ANTIOXIDANTS & REDOX SIGNALING
Volume 14, Number 7. 2011 CoMPREHENSIVE INVITED REVIEW

© Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2010.3275

Selenium in Human Health and Disease

Susan J. Fairweather-Tait! Yongping Bao, Martin R. Broadley? Rachel Collings;

Dianne Ford? John E. Hesketh? and Rachel Hurst'

Abstract

This review covers current knowledge of selenium in the environment, dietary intakes, metabolism and status,
functions in the body, thyroid hormone metabolism, antioxidant defense systems and oxidative metabolism, and
the immune system. Selenium toxicity and links between deficiency and Keshan disease and Kashin-Beck
disease are described. The relationships between selenium intake/status and various health outcomes, in par-
ticular gastrointestinal and prostate cancer, cardiovascular disease, diabetes, and male fertility, are reviewed,
and recent developments in genetics of selenoproteins are outlined. The rationale behind current dietary ref-
erence intakes of selenium is explained, and examples of differences between countries and/or expert bodies are
given. Throughout the review, gaps in knowledge and research requirements are identified. More research is
needed to improve our understanding of selenium metabolism and requirements for optimal health. Functions
of the majority of the selenoproteins await characterization, the mechanism of absorption has yet to be identified,
measures of status need to be developed, and effects of genotype on metabolism require further investigation.
The relationships between selenium intake/status and health, or risk of disease, are complex but require elu-
cidation to inform clinical practice, to refine dietary recommendations, and to develop effective public health
policies. Antioxid. Redox Signal. 14, 1337-1383.
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l. Introduction

N THE LAST CENTURY, interest in selenium and health was

focused primarily on the potentially toxic effects of high
intakes in humans, stimulated by reports of alkali disease in
livestock raised in seleniferous areas (341). The essentiality of
selenium was demonstrated in the mid-1950s (326), when rats
fed a highly purified casein diet developed a fatal liver disease,
which was prevented by certain foods, including brewer’s
yeast; selenium was identified as the active ingredient (327).

In recent years, there has been growing interest in selenium
in relation to Keshan disease (an endemic cardiomyopathy)
and also possible protective effects against cancer and other
chronic diseases. In a large-scale supplementation trial, sele-
nium had an anticarcinogenic effect (86), and although in-
vestigations into the protective role of selenium had been
undertaken for many years before this, both in animals and
case—control studies in humans, the results were difficult to
interpret because neoplastic tissue sequesters selenium (311
cited in 402), and therefore the impact of selenium status on
the initiation and progression of various cancers could not be
evaluated.

There is a relatively narrow margin between selenium in-
takes that result in deficiency or toxicity, with health effects
being related to level of exposure and selenium status. Fur-
ther, the species of selenium is another determinant of its

health effect. This review covers the functions of selenium,
absorption and metabolism, dietary intakes and recommen-
dations, clinical deficiency disorders and toxicity, the effects
of environmental factors and genotype on selenium status,
and the relationship between selenium and health outcomes,
including cardiovascular disease (CVD), cancer, diabetes, in-
flammatory disorders, and male fertility.

Il. Selenium in the Environment
A. Soil selenium

Globally, total soil selenium concentrations typically lie
within the range 0.01-2.0mg/kg with an overall mean of
0.4mg/kg (130). Much greater concentrations (up to
1200 mg/kg) are found in soils derived from seleniferous
parent materials, including shales, sandstones, limestones,
slate, and coal series (130, 191). Seleniferous soils are wide-
spread in parts of the United States, Canada, South America,
China, and Russia. Although parent geology is the primary
long-term determinant of selenium in soils, significant inputs
of selenium to soils occur following deposition of selenium
from natural (volcanoes, sea spray, volatilization/recycling
via biotic cycling) and anthropogenic (e.g., fossil fuel com-
bustion, sewage, and agricultural inputs such as fertilizers
and lime) sources (64, 191). Annually, fluxes of selenium to
soils from anthropogenic activities are greater than those from
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all natural sources combined. The effect can be seen in long-
term agricultural experiments, where fossil fuel combustion
practices correlate with selenium deposition to crops and soils
(157).

