protection was not as effective as MnTMPyP, and there was no
additional protection when concentrations of NAC were increased
(data not shown). In contrast, treatment with 1 mm BSO, a y-glutamyl
cysteine synthetase inhibitor, resulted in cell growth inhibition and
significantly enhanced selenite-induced acute cytotoxicity in a dose-
dependent fashion. Flow cytometric analysis showed that the acute
cytotoxicity induced by selenite was mediated by a dose-dependent
induction of apoptosis (Fig. 2), and cells showed a 2-fold increase in
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Fig. 2. Histograms of flow cytometric analysis showing effects of selenite on apoptosis
and cell cyclein LNCaP cells; control cells (A), nonadapted cells treated with 0.5-2.5 um
selenite for 24 h (B-E), and selenite-adapted cells treated with 0.5-2.5 um selenite (F).
The percentage of apoptotic cellsisindicated above each hypodiploid (sub-G,) peak. The
data represent one of two independent experiments.
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Fig. 3. Effects of sodium selenite on cell growth in LNCaP cells adapted to different
concentrations of selenite. A, adapted cells continuously treated with selenite; B, adapted
cells in which selenite was removed at time O to test reversibility of adaptive growth
changes. Control (), 0.5 um selenite (A), 1.5 um selenite (@), 2 um selenite (@), and 2.5
um selenite (H). Cell numbers were determined using a hemocytometer. Data represent
mean = SD, n = 3.
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Fig. 4. Effects of selenite on intracellular levels of GSH, GSSG, and the ratio of
GSH:GSSG in LNCaP cells with and without selenite adaptation. B, nonadapted cells; @,
selenite-adapted cells. Data represent mean + SD, n = 3. *, significant increase compared
with control, P < 0.001; =, significant decrease compared with control, P < 0.001.

dichlorofluorescein fluorescence in 15 min after treatment with 2.5
uMm selenite (data not shown).

Because possible clinical cancer chemoprevention and cancer ther-
apy by selenium are long-term interventions, we developed selenite-
adapted cells from the LNCaP cell line by exposing cellsto a stepwise
increase in selenite concentrations over 6 months. LNCaP cells grad-
ually adapted to toxic levels of selenite and grew continuously at
much higher concentrations of selenite. This allowed us to evaluate
the long-term effects of selenium on cancer cells in vitro. Although
LNCaP cells adapted to toxic concentrations of sodium selenite since
continuous cell growth occurred, adaptation was not complete because
cell growth rates were much slower at =1.5 um doses of selenite than
the untreated control (Fig. 3A). There was no difference in growth rate
between 0.5 um selenite and the control. The selenite-adapted cells
had much lower apoptosis than the nonadapted cells when exposed to
sodium selenite, and apoptosis after selenite exposure in these adapted
cells was only dlightly higher than the control (Fig. 2). To test
reversibility of selenite adaptation, selenite was removed from the
media; cell growth inhibition in the adapted cells was reversible at
=2.0 uwm concentrations of selenite but not reversible at 2.5 um
concentration for at least =9 days after removal of selenite (Fig. 3B).

Effects of Selenite on Intracellular GSH and GSSG. Because
oxidative stress was induced by treatment with selenite, we decided to
determine intracellular redox state by measuring cellular GSH and
GSSG. After LNCaP cells were treated with selenite for 24 h, the
intracellular levels of GSH were increased at doses of 0.5 and 1.5 um
selenite and decreased at doses of 2 and 2.5 um selenite (Fig. 4A).
However, the levels of GSSG were increased from 1.5 to 2.5 um
selenite (Fig. 4B). The ratio of GSH:GSSG was hiphasic with in-
creased ratio at 0.5 um selenite and decreased ratio at higher doses
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Fig. 5. Transmission electron microscopy showing
effects of selenite on number and morphology of mito-
chondriain LNCaP cells with and without selenite adap-
tation. A, control; B, nonadapted cells treated with 2.5 um
selenite for 24 h; C, selenite-adapted cells with 2.5 um
selenite. M, mitochondrion; N, nucleus. Mitochondria in
nonadapted cells showed swelling and loss of cristae,
whereas mitochondria in selenite-adapted cells were in-
creased in size and number compared with control. The
internal scale represents 5 um. D, effects of selenite on
number of mitochondria in LNCaP cells with selenite
adaptation. Data represent mean = SE, n = 14-27. x,
P = 0.005 compared with control (0 um selenite).

