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ABSTRACT

The trace element nutrient selenium (Se) discharges its well-known nutritional antioxidant activity through
the Se-dependent glutathione peroxidases. It also regulates nuclear factor activities by redox mechanisms
through the selenoprotein thioredoxin reductases. Converging data from epidemiological, ecological, and clin-
ical studies have shown that Se can decrease the risk for some types of human cancers, especially those of the
prostate, lung, and colon. Mechanistic studies have indicated that the methylselenol metabolite pool has many
desirable attributes of chemoprevention, targeting both cancer cells and vascular endothelial cells, whereas
the hydrogen selenide pool in excess of selenoprotein synthesis can lead to DNA single strand breaks, which
may be mediated by some reactive oxygen species. We propose a new paradigm based on a consideration of
the post-initiation biology of avascular early lesion expansion microenvironment, physiochemistry of Se deliv-
ery, and the obligatory need for angiogenesis to sustain lesion progression. Our model integrates the roles of
selenoproteins and specific Se metabolites to account for cancer risk reduction or enhancement. For future
studies, speciation (profiling) methods for Se metabolites and for Se forms in foods and supplements are much
needed for hypothesis testing and for the development of mechanism-based Se status markers for cancer pre-
vention. Randomized cancer prevention trials are necessary to test the efficacy of methyl selenium com-
pounds. Antioxid. Redox Signal. 7,1715-1727.

INTRODUCTION

CANCER IS A LEADING CAUSE OF DEATH for people in devel-
oped countries. Cancer chemoprevention refers to the
use of naturally occurring and/or synthetic chemicals to
block, inhibit, or reverse the development of cancer. Chemo-
prevention holds the exciting promise to decrease the morbid-
ity and mortality of cancer and is essential for winning the
war on cancer.

Converging data from epidemiological, ecological, and
preclinical studies have implicated selenium (Se) as a risk
modifier for some, but not all, cancers (7, 27, 69). The results
of the landmark cancer prevention trial by the late Larry
Clark, Gerald Combs, and co-workers (5, 6, 8, 13—15, 57) in

the United States have strengthened the plausible proposal
that Se, as a nutritional supplement, is a safe and effective
preventive agent against the genesis of solid cancers in multi-
ple organ sites, particularly in the prostate, colon, and lung.

The trial by Clark et al. (5) was a prospective, double-
blinded, randomized, placebo-controlled trial involving 1,312
patients (three-fourths of them were males) who were re-
cruited initially because of a history of non-melanoma skin
cancers (NMSC) including basal cell and squamous cell car-
cinomas. Participating clinics were from the Southeastern
states of the United States, where soil Se levels tend to be
lower than the rest of the country. Subjects in the treatment
arm were given 200 pg of Se (approximately four times the
recommended daily value of 55 pg/day) as selenized brewer’s
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yeast (predominantly selenomethionine) per day for a mean
of 4.5 years, and the subjects were followed for a mean of 6.5
years. Subjects who received the Se-yeast supplement showed
significantly lower incidences of cancers of the prostate [rela-
tive risk (RR) = 0.37, p = 0.002], colon (RR =0.42, p =0.03),
and lung (RR = 0.54, p = 0.04) than the placebo group. Total
cancer-related mortality was also significantly decreased by
41%. However, there was an Se-yeast-associated increase in
the risk of secondary NMSC (RR = 1.10), which were the pri-
mary endpoints of the trial. The protective effects of Se sup-
plementation for prostate cancer (RR = 0.51, p = 0.009) and
colon cancer (RR = 0.46, p = 0.055) persisted upon longer
follow-up for a mean of 7.8 years (5, 13).

A series of follow-up papers have recently been published
documenting critical interactions between the baseline
plasma Se level and the risk reduction by Se supplement on
cancers of the prostate (6, 14) (Fig. 1A) and lung (57)
(Fig. 1B) and total cancer excluding NMSC (13) (Fig. 1C)
using the complete data sets that included several additional
years of follow-up. It is particularly important to note that the
subjects with baseline plasma Se in the lowest tertile (less
than ~105 ng/ml, or 1.33 puM) showed the most reduction of
prostate and lung cancer and total non-NMSC cancers upon
Se-yeast intervention. Subjects entering the trial with higher
baseline Se did not show a reduction of risk for these cancers
with Se-yeast supplement. As in the original report (5), a
small yet statistically significant increase in the occurrence
of secondary NMSC due to Se-yeast supplement persisted
with longer follow-up (RR =1.27, p = 0.001) (15). It is note-
worthy that the increase in secondary NMSC incidence was
observed in subjects entering the trial within the 2nd (105-123
ng/ml) and 3 tertile (123 ng/ml, or 1.58 puM) of baseline Se
concentration (Fig. 1D). These results clearly indicate organ
site specificities of Se-yeast at the dose of 200 pg/day for the
prevention of several solid cancers and for Se-associated in-
crease in NMSC risk in this male-dominated and NMSC-
patient cohort. The significant associations of lower baseline
plasma Se with a greater sensitivity to the preventive effects
of prostate, colon, and lung cancers and of higher baseline Se
with greater increases in secondary NMSC, if confirmed, not
only have practical implications for the application of Se-
yeast for prevention of certain cancers in the target popula-
tions based on their Se status, but also challenge the current
state of understanding of the mechanisms of cancer preven-
tive activity.

