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Abstract Converging data from epidemiological, ecologi-
cal, and clinical studies have shown that selenium (Se) can
decrease the risk for some types of human cancers. Induc-
tion of apoptosis is considered an important cellular event
that can account for the cancer preventive effects of Se. Prior
to occurrence of apoptosis, Se compounds alter the expres-
sion and/or activities of signaling molecules, mitochondria-
associated factors, transcriptional factors, tumor suppressor
genes, and cellular reduced glutathione. Mechanistic studies
have demonstrated that the methylselenol metabolite pool
has many desirable attributes of chemoprevention, whereas
the hydrogen selenide pool with excess of selenoprotein syn-
thesis can lead to DNA single-strand breaks. To elucidate the
effects of Se on cytotoxic events, it should be remembered
that the chemical forms and the dose of Se, and the ex-
perimental system used, are determinants of its biological
activities. This mini-review focuses on elucidation of the
molecular mechanisms of cancer prevention by Se with the
apoptotic approach.

Keywords Selenium compounds · Apoptosis · Chemical
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Introduction

Cancer chemoprevention has received increasing attention
in recent years. Many agents, including naturally occurring
and synthetic compounds, have been demonstrated to exhibit
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cancer preventive activity (Kelloff et al., 2000). Of particular
significance is the realization that many dietary components
have cancer chemopreventive activity. Selenium (Se) is an
essential dietary nutrient for all mammalian species, which
is primarily taken up from the soil by plants as selenate
(SeO4

2−) or selenite (SeO3
2−). Se is specifically incorpo-

rated into proteins in the form of selenocysteine (Se-Cys;
21st amino acid) and non-specifically incorporated as se-
lenomethionine (Se-Met) in place of methionine, which are
used for the synthesis of selenoproteins including glutathione
peroxidase, thioredoxin reductase, selenoprotein P and other
enzymes (Ganther, 1999). The effects of Se compounds on
cancer cells are strictly compositional and concentration-
dependent. At supra-nutritional dietary levels, Se can pre-
vent the development of many types of cancer. At higher
concentrations, Se compounds can be either cytotoxic or
possibly carcinogenic. The cytotoxicity of Se is suggested
to be associated with oxidative stress, leading to genomic
instability. Accordingly, sodium selenite, an inorganic Se
compound, was reported to induce DNA damage, particu-
larly DNA strand breaks and base damage. The use of a
cocktail consisting of Se, and other vitamins and minerals
appears to be a promising approach to inhibit genetic dam-
age and the development of cancer. When incorporated into
selenoproteins, Se protects tissues and membranes from ox-
idative stress and controls the cell redox status (Rayman,
2000). In addition, epidemiological studies have suggested
an inverse association of serum levels of Se with the in-
cidence of squamous esophageal and adenomatous gastric
cardia cancers (Mark et al., 2000). There is currently much
interest in the potential cancer protective effects of Se. In
terms of individual cancer types, evidence from the largest
studies is strongest for lung, colon, prostate, and liver can-
cers, in which p53 mutations are frequent. Several new trials
for Se are under way to validate prostate and non-small cell
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lung cancer preventive efficacy (Klein, 2004; Karp, 2005).
This review addresses the evidence for Se as a cancer preven-
tive agent and focuses mainly on the possible mechanisms
of apoptotic action of Se in cancer prevention.

Discussion

Role of chemical forms of Se and their metabolism

Se exists in mostly organic forms in normal diets. Organic
Se is present in foods mainly in the forms of Se-Met, Se-
Cys and Se-methylselenocysteine (CH3SeCys), whereas in-
organic Se either as selenite or selenate occurs much less
frequently and in very low amounts (Fig. 1). Of the organic
forms, Se-Met is the predominant form in most Se-rich diets.
Both organic and inorganic forms of Se appear to be utilized
with similar efficacy in the body to produce selenoproteins
but Se enters at different points in metabolism depending
on its chemical form. Se was thought originally to exert its
cancer preventive effects via two potential mechanisms. One
involves the direct actions of selenometabolites. Selenocom-
pounds such as selenite (SeO3

