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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 incorporateit 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 levelsirrespective 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 Seis controlled. Seisconcentrated 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 Seisan 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 apoptosisin human carcinomacells can beinhibited with copper (CuSO,) asan
antioxidant. High doses of selenite result ininduction 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
cycleat the S/G,-M phaseand cell death by necrosis. In contrast, in cellstreated with methyl sel enocyanate 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 variesregionally.
Volcanic soils are particularly susceptible to mineral leach-
ing. Around the world, there are the regions that are so Se
poor that overt deficiency syndromes 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 amost 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
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>50% of thetotal Se content of the plant whereas, selenocys-
tine (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 assimi-
late up to 3 mg/g, and most of the total Se (>90%) isin 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 viathe Na*-dependent neutral
amino acid transport system .

Bioavailability is defined as the proportion of an ingested
nutrient that is used for normal physiological functions or
storage. Bioavailability isinfluenced 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 determi-
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Fig. 1. 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 cerevisae), most of the total Se (>90%) is in the form of
L-Se-Met.

nant (for calcium and zinc), tissue utilization of the absorbed
nutrient and renal conservation (Se) are also important fac-
tors influencing bioavailability Se bioavailability de-
pends on the conversion of absorbed Se into a biologically
active form and tissue retention. However, because tRNAM®
does not discriminate between Met and Se-Met, a greater
percentage of Se-Met is incorporated non-specifically into
body proteinsin place of Met in low Met diet As deter-
mined by GSH-Px activity in platelets, Se-Met is absorbed
and retained more efficiently than inorganic selenate or so-
dium selenite (Na,Se0,)|[4]] Renal regulation isthe 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 During lactation, Se was also detected
in human milk and more Se was detected in milk of mothers
consuming Se-Met than selenite

An adequate Se intake has been estimated at 50 pg/d with
toxic level sbeing estimated to occur with intakes of the order
of 350-700 pg/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 popu-
lations of Se poor regions. In plasma, Seis mainly found in
the albumin fraction and in erythrocytes, mainly incorpo-
rated into hemoglobin Sein the form of Se-Met is also
significantly retained in proteinsin the brai n@

Table1
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)

2. Pathologies associated with Se deficiency

Se deficiency affects glutathione (GSH) metabolism by
increasing its synthesisand releasein the liver with concomi-
tant increasein plasma GSH . Increased plasma GSH can
lead to a depletion of cysteine and impairment of protein
synthesis. Se deficiency isalso accompanied by adecreasein
glutathione peroxidase (GSH-Px) activity and results in an
increase in hepatic glutathione-Stransferase (GST) activity

Recently, it has been reported that Se deficiency de-

creases the plasma concentrations of cysteine, cystathionine
and homocystei ne Since plasma homocysteine is mea-
sured as a risk factor for cardiovascular disease and as a
clinical marker for deficiencies of fol ate the effects
of dietary Se on redox status of homocysteine suggest that Se
deficiency can affect the metabolism of Met [17]}. The bio-
chemical mechanism by which Se deficiency can contribute
to the development of atherosclerotic cardiovascular disease
isby increased thromboxane B2 (leading to platel et aggrega-
tion), and decreased prostacyclin (which prevents aggrega-
tion). Se deficiency may also havearoleinimmune dysfunc-
tion 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 increasein uridine
diphosphate (UDP) glucuronyl transferase activity. Se defi-
ciency affectsthe ability of anindividual 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 plasmaare
al Iow The average intake of Sein Keshan disease
endemic areas has been estimated at 10 pg/d. The diseaseis
an endemic cardiomyopathy appearing in women of child-
bearing 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 necrosi . A myocarditic Coxsackie
virus has been associated with the pathogenesis of Keshan
disease.
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2.2. Kashin—Beck disease