(Fig. 4C). In contrast, the selenite-adapted cells demonstrated a de-
crease in the levels of GSH at doses of 0.5 and 1.5 um selenite and an
increase in the levels of GSH at doses 2 and 2.5 um selenite (Fig. 4A).
The levels of GSSG showed a similar pattern to the nonadapted cells
with increased GSSG as dose increased, though GSSG increased at
1.5 um selenite in the nonadapted cells but did not increase until 2 um
in the adapted cells (Fig. 4B). The ratio of GSH:GSSG was only
dlightly decreased in a dose-dependent manner in the selenite-adapted
cells (Fig. 4C), and the magnitudes of decrease were much lower than
those of the nonadapted cells.

Effects of Selenite on Mitochondria. Transmission electron mi-
croscopy showed that selenite-induced acute cytotoxicity resulted in
mitochondrial injury, as demonstrated by mitochondrial swelling and
loss of cristae (Fig. 5B). Mild mitochondrial injury was present at 0.5
um selenite, and the injury increased as selenite concentration in-
creased. It was difficult to differentiate severely injured mitochondria
from other cellular organelles, such as endoplasmic reticulum, be-
cause vacuolization was also seen in other organelles. Typical apo-
ptotic cells with chromosome condensation and nuclear fragmentation
were observed in cells treated with 1.5-2.5 um selenite (data not
shown), which correlated with the flow cytometric data. In the selen-
ite-adapted cells, the mitochondria showed only mild damage, with
most mitochondria appearing normal; however, a few (<10%) mito-
chondria had a higher electron density and very minor focal loss of
cristae (Fig. 5C). The mitochondria from selenite-adapted cells
showed a significant increase in number (Fig. 5D) and elongation in
shape (Fig. 5C) at =1.5 um selenite.

Effects of Selenite on GPX Activity, Antioxidant Enzymes, and
Cyclin-dependent Kinase Inhibitors. Enzymatic analysis showed
that GPX activities in the selenite-adapted cells were significantly
increased (2- to 3-fold induction; Fig. 6A). Enzymatic activity induc-
tion was similar between 0.5 and 2 um selenite, but GPX activity at
2.5 pum was dlightly higher than those at lower doses (P < 0.001
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compared with =2.0 um). When 1.5 and 2.5 um selenite-adapted cells
were switched to media without selenite for 2 weeks, GPX activities
were significantly decreased in both selenite-adapted cell cultures, but
activities were still significantly higher than that in the control cells
(Fig. 6B). The rates of decrease in GPX activity after selenite removal
were similar between 1.5 and 2.5 um selenite-adapted cells (data not
shown).

Western blotting showed that MNnSOD immunoreactive protein was
induced at =1.5 um concentrations of selenite (Fig. 7). CuZnSOD
immunoreactive protein levels were increased at =1.5 um concentra-
tions of selenite. There were no changes in CAT immunoreactive
protein levels. In the Trx and Trx R system, immunoreactive protein
of Trx R2 was induced and reached a peak value at 0.5 um selenite.
Trx Px Il immunoreactive protein levels were also induced but not
until alevel of 2.5 um selenite (Fig. 7). There were no changesin Trx,
Trx R1, Trx Px I, and Trx Px Il immunoreactive protein levels (Fig.
7) after exposure to sodium selenite. Cyclin-dependent kinase inhib-
itors p21WaVCIPL and p27<1PT immunoreactive protein levels were
induced (Fig. 7). p21"VaYCPY was induced only at =1.5 um doses of
selenite. p27<P* was induced at 0.5 um selenite, but there was no
additional induction at higher doses. B-actin, used as a control for
protein loading, showed no difference among al of the selenite doses
studied.

