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Summary

Prostate cancer is a complex multifactorial disease involving both genetic and environmental factors. Although
epidemiology suggest an association between dietary constituents and the likelihood of developing PCa, a direct
causal relationship between a specific dietary constituent and PCa has not yet been proven. As the etiology of PCa
remains unknown, it is not feasible to develop primary intervention strategies to remove the causative agents from
the environment. However, secondary intervention strategies with selenium and other agents represent a viable
option to reduce the morbidity and mortality of PCa. Selenium is one of the most promising chemopreventive
agents currently used in prostate cancer prevention. It is an essential trace element involved in several key
metabolic activities via selenoproteins, enzymes that are essential to protect against oxidative damage and to
regulate immune functions. Although the need for selenium in human and animals nutrition is well recognized, the
questions concerning the proper form for supplemental use is being debatable. This article aims to review the
diverse aspects of selenium biology, biochemistry, bioavailability, metabolism and toxicity. The ir vitro and in vivo
efficacy of selenium, mechanism of anti-carcinogenic action and synergy with micronutrients including its possible
function in chemoprevention are also discussed.
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There are more than 100 reported studies and more
than 2 dozen animal models on the use of selenium. Two
thirds of these studies have shown a clear
chemopreventive / antitumorigenic effect of selenium in
several organs including the mammary gland, liver, skin,
pancreas, esophagus, colon and prostate (Combs and Gray,
1998; Ip, 1998). Half of these reports demonstrate that
there is more than a 50% reduction in tumor growth with
selenium supplementation along with a selenium-replete
diet (Combs, 2001). Sodium selenite is more effective in
preventing chemically induced tumors, although tissue
levels of selenium are higher with selenomethionine (Ip
and Hayes, 1989). These reports have heightened interest
in additional human selenium chemoprevention studies
and have intensified the search for mechanism involved in
suppressing tumorigenesis. This review will examine the
evidence linking selenium to the prevention of PCa in
addition to providing a perspective on the putative in vitro
and in vivo mechanisms of chemoprevention.

I1. Selenium Biology
A. Forms and dosage of supplemental

selenium

Selenium is an essential constituent of extracellular
and cellular metalloenzymes, glutathione peroxidase,
thyroidal and extrathyroidal deiodinase, thioredoxin
reductase, and other selenoproteins (Burk, 1986; Lane et
al, 1989; Combs, 1999). Selenium is active in a variety of
selenoproteins, playing a preventive role in cancer
development. The antitumorigenic effect of selenium has
always been associated with supranutritional levels of this
constituent. In experimental animals, the suggested levels
have been > 1mg / kg diet or 0.7 mg / liter drinking water.
These doses are 10 times greater than those required to
prevent clinical signs of deficiency. Selenoproteins are
expressed maximally at dietary levels (0.5 mg/kg in
animals). It is unlikely that the anticarcinogenic effects of
supranutritional levels of selenium are related to these
proteins. Deprivation of selenium has been thought to
contribute to carcinogenesis by limiting the expression of
one or more selenoproteins that alter the redox system of
cells (Combs, 1999).

Selenium occurs naturally as selenomethionine, Se-
methy|-selenomethionine, selenocysteine and
selenocystine (Combs and Combs, 1984). The majority of
animal model have employed the oxidized inorganic salt.
Data from these models cannot be confidently extrapolated
to the organo-selenium compounds which are metabolized
differently. The beneficial effect of selenium is observed
when administered in its naturally occurring form as
seleno methionine. Higher animals have no efficient
mechanism for methionine synthesis and are unable to
synthesize selenomethionine (Combs, 1999). Accordingly,
only seleno-cysteine and not seleno-methionine is detected
in rats supplemented with selenium as selenite.

B. Selenium bioavailability

Dietary selenium intake depends on soil selenium
levels and the origin and types of food that are consumed.
A major portion of selenium is stored in the liver, and to a
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lesser extent in the kidney and muscle. Small amounts
exist in plasma and other organs (Drasch et al, 2000;
Patrick, 2004). Selenium is highly absorbable with no
homeostatic control mechanism for its absorption.
Absorption from food is efficient and the average dietary
intake is between 20-300 ug/day. Selenium deficiency is
correlated with reduced serum selenium concentrations of
85-90 ug/L (Levander and Morris, 1984; Y ang et al, 1984;
Patrick, 2004).

