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Organoselenium Compounds in Cancer Chemoprevention
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Abstract: Selenium is an important trace element involved in different physiological functions of human body. Knowl-
edge of selenium in biology of cancer has increased at rapid rate especially during last two decades. Basic research and
clinical studies involving animal models and more recently studies in human strongly support the protective role of sele-
nium against various types of cancer. Selenium’s role as an essential nutrient is as a result of its unique chemistry enabled
by the presence of selenium in selenoproteins. Epidemiological findings have linked inadequate status of selenium to in-
creased risk of cancer. The protective action of selenium is a combination of various mechanisms. Amongst all the diverse
mechanism that have been proposed some important ones are (a) Protective role of selenoproteins / selenoenzymes (b) in-
duction of apoptosis (c) immune system effects (d) detoxification of antagonistic metals (e) inactivation of nuclear tran-
scription factor (f) regulation of lipoxygenases (g) effect on advanced cancer condition (h) reduction of oxidative stress (i)
induction of Phase II enzymes (j) androgen receptor down regulation (k) inhibition of DNA adduct formation (1) cell cycle
arrest. The purpose of this review is to focus the recent development in the field of cancer prevention utilizing selenium.
The metabolism of selenium compounds , carcinogenesis studies, epidemiological data, and various proposed chemopre-

ventive mechanisms of selenium compounds along with results of human intervention trials have been discussed.
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INTRODUCTION

Cancer is becoming an increasing significant disease all
around the globe and is responsible for more than 7 million
deaths worldwide [1]. As per the estimate of the American
Institute of Cancer and World Research Fund, 40% of the all
cancer of the world can be prevented by the combination of
appropriate diet and physical activity [1]. Cancer chemopre-
vention is a relatively new approach in the management of
cancer. Cancer chemoprevention coined by Sporn [2, 3] and
coworkers in 1976 has been defined as a strategy for reduc-
ing cancer mortality and involves the prevention, delay and
reversal of cancer by ingestion of dietary or pharmaceutical
agents capable of modulating the process of carcinogenesis
[4]. The nutrition related research of selenium (a metalloid
classified in group VI A existing both in amorphous and
crystalline state) is concerned it, started over seven decades
ago. It was found that the plant-eating animals in South Da-
kota and Nebraska suffered from liver and nervous system
injury because of selenium toxicity [5]. Countrywide sele-
nium maps were constructed for United States of America on
basis of the selenium contents in soil [6]. It was about five
decades back that selenium was recognized as one of the
essential nutrients in the nutrition of human. Schwarz et al.
in 1957 recognized selenium as an essential nutrient in nutri-
tion of animals and humans [7]. A large number of findings
later have indicated that supplementation of selenium in
the diet is inversely related to incidence of cancer. Majority
of studies in numerous animal models have shown that
intake of selenium above the dietary requirement can prevent
cancer.
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Amongst all the micronutrients that have been studied so
far selenium has emerged as a most successful factor with
consistency in the protective nature against cancer. Most
recently the knowledge of selenium in cancer chemopreven-
tion has increased manifold with incoming of new and highly
sophisticated biological tools. There have been numerous
epidemiological and specific studies relating to potential
clinical and molecular role of selenium in prevention of can-
cer. Significant inverse relationship between intake of die-
tary selenium and over all cancer risk has been reported. A
substantial amount of basic carcinogenesis research on dif-
ferent animal models, clinical research, epidemiological data
strongly support the protective role of selenium in cancer
chemoprevention.

In this review an attempt has been made to summarize
recent developments in the field of selenium related cancer
chemoprevention. A number of studies and reviews are
available, summarizing cancer chemopreventive potential of
selenium but they are too specific [8-13]. We felt a need for
a comprehensive review covering various aspects of sele-
nium’s cancer protective ability along with proposed action
mechanism and major phase trials. Various epidemiological
studies, metabolic pathway, experimental carcinogenesis to
show cancer chemopreventive nature of selenium have been
discussed in the present review. The article also highlights
some of the existing gaps in understanding cancer chemo-
preventive role of selenium.

Role of Selenium Metabolites in Cancer Chemopreven-
tion

There are many lines of evidence suggesting that metabo-
lism is necessary for the anticarcinogenic activity of sele-
nium compounds. Although there appears to be a lot of simi-
larity between chemistry of selenium and sulfur however the
interchangeability is not always possible in biological sys-
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tems. With better understanding of metabolism of selenium
compounds with reference to their assimilation and detoxifi-
cation, the significant role of critical selenium metabolites
has been established. The metabolism of selenium is dy-
namic resulting in formation of a large number of products.
Human and animals both synthesize many different interme-
diary metabolites in the course of converting inorganic sele-
nium to organic forms. Methylation is a major pathway and
as is evident from experimental studies that monomethylated
forms of selenium have emerged as a significant metabolite
against cancer. Selenium enters human body as selenome-
thionine or selenite. The metabolism of selenite and sele-
nomethionine has been shown in the Fig. 1 [14]. Hydrogen
selenide is a key metabolite, formed from inorganic sodium
selenite as shown in Figure. It is reasonable to believe that
intermediary metabolism of the administered selenium com-
pound ultimately produces critical metabolites responsible
for cancer protection. Since the forms of selenium that are
readily converted to dimethyl selenide and trimethyl sele-
nonium are to be avoided as they are excreted making it poor
choice for anticarcinogenesis. Demethylation of dimethyl
selenide and trimethyl selenonium has been accepted as im-
portant concept in selenium metabolism [15-17].

It has been suggested that selenium compounds that are
able to supply a steady stream of methylated metabolites
particularly the monomethylated ones are good chemopre-
ventive agent. The reason is that these compounds have an
escape mechanism via random incorporation into proteins, or
rapid conversion to dimethyl selenide and trimethyl sele-
nium. It was first shown by Ganther that selenium is metabo-
lized by animals resulting in the formation of dimethyl se-
lenide. As far as the release of monomethylated selenium
species a B-lyase-mediated reaction is needed to free the spe-
cies from Se-methylselenocysteine or its selenoxide form.

CH3SeCH,CHNH,COOH CHsSeH + pyruvate+NH,

CH3SeOCH,CHNH,COOH CH3SeOH + pyruvate+NH3

A large number of researchers have shown the impor-
tance of small molecular weight metabolites of selenium in
cancer chemo prevention. Nakamuro et al. evaluated the
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methylated selenium metabolites after oral administration of
various selenium compounds and concluded that CH;SeH
can be directly formed from selenomethionine by action of y-
lyase [18]. Stored form of the selenium i.e. y glutamyl sele-
nomethyl (Se Me)-Se-cysteine present in Brassica and Al-
lium families gets metabolized to SeMe-SeCys which is
acted upon by B-lyase to give CH;SeH directly. Precursor of
CH;SeH typically methyl selenic acids in experimental in
vitro systems have been shown to induce apoptosis as dis-
cussed later in the text.

Chemical species specific metabolic pathway for sele-
nium was explained by the metabolic regulation through
selenide as common intermediate for inorganic and organic
selenium sources [19]. Selenium in form of selenodiglu-
tathione is enzymatically reduced by glutathione reductase
and NADPH to yield H,Se. The reduction proceeds via two
steps, the first of which results in the production of selenop-
ersulfide, GSSeH, followed further by a NADPH linked re-
duction to yields H,Se. Chemopreventive activity of seleno-
betaine and Se-methylselenocysteine has been evaluated and
dose dependent inhibitory response to both these compounds
has been reported [20]. Studies have shown that intake of
selenomethionine rich diet by animals causes a greater tissue
accumulation of selenium than other forms of selenium [21].

Selenobetaine methyl ester has been found to be highly
efficient in inhibiting carcinogenesis. Foster et al. have stud-
ied dimethylselenoxide and selenobetaine methyl ester sup-
plementation in diet [22]. These two compounds have been
reported to preferentially enter the metabolic pathway at the
dimethylselenide step. Dimethylselenoxide has been found to
be less active in chemoprevention of cancer, which can be
explained on its facile reduction to volatile dimethylselenide
thus leading to excretory pathway [23]. Selenobetaine and
Se-methylselenocysteine is converted to methylselenol.
Trimethylselenonium as shown in the Fig. 1 is an end prod-
uct of selenium metabolism excreted in the urine. Ip et al.
have shown that the supplementation of trimethylselenonium
is totally ineffective in cancer chemoprevention [24]. In a
significant study Foster et al. have shown demethylation of
trimethylselenonium resulting in the formation of dimethyl-
selenide. Arsenic induced demethylation can be the reason
for increased efficacy of dimethylselenide [25].

Incorporation into
selenoproteins and
selelenocysteine
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Selenium or Selenomethionine metabolism

Fig. (1). Selenium or Selenomethionine metabolism.
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EPIDEMIOLOGICAL STUDIES

There have been numerous epidemiological studies,
which strongly support protective action of selenium against
prostate, lung, colorectal, stomach and other cancers. Major-
ity of epidemiological studies strongly suggest protective
role of selenium against various types of cancer. The epide-
miological findings have come as a much encouragement in
the possible use of selenium compounds as potential cancer
chemopreventive agents. In one of the pioneering studies,
Shamberger and Frost compared the human mortality rates in
various regions having different selenium concentration in
locally grown forage crops [26]. Lesser deaths were reported
from areas with high concentration of selenium as compared
to regions having low concentration of selenium. Significant
findings by Shamberger ef al. suggested that inverse rela-
tionship existed between death rates in humans and concen-
tration of selenium in the forage crops in California [27,28].
The parts of the human body that would come into direct
contact with dietary selenium, such as pharynx, esophagus,
stomach, bladder and intestine, showed a substantially lower
rate ratio of cancer incidence in the cities having high sele-
nium concentration plants as compared to the one having low
concentration. There have been scores of other ecological
studies, which have correlated cancer related deaths to the
deficiency of selenium in different geographical areas all
around the globe. A Dutch study carried by van den Brandt

_o€
NaO \ONa

Sodium Selenite

:\—Se

M

Diallyl selenide

Selenomethionine

o

Benzyl selenocyanate

Triphenylselenium chloride

S
g
NH” SSeCH;
A\
N
|
H

Se

Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 7 659

et al. showed that individuals with lowest quartile of toe-nail
selenium were 2.5 times more likely to develop lung cancer
than those in higher quartile, however no relationship was
found for cancers of stomach, colon and rectum [29,30]. In
an investigation dealing 27 county comparisons it was found
that the per capita Se intake was inversely related to the total
cancer mortality [31]. Yu and colleagues showed that cancer
mortality incidence due to various cancers was inversely
related to the selenium level in China [32].

