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Abstract

Selenium (Se) is an essential trace element for animals and humans that is obtained from dietary
sources including cereals, grains and vegetables. The Se content of plants varies considerably
according to its concentration in soil. Plants convert Se mainly into Se-methionine (Se-Met) and
incorporate it into protein in place of methionine (Met). Selenocystine (Se-Cys), methyl-Se-Cys
and y-glutamyl-Se-methyl-Cys are not significantly incorporated into plant protein and are at
relatively low levels irrespective of soil Se content. Higher animals are unable to synthesize Se-
Met and only Se-Cys was detected in rats supplemented with Se as selenite. Renal regulation is the
mode by which whole body Se is controlled. Se is concentrated in hair and nail and it occurs
almost exclusively in organic compounds. The potentiating effect of Se deficiency on lipid
peroxidation is enhanced in some tissues by concurrent deficiency of copper or manganese. In the
in vitro system, the chemical form of Se is an important factor in eliciting cellular responses.
Although the cytotoxic mechanisms of selenite and other redoxing Se compounds are still unclear,
it has been suggested that they derive from their ability to catalyze the oxidation of thiols and to
produce superoxide simultaneously. Selenite-induced cytotoxicity and apoptosis in human
carcinoma cells can be inhibited with copper (CuSQy) as an antioxidant. High doses of selenite
result in induction of 8-hydroxydeoxyguanosine (8-OHdG) in mouse skin cell DNA and in
primary human keratinocytes. It may cause DNA fragmentation and decreased DNA synthesis,
cell growth inhibition, DNA synthesis, blockade of the cell cycle at the S/G,-M phase and cell
death by necrosis. In contrast, in cells treated with methylselenocyanate or Se
methylselenocysteine, the cell cycle progression was blocked at the G; phase and cell death was
predominantly induced by apoptosis.
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1. Bioavailability and distribution

The selenium (Se) content of plants varies tremendously according to its concentration in
soil which varies regionally. Volcanic soils are particularly susceptible to mineral leaching.
Around the world, there are the regions that are so Se poor that overt deficiency syndromes
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are endemic: these regions include arid regions of Australia, northeast China, northern North
Korea, south central China, Nepal and Tibet. Central Africa, particularly the Democratic
Republic of Congo has similar overlapping deficiencies when the diet is derived almost
entirely from local foods, with little or no importation of foods from outside areas. Plants
convert Se mainly into Se-methionine (Se-Met) and incorporate it into protein in place of
methionine (Met). Se-Met can account for >50% of the total Se content of the plant whereas,
selenocystine (Se-Cys), methyl-Se-Cys and -y-glutamyl-Se-methyl-Cys are not significantly
incorporated into plant protein and are at relatively low levels irrespective of soil Se content.
In the presence of Se, Saccharomycetes cerevisae may assimilate up to 3 mg/g, and most of
the total Se (>90%) is in the form of L-Se-Met. Higher animals are unable to synthesize Se-
Met and only Se-Cys was detected in rats supplemented with Se as selenite (Fig. 1). In
mammals, ingested Se-Met is absorbed in the small intestine via the Na*-dependent neutral
amino acid transport system [1].

Bioavailability is defined as the proportion of an ingested nutrient that is used for normal
physiological functions or storage. Bioavailability is influenced by endogenous factors,
including growth, pregnancy or lactation, the efficiency of digestion, gut transit time and the
presence of gastrointestinal disorders or disease. Although the proportion of the nutrient
absorbed from the gastrointestinal tract is a major determinant (for calcium and zinc), tissue
utilization of the absorbed nutrient and renal conservation (Se) are also important factors
influencing bioavailability [2]. Se bioavailability depends on the conversion of absorbed Se
into a biologically active form and tissue retention. However, because tRNAMét does not
discriminate between Met and Se-Met, a greater percentage of Se-Met is incorporated non-
specifically into body proteins in place of Met in low Met diet [3]. As determined by GSH-
Px activity in platelets, Se-Met is absorbed and retained more efficiently than inorganic
selenate or sodium selenite (Na,SeO3) [4]. Renal regulation is the mode by which whole
body Se is controlled. Thus, pregnant women meet their Se needs by decreasing urinary
losses, and it has been shown that they excreted less urinary Se than did non-pregnant
women [5]. During lactation, Se was also detected in human milk and more Se was detected
in milk of mothers consuming Se-Met than selenite [6,7].

