
INTRODUCTION

ACCUMULATING EVIDENCE indicates that redox-mediated
regulation of signal transduction and gene expression is

a fundamental mechanism in cell biology (12, 15). Reactive
oxygen species (ROS) play an important role in the regulation
of cell redox state. At high levels, ROS cause oxidative stress,
resulting in a variety of pathologic states, including carcino-
genesis and cell apoptosis. At low levels, ROS are involved in
the regulation of gene expression by direct participation in
cell signal transduction and/or modulation of the intracellular
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ABSTRACT

To study biologic effects of increased manganese superoxide dismutase (MnSOD) on cell behavior, we overex-
pressed MnSOD in a human prostate cancer cell line RWPE-2 by cDNA transfection. Stable transfectants of
MnSOD showed a two- to threefold increase in MnSOD protein and enzymatic activity and a decrease in
growth rate with prolonged cell population doubling times. Western blot analysis showed a 1.5- to twofold in-
crease in the cyclin-dependent kinase inhibitor p21Waf1 in MnSOD transfectants. Overexpression of MnSOD re-
sulted in a seven- to eightfold increase in reduced glutathione (GSH), 18- to 26-fold increase in oxidized glu-
tathione (GSSG), and a two- to threefold decrease in the ratio of GSH to GSSG. MnSOD-overexpressing cells
showed an increase in sensitivity to the cytotoxicity of buthionine sulfoximine, a glutathione-depleting agent,
and vitamin C, but a decrease in sensitivity to sodium selenite. Treatment with a superoxide dismutase (SOD)
mimic MnTMPyP resulted in similar effects of MnSOD overexpression on cell responses to vitamin C and sele-
nium. These data demonstrate that overexpression of MnSOD or treatment with SOD mimics can result in an-
tioxidant or prooxidant effects in cells, depending on the presence of other antioxidants and prooxidants.
MnSOD also has redox regulatory effects on cell growth and gene expression. These findings suggest that
MnSOD and SOD mimics have the potential for cancer prevention or treatment. Antioxid. Redox Signal. 6, 513–522.
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redox state. Redox regulation of ROS involves changes in in-
tracellular free glutathione or thiol groups in proteins, thus
altering the activities of the transcriptional factors activator
protein-1 and nuclear factor-kB (1, 41). ROS have been dem-
onstrated to be mediators of cell growth or differentiation in-
duced by growth factors (3, 39, 40).

Intracellular levels of ROS, mainly superoxide anion, hy-
drogen peroxide (H2O2), and hydroxyl radical, can be pro-
duced from normal cellular metabolism, chemotherapeutic
agents, and radiotherapy. They are regulated by antioxidant
systems, particularly antioxidant enzymes, such as superoxide



dismutases (SODs), catalase (CAT), and glutathione peroxi-
dases (GPx). Manganese SOD (MnSOD) is one of the primary
antioxidant enzymes and is located in mitochondria, which are
the main source of ROS production in aerobic organisms. The
main function of MnSOD is protection against oxidative stress
by conversion of superoxide into H2O2, which is subsequently
converted to O2 and H2O by GPx in mitochondria. In the cy-
tosol, levels of ROS are regulated by copper-zinc SOD (CuZn-
SOD), CAT, and GPx. Antioxidant enzymes coordinately reg-
ulate levels of intracellular ROS and therefore also regulate
intracellular redox state. The balance between ROS and an-
tioxidants is important for maintenance of intracellular redox
state. Additionally, the levels and the balance of antioxidant
enzymes are crucial to regulate levels of ROS and total intra-
cellular and organelle redox state.

A number of studies have demonstrated that levels of an-
tioxidant enzymes were altered in a variety of tumor cells
compared with their normal counterparts (27, 38). In general,
MnSOD and CAT are almost always low in tumor cells;
CuZnSOD is usually low; and GPx is variable. Decreased lev-
els of MnSOD mRNA were shown to be responsible for re-
duced levels of MnSOD. Conversely, elevated levels of
MnSOD by cDNA transfection suppressed tumor cell growth
(9, 22, 50). Exogenous MnSOD inhibited tumor cell growth
by elevating mitochondrial H2O2 levels, which could be re-
versed by cotransfection with GPx (23) or mitochondrial-
targeted CAT (33). Thus, overexpression of MnSOD can ei-
ther reduce oxidative stress or increase oxidative stress,
depending on the level of MnSOD and the balance of other
antioxidant enzymes.