2−) and selenodiglutathione
(the primary metabolite of selenite, GS-Se-SG), ultimately
generate selenide (Se2−), which is incorporated into seleno-
proteins by a specialized mechanism. When selenide is gen-
erated in greater amounts, it reacts with oxygen to produce
superoxide and, ultimately, H2O2, which results in toxicity
(Kim et al., 2003). Se compounds that enter either the hydro-
gen selenide (H2Se) pool or the methylselenol pool undergo

Fig. 1 Structures of Se compounds discussed in the review

methylation by thiol S-methyltransferases and generate dif-
ferent methylated metabolic forms of Se that are sequentially
exhaled in the breath or excreted in urine contributing to Se
homeostasis of the body. Generally, the methylation path-
way is considered to be the detoxification pathway for all
Se in the diet or in supplements. Methylselenol (CH3SeH)
can be formed by the methylation of H2Se as part of the
excretory pathway of Se. There is fairly general acceptance
that methylselenol is involved in the anti-cancer effects of
Se at supra-nutritional doses. Methylselenol is almost as-
suredly accountable for inducing cell-cycle arrest and apop-
tosis in cancer cells in vitro and in vivo. Methylselenol can
be formed directly from Se-Met either by the action of a
γ -lyase, known as methioninase or by an α, γ -elimination
reaction. Alternatively, it can be formed from a storage form
of Se, i.e. γ -glutamyl-selenomethyl-Se-Cys, that is present
in plants of the Brassica and Allium families and probably
accounts for the anti-cancer effects of Se-enriched broccoli
and garlic. Metabolism removes the γ -glutamyl group to
give selenomethyl-Se-Cys, which is acted upon by a β-lyase
to give methylselenol directly. There is a suggestion that the
β-lyase is present at a higher level in cancer cells than in
normal cells, ensuring greater exposure of the cancer cells to
the anti-cancer agent (Spallholz et al., 2004).

The other mechanism involves the actions of selenopro-
teins. Se is essential to glutathione peroxidase, which pro-
tects cells from H2O2 and organic peroxides. Furthermore,
Se-Cys was identified as the penultimate COOH-terminal
residue in thioredoxin reductase, which is believed to pro-
tect cells from death. Therefore, selenoproteins serve to safe-
guard cells against toxicity induced by selenometabolites
(Tapiero et al., 2003). However, the anti-oxidant role of Se
was thought to be less plausible because the amount of Se
for the synthesis of selenoproteins is already at a maximum
at a much lower dietary level of Se than that required for the
maximum chemopreventive effect of Se (Allan et al., 1999),
suggesting that the anti-cancer effects of high levels of Se
involve mechanisms unrelated to the activities of selenoen-
zymes. There is not enough experimental evidence to support
a role for known selenoproteins in cancer prevention, and,
therefore, efforts have shifted to studies of chemopreventive
metabolites with low molecular weight. However, it is also
important to determine how selenoproteins are related to the
actions of such metabolites, because individuals differ sub-
stantially in their ability to increase selenoprotein activity in
response to additional dietary Se (Brown et al., 2000).

Cancer chemopreventive activity of Se compounds

Human epidemiological studies examined the relationship
between dietary intake of Se and total cancer risk, although
these studies were somewhat controversial. Early studies
showed a geographic correlation between low Se status and a
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high incidence of certain types of cancers. Dietary intake of
Se showed a significant inverse correlation with age-adjusted
mortality for cancer of the colon, prostate, breast, ovary and
lung as well as with hematopoietic cancers, while only a
weak correlation was observed for cancers of the pancreas,
skin and bladder. Although not all studies showed a cor-
relative effect of high plasma level of Se and low cancer
incidence, the epidemiological data stimulated interest in
testing Se as a chemopreventive agent in human clinical tri-
als (Meuillet et al., 2004).