NEW CANCER
PREVENTION TRIALS WITH Se

In spite of the striking cancer risk reduction observed in
the prostate, colon, and lung, the above findings were sec-
ondary endpoints of the trial. Because NMSC are rarely life-
threatening, the potential benefit of preventing lethal solid
cancers of the prostate and the lung has stimulated great re-
search interests that culminated into two large clinical pre-
vention trials in the United States and Canada to validate the
preventive efficacy of Se for prostate cancer and lung cancer.
The Selenium and Vitamin E Cancer Prevention Trial (SE-

LU AND JIANG

A 20
15 4
("]
[]
810
o
I+
5 4
0
B 20 -
15
7]
Q
@ 10 -
o
*
5 E
0
€ 80goerernoeeos Tofaea T
T e e  rtk I SECCECEEEET PR PR --
[
[7]
©
o
# o0 d-- .- a-.a R A .
0
placebo | Se-yeast | placebo | Se-yeast | placebo | Se-yeast
First tertile Second tertile Third tertile
D 2 -
% ,.g 1.5
=0
28 1
=
2 9
& $0.5 -
0 -

First tertile  Second tertile  Third tertile

FIG. 1. The impact of baseline Se by tertile on the preven-
tive effect of Se-yeast on (Ca) prostate cancer (A), lung Ca
(B), total Ca (excluding NMSC) (C) and NMSC (D).
Graphs were plotted based on data that have been reported in
the literature (13—15, 57). Se intervention was given for an av-
erage of 4.5 years, and the subjects were followed up for an av-
erage of 7.8 years. The baseline Se tertile distribution was as
follows: low, <105.3 ng/ml; middle, 105.3—121.6 ng/ml; high,
>121.6 ng/ml.

LECT) (44) is a randomized, prospective, double-blind study
designed to determine whether Se as selenomethionine,
which is a principal Se component of Se-yeast (2, 34), and vi-
tamin E alone and in combination can reduce the risk of pros-
tate cancer among healthy men. Preclinical, epidemiological,
and Phase III data from randomized, placebo-controlled clini-
cal trials suggest that both Se and vitamin E have potential ef-
ficacy in prostate cancer prevention. Coordinated by the
Southwest Oncology Group (SWOG), SELECT is a 2 X 2
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factorial study with an accrual goal of 32,400 men aged 55
years or older (age 50 or older for the African-American men)
with nonsuspicious digital rectal examination and serum
prostate-specific antigen (PSA) of 4 ng/ml or lower. Enroll-
ment began in 2001 with final results anticipated in 2013.
During the 12-year study period approximately 1,500-2,000
cases of prostate cancer, 800 lung cancers, and 500 colon
cancers are estimated to be diagnosed.

A Phase III randomized chemoprevention study of Se in
participants with previously resected stage I non-small cell
lung cancer has been initiated by the Eastern Cooperative On-
cology Group (protocol ECOG-5597) with several oncology
groups participating (see http://www.cancer.gov/clinicaltri-
als/). Eligibility criteria include at least 18 years old, at least
6 weeks but no more than 3 years since surgery to remove
lung tumors, no evidence of lung cancer after surgery, and no
previous chemotherapy or radiation therapy for lung cancer.
Patients will be randomly assigned to one of two groups. Pa-
tients in Group 1 will receive Se in the form of Se-yeast (200
ug of Se) by mouth once a day. Treatment will continue for up
to 4 years. Patients in Group 2 will receive a placebo by
mouth once a day. All patients will be evaluated once a year.

The outcomes of these two trials can be expected in about a
decade. These trials are billed as the definitive tests for vali-
dating the preventive efficacy of Se (in the forms of Se-yeast
or selenomethionine) for prostate and lung cancers. Several
small-scale clinical trials and pilot studies concerning pros-
tate cancer prevention have also been either completed or ini-
tiated in the United States (18, 64, 65) and other countries in-
cluding the Prevention of Cancer by Intervention by
Selenium (PRECISE) Trial pilot studies in the United King-
dom and Denmark (46). The protective effects of an Se sup-
plement on cancer risk in different organ sites were also seen
in a few other studies (reviewed in 1), including a protective
effect against liver cancer (69-71).

A better understanding of the mechanisms will provide
novel insights for interpreting the results of these new Se tri-
als and for guiding the design of future trials to fully exploit
the beneficial effects of Se for cancer prevention. Here we re-
view recent advances in mechanistic studies that may help ac-
count for the observed effect in the trial by Clark and co-
workers and to suggest directions for future research. For a
more thorough treatment of the literature, the reader is re-
ferred to recent comprehensive reviews (7, 27, 49, 60, 69).

“KNOWN” MECHANISMS

Proposed mechanisms include an antioxidant protection
against peroxide- and reactive oxygen-driven initiation and
promotion events, an enhanced carcinogen detoxification, an
enhanced immune surveillance, an inhibition of proliferation,
and an induction of death by apoptosis of transformed epithe-
lial cells, to name a few (7, 27, 69). More recently, we have
shown that an inhibition of angiogenesis by Se may also con-
tribute to the preventive activity (37, 38, 49). In addition, the
critical Se metabolite(s) hypothesis has steadily gained both
in vivo and in vitro support during the last decade (7, 27, 48,
49, 60). Mechanisms should address key elements such as the
organ site specificity, the selectivity against transformed phe-
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notype, the forms and effective doses of Se, and the respon-
sive carcinogenesis stages and molecular targets. Much re-
mains debatable as to what mechanisms account for the can-
cer preventive activity of Se. It is likely that a combination of
these mechanisms will operate depending on the host Se
status as has been documented in the trial by Clark and co-
workers (Fig. 1), the form and dose of Se supplement, and the
organ site specificities of cancer etiology as well as the ca-
pacity for Se metabolism. Figure 2 schematically illustrates
the nutritional and chemopreventive ranges of Se intake and
associated selenoprotein and non-protein Se parameters.

Selenoproteins, anti-peroxidation,
and redox regulation

The best-studied function of Se in the nutritional range of
intake is as an integral part of a cellular antioxidant enzyme
family, the Se-dependent glutathione peroxidases (SeGpx) (1,
3). Hypotheses based on antioxidant protection against reac-
tive oxygen-driven cancer initiation and promotion are intu-
itive and rationally sound for human cancer prevention, espe-
cially in individuals with marginal and deficient Se status
(Fig. 3). Mutagenic oxidative stress is generally thought to be
a major factor in the initiation of human carcinogenesis, as
the electron-rich DNA bases are susceptible to electrophilic
attack by reactive oxygen species (ROS), resulting in genetic
damages, mutant oncogenes and tumor suppressor genes or
epigenetic changes that altered their expressions, and the ex-
pression of malignant phenotypes. Endogenously produced
ROS include superoxide radical, hydrogen peroxide (H,0,),
singlet oxygen, and hydroxyl radical, as well as electrophilic
metabolites of xenobiotics and other reactive intermediary
metabolites. Accordingly, there has been considerable interest
in the possibility of whether the cancer chemopreventive ac-
tivity of Se is mediated through the SeGpx.