Similar to the results of GPX, the levels of MnSOD and
p21WaVSIPL i mmunoreactive proteins were decreased in both 1.5 and
25 um selenite-adapted cells after selenite removal for 2 weeks,
compared with levels in selenite-adapted cells in which selenite con-
tinued to be present in the media. The level of p21Wa V<P was even
lower in the 1.5 wwm than in the control cells (Fig. 8). In contrast, the
levels of CuZnSOD immunoreactive proteinin 1.5 and 2.5 um selen-
ite-adapted cells showed no change after selenite removal and were
higher than that in the control cells (Fig. 8). Levels of CAT, p27<iFt,
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Fig. 6. Effects of selenite on GPX activity in LNCaP cells with selenite adaptation. A,
cells were grown in media with selenite corresponding to their adapted doses. Data
represent mean = SD, n = 3. %, P < 0.001 compared with contral; =, P < 0.001
compared with control and 0.5 um. B, effects of selenite on GPX activity in selenited-
adapted LNCaP cells before and after selenite removal. 0, control; 1.5+, 1.5 um selenite-
adapted cells with 1.5 um selenite; 1.5—, 1.5 um selenite-adapted cells but without
selenite for 2 weeks; 2.5+, 2.5 um selenite-adapted cells with 2.5 um selenite; 2.5—, 2.5
um selenite-adapted cells but without selenite for 2 weeks. Data represent mean *= SD,
n = 3. %, P < 0.001 compared with control (O um selenite); =, P < 0.05 compared with

control and P < 0.001 compared with corresponding adapted cells without selenite
removal.
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Fig. 7. Western blot analysis of selected immunoreactive proteins in selenite-adapted
LNCaP cells. Levels of selenite adaptation are indicated above each lane. Protein loading:
MnSOD, CuZnSOD, CAT, and B-actin, 15 ug; Trx and Trx Px I, II, and 111, 20 pg; Trx
R 1 and I, p2aWaVCPL and p27KiPL, 40 ug.

and B-actin were not regulated by changing the status of selenitein the
culture media (Fig. 8).

Effects of Selenite on Cell Cycle Distribution. Flow cytometric
analysis showed no changes in cell cycle distribution at 24 h in the
nonadapted cells treated acutely with selenite at low concentrations; it
was not possible to calculate cell cycle distribution at high concen-

trations because of interference in histogram analysis by large num-
bers of apoptotic cells (data not shown). Selenite-adapted cells were
arrested in G,-M phase of the cell cycle and aso showed a decrease
in Sphase at doses of 1.5-2.5 um selenite in a dose-dependent manner
(Table 1). The percentage of cellsin Go-G, phase was decreased at 2
and 2.5 um concentrations of selenite.

DISCUSSION

Recent studies have suggested that selenium may be a potential
chemopreventive agent for prostate cancer (11, 14). However, the
underlying mechanisms of cancer chemoprevention by selenium re-
main to be elucidated. Additionally, acute treatment of prostate cancer
cellsin vitro has been shown to result in apoptosis (17, 18). To date,
most experimenta studies have investigated only the acute effects of
selenium on cell growth inhibition and cytotoxicity. Although there
are several studies of human prostate cancer cells (6, 16—18), at least
one of them studied the molecular mechanisms of selenium action in
prostate cancer chemoprevention and cancer therapy. In the clinical
setting, prostate cancer chemoprevention and cancer therapy are long-
term interventions, in which only nontoxic doses of selenium are used
(38). In the present study, we studied the LNCaP prostate cancer cell
line, an androgen-sensitive cell line, to investigate possible redox-
regulated mechanisms of selenium in acute anticancer effects. We also
developed selenium-adapted cells from the LNCaP cell line, which
allowed us to evauate the long-term effects of selenium in human
prostate cells. Our results demonstrated that anticancer effects of
selenium were mediated via a redox mechanism involving induction
of oxidative stress, as determined by alterations in intracellular GSH
levels in LNCaP human prostate cancer cells. However, the in vitro
biological consequences of selenite exposure were different between
acute and long-term exposure. |n acute exposure, selenite caused cell
death, mainly apoptosis attributable to oxidative stress; in chronic
long-term exposure, selenite caused only minima cell death but
inhibited cell growth by modifying gene expression and cell cycle
progression.