Prostate cancer is the most commonly diagnosed non-skin
cancer in men in the United States. Accumulating evidence
has implicated the involvement of oxidative stress in prostate
cancer development and progression. A recent randomized-
controlled trial showed that selenium supplementation re-
duced prostate cancer incidence (10). An epidemiological
study revealed that higher selenium levels in toenails were as-
sociated with a reduced risk of prostate cancer incidence and
progression (46). An inverse relationship between serum lev-
els of selenium and the incidence of prostate cancer has also
been demonstrated by other studies (8, 43). Alteration of an-
tioxidant enzymes has been demonstrated in recent studies of
prostate cancer (4, 7, 28). In general, immunoreactive protein
levels of MnSOD, CuZnSOD, and CAT were lower in prosta-
tic intraepithelial neoplasia and prostate adenocarcinoma
than benign epithelium. Interestingly, one study demonstrated
that metastatic prostate cancer had higher levels of MnSOD
and oxidative damage products than primary tumor (28).
These results suggest that there is a shift in cellular redox
state in both primary and metastatic prostate cancer, although
redox state may be different in primary versus metastatic can-
cer. These changes partly contribute to prostate cancer car-
cinogenesis and the biologic properties of prostate cancer
cells. Alteration of cellular redox state in prostate cancer cells
may be the result of imbalance of antioxidant enzymes.

In the present study, effects of MnSOD on cellular pheno-
type and sensitivity to oxidative stress in a ras-transformed
human prostate cancer cell line RWPE-2 were examined.
Similar to the results of previous studies (9, 22, 50), overex-
pression of MnSOD altered the phenotype of RWPE-2 cells
and resulted in an oxidative shift in cell redox state and

growth inhibition. In addition, cells with MnSOD overex-
pression or treated with a SOD mimic manganese (III) tetra-
kis(1-methyl-4-pyridyl)porphyrin pentachloride (MnTMPyP)
showed increased sensitivity to the cytotoxicity of vitamin C
and buthionine sulfoximine (BSO), but decreased sensitivity
to the cytotoxicity of selenium. These results suggest that
overexpression of MnSOD or SOD mimic treatment may lead
to an alteration of cell redox by modulation of intracellular
ROS and result in changes in cellular sensitivity to other low-
molecular-weight antioxidants and prooxidants, which may
be of importance in cancer prevention and treatment.

MATERIALS AND METHODS

Chemicals and antibodies

Sodium selenite, BSO, vitamin C, and anti-b-actin anti-
body were purchased from Sigma Chemical Company (St.
Louis, MO, U.S.A.). MnTMPyP was purchased from Alexis
Biochemicals (San Diego, CA, U.S.A.). Anti-MnSOD and
anti-CuZnSOD antibodies were a gift from Dr. Larry Oberley
(University of Iowa, Iowa City, IA, U.S.A.). p21Waf1(C-19)
antibody was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, U.S.A.). Anti-CAT antibody was purchased
from Athens Research & Technology (Athens, GA, U.S.A.).

Cell culture

RWPE-2 cells were derived from a human papilloma virus-
18 immortalized cell line (RWPE-1) following transformation
by Ki-ras oncogene (5). Cells were routinely maintained in
100-mm tissue culture dishes (Corning) in keratinocyte-SF
medium supplemented with 1% antibiotic–antimycotic (Gib-
coBRL, Rockville, MD, U.S.A.) at 37°C in a humidified at-
mosphere of 95% air and 5% CO2. For biochemical analyses,
cells were collected by rinsing in phosphate-buffered saline
(PBS) three times, scraping with a rubber policeman in 10 ml
of PBS, and then centrifuging at 2,000 rpm for 5 min. After re-
moval of PBS, cell pellets were stored at 240°C until use.

Cell transfection

The plasmid vectors pcDNA3 and pcDNA3-MnSOD were
gifts from Dr. Larry Oberley of the University of Iowa. Cells
were seeded at a density of 1 3 105 cells per well in six-well
plates overnight. Cells were incubated in 1 ml of serum- and
antibiotic-free medium containing 6 µl of LipofectAMINE
Plus (GibcoBRL) and 1 µg of pcDNA3 or pcDNA3-MnSOD
plasmid vectors overnight and then grown in antibiotic-free
medium for 24 h. Transfectants were selected in the regular
medium with 500 µg/ml Geneticin (G418) (GibcoBRL) for
2 weeks. Overexpression of MnSOD in individual cell clones
was screened by western blot analysis. Transfectants were
routinely maintained in medium with 500 µg/ml G418. G418
was removed from the cultures for 4 days before the experi-
ments were performed.

Western blot analysis

Cell pellets were lysed with M-PERTM mammalian protein
extraction reagent (Pierce, Rockford, IL, U.S.A.), and protein
concentrations were determined by the Bradford method
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(Bio-Rad, Hercules, CA, U.S.A.). Cell lysates were elec-
trophoresed in 12% sodium dodecyl sulfate–polyacrylamide
gels and then transferred onto nitrocellulose membranes.
After blocking in 5% nonfat dry milk in 10 mM Tris buffer,
pH 7.8, with 0.1% Tween 20 (TTBS), the membranes were in-
cubated with primary antibodies at 1:1,000 dilutions in TTBS
overnight at 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 visual-
ized on x-ray film using the enhanced chemiluminescence
system (Pierce).