The putative connections for other selenoproteins such as
thioredoxin reductases (23, 66) and thyroxine deiodinases

Blood or tissue
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FIG. 2. A stylized representation of blood and tissue Se and
selenoprotein status as functions of Se intake. The range
of Se intake is divided into nutritional and chemoprevention
based on the saturation status of selenoproteins and the appear-
ance of non-selenoprotein Se. The value of 1.4 pM plasma Se
for subjects in the placebo group [based on data from Clark et
al. (5)] is given for reference.
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FIG. 3. Proposed roles of known selenoenzymes against
ROS-driven cancer initiation, promotion, and angiogenic
switch through genetic and epigenetic pathways in a nutri-
tional context. Selenium in the form of hydrogen selenide is
incorporated into selenoproteins through co-translational in-
corporation using the SeCys codon (Seryl-tRNAUGA). Glucose-
6-P, glucose-6-phosphate; GSH, reduced glutathione; GSSG,
oxidized glutathione; MAPK, mitogen-activated protein ki-
nase; Ph-Gpx, phospholipid glutathione peroxidase (Gpx4);
PUFA, polyunsaturated fatty acid; T, trilodothyronine.

(45, 47) to regulate ROS and cellular redox are also depicted
schematically in Fig. 3. In particular, Se has been shown to
modulate p53 activity through redox modification of Cys?75
and Cys?7” mediated by Ref-1 (58), resulting in an enhanced
repair of drug- or radiation-induced DNA damages (59). Be-
cause p53 is known to suppress the expression of the angio-
genic factor vascular endothelial growth factor (VEGF) (72)
and to induce the expression of the angiogenesis suppressor
thrombospondin-1 (9), a selenoprotein-mediated increase of
p53 activity could play a pivotal role in turning off the angio-
genic switch in the early lesions. In this context, the seleno-
proteins could be very important mediators for decreasing
cancer risk in populations with frank or marginal Se defi-
ciency status.

The Se status of individuals residing in the United States
has been considered “nutritionally” adequate judging by in-
take and the plasma Se content. According to the Third Na-
tional Health and Nutrition Examination Survey (NHANES
III), the mean intake of all ages was 103 pg (19), nearly twice
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the National Research Council’s recommended daily al-
lowance of 55 pg (20). From the 18,597 persons for whom
serum Se values were available in NHANES III (21, 55), the
mean concentration was 1.58 uM, and the median concentra-
tion was 1.56 uM. This is much higher than the 1 pM, or 80
ng/ml, that was found to be the upper limit for SeGpx re-
sponses to supplemental Se in healthy adults (54). This was
also borne out in the trial of Clark and co-workers in which
the placebo group had a baseline plasma Se level of 114
ng/ml (1.4 pM) (5, 13). Only two subjects (1.5%) had Se lev-
els below 80 ng/ml (13). Because of this fact, most animal
models and in vitro cell culture studies since the mid-1980s
have dealt with chemopreventive levels of Se intake and have
focused on the cancerous epithelial cells as the targets of its
anti-cancer effects. Most animal models have shown cancer
chemopreventive activity of Se intake that is 20—50 X greater
than the nutritional requirement (27). Based on a large body
of data from these studies, it has been articulated that cancer
chemoprevention by Se is independent of the antioxidant ac-
tivity of plasma or tissue SeGpx (7, 27). This paradigm was
based on the observation that the dietary level of Se (2 ppm or
greater) needed to achieve a significant cancer preventive ac-
tivity in animal models far exceeded that required (i.e., 0.1
ppm) to support maximal SeGpx in the blood (now known as
Gpx3) or the target tissues from which experimental cancers
arise (27). This view has prevailed since the mid-1980s and
has been extended to the other selenoproteins identified sub-
sequently in the last decade, including phospholipid glu-
tathione peroxidase (also known as Gpx4), selenoprotein P,
selenoprotein W, thyroxine deiodinases, and thioredoxin re-
ductases (27).

Non-selenoprotein Se metabolites

Regarding non-selenoprotein Se metabolites, Fig. 4 shows
schematically possible metabolic pathways for Se from inor-
ganic salts and from selenoanimo acids. Hydrogen selenide is
co-translationally incorporated into selenocysteine (Se Cys)-
containing proteins. Excess Se beyond the need for seleno-
protein synthesis is methylated into methylselenol. Milner
(53) has shown that selenodiglutathione (GSSeSG), an inter-
mediate of reductive metabolism of selenite, was signifi-
cantly more efficacious than the parent compound selenite
using a leukemia ascites model. However, the transient nature
of GSSeSG under physiological pH in vivo and the fact that
food-derived selenoanimo acids, which do not produce GSS-
eSG through in vivo metabolism (7, 69), exert anti-cancer ac-
tivity support the role of more downstream Se metabolites as
the likely critical anti-cancer Se species.

