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Margaret P. Rayman

Centre for Nutrition and Food Safety, School of Biomedical and Molecular Sciences, University of Surrey,

Guildford GU2 7XH, UK

(Received 11 May 2004 – Revised 29 June 2004 – Accepted 29 June 2004)

Selenium-enriched yeast (Se-yeast) is a common form of Se used to supplement the dietary intake of this important trace mineral. How-
ever, its availability within the European Union is under threat, owing to concerns expressed by the European Community (EC) Scientific
Committee on Food that Se-yeast supplements are poorly characterised and could potentially cause the build up of Se in tissues to toxic
levels. The present review examines the validity of these concerns. Diagrams of the biosynthesis and metabolism of Se compounds show
which species can be expected to occur in Se-yeast preparations. Se-yeast manufacture is described together with quality-control measures
applied by reputable manufacturers. The way in which speciation of Se-yeast is achieved is explained and results on amounts of Se species
in various commercial products are tabulated. In all cases described, selenomethionine is the largest single species, accounting for
54–74 % of total Se. Se-yeast is capable of increasing the activity of the selenoenzymes and its bioavailability has been found to be
higher than that of inorganic Se sources in all but one study. Intervention studies with Se-yeast have shown the benefit of this form in
cancer prevention, on the immune response and on HIV infection. Of about one dozen supplementation studies, none has shown evidence
of toxicity even up to an intake level of 800mg Se/d over a period of years. It is concluded that Se-yeast from reputable manufacturers is
adequately characterised, of reproducible quality, and that there is no evidence of toxicity even at levels far above the EC tolerable upper
intake level of 300mg/d.

Selenium-enriched yeast: Speciation: Bioavailability: Toxicity

The trace mineral Se is a crucial nutrient for human health.
It is a component of a number of important selenoproteins
and enzymes required for such functions as antioxidant
defence, reduction of inflammation, thyroid hormone pro-
duction, DNA synthesis, fertility and reproduction
(Rayman, 2000). It can also be converted in the body to
Se metabolites that are thought to reduce the blood supply
to tumours and kill cancer cells (Combs & Lü, 2001). Ade-
quate dietary intakes of Se are therefore essential.

Se enters the food chain through plants and its concen-
tration in foods is determined by a number of geological
and geographical factors (Diplock, 1993; Fordyce et al.
2000; Johnson et al. 2000; Adams et al. 2002). These
are: (i) soil Se species and concentration; (ii) pH, which
determines to some extent the nature of the Se species;
(iii) amounts of organic matter, iron hydroxides, Al com-
pounds and clay that can bind Se, reducing its bioavailabil-
ity to plants; (iv) amounts of S species (for example, from
S fertilisers) that can compete with Se for absorption; (v)

rainfall that can leech Se out of the soil; (vi) soil microbes
that can convert insoluble forms of Se to soluble forms. In
some parts of the world where Se is insufficiently available
to plants, Se-deficiency diseases have been identified, such
as Keshan disease, an endemic cardiomyopathy found in
the North East of China (Keshan Disease Research
Group, 1979) that formerly caused many deaths. Sup-
plementation with Se has greatly reduced the incidence
of the condition (Reilly, 1996).

There are other regions of the world, such as the south
island of New Zealand and parts of China and Europe,
where Se intake may not be adequate for full activity of
protective selenoenzymes. Governments have set dietary
reference values for Se intake based on their assessment
of the amount of Se required to achieve optimal (or two-
thirds optimal) activity of the antioxidant selenoenzyme
glutathione peroxidase in plasma (Committee on Medical
Aspects of Food Policy, 1991; World Health Organiz-
ation/Food and Agriculture Organization/International
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Atomic Energy Agency expert group, 1996; Food and
Nutrition Board, Institute of Medicine, the National Acade-
mies with Health Canada Standing Committee on the
Scientific Evaluation of Dietary Reference Intakes, 2000).
Table 1 shows daily intake levels of Se recommended by
a number of national or international committees while
Table 2 is a compilation of up-to-date Se-intake data for
a number of countries. The intake of Se in New Zealand
appears to have increased in the last decade as a result of
importation of Australian wheat (Thomson & Robinson,
1996; Vannoort et al. 2000). However, in a number of
European countries the intake of Se has declined owing
to reduced importation of wheat from North America for
bread-making that was relatively high in Se (Rayman,
1997; Adams et al. 2002). Comparison of the values in
Table 2 with those of Table 1 shows that recommended
daily intakes are not now achieved in the majority of
European countries together with parts of China. These

recommended intake levels (Table 1), however, do not
take into account the fact that higher levels of Se intake
appear to confer additional health benefits on the immune
system, on cancer risk and on HIV symptoms and pro-
gression (Burbano et al. 2002; Rayman, 2002). Cancer
protective intakes of Se have been calculated separately
by two groups (Combs et al. 2001; Thomson & Paterson,
2001) to be in the region of 75–125 or 96–120mg/d,
considerably higher than currently recommended intakes.

Combs (2001) has compiled a table of reported concen-
trations of Se in serum, plasma or whole blood from sixty-
nine countries. Using the minimum value of 70mg Se/l in
serum or plasma as a criterion of nutritional Se adequacy
as described earlier (Nève, 1995), he estimated nutritional
Se deficiency to be highly prevalent (.50 %) in twenty-
one countries and moderately prevalent (10–50 %) in a
further sixteen countries (Combs, 2001). He also points
out that the extent of the problem may be greater, as there

Table 1. Current recommended selenium intakes for adults (mg/d) (EC Scientific Committee on Food, 2003; Thomson, 2004)

RDA, RNI, PRI or NR

Country or region Males Females

Australia, 1990 85 70
Belgium, 2000 70 70
DACH (Germany, Austria, Switzerland), 2000 30–70 30–70
EC Scientific Committee on Food (2003) 55 55
France, 2001 60 50
Italy, 1996 55 55
Japan, 1999 55–60 45
New Zealand and Australia (proposed levels) 65 55
Nordic countries, 1996 50 40
USA and Canada, 2000 55 55
UK (Committee on Medical Aspects of Food Policy, 1991) 75 60
World Health Organization/Food and Agriculture Organization/International

Atomic Energy Agency (1996)
40 30

RNI, reference nutrient intake; PRI, population reference intake; NR, nutrient requirement.

Table 2. Selenium intake data for a number of countries

Country Se intake (mg/person per d) Reference

Australia 57–87 Fardy et al. (1989)
Austria 48 Simma & Pfannhauser (1998) (cited by Combs, 2001)
Belgium 28–61 Robberecht et al. (1994)
Czech Republic 10–25 (estimate) Kvı́cala et al. (1996)
Canada 98–224 Gissel-Nielsen (1998) (cited by Combs, 2001)
China 7–4990 Combs (2001)
Croatia 27 Klapec et al. (1998) (cited by Combs, 2001)
Denmark 38–47 Danish Government Food Agency (1995)
France 29–43 Lamand et al. (1994)
Germany 35 Alfthan & Neve (1996)
Japan 104–199 Miyazaki et al. (2001)
Netherlands 39–54 Van Dokkum (1995)

67 Kumpulainen (1993)
New Zealand 55–80 Vannoort et al. (2000)
Poland 30–40 (calculated) Wasowicz et al. (2003)
Serbia 30 Djujic et al. (1995)
Slovakia 38 Kadrabová et al. (1998)
Sweden 31 Becker (1989)

38 Kumpulainen (1993)
Switzerland 70 Kumpulainen (1993)
UK 29–39 Ministry of Agriculture, Fisheries and Food (1997)
USA 106 Food and Nutrition Board (2000)
Venezuela 200–350 Combs & Combs (1986) (cited by Combs, 2001)
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is little or no information for most of Africa, South America
and central and south Asia. Against this background and
with new research evidence regularly appearing for the
role of Se in the reduction of viral virulence (Beck et al.
1995, 1998, 2001; Broome et al. 2004) and cancer risk
(Giovannucci, 1998; Yoshizawa et al. 1998; Yu et al.
1999; Helzlsouer et al. 2000; Nomura et al. 2000; Brooks
et al. 2001; van den Brandt et al. 2003; Li et al. 2004;
Wei et al. 2004), it is not surprising that many individuals
are interested in ensuring they have adequate Se status by
supplementing their diets with Se.

Se supplements available in order of increasing cost
include: the inorganic forms, i.e. sodium selenite, sodium
hydrogen selenite and sodium selenate; organic forms,
i.e. Se-enriched yeast (Se-yeast) and the seleno-amino
acid, L-selenomethionine (SeMet), the major Se species
in Se-yeast. Although all these supplements have been
available without any apparent associated problems for
many years, the European Parliament and Council of the
European Union (EU) issued a directive in 2002 (Directive
2002/46/EC) on permitted food supplements, specifying a
so-called ‘positive list’, which included inorganic forms
of Se but excluded organic forms such as SeMet and Se-
yeast. Thus, organic forms of Se will no longer be able
to be sold in the EU from August 2005, or from January
2010 in the case of countries that asked before August
2003 for the postponement of this directive. In the latter
case, a dossier supporting the safe use of any particular
form of organic Se has to be received by the European
Commission by July 2005 and then approved by the Euro-
pean Food Safety Authority. This decision was based on
the opinion of the EC Scientific Committee on Food that
Se-yeast supplements were poorly characterised with
regard to the nature and quantity of Se components and
because of the fear that Se from SeMet could build up in
body tissues to toxic levels. Given the relatively low
cost, good bioavailability and wide popularity of Se-yeast
supplements, which appear to be the most-commonly pur-
chased form of single-nutrient Se supplement in Europe, it
seems timely to examine the validity of the concerns raised
by the EU in relation to Se-yeast. Before discussing these
issues, it is helpful to have an idea of the different species

involved in the biosynthesis of Se compounds by yeast and
their metabolism in the human body.