Colony formation and plating efficiency

Cells were seeded at a density of 200 cells per dish in 
60-mm tissue culture dishes with 5 ml of culture medium and
allowed to grow for 2 weeks without medium change. After
staining with a solution of 0.1% crystal violet and 2% citric
acid, cell colonies with >50 cells were counted under a dis-
secting microscope. Plating efficiency was calculated using a
formula of (colonies formed/cells seeded) 3 100.

SOD activity assay

SOD activity was measured as described previously (49).
In brief, protein samples (0–800 µg of total protein) in 100 µl
of 50 µM potassium phosphate buffer, pH 7.8, were incubated
in a mixture [50 mM potassium phosphate buffer, pH 7.8, 1 mM
DETAPAC (diethylenetriaminepentaacetic acid), 0.13 mg of
bovine serum albumin, 1 unit/ml CAT, 56 µM nitro blue tetra-
zolium (NBT), 0.1 mM xanthine, and 50 µM bathocuproine
disulfonic acid] for 15–30 min. After mixing with xanthine
oxidase that was adjusted to give an NBT reduction rate of
0.015–0.025/min at 560 nm, the reaction solution was immedi-
ately measured by a spectrophotometer (Beckman) at 560 nm
for 6 min at 20-s intervals. MnSOD activity was measured by
the addition of 5 mM NaCN in the mixture to inhibit CuZnSOD
activity. CuZnSOD activity was determined by subtracting
MnSOD from the total SOD activity. One unit of SOD activ-
ity is defined as the amount of protein required to give half-
maximal inhibition of NBT reduction.

Glutathione assay

Cells were collected by trypsinization and washed with
PBS after selenite treatment. The cells were suspended in
phosphate buffer (PB, 50 mM potassium phosphate buffer,
pH 7.8), and a small aliquot was used for protein quantitation.
For glutathione 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 glu-
tathione was measured in a DU640 spectrophotometer (Beck-
man) as previously described (48). Oxidized glutathione
(GSSG) was indirectly estimated by measuring reduced glu-
tathione (GSH) after the supernatants were incubated in 
2-vinylpyridine for 90 min at 4°C.

Cell growth analysis

Cells were seeded at 2 3 104 cells per well in 12-well
plates, and the medium was changed every 4 days. After
trypsinization, cell numbers were counted every 4 days using

a hemocytometer. Cell population doubling time was calcu-
lated by the formula 0.693t/ln (Nt/N0), where t is time in
hours, Nt is the cell number at time t, and N0 is the initial cell
number.

Cytotoxicity assay

Cells were seeded at 5,000 cells per well in 96-well plates
overnight before treatment with different agents and then
allowed to grow for an additional 72 h. 3-(4,5-Dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
used to estimate cell viability as described previously (49).

GPx activity gel assay

Total protein of each sample was separated in a native
12.5% polyacrylamide gel. The gel was first rinsed in distilled
water three times and then incubated in 1 mM glutathione and
0.008% cumene hydroperoxide for 10 min. The gel was then
stained with 2% ferric chloride and 2% potassium ferricyanide.
When achromatic bands appeared, the gel was washed exten-
sively with distilled water and then photographed.

Statistical analysis

ANOVA analysis with Tukey post hoc multiple compari-
son was used to determine the significance of statistical dif-
ference of the data at the level of p < 0.05 using SPSS com-
puter statistics software (SPSS Inc., Chicago, IL, U.S.A.).

RESULTS

Antioxidant enzyme expression in RWPE-2 cells

Multiple clones transfected with MnSOD cDNA or vector
control only were selected by exposure to 500 µg/ml G418
and subsequently screened using anti-MnSOD antibody to
determine levels of MnSOD immunoreactive protein. One
neo (vector) control and three MnSOD-overexpressing
clones, MnSOD1, MnSOD10, and MnSOD13, were chosen
for this study. Western blot analysis showed that the neo con-
trol clone had a slightly higher level of MnSOD immunoreac-
tive protein than the parental cell line whereas all three
MnSOD-transfected clones had a 2.2–2.7-fold increase in
MnSOD immunoreactive protein (Fig. 1A). Enzymatic assay
confirmed that MnSOD enzymatic activity was increased by
2.5–3.0-fold in the MnSOD transfectants compared with
parental cells (Table 1), which was consistent with increased
levels of MnSOD immunoreactive protein. CuZnSOD im-
munoreactive protein showed a slight decrease in neo and
MnSOD10 cells, a moderate decrease in MnSOD13 cells, and
no change in MnSOD1 cells (Fig. 1A). However, the enzy-
matic assay did not show significant changes in CuZnSOD
activity among these cell lines (Table 1). Levels of CAT im-
munoreactive protein were slightly increased in all MnSOD-
overexpressing cells compared with parental cells (Fig. 1A).
Two (MnSOD1 and MnSOD10) of the MnSOD transfectants
had 1.6- and 1.7-fold increases in GPx enzymatic activity
compared with parental cells, whereas MnSOD13 had no
change in GPx activity. Neo control cells showed no signifi-
cant changes in CAT immunoreactive protein and GPx enzy-
matic activity.
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Effects of MnSOD overexpression on cell growth