Ip (27) has spear-headed the effort to identify the putative
in vivo Se metabolite pool using a mammary chemical car-
cinogenesis model. In a typical rodent cancer chemopreven-
tion study, the chemical carcinogen-exposed animals were
given Se in diets or drinking water for 6 months or longer. In
the rat, the dietary Se level to achieve a significant inhibition
(50%) of mammary carcinogenesis was ~3 ppm (3 pg/g) in
the form of sodium selenite in comparison with a control
group consuming 0.1 ppm Se. Dietary level of Se as selenite
above 5 ppm usually caused a depression of body weight
gain, indicative of systemic toxicity. A chemopreventive level
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FIG. 4. Possible metabolic pathways for inorganic Se and
selenoanimo acids in a chemoprevention context. For se-
lenoamino acids, tissue cysteine [3-lyases release hydrogen se-
lenide and methylselenol from SeCys and methylselenocys-
teine, respectively. The methylselenol pool may be selectively
enriched by using methylselenol precursors either as purified
compounds or as functional foods such as Se-garlic, bypassing
the hydrogen selenide pool. TDIs, thyroxine deiodinases; TRs,
thioredoxin reductases.

of Se intake results in a plasma Se level of 600-800 ng/ml
(7.6-10.1 uM Se). The plasma Se level for animals consum-
ing the “requirement” level of 0.1 ppm Se is approximately
300-400 ng/ml (3.8-5 pM Se). The plasma or target tissue
SeGpx enzyme activities are usually not appreciably in-
creased by the chemopreventive level of Se intake. This is not
surprising because the “nutritional requirement” for Se is de-
fined as the minimal dietary Se level needed to support maxi-
mal blood SeGpx and tissue SeGpx activities. Even though it
is often true that the cancer preventive activity is proportional
to the tissue Se accumulation for many Se forms when stud-
ied individually, the total tissue Se content did not predict
cancer preventive efficacy when different Se forms were
compared (29). These observations indicate that the chemical
nature of non-protein Se might be a critical determinant of
the cancer chemopreventive efficacy.

Ip (27) proposed that the active anti-cancer Se metabolite
was likely a monomethylated Se species (presumably
methylselenol) and that the chemopreventive efficacy of a
given Se compound might depend on the rate of its metabolic
conversion to that active Se form. Strong supporting evidence
was obtained by comparing the cancer preventive efficacy of
different forms of Se that fed into different Se metabolite
pools, with precursors of methylselenol displaying greater
preventive efficacy than those for hydrogen selenide or di-
methylselenide in the chemically induced rodent mammary
carcinogenesis model (28, 30). In addition, arsenic was used
as an inhibitor of the Se methylation steps, and the data
showed that blocking the conversion of hydrogen selenide to
methylselenol decreased the anti-cancer activity, whereas in-
hibiting the further methylation of methylselenol increased
the efficacy. Extending on the methylselenol structure—
activity theme, subsequent work had shown that the alkyl-
selenol and allyl-selenol precursor compounds were more ac-
tive against mammary carcinogenesis than methylselenol pre-
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cursors on a molar basis of dietary Se intake (32, 33). How-
ever, these structure—activity studies have not been extended
beyond the mammary carcinogenesis model for assessing the
general applicability of the methylselenol hypothesis in other
organ sites.

Consistent with the concept of non-selenoprotein Se
metabolites for chemoprevention, el-Bayoumy and co-
workers undertook to develop new organoselenium cancer
chemopreventive agents with less toxicity than some of the
classic Se compounds, such as sodium selenite (16, 17, 31,
71-73). A series of organoselenium compounds have been
synthesized and evaluated for their chemopreventive efficacy
in vivo. Parallel to these studies, short-term in vitro and in
vivo assays were employed to understand the mechanisms of
action. They have demonstrated that one of the most effective
of these organoselenium compounds is 1,4-phenylenebis
(methylene)selenocyanate. This agent is capable of inhibiting
tumors in the mammary glands, colon, and lung of laboratory
animals (16, 17). The structural feature of X-CH,SeCN
(where X represent aromatic phenyl groups of agents in this
series) for generating X-CH,SeH may in part explain their
many similarities with methylselenol precursors. While these
agents are better tolerated in rodent models than inorganic se-
lenite and selenoamino acids (60), their applicability for
human cancer chemoprevention requires more investigation.

Distinct Se metabolite actions
in cell culture models

Studies by us and others using cell culture models have
shown that the monomethyl Se pool induced numerous cellu-
lar, biochemical, and gene expression responses that were
distinct from those induced by the forms of Se that enter the
hydrogen selenide pool (4, 12, 39, 40, 42, 43, 50-52, 62, 67,
68). These major cellular and biochemical effects are
schematically summarized in Fig. 5. Together, these findings
support the presence of at least two different pools of Se
metabolites that induce distinct types of biochemical and cel-

Precursors Se-Metabolite Pools Biochemical & Cellular
Effects
: : Selenoproteins
i Na,SeO; —
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FIG. 5. Distinct biochemical and cellular effects of Se pre-
cursors feeding into the genotoxic hydrogen selenide pool
or non-genotoxic methylselenol pool of metabolites in cell
culture models. AR, androgen receptor.
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lular responses and exert differential impacts on angiogenic
processes.

The hydrogen selenide pool. Sodium selenite and
sodium selenide, which feed into the hydrogen selenide pool
first, rapidly (within hours of Se exposure) induced DNA sin-
gle strand breaks (SSBs) (i.e., genotoxic) and S phase/G, cell
cycle arrest and led to subsequent cell death by apoptosis (40,
42, 48-52). Sodium selenide and SeCys recapitulated the DNA
SSB induction and the apoptogenic effects of selenite (50). A
superoxide dismutase (SOD)-mimetic compound, copper
dipropylsalicylate, blocked DNA SSBs and apoptosis, indicat-
ing that selenite per se did not trigger these events (48). The
role of superoxide generation by the hydrogen selenide pool
has been confirmed with SOD or SOD-mimetics (40, 74).
However, little is known about whether the hydrogen selenide
pool could reach the pharmacological levels used in these in
vitro studies to affect DNA integrity (genotoxicity).