Biosynthesis and metabolism of selenium compounds
with special reference to selenium-enriched yeast

Cereals and forage crops convert Se mainly into SeMet and
incorporate it into protein in competition with methionine.
In the same manner, Saccharomyces cerevisiae (baker’s or
brewer’s yeast) may assimilate up to 3000mg Se/g, the
major product being SeMet which is incorporated into
yeast proteins or physically associated with macromol-
ecules, especially cell-wall constituents (Demirci, 1999;
Polatajko et al. 2004). Fig. 1 shows the biosynthetic path-
ways in plants and yeast that relate to the formation of
SeMet. SeMet formed biosynthetically is the L-isomer
and where SeMet from yeast is mentioned hereafter, it
should be understood to be L-SeMet. A number of other
organic Se compounds are also formed as described in
detail by Whanger (2004).

The metabolic fate of SeMet and other organic Se com-
pounds from the human diet [for example, selenocysteine
(SeCys), Se-methyl-Se-cysteine (CH3SeCys)] is shown in
Fig. 2 (adapted from Combs, 2001). SeMet from Se-yeast
and food proteins can be incorporated non-specifically
into proteins such as albumin and Hb in place of methion-
ine. Alternatively it can be trans-selenated to SeCys which
is then converted to hydrogen selenide (H2Se) by a b-lyase.
The H2Se formed may be converted to selenophosphate
(HSePO3

22) by selenophosphate synthetase. Selenopho-
sphate reacts with tRNA-bound serinyl residues to give
SeCys-bound tRNA from which SeCys is inserted co-trans-
lationally, at loci encoded by specific UGA codons, to give
selenoproteins (Berry et al. 1991, 1993).

Excess Se is detoxified by successive methylation of H2Se,
yielding methyl selenol (CH3SeH), dimethyl selenide
[(CH3)2Se] and trimethyl selenonium ion [(CH3)3Seþ], the
latter two of which are excreted in breath and urine respect-
ively. Se-methyl-Se-cysteine (CH3SeCys), apparently pre-
sent to a small extent in Se-yeast (Bird et al. 1997;
Kotrebai et al. 2000; Larsen et al. 2001) and in some foods,
notably Allium and Brassica vegetables (Kotrebai et al.

Fig. 1. Proposed pathways for the metabolism of selenium in plants. Compounds in bold have been identified in aqueous extracts of selenium-
enriched yeast. GS-Se-SG, selenodiglutathione; SeCys, selenocysteine; SeMet, L-selenomethionine (adapted from Whanger, 2004).
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2000, Whanger, 2004), is acted upon by another b-lyase to
give CH3SeH directly (Combs, 2001). There is some evi-
dence for the direct formation of CH3SeH from SeMet by
the action of a g-lyase, also known as methioninase (Naka-
muro et al. 1997; Wang et al. 2002; Spallholz et al. 2004).
[CH3SeH and its precursor CH3SeCys are believed to be
potently anti-carcinogenic and anti-angiogenic (Ip, 1998;
Whanger, 2004).]

Oxidised inorganic forms (selenate, selenite) undergo
reductive metabolism yielding H2Se, the starting point
for the manufacture of selenoproteins as described earlier.
Oxidation of excess H2Se can lead to the production of
superoxide and other reactive oxygen species (Combs,
2001).

The ratio between the incorporation of SeMet into
body proteins and the formation of alternative more-active
metabolic products will depend on the amount of dietary
methionine [though this is generally only an issue in
animal studies where diets may be methionine poor
(Sunde, 1997)] and presumably on the history of SeMet
intake. After a sufficient period of ingestion of SeMet (or
Se-yeast), a state of equilibrium may be reached wherein
turnover from the general protein pool is able to supply
SeMet metabolites (Schrauzer, 2001) at a level associated
with health effects (Rayman, 2000).

Manufacture and quality control of selenium-enriched
yeast production

Se-yeast is the product of the aerobic fermentation of
S. cerevisiae in an Se-enriched medium. Different compa-
nies use different strains of S. cerevesiae and may describe
them either as baker’s or brewer’s yeast. The medium is
usually beet or cane molasses to which are added vitamins,
nutritional salts and other growth factors to ensure maxi-
mal biomass, and measured amounts of Se salts (for
example, sodium selenite) as the Se source. Control of
pH, temperature, Se feeding profile and aeration allows
optimal growth of the yeast strain and maximum biomass
production. A Se-enriched yeast cream is produced that

is then pasteurised thereby killing the yeast, and dried,
frequently by spray drying. One company (Pharma Nord,
Vejle, Denmark) does not use molasses because of the
inherent variability of such a material but instead prefers
to grow the yeast on pure glucose syrup with appropriate
pharmacopoeia-grade additives in order to produce a phar-
maceutical-grade, species-constant Se-yeast.

As a result of the fermentation in the Se-enriched
medium, the Se becomes organically bound to the yeast.
The amount bound should be greater than 90 %, typically
94 % (percentage of complexed organic Se found in three
lots of LAMINe Se-yeast by KABS Laboratories, St
Hubert, QC, Canada) in the case of one manufacturer (Lal-
lemand, Montreal, Canada). In this case, Lallemand
Research and Development reported that about 83 % of
the Se in the yeast was bound to yeast proteins, including
cell-wall proteins.

Reputable manufacturers of Se-yeast ensure that their
material is of good quality by carrying out the following
checks or analyses on a routine basis: assessment of the
purity of the yeast strain (by biochemical and genetic
identification techniques); the percentage of complexed
organic Se and the percentage of SeMet; measurement of
particle size, moisture content and the level of toxic impu-
rities (As, Cd, Pb, Hg) and microbiological contaminants
which must meet required purity criteria.

Unfortunately not all material sold as Se-yeast is pro-
duced according to these stringent criteria. Sometimes the
percentage of sodium selenite is such that most of the Se
is clearly not bound to the yeast; at worst, there may
merely be a mixture of sodium selenite and yeast, the Se
not being bound to the yeast (Uden et al. 2003). Thus a
customer may not be getting what he or she has paid for,
i.e. an organically bound Se source that contains a good
proportion of SeMet. While this may not matter in most
cases, there is an issue of bioavailability. SeMet has the
capacity to be assimilated non-specifically into normal
body proteins in place of methionine, thus acting as a
potential reservoir for Se (Thomson et al. 1993; Combs,
2001). Sodium selenite, though a good Se substrate for

Fig. 2. The metabolic fate of L-selenomethionine (SeMet) and other organic selenium compounds from the human diet. SeCys, selenocysteine;
GS-Se-SG, selenodiglutathione; CH3SeCys, Se-methyl-Se-cysteine; GPx, glutathione peroxidase; TR, thioredoxin reductase; Se-P, seleno-
protein P; ID, iodothyronine-50-deiodinase (adapted from Combs, 2001).
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the formation of selenoproteins, cannot be stored for later
use (Alfthan et al. 1991).

It should be noted that Se-yeast is not just manufactured
for human consumption. There is a burgeoning market in
Se-yeast as a US Food and Drug Administration-approved
Se supplement for livestock, where Sel-Plexe (Alltech,
Lexington, KY, USA) is probably the market leader.

Species contained in selenium-enriched yeast:
speciation

The wide use of Se-yeast in nutritional and intervention
studies, such as the Nutritional Prevention of Cancer
(NPC) trial in the USA that showed a significant reduction
in cancer incidence and mortality with a 200mg Se-yeast
supplement (Clark et al. 1996), has spurred analysts on
to identify the Se species, other than SeMet, that are pre-
sent in Se-yeast. Such ‘speciation’ studies are difficult,
requiring a combination of state-of-the-art techniques and
advanced instrumentation.

The main difficulty is how to preserve the identity of the
selenocompounds during their extraction from the yeast,
before analysis using chromatographic and mass spectro-
metric techniques. Water has been used to extract high-
and low-molecular-weight species (McSheehy et al.
2002; Polatajko et al. 2004) but the extraction efficiency
is low, about 10–15 % of the total Se in the yeast. Proteo-
lytic hydrolysis with non-specific enzymes, mostly Pro-
tease XIV, has given 60–80 % recovery of the total Se
content in the dry yeast, mostly as SeMet. However, with
this method, it is not possible to distinguish between
species that have undergone degradation and those that
have not.

Separation of Se compounds can then be achieved by a
number of methods such as size-exclusion, cation or
anion exchange HPLC (Lobinski et al. 2000; Larsen et al.
2004) or reversed-phase ion-pair HPLC (Lobinski et al.
2000; Uden et al. 2003). Intact Se-containing proteins
from Se-yeast have also been successfully separated by
two-dimensional gel electrophoresis (2-D SDS PAGE)
(Chassaigne et al. 2004). Se-specific detection is generally
by inductively coupled plasma MS. Alternatively, for vol-
atile compounds and selenoaminoacid-volatile-derivatives,
GC with detection by atomic emission has been used
(Uden et al. 2003). The use of tandem MS on Se-containing
fractions gives the possibility of the identification of species
for which standards do not yet exist. Matrix-assisted laser
desorption ionisation time-of-flight (MALDI-ToF) MS
with electrospray MS have been used successfully to ident-
ify Se species including selenopeptides (Encinar et al.
2003).

Owing to the differences in manufacturing method
referred to earlier, and to the varying extraction techniques
and analytical methods used in different laboratories, it is
hardly surprising that the analysis of Se-yeast gives a variety
of results. Analyses of commercially available Se-yeast
preparations have shown organically bound Se to vary
from 0 to 97 % of the total Se content (Uden et al. 2003).
Even for the same yeast batch, results can vary somewhat
between laboratories. Depending on the extraction tech-
nique, the yield and therefore the ratio of molecules such

as SeMet to total Se can differ slightly. For example, the
same batches of LALMINe Se-yeast (Lallemand, Montreal,
Canada) analysed by two laboratories gave percentages of
SeMet as 58 % (Danish Veterinary and Food Administration
Laboratory) and 65 % (Ultra Traces Analyses Aquitaine,
UT2A, Pau, France) of total Se. This probably reflects the
difference in extraction efficiencies, calculated as 78 % in
the first case and 93 % in the second case. Both laboratories,
however, found very little variation in the SeMet:total Se
ratio in different batches (1·6 and 1·5 % RSD), indicating
the reproducible quality of the Se-yeast.

