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Selenium supplementation: does soil supplementation help and why?
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There are now concerns that dietary Se intake is inadequate for the population in the UK and parts
of Europe. Many different methods can be proposed to deal with this problem. Experience from
Finland suggests that the addition of Se to fertiliser is a safe and effective means of increasing the
intake of the micronutrient in the human population. However, careful consideration needs to be
given to the potential consequences of increasing Se intake. It is important to understand the
biochemical and physiological changes that may occur with any increase in Se intake within the
UK population. Se is an essential component of at least twenty functional proteins within
mammals. These proteins are essential for a range of metabolic functions, including antioxidant
activity, thyroid hormone synthesis and immune function. Thus, any increase in Se intake has the
potential to influence in a wide range of factors that may impinge on the incidence of chronic
disease. Treatment of soil with Se-supplemented fertiliser will certainly increase total Se in food
products derived from areas where this treatment is in place. Consumption of such foods will
increase Se status in many populations where the existing intake does not meet requirements. If
the increases in Se intake are not toxic the overall consequences have the potential to be beneficial.

Selenium intake: Selenium status: Selenium biochemistry: Selenium-supplemented
fertiliser
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Se has been recognised since the 1950s as essential for
normal health and development in a wide range of animals
(Combs & Combs, 1986; Arthur & Beckett, 1994; Makela
et al. 1995; Hansen & Deguchi, 1996; Van Metre & Callan,
2001). Much of this knowledge resulted from the study of
diseases, notably white muscle disease or nutritional
myopathy, in some arecas where forage crops contained
inadequate levels of Se. In general, Se-responsive diseases
in farm animals occurred when there was a concurrent
vitamin E deficiency. The discovery that Se was an
essential component of the peroxide-metabolising enzyme
glutathione peroxidase led to the hypothesis that these
deficiency diseases were a result of uncontrolled oxidation
in the tissues of the animals (Combs & Combs, 1986).
Whilst such hypotheses provided an excellent stimulus to
research in the areas of Se and vitamin E deficiency, not all
effects of Se deficiency could be explained by oxidative
mechanisms. Thus, many changes, both enzymic and
functional in severely-Se-deficient animals, which occurred

when vitamin E levels were adequate, led to the search for
other non-peroxidase functions for Se (Burk, 1983; Reiter
& Wendel, 1983; Arthur er al. 1987a,b). These studies,
coupled with more recent molecular and bioinformatic
studies, have indicated that there are between twenty
and thirty selenoproteins expressed in mammals. These
selenoproteins may arise from twenty-five genes identified
by computer-searching of the human genome, with alternate
splicing resulting in the expression of more than
twenty-five selenoproteins (Lescure et al. 1999; Hatfield &
Gladyshev, 2002; Kryukov & Gladyshev, 2002; Kryukov
et al. 2002).

The essentiality of Se for human health was first
recognised when the element was shown to prevent Keshan
disease, a cardiomyopathy that occurred in China, particu-
larly in adolescents and mothers (Levander & Beck, 1997).
Since then, some studies have shown that Se supplemen-
tation may be effective in the protection against certain
types of cancer, albeit at levels that may be considered

Corresponding author: Professor John R. Arthur, fax +44 1224 716629, email j.arthur@rowett.ac.uk

https://doi.org/10.1079/PNS2003254 Published online by Cambridge University Press


https://doi.org/10.1079/PNS2003254

394 J. R. Arthur

supranutritional (Combs, 2001a; Duffield-Lillico et al.
2002).

Selenium addition to fertilizer

The indications that Se may be essential for human health,
allied to the common occurrence of Se-responsive disorders
in farm livestock, prompted Finnish authorities to instigate a
programme of augmenting Se status. The strategy adopted
was to add Se as sodium selenate to fertilisers used for both
grain and forage production (Varo et al. 1993; Aro et al.
1995; Makela et al. 1995). Similar strategies to increase the
Se status of plants have been implemented in areas of
Australia and New Zealand. In both Europe and Australasia
this methodology was adopted to protect animal health and
improve production, which were experiencing deterioration
as the result of widespread Se deficiency. Initially, all appli-
cations of Se to fertiliser were very carefully monitored,
since as well as being essential for health, Se has the
potential to be toxic. When Se was added to fertilisers in
Finland in 1984 there was a rapid rise in both the Se content
of the crops and the foodstuffs derived from animals
consuming the crops. In addition, human Se status, which
was monitored by determination of plasma Se concen-
trations, also rose. Both the Se content of foodstuff and the
human Se status reached a plateau within 2 years of the
introduction of Se-supplemented fertilisers. Thereafter,
there were still slight rises in Se concentrations after the
initial sharp increases, and in 1990 the Se content of
fertiliser used for grain production was decreased from 12 to
6 mg/kg. This action resulted in an immediate fall in the Se
contents of both grain and human plasma (Varo et al. 1993).