RWPE-2 cells showed phenotypic changes after overex-
pression of MnSOD. Colony assay showed that overexpres-
sion of MnSOD decreased the size of colonies (Fig. 2A), but
not the plating efficiency (Fig. 2B). All of the MnSOD trans-
fectants had slower growth rates than parental and neo cells
(Fig. 2C). Cell population doubling times were 31 h in
parental cells and 36 h in neo control cells. Cell population
doubling times were significantly increased in MnSOD-over-
expressing cells: 42 h for MnSOD1 cells, 41 h for MnSOD10
cells, and 45 h for MnSOD13 cells. However, flow cytometric
analysis showed no significant changes in cell population dis-
tribution in G0/G1, S, and G2/M cell cycle phases (data not
shown). Western blot analysis showed that levels of p21Waf1

immunoreactive protein were increased by 1.5–2.0-fold in
MnSOD-overexpressing clones compared with the parental
cell line (Fig. 1A).
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FIG. 1. (A) Western blot analysis of MnSOD, CuZnSOD,
CAT, p21Waf1, and b-actin in RWPE-2 cells. Twenty micro-
grams of total cellular protein was loaded per lane for MnSOD,
CuZnSOD, CAT, and b-actin and 40 µg of protein per lane for
p21Waf1. (B) Activity gel analysis of GPx enzymatic activity.
One hundred micrograms of total cellular protein was loaded
per lane. Relative areas shown below individual protein bands
are the intensity of individual bands measured by densitometry,
and numbers present fold changes of band intensity relative to
the corresponding parental cells. Data presented are one repre-
sentative experiment of three independent experiments that
showed similar results. Lane 1, parental cells; lane 2, neo (vec-
tor) control; lane 3, MnSOD1; lane 4, MnSOD10; lane 5,
MnSOD13.

TABLE 1. SOD ACTIVITY IN RWPE-2 CELLS

(UNITS/MG OF TOTAL PROTEIN)*

Cell line Total SOD MnSOD CuZnSOD

Parental 42 ± 6 20 ± 3 22 ± 7
Neo 38 ± 4 25 ± 7 13 ± 8
MnSOD1 77 ± 6† 49 ± 8† 28 ± 10
MnSOD10 92 ± 4† 67 ± 6† 25 ± 7
MnSOD13 86 ± 9† 59 ± 7† 27 ± 11

*Values represent means ± SD (n = 3).
†p < 0.05 compared with parental cells.

FIG. 2. Effect of MnSOD overexpression on growth of
RWPE-2 cells. (A) Colony formation assay of cell growth.
Cells were plated at a density of 200 cells per dish in 60-mm
dishes and allowed to grow for 2 weeks without medium
change. After staining in a solution with 0.1% crystal violet
and 2% citric acid, cell colonies were photographed using a
bright-field microscope. (B) Plating efficiency. The experiment
was performed as described in A. Cell colonies were counted
under a dissecting microscope. Plating efficiency was calcu-
lated as described in Materials and Methods. Data represent
means ± SD (n = 5). (C) Cell growth curves. Cells were seeded
at 2 3 104 cells per well in 12-well plates. Cell numbers were
determined every 4 days using a hemocytometer. Medium was
replaced every 4 days. Data represent means ± SD (n = 3). *p <
0.05 compared with parental cells on day 12; **p < 0.01 com-
pared with parental and neo cells on day 12.
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Alteration of intracellular levels of GSH 
and GSSG by MnSOD overexpression

To demonstrate alteration of intracellular redox state by
MnSOD overexpression, levels of intracellular GSH and
GSSG were measured using a chemical assay. As shown in
Table 2, MnSOD-overexpressing clones had a seven- to nine-
fold increase in GSH, an 18–26-fold increase in GSSG, and a
two- to threefold decrease in the ratio of GSH to GSSG
(GSH:GSSG) compared with parental cells. For comparison,
neo control cells showed minimal alterations in intracellular
GSH (a 1.5-fold increase), GSSG (a twofold increase), and
GSH:GSSG (a 1.3-fold decrease).

Effects of MnSOD overexpression on cellular
sensitivity to the prooxidant BSO

Figure 3 shows that MnSOD transfectants dramatically in-
creased their sensitivity to the cytotoxic effect of BSO, a
GSH-depleting agent. Cellular sensitivity to BSO appeared to
be correlated with an alteration of GPx activity in MnSOD
transfectants. MnSOD13 cells had no change in GPx activity

and were the most sensitive to BSO. MnSOD10 cells had a
1.7-fold increase in GPx activity and were less sensitive to
BSO, whereas MnSOD1 cells had a 1.5-fold increase in GPx
activity and their sensitivity to BSO was intermediate be-
tween that of MnSOD10 and MnSOD13 cells. Although neo
control cells also had increased sensitivity to BSO, they were
much less sensitive than MnSOD transfectants. After cells
were treated with BSO for 24 h, levels of GSH were ex-
tremely low and levels of GSSG were undetectable (data not
shown). Cell apoptosis was examined by fluorescence mi-
croscopy flowing Hoechst staining of the cells. There was
only minimal increased apoptosis in MnSOD-overexpressing
cells when treated with BSO (data not shown), suggesting
that cell death is due to necrosis.