In Se-yeast digests from reputable manufacturers, SeMet
is the major single component. The values are: 58–65 %
(see earlier) of total Se in LALMINe (Lallemand,
Montreal, Canada); 60–70 % of total Se in SelenoEx-
celle (Cypress Systems, Fresno, CA, USA); 54–60 % of
total Se in SelenoPrecisee (Pharma Nord, Vejle, Den-
mark) (Uden at al. 2003; Larsen et al. 2004); 62–74 %
in Sel-Plexe [R Power (Alltech, Kentucky, personal
communication)], with the caveat that the quoted values
are dependent on the extraction efficiency of the technique
used by the analytical laboratory.

Good-quality Se-yeast preparations such as those
described earlier should not contain more than 1 % of inor-
ganic Se, the remainder having been converted to organic
species or washed from the Se-yeast. Intermediates
formed in the biosynthesis or metabolism of SeMet (see
Fig. 1) such as Se-homocysteine, Se-cystathionine, and
g-glutamyl-Se-methyl-Se-cysteine have also been ident-
ified in addition to analogues of S metabolites such as
Se-adenosyl-Se-homocysteine (Bird et al. 1997; Uden
et al. 2003). The metabolite Se-methyl-Se-cysteine has
also been reported in digested Se-yeast extracts on the
basis of its matching retention time with a standard of
that substance (Bird et al. 1997; Kotrebai et al. 2000;
Larsen et al. 2001). Aqueous yeast extracts have also
shown the presence of selenodiglutathione (GS-Se-SG), a
metabolite of selenite, and the mixed selenotrisulfide of
glutathione and cysteinylglycine (GS-Se-SCG) (Linde-
mann & Hintelmann, 2002). Molecules identified in
digested extracts as a percentage of eluted Se from enzy-
mic hydrolysates of various commercially available
Se-yeasts are given in Table 3. The data on the two com-
mercial yeasts (believed to be Selenomaxe, P Uden, per-
sonal communication) illustrate the difference in species
and percentages that can occur in yeasts of different total
Se content. It should be noted that SeMet-selenoxide or
its hydrate are products of oxidation of SeMet and are
probably analytical artifacts (Larsen et al. 2003; Uden
et al. 2003) not present in the original samples.

While Table 3 shows the wide variety of compounds that
have been identified in Se-yeast, direct comparison between
samples may be misleading owing to the application of
different methods of analysis in different laboratories.

As explained earlier, a number of Se-yeasts appear to
contain small amounts of Se-methyl-Se-cysteine (0·5 %)
or its precursor, g-glutamyl-Se-methyl-Se-cysteine
(0·5 %). One study has reported Se-methyl-Se-cysteine to
account for as much as 25 % of the total yeast Se in a
sample of Nutrition 21 (Selenomaxe) Se-yeast (El-
Bayoumy et al. 2002). However the authors of this paper
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point out that the imputed presence of Se-methyl-Se-
cysteine was based on co-chromatography with a synthetic
standard and that the method they used was, at best, only
semi-quantitative (B Prokopczyk, personal communi-
cation). Furthermore the analysis for Se-methyl-Se-
cysteine was performed on samples that were 2 years
old. The presence of Se-methyl-Se-cysteine and g-gluta-
myl-Se-methyl-Se-cysteine is of interest, as these species
are believed to be metabolised in animals and in the
human body to methyl selenol (CH3SeH), a potent anti-car-
cinogen (Ip, 1998). Among the unidentified Se-yeast pro-
ducts, it is possible that there may be other
organoselenium species that may also be more-potent
anti-carcinogens than SeMet.

Archived samples of Se-yeast (Nutrition 21) tablets used
in the NPC trial (Clark et al. 1996) have been analysed by
two laboratories and have been found to contain a number
of unknown Se compounds (Uden et al. 2003; Larsen et al.
2004). Uden et al. (2003) have identified not only SeMet-
selenoxide (hydrate), the oxidation product of SeMet
referred to earlier, but also a hitherto unreported Se-S
bonded product, S-(selenomethyl)-cysteine. It is of course
not known if these compounds were present in the yeast
tablets at the time of the trial or if they have any health
effects, though it seems possible that SeMet-selenoxide is
equivalent in action to SeMet (Uden et al. 2003). In any
case it is readily reduced back to SeMet by glutathione
(Arteel et al. 1999).

In conclusion, it seems fair to say that Se-yeast products
from reputable manufacturers contain almost all their Se
organically bound and about 55 to 75 % of it (allowing
for extraction efficiency) in a form that hydrolyses to
SeMet. Smaller amounts of other Se compounds, including
at least one precursor of the potently anti-carcinogenic
methyl selenol, and an oxidation product of SeMet,
SeMet-selenoxide (hydrate) have also been identified in
the enzymic extracts. Apparent substantial qualitative and
quantitative differences between Se-yeasts may be at
least partly a result of different techniques and analytical
procedures applied in different laboratories.

Bioavailability of selenium-enriched yeast

Bioavailability is conventionally defined as the fraction of
ingested nutrient that is utilised for normal physiological
functions (Fox et al. 2004). As there is no direct method
of measuring bioavailability, absorption and retention of
the nutrient are taken as indirect measures of bioavailabil-
ity (Fox et al. 2004). Absorption of Se is not homeostati-
cally regulated and is not believed to be affected by
nutritional status.

A few dietary factors are known to affect the bioavailabil-
ity of Se. Protein is said to enhance its bioavailability
(Combs, 1988), presumably because methionine from pro-
tein competes with SeMet for incorporation into body pro-
teins, thus making SeMet more bioavailable for short-term
use. In the human body, vitamin C appears to improve the
bioavailability of Se from a mixed diet (Fairweather-Tait,
1997). Combs (1988) described vitamin A (high levels), vita-
min E and antioxidants as enhancers of the bioavailability of
dietary Se in animals. Substances that appear to reduce its

bioavailability include guar gum, which reduces Se absorp-
tion in human subjects (Fairweather-Tait, 1997), heavy
metals and high dietary S which are described as inhibitors
of bioavailability in animals (Combs, 1988). As many Se
compounds are absorbed by the same mechanism as their S
analogues, the absorption of a number of Se species from
Se-yeast may be reduced by high dietary S intake.

Absorption of dietary Se (organic Se) is generally
believed to be good; about 80 % from food (Reilly, 1996).
Absorption and retention of Se-yeast have been measured
in twelve male subjects fed 77Se-labelled SelenoPrecisee
yeast (Pharma Nord, Vejle, Denmark), as 90 and 75 %,
respectively (Sloth et al. 2003). Using the same method-
ology, a different form of Se-yeast gave a lower absorption
and retention; 53·5 and 59·3 % respectively (Fox et al.
2004). The reasons for the different results between the
two studies may relate to the strain of the yeast and, more
importantly, to the difference between the processes used
to prepare the Se-yeast. The Fox et al. (2004) study used
non-pasteurised brewer’s yeast, flask-grown in the labora-
tory to enrich it with 77Se and freeze-dried, rather than the
commercially produced, pasteurised (dead), spray-dried,
baker’s yeast (SelenoPrecisee) used in the first bioavail-
ability study. Temperature, time of fermentation and
nature of Se source (selenious acid) were also different
from those normally used in manufactured products
[(H Durand (Lallemand), personal communication].
Forced aeration is not possible in flask-grown yeast result-
ing in low biomass production and low Se incorporation
into amino acids [R Power (Alltech), personal communi-
cation]. Thus the Se concentration of the Fox et al. (2004)
Se-yeast was reported as 145mg/g dry yeast, almost
10-fold lower than the 1400mg Se/g of SelenoPrecisee.
Furthermore, the heat treatment (pasteurisation) to which
commercial Se-yeast products are subjected kills the yeast
and causes the disintegration of the yeast cells thereby
improving their digestibility [H Durand (Lallemand),
personal communication]. It is hardly surprising, therefore,
that the measured absorption and retention of the Se-yeast
used in the study of Fox et al. (2004) was lower than that
of a commercial product and it is unlikely to be representa-
tive of Se-yeasts on the market.

A number of supplementation studies have indicated that
the Se from Se-yeast is more bioavailable than from inor-
ganic Se (with one exception; Fox et al. 2004, see later)
and that increased Se status is retained for a longer
period after supplementation has ceased. This is undoubt-
edly due to the non-specific incorporation of SeMet from
digested yeast proteins into tissue proteins such as skeletal
muscle, erythrocytes and plasma albumin from which it
can subsequently be released by catabolism to maintain
increased Se status for a time. Some examples of sup-
plementation studies will now be given.

The bioavailability of Se from Se-yeast has been shown
to resemble that of wheat Se rather than inorganic Se (sele-
nate) in its effect on plasma Se (Levander et al. 1983).
Three groups of ten men of low Se status were given
200mg Se/d as Se-rich wheat, Se-rich yeast, or sodium
selenate for 11 weeks. Twenty unsupplemented subjects
served as controls. At 10 weeks after the supplements
were discontinued, plasma Se and platelet glutathione
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peroxidase were higher in the wheat and yeast groups than
in the selenate group (see Fig. 3). Fig. 3 shows the remark-
able similarity in the behaviour of wheat and yeast Se both
in terms of their capacity to raise plasma Se and in the rate
of decline of Se status after the withdrawal of
supplementation.