An adequate Se intake has been estimated at 50 ug/d with toxic levels being estimated to
occur with intakes of the order of 350-700 ug/d. However, chronic feeding of inorganic Se
compounds (>5 ppm) can be hepatotoxic and teratogenic in animals and humans.

Intake of dietary Se-Met is reflected in the Se-content of human skeletal muscle which may
vary according to the population; the highest in Japanese adults (1700 ng/g) and the lowest
in New Zealand adults (61 ng/g) and in the populations of Se poor regions. In plasma, Se is
mainly found in the albumin fraction and in erythrocytes, mainly incorporated into
hemoglobin [8]. Se in the form of Se-Met is also significantly retained in proteins in the
brain [9].

Pathologies associated with Se deficiency

Se deficiency affects glutathione (GSH) metabolism by increasing its synthesis and release
in the liver with concomitant increase in plasma GSH [10]. Increased plasma GSH can lead
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to a depletion of cysteine and impairment of protein synthesis. Se deficiency is also
accompanied by a decrease in glutathione peroxidase (GSH-PXx) activity and results in an
increase in hepatic glutathione- S-transferase (GST) activity [11] Recently, it has been
reported that Se deficiency decreases the plasma concentrations of cysteine, cystathionine
and homocysteine [12]. Since plasma homocysteine is measured as a risk factor for
cardiovascular disease and as a clinical marker for deficiencies of folate [13-16], the effects
of dietary Se on redox status of homocysteine suggest that Se deficiency can affect the
metabolism of Met [17]. The biochemical mechanism by which Se deficiency can contribute
to the development of atherosclerotic cardiovascular disease is by increased thromboxane B2
(leading to platelet aggregation), and decreased prostacyclin (which prevents aggregation).
Se deficiency may also have a role in immune dysfunction and has been associated with
impaired defense against enterovirus infection [18]. Se deficiency is also associated with a
decrease in some of the isoenzymes of cytochrome P-450. In contrast, it is associated with
an increase in uridine diphosphate (UDP) glucuronyl transferase activity. Se deficiency
affects the ability of an individual to metabolize drugs and may be associated with increased
toxicity of some drugs and decreased efficiency of others [19] (Table 1).

2.1. Keshan disease

Keshan disease occurs in areas where concentrations of iodine and Se in the soil, food
supply and human plasma are all low [20-23]. The average intake of Se in Keshan disease
endemic areas has been estimated at 10 pg/d. The disease is an endemic cardiomyopathy
appearing in women of childbearing age and preschool children. Keshan disease occurs with
symptoms of congestive heart failure or less frequently, as sudden death or stroke from
diffuse cardiac thrombosis. Autopsy reveals cellular edema, mitochondrial swelling and
overlapping striations of fibrotic tissue, indicating multiple bouts of localized necrosis
[24,25]. A myocarditic Coxsackie virus has been associated with the pathogenesis of Keshan
disease.

2.2. Kashin—Beck disease

Kashin-Beck disease is an osteoarthropathy that is endemic and limited to areas of
combined mineral deficiency of both iodine and Se. Affected Kashin—-Beck patients have
much lower serum thyroxine and triiodothyronine and higher rates of goitre than non-
Kashin-Beck patients [21,22,26]. Elevated thyrotropin (TSH) and lower urinary iodine are
predictors of disease occurrence [16]. Urinary iodine-selenium in Kashin—-Beck patients is
1.2 pg/dl compared to 1.8 pg/dl in neighboring disease-free areas. Both serum Se
concentrations and the activity of serum GSH-Px are lower in residents of villages where the
disease is endemic. Average serum Se concentrations among residents of the Kashin— Beck
endemic areas averages less than 11 ng/ml while among areas without mineral deficiency,
concentrations are 60—-105 ng/ml are reported [27]. The disease is characterized by a range
of bone and joint malformations that appear during childhood or puberty and progress until
growth ceases. Histological observations indicate that the disease-associated joint
malformations result from necrosis of chondrocytes during bone growth and from the
secondary repair and remodeling that follows clearance of necrotic tissue by the circulatory
system [28]. However, Se deficiency alone does not induce joint malformations in animal
models and it has been reported that joint morphology in rats is similar to that found if the
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disease is induced in conjunction with fulvic acid contaminants found in water sources [29].
Fulvic acid is the water soluble fraction of the products of microbial and chemical
degradation of plant and animal matter. It is present in higher concentrations in well water of
Kashin—-Beck endemic communities than in disease-free areas. Fulvic acids are a
heterogeneous group of complex polymers with highly oxygen-substituted benzene rings
localized to bone and cartilage tissue with low Se concentrations. The highly reactive
functional groups including carboxyls, hydroxyls, carbonyls, phenols and quinones
contribute to a high concentration of stable free radicals [30].