Both acute and chronic exposure to selenite resulted in atered GSH
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+ - + -
= - o w» =» MnSOD
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-— e aan e e CAT
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Kip1
S - 07
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Fig. 8. Western blot analysis of levels of MnSOD, CuznSOD, CAT, p21Wacirt,
p27KiP and B-actin immunoreactive proteinsin 1.5 and 2.5 um selenite-adapted LNCaP
cells before and after selenite removal. Levels of original selenite adaptation and presence
(+) or absence (—) of subsequent selenite to test for reversibility are indicated above each

lane. Selenite was removed from culture media for 2 weeks. Protein loading: MnSOD,
CuzZnSOD, CAT, and B-actin, 10 ug; p21WaVCiPL gnd p27XiPL 30 ug.

Selenite(uM) _0

Table 1 Effects of selenite on cell cycle distribution in selenite-adapted LNCaP cells

Selenite (um) Gy G, (%) S (%) G, M (%)
0 70.88 18.25 10.84
05 69.68 21.56 8.55
15 7144 16.24 12.33
20 52.01 14.85 33.14
25 38.85 11.14 50.01
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and GSSG levels. However, the selenite-adapted cells were able to
maintain a more optimal cellular GSH:GSSG ratio after exposure
to selenite, and this may partially explain the resistance of these cells
to selenite exposure. The mechanism(s) by which GSH and GSSG are
altered in selenite-adapted cells is not known, but induction of GPX
could use GSH and simultaneously increase GSSG levels. Intracellu-
lar GSH is akey redox regulator that is crucia for multiple biological
functions. The GSH:GSSG ratio usualy is an important measure of
intracellular redox balance. Increased GSSG indicates a shift in the
redox equilibrium toward oxidation. This change will ater protein
cysteinyl residues and, in turn, may alter protein-protein and protein-
DNA interactions and result in modulation of redox-sensitive en-
zymes, cell signaling proteins, and cell cycle-regulatory proteins.
Therefore, atered gene expression, resulting in altered regulation of
cell growth and/or cell death, may occur, depending on the levels and
location of redox shift. In our study, the redox shift by selenite was
probably beyond the limit of cell tolerance in the nonadapted cells
treated with selenite, and, therefore, the cells underwent apoptosis. In
contrast, GSSG increased to a high level in the selenite-adapted cells
only at the highest concentration tested (2.5 um), and therefore, the
cells could survive more readily than the nonadapted cells. Oxidative
stress may also explain why selenite-adapted cells had alteration of
expression of selected genes.