Although the mechanisms underlying the cancer chemo-
preventive activity of Se compounds are poorly understood,
selenite could significantly inhibit the proliferation of can-
cer cells, affect the cell-cycle distribution of cell population,
and induce cellular changes characteristic of apoptotic cells.
In most studies, Se has been shown to inhibit the initiation
phase of carcinogenesis induced by various carcinogens in
mammary, liver, colon and lung tissues in rats (El-Bayoumy,
2001). The ability of Se compounds to inhibit cell growth
and to induce cancer cell apoptosis has now been widely
demonstrated and is suggested to be a potential mechanism
for cancer chemoprevention (Ganther, 1999). Furthermore,
it is important to note that selenite induces apoptotic DNA
laddering in p53-mutant DU145 prostate cancer cells and
p53-null HL60 leukemia cells without the cleavage of PARP,
whereas Se compounds leading to the formation of methylse-
lenol induce caspase-mediated apoptosis in these cells (Jiang
et al., 2004). Since the current literature espouses a notion
that apoptosis induced by Se treatment is dependent of the
p53 status, other mechanisms must be involved in induc-
ing apoptotic events. The majority of anti-cancerous studies
have employed sodium selenite (Na2SeO3) as the source
of Se, but it is not clear to what extent such findings ex-
tend to inorganic or organic Se compounds. Methylseleninic
acid (CH3SeO2H, MSA), a novel penultimate precursor of
the putative critical anti-cancer metabolite, methylselenol in
experimental in vitro systems, has been shown to block pro-
gression of the cell-cycle, induce apoptosis of cancer cells
and inhibit the formation of new blood vessels. Processes by
which these effects are achieved may involve redox cycling
linked to oxidative stress-induced apoptosis, as described by
Spallholz et al. (2004). Furthermore, gene profiling was per-
formed in a time course experiment using synchronized cells.
A large number of potential Se-responsive genes with diverse
biological functions were identified, including changes in
the expression of genes that control the cell-cycle check-
point and regulate signaling pathways and caspase-mediated
apoptosis (Dong et al., 2003). We have focused on human
oral squamous cell carcinomas, which account for most ma-
lignancies that arise in the head and neck region (Takahashi
et al., 2005). The main purpose of this work was to search
for novel mechanisms responsible for apoptosis induced by
inorganic Se compounds. This study showed that treatment

with Se for 72 hr, in the form of SeO2 and Na2SeO3, but not
Na2SeO4, markedly induced apoptosis in a dose-dependent
manner (Fig. 2A).

DNA damage by Se exposure: Positive and negative action

It has been previously hypothesized that the cancer-
protective effects of Se are related to its ability to limit the
accumulation of genotoxic damage within the aging prostate.
By studying only non-human species (elderly beagle dogs)
that develops spontaneous prostate cancer, an U-shaped
dose-response relationship was shown between dietary in-
takes of the essential trace mineral Se and the extent
of DNA damage within the aging prostate gland (Waters
et al., 2005). In New Zealand, the single cell gel electrophore-
sis (comet) assay was reported to show a significant inverse
relationship with overall accumulated DNA damage in blood
leucocytes from subjects with serum levels of Se below the
mean (Karunasinghe et al., 2004). Women born with consti-
tutional heterozygous mutations of the BRCA1 gene carry a
lifetime risk of breast cancer of 80% and of ovarian cancer
of 40% (Kowalska et al., 2005). The BRCA1 gene product is
involved in maintaining the integrity of the human genome
and helps repair of double-strand breaks. When blood lym-
phocytes from BRCA1 carriers are exposed to bleomycin,
a known mutagen that induces double-strand breaks, an in-
creased frequency of chromosome breaks per cell occurs.
In thirty-two female BRCA1 carriers supplemented with
Na2SeO3 (276 µg/d) for 1–3 months, the frequency of chro-
mosome breaks was found to be reduced from 0.63 per cell
before supplementation with Se to 0.40 per cell after sup-
plementation, bringing it to the level in non-carrier controls.
Thus, Se may have the potential to reduce breast cancer risk
in these women.