3. The selenoproteins

All mammalian selenoproteins contain Se in the form of the amino acid selenocysteine (Sec)
which is encoded by the UGA triplet. There are two forms of tRNAI[Se"ISec which are
essential for the synthesis of all selenoproteins. The tRNAIS-€1SeC jsoforms are both the site
of Sec synthesis and the adaptor molecules which recognize the appropriate UGA codons in
selenoprotein mMRNAs. Twenty-two known eukaryotic selenoproteins are organized into
distinct selenoprotein groups on the basis of the location and functional properties of Sec.
GSH-Px, selenoprotein P, type | iodothyronine 5’-deiodinase (DI-1) and thioredoxin
reductase (TR) have been characterized in animals [31,32] and human [33]. Ap-proximately,
half of the characterized selenoproteins have been implicated to have antioxidant functions
[34]. Thus, increased risks of human diseases associated with Se deficiency may be
attributable to increased oxidative stress and alterations in redox signaling. Selenoproteins
may be subdivided into groups based on the location of Sec in selenoprotein polypeptides.
Group | (GPx group) is the most abundant and includes proteins in which Sec is located in
the N-terminal portion of a relatively short functional domain; 80-250 amino acid residues.
Secondary structure reveals the presence of both alpha-helices and beta-sheets in proteins. In
the proteins of the GPx group, Sec is either oxidized during catalysis to selenenic acid or
forms selenosulfide bonds. The second group (TR group) is characterized by the presence of
Sec in C-terminal sequences. It includes three mammalian TRs and Drosophila G-rich
protein. Another group consists of three deiodinase isozymes, Se-R, Se-N, SPS2 and the 15
kDa selenoprotein.

3.1. The glutathione peroxidase (GSH-Px) group

The GPx group includes GPx isozymes, Se-W, Se-P, Se-Pbh, Se-T, Se-T2, and Drosophila
BthD. The mammalian GPx isozymes catalyze GSH-dependent degradation of various
hydroperoxides [35]. Support for the protective role of Se came through the discovery of
GSH-Px in the cytosol. The major physiologic role of GSH-Px is to maintain appropriately
low levels of hydrogen peroxides within the cell, thus decreasing potential free radical
damage. It provides a second line of defense against hydroperoxides which can damage
membranes and other cell structures [36]. Se is an essential component of GSH-Px that acts
synergistically with tocopherol in the regulation of lipid peroxidation. In tandem with
catalase, it degrades hydrogen peroxide to water via glutathione reductase and flavin adenine
dehydrogenase (FAD) in the pentose phosphate shunt (Fig. 2). At present, there are four
known members of the family of GSH-Px. GSH-Px, is the most abundant selenoprotein in
mammals. The activity of GSH-Px; is regulated in the liver by Se status. GSH-Px; is a
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cytosolic enzyme expressed in every cell type and is thought to be one of the major
antioxidant proteins in mammals. GSH-Px; is the closest homolog of GSH-Pxy, but it is
found predominantly in the gastrointestinal tract [37]. GSH-Px3 is the second most abundant
selenoprotein in plasma after Se-P and is immunochemically distinct from GSH-Pxq [38]. It
is a secreted glycoprotein and like GSH-Px; and GSH-Px,, GSH-Px3 is homotetrameric
composed of ~22 kDa polypeptides. GSH-Px4 is also called phospholipid hydroperoxide
glutathione peroxidase (PHGPX) since it reduces specifically fatty acid hydroperoxides
esterified to phospholipids [39]. In contrast to other isoforms, it is a ~20 kDa monomer
polypeptide, localized to both cytosol and mitochondria. GSH-Px4 and GSH-Px; have been
shown to be differentially regulated by Se status [40].