The fact that dietary selenium intake in Finland is much
less than in United States but still the mortality rates for
breast, cancer and large bowel cancer is much higher in
United States. This suggests that incidence of cancer is influ-
enced by various other food constituents, selenium being one
of the factor [33]. Perspective studies from Finland sug-
gested an inverse relationship between selenium status and
risk of cancer [34]. A prospective study in the US also con-
cluded an inverse relationship between cancer risk and sele-
nium status [35]. In subgroup analyses based on the average
selenium level in the study population it has been suggested
that selenium may have some protective effect against lung
cancer in populations where average selenium levels are low
[36]. A nested case—control study was conducted to examine
the associations of a-tocopherol, y-tocopherol, and selenium
with incidence of prostate cancer. Statistically significant
protective associations for high levels of selenium and o.-
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Fig. (2). Structures of selenium compounds tested for cancer chemopreventive activities.
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tocopherol were observed [37]. Majority of geographic and
epidemiological studies of cancer incidence in groups have
shown a trend for individuals with lower selenium levels
(blood and nails) to have a higher incidence of several
different types of cancer. In a major study amongst Tai-
wanese men, decreased plasma selenium concentration was
associated with increased risk of liver cancer [38]. Case
control studies conducted in men with prediagnostic plasma
selenium level in the lowest quartile were four to five times
more likely to develop prostate cancer [39]. Within a pers-
pective study of more than 9000 Japanese American men; a
case control study concluded that the risk of developing
prostate cancer was 50% less in men with selenium level in
the highest quartile compared to those in lower quartile [40].
Case control study within a perspective study of 50,000 male
health professionals in US found a significant inverse
relation ship between toe nail selenium content and risk of
prostate cancer [41]. The hypothesis that low selenium may
be a risk factor for cancer of lungs was evaluated by Knekt et
al. in case control study. The findings suggested that low
selenium status may be a risk factor in lung cancer [42a].
The association of serum selenium with the subsequent risk
of death from cancer was investigated in a case-control study
that was nested in a prospective nine-year follow-up study in
the Netherlands. A medical survey was conducted with an
enrollment of 10,500 subjects in Zoetermeer. The data gen-
erated from this study showed an increased cancer risk asso-
ciated with low selenium level however amongst women no
substantial effect was visible [42b].

Although majority of studies show protective effect of
selenium against different cancer there are a couple of stud-
ies, which have shown that there is no substantial relation
between concentration of selenium and the incidence of can-
cer. In a perspective study of more than 60,000 female
nurses in United States no relation was found between toe
nail selenium level and total cancer incidence [43]. Coates et
al. conducted a nested case-control study to study the corre-
lation between serum levels of selenium and retinol and the
incidence of cancer [44]. It was found that serum levels of
selenium or retinol do not have any appreciable effect on
cancer incidence. Investigations were carried by Allen et al.
to study the association between the selenium level in fin-
gernails and prostate cancer risk in a case-control study
among 656 British subjects [45]. The finding suggested no
strong association between selenium with prostate cancer
risk in British men. Good man et al. has analyzed the Se se-
rum concentration in 356 Carotene and Retinol Efficacy
Trial (CARET) participants [46]. It was found that there was
no substantial relationship between selenium concentration
and cancer incidence. A case control study involving 164
subjects was conducted to study relationship of plasma sele-
nium and activity of glutathione peroxidase. It was con-
cluded that there was no substantial relationship between
level of selenium and glutathione peroxidase activity [47]. In
a similar study no association was noticed between toe- nail
selenium cancer of breast and prostate however statistically
significant inverse association between toe-nail selenium
level and the risk of colon cancer for both genders combined
was observed [48]. In a study conducted dealing with breast
cancer patients it was found that protective role of selenium
was much less as compared to vitamin C and E. There was
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an 84% and 77% lower risk of breast cancer if the levels of
vitamin C and vitamin E were increased by 1 unit, respec-
tively. Similarly, there was a 7% lower risk of breast cancer
if the level of selenium was increased by 1 unit [49]. A case
control study to examine concentration of selenium and zinc
in nail tissue concluded that toe- nail selenium was not in
anyway connected to the risk of oral cancer [50].

Carcinogenesis Studies

Protective role of selenium in the prevention of cancer
has been well established by numerous in vitro, in vivo, stud-
ies in different models. The experimental data generated on
various animal model and cell lines demonstrates significant
beneficial effect of selenium in cancer chemoprevention.

In one of the pioneering studies, Ip et al. evaluated can-
cer-protecting effect of selenium in the initiation and promo-
tion phase of 7,12-dimethylbenz[a]anthracene induced mam-
mary carcinogenesis in rats [51]. It was suggested that sele-
nium is not only capable of inhibiting initiation and promo-
tion phase of carcinogenesis but also effective as an adjuvant
chemotherapeutic agent.

The synergistic effect of Vitamin E and selenium in che-
moprevention of mammary carcinogenesis was investigated
in rats and it was found that vitamin E, although ineffective
by itself, was able to potentiate the ability of selenium to
inhibit the development of mammary tumors induced by
DMBA in rats [52]. It has been shown that sodium selenite
inhibits the binding of DMBA to DNA in the tertiary cul-
tures of fetal mouse, however the action is selective and in-
hibits the induction process [53]. In a detailed study con-
ducted to explore the synergistic mechanism of selenium and
vitamin E; the chemopreventive efficacies of selenite and
selenomethionine were examined in rats during carcinogene-
sis induced by mammary tumor model and it was found that
vitamin A enhanced the protective effect of selenite [54].
The effect of retinoid and selenium supplemented diets in
pancreatic and liver carcinogenesis was examined in rats
induced by aza serine. It was found that although retinoid
inhibited the pancreatic carcinogenesis, it was more effective
when used in combination with selenium [55]. However in
liver, it was noticed that retinoid alone inhibited carcino-
genesis but when combined with selenium it was ineffective.
Selenium alone was found to be ineffective when used alone
in both the cancers. An inverse relation between the inci-
dence of liver cancer and selenium content in the blood was
observed in Jaingsu province of China [56]. The authors on
basis of their experimentation on animal models, exposed to
aflatoxin B1 suggested a protective effect of selenium sup-
plementation on the cellular DNA damage.

In a detailed investigation of the chemopreventive action
of sodium selenite, magnesium chloride, ascorbic acid and
retinyl acetate given singly or in combination on mammary
carcinogenesis induced by 30 mg of DMBA in female adult
rats, Ramesha et al. found that each modulator was able to
reduce the tumor incidence by itself however with the con-
current use of all four modulators the tumor incidence was
reduced to 12% [57]. Hussain et al. studied the impact of
selenium supplementation on precancerous and cancerous
lesions in the cervical epithelium induced by methyl cholan-
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threne [58]. The effect of selenium administration through
drinking water was visible as the incidence of cervical was
37% as compared to 72% in the control mice. In a study to
see the effect of excess selenomethionine on selenium status
Hawkes er al. treated forty pregnant macaques with L-
selenomethionine and analyzed plasma selenium and glu-
tathione peroxidase specific activities. It was found that the
activity was directly related to the selenomthionine intake
[59]. Ip et al. evaluated the nutritional bioavailability of se-
lenium from the selenium enriched garlic by using two liver
selenoenzyme as biomarkers: glutathione peroxidase and
type I 5' iodinase [60]. The studies found that selenium en-
riched garlic was just as effective as selenite as far as the
restoration of activity of both these enzymes is concerned.
Vadhanavikit ez al. studied the effect of sodium selenite and
methylated selenium compound administered at cancer che-
moprevention levels in the rat [61]. It was found that animal
body has remarkable capabilities for inter converting sele-
nium and a significant amount of it was retained in the tis-
sues of body. It was concluded that the high protective activ-
ity of cancer is due to excessive excretion of methylated se-
lenium.

In a study to evaluate the activity of 1,4-phenylene-
bis(methylene)selenocyanate (p-XSC), cell lines of mouse
mammary carcinoma cell lines were used. Treatment with p-
XSC caused a 3-to 6-fold greater accumulation of selenium
within cells than did treatment with equivalent amounts of
selenite.In addition cells were able to better tolerate higher
cellular levels of selenium derived from p-XSC [62]. In an-
other study by Lu er al. to evaluate the effect of synthetic
triphenylselenonium chloride in mammary cell culture model
it was also inferred that triphenylselenonium represented a
new type of selenium compound that had a distinct mecha-
nism from those induced by selenium. It was further found
that the p-XSC caused greater accumulation of selenium
within cells [63]. In a study by El Bayoumy ef al. it was
demonstrated that that p-XSC inhibited mammary tumor
development induced by DMBA during the initiation and
post-initiation phases of carcinogenesis in female rats. Inhi-
bition of cell growth and apoptosis was also noticed in
mammary carcinoma cells. p-XSC was found more effective
than selenite and sulfur analog [64]. Short et al. synthesized
two new classes of selenazolidine carboxylic acids as latent
forms of selenocysteine [65] (Fig. 3).