The methylselenol pool. Our earlier work has shown
that methylselenol precursors such as methylselenocyanate
(MSeCN, CH,SeCN) and Se-methylselenocysteine induced
apoptosis of mammary tumor epithelial cells without the in-
duction of DNA SSBs (42, 51, 52, 62). Furthermore, we and
others have reported that methylselenium-induced cancer cell
apoptosis is caspase-dependent, whereas selenite-induced cell
death is independent of these death proteases in prostate cancer
and leukemia cells (41, 43). The methylselenium group led to
G, arrest (40, 42, 52, 67, 68). Specific inhibitory effects on cy-
clin-dependent kinases (61, 75) and protein kinase C (63) have
been attributed to the methylselenium pool.

In addition to these cellular effects, methylselenol precur-
sors exert a rapid inhibitory effect on the expression of key
molecules involved in angiogenesis regulation. For example,
we have shown that subapoptotic doses of methylseleninic
acid (MSeA, CH,SeO,H) inhibit the expression and secretion
of the angiogenic factor VEGF in several cancer cell lines
(38). Methylselenium also inhibits the expression of matrix
metalloproteinase (MMP)-2 in the vascular endothelial cells
(38). These effects plus a potent inhibitory effect on the cell
cycle progression of vascular endothelial cells (67, 68) indi-
cate that methylselenol is a key inhibitor of angiogenic switch
regulation in early lesions and in tumors (49). Furthermore,
we and others have recently shown that methylselenol inhibits
androgen receptor expression and its signaling to PSA (4, 12)
as well as PSA stability (4). This action may offer an explana-
tion for why the prostate is particularly sensitive to cancer pre-
vention by Se in the trial by Clark and co-workers (5, 6, 14).

EFFECTS OF Se METABOLITES ON
CANCER EPITHELIAL CELLS

Methylselenium-specific inhibitory
effect of VEGF expression
The transformed epithelial cells contribute to angiogenic

switching by up-regulating the expression and secretion of
positive factors and/or down-regulating the expression of an-
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giogenesis inhibitors. Because of the central role that VEGF
plays in neo-angiogenesis, an inhibitory effect on VEGF ex-
pression by Se can be expected to repress the angiogenic
switch for the early lesions. We have found that Se treatment,
whether given in a chemoprevention setting or in an acute
therapy setting, was associated with a significant inhibition
of VEGF expression in some but not all mammary carcino-
mas induced by 1-methyl-1-nitroso urea in the rat (37). In cell
culture, we have reported a methylselenium specificity of the
inhibition of tumor epithelial VEGF expression (38). In
human prostate (DU-145) and breast (MCF-7 and MDA-MB-
468) carcinoma cell lines, exposure to MSeA led to a rapid
and sustained decrease of the cellular and the secreted VEGF
protein levels irrespective of the serum level (serum free vs.
10% fetal bovine serum) in which Se treatments were carried
out. The concentration of MSeA required for suppressing
VEGF expression was much lower than that needed for apop-
tosis induction. Selenite lacked any inhibitory activity in ei-
ther acute or chronic exposure in these cells (38). Taken to-
gether, the data support the hypothesis that the monomethyl
Se pool inhibits the expression of VEGF in the transformed
epithelial cells. Efforts are underway to investigate how the
methylselenium exerts this suppression activity. It is also im-
portant to integrate the impact of and the interaction of sele-
nium metabolites and selenoproteins with hypoxia into the re-
search questions (see model in Fig. 6). The impact of
different pools of Se on the expression profile and activity of
other angiogenic stimulators and inhibitors should be investi-
gated to provide an overall picture of the angiogenic switch
action.
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FIG. 6. A schematic representation of the avascular lesion
expansion microenvironment and proposed modes of Se ac-
tions in a post-initiation model of cancer chemoprevention.
We hypothesize that Se and selenoproteins follow a gradient
distribution pattern like that of oxygen, creating a “conditional
Se deficiency” in hypoxic cells in the interior of avascular
clones even when the blood Se supply is considered adequate.
Some known Se actions on cancer epithelial cells and vascular
endothelial cells are outlined.
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Methylselenium-specific inhibition of androgen
receptor expression and signaling

PSA is widely used clinically for prostate cancer diagnos-
tics and as an indicator of therapeutic efficacy and recur-
rence. PSA expression is strongly androgen-dependent in the
prostate epithelial cells. In the androgen-responsive LNCaP
prostate cancer cell model, we recently (4) have found that
exposure to subapoptotic concentrations of MSeA or
methylselenol inhibited PSA protein expression and secre-
tion, whereas sodium selenite and selenomethionine lacked
any inhibitory effect. The inhibition was detectable at 3 h of
exposure and required a threshold level of MSeA to sustain.
Turnover experiments showed that MSeA caused a rapid PSA
degradation, which was partially blocked by lysosomal in-
hibitors, but not by a proteasomal inhibitor. Furthermore,
MSeA treatment reduced the PSA mRNA level, down-
regulated the androgen receptor protein expression, and in-
hibited the androgen-stimulated PSA promoter transcription,
confirming recent reports of two other groups (12, 73). These
findings imply a unique mechanism to account for the
prostate-specific cancer chemopreventive action of Se.

Methylselenium induction of
caspase-mediated apoptosis

In terms of the pathways of apoptosis execution, caspases
appear to be specifically activated by methylselenium expo-
sure. We have reported recently that MSeA induced DU145
human prostate carcinoma cell apoptosis through caspase-
dependent execution (39). Specifically, apoptosis induced by
MSeA involved cell detachment, the activation of multiple
caspases, mitochondrial release of cytochrome ¢, cleavage of
poly(ADP-ribose) polymerase, and DNA nucleosomal frag-
mentation. The last three biochemical actions were shown to
require the activation of caspases. Independently of and com-
plementing to our work with MSeA, Se-methylselenocysteine
has been shown to cause caspase-dependent apoptosis of HL-
60 human leukemia cells (43), which grow in suspension cul-
ture and do not require cell attachment for survival and mito-
genesis. Because DU145 and HL-60 cells do not contain
functional p53, these results suggest that methylselenol in-
duces apoptosis in a pS3-independent manner.