Crop selenium uptake is influenced greatly by the avail-
ability and chemical species of selenium in soils. Inorganic
selenium occurs in three soil-phases—fixed, adsorbed, and
soluble—and only adsorbed/soluble forms of selenium are
thought to be available for plant uptake. In addition, avail-
ability of selenate (4-6 oxidation state) and selenite (+4) forms
to plants varies markedly, with selenate taken up much more
rapidly than selenite under most soil conditions. Until re-
cently, it was possible to quantify selenium species in different
soil phases only from soils with high adsorbed/soluble sele-
nium loads (50-9000 ug soluble selenium per kg soil) using
Hydride Generation Atomic Absorption Spectroscopy tech-
niques (351). However, anion-exchange liquid chromatogra-
phy (LC) coupled to inductively coupled plasma mass
spectrometry (ICP-MS) have enabled selenium species to be
quantified in soils of low selenium concentrations (<20 ug
soluble selenium per kg soil) (351). In UK soils of low selenium
status, adsorbed/soluble selenium concentrations are gener-
ally two orders of magnitude lower than total soil selenium,
and consist primarily of selenite and organic selenium forms
(351).

B. Food sources and selenium species

The amount of selenium in the diet largely depends on
where crops are grown and cultivated, the soil/fodder to
which animals are exposed, and the actual foods consumed.
The effect of selenium species on bioavailability has been re-
viewed recently (117) and data on the selenium content of
foods are available (117, 135, 302, 372). The main food groups
providing selenium in the diet are bread and cereals, meat,
fish, eggs, and milk/dairy products (Fig. 1). Some Brazil nuts
are a particularly rich source, with selenium concentrations
ranging from ~0.03-512 mg/kg fresh weight (302).
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1. Bread and cereals. The selenium content of bread and
cereals can vary widely from ~0.01-30 mg/kg (302). On av-
erage, bread and cereals provide a quarter of the selenium
intake in the UK (Fig. 1). The predominant species of selenium
in wheat and bread are selenomethionine (usually ~55%-
85%), selenocysteine (~4%—-12%), and selenate/ite (~12%—
19%) (400, 405).

2. Meat, fish, and eggs. The selenium content of meat
depends on many factors. Offal contains relatively high levels
of selenium, in particular liver and kidneys; the selenium
concentrations of kidney, liver, and heart tissue from beef
were 4.5, 0.93, and 0.55 mg/kg, respectively, whereas muscle
was in the region of 0.2mg/kg (193). Supplementation of
cattle with selenium-enriched yeast increased muscle sele-
nium concentration to ~ 0.6 mg/kg (193). In the United States,
the average selenium content of chicken is ~0.2mg/kg and
beef ~0.25-0.3 mg/kg (372). Meat generally provides a rela-
tively large proportion of the selenium intake in omnivorous
populations, and in the UK, it provides one quarter of the total
estimated intake (Fig. 1). The predominant species of sele-
nium in edible portions of meat may be selenomethionine
(~50%-60% of total extractable selenium species) and sele-
nocysteine (20%-31% and ~50% of total extractable selenium
species in chicken and lamb, respectively) (47). However, the
total content and species depends mainly on the animals’ diet.

The selenium content in fish is between 0.1 and
~5.0mg/kg (117, 302, 310); some marine fish are relatively
high in selenium; for example, the selenium content of cod,
shark, and canned tuna is ~1.5, 2.0, and 5.6 mg/kg, respec-
tively (117, 310). In the UK, the average selenium content of
fish is ~0.42mg/kg (136). The main selenium species in fish
are selenomethionine (29%-70%) and selenite/selenate (12%-—
45%) (77,117, 302) with the species profile differing between
fish species and the total selenium content.