Kashin—Beck disease is an osteoarthropathy that is en-
demic 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-sele-
nium in Kashin-Beck patients is 1.2 pg/dl compared to
1.8 pg/dl in neighboring disease-free areas. Both serum Se
concentrationsand the activity of serum GSH-Px arelower 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 The diseaseis 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 chon-
drocytes during bone growth and from the secondary repair
and remodeling that follows clearance of necrotic tissue by
the circulatory system However, Se deficiency alone
does not induce joint malformationsin animal models and it
has been reported that joint morphology in ratsis similar to
that found if the disease isinduced in conjunction with fulvic
acid contaminants found in water sourc Fulvicacidis
the water soluble fraction of the products of microbia and
chemical degradation of plant and animal matter. It is present
in higher concentrations in well water of Kashin—Beck en-
demic communities than in disease-free areas. Fulvic acids
are a heterogeneous group of complex polymerswith highly
oxygen-substituted benzene rings localized to bone and car-
tilage tissue with low Se concentrations. The highly reactive
functional groupsincluding 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 tRNAS®1S% \which are
essential for the synthesis of all selenoproteins. The tRNALS.
erlsec isoforms are both the site of Sec synthesis and the
adaptor molecules which recognize the appropriate UGA
codons in selenoprotein mRNAS. Twenty-two known eu-
karyotic selenoproteins are organized into distinct selenopro-
tein groups on the basis of the location and functional prop-
erties of Sec. GSH-Px, selenoprotein P, type | iodothyronine
5'-deiodinase (DI-1) and thioredoxin reductase (TR) have
been characterized in animalsand human Ap-
proximately, half of the characterized selenoproteins have
been implicated to have antioxidant functions Thus,
increased risks of human diseases associated with Se defi-
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Fig. 2. Therole of catalase and glutathione peroxidase in removing hydro-
gen peroxide in human tissue.

ciency may be attributable to increased oxidative stress and
alterations in redox signaling. Selenoproteins may be subdi-
vided into groups based on the location of Sec in selenopro-
tein polypeptides. Group | (GPx group) isthe most abundant
and includes proteins in which Sec is located in the
N-terminal portion of a relatively short functional domain;
80250 amino acid residues. Secondary structure revealsthe
presence of both alpha-helices and beta-sheetsin proteins. In
the proteins of the GPx group, Sec is either oxidized during
catalysisto selenenic acid or forms selenosulfide bonds. The
second group (TR group) is characterized by the presence of
Sec in C-termina 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-
Pb, Se-T, Se-T2, and Drosophila BthD. The mammalian GPx
isozymes catalyze GSH-dependent degradation of various
hydroperoxides . 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 appropri-
ately low levels of hydrogen peroxides within the cell, thus
decreasing potential free radical damage. It provides a sec-
ond line of defense against hydroperoxides which can dam-
age membranes and other cell sxructures Seisan essen-
tial 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 . At present,
there are four known members of the family of GSH-Px.
GSH-Px, is the most abundant selenoprotein in mammals.
Theactivity of GSH-Px; isregulated in theliver by Se status.
GSH-Px; is acytosolic enzyme expressed in every cell type
and is thought to be one of the major antioxidant proteinsin
mammals. GSH-PX,, is the closest homolog of GSH-Px,, but
it is found predominantly in the gastrointestinal tract
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GSH-Px; is the second most abundant selenoprotein in
plasma after Se-P and is immunochemically distinct from
GSH-Px,[[38]] Itisasecreted glycoprotein and like GSH-Px;
and GSH-Px,, GSH-Px; is homotetrameric composed of
~22 kDa polypeptides. GSH-Px, is aso called phospholipid
hydroperoxide glutathione peroxidase (PHGPXx) since it re-
duces specifically fatty acid hydroperoxides esterified to
phospholipids [39]} In contrast to other isoforms, it is a
~20 kDamonomer polypeptide, localized to both cytosol and
mitochondria. GSH-Px, and GSH-Px, have been shownto be
differentially regulated by Se status[[40]]

3.2. Senoprotein P

Selenoprotein P (Se-P) isthe major plasma selenoprotein.
Its peptide concentration in rat plasmais 30 pg/ml which is
over 60% of the Sein rat plasm In human plasma, the
peptide concentration is much lower, 5 pg/ml The
half life of Se-Pisrelatively short; 34 h ascompared to 12 h
for GSH-Px, . 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 cellsfrom
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 arat rena
cell carcinoma model Se-Pisthe only characterized
mammalian selenoprotein that contains multiple Se-Cysresi-
dues|[51,52]|and its level is less affected by Se status than
other selenoproteins such as GSH-Px; Digestion of
Se-P with glycosidases indicated that it contains carbohy-
drates[[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 groupson the protein[[33]} Se-Phasbeen
proposed to serve in oxidant defense in the extracellular
space and also to transport Se from the liver to other tissues
Patients with cirrhosis have depressed Se-P levels that
correlate with the severity of their illness. 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 alow molecular weight sele-
noprotein (87 amino acid protein) containing one Se-Cys
residue and existsin four forms. Oneisoform has GSH bound
to a specific cysteine residue indicating that Se-W may have
redox functions. Low levels of Se-W were ubiquitously ex-
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CDP dCDP
\Y,
Thioredo edoxine (S2)
>
Thioredoxine
NADP+ NADPH + H+