3.2. Selenoprotein P

Selenoprotein P (Se-P) is the major plasma selenoprotein. Its peptide concentration in rat
plasma is 30 pg/ml which is over 60% of the Se in rat plasma [41]. In human plasma, the
peptide concentration is much lower, 5 pg/ml [42,43]. The half life of Se-P is relatively
short; 3-4 h as compared to 12 h for GSH-Px3 [44]. Se-P binds to cells and appears to be
expressed in various tissues such as arterial endothelial cells and hepatic sinusoidal
endothelial cells. Se-P is a heparin binding protein and it seems likely that its association
with cells is through binding to heparan sulfate proteoglycans. Binding of proteins to
heparin is mediated by positively charged amino acids, usually lysine and arginine. Histidine
can also participate in heparin binding, if it is positively charged. Se-P-mRNA has been
detected in human liver, kidney and intestine [45,46]. In cultured cells, it was shown that
astrocytes, myocytes, hepatocytes and Leydig cells from the testis express the Se-P [47,48].
However, *"Se-P mRNA has been shown to be lower in colorectal adenomas than in normal
colon mucosa and it was undetectable in a rat renal cell carcinoma model [49,50]. Se-P is
the only characterized mammalian selenoprotein that contains multiple Se-Cys residues
[51,52] and its level is less affected by Se status than other selenoproteins such as GSH-Px;
[53]. Digestion of Se-P with glycosidases indicated that it contains carbohydrates [41]. A
new selenoprotein was isolated from a human lung adenocarcinoma cell line. The protein, a
homodimer of 57-kDa subunits was shown to contain Se in the form of Se-Cys. However, it
was distinguished from Se-P by the absence of glycosyl groups on the protein [33]. Se-P has
been proposed to serve in oxidant defense in the extracellular space and also to transport Se
from the liver to other tissues [54]. Patients with cirrhosis have depressed Se-P levels that
correlate with the severity of their illness [55]. Impairment of Se-P synthesis by the diseased
liver is the cause for the low plasma Se-P concentration.

3.3. SelenoproteinW and R

Selenoprotein W (Se-W) is a low molecular weight selenoprotein (87 amino acid protein)
containing one Se-Cys residue and exists in four forms. One isoform has GSH bound to a
specific cysteine residue indicating that Se-W may have redox functions. Low levels of Se-
W were ubiquitously expressed in primates and humans. However, Se-W was highestin
skeletal, cardiac muscle and brain [56]. In contrast, Se-W was notubiquitously expressed in
rodents. Rats fed with Se accumulated Se-W in skeletal muscle and brain and to a lower
extent in spleen and testis but not in liver, kidney, intestinal mucosa, lungs, plasma or
erythrocytes [57]. Dietary Se deficiency causes white muscle disease which results in
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calcification of skeletal and cardiac muscle in primates and sheep, while in humans, it is
associated with Keshan disease cardiomyopathy. In contrast, rodent cardiac muscle is not
affected by Se depletion [57,58]. Se depletion reduces the half life of Se-W mRNA [59]. Se-
R contains Se-Cys in the C-terminal portion [60]. It has ho homology to known proteins and
its function is still not known.

3.4. The thioredoxin group

The thioredoxin (Trx) system comprises NADPH, Trx and TR. Trx is a small ubiquitous
dithiol protein containing 104 amino acids with one S-S bridge, two SH groups and
conserved active site (Trp—Cys—Gly—Pro—Cys). Trx is a widely distributed redox protein that
regulates several intra-cellular redox-dependent processes and stimulates the proliferation of
both normal and tumor cells (Fig. 3). Trx regulates enzymes and transcription factors by
thiol redox control and is a hydrogen donor for ribonucleotide reductase, a protein involved
in repair mechanisms essential for DNA synthesis and a general protein disulfide reductase
involved in redox regulation (reduced Trx is 10-10% more efficient than DTT).