Hens’ eggs contain from ~3 to ~25 ug selenium per whole
egg (224). Selenium supplementation of the hen’s diet may
increase the selenium content of eggs to 0.34-0.58 mg/kg

other
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(232); selenium-enriched eggs are widely produced around
the world (125). The main selenium species in eggs are se-
lenocysteine, selenomethionine, and possibly selenite, with
selenomethionine and selenocysteine as the predominant
species (>50%) in egg white and egg yolk, respectively
(224).

3. Milk, dairy products, and beverages. The selenium
content of milk and dairy products varies widely; in the UK,
milk and dairy products contain ~ 0.01-0.03 mg/kg selenium.
The predominant selenium species in cows’ milk are seleno-
cysteine and selenite (256). Supplementation of dairy cows
with selenium-enriched yeast alters the species profile in the
milk and the major species after supplementation are sele-
nocysteine, selenomethionine, and selenite (256).

4. Fruit and vegetables. Fruit and vegetables typically
contain relatively small amounts of selenium. In unenriched
vegetables with low levels of selenium, the major species
may be, for example, selenate in onions (207) or seleno-
methionine (53%), y-glutamyl-Se-methylselenocysteine (31%),
Se-methylselenocysteine (12%), and selenate (4%) in garlic
with natural selenium content of <0.5 mg/kg (207). However,
certain vegetables, such as onions, garlic, and broccoli when
grown on selenium-rich soil can accumulate selenium, re-
sulting in selenium-enrichment from <0.5mg/kg up to 140-
300mg/kg. The main selenium species in Se-enriched food
such as onions is y-glutamyl-Se-methylselenocysteine, ac-
counting for ~63% of the species, with a relatively smaller
proportion of ~10% selenate and 5% selenomethionine, plus
other species (174, 207). In Se-enriched garlic, similar to Se-
onions, y-glutamyl-Se-methylselenocysteine may be the pre-
dominant species (~73%) with also ~13% selenomethionine,
4% y-glutamyl-selenomethionine, 3% Se-methylselenocys-
teine, and 2% selenate (181). Selenium-enriched broccoli
sprouts may contain predominantly Se-methylselenocysteine
(~45%) with smaller amounts (~12%-20%) of selenate and
selenomethionine, plus other species of selenium (e.g., ade-
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nosylselenohomocysteine) (124). In summary, in vegetables
such as broccoli, onions, and garlic the selenium species
profile is variable depending on the total level of selenium
enrichment, the forms of selenium used for enrichment, and
the type of vegetable; predominant species in selenium-en-
riched vegetables analyzed to date are Se-methylselenocys-
teine or y-glutamyl-Se-methylselenocysteine; these forms of
selenium in foods have received attention due to purported
protection against cancer in animal models when compared
with other forms of selenium (123, 183).

5. Selenium-enriched foods. The only permitted species
of selenium added to foods for particular nutritional use in
Europe, including baby formula milk and total parental nu-
trition foods, are sodium selenate, sodium selenite, and so-
dium hydrogen selenite (127), whereas the predominant
selenium species in most natural and unenriched foods is
selenomethionine (Fig. 2). Selenium-enrichment through fer-
tilization or feeding supplements to animals changes the se-
lenium species profile in some foods, for example, eggs,
onions, garlic, and broccoli (124, 183, 207, 224), but wheat and
meat tend to retain the predominant selenium species as se-
lenomethionine (47, 405). The selenium speciation of foods
and the effect of processing and cooking on the species profile
is a priority for future research.

C. Selenium intake

1. Dietary surveys. The contribution to selenium intake
from drinking water (130) and air is insignificant, except for
individuals working in industries with an occupational ex-
posure risk (e.g., metal recovery and paint production). Diet-
ary selenium intakes can be estimated from dietary surveys,
food composition tables, market basket type surveys, and/or
composite dietary analyses. There are inherent uncertainties
in using all of these data, since dietary surveys are prone to
misreporting, and robust primary data on the selenium con-
centration of different foodstuffs are often lacking or below