The increases in Se content of Finnish meat and rye
resulting from the addition of Se to fertiliser in 1984 varied
from 3-fold to 10-fold. This improvement was reflected in
the levels in foodstuffs, e.g. the Se contents of wheat bread,
potato and meat (pork and beef) increased by approximately
3-, 10- and 3-fold respectively, as did the Se concentration
of whole milk.

The plasma Se concentrations of the Finnish population,
which were used as an indicator of Se status, increased after
1978 when high-Se wheat was imported into the country. At
this time the average plasma Se concentration increased
from approximately 0-7 umol to approximately 1-0pmol.
These levels remained stable between 1980 and 1985, until
Se was introduced into fertiliser. Thereafter, the plasma Se
content increased to approximately 1-4umol/l. After the
addition of Se to fertiliser there were similar increases in the
plasma Se concentrations of both male and female and old
and young members of the population. In addition, the
increases in plasma Se were similar in different regions of
the country, again in both young and old subjects. The Se
content of tissues taken from accident victims also showed
increases of between 50 and 100 % after the introduction of
Se-supplemented fertiliser for crops (Varo et al. 1993).

Potential implications of selenium supplementation

The populations of the UK and many other European
countries now have plasma Se concentrations that are
comparable with levels that were prevalent in Finland
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before Se was added to fertiliser (Rayman, 1997, 2000,
2002; Shortt et al. 1997; Brown et al. 2000). There is now
much biochemical and nutritional information that can be
used as the basis for informed decisions as to whether it
would be beneficial to increase dietary Se intake in order to
increase the Se status of the populations of these countries,
possibly by the use of Se-containing fertilisers as in Finland.

Before consideration of the potential biochemical
changes that could be achieved by increasing the Se status of
the UK population, it is important to consider the range of
biochemistry and functions of Se in man, since it is now
clear that Se is essential for the maintenance of human
health through its participation in a wide range of
biochemical processes.

Selenium biochemistry and selenoproteins

The majority of Se in human diets is present as seleno-
methionine in plant materials and as both selenomethionine
and selenocysteine in animal products (Combs, 20015). In
the selenoenzymes that mediate functions of Se, the active
sites contain the amino acid, selenocysteine. At physio-
logical pH the selenol group of selenocysteine is >99 %
ionised and is able, therefore, to function as a very efficient
redox catalyst. Inorganic forms of Se such as selenite or
selenate are also present in the diet and, although generally
less abundant than the organic amino acids, they are more
direct precursors of selenocysteine in enzymes (Arthur,
2000; McKenzie et al. 2002a,b). Paradoxically, seleno-
cysteine and selenomethionine have to be degraded to an
inorganic form of Se, chemically similar to selenide, which
is then used in combination with serine in the synthesis of
the selenoproteins. The complex nature of Se metabolism
and the mechanisms by which Se is incorporated into
selenoproteins have probably evolved to deal with the
potential for Se compounds to participate in spontaneous
chemical reactions. For example, selenite can react very
rapidly and directly with glutathione to form seleno-
diglutathione, which may further reduce Se to a form that
can be incorporated into selenoproteins or react non-
specifically with other thiol groups (McKenzie et al.
2002b). Thus, it is probably essential that Se is handled
mainly as a relatively unreactive organic form before its
incorporation into the catalytically-reactive selenoproteins.
As indicated previously, at least twenty-five seleno-
protein genes have been identified by computer-searching in
the human genome. However, labelling with 73Se both
in vivo and in cell culture indicates that there are more
selenoproteins produced in mammalian systems (Evenson &
Sunde, 1988; Behne & Kyriakopoulos, 2001; Miller et al.
2002). Furthermore, 7*Se labelling of different cell types and
of whole animals indicates very tissue-specific expression of
the selenoproteins. For example, glutathione peroxidases
account for most of the labelling in keratinocytes, whereas in
several endothelial cell types >60 % of the 7Se label is found
in thioredoxin reductase (cytosolic; Rafferty et al. 1998;
Miller et al. 2002). Examination of 7Se-labelling patterns
or determination of selenoprotein mRNA expression in
different tissues may be used to assess the principal
functions of Se. For example, in Se and I deficiency seleno-
protein synthesis is favoured in the thyroid gland, thus
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preserving thyroid hormone metabolism (Bermano et al.
1995; Arthur et al. 1999). Thus, the determination of an
increased plasma Se concentration in any population that has
received Se supplements indicates there have been potential
changes in more than thirty selenoproteins in different
organs in the body. Furthermore, these changes will not have
been consistent from organ to organ and may not even have
been consistent from individual to individual.

It is important that different cell types from human tissue
may have a different distribution of selenoproteins from
those of other animal species. Thus, when investigating the
role of Se in human metabolism it is essential to thoroughly
validate the model system being used. For example, the
selenoprotein profiles of bovine and porcine endothelial
cells do not resemble those of human endothelial cells
(Miller et al. 2002). However, the distribution of seleno-
proteins in human and rat thyroid are similar (Arthur ef al.
1999). This relationship makes the rat a potential suitable
model for study of the effects of Se deficiency on human
thyroid hormone metabolism.