C. Metabolism of selenium

The metabolism of selenium is dynamic (Ganther,
1999, 2001). A wide array of metabolic products is
generated. Selenoprotein can be produced in the body
from various selenium sources. Selenomethionine
competes with methionine for absorption in the gut and is
integrated and stored in body proteins that contain
methionine (Ganther, 1971; Hsieh and Ganther, 1975;
Bjornstedt et al, 1992; Veres et a, 1994). It may also get
converted to selenocysteine and degraded to hydrogen
selenide. Selenite is aso metabolized to hydrogen selenide
complexed with glutathione. Hydrogen selenide is a key
metabolite that acts as a precursor for selenoprotein
synthesis and is the excreted form of selenium (Behne and
Kyriakopoulos, 2001). Hydrogen selenide is methylated
and later excreted in the urine and breath resulting in the
characteristic (nalitosisO or Qyarlic breathO (the odor of
dimethylselenide excreted through the lungs) associated
with selenium toxicity (Behne and Kyriakopoulos, 2001).
Methylation of selenium produces less toxic selenium
compounds. The monomethylated forms of selenium
metabolites have powerful effects on carcinogenesis, while
lacking some of the toxic effects produced by other forms
such as the inorganic selenite (Ganther, 1971; Ip, 1998).
Se-methylselenocysteine, a stable methylated selenium
compounds thus serves as a reservoir that provides a
steady stream of monomethylated selenium so that a
critical level is maintained and growth of cells are
inhibited (Ganther, 1999).

D. Selenium toxicity

The limit for selenium based on projected lifetime
exposure is 5ug/kg body weight/day (US Environmental
Protection Agency). The low adverse effect level LOAEL,
in humans, has been calculated at 1540+653 ug/day. The
no adverse effect level NOAEL, has been calculated at
819+126 ug/day (Whanger et al, 1996). There are reports
suggesting that selenium toxicity seen in China requires a
daily intake of 2 mg/day (Drasch et al, 2000). There has
been no evidence of selenium toxicity observed in the
Nutritional Prevention of Cancer Trial at doses of 400 ug
of selenium daily. There was no change in hair, nail or
skin or garlic breath associated with selenosis. One other
selenium triadl  wherein prostate cancer patients
(ascertained by biopsy) were randomized to 1,600 or 3,200
ug/day of selenized yeast for 12 months did not report any
selenium-related toxicity, although some side effects were
observed (Whanger et al, 1996; Reid et a, 2004; Marshall,
2001).
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III1. Selenium and prostate cancer

A. Models in defining efficacy of
chemoprevention agents

Animal models are central in testing the efficacy of
chemopreventive agents. The most feasible, redlistic, and
potentially effective target for PCa chemoprevention is the
progression from PIN to overt cancer. To date more than
100 publications have demonstrated the chemopreventive
potential of selenium. These encompass murine studies
including spontaneous and induced tumors. Lady
transgenics (12T-10) are particularly attractive in this
setting, as these animals develop progressive PCa from
low-grade intraepithelial neoplasia similar to of PCa, that
mimics the variable phenotype of human PCa.

The in vivo effects of selenium have been studied in
patients with PCa and BPH. Mean plasma selenium levels
have been shown to be lower in PCa patients relative to
controls and men with BPH. These findings may reflect
chronically lower selenium levels in PCa patients or
possibly that disease status caused depletion of serum
levels (Criqui et al, 1991; Hardell et a, 1995). In placebo-
controlled trials with low soil selenium content, the
incidence of PCa was significantly lower in the group that
received selenium supplementation (Clark et al, 1996,
1998; Fleet, 1997). In addition, Yoshizawa et a, (1998)
found that increased selenium levels from individuals who
later developed PCa, were associated with a reduced risk
of advanced disease.