[J Unknown

FIG. 2. Species of selenium in
natural un-enriched foods, %
contribution of each type of sele-
nium to total/extractable seleni-
um. This figure was produced
from data presented in references
(47, 117, 207, 302, 400, 405) with

methylselenocysteine

[ Selenate the percentage of total/extractable
selenium species presented for
B Selenite natural un-enriched foods with

typical selenium contents (fresh
weight) for wheat, 0.1-30 mg/kg;
garlic, <0.5mg/kg; potatoes,
0.12mg/kg; chicken, 0.5mg/kg;
lamb, 0.4mg/kg; fish (cod),
1.5mg/kg.
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technical limits of detection and/or quantification. For ex-
ample, in the UK, the most recent published dietary survey
reporting mineral intakes is the National Diet and Nutrition
Survey (NDNS) (158, 165). However, under-reporting is
~25% (307), and there can be over-reporting of foods per-
ceived to be healthy, for example, cereals and vegetables (275,
385). Food composition tables may lack robust selenium
concentration data for many food groups. For example, the
Sixth Summary Edition of McCance and Widdowson’s The
Composition of Foods contains mineral concentration data for
up to 3423 types of food and drink products (135). Of these,
selenium data are not reported for 1161 products, “trace” or
zero selenium is reported for 467 products, and the selenium
contents of a further 470 products are estimates. Among the
1325 products for which selenium concentration data are re-
ported, 241 products have the lowest reported selenium
concentration of 1 ug/100g, which may introduce rounding
errors. In the UK’s 2006 Total Diet Survey, a market basket
survey of 24 UK towns reported selenium concentration data
above the limit of quantification for only 7 out of 20 food
groups (136). However, subject to these caveats, it is still
possible to provide estimates of selenium intake, and even
target-specific food groups, by integrating dietary survey data
with food composition data (62).
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2. Global variation in selenium intake. Individual dietary
selenium intakes across the world are estimated to range from
3 to 7000 ug/day (130, 297, 300, 410). The highest levels of
intake have been recorded in seleniferous regions of China
[>4990 ug/day (422)] and Venezuela (130, 298, 299). For Eu-
ropean countries where estimates are available, mean intakes
are typically <50 ug/day per person (298, 299), which is close
to or below the recommended nutrient intake level (127, 300).
In regions of relatively high selenium intake in India, intakes
were estimated to be 475 ug/day for women and 632 ug/day
for men, with >80% of the selenium intake provided by
consumption of cereals grown in high selenium soil in the
local region (164). For large areas of the world (e.g., Africa and
many parts of Asia and Latin America), dietary selenium in-
take estimates are unavailable. Examples of selenium intakes
across the world are shown in Figure 3.

With respect to selenium intake from habitual diet, the UK
is one of the countries with the lowest estimated selenium
intake (Fig. 3). The mean selenium intake from food sources
for men and women (aged 19-64) were 55 and 43 ug/day,
respectively. In comparison, intakes in the United States are
much higher: the mean intake from food in the United States
was 133.5+2.42 ug/day for men and 92.6 +1.57 ug/day for
women (370). There is a very wide variation in selenium

Venezuela | ——

Canada |

Japan |

usam

| |
USAF | ' ; ]

Australia [

Finland M [
Finland F | -

Poland M NN

Poland F [T

austria [

France [N

Belgium [

Germany _

vk

ukF [

Denmark M

Denmark F =

The Netherlands M [

The Netherlands F [

ttaly M [
Italy F —

0 S50 100

150 200 250 300

Selenium intake (pg/day)

FIG. 3. Global variation in selenium intake. Data shown in Figure 3 were compiled from selenium intake data presented
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latter shown in a lighter shade. The dotted lines represent the intake required to reach maximal plasma GPx3 and seleno-

protein P expression, at ~70 and ~105 ug/day (174, 365).
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intake around the world, and when undertaking risk-benefit
analysis, an important task due to the narrow safe range of
selenium, it is also important to take the use of dietary sup-
plements into account.