Mitochondria are vital organelles in eukaryotic cells. These or-
ganelles are well known to function in cellular energy metabolism,
resulting in the production of cellular ATP. In addition, mitochondria
are known to be a mgjor source of intracellular ROS, resulting from
aerobic metabolism. Recent studies have demonstrated that mitochon-
dria aso play a central role in controlling cell apoptosis (39). In our
study, mitochondria exhibited severe injury in selenite-induced acute
cytotoxicity, as demonstrated by loss of cristae and vacuolization.
These changes occurred before typical apoptotic changes (data not
shown). Flow cytometric analysis demonstrated an increase in hypo-
diploid cells, indicative of cells undergoing apoptosis. In contrast,
selenite-adapted cells showed a significant increase in size and num-
ber of mitochondria, and these mitochondria showed much less
damage. Flow cytometric analysis showed only minimal increase in
hypodiploid cells in selenite-adapted cells, indicating much fewer
apoptotic cells compared with nonadapted cells. Our results suggest
that mitochondria are probably the primary target of cell killing by
selenite. MNnSOD and Trx R2 are both mitochondrial enzymes, and
both show alarge increase in immunoreactive protein levelsin selen-
ite-adapted cells after treatment with selenite. In addition, GPX is
known to be localized in every compartment of the cell, including
mitochondria (40). An increase in mitochondria may be one mecha-
nism of cell adaptation to selenite after chronic long-term treatment.
Thebiological significance of this adaptation is not clear. It may result
in cancer cell resistance to selenium or may alter cell redox state
modulating cancer cell growth. Increased number and size of mito-
chondria are also seen during epithelial cell differentiation. Future
studies are needed to clarify the role of mitochondria in selenite-
induced toxicity after adaptation.

Selenium has been well known as a nutritional requirement in
maintaining human and animal health. The most important function of
selenium in human health is its antioxidant activity resulting from its
presence in the enzymatic active site of GPX (1) and Trx Rs (2). This
antioxidant function of selenium is aso considered to be the probable
mechanism of cancer prevention. Evidence supporting this hypothesis
was provided from epidemiological studies, which demonstrated that
people with low levels of plasma selenium had high incidence of
cancer (8—10). However, anima studies (19) and clinical trias in
humans (11) showed that the dosages of selenium required for cancer
prevention were at least 10 times higher than that of dietary require-

ments necessary to reach optimal antioxidant activity. In the present
study, we demonstrated that GPX activity and Trx R immunoreactive
proteins reached maximum levels at 0.5 um selenite, alevel which did
not result in significant cell growth inhibition. These results demon-
strate that GPX activity and immunoreactive protein levels of Trx Rs
did not strictly correlate with cancer cell growth inhibition and sug-
gest the possibility that the antioxidant functions of selenite do not
correlate with cancer cell growth inhibition. Our study does not
address the potential effects of selenium antioxidant activity on tumor
initiation and promotion because the model system used in our study
is a cancer cell line that has already presumably undergone the early
stages of cancer development. Protection of DNA damage from oxi-
dation by GPX has been considered to be the potential mechanism by
which selenium prevents tumor initiation (4).

In addition to its antioxidant activity, selenium is known to be toxic
at high levels, which is proposed to be one of the possible anticancer
mechanisms. When selenite undergoes redox metabolism, GSH is
consumed, whereas GSSG and ROS, especially superoxide, are pro-
duced (7, 19, 22). This can shift the cellular redox balanceto arelative
oxidative state. This change may result in two possible consequences
to cells, depending on the dose, duration, and intracellular detoxifying
systems: (a) it may cause cell death when the production of ROS,
oxidation of GSH, and resultant production of GSSG are beyond the
limit of cell tolerance; and (b) it may modify biological functions of
the cells when the changes are still within the limits of cell tolerance.
Superoxide may be the main ROS produced by selenite because an
SOD mimic was the most effective agent demonstrated to prevent
selenite cytotoxicity. These results and conclusions are in agreement
with previous studies by other laboratories (7, 22). A decreasein GSH
and an increase in GSSG could be explained by both selenite redox
metabolism and oxidative stress at high concentrations of selenite.
Sublethal damage may occur in selenite-adapted cells in which the
cells continuously grew in toxic levels of selenite.