In a study carried out by Alfthan et al. (1991), men were
supplemented with 200mg Se/d in the form of selenate,
selenite and Se-yeast. Se-yeast and selenite increased
plasma Se after 11 weeks from 110mg/l to peak values
of 170 and 125mg/l, respectively. Thus the effect of Se-
yeast supplementation was more pronounced than that of
inorganic Se supplementation but the levels did plateau
after 11 weeks and did not continue to increase indefi-
nitely. Post-supplementation, the decrease in plasma and
erythrocyte Se levels was far less pronounced in the Se-
yeast group than in the groups supplemented with inor-
ganic Se, taking longer to return to baseline levels.

Similarly, a 3-month Danish study of Se supplemen-
tation in human volunteers suggested that organic Se
(SeMet and high Se-yeast) is more bioavailable than sele-
nate and selenite (Clausen & Nielsen, 1988). Both the inor-
ganic and the organic Se supplements gave rise to steady-
state levels of glutathione peroxidase after 1 month but
whole-blood levels of Se continued to rise for longer in
those receiving organic Se. This did not happen, however,
in the study of Schrauzer & White (1978), who found that a
steady state of Se in whole blood was reached about 2
months after supplementing human subjects with
150mg Se/d as Se-yeast.

Thirty-three New Zealand women aged 18–23 years
received daily for 32 weeks, 200mg Se as Se-yeast, or
brewer’s yeast mixed with selenate, or no added Se (pla-
cebo) in a double-blind trial (Thomson et al. 1993). Se-
yeast was more effective in raising blood Se concentrations
than selenate, but both were equally effective in raising glu-
tathione peroxidase activities in whole blood, erythrocytes
and plasma, indicating a similar bioavailability of the two
forms in terms of increasing selenoenzyme activity.

Kumpulainen et al. (1985) demonstrated that 100mg Se/
d as Se-yeast is more effective than the same dose of

selenite in increasing maternal serum Se in breast-feeding
mothers. The Se levels plateaued within 6 months of
initiation of the yeast supplementation. In contrast to that
finding, a Polish study showed no significant difference
between the Se intake of breast-fed infants whose mothers
were supplemented with Se-yeast or sodium selenite
(200mg/d) for 3 months (Trafikowska et al. 1998). Sup-
plemental Se-yeast was, however, shown to be beneficial
in preventing the longitudinal decline in milk Se content
that occurred with advancing lactation (McGuire et al.
1993). When US women were supplemented with
200mg Se/d as Se-yeast from 4 to 8 weeks postpartum,
infant plasma Se concentration at the end of the sup-
plemented period was 83mg/l in the infants of sup-
plemented mothers compared with 63mg/l in the control
infants (McGuire et al. 1993).

Preterm infants experience significant Se depletion
(Daniels, 1996). The impact of Se-yeast on the serum Se
concentration of preterm infants living in a low-Se area
(Hungary) was determined (Bogye et al. 1998). Although
the bioavailability of Se in the form of yeast Se was
higher than that of other Se compounds used for preterm
infants, no complications or side effects owing to enteral
yeast Se supplementation were observed.

Not all studies have found yeast Se to be more bioavail-
able than inorganic Se. The study of Fox et al. (2004) sup-
plemented thirty-five male volunteers with isotopically
labelled Se as selenate (82Se, reference dose) and trout
fish (raw or cooked, 74Se) or yeast (77Se) in order to com-
pare the apparent absorption and retention of Se from these
different sources. Absorption of yeast Se was lower than
that of fish Se (60 %) and considerably lower than that of
selenate (58 %). Retention of yeast Se was significantly
lower than that of fish Se (69 %) and somewhat lower
than that of selenate (95 %). Thus this recent study
showed that yeast Se was less well absorbed and less
well retained in the body than inorganic Se. However, as
explained earlier, this yeast was not typical of manufac-
tured Se-yeasts, which may explain the different results
obtained.

There is some evidence that Se-yeast can raise Se status
to normal levels in situations where inorganic Se cannot do
so. One human and two animal examples are given.
Administration of Se as Se-yeast and SeMet significantly
increased plasma Se levels up to the normal range in rheu-
matoid arthritis patients when selenite supplementation
was unable to do so (Peretz et al. 1992; Heinle et al. 1997).

Selenite and selenate have a limited capacity to increase
the concentration of Se in milk from dairy cows. This is a
problem in Sweden where suckling calves are at risk of Se
deficiency. The following two studies carried out in
Sweden illustrate that Se-yeast is much more effective
than inorganic Se in increasing the concentration of Se in
milk. First, in the study of Ortman & Pehrson (1999),
when dairy cows were supplemented with Se as sodium
selenite, selenate or Se-yeast, Se concentration rose to a
plateau in plasma at 4 weeks from 50mg/l (control) to
75mg/l (selenite), 80mg/l (selenate) and 90mg/l (Se-
yeast). Milk concentration rose from 14mg/l in the control
group to 16·4, 16·4 and 31·2mg/l in the selenite, selenate
and Se-yeast groups respectively, showing that Se-yeast

Fig. 3. Effect of selenium supplementation on plasma selenium
level of middle-aged Finnish men of low selenium status. Mean
values of eight to twenty subjects per group are shown, with stan-
dard errors of the mean represented by vertical bars. (--†--), Yeast;
(--A--), SeO4; (–W–), wheat; (-·D-·), placebo (from Levander et al.
1983).
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was much more effective in raising the Se concentration in
milk (Ortman & Pehrson, 1999). Second, Pehrson et al.
(1999) supplemented the diet of suckler cows with Se-
yeast rather than sodium selenite. This improved the Se
status of their calves (otherwise considered to be marginal).
In practice, such supplementation would probably elimin-
ate the existing risk of nutritional muscular degeneration
in suckling calves.

The contrast between the bioavailability of Se-yeast and
SeMet is illustrated by a study by McGuire et al. (1993).
The impact of providing SeMet or Se-yeast on the Se
status of lactating and non-lactating women was studied.
Plasma Se declined in unsupplemented lactating women
but not in non-lactating women. SeMet increased plasma
Se in both lactating and non-lactating women whereas Se-
yeast increased plasma Se only in non-lactating women.
Plasma glutathione peroxidase activity decreased with the
duration of lactation in unsupplemented women and SeMet
or Se-yeast supplementation prevented the decline. Milk
Se declined markedly for 20 weeks after parturition in unsup-
plemented women. SeMet significantly increased milk Se
concentrations whereas Se-yeast prevented a decline.

In summary, the studies quoted show that Se-yeast is both
able to increase selenoenzyme activity and furthermore,
unlike selenite or selenate, can be stored as SeMet in tissues,
giving it a slower whole-body turnover rate and allowing it
to support greater tissue Se concentrations than inorganic
Se. However its apparently lower bioavailability compared
with SeMet (McGuire et al. 1993) presumably reflects the
fact that the yeast has to be degraded and that not all the
Se in Se-yeast is in the form of SeMet. Reported whole-
body half-lives of SeMet and selenite in human subjects
are 252 and 102 d, respectively, implying that SeMet is
retained 2·5 times longer in the body than selenite (Schrau-
zer, 2000). Accordingly, human volunteers or animals sup-
plemented with Se-yeast can maintain higher activities of
selenoenzymes during Se depletion for longer periods
than those supplemented with inorganic Se owing to the
recycling of SeMet following catabolism from protein
stores. These factors are an advantage in situations of low
to marginal Se status, such as exist notably in some Euro-
pean countries or in groups such as preterm infants. Yeast
Se is also more effective than inorganic Se in its ability to
transfer Se to breast-fed infants or suckling animals, thereby
preventing the risk of deficiency.

Use of selenium-enriched yeast in intervention studies

A number of human intervention studies, as summarised
below, have used Se-yeast as the intervention agent to
good effect.

Cancer prevention studies

No controlled human cancer prevention studies have been
carried out with any form of Se other than Se-yeast. It is
thus impossible to know if other forms, i.e. inorganic Se,
or even SeMet, would have the same anti-cancer effects
that have been shown for Se-yeast. The following interven-
tion studies have used Se-yeast, the first in combination
with other agents.

Nutrition intervention trials in Linxian, China.
National Cancer Institute-sponsored trials in China for
the prevention of oesophageal cancer observed significant
reductions in total mortality and stomach-cancer mortality
in the intervention arm containing Se-yeast, b-carotene,
and vitamin E (Blot et al. 1993). Some 9 years later,
results from the same study showed significant inverse
associations between baseline serum Se and death from
oesophageal squamous cell carcinoma (relative risk 0·83;
95 % CI 0·71, 0·98) and gastric cardia cancer (relative
risk 0·75; 95 % CI 0·59, 0·95) (Wei et al. 2004). The
authors have suggested that population-wide Se sup-
plementation in the region of China with low serum Se
and high incidences of these cancers should be seriously
considered.

Nutritional Prevention of Cancer trial. The NPC trial
was designed to test the hypothesis that Se supplementation
could reduce the risk of cancer (Clark et al. 1996). In 1312
subjects with a history of non-melanoma skin cancer who
were randomised in a double-blind manner to placebo or
200mg Se/d (as Se-enriched yeast), there was no effect
on the primary end-point of non-melanoma skin cancer.
However, those receiving Se showed secondary end-point
effects of 50 % lower total cancer mortality (P¼0·002)
and 37 % lower total cancer incidence (P¼0·001), with
63 % fewer cancers of the prostate, 58 % fewer cancers
of the colon and 46 % fewer cancers of the lung. In a re-
analysis of the data to include a further 25 months of
blinded treatment and follow-up, Se-yeast supplementation
significantly reduced total cancer incidence by 25 % and
prostate cancer incidence by 52 %; but although lung and
colorectal cancers were reduced (by 26 and 54 % respect-
ively), these effects did not reach significance (Duffield-
Lillico et al. 2002). The protective effect was stronger in
males and those with lower baseline plasma Se concen-
trations (,121·6mg/l).