Selenite, selenoglutathione (GS-Se-GS) and Se-Cys are efficiently reduced by Trx and also
directly by NADPH and mammalian TR (but not by the £. colienzyme) [61]. Trx undergoes
spontaneous oxidation thereby losing its ability to stimulate cell growth but maintaining its
substrate activity for NADPH-dependent reduction by human TR. In addition, Trx undergoes
also a slower spontaneous conversion to a homodimer that does not stimulate cell
proliferation and is not a substrate for reduction by TR. Both conversions can be induced by
chemical oxidants and are reversible by treatment with the thiol reducing agent dithiothreitol
[62]. Reduction of disulfides inactivates extracellular proteins such as coagulation factors,
insulin or PDGF. Trx can act as a growth factor for macrophages or act as a mediator of cell
growth inhibition by y-interferon. Trx is expressed by most cells of the human body and can
also be released by cells such as lymphocytes upon activation or oxidative stress, exerting a
cocytokine and cytoprotective activity [63]. Trx is overexpressed and secreted in certain
tumor cells and its expression is decreased during dexamethazone, staurosporine, etoposide
and thapsigargin-induced apoptosis but not by A+acetyl-sphingosine [64]. Thus, increased
Trx in human cancer cells may result in an increased tumor growth through inhibition of
spontaneous apoptosis and a decrease in the sensitivity of the tumor to drug-induced
apoptosis.

Mammalian TR, like lipoamide dehydrogenase and glutathione reductase, is a member of
the pyridine-nucleotide-disulfide oxidoreductase family of dimeric flavoenzymes [65].
These proteins are homodimeric selenocysteine (Se-Cys)-containing proteins composed of
two subunits of 116,000 molecular weight that catalyze the NADPH-dependent reduction. In
TRs, Se-Cys is located in the C-terminal redox motif (Gly—Cys—Se-Cys—Gly) which is
essential for enzyme activity. By reducing Trx that is overex-pressed in a number of human
tumors, TR may play a role in regulating the growth of normal and cancer cells. Se
deficiency leads to a decrease in TR activity from control to 4.5% in liver and 11% in kidney
whereas brain TR activity was not affected by Se deficiency [66]. Gold inhibited TR activity
in the liver in a manner typical of its effect on selenoenzymes. The Se effect on TR activity
varies according to the cell type. In the presence of 1 uM Se in the form of sodium selenite,
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TR activity increased by 37-fold in MCF-7 breast cancer cells, 19-fold in HT-29 colon
cancer cells and eightfold in A549 lung cancer cells. In contrast, no increase could be
detected in Jurkat or HL-60 leukemia cells. Under the same conditions, TR mRNA levels
increased by 2.5-fold and TR stability was enhanced significantly (the half life for
degradation was 21 h compared to 10 h in the absence of Se). In contrast, Trx mRNA,
protein levels and Trx mRNA stability were not affected by Se. Thus, the effect of Se on TR
activity is specific and likely due to increased incorporation of Se into the enzyme [67,68].
TR, a cytosolic enzyme, is the most abundant TR isozyme in mammalian cells [69]. TR,
was characterized as a fusion of the C-terminal TR domain and the N-terminal glutaredoxin
domain that allows TR to ac-quire GSH reduction function while maintaining specificity
for Trx reduction. TR, expression was specific to testes and is puberty-dependent. TRz is a
mitochondrial enzyme but can also be targeted to other cellular compartments [70].

3.5. Type | iodothyronine 5’-deiodinase (DI-I)

The thyroid gland synthesizes two major hormones triiodothyronine (T3), the main
biologically active thyroid hormone which occurs in liver, kidney and thyroid and thyroxine
(T4) which is produced solely by the thyroid and is biologically inactive [26] (Fig. 4). The
control of thyroid hormone (T3) is via DI-I, a selenoenzyme which produces most of the
circulating T3 by deiodination of T, in peripheral tissues [26]. Deiodination of T, is also
catalyzed by type Il 5-deiodinase (DI-I1) which produces T3 primarily for local use and
occurs in the central nervous system, and pituitary gland [71]. Thyroid hormone (TH)
production is controlled by thyroid stimulating hormone (TSH), secreted by the pituitary
gland in response to its circulating levels and in response to iodine availability [72].
However, irreversible dam-age of the thyroid gland caused by iodine supplementation to
animals deficient in both iodine and Se suggested that it resulted from an impaired Se-
dependent antioxidant system such as the GSH-Px system [73,74].