In an established orthotopic prostate tumor model,
mae nude mice were fed a selenium replete diet
supplemented with different forms of selenium (sodium
selenate, selenomethionine, methylselenocysteine and
selenized yeast) at different concentrations. Results
revealed that inorganic selenium (sodium selenate
significantly retarded the growth of primary prostatic
tumors (Corcoran et al, 2004).

B. Mechanism of anti-carcinogenic action

of selenium

The inhibitory effects of selenium documented prior
to 1985 were in animals that received supplementa dietary
selenium. Studies on the inhibitory effect of selenium in
vitro were first carried out in the human PCa cell line
DU145. Data revealed that concentrations of between 102
M and 10®M may have a dight stimulatory effect on
growth of DU145 cells but effect gradually declines to
90% of control at 10°M. Beyond this there is a marked
inhibition, reaching an ID50 between 1x10°M and 2x10
®M, 4% at 10°M, and complete cell death occurs at 10°M
(Webber et al, 1985).

1. Antioxidant protection - oxidative stress

Mutagenic oxidative stress is thought to be a major
factor in carcinogenesis, as DNA bases are susceptible to
electrophilic attack by reactive oxygen species (ROS), and
if not corrected resulted in the expression of a malignant
phenotype (Combs, 1999). The hypothesis is that
antioxidants scavenge free radicals and thus act as anti-
carcinogens. Anticancer effects of sodium selenite, are
mediated via a redox mechanism involving induction of
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oxidative stress. Alterations in intracellular redox state
with modification of cellular antioxidants and antioxidant
enzymes may inhibit the therapeutic effectiveness of
selenium in PCa therapy (Zhong and Oberley, 2001).
Selenite was shown to alter intracellular redox status
towards an oxidative state by decreasing the ratio of GSH-
GSSG. Altering the redox environment of prostate cancer
cells with selenite was associated with increased apoptotic
potential, sensitizing cells to radiation-induced killing
(Husbeck et a, 2005). In asimilar study higher manganese
superoxide dismutase was seen to play an important rolein
eliminating superoxide radicals produced as a result of
selenite metabolism and contribute to tumor-selective
killing by selenite in prostate cancer (Husbeck et al, 2006).

2. Altered carcinogen metabolism

Studies on carcinogen metabolism have indicated
that supranutritional selenium supplementation can affect
carcinogen metabolism, by reducing the initiation of
carcinogenesis. Another group has found that dietary
levels of selenium (2mg/kg as selenite) reduced the
formation of DNA adducts (Chen et a, 1982).

3. Enhanced immune monitoring

Certain immune functions can be affected by
nutritional intake of selenium. Selenium deprivation
impairs the development of both B- and T-cell dependent
immune responses in animals (Marsh et al, 1986). Certain
cytotoxic activities of natural killer cells and
polymorphonuclear cells can be impaired by selenium
deprivation. Supranutritional selenium intake can enhance
immune surveillance of cancerous cells. Selenium has the
capability of stimulating cytotoxic activities of NK cells,
lymphocytes and lymphokine-activated killer cells (Ip and
White, 1987; Lane et a, 1989; Ryan-Harshman and
Aldoori, 2005).

4. Molecular basis

i. Cell growth

Epidemiological and clinical data suggest that
selenium may prevent PCa, but the biological effect of
selenium on normal or malignant prostate cells are not
known. Recently, it has been shown that selenium induces
retardation of DNA synthesis in primary prostate cells
(Morris et al, 2005). Both sodium selenite and
selenomethionine (0-500 wM) inhibited the growth of
prostate cancer cells (LNCaP, PC3, DU145) in a dose
dependent manner compared to prostate stromal, epithelial
or smooth muscle cells (Menter et al, 2000). The strongest
effects were observed on the androgen dependent LNCaP
cells; these were more sensitive to growth suppression
with selenite than with selenomethionine.