Metabolite-specific effects on cancer cell cycle

In comparison to normal epithelial cells, transformed cells
are characterized by a loss of growth control through onco-
genic activation and/or a loss of tumor suppressor activities.
Lesion size is governed by the rate of cell proliferation and
the rate of cell death in the transformed epithelial cells. The
rate of cell birth will be dependent on the ratio of the cycling
cells to the non-cycling cells, which include the quiescent or
the terminally differentiated cells. Prolonging the time re-
quired for each phase of the cell cycle of the cycling cells
(cell cycle arrest) as well as diverting them into the non-
cycling pool can impact the rate of overall growth of the le-
sion and may result in cell death.

We and other have shown that at dose levels lower than that
required to induce cell death, a variety of tumor cells undergo
cell cycle arrests, but in a Se metabolite-specific manner (42,
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52, 62). It has been well documented that methylselenium in-
duces a G, arrest, whereas selenite induces an S or S/G,-M
arrest. Whereas superoxide production and DNA SSBs may
underlie the S or S/G,-M phase arrest effect induced by selen-
ite, very little is known about how methylselenium exerts the
G, arrest. Methylselenium-induced inhibitions of specific
protein kinase and cyclin-dependent kinases have been re-
ported (61, 63, 75). Altered expressions of cell cycle regula-
tory gene networks have also been described using microar-
ray profiling techniques (10, 11). Additional work is required
to determine the precise pathways for methylselenium to
exert its cell cycle arrest action.

EFFECTS OF METHYLSELENOL ON
VASCULAR ENDOTHELIAL CELLS

The angiogenic microenvironment is likely conducive for
a selective targeting of the stimulated endothelial cells by the
blood-borne Se metabolites. Two physical and biological fea-
tures of the vascular endothelial cells stand out: (a) As the lin-
ing of delivery channels, the endothelial cells are the first line
of exposure to blood Se, and (b) the endothelial cells in nor-
mal tissues are essentially quiescent, whereas the angiogenic-
stimulated endothelial cells are proliferative. Although the
activity of selenoenzymes in blood and normal tissues do not
increase once a threshold level of Se supply is reached (54),
the total blood Se and therefore the non-protein Se in the
blood and the tissues go up with an increased Se intake
(Fig. 2). The elevated levels of non-protein Se metabolites,
especially the methylselenol-related species, can be expected
to directly affect the angiogenically stimulated endothelial
cells to dampen their angiogenic responses through one or
more of the following processes: extracellular matrix prote-
olytic activity, mitogenesis, and motility. Because endothelial
cells are much less susceptible to mutagenesis in comparison
with epithelial cells, the wild-type p53 status of the endothe-
lial cells can ensure p53-dependent growth arrest and apopto-
sis, when the angiogenic and survival signals are interfered
with by Se metabolites in the stimulated endothelial cells.

Methylselenium-specific inhibitory
effect on MMP-2 expression

We have used a human umbilical vein endothelial cell
model to examine the effects of Se exposure on the expres-
sion of MMP-2 and endothelial proliferation and survival to
identify Se metabolite-specific activities on these critical
components of an angiogenic response (37, 38, 67, 68). We
have shown a methyl Se-specific inhibitory activity on MMP-
2 expression (37, 38). This was supported by a clear contrast
of the inhibitory effects of the methylselenol precursors
MSeA and MSeCN with forms of Se that feed into the hydro-
gen selenide pool, e.g., sodium selenite and sodium selenide.
The MMP-2 inhibitory activity occurred at Se levels (IC,, of
~2 uM) that were within human plasma Se and that occurred
rapidly and required cellular activation. Expression, recruit-
ment, and activation of MMP-2 and/or other MMPs by the
stimulated endothelial cells are necessary to break down the
adjacent extracellular matrix for the endothelial cells to
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invade through during sprouting. A crucial role of MMP-2 or
MMP-9 in setting the angiogenic switch has been shown in
several models (26, 36). Many MMP inhibitors have been
evaluated in animal models with promising efficacy for in-
hibiting cancer growth and metastasis, and some of these
agents are in clinical trials. Taken together, these results sup-
port the methyl selenium pool for inhibiting the extracellular
matrix degradation in vascular endothelial cells. It will be im-
portant to characterize the biochemical and molecular mecha-
nisms for methyl selenium to inhibit MMP-2 expression in
the endothelial cells and to determine whether such mecha-
nisms are applicable to other MMPs and secretory proteins
that are involved in angiogenesis and in tumor invasiveness,
growth, and survival.

Methylselenium induces G, arrest through a
phosphatidylinositol 3-kinase-related pathway

We have recently shown that MSeA inhibited the angio-
genic factor-stimulated DNA synthesis (G, to S progression)
with an IC,; of ~1 uM and completely inhibited the stimu-
lated DNA synthesis at 3 uM (67). Methylselenium appeared
to target a growth control mechanism in human umbilical
vein endothelial cells during mid- to late-G, in a manner that
can be recapitulated by phosphatidylinositol 3-kinase in-
hibitors (67). At higher levels of exposure that could be phar-
macologically relevant, MSeA induced apoptosis through
caspase pathways that were activated by p38 mitogen-
activated protein kinase (41, 67). Furthermore, in an in vitro
tube formation assay on Matrigel, prolonged treatment (>30
h) with either MSeA or MSeCN inhibited the retraction of
human umbilical vein endothelial cell capillaries into spher-
oids due to endothelial apoptosis, whereas selenite at even
higher exposure levels lacked this effect (38). These findings
suggest that inhibiting the proliferation and survival of the
activated endothelial cells by methylselenol or related Se
metabolites may contribute to a reduced angiogenic response.
Much remains to be done to delineate the signaling pathways
and the target protein molecules involved in the metabolite-
specific anti-mitogenic and pro-apoptotic effects in the endo-
thelial cells, especially in the capillary microvascular endo-
thelial cells that are the likely targets of angiogenic responses
in the early lesions.