3. Selenium intake from dietary supplements. There are
many different formulations of supplements available
worldwide with varying doses and species of selenium, and
selenium is often included in multivitamin/mineral supple-
ments. The selenium content of supplements analyzed in the
United States indicates that they provide between 10 and
200 ug/day (371). Dietary supplement use in the United States
and Europe is common, with over 50% of the population
surveyed in the United States regularly consuming dietary
supplements (289). In the UK, 35% of adults (27% of men and
41% of women) reported taking supplements, predominantly
fish oils and multivitamins/minerals (137), some containing
selenium. Denmark and Finland report 32%—60% use of
supplements, and in Poland and Spain 8%-11% of men and
10%-18% of women consume dietary supplements (127). A
recent evaluation and comparison of national intake survey
data from several countries in Europe, comparing intake from
supplements and habitual diet, estimated that the contribu-
tion from dietary supplements was between 6% and 45% of
the total estimated selenium intake for adult men and women,
with country-specific differences (127). In Finland, where se-
lenium fertilizers are mandatory, the mean estimated sele-
nium intake from the habitual diet for men and women is 79.5
and 56.1 ug/day, respectively. Consumption of dietary sup-
plements by 32% of men and 58% of women was calculated to
provide an extra 5.3 ug/day for men and 10.5 ug/day for
women (127).

The contribution of selenium-containing supplements is
likely to provide an average additional intake of 5-30 ug/day,
but obviously this will vary widely depending on habitual
diet and the content/formulation of the supplement. Also, the
absorption and metabolism of selenium depends on the se-
lenium species in the supplement as well as the dose/amount
consumed and selenium status of the individual. A substan-
tial proportion of supplements available contain one species
of selenjium (mainly in multivitamin/mineral supplements),
as selenomethionine, Se-methylselenocysteine, selenite, or
selenate. However, selenium-enriched yeast is a complex
mixture of several different species of selenium and usually
contains more than four different species, including ~ 23%-—
84% selenomethionine, 3%-21% selenocysteine, 1%-20% Se-
methylselenocysteine/y-glutamyl ~ Se-methylselenocysteine,
0.5%-5% Se-adenosyl-selenohomocysteine, ~ 4% selenate,
plus other selenium species that may vary according to the
media and growth conditions of the selenium-enriched yeast
(302, 400).

lll. Selenium Absorption and Metabolism

There is limited knowledge about the biochemical inter-
conversions involved in the metabolism of the different se-
lenium species in mammals, and information concerning
tissue specificity of pathways remains scant. The absorption
of selenium for assimilation and excretion through these
pathways potentially involves multiple membrane transport
mechanisms, but it is a topic that has received little attention
to date.

FAIRWEATHER-TAIT ET AL.

A. Absorption of dietary selenium

The identity of the transporter proteins responsible for the
absorption of dietary selenium remains uncertain. Membrane
transport proteins with the capacity to mediate uptake of
organic forms of selenium have been identified on the basis of
quantification of the total selenium content of Xenopus laevis
oocytes expressing individual transporters (from injected
in vitro-transcribed mRNA) and provided with different test
substrates. These studies revealed that the selenoamino acids
selenomethionine, methylselenocysteine, and selenocysteine,
but not the seleonoderivatives selenobetaine or selenocysta-
mine, are transported effectively by a suite of intestinal (and
renal) amino acids transporters, in particular by the B and
b’ rBAT systems (263). The SLC26 multifunctional anion
exchanger family are good candidates for intestinal selenate
transport, based on published observations concerning inhi-
bition of selenate transport in various experimental epithelial
systems by the SLC26 inhibitor, 4,4'-diisothiocyano-2,2’-
disulfonic acid stilbene (DIDS), and by substrates including
sulfate and oxalate (336, 406). This view is substantiated by
unpublished data demonstrating expression of several SLC26
family members in human intestine and in the intestinal cell
line Caco-2 and inhibition by selenate of sulfate uptake by
Caco-2 cells (Dianne Ford, pers. comm.).