Inversely, it has been known for a long time that some Se
compounds have the potential to induce DNA damage. These
data clearly indicated that DNA damage is implicated in the
genotoxicity of Se and that Se-induced toxicity is mediated
by its pro-oxidant activity connected with ROS formation.
For example, selenite chosen as the source of Se in a major-
ity of DNA damaging experiments, activates DNA damage
signals and induces apoptosis in NIH 3T3 cells, suggesting
that DNA damage plays a major role in selenite-induced
apoptosis (Zhou et al., 2003). The DNA damaging activity
of Se-Met has recently been demonstrated in prostate cells of
dogs fed high doses of this dietary amino acid (Waters et al.,
2005). Generally, compounds that are directly converted to
methylselenol, are supposed to be superior to the inorganic
selenite as well as to the organic Se-Met due to their sig-
nificant preventive efficacy and the minimal side effects on
DNA stability and toxicity (Combs and Gray, 1998). These
findings indicate that Se in low concentrations may have
anti-carcinogenic effects, whereas in high concentrations it
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Fig. 2 Apoptotic events induced by inorganic Se compounds. (A)
HSC-3 cells were treated with SeO2 or Na2SeO3 for 72 hr at a concen-
tration range of 1–1,000 µM. The degree of apoptosis after treatment
was measured by TUNEL staining. (B) Cells treated with SeO2 (50
µM) or Na2SeO3 (10 µM) for 24 hr, were incubated with JC-1 (poten-
tial sensor of ��m) for 20 min, and then subjected to flow cytometric
analysis. (C) Cells were incubated for 12 hr with 50 µM SeO2. In-
tracellular ROS accumulation was measured for the indicated periods.

Cells were incubated with 20 µM H2DCF-DA (ROS probe) for 50 min
at 37◦C and analyzed by flow cytometry. Results are expressed as the
means of fluorescence intensity (MFI). (D) GSH was measured in cells
treated with SeO2 (50 µM) for 18 hr using monochlorobimane. Results
are expressed as the ratio to the untreated group (B, D). The means ±
SD of triplicate wells are given (B, C, D). ∗P < 0.01 vs. untreated group
(B, D)

can be genotoxic and carcinogenic. It follows that too much
Se supplementation might be harmful.

Mechanisms of Se-induced apoptosis

To better understand the mechanism of Se-induced apop-
tosis in oral squamous cell carcinoma cells, we wanted to
know whether this type of apoptosis involves the activation
of caspases and is dependent on caspase activity (Takahashi
et al., 2005). We observed that SeO2 induces the activa-
tion of caspase-3. Moreover, SeO2-induced apoptosis was
interrupted by a broad-spectrum caspase inhibitor, z-VAD-
fmk, suggesting that this type of apoptosis is dependent
on caspase-3 activity. Although upstream signaling events
that lead to the activation of caspase-3 after Se treatment
are not exactly known, the co-activation of caspase-9 sug-
gests that a mitochondrial pathway is involved in this pro-
cess. Selenomethyl-Se-Cys also activates caspase-3 in mouse

mammary epithelial tumor cells in vitro while MSA is known
to activate caspases-1, 3, 6–8, 10, and 12. Apoptosis induced
by MSA in DU-145 and PC-3 human prostate cancer cells
is principally initiated by caspase-8 and involves cell de-
tachment as a prerequisite (Zu and Ip, 2003). Recent reports
that selenite-induced apoptosis was observed in the absence
of the activation of caspases in prostate cancer cells (Jiang
et al., 2001) are not consistent with the general notion that
the activation of caspases is required for apoptosis induced
by various stimuli, and for the development of certain aspects
of apoptosis, indicating that distinct pathways for cell death
are likely involved in apoptosis induced by some types of Se
compounds. It is noteworthy that, in a PC-3 human prostate
cancer cell line treated with organic Se, the inactivation of
caspase-9 may be due to Akt-mediated phosphorylation of
the caspase (Cardone et al., 1998). Inactivation of the Akt
negative regulator gene PTEN is common in prostate cancer.
Interestingly, a decrease of Akt phosphorylation by MSA
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(Hu et al., 2005b) might be one of the mechanisms for its
sensitization of LNCaP cells to apoptotic signals. However,
an increase of Akt phosphorylation by selenite suggests that
selenite sensitization of LNCaP cells to TRAIL was inde-
pendent of Akt activity (Hu et al., 2006). Further study is
needed to clarify the relation between the kinase activity
and caspase activation in Se-induced apoptosis. Furthermore,
caspase-12, an endoplasmic reticulum (ER)-resident caspase
essential for ER stress-induced apoptosis, is activated during
apoptosis induced by MSA in PC-3 cells. The discovery of
an active caspase-12 during Se-induced apoptosis is novel,
suggesting that disruption of the microenvironment of the
ER as a trigger of apoptosis may be integral to the molecu-
lar mechanism of the chemopreventive activity of Se (Jimbo
et al., 2003). Selenoprotein (15 kDa) has been implicated in
the chemopreventive effect of dietary Se and is expressed at
high levels in the normal liver and prostate but at reduced
levels in the corresponding malignant organs. It is located in
the ER, and tightly complexed to UDP-glucose: glycopro-
tein glucosyltransferase, an enzyme involved in the quality
control of protein folding (Labunskyy et al., 2005). These
observations suggest a novel mechanism for the chemopre-
ventive effects of dietary Se.