Effects of MnSOD overexpression and a MnSOD
mimic on cellular sensitivity to sodium selenite

Selenium is a key element for selenoproteins, most of
which function as antioxidant enzymes, an example being
GPx. On the other hand, at high levels selenium can function
as a prooxidant by producing superoxide radicals (11). As
shown in Fig. 4A, treatment with sodium selenite for 72 h re-
sulted in cell death in RWPE-2 cells in a dose-dependent
manner. All three MnSOD transfectants significantly de-
creased their sensitivity to the cytotoxic effect of sodium sel-
enite as compared with the parental and the neo cells,
whereas the neo cells had similar sensitivity to the parental
cells. Similar to the effect of MnSOD overexpression, an
MnSOD mimic MnTMPyP also protected the parental cells
against the cytotoxic effect of sodium selenite in a dose-
dependent manner (Fig 4B). There was no significant in-
crease in apoptosis in cells treated with MnTMPyP as de-
tected by Hoechst staining (data not shown). These results
demonstrated that MnSOD could protect cells against the cy-
totoxic effects of selenium, suggesting that sodium selenite
causes cell killing by the production of superoxide radicals.

Effects of MnSOD overexpression and a MnSOD
mimic on cellular response to vitamin C

Vitamin C is an antioxidant that generally protects against
oxidative stress. However, several studies demonstrated that vi-
tamin C has anticancer activity through a prooxidant effect at
high concentrations (24, 26, 42). One of these studies showed
that vitamin C inhibited division and growth of human prostate
cancer cells through the production of H2O2 (26). As shown in
Fig. 5A, 2 mM vitamin C had a mild effect on the viability of
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TABLE 2. LEVELS OF GSH AND GSSG IN RWPE-2 CELLS*

Cell line GSH (µg/106 cells) GSSG (µg/106 cells) GSH:GSSG

Parental 5.72 ± 0.28 0.006 ± 0.001 904
Neo 8.32 ± 1.96 0.012 ± 0.003† 693
MnSOD1 41.91 ± 0.89‡ 0.152 ± 0.031‡ 275
MnSOD10 49.56 ± 0.51‡ 0.153 ± 0.005‡ 324
MnSOD13 43.99 ± 1.02‡ 0.106 ± 0.005‡ 412

*Values represent means ± SD (n = 3).
†p < 0.05 compared with parental cells.
‡p < 0.01 compared with parental and neo cells.

FIG. 3. MTT assay of cytotoxicity of BSO in RWPE-2
cells. Cells were plated at 5,000 cells per well in 96-well plates
overnight and treated with 1 mM BSO for 72 h. Percent sur-
vival is cell viability relative to the corresponding cells without
BSO treatment. Data represent means ± SD (n = 5). *p < 0.05
compared with the parental cells; **p < 0.01 compared with
parental and neo cells.
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parental and neo cells, but significantly decreased the viability
of all three MnSOD transfectants. Similar to the effect of
MnSOD overexpression, parental and neo cells treated with vi-
tamin C and the MnSOD mimic MnTMPyP showed a signifi-
cant decrease in cell viability. MnTMPyP also enhanced the
sensitivity of MnSOD-overexpressing cells to the cytotoxicity
of vitamin C. When parental cells were treated with either
MnTMPyP or BSO, they became more sensitive to vitamin C
(Fig. 5B). In addition, MnTMPyP and BSO had a synergistic
effect on cellular sensitivity to vitamin C (Fig. 5B). A signifi-
cant increase in apoptosis was not detected in cells treated with
these agents by Hoechst staining (data not shown).

DISCUSSION

MnSOD is a crucial antioxidant enzyme in biologic sys-
tems functioning to protect against oxidative stress, specifi-

cally superoxide radical stress or damage. MnSOD is also
involved in cell redox regulation and controls signal trans-
duction and gene expression (19, 32, 45, 47). The present
study demonstrated that overexpression of MnSOD in
RWPE-2 cells resulted in an increase in GSH and GSSG, a
decrease in GSH:GSSG, cell growth inhibition, and in-
creased levels of p21Waf1. RWPE-2 cells with overexpression
of MnSOD increased their sensitivity to the cytotoxicity of
BSO. In addition, overexpression of MnSOD or treatment
with an MnSOD mimic protected cells from the cytotoxicity
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FIG. 4. MTT assay of the cytotoxic effect of sodium selen-
ite in RWPE-2 cells. (A) Dose-dependent effect of sodium sel-
enite in RWPE-2 parental, neo, and MnSOD-overexpressing
cells. (B) Dose-dependent protective effect of the SOD mimic
MnTMPyP on the cytotoxicity of sodium selenite in RWPE-2
parental cells. Cells were plated at 5,000 cells per well in 
96-well plates overnight and treated with sodium selenite
and/or MnTMPyP for 72 h. Percent survival is cell viability rel-
ative to 0 µM sodium selenite in A or the control of no selenite
in B. Data represent means ± SD (n = 5). *p < 0.01 compared
with parental and neo cells at 0.5 µM sodium selenite or com-
pared with the control of no selenite.