Sel 561
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Fig. (3). Selenazolidine carboxylic acids.

Results indicate that the p-X SeSG administered during
the post initiation phase significantly inhibited the incidence
and multiplicity of AOM induced colon adenocarcinoma. In
an effort to study the to see the effect of triphenylselenonium
chloride supplementation on glutathione peroxidase or thi-
oredoxin activities it was found that although it could lead to
suppression of mammary tumorigenesis by 50% there was
no effect on the enzyme activity. The authors evaluated the
effect of sodium selenite (Na,SeOs) or L selenomethionine
and observed differential dose-dependant growth inhibition
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and apoptosis within cancer prostate cancer cells. L sele-
nomethionine caused an increase in arrest in the G2-M phase
of the cell cycle [66].

Ip et al. found that triphenylselenonium chloride sup-
pressed mammary tomorigenesis by approximately 50% irre-
spective of the selenium status and it was also suggested that
chemopreventive mechanism for triphenylselenonium chlo-
ride is not related to selenoprotein synthesis [67,68]. During
the in vitro testing in mouse mammary epithelial cells both
Se-allylselenocysteine and Se-propylselenocysteine have
been shown to be very active. ASC was found to increase the
rate of apoptosis and oxidation of pyrimidines. On basis of in
vitro experiments it was found that methylselenic acid was
more potent than methyl selenocysteine in inhibiting cell
accumulation and inducing apoptosis in mouse mammary
epithelial cells [69]. Cytocidal response of the sodium se-
lenite in MCF-7 human breast adenocarcinoma cells was
examined. Selenium resulted in inhibition of DNA synthesis
as observed by cell cycle analysis. Fragmentation of DNA
was also noticed with relatively higher concentration [70].

Experimental studies designed to evaluate the efficacy of
combined regimen of oxidants namely alpha-tocopherol,
ascorbic acid and selenium, have revealed significant lower
development of neoplasm in-group of animals receiving al-
pha-tocopherol and selenium supplementation [71]. Sohn et
al. examined the cancer chemopreventive activity of p-XSC
and its analogs on xenobiotic metabolizing enzymes. The
level of glutathione S-transferases in liver kidney lungs was
found to increase. Increased level of glutathione peroxidase
was also noticed in colon and mammary glands [72].

The organoselenium compounds benzylselenocyanate
(BSC) and p-XSC as well as sodium selenite have been
found to be effective against tumors in animal models at both
initiation and post initiation stages as evident by the inhibi-
tion of excess DNA(cytosine-5)-methyl transferase [73].
Seleno methionine treatment inhibited tumor growth, in-
duced apoptosis and resulted in decrease of polyamine con-
centration in A549 and HT 29 cancer cell lines [74]. The
effect of selenium compounds was examined on the expres-
sion levels of growth arrest and DNA damage-inducible
(gadd) genes. Experiments revealed time-dependant and se-
lenium species-specific induction pattern for gadd genes
[75]. Experimental studies have suggested that dietary sup-
plementation with selenium compounds can inhibit devel-
opment of colon cancer (namely p-methoxynenzylseleno-
cyanate, and 1,4 phenylenebis(methylene)selenocyanate (p-
XSC). Both these agents were tested with low and high fat
diets. It was found that both of these agents are effective in
inhibiting colon cancer [76].

The chemopreventive effect of dietary selenium (as so-
dium selenite or as Se-rich egg) on mouse skin tumor in-
duced by the topical application of 2-(4-nitrophenoxy) ox-
irane, as tumor initiator and 12-O-tetradecanoylphorbol-13-
acetate (TPA) as promoter was evaluated. The studies con-
cluded that selenium proved to be effective chemopreventive
agent at the promotional stage [77]. As a part of program
directed towards developing lesser toxic selenium com-
pounds benzyl selenocyanate, and its o-m, p nitro isomers,
dibenzyldiselenide, ortho, meta and para isomers of XSC,
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Fig. (4). Possible Mechanism of Cancer Chemoprevention by Selenium.

were synthesized and evaluated and it was found that these
compounds were inhibiting crypt multiplicity during the ini-
tiation phase and during post initiation phase [76]. Cytoge-
netic in vitro testing of organoselenium compounds and its
sulfur analogs has been carried in rat bone marrow culture
cells and it was found that the data reflected higher activity
of the selenium compounds as compared to its sulfur analog.
[78].

In an effort to compare the effect of organic and inor-
ganic selenocyanate derivatives against DMBA induced
mammary carcinogenesis it was found that XSC is not effi-
ciently incorporated into glutathione peroxidase as the sele-
nium from selenite [79]. Cao ef al. have carried out detailed
studies on athymic nude mice having human squamous cell
carcinoma of the head and neck and colon carcinoma xeno-
grafts to evaluate the potential role of selenium-containing
compounds as selective modulators of the toxicity and anti-
tumor activity The protective role of selenium thus estab-
lished in this model [80]. In a study dealing with the metabo-
lism of various methylated selenium compounds it was con-
cluded that high anticarcinogenic effect is associated with
extensive excretion of methylated selenium metabolite [81].
Karunasinghe et al. have studied the relation between the
stability of DNA and the serum selenium level in a high-risk
group for prostate cancer [82]. The dietary effect of benzyl-
selenocyanate and its sulfur analogs were investigated [83]
and it was noticed that the inhibition by BSC was 68% as
compared to 35% by BTC. Synergistic effects of various
chemopreventive agents Na,Se,O3;, 1% BHT and 0.5 B-
carotene was noticed in DMBA induced carcinogenesis in
rodents [84]. Positive effect of dietary methoxybenzenesele-
nol, a new organoselenium compound was evaluated on
AOM induced female F-344 rats [85].

In an excellent review, El-Bayoumy and colleagues have
discussed molecular mechanism for cancer chemoprevention
using microarray analysis. It was proposed that dose and
form of selenium are important determining factor in cancer
chemoprevention. Regulation of Phase II detoxification en-
zymes, cell cycle arrest in G1 phase along with inhibition of
CYCLIN A, CYCLIN DI, CDC25 A, CDK4, PCNA, and
E2F gene expression may contribute to the cancer protecting
effects of selenium [86]. Shah ef al. have shown that the
MSA inhibited the estrogen receptor signaling in ER positive

MCEF-7 breast cancer cells as evidenced by decreased estra-
diol dependant cell growth [87]. Organic compound MSA
was found to potentiate growth inhibition by 4-hydroxy-
tamoxifen in different cell lines. Thirunavakkarasu et al.
studied activity of sodiumselenite in lymphocytes obtained
from the hepatoma bearing rats on DNA damage in correla-
tion with oxidative stress [88]. The study explained the asso-
ciation between anti-peroxidative effect of selenium and
cancer chemopreventive property. Gasparain et al. have for-
warded that targetting of Nf-kB activation pathway by sele-
nium as one of the mechanism to explain the cancer protect-
ing nature of selenium compounds. It has been shown that
sodium selenite and methyl selenic acid (MeSeA) induced
apoptosis and inhibited Nf-kB DNA binding in prostate cells
[89]. The data generated in the lab of Antonio et al sug-
gested that induced cell growth inhibition might be, in part,
mediated by COX-2 dependent mechanisms. Se-Met sup-
pressed COX-2 RNA level in HCA-7 cells [90]. It was
shown that SeMet could activate p5S3 by a redox mechanism
independent of DNA damage. At the selenium concentra-
tions used, within the physiological range of clinical studies
p53-dependent DNA repair was activated [91]. In order to
critically address the issue of p53 requirement for the apop-
tosis Jiang et al. have investigated the human prostate cancer
cells cancer cells containing a wild type p53. It was found
that pS3 Sort 15 P was involved in activating the apoptosis
involving both the caspase-8 and caspase-9 pathways in the
cells [92]. Selenium was found to be effective in individuals
with high risk of malignant mesotheliomas (MMs) [93]. Wy-
cherly et al. suggested that high dietary intake of inorganic
selenium may promote in vivo DNA oxidation instead of
inhibiting oxidative DNA damage [94]. Role of selenium as
cancer chemopreventive agent may be in part due to its role
in regulating GPX1 [95]. Studies have shown that site spe-
cific phosphorylation of AKT declined and levels of gadd
445, a DNA damage response, increased significantly as a
consequence of elevated GPx —1 expression.

Detailed investigations were conducted by Thompson et
al. to determine the effect of dietary level of selenium on the
induction of tracheal cancer by I1-methyl —I-nitrosourea
(MNU). It was found that there was no significant difference
among groups in the incidence of either benign lesions or
carcinomas and distribution of the tumor type was not in any
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way related to selenium treatment [96]. Although majority of
experimental research studies have established protective
effect of selenium against cancer; there have been some stud-
ies, which have reported absolute, no relationship between
carcinogenesis incidence and selenium intake.

Pence and Buddingh, showed that dietary selenium defi-
ciency in diet had no effect on the incidence and size of 1,2-
dimethylhydrazine-induced colon tumors in rats [97]. Simi-
larly, Beams demonstrated that dietary level of selenium had
absolutely no influence on the tumor response in the respira-
tory tract and other organs of hamster after the intratracheal
instillation of the indirect-acting carcinogen benzo(a)pyrene
[98]. In other study by Bergman et al. the increased intake of
selenium had no effect on the incidence of stomach tumor
[99]. Similarly Aquino et al. found that 2pug of selenium per
gram of diet had no inhibitory effect in rat model of hepato-
carcinogenesis induced with diethylnitrosamine [100].