B. The biochemical interconversion
of selenium species

Assimilation of dietary selenium into selenoproteins occurs
through a series of interconversions about which many details
are still lacking. An overview of the metabolic pathways is
given in Figure 4. For clarity, selenide (H,Se) is considered as a
central point in the metabolic interconversions of both organic
and inorganic selenium compounds. Dietary selenomethio-
nine is converted to selenocysteine (also obtained directly
from the diet, as is Se-methylselenocysteine) via the interme-
diate selenocystathionine through the action of cystathionine
f-synthase and then cystathionine y-lyase (97, 267). Seleno-
methionine released through protein catabolic processes en-
ters the process of metabolic interconversion in the same way
and, unlike selenocysteine, is incorporated nonspecifically in
place of methionine into proteins, depending on availability.
Selenocysteine f-lyase releases selenide (H,Se) from seleno-
cysteine (97, 267); an alternative route for the release of sele-
nide from selenomethionine may be through the action of gut
bacterial methionase (97). Dietary Se-methylselenocysteine
can be converted to methylselenol (CH;SeH) in a cystathione
y-lyase-catalysed reaction (287), which can in turn be de-
methylated to produce selenide (356). Selenite can be reduced
to selenide directly through the action of thioredoxin reduc-
tase (TXNRD, itself a selenoprotein) plus thioredoxin (229) or
it can react with glutathione to form selenodiglutathione
(229). Selenodiglutathione is a substrate for reduction to glu-
tathioselenol by glutathione reductase (229); glutathioselenol
then reacts with glutathione to yield selenide (229). Selenate
is, presumably, assimilated into proteins through reduction to
selenide via the same pathways; however, the mechanism for
reduction of selenate to selenite remains unclear but may in-
volve the activity of TXNRD in the presence of glutathione
and thioredoxin (229). Further steps in the assimilation of
selenide into selenoproteins involve generation of the highly
reactive selenium donor selenophosphate through the activity
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of selenophosphate synthetase (360) and then incorporation of
selenium into selenocysteyl-tRNA 1515l through conversion
of O-phospho-1-seryl-tRN A5l (141). Selenide is also the
intermediate metabolite for selenium excretion; at lower lev-
els of intake it is incorporated into selenosugar for excretion in
urine, and at higher levels of intake methyltransferases add
methyl groups sequentially to convert selenide to methylse-
lenol then dimethylselenide, which is excreted in the breath
and in the feces, then trimethylselonium, which is excreted in
the urine (210, 267).

C. Systemic transport of selenium

Plasma selenoprotein P (SePP) is the major circulating
transport form of selenium, accounting for the majority of
selenium in plasma [up to 60% (162)], and is responsive to
changes in level of dietary exposure (99, 174, 414). In humans,
full-length SePP is a glycosylated protein of 366 amino acids.
Approximately two-thirds of the molecule (amino acid resi-

dues 1-244) is folded into an N-terminal domain that includes
one selenocysteine residue, whereas the smaller C-terminal
domain includes nine selenocysteines, providing the selenium
transport capacity (67). Thiol-redox function has been attrib-
uted to the N-terminal domain, based on the presence of a
thioredoxin fold and on measured functional properties (314,
359). Truncated isoforms of SePP have been described (67)
and in humans two major forms resolve as proteins with
different molecular mass (~50 and ~60kDa) on SDS-PAGE.
The relative ratio of the two isoforms has been reported to be
influenced by genotype with respect to two single nucleotide
polymorphisms (SNPs) in the SePP gene, the effect of which
was abrogated under conditions of selenium supplementa-
tion (243). SePP synthesis is reduced under conditions of di-
etary selenium deficiency and plasma concentrations fall (67).

The phenotypic features of SePP knockout mice are con-
sistent with a role in systemic selenium transport. These fea-
tures include reduced body selenium content and reduced
concentration in some tissues, with accompanying changes in
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the activity of selenoproteins (163, 325). A noteable exception
is the thyroid gland, for which mechanisms for prioritization
of selenium supply (see section V.A.2) appear to include
SePP-independent supply of selenium (323). Although SePP
is expressed in most tissues, the current model is that SePP
synthesis in the liver incorporates selenium into SePP for
distribution to other tissues (306). Local SePP biosynthesis
appears to be important in protecting the brain against sele-
nium loss under selenium-deficient conditions (328).