Supplementation of hepatitis B antigen carriers. In the
Qidong county, about 40 miles north of Shanghai, the inci-
dence of hepatocellular carcinoma (HCC) is particularly
high. In this region about 15 % adults carry the hepatitis
B surface antigen and these individuals are 200 times
more likely to develop HCC. In a study where 226 hepatitis
B antigen carriers were randomised to either 200mg Se as
Se-yeast or placebo, no case of HCC occurred in the sup-
plemented group after 4 years, while seven subjects in
the placebo group had developed HCC (Yu et al. 1997).
However, as full details of the methodology of this study
are not available, it is difficult to assess whether its proto-
col was sufficiently well controlled or robust to be confi-
dent in its conclusions.

Influence of selenium-enriched yeast supplementation on
biomarkers of oxidative damage. A double-blind random-
ised, placebo-controlled trial of Se-yeast was carried out in
thirty-six healthy adult males, 19–43 years of age, for a
period of 9 months. Beneficial effects were seen in the Se-
supplemented group that were not seen in the control
group, namely a 32 % increase in blood glutathione (GSH)
levels (P,0·05) and a significant decrease in prostate-
specific antigen (P,0·001), suggesting a protective effect
against prostate cancer with Se-yeast supplementation (El-
Bayoumy et al. 2002).
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Breast cancer. Se-yeast was shown to be effective in
reducing the tumour yield in an animal model of breast
cancer induced by methylnitrosourea (Ip et al. 2000).

Rheumatoid arthritis

In a double-blind randomised controlled trial in a small
group of rheumatoid arthritis patients, supplementation
with 200mg Se as Se-yeast for 3 months gave a significant
reduction in pain (P,0·01) and joint involvement
(P,0·05) (Peretz et al. 1992).

Patients with rheumatoid arthritis were supplemented
with 600mg Se/d as ‘selenomethionine-containing yeast’
(presumably Se-yeast) enriched with vitamin E for 8
months in a double-blind manner. Significant alleviation
of articular pain and morning stiffness was observed and
no adverse effects were seen (Aaseth et al. 1998).

Immune response in the elderly

Se appears to be able to reverse the age-related decline in
immune response in the elderly. In a group of twenty-two
institutionalised elderly subjects supplemented with
100mg Se/d as Se-yeast or placebo for 6 months, response
to mitogen challenge was restored to the level of that in
healthy young individuals in those receiving the Se
(Peretz et al. 1991).

HIV progression

HIV-positive men and women (n 186) with plasma Se con-
centration in the ‘adequate’ range (.85mg/l) were sup-
plemented with 200mg Se/d as Se-yeast (Selenomaxw
Nutrition 21) from 1998–2000 in a randomised, double-
blind, placebo-controlled clinical trial (Burbano et al.
2002). In-patient hospitalisations, hospitalisation costs, and
rates of hospitalisation were determined 2 years before and
during the trial. A marked decrease in total admission rates
(relative risk 0·38; P¼0·002) and percentage of hospitalis-
ations due to infection/100 patients, for those receiving Se,
was observed (P¼0·01). The cost of hospitalisation
decreased by 58 % in the Se group compared with 30 % in
the placebo group (P¼0·001). In the final analysis, Se
therapy continued to be a significant independent factor
associated with lower risk of hospitalisation (relative risk
of hospitalisation, placebo v. Se 2·44; 95 % CI 1·31, 4·53;
P¼0·01). Furthermore, the number of subjects with CD4
cell counts .50 declined by 46 % in the placebo group
but only by 25 % in the Se-treated group (P¼0·01). It was
concluded that Se supplementation was a beneficial adjuvant
treatment in HIV-1-infected patients (Burbano et al. 2002).

Further studies using selenium-enriched yeast

Se-yeast (Cypress Systems, Fresno, CA, USA) is currently
being used in further prostate cancer studies at the Arizona
Cancer Center at doses of 200–800mg/d; the Negative
Biopsy trial (Stratton et al. 2003a), the Preprostatectomy
trial (Marshall, 2001) and the ‘Watchful Waiting’ trial
(Stratton et al. 2003b). In the UK, the SELINA (Selenium
in Asthma) trial has been underway since 2002 using a

dose of 100mg/d (SelenoPrecisee; Pharma Nord, Vejle,
Denmark) or placebo (co-principal investigators SO Shah-
een and MP Rayman).

Further studies using Se-yeast are planned though fund-
ing has not yet been secured; the SPRINT (Selenium in
Pregnancy Intervention) trial investigating the effect of
60mg/d v. placebo on the risk of pre-eclampsia in the
UK (principal investigator MP Rayman; Rayman et al.
2003), and the international Prevention of Cancer by Inter-
vention with Selenium (PRECISE) trial which will use
doses of 0, 100, 200 and 300mg/d in 42 000 volunteers
recruited through the Internet.

Toxicity

It is generally accepted that inorganic forms of Se are more
acutely toxic than organic forms such as Se-yeast. There
are data on toxicity of Se-yeast from two animal studies
while a number of human intervention studies show that
the chronic administration of Se-yeast up to 800mg/d
provides no evidence of toxicity.

Acute toxicity: animal studies

Acute toxicity studies with Se-yeast have been carried out
on rats (Vinson & Bose, 1987). The LD50 for Se-yeast
was 37·3 mg/kg compared with 12·7 mg/kg for sodium sele-
nite demonstrating that Se-yeast is considerably less acutely
toxic than sodium selenite (Fig. 4). A further study compar-
ing the toxicity of a selenite and an Se-yeast diet in rats also
showed that Se-yeast was much less toxic than selenite
(Spallholz & Raftery, 1987). Severe hepatotoxicity, cardio-
toxicity and splenomegaly were observed in rats fed selenite
at levels of 16mg Se/g diet over an 8-week period whereas
animals fed high-Se-yeast at the same level showed no
such symptoms. Although the livers of animals fed Se-yeast
showed up to 50 % greater deposition of Se, there was no
corresponding toxicity, as evidenced by histological exam-
ination (Spallholz & Raftery, 1987).

Chronic toxicity: human studies

It has been suggested that organic forms of Se may be
more toxic during long-term consumption as they can be

Fig. 4. LD50 for sodium selenite and selenium-enriched yeast (Se-
yeast) in rats.
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incorporated into tissue proteins rather than be excreted
rapidly. Signs of selenosis are hair loss, brittle, thickened
and stratified nails, garlic breath and skin lesions (Whanger
et al. 1996).

Long-term supplementation studies with Se-yeast have
been carried out by four research groups: Arizona Cancer
Center, University of Arizona, first led by Dr Larry Clark
and later (following his death) by Dr Jim Marshall with
Dr Mary Reid; Cancer Institute, Chinese Academy of
Medical Sciences, Beijing by Dr Shu Yu Yu and col-
leagues; The UK PRECISE study group at the University
of Surrey in collaboration with the Institute of Cancer
Research led by Dr Margaret Rayman; The Danish PRE-
CISE study group at Odense University Hospital led by
Dr Søren Cold in collaboration with Professor Kim Over-
vad of the University of Aarhus. These studies will now
be described, followed by a description of a medium-
term human study with high-dose Se-yeast and a short-
term study in lactating women.

University of Arizona, Arizona Cancer Center studies

In the NPC trial, a total of 1312 subjects whose baseline
intake was about 90mg Se/d were randomly allocated to
receive supplements of 200mg Se as Se-yeast (Nutrition
21; brewer’s yeast) or placebo yeast for a mean of 4·5
years (Clark et al. 1996). After a mean of 6·5 years of
follow-up, significant reductions in total cancer mortality
(down by 50 %) and total cancer incidence (down by
37 %) were seen in the Se group. A total of thirty-five sub-
jects complained of adverse effects, most of which
involved gastrointestinal upset, resulting in their withdra-
wal from treatment. Of these, twenty-one were in the
Se-group and fourteen in the placebo group. Within each
group, those reporting adverse effects did not have signifi-
cantly different plasma Se concentrations from those not
reporting such effects.

Longer-term follow-up data on Se status from this trial
than previously published (Clark et al. 1996) are shown
in Fig. 5 (M Reid and J Marshall, personal communi-
cations). It can be seen that the administration of
200mg Se/d as Se-yeast gives a rapid increase in plasma
Se up to about 3 months, after which the increase levels
off reaching a clear plateau at about 190mg/l by 1 year.
This plasma Se level is well below that associated with
toxicity (1054–1854mg/l in whole blood, generally 23 %
higher than in plasma; Yang et al. 1989).

Currently there are three trials underway using doses up
to 800mg Se/d as high-Se yeast from Cypress Systems
(Fresno, CA, USA) (Marshall, 2001). These are: (i) the
Negative Biopsy trial, where 700 men with persistently-
elevated prostate-specific antigen are randomly allocated
to placebo or 200 or 400mg Se/d with a follow-up period
of 57 months (Stratton et al. 2003a); (ii) the Preprostatect-
omy trial, where 110 men with localised prostate cancer are
supplemented with 200 or 400mg Se/d between biopsy and
prostatectomy; (iii) the ‘Watchful Waiting’ trial, where men
with localised prostate disease and a life expectancy of ,10
years receive 200 or 800mg Se/d as Se-enriched yeast
(Stratton et al. 2003b). There have been no safety concerns
in this trial even after supplementation with 800mg Se/d as

Se-yeast for 3 years or more (Stratton et al. 2003b) and
according to Marshall (2001), no evidence of any toxicity
in any of these trials. This is consistent with the no observed
adverse effect level (NOAEL) of 819 (SD 129)mg/d from
dietary Se determined by Yang & Zhou (1994).

In an arm of the Watchful Waiting Trial that was discon-
tinued in 2001, eight subjects were randomised to a dose of
1600mg Se-yeast/d and 16 subjects to a dose of 3200mg/d
(Reid et al. 2004). Subjects were on these doses for
average periods of almost 12 months. Mean plasma Se
levels achieved were 492 (SD 188) and 640 (SD 491)mg/l,
respectively. While the 3200mg/d group reported more
Se-related side-effects such as garlic breath, brittle nails
and hair, stomach upset and dizziness than the 1600mg/d
group, blood chemistry and haematology results were all
within normal limits. No severe or serious Se-related
toxicity was observed in either group but these doses
were discontinued because of the lack of safety
information in the literature relating to these doses
(Reid et al. 2004).