reductase

Fig. 3. Role of thioredoxin in the reduction of ribonucleosides-5'-
diphosphates to deoxyribonucleosides-5'-diphosphate.

pressed in primates and humans. However, Se-W was high-
estin skeletal, cardiac muscle and brain . In contrast,
Se-W was notubiquitously expressed in rodents. Rats fed
with Se accumulated Se-W in skeletal muscle and brain and
to alower extent in spleen and testis but not in liver, kidney,
intestinal mucosa, lungs, plasma or erythrocytes Di-
etary Se deficiency causes white muscle disease which re-
sults in calcification of skeletal and cardiac muscle in pri-
mates and sheep, while in humans, it is associated with
Keshan disease cardiomyopathy. In contrast, rodent cardiac
muscle is not affected by Se depletion Se depletion
reduces the half life of Se-W mRNA Se-R contains
Se-Cysin the C-terminal porti on It has no homology to
known proteins and its function is still not known.

3.4. The thioredoxin group

Thethioredoxin (Trx) system comprisesNADPH, 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 stimulatesthe prolif-
eration of both normal and tumor cells . 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 aso directly by NADPH and
mammalian TR (but not by the E. coli enzyme) . Trx
undergoes spontaneous oxidation thereby losing its ability to
stimulate cell growth but maintaining its substrate activity for
NA DPH-dependent reduction by human TR. In addition, Trx
undergoes also a slower spontaneous conversion to a ho-
modimer that does not stimulate cell proliferation andisnot a
substrate for reduction by TR. Both conversions can be in-
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duced by chemical oxidants and are reversible by treatment
with thethiol reducing agent dithiothreitol[[62]} Reduction of
disulfides inactivates extracellular proteins such as coagula-
tion factors, insulin or PDGF. Trx can act as a growth factor
for macrophages or act asamediator of cell growthinhibition
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 acocytokine and
cytoprotective activity Trx is overexpressed and se-
creted in certain tumor cells and its expression is decreased
during dexamethazone, staurosporine, etoposide and
thapsigargin-induced apoptosis but not by N-acetyl-
sphingosi ne 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 glu-
tathione reductase, is a member of the pyridine-nucleotide-
disulfide oxidoreductase family of dimeric flavoenzymes
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) whichises-
sential for enzyme activity. By reducing Trx that is overex-
pressed in anumber of human tumors, TR may play arolein
regulating the growth of normal and cancer cells. Se defi-
ciency leadsto adecreasein TR activity from control to 4.5%
inliver and 11% in kidney whereasbrain 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 Seeffect on TR activity varies according to the cell type.
Inthe presence of 1 UM Seintheform of sodium selenite, 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 condi-
tions, TR mRNA levelsincreased by 2.5-fold and TR stabil-
ity was enhanced significantly (the half life for degradation
was 21 h compared to 10 hin the absence of Se). In contrast,
Trx mRNA, protein levelsand 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 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 specificto testesand is
puberty-dependent. TR is a mitochondrial enzyme but can
also be targeted to other cellular compartments

3.5. Type | iodothyronine 5'-deiodinase (DI-1)

The thyroid gland synthesizes two major hormones tri-
iodothyronine (T3), the main biologically active thyroid hor-
monewhich occursinliver, kidney and thyroid and thyroxine

HO, CO2H

[
R =1: Thyroxine = Levothyroxine (T,)
R = H : Tri-iodothyronine (T3)
Fig. 4. Formulae of thyroxine and triiodothyronine.