Selenium in the form of MSA has been shown to
significantly down-regulate the expression of prostate-
specific antigen transcript and protein in prostate cancer
cells. Selenium suppressed the binding of AR to the
androgen responsive element site. It has been implicated
that that selenium intervention aimed at complementing
the amplitude of androgen signaling could be used in
controlling the morbidity of the disease (Dong et a, 2004).
In a related study methylseleninic acid specificaly and
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rapidly inhibited PSA  expression through two
mechanisms. inducing PSA protein degradation and
suppressing androgen-stimulated PSA transcription. Both
these studies implicate important mechanistic implications
for prostate specific cancer chemoprevention of selenium
(Cho et a, 2004)

ii. Cell cycle

Different chemica forms of selenium have varying
effects on the cell cycle (Sinha et al, 1996; Sinha and
Medina, 1997; Redman et al, 1998; Menter et al, 2000;
Dong et a, 2003). The effects are also cell type dependent.
Selenomethionine treated normal prostate cells did not
exhibit the same proportion of sub-G0-G1 subpopulations
as did the prostate carcinoma cells. Androgen dependent
LNCaP cells exhibited a higher sub-GO-G1 cell fraction
than PC3 or DU145. We have demonstrated that
selenomethionine induced cell cycle arrest with
accumulation in S-phase in the androgen dependent
LNCaP cells but had no effect on androgen independent
PC3 cells. Transfection of a functional androgen receptor
into PC-3 cells restored selenium  sensitivity,
demonstrating that the effect was partly receptor mediated
(Venkateswaran et al, 2002).

Selenite treatment has been demonstrated to result in
high levels of superoxide production and a sequential
increase in levels of total and phosphorylated p53, and p21
(Zhao et al, 2006). These results are suggestive of the fact
that the action of selenite is through the production of
superoxide to activate p53, thereby inducing mitochondrial
translocation of p53.

iii. Cell death/Apoptosis

Methylseleninic acid (MSA) induced apoptosis is
accompanied by activation of multiple caspases,
mitochondrial release of cytochrome C, PARP cleavage
and DNA fragmentation (Jiang et al, 2001, 2002; Hu et al,
2005). These effects are seen only in detached cdlls,
indicating that MSA-induced cell detachment is a
prerequisite for caspase activation and the execution of
apoptosis. Selenite induced apoptosis is associated with
the phosphorylation of c-jun and p38 (Jiang et a, 2001,
2002). Selenite treatment has been shown to cause
significant increase in p53 phosphorylation and was an
important step that occurred several hours before caspase
activation and PARP cleavage (Jiang et a, 2004).
Yamaguchi et a, (2005) have recently demonstrated that
selenium-based dietary compounds may help to overcome
resistance to TRAIL-mediated apoptosis in PCa cells by
activating both the extrinsic and intrinsic pathways.
Treatment of prostate cancer cells with MSA have
provided strong evidence to support an important role of
endoplasmic reticulum (ER) stress response in mediating
the anticancer effect of selenium (Wu et al, 2005). MSA
has been shown to decrease Akt phosphorylation at
Thr308 and Ser473, suggesting that selenium-mediated
dephosphorylation of Akt was likely to be an additional
mechanism in regulating the status of phospho-Akt (Wu et
al, 2006).
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iv. Gene expression

Studies of the genetic events associated with
selenium-induced growth arrest in human prostate cancer
have been carried out by gene array (Schlicht et a, 2004;
El Bayoumy and Sinha, 2005; Zhao et al, 2004). Methyl-
seleninic acid induced cells were subjected to gene
profiling. One of the studies revealed a set of genes (2500
out of 12000) that may have been targets of MSA in
impeding cell cycle progression (Nelson et al, 1996; Dong
et al, 2002, 2003; Zhao et al, 2004). Each of these has
been related to signaling pathways that might mediate the
outcome of cell cycle blockade by selenium. One other
study showed that MSA modulated expression of many
androgen-regulated genes in human prostate cancer cells
in vitro (Zhao et al, 2004; Dong et a, 2005). A small set of
well-characterized androgen-regulated genes, including
those with androgen response regulatory eements show
expression changes that are reciprocal to those induced by
androgens. However, these have not been implicated as
direct targets of androgen signaling pathways. It has been
clearly shown that selenium affects a multitude of targets,
resulting in amplification of the response. The diversity of
this response also makes it difficult for transformed cells
to escape the inhibitory effect of selenium (Nelson et al,
1996; Dong et al, 2002, 2003).