4. The protective effect of Se compounds

4.1. Se in cancer prevention

A confluence of evidences show an association between Se and the processes which lead to,
or prevent, cancers [75-79]. In animal models, supplementation of inorganic Se in the diet
protects against cancer induced by a variety of chemical carcinogens [80]. Se compounds
like selenite and selenate have strong inhibitory effects particularly on mammalian tumor
cell growth. The mechanism of action of selenite and selenate appears to be distinct. Cells
treated with selenite accumulated in the S-phase and selenite-mediated growth inhibition
was irreversible whereas selenate treatment lead to an accumulation of cells in G, and the
effect on cell growth can be reversed [81].

Prospective cohort studies in several countries have independently shown that cancer
patients have a significantly lower mean prediagnostic serum Se level than controls [82—86]
and negative associations for various parameters of Se status and risks to cancers or
precancerous lesions of the bladder [82], brain [87], esophagus [88], lung [89], head and
neck [90], ovary [91], pancreas [92], thyroid [93], stomach [94-96], melanoma [97], prostate
[98] and colon [99]. The possibility that Se deficiency may increase cancer risk might be
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predicted on the basis of limited expression of selenoenzymes involved in antioxidant
protection (glutathione peroxidases) and redox regulation (TRs). The induction of skin
tumors by either ultraviolet irradiation [100-102] or phorbol esters [103] varied inversely
with skin GPx activity in animals. The protective effect of Se in the form of sodium selenite
or Se-Met is dose dependent but not organ specific. Se-Met has radioprotective properties
[104] and protects against UV-light-induced skin damage in mice [100]. Se-Met can inhibit
both the initiation and post-initiation phases of chemically induced mammary
carcinogenesis.

Se intake may be related to differences in cancer incidences in various populations [84,105].
Several case control studies confirmed that people with low blood Se had an increased risk
of cancer [99] and those supplemented with selenized brewer’s yeast decreased the overall
cancer morbidity and mortality rate by nearly 50% [106]. Se concentrations in foods vary
considerably even among different brand names of the same food product (reflecting
different geographical origins) and the chemical form of Se is also variable [107,108]. There
is evidence of anticarcinogenic activities for several intermediary metabolites of Se (Fig. 5a).
Selenodiglutathione (GS-Se-SG) unstable under physiological conditions is unlikely to
accumulate in cells and breaks down to glutathione selenol (GSSeH) and hydrogen selenide
(HoSe). GS-Se-SG has been shown to block protein synthesis by inhibiting eukaryotic
initiation factor 2 to suppress the mMRNAs for several GPx isoforms [109] and to serve as an
oxidant of Trx [110]. In addition, GS-Se-SG has been shown to inhibit DNA-binding of the
transcription factor AP-1 [61], ribonucleotide reductase [81], cell proliferation and enhance
apoptosis [111]. Apoptosis stimulation appears to be related to the production of superoxide
anion (O57) and H,0, as a consequence of H,Se oxidative metabolism.

While Se-Met is excellent for increasing the Se concentrations in tissues, it is relatively
ineffective for suppression of carcinogenesis [75,112]. Although the mechanism for Se
inhibition of carcinogenesis is still unclear, it might be associated with the monomethylated
form of Se that can be metabolized to methylselenol which may provide better cancer
protection [113]. With a high intake of selenite or Se-Met, the levels of methylated
metabolites (methylselenol, dimethyl selenide and trimethylselenonium) were increased
[114]. Methylated Se compounds have been shown to modify various biological processes
including suppression of angiogenesis [115] and cancer prevention [116]. Se ingested as Se-
Met may follow the transsulfuration pathway, converted to Se-Cys and then cleaved to
produce selenide. In contrast, Se-methyl selenocysteine (SeMSC) which is prevalent in
broccoli [117] may be converted to methyl selenol by cleavage of the Se-methyl group (Fig.
5b). The chemical form of Se found in broccoli is similar to that found in garlic [117,118].
Hence, the reduced risk of cancer seems to be a consequence of the uniqueness of Se in
those plants and not a consequence of the total intake of Se, garlic or broccoli. Thus, Se
from Se enriched broccoli is more effective than inorganic forms of Se against chemically
induced colonic aberrant crypt formation and mammary cancer development [112]. Se-
enriched broccoli is shown to be protective against intestinal cancer susceptibility in
multiple intestinal neoplasia (Min) mice [119] and in chemically induced mammary and
colon cancer in rats [75,120]. Thus, monomethyl selenol is considered to be the critical
metabolite for protection against certain cancers [75]. Moreover, it has been reported that
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SeMSC did not affect the growth of normal untransformed cells in the mammary gland and
the effect was manifested only in premalignant lesions [121].