Studies from the Cancer Institute, Chinese Academy of
Medical Sciences, Beijing

Two hundred and twenty-six hepatitis surface-antigen-
positive subjects were provided with 200mg Se as Se-
yeast or placebo yeast daily for 4 years. No side effects
were reported (Yu et al. 1997).

Studies from the PRECISE Study Group at the University
of Surrey

A pilot study for the UK PRECISE trial, funded by the
Cancer Research Campaign, was initiated in October
1999. In this double-blind placebo-controlled pilot study,
500 male and female volunteers, aged 60–74 years, were
randomised from June 2000. The study had four treatment
groups; placebo, 100, 200, and 300mg Se/d as Se-yeast
(SelenoPrecisee; Pharma Nord, Vejle, Denmark). Ran-
domisation was stratified to give groups that were equival-
ent in terms of numbers, age and sex.

Fig. 5. Mean plasma selenium in selenium-treated (–B–) and con-
trol (–V–) groups in the Nutritional Prevention of Cancer trial
(adapted from Clark et al. 1996) (units on the x axis are not evenly
spaced).
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Up to the end of January 2003, sixteen subjects (3·2 %)
had withdrawn because of abdominal or stomach problems
and sixteen (3·2 %) had withdrawn because of other
adverse effects. Of the thirty-two subjects who reported
adverse effects, seven (22 %) were on placebo, eight
(25 %) were taking 100mg Se, seven (22 %) were taking
200mg Se and ten (31 %) were taking 300mg Se. None
of the subjects in the 300mg group developed hair or
nail problems, known signs of Se toxicity. x2 Tests on
withdrawals due to adverse events show that there was
no significant difference in: the number of abdominal or
stomach problems in the four treatment groups (X2 0·5,
df 3; P¼0·92); the number of other adverse events in the
four groups (X2 0·57, df 3; P¼0·57); the number of total
adverse effects by treatment group (X2 0·75, df 3; P¼0·86).

Nor was the mean Se status of those suffering adverse
effects significantly different from the mean of their treat-
ment group (P.0·05). Although mean plasma Se rose sig-
nificantly in all treatment groups except placebo
demonstrating good bioavailability of the Se-yeast, at
227mg/g (233mg/l) (Larsen et al. 2004), the level attained
in the 300mg/d treatment group was well within safe limits.

Thus, from this study there is no evidence of toxic
effects associated with Se intakes of 340mg/d (300mg/d
from Se-yeast and approximately 40mg/d from diet) over
a maximum period of 2 years and 8 months, and plasma
levels of 233mg/l.

Studies from the PRECISE Study Group at the Odense
University Hospital

A pilot study for the Danish PRECISE trial was initiated in
December 1998 (Larsen et al. 2004). In this double-blind
placebo-controlled pilot study, as in the UK cohort, 500
male and female volunteers, aged 60–74 years, were ran-
domised to one of four treatment groups; placebo, 100,
200, and 300mg Se/d as Se-yeast (SelenoPrecisee;
Pharma Nord, Vejle, Denmark).

Up to the end of August 2003, twenty-three subjects
(4·6 %) had withdrawn because of adverse effects. Of the
twenty-three subjects who reported adverse effects, eight
(35 %) were on placebo, three (13 %) were taking 100mg
Se, eight (35 %) were taking 200mg Se and four (17 %)
were taking 300mg Se (S Cold, personal communication).
Neither the distribution nor the severity of side-effects cor-
related with the intake of Se. The x2 test applied to with-
drawals due to adverse effects shows that there was no
significant difference in the number of total adverse effects
by treatment group (X2 3·61, df 3; P¼0·31).

Mean whole-blood Se concentration in thirteen subjects
from the 300mg/d treatment group 2 years after randomis-
ation was 441 (SD 132) mg/l (Larsen et al. 2004), similar to
the level reported by Yang et al. (1983) to be safe,
i.e. without evidence of selenosis. Thus, from this study
there is no evidence that Se intakes up to 343mg/d
(300mg/d from the Se-yeast supplement and approximately
43mg/d from diet) over a maximum period of 4 years and
8 months, and whole-blood levels of 441mg/l, are associ-
ated with toxic effects.

As the UK and Danish PRECISE pilot studies used the
same protocol with respect to randomisation and treatment,

withdrawals owing to adverse effects up to 24 months from
randomisation in both pilot studies have been combined
into a single table (Table 4). x2 Tests on these data show
clearly that there is no difference in adverse effects
between the treatment groups (X2 1·83, df 3; P¼0·61),
showing that Se-yeast supplementation is without toxic
effects even after chronic dosage at 300mg Se/d.

Medium-term human study with high-dose
selenium-enriched yeast

Patients with rheumatoid arthritis were supplemented with
600mg Se/d as ‘selenomethionine-containing yeast’ (pre-
sumably Se-yeast) enriched with vitamin E for 8 months
in a double-blind manner. Though a significant alleviation
of articular pain and morning stiffness was observed, no
adverse effects were reported (Aaseth et al. 1998).
Plasma Se plateaued at 500mg/l at 4 months.

Short-term study with selenium-enriched yeast in lactating
women

A Polish study supplemented lactating mothers for 3
months with 200mg Se/d as Se-yeast or sodium selenite
(Trafikowska et al. 1998). Supplementation with Se-yeast
resulted in an increase in infant intake from 6·1mg/d to a
level of 11·3–12·8mg/d that reached a plateau after 1
month. There was no significant difference between the
Se intake of these infants and of those whose mothers
were supplemented with 200mg Se/d as sodium selenite.
The infant Se intake achieved was 4- to 5-fold lower
than the upper limit of 45–60mg/d recommended for
infants of 0–12 months (Food and Nutrition Board, Insti-
tute of Medicine, the National Academies with Health
Canada Standing Committee on the Scientific Evaluation
of Dietary Reference Intakes, 2000). At the end of 3
months, the infants supplemented with Se-yeast had
plasma concentrations of 87mg/l and whole-blood concen-
trations of 102mg/l. Comparison of the latter concentration
with mean whole-blood values of 440–968mg/l that are
associated with safe intakes of Se (Yang et al. 1983;
Yang & Zhou, 1994) leads to the conclusion that there is
considerable leeway between the supplementation level
of 200mg/d and the maximum level of Se-yeast that can
safely be consumed without harm to the infant.

On this point, Dorea (2002) has commented that Se
appears in breast milk as a component of specific seleno-
proteins and seleno-amino-acids in milk proteins that are
well tolerated by breast-fed infants even in high amounts.
This is consistent with the lack of evidence of increased

Table 4. Summary data from UK and Danish PRECISE pilot
studies (1000 randomised subjects) on withdrawals up to 24
months from randomisation

Treatment
group

UK pilot study
withdrawals

Danish pilot study
withdrawals

Total number
of withdrawals

Placebo 7 6 13
100mg Se/d 8 0 8
200mg Se/d 7 7 14
300mg Se/d 10 3 13
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sensitivity to Se toxicity at younger ages (Food and
Nutrition Board, Institute of Medicine, the National Acade-
mies with Health Canada Standing Committee on the
Scientific Evaluation of Dietary Reference Intakes, 2000).
This is also consistent with the observation of Kim &
Mahan (2001) that nursing pigs are capable of buffering
against an excess of milk Se (organic) by storing more
Se in body tissues.

Summary of toxicity data

The EC Scientific Committee on Food expressed the
concern in 2002 that organic Se, for example, SeMet or
Se-yeast, could build up in body tissues to toxic levels.
The evidence presented here is reassuring in that respect,
showing that Se reaches a plateau in plasma after 11
weeks to 6 months, depending on the subjects and the
study (Kumpulainen et al. 1985; Alfthan et al. 1991;
Aaseth et al. 1998), and in whole blood after about 2
months, following Se-yeast supplementation (Schrauzer
& White, 1978). In line with the results of the latter
study, Se levels plateaued in erythrocytes after 6 weeks
of SeMet supplementation (Luo et al. 1987). There are
no published studies on tissue levels of Se following
long-term administration of Se-yeast though there are
some in progress that will determine tissue levels of Se
in muscle biopsies from human volunteers that have been
taking organic Se for varying lengths of time up to 20 or
30 years (D Behne, personal communication). However,
there is at present no evidence that Se-yeast supplemen-
tation causes a continuing rise in tissue Se. According to
Schrauzer (2001), at constant intakes of SeMet (as from
Se-yeast), a steady state is established which is maintained
indefinitely and over a large range of intakes owing to
the release of SeMet from body proteins during protein
turnover which occurs continuously. In any case, the
large number of intervention studies quoted that have
used Se-yeast in doses of 200, 300, 400 and even
800mg/d for lengthy periods (up to 12 years in the case
of the 200mg dose) without any indication of toxic effects
implies that there cannot be a continuing rise in tissue Se
and supports the assertion that this form of Se-supplemen-
tation is no more hazardous than supplementation with
inorganic Se. This conclusion is supported by the obser-
vation that thousands of individuals living in South
Dakota are, and have been, exposed to high intakes
of organic Se for over a century without adverse effects;
no evidence of Se toxicity was found in subjects
whose intakes were as high as 724mg/d (Longnecker
et al. 1991).

In fact, the obligatory conversion of organic Se (such as
Se-yeast) into an inorganic form (H2Se) may be an import-
ant regulator of Se bioavailability in that it may confer
protection against excessive incorporation of Se into
selenoproteins and prevent toxicity mediated through
reactive oxygen species (see Fig. 2) from excessive
intakes (Brown et al. 2000).

Bearing in mind the fact that Se recommendations for
infants are currently not achieved in 30 % of breast-milk
samples measured worldwide (Dorea, 2002) and that
infants in Europe are more at risk of not meeting

recommendations than infants from most other countries
(Dorea, 2002), Se-yeast, as an inexpensive supplement,
should help prevent inadequacy in this vulnerable group.