Recently, it has been shown that a prototype monomethy-
lated Se, MSA, but not the inorganic sodium selenite, specif-
ically enhances apoptosis induced by diverse classes of
chemotherapeutic drugs, such as paclitaxel (microtubule in-
hibitor), SN-38 (topoisomerase I inhibitor), and etoposide
(topoisomerase II inhibitor), in DU145 and PC-3 prostate
cancer cells (Hu et al., 2005a). MSA, but not selenite, has
been also reported to enhance apoptosis induced by TRAIL
in DU145 cells (Yamaguchi et al., 2005). In addition, the
synergistic effects between MSA and TRAIL resulted from
activation of the mitochondrial pathway-mediated amplifi-
cation loop, which was accompanied by the induction of
mitochondrial permeability transition and release of apopto-
genic cytochrome c and Smac/DIABLO proteins from the
mitochondria into the cytosol. These results suggest that
Se-based dietary compounds may help to overcome resis-
tance to TRAIL-mediated apoptosis in prostate cancer cells.
MSA sensitizes DU145 cells to TRAIL-induced apopto-
sis through a decrease of C-FLIP and TRAIL-medicated
phosphorylation of Bad. In vitro evidence suggests that Se
and vitamin E work synergistically to cause cell-cycle ar-
rest, induce caspase-mediated apoptosis, and act as anti-
androgens in arresting clonal expansion of nascent tumors.
The Selenium and Vitamin E Cancer Prevention Trial (SE-
LECT) is an intergroup Phase III, randomized, double-blind,
placebo-controlled, population-based clinical trial designed
to test the efficacy of Se and vitamin E alone and in com-
bination in the prevention of prostate cancer (Klein et al.,
2000). As mentioned above, it is expected that combin-
ing various types of Se with chemotherapeutic drugs may

widen the spectrum of cancers responsive to combination
therapy.

Modulation of Se-induced apoptosis by cellular glutathione

It is well known that reduced glutathione (GSH), the ma-
jor intracellular anti-oxidant, is closely involved in the
metabolism and bioactivity of Se. It has been reported that the
cytotoxicity of selenite involves the status of cellular GSH
(Tapiero et al., 2003). Selenite undergoes thiol-dependent
reduction to selenide before being incorporated into Se-Cys
in the synthesis of specific Se proteins or being methylated
to a variety of excretion products, thereby consuming intra-
cellular GSH (Shen et al., 2000). GSH was demonstrated
to play a dual role in selenite-induced oxidative stress and
apoptosis in human hepatoma HepG2 cells. GSH acts as
a pro-oxidant, facilitating Se-induced oxidative stress, and
GSH acts as an anti-oxidant, protecting against Se-induced
oxidative stress and apoptosis. It is assumed that the further-
oxidized form of selenate (SeO4