MAJOR HUMAN INTERVENTION TRIALS

Deficiency of selenium has been associated with an in-
creased cancer risk, and several clinical and animal trials
have suggested that improved selenium nutrition may reduce
the incidence of several kinds of cancers. Encouraging re-
sults from the selenium cancer chemoprevention studies has
resulted in several large-scale human intervention trials all
around the globe. Majority of these trials have been suppor-
tive of the chemopreventive action of selenium. One of ma-
jor trial was conducted in Quidong county China, which is
one of the regions in the world having very high rates of
primary liver cancer (PLC). The intervention trial was con-
ducted by Yu et al. among the general population involving
about 130,000 subjects and the population was observed for
the protective effect of selenium against liver cancer [101].
The evaluation consisted of an 8-yr follow-up study showing
reduction in PLC incidence by 35.1% in selenized table salt
supplemented vs. the no supplemented population. Increase
in the incidence rate of cancer was noticed on withdrawal of
selenium supplementation. The study also suggested that a
continuous intake of Se was important to sustain the chemo-
preventive effect.

A double blind, randomized, placebo-controlled cancer
prevention trial was conducted by Clarke et al. to determine
the cancer chemopreventive effect of selenium supplementa-
tion in the diet. Around 1300 individuals were enrolled in the
studies [102]. The studies concluded that selenium treatment
had no protective role against development of basal or
squamous cell carcinomas of the skin. Secondary end-point
analyses did support that selenium may reduce the incidence
of carcinomas of various sites. A very large scale major hu-
man intervention trial sponsored by the National Cancer In-
stitute, the protecting effect of selenium (200 m g L-seleno-
methionine) and Vitamin E (400 mg DL-a -tocopherol) alone
or in combination in prevention of prostate cancer is cur-
rently being studied. The Selenium and Vitamin E Cancer
Prevention Trial (SELECT), is a phase III randomized dou-
ble-blind placebo-controlled trial designed to test efficacy of
selenium. Involving more than 32,000 male volunteers, the
final results of this trial are expected in 2013 [103].

In a trial in western Indian state of Maharashtra, it was
concluded that increased selenium level is associated with
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decreased cancer incidence and decreased cancer mortality.
The study was aimed at finding the relationship of selenium
level with site, extent of disease, recurrence of disease,
histopathological diagnosis, anemia and serum protein level
of cancer patients. One hundred patients were selected and
plasma selenium level were studied in and mean selenium
level of 75.35 ng/ml in cancer patients was significantly less
than control values (116.99 ng/ml) in normal healthy indi-
viduals (P < 0.003). The strongest association of plasma se-
lenium level and cancer was found in cancer breast (70.50
ng/ml) and gastrointestinal tract (73.05 ng/ml) cancer [104].

A nutrition intervention trial was conducted in Linxian,
China to study the effect of supplementation with specific
vitamin/mineral combinations on cancer incidence and dis-
ease related mortality. The population of Linxian County,
China, has one of the world's highest rates of esophageal/
gastric cancer and a persistently low intake of several micro-
nutrients. [105]. One of the combinations of the nutrient was
beta-carotene, vitamin E, and selenium. Doses ranged from
one to two times U.S. recommended daily allowances. Sig-
nificantly lower total mortality occurred among those receiv-
ing supplementation with beta-carotene, vitamin E, and sele-
nium. The reduction was mainly due to lower cancer rates
especially stomach cancer. The reduced risk was noticed to
arise about 1-2 years after the start of supplementation with
these vitamins and minerals. Another prostate cancer preven-
tion trial (APPOSE) involving selenium is underway in Aus-
tralia [106]. It would test the hypothesis that daily dietary
supplementation with selenium reduces prostate cancer inci-
dence in a population of male subjects who are at increased
risk.

The Wheat Bran Fiber Trial (Martinez 1998), Polyp Pre-
vention Trial (Alberts et al. 2000), the phoenix, colon cancer
prevention physician network program (Schatzkin et al.
2000) and the Polyp Prevention Study (Greenberg et al.
1994) were 3—4-year interventions in subjects that had re-
cently undergone adenoma removal, 1763 of whom had
baseline serum or plasma Se levels measured. Analysis of
pooled data showed that the subjects with baseline serum or
plasma Se in the highest quartile when compared with those
in the lowest quartile had a significantly lower risk of ade-
noma. These results support previous findings that are sug-
gestive of a beneficial effect of higher Se status on colorectal
cancer risk [107-110].

Mechanisms of Cancer Chemoprevention by Selenium

From the late 1960s and early 1970s selenium intake was
related to decline in the cancer mortality. Cancer protective
effect of selenium was evident initially mainly on basis of
ecological and correlation studies. The chemopreventive
protective action of selenium occurs at systemic, cellular and
molecular level. The anticarcinogenic effect of selenium
depends on its chemical form, and dosage. The element is
supposed to exert its anticancer action on molecular level in
different ways. Studies have indicated that protecting action
of any chemopreventive agents may not be attributed to a
single mechanism, similarly the chemoprevention activity of
organoselenium compounds may be explained on the basis
of various mechanisms. Some of the major mechanisms pro-
posed for chemopreventive activity shown in the Fig. (3).
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Literature survey reveals a number of mechanisms that have
been proposed to explain anticancer effect of selenium,;
amongst them the important ones are (a) Protective role of
selenoproteins and selenoenzymes (b) induction of apoptosis
(c) immune system effects (d) detoxification of antagonistic
metals (e) inactivation of nuclear transcription factor (f)
regulation of lipoxygenases (g) effect on advanced cancer
condition (h) reduction of oxidative stress (i) induction of
Phase II enzymes (j) androgen receptor down regulation (k)
inhibition of DNA adduct formation (1) cell cycle arrest.

(a) Roles of Selenium Proteins

There are about twenty-five human selenoproteins be-
lieved to be involved in antioxidant and anabolic processes.
Selenium is an essential part of enzyme glutathione peroxi-
dase (GPx1, GPx2, GPx3, and GPx4). The glutathione per-
oxidase is a antioxidant enzyme involved in removal of hy-
droperoxides and lipid hydroperoxides which is critical in
the enzymatic chemopreventive action of selenium [111].
Another selenoprotein P is antioxidant and acts as a scaven-
ger for peroxynitrite particularly at the endothelium [112].
Besides thioredoxin reductase (1, 2 and 3) is another impor-
tant class involved in regeneration of anti-oxidant systems,
maintenance of intracellular redox state, reduction of nucleo-
tides in cell synthesis. It has been also found to be critical for
cellular viability and proliferation [113]. Behne et al. have
shown chemopreventive nature of another selenoprotein 15
kDa against development of carcinoma in human prostate
cells [114].

(b) Detoxification of Se Antagonists’ Metals

A number of metals (Cd, As, Zn, Hg, Pb) occurring in the
environment contaminate food, drinking water and environ-
ment. These metals compete with Se intake thus reducing or
completely abolishing the cancer protecting property of sele-
nium under normal physiological conditions. Sugaware et al.
have reported protection against cadmium induced peroxida-
tive damage [115]. Nelson e al. have shown that the sup-
plementation by selenite decreases the expression of MAZ,
the c-myc-activating zinc finger protein that is involved with
activation of the oncogene c-myc, in HT29 human colon
adenocarcinoma cells [116].

In one of the interesting findings amongst tannery work-
ers, who during their working shift were exposed to an at-
mosphere containing chromium compounds, concentration
of Se in blood and blood plasma was lower than in people
who are not occupationally exposed to chromium com-
pounds. The fact that diet of the people living in that area
could be considered identical as far as selenium concentra-
tion was concerned it could be inferred that exposure of
chromium was responsible for low selenium concentration
[117a]. The differential effects of arsenic compounds and the
effect of selenium on arsenic-induced changes in cytotoxic-
ity, viability, and cell cycle of porcine aorta endothelial cells
(PAECs) were investigated. An increased G2/M phase was
observed in NaAsQ,-treated PAECs, however there was in-
crease in secondary necrosis (late apoptosis) in As,O;-treated
PAECs [117b]. In a key study to evaluate the supplemental
selenium in areas having higher arsenic levels and low sele-
nium level it was found that the 300 pg of selenium in-
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creased plasma glutathione peroxidase (GSH-Px) activity
and reduced the concentration of lipid hydroperoxides. Thus
the detoxification of Se antagonistic metals through the for-
mation of metal selenides and protein complexes is an im-
portant mechanism. One of the key conclusions is that the
selenium protecting effects of selenium are not absolute, it
depends to a large scale on the Se antagonistic elements in
the system. Schrauzer et al. found out that addition of arsenic
to the drinking completely removed the anticarcinogenic
effect of selenium [118].

(c) Inhibition of Activation of Nuclear Transcription Fac-
tor

One other important mechanism by which selenium can
act as anticarcinogenic agent is by activation/inactivation of
nuclear transcription factor [119]. Flohe et al. found that
selenium is involved in the inhibition of nuclear transcription
factor resulting in the cancer protecting property [120]. Inhi-
bition of activation of NF«B is further associated to the sen-
sitization of tumor necrosis factor (TNF)-a which in turn is
known to have cytotoxicity against variety of tumor cells. In
another study conducted by Otsuka and his colleagues it was
found that inhibition of activation of nuclear transcription
factor nFgB activation confers sensivity to tumor necrosis
factor a by impairment of cell cycle progression in human
glioma cells [121].