Selenium-enriched yeast in the fortification of foods

Should some of the studies currently underway indicate a
significant benefit of a higher Se intake, Se-yeast may be
an excellent fortificant for foods. It provides a biological
barrier between a cheap Se source (inorganic Se) and the
individual consumer, reducing the risk of overdose. Evalu-
ation of Se-yeast products with regard to shelf life indicates
good long-term stability; 36 months or more [N Renard
(Lallemand) and S Moesgaard (Pharma Nord), personal
communications].

Se-yeast is a pasteurised (dead), generally spray-dried,
finely divided powder that has none of the unpleasant
smell associated with SeMet and could readily be added
to flour to increase the Se content of bread. Se-yeast (LAL-
MINe; Lallemand, Montreal, Canada) is stable to baking
showing an excellent correlation (R 2 0·999) between the
expected amount of total Se per slice and the quantity
expected [N Renard (Lallemand), personal communi-
cation]. By the same token, Se-yeast would be suitable
for other food products, particularly those in powder
form or drinks.

The use of Se-yeast to supplement the diet of cows has
been shown to be considerably more effective than inor-
ganic Se in raising the concentration in milk and cheese
(Malbe et al. 1995; Ortman & Pehrson, 1999).

Benefits and drawbacks of selenium-enriched yeast as a
selenium source

There are a number of drawbacks associated with Se-
yeast. A few individuals are allergic to yeast for whom
this form of supplement would clearly be unsuitable,
but this is not a common problem. The major drawback
to this source of Se is likely to be perceived as its varia-
bility with respect to its Se content and speciation. Fur-
thermore, we are still some way away from full
identification of all the Se species that can occur in Se-
yeast. However, if it is purchased from reputable manu-
facturers operating good quality-control and quality-assur-
ance schemes, the Se-yeast will be of reproducible nature
and Se-Met content.

The fear that Se from SeMet in Se-yeast proteins could
build up in body tissues to toxic levels appears to be unsub-
stantiated. The ability to be stored in the organism and
reversibly released by normal metabolic processes to coun-
teract periods of insufficient intake is an advantage in areas
of low Se intake that exist in various parts of the world.
The problem in countries of the EU is not Se toxicity,
but marginal or deficient Se status that has worsened in
some countries in recent years as a result of a fall in
imports of North American wheat following their accession
to the EU (Rayman, 1997). In Eastern Europe in particular,
many populations have mean levels of serum or plasma Se
insufficient to optimise plasma glutathione peroxidase
activity (Rayman, 2000). Se-yeast, as the most inexpensive
organic Se supplement, could be particularly appropriate in
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these situations. Concerns about Se toxicity are more prop-
erly reserved for regions of the world where Se intakes are
naturally high, such as some parts of China, Venezuela and
the Great Plains of the USA where supplementation with
Se-yeast, SeMet or indeed any form of Se would be
inadvisable.

Se-yeast appears to be a less-effective anti-carcinogen in
animal studies than Se-methyl-Se-cysteine, the form pro-
duced in Se-enriched garlic and broccoli, and slightly
less effective than selenite (Ip, 1998; Ip et al. 2000). How-
ever, it is none-the-less the only form of Se to date to have
shown efficacy in human anti-cancer intervention studies
(Clark et al. 1996; Yu et al. 1997; Blot et al. 1993). It is
also a better precursor for selenoprotein synthesis than
Se-methyl-Se-cysteine, which is largely converted directly
to methyl selenol (Ip, 1998).

It should be noted that Se-enriched foods, of which
Se-yeast may be considered an example, contain mix-
tures of different Se compounds that are metabolised
uniquely and can therefore affect multiple pathways
(for example, to inhibit carcinogenesis). Furthermore,
they have been shown to have equal or higher chemo-
preventive activity in animal models than purified com-
pounds (Davis & Finley, 2003). Though the major Se
compound in high-Se wheat is SeMet, in rats injected
with a chemical carcinogen, a high-Se-wheat diet signifi-
cantly reduced aberrant colon crypts and aberrant crypt
foci while pure SeMet was unable to do so (Finley &
Davis, 2001).

Reilly (1996) has pointed out that foods normally con-
tain organic forms of Se, with the inorganic forms only
entering the diet as supplements or contaminants while
Schrauzer (2001) has stated that Se should be sup-
plemented in the form or forms in which it occurs in
major staple foods. Se-yeast is the nearest product to
food-form Se (being apparently handled similarly to
high-Se wheat; Levander, 1983) that is readily available
for fortification or supplementation.

Conclusion

The evidence presented here has shown Se-yeast to be a
safe, bioavailable form of Se that mimics food-form Se,
suitable for use in food supplements, that can act both as
a precursor for selenoprotein synthesis and as a human
anti-cancer agent. When manufactured by reputable manu-
facturers, the product is of reproducible quality and defined
SeMet content. Even over long periods of supplementation
at levels of 300, 400 or even 800mg/d, Se-yeast has shown
no evidence of toxicity.

The ability of Se from Se-yeast to be stored in the organ-
ism and reversibly released by normal metabolic processes
to counteract periods of insufficient intake is likely to be
particularly valuable in areas of low Se intake such as
exist in Eastern Europe.

There is therefore no justification for disallowing the
sale of Se-yeast in Europe, particularly if the guidelines
relating to upper safe limits (for example, the rather-con-
servative European Community tolerable upper intake
level of 300mg/d) are adhered to (EC Scientific Committee
on Food, 2000).
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Combs GF Jr & Lü J (2001) Selenium as a cancer preventive
agent. In Selenium: Its Molecular Biology and Role in
Human Health, pp. 205–218 [DL Hatfield, editor]. Dordrecht,
The Netherlands: Kluwer Academic Publishers.

Committee on Medical Aspects of Food Policy (1991) Dietary
Reference Values for Food Energy and Nutrients for the UK
Report on Health and Social Subjects no. 41. London: HM
Stationery Office.

Daniels LA (1996) Selenium metabolism and bioavailability. Biol
Trace Elem Res 54, 185–199.

Danish Governmental Food Agency (1995) Food Habits of
Danes 1995, Main Results. Soeborg, Denmark: Levnedsmid-
delstyrelsen.

Davis CD & Finley JW (2003) Chemical versus food forms of sel-
enium in cancer prevention. In Functional Foods and Nutra-
ceuticals in Cancer Prevention, pp. 55–85 [RR Watson,
editor]. Ames, IA: Iowa State Press.

Demirci A (1999) Enhanced organically bound selenium yeast
production by feed-batch fermentation. J Agric Food Chem
47, 2496–2500.

Diplock AT (1993) Indexes of selenium status in human popu-
lations. Am J Clin Nutr 57, Suppl., 256S–258S.

Djujic I, Djujic B & Trajkovic L (1995) Dietary intake of sel-
enium in Serbia: results for 1991. Naucni Skupovi (Srpska Aka-
demija Nauka I Umetnosti). Odeljenje Prirodno-Matematickih
Nauka 6, 81–87.

Dorea JG (2002) Selenium and breast-feeding. Br J Nutr 88,
443–461.

Duffield-Lillico AJ, Reid ME, Turnbull BW, Combs GF Jr, Slate
EH, Fischbach LA, Marshall JR & Clark LC (2002) Baseline
characteristics and the effect of selenium supplementation on
cancer incidence in a randomized clinical trial: a summary
report of the Nutritional Prevention of Cancer Trial. Cancer
Epidemiol Biomarkers Prev 11, 630–639.

EC Scientific Committee on Food (2000) Opinion of the Scientific
Committee on Food on the Tolerable Upper Intake Level of Sel-
enium. Brussels: Commission of the European Communities.

EC Scientific Committee on Food (2003) Opinion of the Scientific
Committee on Food on the Revision of Reference Values for
Nutrition Labelling. Brussels: Commission of the European
Communities.

El-Bayoumy K, Richie JP Jr, Boyiri T, Komninou D, Prokopczyk
B, Trushin N, Kleinman W, Cox J, Pittman B & Colosimo S
(2002) Influence of selenium-enriched yeast supplementation
on biomarkers of oxidative damage and hormone status in
healthy adult males: a clinical pilot study. Cancer Epidemiol
Biomarkers Prev 11, 1459–1465.

Encinar JR, Ouerdane L, Buchmann W, Tortajada J, Lobinski R
& Szpunar J (2003) Identification of water-soluble selenium-
containing proteins in selenized yeast by size-exclusion-
reversed-phase HPLC/ICPMS followed by MALDI-TOF and
electrospray Q-TOF mass spectrometry. Anal Chem 75,
3765–3774.

Fairweather-Tait SJ (1997) Bioavailability of selenium. Eur J
Clin Nutr 51, Suppl. 1, S20–S23.

Fardy JJ, McOrist GD & Farrar YJ (1989) The determination of
selenium in the Australian diet using neutron activation anal-
ysis. J Radiolanal Nucl Chem 133, 391–396.

Finley JW & Davis CD (2001) Selenium (Se) from high-selenium
broccoli is utilised differently than selenite, selenate and sele-
nomethionine, but is more effective in inhibiting colon carcino-
genesis. BioFactors 14, 191–196.

Food and Nutrition Board, Institute of Medicine, the National
Academies with Health Canada Standing Committee on the
Scientific Evaluation of Dietary Reference Intakes (2000) Diet-
ary Reference Intakes for Vitamin C, Vitamin E, Selenium, and
Carotenoids. Washington, DC: National Academy Press.

Fordyce FM, Guangdi Z, Green K & Xinping L (2000) Soil, grain
and water chemistry in relation to human Se-responsive dis-
eases in Enshi District, China. Appl Geochem 15, 117–132.