2−) exerts cytotoxicity with-
out reduction to selenite, resulting in no effect on the cellular
GSH level. An intermediate in this reduction pathway is
GS-Se-SG, which is formed by a reaction with GSH either
intra- or extra-cellularly. By the reaction with GSH, SeO2

as a metabolite of H2Se was shown to deplete intracellular
GSH rapidly (Fig. 2D), and also formed GS-Se-SG through
a different pathway from selenite. The fact that the cytotox-
icity of selenite was increased by the addition of purified
GS-Se-SG (Fleming et al., 2001) suggested that the active
inhibitor might be GS-Se-SG. However, it remains a critical
subject that GS-Se-SG is unstable and undergoes a stepwise
reduction to selenide in the presence of excess GSH. N-
acetylcysteine (NAC) increases the intracellular GSH con-
tent because it is a precursor of GSH and because it fa-
cilitates the synthesis of GSH by increasing the supply of
cysteine. On the other hand, l-buthionine-[S,R]-sulfoximine
(BSO) is a specific inhibitor of γ -glutamylcysteine syn-
thetase and can deplete intracellular GSH in many cells and
tissues. NAC or GSH pretreatment significantly inhibited
SeO2- or Na2SeO3-induced apoptosis, whereas BSO treat-
ment enhanced it (Takahashi et al., 2005), suggesting that
alterations in GSH levels are associated with Se metabolism
and bioactivity. MSA was also shown to deplete intracellular
GSH rapidly, preceding typical apoptotic changes such as
DNA fragmentation in HepG2 cells with a higher level of
intracellular GSH. NAC markedly augmented MSA-induced
apoptosis, while BSO significantly inhibited MSA-induced
apoptosis. These observations suggest that intracellular GSH
mainly acts as a co-factor to facilitate MSA-induced apop-
tosis, while its anti-oxidant function becomes largely irrele-
vant (Shen et al., 2002). Understanding such a unique as-
sociation between GSH and Se compounds may help to
explain the controversy in the literature over the complex
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relationship, and ultimately the capability of Se to prevent
cancer.

Mitochondrial dysfunction by Se exposure

Caspase-mediated apoptosis in most cells is induced through
the activation of either the mitochondrial (intrinsic) path-
way or the death receptor (extrinsic) pathway (Wang, 2001).
Mitochondria have been reported to play a key role in the
regulation of apoptosis and to also be one of the targets of
Se compounds (Shen et al., 2001). Mitochondrial dysfunc-
tion including the loss of mitochondrial membrane potential
(��m), permeability transition, and release of cytochrome
c from the mitochondria into the cytosol is associated with
physiological or chemotherapy-induced apoptosis, the latter
of which activates the caspase mediators of apoptotic cell
death. In our study, the rapid loss of ��m coincided with
the onset of apoptosis in Na2SeO3- or SeO2-treated cells, but
not in Na2SeO4-treated cells (Fig. 2B). Thus, a mitochondrial
damage-dependent pathway might be involved in inorganic
Se-induced apoptosis in cancer cells with mutated p53, but
be independent of the generation of reactive oxygen species
(ROS) (Takahashi et al., 2005). As both Na2SeO3 and SeO2

are easily diffusible, they may reach the mitochondria and
react with mitochondrial GSH. GSH in mitochondria plays
an important role in maintaining the integrity of mitochon-
drial proteins and lipids known to have a vital role in the
permeabilization of mitochondrial membranes and release
of pro-apoptotic factors (Costantini et al., 2000). It is spec-
ulated that Se compounds enhance the oxidative tonus of a
responding cell without requiring an increase in the genera-
tion of ROS. In fact, depletion of cellular GSH by oxidation
may occur during apoptosis, and lower the reducing capac-
ity of the cell, thereby enhancing oxidative stress (Coppola
and Ghibelli, 2000). Hence, it is possible that Na2SeO3 and
SeO2 mediate transition of mitochondrial permeabilization
by modulating mitochondrial GSH, which is accompanied
by the dissipation of ��m (Wojtczak et al., 1998). The
unique association between mitochondrial GSH and Se may
be crucial to explain the chemopreventive capability of Se
against cancer. On the other hand, selenite induces a rapid
superoxide burst and p53 activation in prostate cancer cells,
leading to Bax up-regulation and translocation into mito-
chondria, which restores the cross-talk with stalled TRAIL
signaling for synergistic execution of apoptosis mediated by
caspase-9/3 cascade (Hu et al., 2006). It was also shown that
superoxide production by selenite was p53 dependent via mi-
tochondrial pathways in wild-type p53-expressing LNCaP
cells (Zhao et al., 2006). Selenite, Se-Cys, and SeO2 induced
apoptosis in HepG2 cells and all mediated oxidation of pro-
tein thiol groups in both HepG2 cells and isolated mitochon-
dria. Se compounds capable of oxidizing thiol groups also
induced transition of mitochondrial permeability in isolated

mitochondria (Kim et al., 2003). Both organic and inorganic
Se compounds are able to induce apoptosis by triggering
transition of mitochondrial permeability, which results in a
loss of ��m and the release of cytochrome c into the cytosol.