(T,) which is produced solely by the thyroid and is biologi-
cally inactive|[26]] (Fig. 4. The control of thyroid hormone
(Ty) isviaDI-I, aselenoenzyme which produces most of the
circulating T by delodination of T, in peripheral tissues
Deiodination of T, is also catayzed by type II
5-deiodinase (DI-I1) which produces T5 primarily for local
use and occurs in the central nervous system, and pituitary
gland Thyroid hormone (TH) production is controlled
by thyroid stimulating hormone (TSH), secreted by the pitu-
itary gland in response to its circulating levels and in re-
sponseto iodine availabi Iity. However, irreversible dam-
age of thethyroid 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

4. The protective effect of Se compounds

4.1. Sein cancer prevention

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

Prospective cohort studiesin several countries have inde-
pendently shown that cancer patients have a significantly
lower mean prediagnostic serum Se level than controls
and negative associations for various parameters of
Se status and risks to cancers or precancerous lesions of the
bladder[[82]} brain{[87]} esophagus{[88]} ung[[89]} head and
neck [[90]] ovary [91]] pancreas|[92]} thyroid|[93]} stomach
melanoma[[97]] prostate[[98] and colon[[99]] The
possibility that Se deficiency may increase cancer risk might
be predicted on the basis of limited expression of selenoen-
zymes involved in antioxidant protection (glutathione per-
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Fig. 5. (8) 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 (SeM SC) 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.

oxidases) and redox regulation (TRs). The induction of skin
tumors by either ultraviolet irradiation[100-102]]or phorbol
esters varied inversely with skin GPx activity in ani-
mals. 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 and protects
against UV-light-induced skin damagein mice 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 inci-
dencesin various populations|[84,105]|. Several case control
studies confirmed that people with low blood Se had an
increased risk of cancer and those supplemented with
selenized brewer’s yeast decreased the overall cancer mor-
bidity and mortality rate by nearly 50% . Se concentra-
tionsin foods vary considerably even among different brand
names of the same food product (reflecting different geo-
graphical origins) and the chemical form of Seis aso vari-
able Thereis evidence of anticarcinogenic activi-
ties for several intermediary metabolites of Se .
Selenodiglutathione (GS-Se-SG) unstable under physiolog
cal conditions is unlikely to accumulate in cells and breaks
down to glutathione selenol (GSSeH) and hydrogen selenide
(H,Se). GS-Se-SG has been shown to block protein synthesis
by inhibiting eukaryotic initiation factor 2 to suppress the
mRNAs for several GPx isoforms and to serve as an
oxidant of Trx In addition, GS-Se-SG has been shown
to inhibit DNA-binding of the transcription factorAP—l
ribonucleotide reductase, cell proliferation and enhance
apoptosi s Apoptosis stimulation appears to be related

to the production of superoxide anion (O,") and H,O, as a
consequence of H,Se oxidative metabolism.

While Se-Met isexcellent for increasing the Se concentra-
tionsin tissues, it is relatively ineffective for suppression of
carcinogenesis[[75,112]] Although the mechanism for Se
inhibition of carcinogenesisis still unclear, it might be asso-
ciated with the monomethylated form of Se that can be
metabolized to methylselenol which may provide better can-
cer protection[[113]} With ahighintake of seleniteor Se-Met,
the levels of methylated metabolites (methylselenol, dim-
ethyl selenide and trimethylselenonium) were increased
Methylated Se compounds have been shown to modify
various biological processes including suppression of angio-
genesis 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 cleav-
age of the Se-methyl group . The chemical form of
Se found in broccoli is similar to that found in garlic
Hence, the reduced risk of cancer seemsto be a
consequence of the uniqueness of Sein those plantsand 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 devel opment
Se-enriched broccoli is shown to be protective against
intestinal cancer susceptibility in multiple intestinal neopla-
sia (Min) mice and in chemically induced mammary
and colon cancer in rats Thus, monomethyl selenol
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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, (PGE,) and the enhan-
cement of GSH-Px activity inrat colon.

is considered to be the critica metabolite for protection
against certain cancers. Moreover, it has been reported
that SeMSC did not affect the growth of normal untrans-
formed cellsin the mammary gland and the effect was mani-
fested only in premalignant Iesions