Fox TE, van den Heuvel EGHM, Atherton CA, et al. (2004)
Bioavailability of selenium from fish, yeast and selenate:
a comparative study in humans using stable isotopes. Eur
J Clin Nutr 58, 343–349.

Giovannucci E (1998) Study of prediagnostic selenium level in
toenails and the risk of advanced prostate cancer (Commen-
tary). Lancet 352, 755–756.

Heinle K, Adam A, Gradl M, Wiseman M & Adam O (1997)
Selenium concentration in erythrocytes of patients with
rheumatoid arthritis. Clinical and laboratory chemistry

High-selenium yeast to raise selenium status 571



infection markers during administration of selenium. Med Klin
92, Suppl. 3, 29–31.

Helzlsouer KJ, Huang HY, Alberg AJ, Hoffman S, Burke A,
Norkus EP, Morris JS & Comstock GW (2000) Association
between alpha-tocopherol, gamma-tocopherol, selenium, and
subsequent prostate cancer. J Natl Cancer Inst 92, 2018–2023.

Ip C (1998) Lessons from basic research in selenium and cancer
prevention. J Nutr 128, 1845–1854.

Ip C, Birringer M, Block E, Kotrebai M, Tyson JF, Uden P &
Lisk DJ (2000) Chemical speciation influences comparative
activity of selenium-enriched garlic and yeast in mammary
cancer prevention. J Agric Food Chem 48, 2060–2070.

Johnson CC, Ge X, Green KA & Liu X (2000) Selenium
distribution in the local environment of selected villages of the
Keshan Disease belt, Zhangjiakou District, Hebei Province,
People’s Republic of China. Appl Geochem 15, 385–401.
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Peretz A, Néve J, Duchateau JP & Famaey JP (1992) Adjuvant
treatment of recent onset rheumatoid arthritis by selenium
supplementation: preliminary observations. Br J Rheumatol
31, 281–286.

Polatajko A, Sliwka-Kaszynska M, Dernovics M, Ruzik R,

M. P. Rayman572



Encinar JR & Szpunar JA (2004) Systematic approach to
selenium speciation in selenized yeast. J Anal At Spectrom
19, 114–120.

Rayman MP (1997) Dietary selenium: time to act. BMJ 314,
387–388.

Rayman MP (2000) The importance of selenium to human health.
Lancet 356, 233–241.

Rayman MP (2002) The argument for increasing selenium intake.
Proc Nutr Soc 61, 203–215.

Rayman MP, Bode P & Redman CWG (2003) Low selenium status
is associated with the occurrence of the pregnancy disease pree-
clampsia in UK women. Am J Obstet Gynecol 189, 1343–1349.

Reid ME, Stratton MS, Lillico AJ, Fakih M, Natarajan R, Clark
LC & Marshall JR (2004) A report of high-dose selenium sup-
plementation: response and toxicities. J Trace Elem Med Biol
18, 69–74.

Reilly C (1996) Selenium in Food and Health. London: Blackie
Academic and Professional.

Robberecht HJ, Hendrix P, Van Cauenbergh R & Deelstra HA
(1994) Actual daily intake of selenium in Belgium using dupli-
cate portion sampling. Z Lebensm Unters Forsch 199, 251–254.

Schrauzer GN (2000) Selenomethionine: a review of its nutritional
significance, metabolism and toxicity. J Nutr 130, 1653–1656.

Schrauzer GN (2001) Nutritional selenium supplements: product
types, quality and safety. J Am Coll Nutr 20, 1–4.

Schrauzer GN & White DA (1978) Selenium in human nutrition:
dietary intakes and effects of supplementation. Bioinorg Chem
8, 303–318.

Sloth JJ, Larsen EH, Bugel SH & Moesgaard S (2003) Determi-
nation of total selenium and 77Se in isotopically enriched
human samples by ICP-dynamic reaction cell-MS. J Anal At
Spectrom 18, 317–322.

Spallholz JE, Palace VP & Reid VP (2004) Methioninase and
selenomethionine but not Se-methylselenocysteine generate
methylselenol and superoxide in an in vitro chemiluminescent
assay: implications for the nutritional carcinostatic activity of
selenoamino acids. Biochem Pharmacol 67, 547–554.

Spallholz JE & Raftery A (1987) Nutritional, chemical, and toxi-
cological evaluation of a high-selenium yeast. In Selenium in
Biology and Medicine (Part A), pp. 516–529 [GF Combs, JE
Spallholtz, OA Levander and JE Oldfield, editors]. New
York: Nostrand Reinhold Co Inc.

Stratton MS, Reid ME, Schwartzberg G, Minter FE, Monroe BK,
Alberts DS, Marshall JR & Ahmann FR (2003a) Selenium and
prevention of prostate cancer in high-risk men: the Negative
Biopsy Study. Anticancer Drugs 14, 589–594.

Stratton MS, Reid ME, Schwartzberg G, Minter FE, Monroe BK,
Alberts DS, Marshall JR & Ahmann FR (2003b) Selenium and
inhibition of disease progression in men diagnosed with
prostate carcinoma: study design and baseline characteristics
of the ‘Watchful Waiting’ Study. Anticancer Drugs 14,
595–600.

Sunde RA (1997) Selenium. In Handbook of Nutritionally Essen-
tial Mineral Elements, chapter 18, pp. 493–556 [BL O’Dell
and RA Sunde, editors]. New York: Marcel Dekker, Inc.

Thomson CD (2004) Assessment of requirements for selenium
and adequacy of selenium status: a review. Eur J Clin Nutr
58, 391–402.

Thomson CD & Paterson E (2001) Australian and New Zealand
Nutrient Reference Values for Selenium. Wellington, New
Zealand: Ministry of Health.

Thomson CD & Robinson MF (1996) The changing selenium
status of New Zealand residents. Eur J Clin Nutr 50, 107–114.

Thomson CD, Robinson MF, Butler JA & Whanger PD (1993)
Long-term supplementation with selenate and selenomethionine:

selenium and glutathione peroxidase (EC 1.11 1.9) in blood com-
ponents of New Zealand women. Br J Nutr 69, 577–588.

Trafikowska U, Sobkowiak E, Butler JA, Whanger PD & Zachara
BA (1998) Organic and inorganic selenium supplementation to
lactating mothers increase the blood and milk selenium concen-
trations and selenium intake by breast-fed infants. J Trace Elem
Med Biol 12, 77–85.

Uden PC, Totoe Boakye H, Kahakachchi C, Hafezi R, Nolibos P,
Block E, Johnson S & Tyson JF (2003) Element selective
characterization of stability and reactivity of selenium species
in selenized yeast. J Anal At Spectrom 18, 1–10.

van den Brandt PA, Zeegers MP, Bode P & Goldbohm RA (2003)
Toenail selenium levels and the subsequent risk of prostate
cancer: a prospective cohort study. Cancer Epidemiol Bio-
markers Prev 12, 866–871.

van Dokkum W (1995) The intake of selected minerals and trace
elements in European countries. Nutr Res Rev 8, 271–302.

Vannoort R, Cressey P & Silvers K (2000) 1997/1998 New Zealand
Total Diet Survey. Part 2: Elements. Wellington, New Zealand:
Ministry of Health.

Vinson JA & Bose P (1987) Comparison of the toxicity of inor-
ganic and natural selenium. In Selenium in Biology and Medi-
cine (part A), pp. 513–515 [GF Combs, JE Spallholtz, OA
Levander and JE Oldfield, editors]. New York: Van Nostrand
Reinhold Co.

Wang Z, Jiang C & Lu J (2002) Induction of caspase-mediated
apoptosis and cell-cycle G1 arrest by selenium metabolite
methylselenol. Mol Carcin 34, 113–120.

Wasowicz W, Gromadzinska J, Rydzynski K & Tomczak J
(2003) Selenium status of low-selenium area residents: Polish
experience. Toxicol Lett 137, 95–101.

Wei WQ, Abnet CC, Qiao YL, Dawsey SM, Dong ZW, Sun XD,
Fan JH, Gunter EW, Taylor PR & Mark SD (2004) Prospective
study of serum selenium concentrations and esophageal and
gastric cardia cancer, heart disease, stroke, and total death.
Am J Clin Nutr 79, 80–85.

Whanger P, Vendeland S, Park Y-C & Xia Y (1996) Metabolism
of sub-toxic levels of selenium in animals and humans. Ann
Clin Lab Sci 26, 99–113.

Whanger PD (2004) Selenium and its relationship to cancer: an
update. Br J Nutr 91, 11–28.

World Health Organization/Food and Agriculture Organization/
International Atomic Energy Agency expert group (1996)
Trace Elements in Human Nutrition and Health. Geneva:
WHO.

Yang G, Wang S, Zhou R & Sun S (1983) Endemic selenium
intoxication of humans in China. Am J Clin Nutr 37, 872–881.

Yang G & Zhou R (1994) Further observations on the human
maximum safe dietary selenium intake in a seleniferous area
of China. J Trace Elem Electrolytes Health Dis 8, 159–165.

Yang G, Zhou R, Yin S, Gu L, Yan B & Liu Y (1989) Studies of
safe maximal daily selenium intake in a seleniferous area in
China. Part II. J Trace Elem Electrolytes Health Dis 3,
123–130.

Yoshizawa K, Willett WC, Morris SJ, Stampfer MJ, Spiegelman
D, Rimm EB & Giovanucci E (1998) Study of prediagnostic
selenium level in toenails and the risk of advanced prostate
cancer. J Natl Cancer Inst 90, 1219–1224.

Yu M-W, Horng I-S, Chiang Y-C, Liaw Y-F & Chen C-J (1999)
Plasma selenium levels and the risk of hepatocellular carci-
noma among men with chronic hepatitis virus infection. Am J
Epidemiol 150, 367–374.

Yu SY, Zhu YJ & Li WG (1997) Protective role of selenium
against hepatitis B virus and primary liver cancer in Qidong.
Biol Trace Elem Res 56, 117–124.

High-selenium yeast to raise selenium status 573