FIG. 5. (A) MTT assay of the effect of MnSOD overexpres-
sion and the SOD mimic MnTMPyP on vitamin C-induced cy-
totoxicity in RWPE-2 cells. Data represent means ± SD (n = 5).
*p < 0.01 compared with parental and neo cells without
MnTMPyP treatment; **p < 0.01 compared with parental and
neo cells without MnTMPyP treatment; #p < 0.01 compared
with corresponding cells without MnTMPyP treatment and
parental and neo cells with MnTMPyP treatment. (B) Com-
bined effects of MnTMPyP, vitamin C, and BSO in RWPE-2
parental cells. Data represent means ± SD (n = 5). *p < 0.05
compared with cells without treatment; **p < 0.01 compared
with cells treated with MnTMPyP or vitamin C only; #p < 0.01
compared with cells treated with vitamin C or BSO only; 
##p < 0.01 compared with cells treated with MnTMPyP plus
vitamin C or BSO plus vitamin C. Cells were plated at 5,000
cells per well in 96-well plates overnight and treated with dif-
ferent agents for 72 h. Percent survival is cell viability relative
to parental cells treated with vitamin C only in A or cells with-
out treatment in B.
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of selenium, but enhanced cell sensitivity to the cytotoxicity
of vitamin C.

Accumulating evidence indicates that MnSOD is not sim-
ply an antioxidant enzyme, but also functions to regulate cell
behavior. It has been postulated that MnSOD is also a tumor
suppressor gene and that levels of MnSOD generally de-
creased in a variety of tumor cells compared with their nor-
mal counterparts (27, 38). Furthermore, overexpression of
MnSOD by cDNA transfection suppressed the malignant
phenotype of a variety of tumor types, including human pros-
tate cancer cells (9, 22, 50). MnSOD can modulate cell redox
state and, subsequently, signaling pathways, gene expression,
and cell responses to other antioxidants and prooxidants (32,
45, 47, 49). Results from these studies strongly support the
concept that overexpression of MnSOD may lead to an imbal-
ance of antioxidant systems and subsequently to an oxidative
shift in cell redox state, which may directly regulate cell
growth by influencing gene expression, signal transduction,
or mitochondrial metabolism.

The potential underlying mechanism of H2O2 accumulation
by overexpression of MnSOD may be due to the imbalance
between MnSOD and GPx in mitochondria, under which the
production of H2O2 is greater than its removal. Alternatively,
an increase in production of H2O2 by overexpression of
MnSOD may result in an imbalanced increase in antioxidants
and subsequent alteration of cell redox state. In the present
study, levels of GSH were increased in MnSOD-overexpress-
ing RWPE-2 cells. However, levels of GSSG were increased
and GSH:GSSG was decreased, indicating a net oxidative
shift in cell redox state by overexpression of MnSOD. In-
creased levels of GSH were likely to be a compensatory reac-
tion of the cells to the prooxidative effects of overexpression
of MnSOD. Cell death in MnSOD-overexpressing cells was
significantly increased following GSH depletion by BSO,
suggesting an increased production of H2O2 in MnSOD-
overexpressing RWPE-2 cells because GSH is required for
GPx to detoxify H2O2. RWPE-2 cells with MnSOD overex-
pression showed no changes or a slight increase in levels of
CAT and GPx, which may not be sufficient to balance the
prooxidative effects from MnSOD overexpression, particu-
larly in mitochondria where levels of ROS are high.

Cyclin-dependent kinase inhibitor p21Waf1 is a negative cell
cycle regulator, which inhibits cell cycle progression through
G1/S or G2/M checkpoints by inhibiting cyclin/cyclin-
dependent kinase complexes. p21waf1 is also known to be in-
volved in stress response, apoptosis, and tumorigenesis (44).
Studies have demonstrated that p21Waf1 is a redox-sensitive
gene that is up-regulated by a variety of oxidative stresses,
including superoxide, H2O2, hyperoxia, and changes in
GSH:GSSG status (31, 35). Our study demonstrated that
overexpression of MnSOD increased levels of GSSG and de-
creased GSH:GSSG, indicating an oxidative shift in cell
redox state in MnSOD-overexpressing cells. Therefore, up-
regulation of p21Waf1 by MnSOD overexpression may be
through an oxidative-mediated mechanism. Cell growth inhi-
bition by MnSOD overexpression may be due, at least in part,
to the up-regulation of p21Waf1. Cell growth inhibition can be
due to cell cycle arrest or an increase in time of cell cycle
progression. Our data demonstrated that overexpression of
MnSOD in RWPE-2 cells inhibited cell growth mainly due to
prolonged cell doubling time instead of cell arrest in a spe-

cific phase of the cell cycle. An up-regulation of p21Waf1 may
contribute to, but may not be the main regulator for cell
growth inhibition following MnSOD overexpression.