(d) Effect on Immunity

Both the innate and acquired immune systems are influ-
enced by selenium [122]. The supplementation of selenium
enhances lymphocytes response ability to mitogen and facili-
tates neutrophil chemotaxis [123]. One of the most investi-
gated effects of selenium on the immune system is its effect
on neutrophil function. It’s been found that neutrophils from
selenium deficient rats and cattle have low ability to kill
pathogens than the neutrophils from selenium sufficient ani-
mals. The defective function may be attributed to the de-
creased cystolic GPx (GPx1) activity of neutrophils. Sele-
nium deficiency can favor formation of pro-inflammatory
compounds that would predispose towards disease such as
heart disease and cancer [124].

(e) Effect of Selenium on Advanced Cancer Condition

There are a number of studies, which support the inhibi-
tory effect of selenium on advanced cancers (cancer progres-
sion and metastasis). In a study dealing with serum selenium
level and risk of prostate cancer Nomura et al. [125] have
suggested that effect of selenium was more pronounced dur-
ing advanced stage than the primary stage. Another perspec-
tive study by Li et al. has confirmed enhanced protective
effect of selenium on the tumor spread [126].

In a series of findings by Jiang ef al. vascular endothelial
growth factors (required for the progression and metastasis)
are significantly lowered as a result of selenium supplemen-
tation [127-129]. They also found that significant lower level
of vascular endothelial growth factor expression was ob-
served in sizable portion of selenium treated carcinomas as
compared to untreated control and thus it was shown that
inhibition of angiogenesis might be the one of the contribut-
ing mechanism.
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(f) Induction of Apoptosis

Selenodiglutathione (SDG), the initial metabolite of se-
lenite, is shown to be a more powerful inhibitor of cell
growth in vitro than selenite itself [130a]. Unni ef al. have
found that selenium methyl selenocysteine a naturally occur-
ing selnium compound induced apoptosis after a cell growth
arrest in S-phase [130b]. Wang et al. have shown that meth-
ylselenol was responsible for caspase-mediated apoptosis
[131]. In order to provide insight to the mechanistic aspect of
apoptosis induction by selenium Ghosh and colleagues have
investigated the signal transduction pathways affected by
selenium compounds in biopsies of normal human oral mu-
cosa cells and human oral squamous carcinoma cells using a
primary culture system [132]. Medina et al. who suggested
that the chemopreventive activity of se-methyl selenocys-
teine could partly be explained by its capacity to induce
apoptosis reported a similar finding. Exposure of DU 145
cells to methylselenic acid resulted in profound GI1 arrest,
DNA fragmentation and caspase mediated cleavage of poly
(ADP-ribose)polymerase resulting in apoptosis [133].

(g) Reduction of Oxidative Stress

Oxidative stress can be described as a condition when the
generation of reactive oxygen species (ROS) in a system
exceeds the ability of the subject to neutralize and eliminate
them [134, 135]. One of the main reason for this imbalance
is the lack of antioxidant capacity which in turn may be
caused by disturbance in production, distribution, or by an
over abundance of ROS from various sources. If not regu-
lated properly, excess ROS can damage cellular lipids, pro-
teins or DNA, thus inhibiting signal transduction pathways,
and, in general, normal cellular function. There is emerging
attention on micronutrient elements such as selenium (Se)
and zinc which are important as integral constituents of pro-
tective enzymes via special amino acids (e.g. selenocysteine,
selenomethionine) or structural components (e.g. Zn fingers,
Zn-metallothionein) Overall, these low-molecular-mass anti-
oxidant molecules add to the enzymatic defense system pro-
vided by superoxide dismutases, catalase etc [135]. Sies et
al. have demonstrated a novel function of selenoproteins
containing selenocysteine or selenomethionine, in the main-
tenance of a defense line against peroxynitrite-mediated oxi-
dations [136]. In a different investigation dealing with sele-
nium serum level and subsequent risk of cancer amongst
Finnish men and women it was found that lowest level of
dietary antioxidants is related to strongest effect of selenium
[137]. Evaluating the effect of selenium (Se)-induced oxida-
tive stress on the oxidation reduction system, Bansal et al.
found that the glutathione reductase and superoxide dis-
mutase activities were decreased in the Se-deficient group,
whereas the enzyme levels were significantly increased in
the Se-excess group [138].

(h) Phase II Enzymes Induction

In order to evaluate phase II enzyme induction by sele-
nium compounds Xiao et al. tested twenty-seven selenium
compounds for quinone reductase (QR) and glutathione-S-
transferase (GST) inducing activity in murine hepatoma
(Hepa 1clc7) cells. Sixteen selenium compounds were able
to double QR activity, and seven of them also doubled GST
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activity [139]. Modulation of phases I and phase II xenobi-
otic-metabolizing enzymes by selenium-enriched garlic in
rats has also been reported [140]. Sohn et al. evaluated dif-
ferent isomers of p-XSC on Phase I and Phase II enzymes
and it was found that the activity varied with different iso-
mers [141].

(i) Inhibition of DNA Adduct formation

In multiple organ systems in rodents, including the lungs,
several forms of selenium have inhibited carcinogen-induced
covalent DNA adduct formation along with retarded oxida-
tive damage to DNA and decreased Mtase ( methyl trans-
ferase) activity [142]. It was noticed that p-XSC inhibited
DMBA-DNA adduct formation in the mammary glands. In
collaboration with several other groups, Bayoumy et al.
demonstrated that p-XSC inhibited thymidine kinase in
mammary tumor cell lines derived from both humans and
rats. Dietary p-XSC inhibited the formation of DNA adducts,
as well as lung tumor development by the tobacco-specific
nitrosamine [143].

() Cell Cycle Arrest

Cell cycle arrest is one of the major mechanisms pro-
posed to explain cancer-protecting mechanism of selenium.
Studies have revealed that selenium caused G1 arrest of
LNCaP with no effect on PC3. Treatment of LNCaP and
PC3 cells with selenium induced growth arrest of LNCaP as
early as 24 h after treatment as revealed by flow cytometric
studies. Selenium treatment resulted in the 58.1% reduction
in the S phase [144]. It was concluded that MSeA exposure
led to a profound G, arrest, irrespective of apoptosis induc-
tion; in contrast, selenite exposure led to cell cycle arrest, in
S phase These patterns were in agreement with data obtained
in mammary cancer cell lines [145].

(k) Androgen Receptor Down Regulation

Zhao et al suggested that chemopreventive effect of
methyl selenic acid against prostate cancer may be by modu-
lating the expression of AR and AR-regulated genes [146].
These studies provide an important molecular mechanism of
selenium chemoprevention and potential therapy for prostate
cancer. In this study, the mechanisms of selenium-mediated
AR signaling down-regulation were examined. Selenium
decreased AR mRNA stability, accelerated AR protein deg-
radation, and blocked AR nuclear translocation. In addition,
selenium inhibited the recruitment of co activators and main-
tained co repressors bound to the promoters of AR target
genes [147]. A study by Dong et al. concluded that selenium
was able to significantly down-regulate the expression of
prostate-specific antigen (PSA) transcript and protein within
hours in the androgen-responsive LNCaP cells [148]. PSA is
a accepted prognostic indicator of prostate cancer, thus can
be safely implied that selenium intervention strategy to down
regulate androgen signaling could be helpful in controlling
morbidity of this disease.

() Regulation of Lipoxygenases

PHGPx is an enzyme recognized for its involvement in
the removal of esterified lipid hydroperoxides. Additionally,
PHGPx may be involved with the silencing of several lipoxy-
genases, including 5-, 12-, and 15-lipoxygenase. Since, the
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selenoprotein PHGPx can silence lipoxygenases, this may
partially explain the observed anticancerous effects of this
trace element [149-151].The importance of this regulation
stems from the recognition that lipoxygenases generates me-
tabolites that mediate signals for increasing cell growth and
proliferation [152] and inhibiting apoptosis [153].

CONCLUSION

There are many chemical compounds that are being
evaluated for their protective action against various forms of
cancer. Considering all the human cancer intervention stud-
ies selenium compounds have emerged as one of the most
studied class of chemopreventive agents with highly encour-
aging results. Extensive evidence in the literature strongly
supports that selenium supplementation at level above the
dietary requirement is anticarcinogenic. Results described in
this review strongly suggest modulation of molecular targets
by organoselenium compounds thus indicating their role as
chemopreventive agent. In this case scenario developing
novel molecular targets for selenium is of utmost importance
so that dietary strategy to enhance selenium intakes for can-
cer prevention could be evolved.

Similar to other cancer chemopreventive agents there are
many gaps in the understanding of chemical forms of sele-
nium and its relation to anticarcinogenecity. Since various
chemical forms are the main determining factors for its bio-
logical activities there is need for developing sophisticated
analytical tools to directly analyze selenoaminoacids and
selenoproteins in the living system. It is evident that sele-
nium has an impact on gene multi-step carcinogenesis proc-
ess. Studies with emphasis on in vitro studies using genomic
approach should examine in parallel the effect of selenium
compounds. Another issue that needs to be addressed is the
dose of selenium. Selenium used in vitro and in vivo studies
translates to greater doses than necessary when extrapolated
for human use. Recent evidence underlines the need of ade-
quate selenium but over consumption by excessive use of
selenium supplements need to be discouraged because of
selenium toxicity. Toxicity can be dissociated from efficacy
by tailoring the structure of selenium containing compounds.
Selenium could also be incorporated at appropriate place in
molecules already known for their promising anticancer ac-
tivity [154]. The use of selenium in conjunction with chemo-
therapy or radiation therapy in various cancers appears wor-
thy of further investigation. Further studies focused towards
determination of proper combination need to be carried. As it
is true with all other cancer chemopreventive agents, re-
search should be directed to study the effect of heat-
ing/cooking on selenium compounds. Furthermore, we need
to find out and study comprehensively protective effects of
selenium from additives and synergistic combination point of
view rather than focusing on individual agent.