Synthetic organoselenium compounds have been de-
signed to achieve greater chemoprevention efficacy and to
reduce toxic side effects Administration of
synthetic organo-Se to DMBA-induced mammary female
rats tumors showed that it acted in both initiation and pro-
gression phases. During theinitiation phase, the 1,4 phenyle-
nebis(methylene)selenocyanate  (p-XSC) inhibited total
DMBA-DNA binding in the mammary gland The
chemopreventive activity of p-X SC during the post-initiation
stage of carcinogenesis has been suggested following inhibi-
tion 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 signifi-
cantly decreased lung tumor multiplicity in adose-dependent
manner. Treatment with p-XSC caused a three to sixfold
greater accumulation of Se within cells than did treatment
with eguivalent amounts of inorganic Se and produced a
dose-dependent reduction in cell number _and a dose-
dependent increase in cell death by apoptosi . 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 Of-methylguanine and
7-methylguaninein thelung, sodium seleniteat 5 ppm had no
effect on DNA adduct formation and had no protective effect
against lung tumor induction. In addition, p-X SC was mark-
edly less toxic and at level of 80 mg/kg (equivalent to
40 mg/kg Se) was shown to inhibit DMBA-induced mam-
mary carcinogenesisin theinitiation stage by suppressing the
formation of DMBA-DNA adducts. p-XSC also
inhibited mammary and colon carcinogenesis in the post-
initiation or tumor promotion phase|[118]|

4.2. Therole of Sein HIV/AIDS

Chronic oxidative stress has been reported during the
early and advanced stages of HIV-1 infection Oxida-
tive stress has been linked to HIV-induced apoptosis of T
Iymphocytes to aterations in the HIV promoter that
may produce progressionto AlDSin patientswith latent HIV
and to the devel opment of AIDS K aposi sarcom
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 Biochemical deficiency of vitaminsA, 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
Se among other micronutrients has been demon-
strated to affect the immune process and may act at different
levels. In animal models, Se deficiency impairs the ability of
phagocytic neutrophils and macrophagesto 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/CDS8 ratio It has been suggested that the in-
creased oxidative stress in HIV infection is caused by €-
evated IL-8 levels which exhausts the available Se to protect
cells against the inflammatory reeponse. In vitro mod-
els have shown that Se enhances interleukin-2 production in
a dose-dependent manner (the cytokine responsible for the
earliest and most rapid expansion of T lymphocytes). This
probably occurs viathe increased expression of high-affinity
receptors. 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

nthesis particularly in the GSH and Trx systems
Thus, maintaining an optimal Se status in
HIV-1 infected men and women may help to increase the
enzymatic defense and improve general hedlth in those pa-

tients|[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 dlightly or remain stable with age. However, the tissue
distribution may be altered. Se in hair has been found to
declinefrom amean of 0.76 pg/g of hairin 11-15yearsoldto
amean of 0.55 between 61 and 70 years old Moreover,
severa studies have shown that aging cells accumulate oxi-
dative damage. The aging lymphocyte population fails
to expand and damage to both mitochondrial and nuclear
DNA occurs. Lipid peroxidation and accumulation of carbo-
nyl moieties on protein are produced by oxidative stress.



H. Tapiero et al. / Biomedicine & Pharmacotherapy 57 (2003) 134144 141

Mitochondria accumulate age-related damage, releasing
more reactive oxygen species. Thus, GPx and other seleno-
proteins may play arolein slowing cellular damage and the
aging process. Moreover, the efficiency of the immune sys-
tem declines with age. The declinein the effectiveness of the
immune system associated with aging increases the chances
of neoplasia. The response to antigen challenge decreases
along with adecreasein theratio of CD4to CD8T cellsand
of CD5 to CD5" B cells Aged mice produced
weak interferon gamma and interleukin-2 responses to Try-
panosoma musculi [146]] In humans, low Se status in the
elderly was correlated with lower triiodothyrinine to thyrox-
ine ratios due to the raised thyroxine concentrations. Se
supplementation decreased the serum thyroxine concentra-
tion . A deficiency in thyroxine to triiodothyrinine con-
version will affect general metabolism including immunity
. Finally, telomere length decreases with age in
peripheral leukocytesand isaccel erated by oxidative stressin
fibroblasts. The rate of telomere shortening and carbonyl
group accumul ation wasinversely correlated with GPx activ-
ity in fibroblasts[152]]

In conclusion, Se is a nutritional trace element that is
incorporated into selenoproteins as the amino acid seleno-
cysteine and it is known to be both radioprotective and
protect against UV-light-induced skin damage in mice. It
may inhibit theinitiation and post-initiation phases of chemi-
cally 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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