Possible chemical basis for Se metabolite effects

Ganther (22) had proposed a number of chemical reac-
tions through which Se pools may directly modify the redox-
sensitive enzymes or transcriptional factors to alter their
functional activities: formation of selenotrisulfide bonds
(-S-Se-S-); formation of selenylsulfide bonds (-S-Se-);
catalysis of disulfide bond formation or its reversal (-SH
«Se— -S-S-); and formation of diselenide bonds (-Se-Se-).
The first three reactions would affect the activities of many
enzymes with critical sulfhydryl groups, while the last reac-
tion would specifically affect activities of SeCys proteins
that have SeCys residues at these active centers. Identifica-
tion of target proteins mediating these documented effects of
Se metabolite pools remains a research priority before de-
tailed studies of these proposed reactions are to be under-
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taken. An example is the redox regulation of protein kinase C
isoforms by Se compounds (24, 25).

TRANSLATING THE MECHANISMS TO
HUMAN APPLICATIONS

The prevention trial results of Clark and co-workers (5, 6,
13-15, 57) provide benchmarks to judge the likelihood of ap-
plicability of the preventive “mechanisms” observed from an-
imal and cell culture models. Relevant to the mechanistic is-
sues, the average plasma Se level in the supplemented group
in the trial by Clark et al. (5) was 190 ng/ml (2.4 uM) in com-
parison to that of the placebo group with 114 ng/ml (1.4 uM).
In spite of an increase of plasma total Se level by 67%, the
plasma SeGpx activity of selected subjects before and after
Se supplementation was not increased (7). These results indi-
cate that at most 1 uM non-selenoprotein Se could be gener-
ated by the Se-yeast supplementation in otherwise Se- “ade-
quate” individuals as judged by their lack of further plasma
SeGpx response (7). Since the majority of blood Se is either
incorporated into selenoproteins or bound to proteins as the
free plasma Se was estimated to be 2—4% of total (7), the pro-
tein-free Se concentration in human blood is not expected to
be greater than 1 uM in vivo. In fact, it has been suggested
that serum or tissue free Se levels of the nanomolar range are
more realistic.

As discussed above, the biochemical (e.g., VEGF, MMP-2,
PSA expression) and cellular (e.g., cell cycle arrest, apopto-
sis) effects of Se compounds on cancer and vascular endothe-
lial cell lines in vitro were observed at Se concentrations in
the lower micromolar range of MSeA or MSeCN (38), and
much higher levels (50 pM or greater) for other selenoamino
acids or derivatives (51, 52, 61-63). Such levels used in cell
culture studies and the Se levels achieved in rodent chemo-
prevention models were one or two orders of magnitude
higher than the likely protein-free Se projected in humans.
However, because nothing is known of the effective Se
metabolite concentration in target organs and early lesions, it
is difficult to establish how much these actions are translat-
able to the human prevention setting. Profiling Se metabo-
lites in target tissues and early lesions is much needed to help
address the relevance issue.

Even though the U.S. populations are considered nutrition-
ally “adequate” for Se status based on plasma glutathione
peroxidases and Se level (19-21, 54, 55), the results of the
trial by Clark and co-workers concerning the significant in-
fluence of the baseline plasma Se on the preventive activity of
Se-yeast supplement as described in the Introduction (Fig. 1)
warrant a re-examination of the paradigm that selenoproteins
are not responsible for the prevention of human cancers by
supranutritional Se intake as experienced in the United
States. The plasma Se and selenoprotein status do not neces-
sarily reflect those in the transformed lesions or target tis-
sues. Based on a consideration of the post-initiation biology
of the early lesion expansion microenvironment and the ab-
solute need of angiogenesis for lesion growth and progression
and the physiochemistry of Se delivery (Fig. 6), we speculate
that, like oxygen, the cellular Se content and the expression
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and activity of Se-dependent enzymes in avascular lesions
follow a descending gradient of distribution from the surface
to the interior (Fig. 6). In other words, clonal expansion cre-
ates a “conditional Se deficiency” state in the interior hy-
poxic epithelial cells in comparison to their counterparts at
the superficial zone even though the Se supply for the host
organ is considered adequate for normal physiological func-
tions. The rationale for focusing on the post-initiation actions
was the facts that in the trial by Clark et al. (5) the subjects at
study entry were relatively old (average age 63 years) and
with a prior history of NMSC. These patients probably repre-
sented a high-risk population with existing early lesions in
those organ sites, suggesting that Se could be an effective in-
tervention agent against existing precancerous lesions as well
as suppressing the initiation events.

Based on the response patterns as shown in Fig. 1, it is
speculated here that Se-yeast supplementation in the trial by
Clark and co-workers at a dose of 200 png/day was not suffi-
cient to lead to a significant generation of methylselenol. In-
stead, the Se-yeast supplement might have changed the rela-
tive contribution of the selenoproteins and the hydrogen
selenide pool to regulate lesion growth based on the baseline
Se status at study entry. Selenomethionine and SeCys, the
major components of Se-yeast, undergo metabolism to gener-
ate hydrogen selenide, which provides the Se for selenopro-
tein synthesis (Fig. 4). In the subjects within the 15t tertile of
baseline Se, supplementation of Se-yeast might be mostly for
supporting selenoprotein synthesis in the early lesions, which
are more “conditional Se deficient” than those in the higher
tertiles, exerting a significant inhibitory effect on their
growth into clinical entity. On the other hand, subjects within
the 3t tertile of baseline Se better supported expression of
the selenoproteins in the early lesions; therefore, when Se-
yeast was taken by these subjects, most of the Se might have
enriched hydrogen selenide production. Through the produc-
tion of superoxide and ROS, excess hydrogen selenide might
cause DNA SSBs and mutagenesis, thereby promoting in-
stead of inhibiting tumor development. The inhibitory action
of selenoproteins might be canceled out by a promoting ac-
tion of the excess hydrogen selenide. In the case of the skin,
the production of hydrogen selenide might have overpowered
the inhibitory action of selenoproteins and resulted in an in-
creased rate of NMSC by Se-yeast supplement in the subjects
entering the trial with baseline Se in the 2nd and 3rd tertiles.