Most of the selenium chemopreventive studies have re-
volved around selenium compounds that are readily available
in nature. It’s highly critical that this deficiency is overcome
by interdisciplinary research and collaboration with chem-
ists. Efforts should be directed to synthesize new compounds
keeping in view the fundamental biochemistry and metabolic
pathway of selenium compounds. The complexity and diver-
sity of the mechanisms of anti-carcinogenic activity requires
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deep understanding of the cancer chemopreventive modes.
However, in order to get maximal protection consumption of
adequate selenium alone is insufficient. All other established
means of cancer prevention such as adherence to healthy life
style, avoidance of exposures to carcinogenic risk factors
should be considered in addition to the appropriate intake of
selenium in our food.

ABBREVIATIONS

DMBA = 7,12-dimethylbenz[a]anthracene

p-XSC = 1,4-phenylenebis(methylene)selenocyanate

BSC = Benzylselenocyanate

NAD(P)H = Quinone oxidoreductase

GSTs = Glutatathione S-transferases

NNK = 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone

AOM = Azoxymethane

BP = Benzo [a] pyrene

QR = Quinone reductase

GPX1 = Selenoprotein glutathione peroxidase

MSeA = Methylseleninic acid

ASC = Alkylselenocysteine

REFERENCES

[ WWW.cancer.org

2] Sporn, M.B.; Dunlop, N.M.; Newton, Smith, D.L. Prevention of
Chemical Carcinogenesis by Vitamin A and its synthetic analogs
(retinoids) Fed Proc., 1976, 35, 1332.

[3] Sporn, M.B.; Hong, W.K. Science, 1997, 278, 1073.

[4] Bao, N.S.; Cuendat, M.; Hawthorne, M.E.; Kardono, L.B.S.;
Riswan, S.; Fong, H.S.; Mehta, R.G.; Pezzuto, J.M.; Kinghorn,
A.D.J. Nat. Prod., 2002, 65, 163.

[5] Franke, K.W. J.Nutr., 1934, 8, 597.

[6] Rosenfeld, 1.; Beath, O.A. Selenium Geobotany, Biochemistry,
Toxicity and Nutrition, 1964, New York Academic Press.

[7] Schwarz, K. Z. Physiol. Chem., 1944, 281, 106.

[8] Ip, C. Fed. Proc., 1984, 44, 2573.

[9] Medina, D.; Morrison, D.G. Pathol. Immunopathol. Res., 1988, 7,
187.

[10] El-Bayoumy, K. in Cancer: Principles and Practice of Oncology, 4
edition, Lippincot PhiladelphiaVol 2. (eds) Devita, V.t.Jr.; Hell-
man, S.A.; Rosenberg, S.A. 1991 Philadelphia.

[11] Combs I.F. Jr.; Gray W.P. Pharm. Ther., 1998, 79, 179.

[12] Ip, C.J. Nutr., 1998, 128, 1845.

[13] Ip, C.; Hayes, C.; Budnick, R.M.; Ganther, H.E. Cancer Res., 1991,
51, 595.

[14] Lu, J.F. Synthesis of Sulfur and Selenium Containing Indole De-
rivatives for Cancer Chemoprevention, PhD Dissertation, 1996
University of Illinois at Chicago.

[15] Ganther, H.E. Carcinogenesis, 1999, 20, 1657.

[16] Ganther, H.E. J. Am. Coll. Toxicol., 1986, 5, 1.

[17] Ganther, H.E.; Lawrence, J.R. Tetrahedron, 1997, 53, 12229.

[18] Nakamuro, K.; Okuno, T.; Hasegawa, T. J. Health Sci., 2000,
46(6), 418.

[19] Suzuki, K.T.; Ogra, Y. Food Contam., 2002, 19, 974.

[20] Ip, C.; Ganther, H.E. Cancer Res., 1990, 50, 1206.

[21] Whanger, P.D. Butler, J.A. J. Nutr., 1988, 118, 846.

[22] Foster, S.J.; Kraus, R.J.; Ganther, H.E. Arch. Biochem. Biophys.,
1986a, 247, 12.

[23] Ganther, H.E.; Vanhanavikit, S.; Ip, C. FASEB J., 1990, 3, A372.

[24] Ip, C.; Ganther, H. Carcinogenesis, 1988, 9, 1481.



Organoselenium Compounds in Cancer Chemoprevention

[25]
[26]
[27]
(28]
[29]
[30]
(311
[32]
[33]
[34]
[35]
[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]
(48]
[49]
[50]
[51]
[52]
[53]

[54]
[55]

[56]
[57]
[58]
[591

[60]
[61]

Foster, S.J.; Krauss R.J.; Ganther, H.E. Arch. Biochem. Biohys.,
1986, 247, 12,

Shamberger, R.J.; Frost, D.V. Canad. Med. Assoc. J., 1969, 100,
682.

Shamberger, R.J.; Willis, C.E. Crit. Rev. Clin. Lab. Sci., 1971, 2,
211.

Shamberger, R.J., Rukovena, A.K.; Longfield A.K.; Tytko. S.A.;
Deodhar, S.; Wilis, C.E. J. Natl. Cancer Inst., 1973, 50, 863.

Van den Brandt, Goldbohm, R.; Van’t veer, P.; Bode, P.; Dorant,
E.; Hermus, R.; Sturman, F. J. Natl. Cancer Inst., 1993, 85, 224.
Van den Brandt, Goldbohm, R.; Van’t veer, P.; Bode, P.; Dorant,
E.; Hermus, R.; Sturman, F. Cancer Res., 1993, 53, 4860.
Schrauzer, G.N.; White, D.A.; Schneider, C.J. Biorg. Chem., 1977,
7, 35.

Yu, S.Y.; Chu, YJ.; Gong, X.L.; Hou, C.; Li, W.G.; Ging, HM.;
Xie, J.R. Trace Elem. Res., 1985, 7, 21.

Reddy, B.S.; Tanaka, T. J. Natl. Cancer Inst., 1986, 76, 1157.
Salonen, J.T. Ann. Clin. Res., 1986, 18, 30.

Willett, W.C.; Polk, B.F.; Morris, J.S.; Pressel, S.; Taylor, J.O;
Schneider, K.; Hames, C.G. Lancet, 1983, 2, 13.

Zhuo, H.; Smith, A.H.; Steinmaus, C. Cancer Epidemiol. Biomark-
ers Prev., 2004, 13,771.

Helzlsouer, K.J.; Huang, H.Y.; Anthony, J.A.; Hoffman, S.; Alyce,
B.; Norkus, E.P.; Morris, S.J.; Comstock, G.W. J. Natl. Cancer
Inst., 2000, 92, 2018.

Yu, M.W.; Horng, 1.S.; Hsu, K.H.; Chiang, Y.C.; Liaw, Y.F.; Chen,
C.J. Am. J. Epidemiol., 1999, 150(4), 367.

Brooks, J.D.; Metter, E.J.; Chan, D.W.; Sokoll, L.J.; Landis, P.;
Nelson, W.G.; Muller, D.; Andres, R.; Carter, H.B. J. Urol., 2001,
166(6), 2034.

Nomura, A.M.; Lee, J.; Stemmermann, G.N.; Combs, G.F. Jr.,
Cancer Epidemiol. Biomarkers Prev., 2000, 9(9), 883

Yoshizawa, K.; Willett, W.C.; Morris, S.J.; Stampfer, M.J.;
Spiegelmen, D.; Rimm, E.B.; Giovannucci, E. J. Natl. Cancer Inst.,
1998, 90(16), 1219.

Knekt, P.; Marniemi, J.; Teppo, L.; Heliovaara, M.; Aromaa, A.
Am. J. Epidemiol., 1998, 148(10), 975-982. 42(b) Kok, F.J.; de
Brujin, A.M.; Hofman, A.; Vermeeren, R.; valken Berg H.A. Am.
J. Epidemiol., 1987, 129, 16.

Garland, M.; Morris, J.S; Stampfer, M.J.; Colditz, G.A.; Spate,
V.L.; Baskett, C.K.; Rosner, B.; Speizer, F.E.; Willett, W.C.; Hun-
ter, D.J. J. Natl. Cancer Inst., 1995, 87(7),497.

Coates, R.J.; Weiss, N.S.; Daling, J.R. Daling, J.R, Morris, J.S.;
Labbe, R.F. Am. J. Epidemiol., 1988, 128, 515.

Allen, N.E.; Morris, J.S.; Ngwenyama, R.A.; Key, T.J. Br. J. Can-
cer, 2004, 90, 1392.

Goodman, G.E.; Schaffer, S.; Bankson, D.D.; Hughes, M.P.;
Omenn, G.S. Cancer Epidemiol. Biomarkers Prevent., 2001,
10(10), 1069.

Hardell, L.; Degerman, A.; Tomic, R.; Marklund, S.L.; Bergfors,
M. Eur. J. Cancer Prev., 1995, 4(1), 91.

Ghadirian, P.; Maisonneuve, P.; Perret, C.; Kennedy, G.: Boyle, P.;
Krewski, D.; Lacroix, A. Cancer Detect. Prev., 2000, 24(4), 305.
Singh, P.; Kapil, U.; Sheila, N.K.; Doe, S.; Dived, S.N. 4sian Pac.
J. Cancer Prev., 2005, 6(2), 177-80.

Rogers, M.A.; Thomas, D.B.; Davis, S.; Weiss, N.S.; Vaughan,
T.L.; Nevis, A.E. Int. J. Cancer, 1991, 48(2), 182.