Synthetic organoselenium compounds have been designed to achieve greater
chemoprevention efficacy and to reduce toxic side effects (Fig. 6) [122]. Administration of
synthetic organo-Se to DMBA-induced mammary female rats tumors showed that it acted in
both initiation and progression phases. During the initiation phase, the 1,4
phenylenebis(methylene)selenocyanate (p-XSC) inhibited total DMBA-DNA binding in the
mammary gland [123,124]. The chemopreventive activity of p-XSC during the post-
initiation stage of carcinogenesis has been suggested following inhibition of prostaglandin
E, (PGE)) levels and enhancement of GSH-Px activity in the rat colon. In a lung mouse
tumor induced by a nicotine derived nitrosamine, NNK (4-methyl-nitrosamino)-1-(3-
pyridyl)-1-butanone), p-XSC significantly decreased lung tumor multiplicity in a dose-
dependent manner. Treatment with p-XSC caused a three to sixfold greater accumulation of
Se within cells than did treatment with equivalent amounts of inorganic Se and produced a
dose-dependent reduction in cell number and a dose-dependent increase in cell death by
apoptosis [125,135]. The p-XSC chemopreventive activity may be explained at least in part
by the inhibition of DNA adduct formation. While p-XSC inhibited the formation of C-
methylguanine and 7-methylguanine in the lung, sodium selenite at 5 ppm had no effect on
DNA adduct formation and had no protective effect against lung tumor induction. In
addition, p-XSC was markedly less toxic and at level of 80 mg/kg (equivalent to 40 mg/kg
Se) was shown to inhibit DMBA-induced mammary carcinogenesis in the initiation stage by
suppressing the formation of DMBA-DNA adducts [123,126]. p-XSC also inhibited
mammary and colon carcinogenesis in the postinitiation or tumor promotion phase [118].

4.2. The role of Se in HIV/AIDS

Chronic oxidative stress has been reported during the early and advanced stages of HIV-1
infection [127]. Oxidative stress has been linked to HIV-induced apoptosis of T lymphocytes
[128], to alterations in the HIV promoter that may produce progression to AIDS in patients
with latent HIV [129] and to the development of AIDS Kaposi sarcoma [130]. It has also
been identified as one of the factors that may lead to neural damage [131]. In addition,
oxidative stress may induce alterations in the interleukin profile, contributing to immune
dysregulation and increased viral replication during the progression of HIV-1 infection to
AIDS [132]. Moreover, changes in levels of ascorbic acid, tocopherols, carotenoids, Se and
GSH have been observed in plasma and in various tissues [127,133]. Biochemical deficiency
of vitamins A, B6, B12 and zinc levels has been associated with an increased rate of disease
progression while normalization of these levels has been linked to slower disease
progression [134,135]. Se among other micronutrients has been demonstrated to affect the
immune process and may act at different levels. In animal models, Se deficiency impairs the
ability of phagocytic neutrophils and macrophages to destroy antigens. In HIV-infected
patients, Se deficiency has been significantly correlated with total lymphocyte counts.
Plasma Se levels have been positively correlated with CD4 cell counts and CD4/CD8 ratio
[136]. It has been suggested that the increased oxidative stress in HIV infection is caused by
elevated IL-8 levels which exhausts the available Se to protect cells against the inflammatory
response [137]. In vitro models have shown that Se enhances interleukin-2 production in a
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dose-dependent manner (the cytokine responsible for the earliest and most rapid expansion
of T lymphocytes). This probably occurs via the increased expression of high-affinity
receptors [138]. In addition, Se reduces TNF receptors and prevents the adverse effects of
high circulating TNF levels including Kaposi’s sarcoma. It seems also to suppress TNF-
induced HIV replication probably through selenoprotein synthesis particularly in the GSH
and Trx systems [136,139,140]. Thus, maintaining an optimal Se status in HIV-1 infected
men and women may help to increase the enzymatic defense and improve general health in
those patients [141,142].