Role of ROS in Se-induced apoptosis

Reduction of O2 produces superoxide, peroxides, and hy-
droxyl free radicals, each of which has various essential
cellular functions, including the oxidation of fatty acids and
alcohols, hydroxylation reactions, and the implementation
of phagocytosis. With regard to tumor development, ROS
have been considered as DNA-damaging agents that increase
the mutation rate and promote oncogenic transformation
(Jackson and Loeb, 2001). Excessive cellular levels of these
ROS may produce oxidative damage, induce mutations of
nucleic acids, and are limited by anti-oxidants, such as GSH,
and the selenoenzyme, glutathione peroxidase. In contrast,
the cytotoxicity of Se compounds is thought to result from
an ability to catalyze the oxidation of thiol groups and gen-
eration of the superoxide anion (Drake, 2006). As another
mechanism for the generation of ROS, it was assumed that
selenite is reduced to selenide (Se2−) in the presence of GSH,
and Se2− reacts with oxygen to generate ROS. Nevertheless,
a defined mechanistic model of how ROS contribute to the
cascade of apoptotic events is still lacking. Consistent with
a previous study (Saito et al., 2003), however, our data show
a significantly decreased accumulation of ROS in Se-treated
cells as compared with untreated cells (Fig. 2C) (Takahashi
et al., 2005), indicating that anti-oxidative rather than pro-
oxidative properties of Se compounds (selenite or SeO2)
best account for their observed anti-cancer effects. In addi-
tion to oral squamous cell carcinoma cells (HSC-3), we also
found that HeLa cells retained comparatively high levels of
ROS under non-stimulated conditions. An elevated oxida-
tive status has been found in many types of cancer cells,
and the introduction of chemical and enzymological anti-
oxidants can inhibit cancer cell proliferation, pointing to a
critical role of ROS in mediating growth control (Behrend
et al., 2003). Although Se compounds such as selenite and
selenate have strong inhibitory effects, particularly on mam-
malian tumor cell growth, the mechanism of action of these
Se compounds appears to be distinct. Cells treated with selen-
ite accumulated in the S-phase, and selenite-mediated growth
inhibition was irreversible, whereas selenate treatment lead
to cell accumulation in G2 and the effect on cell growth can
be reversed (Spyrou et al., 1996). Selenate did not generate
ROS in the presence of clinical concentration of cysteine or
GSH, suggesting that selenate is not reduced to selenite with
clinical concentrations of Cys or GSH under physiological
pH. Moreover, Se-Met did not generate ROS under the same
condition (Terada et al., 1999). We also confirmed that sele-
nate does not change cellular levels of ROS in HSC-3 cells.
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Although inorganic forms of Se compounds enter the cellu-
lar metabolic pathway of Se at different points, it is assumed
that selenate or Se-Met directly enters this metabolic pool.
Therefore, the mechanism of the cytotoxic action of these Se
compounds on mammalian tumor cells appears to be distinct
from that of selenite.