Ip, C. Cancer Res., 1981, 41, 4386.

Horvath, P.M., Ip, C. Cancer Res., 1983, 43(11), 5335.

Milner, J.A.; Piggot, M.A.; Dipple, A. Cancer Res., 1985, 45(12),
6347.

Ip, C.; White, G. Carcinogenesis, 1987, 8(12), 1763.

Curphey, T.J.; Kuhlmann, E.T.; Roebuck B.D.; Longnecker, D.S.
Pancreas, 1988, 3(1), 36.

Yu, S.U.; Chu, Y.J.; Li, W.G. Biol. Trace Element Res., 1988, 15,
231.

Ramesh, A.; Rao N.; Rao A.R.; Jannu L.N.; Hussain S.P. Jpn. J.
Chem. Res., 1990, 81(12), 1239.

Hussain, S.P.; Rao, A.R. Oncology, 1992, 49(3), 237.

Hawke, W.C.; Willhite, C.C.; Craig, K.A.; Omaye, S.T; Cox, D.N;
Choy, W.N.; Hendrickx, A.G.; Biol. Trace Element Res., 1992,
35(3), 281.

Ip, C; Lisk, D.J. Nutr. Cancer, 1993, 20(2), 129.

Vadhanavikiti, S.; Ip, C.; Ganther, H.E. Xenobiotica, 1993, 23(7),
731.

[62]

[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]

[78]
[79]

[80]
[81]
[82]

[83]

[84]
[85]

[86]
[87]

[88]

[89]
[90]
[91]
[92]
[93]

[94]

[95]
[96]
[97]

[98]
[99]

Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 7 667

Thomson, H.J.; Wilson, A.; Lu, J; Singh, M.; Jiang, C;
Upadhyaya, P.; El Bayoumy K.; Ip, C. Carcinogenesis, 1994,
15(2),163.

Lu, J.; Jiang, C.; Kaeck, M.; Ganther, H.; Ip, C.; Thomson, H.
Carcinogenesis, 1995, 16(3), 513.

El Bayoumy, K.; Upadhyaya, P.; Chae, Y.H.; Sohn, H.S.; Rao,
C.V,; Fiala, E.; Reddy B.S. J. Cell. Biochem., 1995, 22, 92.

Short, M.D.; Yang, X.; Cassidy, P.B.; Roberts, J.C. Bioorg. Med.
Chem. Lett., 2001, 11(22), 2911.

Rao, C.V.; Wang, C.-Q.; Simi, B.; Rodriguez, J.G.; Cooma, I.; El
Bayoumy, K.; Reddy, B.S. Cancer Res., 2001, 61(9), 3647.

Ip, C.; Lisk, D.J; Ganther, H.E. Anti Cancer Res., 2000, 20(60B),
4179.

Zhu, Z.; Zhiang, W.; Ganther, H.E.; Ip, C.; Thompson, H.J. Bio-
chem. Pharmacol., 2000, 60(10), 1467.

Ip, C.; Thompson, H.J.; Zhu, Z.; Ganther, H.E. Cancer Res., 2000,
60(11) 2882.

Das, B.; Khurana, K.K.; Rentala, M.B. Indian J. Pharmaceut. Sci.,
1999, 61 (4), 213.

Dias, M.F.; Sousa, E.; Cabrita, S.; Patricio, J.; Oliveira, C.F. Breast
J., 2000, 6(1), 14.

Sohn, O.S.; Fiala, E.S.; Upadhyaya, P.; Chae, Y.H.; El- Bayoumy,
K. Carcinogenesis, 1999, 20(4), 621.

Fiala, E.S.; Staretz, M.E.; Pandya, G.A.; El-Bayoumy K.; Hamil-
ton, S. Carcinogenesis, 1998, 19(4), 597.

Redman, C.; Xu, M.J.,; Ping, Y.M.; Scott, J.A; Payne, C.; Clarke,
L.C.; Nelson, M.A. Carcinogenesis 1997, 18(6), 1195.

Kaeck, L.J.; Strange, R.; Clement, I.; Ganther, H.E.; Thompson, H.
J. Biochem. Pharmacol., 1997, 53(7), 921.

Reddy, B.S.; Rivenson, A.; El-Bayoumy, K.; Upadhyaya, P.; Pit-
man, B.; Rao, C.V.J. Natl. Cancer Inst., 1997, 89(7), 506.

Oh Sang, H.; Park, K.K.; Kim, So, Y.; Lee, Kim, J.; Lee, Y.H.
Carcinogenesis, 1995, 16(12), 2995.

Jacob, H.; Ahmad, M.K.; Ahmed, O.M. J. Carcinogen., 2004, 3, 5
Ip, C.; El-Bayoumy, K.; Upadhayaya, P.; Ganther, H.E., Vadhanai-
kit, S.; Thompson, H.J. Carcinogenesis, 1994, 15(2), 187.

Cao, S.; Durrani, F.A.; Rustum, Y.M. Am. Assoc. Cancer Res.,
2004, 10, 2561.

Vadhanavikit, S.; Ip, C.; Ganther, H.E. Xenobiotica, 1993, 23(7),
731.

Karunasinghe, N.; Ryan, J.; Tuckey, J.; Masters, J.; Jamieson, M.;
Clarke, L.C.; Marshall, L.R. Cancer Epidemiol. Biomarkers Prev.,
2004, 73, 391.

Sugie, S.; Reddy, B.S.; El-Bayoumy, K.; Tanaka, T. Jpn. J. Cancer
Res., 1989, 80(10), 952.

Amer, M.S. (USA) Eur. Pat. Appl., 1985, 11, pp.

Tanaka, T., Reddy, B.S.; El-Bayoumy, K.; Jpn. J. Cancer Res.,
1985, 76(6), 462.

El-Bayoumy, K.; Sinha, R. Mutat. Res., 2005, 591, 224.

Shah, Y.; Kaul A.; Dong Y.; Ip, C.; Rowan, B.G. Breast Cancer
Res. Treat., 2005, 92(3), 239.

Shah, Y.; Al-Dhaheri, M.; Dong, Y.; Ip, C.; Jones, F.E.; Rowan,
B.G.; Thirunavakkarasu, C.; Sakthiskaran, D. J. Cell. Biochem.,
2003, 88(3), 578.

Gasparain, A.V.; Yao, Y.; Juan, J.; Yameyanov, A.Y.; Lyakh, L.A.;
Slaga, T.J.; Bodona, I.V. Mol. Cancer Ther., 2002, 1(12) 1079.
Baines, A.; Taylor-Parker, M.; Goulet, A.C.; Renaud, C.; Gerner,
E.W.; Nelson, M.A. Cancer Biol. Ther., 2002, 4, 370.

Seo, Y.R.; Kelley, M.R.; Smith, M.L. Proc. Natl. Acad. Sci. USA,
2002, 99, 14548.

Jiang, C.; Hu, H.; Melewicz, B.; Wang, Z.; Lu, Z. Mol. Cancer
Ther., 2004, 3(7), 877.

Wycherly, B.J.; Moak, M.A.; Christensen, M.J. Nutr. Cancer,
2004, 48(1), 78.

Apostolu, S., Klein, J.O.; Mitsuuchi, Y.; Shetler, J.N.; Poulikos, I.;
Jhanwar, S.C.; Kruger, W.D.; Testa, J.R. Oncogene, 2004, 23(29),
5032.

Nasir, M.; Fedele, M.J.; Esser, K.; Diamond, A.M. Free Radic.
Biol. Med., 2004, 37(2), 187.

Thompson, H.J.; Becci, P.J. J. Natl. Cancer Inst., 1980, 65(6),
1299.

Pence, B.C.; Buddingh, F.J. Nuture, 1985, 115, 1196.

Beems, R. B. Carcinogenesis, 1986, 7, 485.

Bergman, K.; Slanina, P. Anticancer Res., 1986, 6, 785.



668 Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 7

[100]
[101]

[102]

[103]

[104]

[105]

[106]
[107]

[108]

[109]

[110]

[111]

[112]
[113]

[114]
[115]
[116]

[117]

[118]

[119]
[120]

[21]

Aquino, T.M.; Porta, E.A.; Sablan, HM.; Dorado, R.D. Nutr. Can-
cer, 1985, 7, 25.

Yu, S.Y.; Zhu, Y.J.; Li, W.G. Biol. Trace Elem Res., 1997, 6(1),
117.

Clark, I.C.; Combs, G.F.; Turnbull, B.W.; Slate, E.H.; Chalker,
D.K.; Chow, J.; Davis, 1.S.; Glover, R.A.; Graham, G.F.; Grosse,
G.; Krongrad, A.; Lesher, J.L. Park, K.; Sanders, B.B.; Smith, C.L.;
Taylor, J.R. JAMA, 1996, 276, 1984.

Blot, W. J.; Li, J.Y.; Taylor, P.R.; Guo, W.; Dawsey, S.; Wang,
G.Q.; Yang, C.S.; Zheng, S.F.; Gail, M.; Li, G.; Yu, Y.; Liu, B.;
Tangrea, J.; Sun, Y.H.; Liu, F.; Fraumeni, J.F.; Zhang, Y.H.; Li, B.
J. Natl. Cancer Inst., 1993, 85, 1483.

Gupta, S.; Narang, R.; Krishnaswami, K.; Yadav, S. Indian J. Can-
cer, 1994, 31,192.

Li, B.; Taylor, P.R.; Li, J.Y. Dawsey, S.M.; Wang, W.; Tangrea,
J.A.; Liu, B.Q.; Ershow, A.G.; Zheng, S.F.; Fraumeni, J.F. Ann.
Epidemiol., 1993, 3, 577.