In addition to selenoproteins, a possible modification of
systemic and cellular redox toward antioxidation has been re-
ported in a clinical pilot study with healthy young males (18),
whose baseline Se level was comparable to and slightly
higher than the trial by Clark and co-workers (5, 17). Se-yeast
supplementation led to an increase in whole blood free glu-
tathione (GSH) and a decrease of the glutathionylated pro-
teins, reflecting a reduction of oxidative stress to proteins in
the body. In the same study, Se supplementation for 9 months
decreased the plasma level of PSA by 20% without affecting
the urine level of 8-hydroxydeoxyguanosine, which is an in-
dicator of oxidative damage to DNA. These results together
suggest mechanisms independent of or in addition to seleno-
proteins may be involved in the protection against oxidative
stress and in inhibiting androgen signaling by Se supplemen-
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tation in subjects whose baseline Se was in the “nutritionally”
adequate range.

FUTURE RESEARCH

Selenium metabolite profiling
and status assessment

A number of circulating forms of Se are predicted to exist
in vivo. These include the selenoanimo acids from digestion
of food proteins (selenomethionine, SeCys, and perhaps
CH,SeCys), and the intermediary and excretory metabolites
(hydrogen selenide, methylselenol, and perhaps [CH,],Se and
[CH,],Se*) (Fig. 4). Because hydrogen selenide and methyl-
selenol have been shown to exert differential anti-cancer ac-
tions (Fig. 5), there would be obvious utility for methods that
measure these metabolites and their ratios in plasma or target
tissues. These will also be critical to test the plausibility of
excess hydrogen selenide as a mutagenic agent for increasing
cancer risk through ROS and genotoxicity-mediated genetic
and epigenetic pathways.

Roles of selenoenzymes

A better understanding is needed of the roles, if any, of
selenoproteins in the cancer preventive effects of Se. As we
proposed, a conditional Se deficiency in early lesions may
create a need for additional Se to support selenoproteins in
the trial by Clark and co-workers, in which the subjects
within the low tertile of baseline Se experienced the greatest
reduction in cancer risk. This differs from the current para-
digm that the protective effect did not involve the selenopro-
teins based on the two-stage model proposed by Combs and
Gray (7). It has been reported that a polymorphism of codon
198 of the cellular SeGpx gene is strongly associated with
risk to lung cancer among male smokers (56). This appears
to be consistent with a protective role of SeGpx and other se-
lenoproteins in suppressing risk of cancers with a strong ox-
idative etiology. Additional genetic polymorphisms in other
selenoproteins may help to further build the case. In addi-
tion, the application of gene knock-out and knock-down
technology for selenoproteins in carcinogenesis models may
help to address this issue.

Define optimal Se dosage
and interactions with baseline Se

It is important to establish the Se dosage that will be
both safe and effective in reducing cancer risk in accord
with the baseline Se. The SELECT (44) and lung cancer
trial (see http://www.cancer.gov/clinicaltrials/) will provide
valuable data to validate the influence of baseline Se on the
response of the target cancers to Se supplementation. Such
interactions should also be tested in future randomized trials
with methylselenium precursors and other organoselenium
compounds. It is important to understand the safety issues
regarding Se doses and the possibility of increased cancer
risk by too much supplementation to people with high base-
line Se.
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Speciation of Se compounds

Sensitive and specific methods are needed to characterize
the chemical forms of Se present in foods and supplements.
Besides selenomethionine and SeCys, which are the major Se
in Se-yeast, additional Se forms may contribute to the ob-
served anti-cancer activity. A few groups (2, 34, 46) have at-
tempted to develop effective methods for characterizing the
various chemical species of Se present in complex biological
matrices such as Se-garlic. The ability to quantitatively iden-
tify Se species will be important for the evaluation of food
sources of Se in cancer prevention, and for the management
and breeding of “functional food” crops to enhance the values
of foods for cancer prevention.

Randomized cancer prevention trials with
methylselenol precursors and organoselenium

Although preclinical studies have strongly indicated many
desirable attributes of the methylselenol precursors, random-
ized cancer prevention trials are needed to validate their effi-
cacy. Methylselenocysteine, MSeCN, and MSeA have been
shown to have equal chemopreventive efficacy against chem-
ically induced mammary carcinogenesis in a rodent model
(28, 30, 31, 35). The recent clearance of toxicology tests in
dogs for methylselenocysteine (C. Ip, personal communica-
tion) should prepare the way for Phase I trials to establish the
tolerated dose in humans before its implementation into
large-scale randomized prevention trials. Similarly, clinical
trials are necessary for testing the applicability of 1,4-phenyl-
bis(methylene)selenocyanate and related organoselenium
compounds for human cancer chemoprevention.

SUMMARY AND IMPLICATIONS

The clinical trial results of Clark and co-workers have
strengthened the plausibility of Se supplementation for de-
creasing the risk of solid cancers of several organ sites. The
significant interaction between baseline Se and the efficacy
of the Se-yeast for reducing cancer risk, if validated, has im-
portant implications for the tailor-designing of delivery of Se
to target populations for cancer prevention. Mechanistic stud-
ies have indicated that the methylselenol metabolite pool has
many desirable attributes for chemoprevention and therapy,
targeting cancers of both epithelial cells and vascular endo-
thelial cells. Future randomized cancer chemoprevention tri-
als are necessary to test the efficacy of methylselenium com-
pounds in different organ sites. Speciation (profiling)
methods for Se metabolites are much needed for hypothesis
testing and for developing mechanism-based Se status mark-
ers for future prevention trials. We proposed a new paradigm
to integrate the roles of selenoproteins and specific Se
metabolites to account for cancer risk reduction in some
organ sites and risk enhancement in others.
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