Selenium is an essential trace element for humans and ani-
mals. Epidemiological studies have shown an inverse rela-
tionship between serum levels of selenium and the risk of
prostate cancer (8, 43, 46). A recent clinical intervention trial
demonstrated that selenium supplementation decreased the
incidence of prostate, colon, and lung cancers and that sele-
nium is a promising agent for cancer chemoprevention (10).
Selenium is a key component for the enzymatic activity of
GPx, which is responsible for detoxification of H2O2 and or-
ganic hydroperoxides in protecting cells against oxidative
damage (34). Before natural chemical forms of selenium can
be utilized for incorporation into GPx and other selenopro-
teins, they undergo thiol-dependent reductive metabolism
with consumption of GSH and production of GSSG (11). In
addition, hydrogen selenide, one of the intermediate metabo-
lites, can be converted to elemental selenium with the pro-
duction of superoxide radicals. Both consumption of GSH
and production of superoxide radicals in selenium redox me-
tabolism can cause an oxidative shift in cell redox state.
Therefore, it is apparent that selenium can function as an an-
tioxidant or a prooxidant.

Studies have demonstrated that selenium induced cell
apoptosis in association with oxidative stress (36, 37, 48).
Conversely, antioxidants protected cells from apoptosis in-
duced by selenium (36, 48). Our previous study showed that
sodium selenite induced apoptosis in LNCaP human prostate
cancer cells and also decreased levels of GSH and increased
levels of GSSG (48). Cell death induced by selenite was en-
hanced by cotreatment with BSO, but inhibited by cotreat-
ment with the SOD mimic MnTMPyP or N-acetylcysteine.
Additionally, it has been demonstrated that apoptosis induced
by selenium was associated with mitochondrial injury and ac-
tivation of caspase cascades (18, 48). The present study dem-
onstrated that RWPE-2 cell death induced by selenite was in-
hibited by overexpression of MnSOD or the SOD mimic
MnTMPyP. These results support the concept that selenium
induces cell death by oxidative stress.

Epidemiological studies suggest that vitamin C, a water-
soluble antioxidant, may have a protective effect against
human tumors, but data are controversial (2, 17, 21, 25). It
has been proposed that vitamin C protects against oxidative
damage to DNA to reduce the risk of cancer by scavenging
ROS. However, vitamin C can be autooxidized to produce
semidehydroascorbate radicals or H2O2 and, therefore, also
acts as a prooxidant, particularly in the presence of transition
metal ions (20). Some studies have demonstrated that treat-
ment with vitamin C increased DNA damage or lipid oxida-
tion (20, 30). Whether vitamin C acts as an antioxidant or a
prooxidant is dependent on the vitamin C concentration, the
intracellular redox state, and/or levels of transition metals.
The prooxidant effect of vitamin C has been proposed to be
the potential mechanism of vitamin C in cancer treatment.
Studies demonstrated that treatment with vitamin C reduced
viability and DNA synthesis of human prostate cancer cells
in a dose-dependent manner (24, 26, 42). The effects of vita-
min C were inhibited by CAT, but not SOD, suggesting an in-
volvement of H2O2 in vitamin C-induced cell death and
growth inhibition. A recent study demonstrated that vitamin
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C and dehydroascorbate induced cell cycle arrest at G2/M
phase, as well as potentiated oxidative stress induced by xan-
thine/xanthine oxidase, a superoxide-generating system (6).
Consistent with these oxidative effects of vitamin C on
human prostate cancer cells, our study demonstrated that a
prooxidant state induced by treatment with BSO and the
SOD mimic or overexpression of MnSOD enhanced prostate
cancer cell sensitivity to vitamin C. The potential mechanism
for the BSO effect is likely due to the depletion of GSH,
which is required for ROS removal and conversion of vita-
min C radicals to vitamin C. As a consequence of GSH de-
pletion and H2O2 accumulation, cell killing was enhanced by
the combined treatment of BSO with vitamin C. Increased
sensitivity to vitamin C in cells with MnSOD overexpression
is likely associated with oxidative stress due to an oxidative
shift in cell redox state. Therefore, it is reasonable to postu-
late that effects of vitamin C on cancer cell killing or growth
inhibition are due in part to a prooxidant mechanism or mod-
ulation of cell redox state. Therefore, levels of antioxidants
and antioxidant enzymes can influence the anticancer effi-
cacy of vitamin C.