Mn-containing superoxide dismutase (MnSOD) converts
ROS to oxygen and hydrogen peroxide, and the latter is cat-
alyzed into water by catalase and glutathione peroxidase.
Previously, some investigators found that high MnSOD ex-
pression correlated with poor prognosis, advanced stages of
progression and an invasive and metastatic phenotype. These
data indicate that abnormally high levels of MnSOD activity,
while suppressing cell growth, increase the invasive potential
of cancer cells (Mantovani et al., 2002). On the other hand,
MnSOD as anti-oxidant enzyme, has been shown to be gen-
erally scarce in most types of cancers compared with normal
cells. A polymorphism encoding for either valine or alanine
at codon 16 in the mitochondrial targeting sequence of the
human MnSOD gene was previously described (Shimoda-
Matsubayashi et al., 1996). It is suggested that this poly-
morphism alters the secondary structure of the protein, and
hence may affect the efficiency of mitochondrial transport of
MnSOD. The Ala-containing MnSOD is transported more
efficiently through the mitochondrial membrane, suggesting
that, compared with those with the Val/Val or Val/Ala geno-
type, individuals with the homozygous Ala/Ala genotype
may have higher MnSOD activity. Although little overall
association was found between MnSOD polymorphism and
prostate cancer risk, among men with the Ala/Ala genotype,
high Se status was shown to be associated with a signif-
icantly lower risk (Li et al., 2005). Both endogenous and
exogenous anti-oxidants play an important and interdepen-
dent role in preventing clinically significant prostate cancer.
As described above, it had been thought that selenoenzymes
were not involved in anti-cancer mechanisms because the
level of Se supplementation that reduced cancer risk was
greater than the amount then believed to be needed to opti-
mise selenoenzyme activity (Combs and Gray, 1998). How-
ever, this anti-oxidant function of Se is at least considered
to be the probable mechanism of the loss of cellular ROS.
Furthermore, it is reasonable that a permanent oxidative shift
in the redox status could be a crucial event in the appearance
of the malignant phenotype (Suh et al., 1999).

Recent evidence indicates that ROS may function as intra-
cellular messengers to modulate signaling pathways (Benhar
et al., 2002). Many protein kinases and transcription regula-
tory factors are activated under the conditions of oxidative
stress. The cellular processes linked to ROS functions are
mitogenic signals, one of which is the activation of effector
kinases of the mitogen-activated protein kinases (MAPKs)
family. MAPK cascades are protein kinase promoting signal
transduction pathways that are differentially used to relay

numerous extracellular signals within cells. These MAPK
cascades have been found to be involved in such diverse
cellular functions as proliferation, differentiation, stress re-
sponses, and apoptosis. JNK is generally regarded as a me-
diator of apoptotic cell death in many cell types. In contrast
to JNK, ERKs are regarded generally as anti-apoptotic ki-
nases. ERK1/2 activation is strictly dependent on ROS pro-
duction. An MSA-induced activation of ERK1/2 in LNCaP
cells contributed to resistance to apoptosis. In DU145 cells,
the apoptotic enhancing effect was primarily through inter-
actions between MSA and JNK-dependent targets to amplify
the cascades initiated by caspase-8; however, these kinases
did not significantly regulate caspase-mediated apoptosis in-
duced by selenite. These findings support the differential
involvement of these protein kinase pathways in regulat-
ing apoptosis induction by different forms of Se (Hu et al.,
2005b).

Conclusions

Se compounds were reported to suppress the growth of can-
cers, including those of the prostate, lung, colon, and liver.
Several possible mechanisms have been proposed to explain
the cancer-protective effects of Se compounds. A valid hy-
pothesis is that Se compounds act as anti-promotion agents,
possibly by inducing apoptosis via a mitochondrial pathway
in malignant cells. Apoptotic responses were demonstrated
in many types of human cancer cells treated with high levels
of Se compounds. It is also consistent with the finding that, in
general, the relative efficacy of Se derivatives as chemopre-
ventive agents in vivo parallels their growth inhibitory effects
in vitro and their ability to induce apoptosis. However, de-
spite the substantial progress in our knowledge about the
protective role of Se compounds for cancer prevention, the
molecular mechanisms of Se cytotoxicity in association with
apoptosis remain undefined. We have examined the ability
of inorganic Se compounds selenite, selenate, and selenodi-
oxide to induce apoptosis and found that the percentage of
apoptotic cells reached more than nearly 80% when human
oral squamous cell carcinoma cell line was treated with selen-
ite or selenodioxide for 72 hr, indicating that apoptosis is the
dominant form of cell death caused by these Se compounds.
There is no doubt that Se is a promising chemopreventive
agent for human cancers, including squamous cell carcinoma
of the head and neck. However, all potential preventive in-
terventions will need to be rigorously evaluated before they
can be advocated for cancer prevention, because all these
attributes of Se mainly depend upon the concentration, the
chemical form and metabolic activity of the compounds.
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