Costello, A.J. Urology, 2001, 57(4 Suppl 1), 182.

Martinez, M.E.; Reid, M.E.; Guillen-Rodriguez, J.; Guillen-
Rodriguez, J.; Marshall, J.R.; Sampliner, R.; Aickin, M.; Riten-
baugh, C.; van Leeuwen, B.; Mason-Liddil, N.; Giuliano, A.; Var-
gas, P.A.; Alberts, D.S. Cancer Epidemiol. Biomarkers Prev.,
1998, 7, 813.

Alberts, D.S.; Martinez, M.E.; Roe, D.J.; Guillen-Rodriguez, J.M.;
Marshall, J.R.; van Leeuwen, J.B. N. Eng. J. Med., 2000, 342,
1156.

Jacobs, E.T.; Jiang, R.; Alberts, D.S.; Greenberg, E.R.; Gunter,
E.W.; Karagas, M.R.; Elaine Lanza, E.; Ratnasinghe, L.; Reid,
M.E.; Schatzkin, A.; Smith-Warner, S.A.; Wallace, K.; Martinez,
M.E. J. Natl. Cancer Inst., 2004, 96, 1669.

Greenberg, E.R.; Baron, J.A.; Tosteson, T.D.; Freeman, D.H. Jr.;
Beck, G.J.; Bond, J.H.; Colacchio, T.A.; Coller, J.A.; Frankl, H.D.;
Haile, R.W.; Mandel, J.S.; Nierenberg. D.W.; Rothstein, R.;
Snover, D.C.; Stevens, M.M.; Summers, R.W.; van Stolk, U. N.
Eng. J. Med., 1994, 331, 141. (b) Schatzkin, A.; Lanza, E.; Corle,
D.; Lance, P.; Iber, F.; Caan, B.; Shike, M.; Weissfeld, J.; Burt, R.;
Cooper, M.R.; Kikendall, J.W.; Cahill, J.; Freedman, L.; Marshall,
J.; Schoen, R. E.; Slattery, M. N. Eng. J. Med., 2000, 342, 1149.
Spallholz, J.E.; Boylan, L.M.; Larsen, H.S. Ann. N. Y. Acad. Sci.,
1990, 587, 123.

Arteel, G.E.; Briviba, K.; Sies, H. FEBS Lett., 1999, 445, 226.
Gledyshev, V.N.; Factor, V.M.; Housseau, F.; Hatfield, D.L. Bio-
chem. Biophys. Res. Commun., 1998, 251, 488.

Behne, D.; Kryiakopoulos A.; Kalcklosch, M.; Weiss-Nowak, C.;
Pfeifer, H.; Gessner, H.; Hammel, C. Biomed. Environ. Sci., 1997,
10, 340.

Sugawara, N.; Sugawara, C. J. App. Biochem., 1984, 6, 199.
Nelson, K.K.; Bacon, B.; Christensen, M.J. Nutr. Cancer, 1996, 26,
81.

Gromadzinska, J.; Wasowicz, W.; Sklodowska, M.; Bulikowski,
W.; Rydzynski K. Environ. Health Perspect., 1996, 104, 1312 (b)
Yeh, J.; Cheng, L.; Liang, Y.; Ou, B. Endothelium, 2003, 10(3),
127.

Schrauzer, G.N.; White, D.A.; McGinnes, J.E.; Schneider, C.J.;
Bell, L.J.; Bioinorg. Chem., 1978, 9, 245.

Makropoulos, V.; Bruening, S.T. Arch. Toxicol., 1996, 70, 277.
Flohe, L.; Flohe-Brigelius, R.; Saliou, C.; Traber, M.; Packer, L.
Free Radic. Biol. Med., 1997, 22, 1115.

Otsuka, G.; Nagaya, K.; Mizuno, M.; Yoshida, J.; Sao, H. Cancer
Res., 1999, 59, 4446.

Received: 25 October, 2007

Revised: 11 March, 2008 Accepted: 28 April, 2008

[122]

[123]
[124]
[125]
[126]
[127]
[128]

[129]
[130]

[131]
[132]
[133]
[134]

[135]
[136]

[137]
[138]
[139]
[140]
[141]
[142]
[143]
[144]
[145]
[146]
[147]
[148]

[149]
[150]

[151]
[152]
[153]

[154]

Rajesh Naithani

Mckenzie, R.C.; Arthur, J.R.; Miller, S.M.; Rafferty, T.S.; Beckett,
G.J.; In Nutrition and Immune Function (Calder, P.C.; Field, C.J.;
Gill, N.S (eds) CAB International Oxford UK, 2000, 229.

Arthur, J.R.; Mckenzie, R.C.; Beckett, G.F. J. Nutr., 2003, 133,
14578S.

Werz, O.; Szellar, D.; Steinhilber, D. Eur. J. Biochem., 2000, 267,
1263.

Nomura, A.M.; Lee, J.; Stemmerman, G.N.; Combs, G.F. Cancer
Epidemiol. Biomarkers Prev., 2000, 9, 883.

Li, W.; Zhu, Y.; Yan, X.; Zhang, Q.; Li, X.; Ni, Z.; Shen, Z.; Yao,
H.; Zhu, J.; Zhonghua, Y.; Fang, X. Xue Za Zhi , 2000, 34, 336.
Cheng, J.; Jiang, W.; Ip, C.; Ganther, H.; Lu, J.X. Mol. Carcinog.,
1999, 26(4), 213.

Jiang C.; Ganther, H.; Lu, J. Mol. Carcinog., 2000, 29, 236.

Jiang, C.; Kim, K.H.; Wang, Z.; Lu, J. Nutr. Cancer, 2004, 49, 174.
Lanfear, J.; Fleming, J.; Wu, L.; Webster, G.; Harrison, P.R. Car-
cinogenesis, 1994, 15, 1387. (b) Unni, E.; Koul, D.; Yung, W.;
Kwan, A.; Sinha, R. Breast Cancer Res., 2005, 7(5), R699.

Wang, Z.; Jiang, C.; Lu, J. Mol. Carcinog., 2002, 34, 113.

Ghose, A.; Janis, F.; EI-Bayoumy, K.; Harrison, P.R. Cancer Res.,
2001, 61, 7479.

Medina, D.; Thompson, H.; Ganther, H.E.; Ip, C. Nutr. Cancer,
2001, 40, 12.

Sies, H. In: H. Sies, Editor, Oxidative Stress, Academic Press, San
Diego, New York, London 1985, 1.

Sies, H. Angew. Chem. Int. Ed. Engl., 1986, 25, 1058.

Sies, H.; Sharov, V.S.; Klotz, L.O.; Briviba, K. J. Biol. Chem.,
1997, 272, 27812.

Knekt, P.; Aromaa, A.; Maatela, J.; Aaran, R.K.; Hakama, M.;
Hakulinen, T.; Peto, P.; Tepo, L. J. Natl. Cancer Inst., 1990, 82,
864.

Kaur, P.; Bansal, M.P. Biol. Trace Element Res., 2004, 97, 83.
Hang, X.; Kirk, L.P. Nutr. Cancer, 2006, 55, 210.

Ip, C.; Lisk, D.J. Nutr. Cancer, 1997, 28, 184.

Sohn, O.S.; Fiala, E.S.; Upadhyaya, P.; Chae, Y.H.; El-Bayoumy,
K. Carcinogenesis, 1999, 20, 615.

El-Bayoumy, K. Mutat. Res., 2001, 475, 123.

El-Bayoumy, K.; Upadhyaya, P.; Chae, Y.; Sohn, O.; Rao, Chin-
thalapally, V.; Emerich, F.; Reddy, B.S. J. Cell. Biochem., 2004,
59,S22,92.

Venkateswaran, V.; Klotz, L.H.; Fleshner, N.E. Cancer Res., 2002,
62, 2540.

Jiang, C.; Wang, Z.; Ganther, H.; Lii J. Mol. Cancer Ther., 2002, 1,
1059.

Zhao, H.; Whitfield, M.L.; Xu, T.; Botstein, D.; Brooks, J.D. Mol.
Biol., 2004, 15, 506.

Chun, J.Y.; Nagalakshmi, N.; Lee, S.O.; Onate, S.A.; Lou, W.;
Gao, A.C. Mol. Cancer Ther., 2006, 5, 913.

Dong, Y.; Lee, S.0. Zhang, H.; James, M.; Gao, A.C.; Ip, C. Can-
cer Res., 2004, 64, 19.

Brigelius-Flohe, R. Free Radic. Biol. Med., 1999, 27, 951.

Chen, CJ.; Huang, H.S.; Lin, S.B.; Chang, W.C. Prostagland.
Leukot. Essent. Fatty Acids, 2000, 62, 261.

Schnurr, K.; Brinckmann, R.; Kuhn, H. Adv. Exp. Med. Biol., 1999,
469,75.

Rao, G.N.; Baas, A.S.; Glasgow, W.C.; Eling, T.E, Runge, M.S. J.
Biol. Chem., 1994, 269, 32586.

Ghosh, J.; Myers, C.E. Proc. Natl. Acad. Sci. USA, 1998, 95,
13182.

Vraka, P.S.; Drouza, C.; Rikkou, M.P.; Odysseos, A.D.; Kerami-
das, A.D. Bioorg. Med. Chem., 2006, 14, 2684.



Copyright of Mini Reviews in Medicinal Chemistry is the property of Bentham Science Publishers
Ltd. and its content may not be copied or emailed to multiple sites or posted to a listserv without
the copyright holder's express written permission. However, users may print, download, or email
articles for individual use.