The SOD mimic MnTMPyP is a stable manganese–
porphyrin complex that has been demonstrated to catalyze
dismutation of superoxide radical to H2O2, but unlike SOD,
MnTMPyP acts like a NADPH/GSH:superoxide oxidoreduc-
tase in vivo (14). MnTMPyP also functions as a scavenger of
H2O2 and nitric oxide (13, 29). It has been demonstrated that
MnTMPyP protected E. coli or mammalian cells against su-
peroxide damage by paraquat or pyocyanine (14, 16).
MnTMPyP also protected mammalian cells against H2O2 tox-
icity (13), suggesting a CAT- or peroxidase-like activity. A
lack of cell growth inhibition by MnTMPyP may due to its
dual activities of scavenging superoxide and H2O2, which
prevents accumulation of H2O2, the likely mechanism by
which overexpression of MnSOD inhibits cell growth. This
may be the reason why MnTMPyP alone only protected cells
against oxidative damage from selenium without causing cell
growth inhibition. On the other hand, one study demonstrated
that MnTMPyP enhanced menadione-mediated cytotoxicity
in mammalian cells (16). This study demonstrated that
MnTMPyP enhanced the production of superoxide radical in
cells in the presence of menadione through the redox cycling
of MnTMPyP. Both MnTMPyP and menadione also potenti-
ated the autooxidation of vitamin C. This may be the mecha-
nism by which MnTMPyP enhanced vitamin C toxicity to
cells in our study. The same study also demonstrated that
MnTMPyP alone caused cell growth inhibition under 95% O2

and 5% CO2, but not under 95% air and 5% CO2 (16).
The cell growth inhibition by MnTPyP was cell density-
dependent and was more effective in confluent cultures. Cell
growth inhibition was not demonstrable in RWPE-2 cells
treated with MnTMPyP in concentrations up to 50 µM in
our study (data not shown), suggesting that cell growth in-
hibition by MnTMPyP may be cell type- or cell redox state-
dependent. Our data demonstrated that MnTMPyP functioned
as an antioxidant or a prooxidant in RWPE-2 cells, depending
on the cell redox state and the presence of other redox-
modulating factors, but had no regulatory effects on cell
growth, which was different from overexpression of MnSOD.
This may also be due to the difference in subcellular localiza-

tions between MnSOD and MnTMPyP; the former is in mito-
chondria, whereas the latter is mainly in the cytosol (16).

Consistent with the results of previous studies, the present
study demonstrates that overexpression of MnSOD altered
cell redox state and sensitivity to oxidative stress, and inhib-
ited cell proliferation in a k-ras oncogene-transformed
human prostate cell line. The results suggest that cell redox
state may play an important role in controlling cell behavior,
such as proliferation and sensitivity to radiation and chemo-
therapy. Furthermore, the data indicate that effects of anti-
oxidant enzymes and antioxidants on cell behavior are com-
plex, depending on not only levels, but also the balance
of antioxidant enzymes. MnSOD generally functions as an
antioxidant by removing superoxide radicals. On the other
hand, it can also function as a prooxidant by producing H2O2
through the dismutative catalysis of superoxide radicals
when cellular peroxide-removing capability is inadequate,
such as no corresponding increase in CAT or GPx or under
circumstances of GSH depletion. Here, we demonstrate that
overexpression of MnSOD protected against oxidative stress
induced by a superoxide-generating compound, sodium sel-
enite, but resulted in prooxidant effects as demonstrated by a
decrease in GSH:GSSG and increased sensitivity to GSH-
depleting agent BSO. Our data also demonstrate prooxida-
tive effects of the SOD mimic MnTMPyP, selenium, and vit-
amin C, suggesting paradoxical effects of some antioxidants
and antioxidant enzymes, which may depend on levels and
the balance of antioxidant systems and the presence of other
redox-modulating factors in biologic systems. To achieve
successful therapies involving ROS generation, such as radi-
ation and chemotherapy using free radical-generating agents,
it is important to determine cell and organelle redox state
and levels of antioxidant enzymes and other small molecular
weight antioxidants. Future studies will be necessary to de-
termine how to use gene transfection strategies to alter an-
tioxidant enzymes and cell redox state or to use SOD mimics
and other small molecular weight antioxidants or prooxi-
dants to alter cell redox state and subsequently to lead to
more successful cancer therapies.
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ABBREVIATIONS

BSO, buthionine sulfoximine; CAT, catalase; CuZnSOD,
copper-zinc superoxide dismutase; GPx, glutathione peroxi-
dase; GSH, reduced glutathione; GSSG, glutathione disul-
fide or oxidized form of glutathione; H2O2, hydrogen perox-
ide; MnSOD, manganese superoxide dismutase; MnTMPyP,
manganese (III) tetrakis(1-methyl-4-pyridyl)porphyrin pen-
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tachloride; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide; NBT, nitro blue tetrazolium; PBS,
phosphate-buffered saline; redox, reduction/oxidation; ROS,
reactive oxygen species; SOD, superoxide dismutase; TTBS,
Tris buffer with Tween 20.
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