4.3. Se and aging

In humans, some controversy exists concerning the effects of Se levels on aging. Circulating
Se concentrations either fall slightly or remain stable with age. However, the tissue
distribution may be altered. Se in hair has been found to decline from a mean of 0.76 ug/g of
hair in 11 —15 years old to a mean of 0.55 between 61 and 70 years old [20]. Moreover,
several studies have shown that aging cells accumulate oxidative damage [143]. The aging
lymphocyte population fails to expand and damage to both mitochondrial and nuclear DNA
occurs. Lipid peroxidation and accumulation of carbonyl moieties on protein are produced
by oxidative stress. Mitochondria accumulate age-related damage, releasing more reactive
oxygen species. Thus, GPx and other selenoproteins may play a role in slowing cellular
damage and the aging process. Moreover, the efficiency of the immune system declines with
age. The decline in the effectiveness of the immune system associated with aging increases
the chances of neoplasia. The response to antigen challenge decreases along with a decrease
in the ratio of CD4 to CD8 T cells and of CD5~ to CD5* B cells [144,145]. Aged mice
produced weak interferon gamma and interleukin-2 responses to 7rypanosoma musculi
[146]. /nhumans, low Se status in the elderly was correlated with lower triiodothyrinine to
thyroxine ratios due to the raised thyroxine concentrations. Se supplementation decreased
the serum thyroxine concentration [147]. A deficiency in thyroxine to triiodothyrinine
conversion will affect general metabolism including immunity [148-151]. Finally, telomere
length decreases with age in peripheral leukocytes and is accelerated by oxidative stress in
fibroblasts. The rate of telomere shortening and carbonyl group accumulation was inversely
correlated with GPx activity in fibroblasts [152].

In conclusion, Se is a nutritional trace element that is incorporated into selenoproteins as the
amino acid selenocysteine and it is known to be both radioprotective and protect against UV-
light-induced skin damage in mice. It may inhibit the initiation and post-initiation phases of
chemically induced mammary carcinogenesis and the expression of some viruses and is
important for optimal functioning of the immune system. Se supplementation also increases
the activities of the selenoproteins, GSH-Px and TR which serve as cellular antioxidants. It
is therefore suggested that Se supplementation through reinforcement of endogenous anti-
oxidative systems may be beneficial as an adjuvant therapy for some human pathologies.
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Selenium incorporation in plants and animals. Cereals, grains and vegetables convert
selenium mainly into Se-Met and incorporate it into protein in place of methionine (Met).
Se-Met can account for >50% of the total Se content of the plant whereas, selenocystine (Se-
Cys), methyl-Se-Cys and gamma-glutamyl-Se-methyl-Cys are not significantly incorporated
into plant protein. Higher animals are unable to synthesize Se-Met and only Se-Cys was
detected in rats supplemented with Se as selenite. In yeast (Saccharomyces cerevisag), most
of the total Se (>90%) is in the form of L-Se-Met.
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The role of catalase and glutathione peroxidase in removing hydrogen peroxide in human
tissue.
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Role of thioredoxin in the reduction of ribonucleosides-5’-diphosphates to
deoxyribonucleosides-5’-diphosphate.
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Formulae of thyroxine and triiodothyronine.
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(a) Selenium compounds in cancer prevention. (b) Methylated selenium compounds.
Methylated selenium compounds have been shown to modify various biological processes
including suppression of angiogenesis and cancer prevention. Se ingested as Se-Met may
follow the transsulfuration pathway, converted to Se-Cys and then cleaved to produce
selenide. In contrast, Se-methyl selenocysteine (SeMSC) may be converted to methyl selenol
by cleavage of the Se-methyl group. The chemical form of Se found in broccoli is similar to
that found in Se garlic and the inhibition of carcinogenesis seems to be a consequence of the
uniqueness of Se in those plants and not a consequence of the total intake of Se, garlic or

broccoli.
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Fig. 6.
Synthetic organoselenium compounds. Synthetic organoselenium compounds have been

designed to achieve greater chemoprevention efficacy and to reduce toxic side effects. The
chemopreventive activity of p-XSC is associated to the decreased level of prostaglandin E,
(PGEy) and the enhancement of GSH-Px activity in rat colon.
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Table 1

Disease states possibly associated with selenium deficiency

Keshan disease (cardiomyopathy of children and young women)
Cardiomyopathy in patients on total parenteral nutrition

Muscle weakness and pain

Nail changes

T and B cell dysfunction

Cancer (uncertain association)

Coronary artery disease (uncertain association)
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