Uptake of SePP from the plasma into tissues, including
testis, kidney, and brain, is emerging as a receptor-mediated
process. For example, mouse Sertoli cells were observed by
immunohistochemistry to contain SePPI-positive vesicles,
and apolipoprotein E receptor-2 (apoER2) was found to be
associated with SePP in preparations of mouse testis (273).
Another member of the lipoprotein receptor family—megalin
(Lrp2)—is believed to mediate SePP uptake from the glo-
merular filtrate in the kidney (271).

In summary, the form in which absorbed dietary selenium
enters the portal circulation appears to have received little
attention, and is likely to vary depending on the dietary
source (e.g., organic or inorganic). The scheme proposed for
the absorption and metabolic interconversion of selenium
compounds (Fig. 4) reveals multiple potential points of in-
teraction with other molecules and/or processes that may
lead to influences of selenium on health and disease and so
provide important targets for future research. Membrane
transport proteins that are involved in the absorption of die-
tary selenium should be identified, and potential interactions
with dietary components and oral pharmaceuticals investi-
gated to aid the development of dietary recommendations
and health policy. Establishing the extent to which specific
metabolic interconversions of selenium compounds are
tissue- or organ-specific, or ubiquitous, will provide a more
detailed model for selenium handling on a whole-body level,
including identification of the molecular forms in which se-
lenium is transported between the tissues; the view that SePP
produced in the liver is the major circulating from of selenium
is substantiated by robust evidence, but it is likely that other
selenoproteins, or other forms of selenium, are also important
transported forms, perhaps with some element of tissue
specificity with respect to production and uptake. Notable in
this context is the form in which selenium leaves the intestinal
enterocyte and in which it is presented to the liver, ultimately
for incorporation into SePP. While receptor-mediated endo-
cytosis, involving specific receptor molecules, is emerging as
the mechanism for uptake of SePP in specific tissues, the
mechanisms involved in delivery of selenium to the tissues in
general remains unknown. A good understanding of sele-
nium metabolism and transport on a whole-body level is es-
sential if research aimed to establish the relationships between
selenium, health, and disease is to be optimally targeted, so
these gaps in knowledge should be addressed as a matter of
priority.

IV. Selenium Status

A. Measurement of status

Methods to assess the selenium status of populations have
been reviewed extensively (23, 130, 191). In some situations,
the overall selenium status of large populations can be pre-
dicted by examining the chemical composition of the terres-
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trial environment, in particular soil selenium content, and by
analyzing the selenium composition of generic foodstuffs
and dietary habits. At an individual level, selenium status can
be assessed from hair, toenail, and urinary analysis, or more
directly by assaying the selenium concentration of blood (whole
blood, plasma, serum, or erythrocyte/platelet fractions), and
bioassays of selenoproteins in different blood fractions may
provide more accurate estimates of functional /physiological
selenium status.

The analysis of selenium in hair and toenails is useful as a
long-term biomarker (23). As both tissues are easy to access
and are noninvasive, they are also suitable for fieldwork, but
samples must be prepared with care to avoid contamination.
For example, hair samples can be affected by selenium-
containing shampoo residues. Wide variation in hair selenium
concentration has been reported in populations of contrasting
selenium status in China (<0.1 to >100 mg/kg hair) (130), but
positive correlations have been found between selenium status
and toenail selenium concentrations (316). Urinary selenium
excretion can also be used to determine absorption in bio-
availability studies, or to assess compliance in intervention
studies and is a useful responsive biomarker (23).

Plasma or serum selenium is one of the most commonly
used biomarkers of selenium status, and in a meta-analysis
of 14 studies plasma selenium responded to selenium-
supplementation or selenium-depletion across all subgroups
(23). Plasma selenium is relatively easy to obtain provided
trace element-free collection tubes are available. Whole blood
selenium also responds significantly to supplementation and
is therefore also a useful biomarker. However, there are only a
limited number of studies reporting whole blood selenium, so
the interindividual heterogeneity is unclear and the length of
time needed to incorporate selenium into red blood cells
renders it less responsive than plasma to changes in se