5. Nuclear Factor kappa Beta (NFkB)

The transcription factor NFkB is a key antiapoptotic
factor in mammalian cells (Duffey et al, 1999; Wang et a,
1999; Huang et al, 2001; Gasparian et al, 2002a, b). This
has been shown to be suppressed by selenium. NFxB
complex is a homo-or heterodimer composed of proteins
from the NFkxB/Rel family. In non-stimulated cells NFkB
resides in the cytoplasm in a complex with the inhibitor
protein, together they are named 1kB. Selenium inhibition
of NFkB activation during early stages of tumorigenesis is
a possible mechanism of PCa prevention (Berges et al,
1995). NF«B has been shown to play a role in protecting
the cells against diverse apoptotic stimuli including
chemo-and radiotherapeutic treatments through the
activation of antiapoptotic gene program in cells (Barkett
and Gilmore, 1999). There is aso evidence that NF«B
activation induces cyclin D1, a cyclin that is expressed
early in the cell cycle and is crucial to the commitment to
DNA synthesis.

6. Human selenium binding protein (hsp56)

Human selenium binding protein hsp56, is the human
homologue of a rodent protein implicated in
chemoresistance. Thisis highly expressed in the androgen-
sensitive LNCaP cells but not in the androgen-insensitive
PC3 cells (Yang and Sytkowski, 1998). The expression of
this protein is reversibly down-regulated by androgens in
vitro. Recently, we have reported that treatment of LNCaP
cells with selenomethionine caused G1 arrest with 80%
reduction in the S phase, with no effect on PC3. Selenium
sensitivity was restored by the presence of a functional
androgen receptor. Together, this suggests that selenium
modulation of prostate cancer cell growth is mediated by
the androgen receptor as well as by hsp56.
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C. Synergy with other Antioxidants and

chemotherapeutic agents

Little information is available on the potential
synergy between selenium and other antioxidants. We
have aso demonstrated the synergistic effect of vitamin E
and selenomethionine in combination with a 95%
reduction in the growth of LNCaP cells in vitro
(Venkateswaran et al, 2004a). A highly significant
decrease in the incidence of PCa was observed in Lady
transgenic animals treated with a combination of
antioxidants (Venkateswaran et al, 2004b). MSA has been
shown to enhance apoptosis induced by chemotherapeutic
agents (adriamycin and taxol) in prostate cancer,
suggesting its use to enhance the effect of anti-cancer
agents (Vadgama et al, 2000; Zu and Ip, 2003; Hu et 4,
2005). The National Cancer Institute and Southwest
Oncology Group have initiated a large scale controlled,
randomized trial with PCa prevention as the primary end
point. This trial named the SELECT (Selenium and
Vitamin E Cancer Prevention Trial) is a phase I11, double-
blind, placebo-controlled, 12 year trial designed to assess
the effect of selenium and vitamin E, individually and in
combination, on the incidence of PCa as determined by
routine clinical management (Pak et al, 2002; Klein et al,
20033, b; Combs, 2004; Meuillet et al, 2004).

IV. Conclusion

Robust epidemiological and laboratory evidence
suggests that selenium in various forms suppresses growth
of cancer cells. Selenium has multiple roles in anti-
carcinogenesis. Redox-regulated anticancer effects are
likely one mechanisms of cancer chemoprevention. Hence,
the alteration of intracellular redox state by modifying
cellular antioxidants and antioxidants enzymes may
regulate the therapeutic effectiveness of selenium in PCa
Chemical transformation of selenium is an important
biochemical step in cancer prevention. Selenium acts at an
ealy stage in the progression of carcinogenesis.
Selenomethionine not synthesized by humans could have
beneficial physiological effects, not shared by other
selenium compounds. Hence, future studies should focus
on identifying such effects. SELECT, the large-scale,
population-based randomized controlled trial will directly
test the effect of agents like selenium aone and in
combination with vitamin E on the incidence of PCa
Androgens play a critical role in prostate carcinogensis.
However, a significant proportion of PCa become
androgen unresponsive and refractory to hormonal
therapy. Combination studies using antiandrogens and
selenium could unravel a multitude of aspects relating to
the biochemistry and/or possible functions of selenium
both as a chemoprevention and chemotherapeutic agent.
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