MnSOD has been shown to be generally low in most types of
cancers compared with their normal counterparts (41). Suppression of
the malignant phenotype by overexpression of MnSOD has been
demonstrated in a variety of tumor cell lines (42—46). Up-regulation
of MnSOD in selenite-adapted LNCaP cells may be attributable to
oxidative stress caused by production of superoxide generated from
selenite redox metabolism. Increased MnSOD may protect cells from
oxidative damage and may also inhibit cancer cell growth. In addition,
an increase in MnSOD may change intracellular redox state by con-
verting superoxide into hydrogen peroxide, which, in turn, modifies
expression of redox-sensitive genes (47). Modification of NF-«B and
AP-1 activities was demonstrated in MnSOD-overexpressing MCF-7
human breast cancer cells (48). We have shown up-regulation of
p21WaVCiPL Sfter overexpression of MnSOD in a ras-transformed
human prostate epithelia cell line.* Conversely, it has been demon-
strated that overexpression of p21VaVCPL ypregulated MnSOD
expression (49). The exact relationship between MnSOD and
p21WaCiPL s not clear, but both genes have been shown to function
in regulation of cancer cell growth. Evidence from these studies
supports the potential influence of MnSOD on intracellular redox state
that may, in turn, alter transcription factor activity, gene expression,
and cell growth and differentiation. It is aso possible that both
MnSOD and p21WaYCiPL gre independently up-regulated by selenite
via an oxidative mechanism.

Cell cycle arrest at G,-M phase by selenium has been shown in
studies by others (50). Several studies have shown that overexpression
of p21WaVCIPL regilted in a cell cycle arrest at G,-M phase (51-53).

4 Unpublished observations.
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Previous studies have also demonstrated that genistein-induced cell
cyclearrest at G,-M phase and cell growth inhibition in human breast
and prostate cancer cells were associated with the induction of
p21WaCiPl (54_56). A G,-M cell cycle arrest by oxidative stress is
thought to be primarily attributable to DNA damage, which delays cell
cycle progression, thus allowing repair of damaged DNA. G,-M cell
cycle arrest induced by selenite may be caused by oxidative stress
and/or up-regulation of p21"VaY<P1 This may be the reason why the
selenite-adapted cells grew much slowly, although they continued to
grow in toxic levels of selenite.

It is unclear whether selenite adaptation would result in resistance
of cancer cells to selenium anticancer effects. Our results showed that
cell growth inhibition remained when selenite was present in the
culture medium. However, cell growth inhibition was reversible when
selenite was removed from the culture medium. The reversibility was
dose and time dependent. Cells grown in higher dose selenite recov-
ered more slowly than cells grown in low dose selenite; cells grown
in 25 um selenite showed no significant reversal of cell growth
inhibition (Fig. 3B) =9 days after selenite removal but showed sig-
nificant reversal at 2 weeks (data not shown). When cells were
re-exposed to corresponding concentrations of selenite after 2 weeks
of selenite removal, they still maintained resistance to selenite and
showed growth inhibition (data not shown). Our results suggest that
there may be different biochemical mechanisms controlling selenite
adaptation and selenite-induced cell growth inhibition. Our results
show that elevated CuZnSOD expression more closely correlated with
selenite adaptation, whereas elevated MnSOD and p21V#Y<P! more
closely correlated to cell growth inhibition.

In summary, our results demonstrate that intracellular redox state as
measured by cellular GSH and GSSG levels was dtered by sodium
selenite. However, the consequences were different after acute versus
chronic treatment. In acute treatment, selenite caused mitochondrial
damage and induced apoptosis in LNCaP cells. In chronic treatment,
LNCaP cells adapted to selenite cytotoxicity by altering their antiox-
idant defense systems and modifying intracellular redox state. Apo-
ptosis was dramatically decreased in selenite-adapted cells. Selenite-
adapted cells also showed a slow growth rate and up-regulation of
multiple proteins, some of which are redox sensitive and have cell
growth inhibition functions. Some of these up-regulated proteins are
known to be located in the mitochondria. Our results suggest that
redox-regulated anticancer effects may be one of the mechanisms of
cancer chemoprevention by selenium. Our results also suggest that
alteration of intracellular redox state by modifying cellular antioxi-
dants and antioxidant enzymes may regulate therapeutic effectiveness
of selenium in prostate cancer therapy.
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