Selenium: specific issues in human biology

Differences in responses to Se supplementation may, in part,
be explained by single nucleotide polymorphisms. In the
stem loop structure of the glutathione peroxidase-4 gene
there is a polymorphism that can be associated with changes
in lipid metabolism in lymphocytes. This polymorphism is
distributed in the population in accordance with normal
genetic variation (Hardy Weinberg distribution; Hedrick,
2000). The influence on lipid metabolism is associated with
changes in 5-lipoxygenase activity and, thus, perhaps with
inflammatory responses (Villette ef al. 2002). It is surprising,
however, that the polymorphism is not directly related to
glutathione peroxidase-4 activity, although the absence of a
direct relationship may reflect inadequacies in the enzyme
measurements, which direct determination of glutathione
peroxidase proteins may resolve. Searches of the human
genome have revealed the potential for many single
nucleotide polymorphisms in Se-containing proteins, and
investigation of these polymorphisms may shed further light
on individual variation in response to Se deficiency or
supplementation. In general, selenoproteins have great
potential to influence lipid metabolism, particularly that of
polyunsaturated fatty acids (Schnurr et al. 1996; Marinho
et al. 1997; Hurst et al. 2001). Both the cyclooxygenase and
lipoxygenase pathways rely on peroxides as intermediates
for enzyme activity. Regulation of the levels of peroxides
within the cell and direct degradation of peroxides provide
mechanisms whereby Se-containing proteins can exert their
effects. The ability of Se intake in the normal nutritional
range to modulate glutathione peroxidase activities indicates
that this role constitutes a plausible mechanism for its effects
on inflammation. Thus, the effects of selenoproteins on lipid
metabolism will directly influence immune function, partic-
ularly if it relies for activity on derivatives of arachidonate
metabolism. Consistent with these theoretical mechanisms
Se supplementation of normal subjects in the UK has led to
changes that stimulate the immune system. After supplemen-
tation with 100 ug Se as sodium selenite/d, normal subjects
showed improved responses of lymphocytes to a challenge
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with poliovirus. In particular, aspects of the cell immune
system producing cytokines and T-cell responses were
improved. In addition, poliovirus was removed from the
system more quickly in the Se-supplemented subjects than in
those receiving placebo treatment. The Se-supplemented
subjects also had fewer mutations in residual poliovirus
recovered from the faeces (Broome et al. 2002). In addition
to effects on whole-body metabolism, Se supplementation
has potential beneficial effects that can be demonstrated by
the use of cell culture techniques. Endothelial cells provide a
model for the study of factors that may be involved in the
pathogenesis of cardiovascular disease. The cell culture
medium used to grow endothelial cells can be inadequate for
the supply of Se necessary to maximise selenoprotein
activity. Thus, impaired selenoprotein expression can be
associated with increased susceptibility of the cells to
challenge with either organic hydroperoxides or oxidised
lipoproteins (Anema et al. 1999; Miller et al. 2001; Lewin
et al. 2002).

Conclusions

The importance of Se in man is now recognised through its
essentiality for several metabolic functions. As this range
of functions has been identified and characterised, the
importance of maintaining adequate dietary Se intake has
been emphasised. In particular, supplementation trials have
shown that some populations may benefit from an increased
Se intake that has the potential to improve the efficiency
of biochemical pathways dependent on selenoproteins.
Potential beneficial effects of Se in the prevention of cancer,
improvement in thyroid hormone metabolism, stimulation
of immune function and prevention of male infertility all
need to be confirmed in further studies.

Dietary Se intake in many populations is inadequate for
maximum expression of many of the selenoproteins that
occur in human tissues. If it is accepted that these
biochemical functions of Se can be related to particular
diseases, it is important to increase Se intake as a prevent-
ative measure. Experience in Finland suggests that a
convenient way of increasing dietary Se intake for the
human population is to add Se to fertilisers. The information
available from Finnish studies suggests that this measure
can be implemented without inducing toxic levels of Se in
crops, animals consuming crops or in the human population.
However, it is more difficult to associate changes in Se
intake in Finland with any improvement in chronic disease
or health. This situation is probably due to other changes
that occurred in parallel with the increased Se intake. For
example, dietary advice, improved medical care and
increased levels of exercise could not be dissociated from
the changes in dietary Se.

Although there are proven methods for adding Se to ferti-
lisers and thus influencing Se intake in man, the desirability
of this course of action may be assessed by smaller supple-
mentation trials within the target population. In answer to
the question, ‘Se supplementation: does soil supplemen-
tation help and why?’, Se supplementation of fertiliser will
increase forage, food crop and animal Se status.
Consumption of such food will certainly increase Se status
in the human population that previously had marginal


https://doi.org/10.1079/PNS2003254

396 J. R. Arthur

intake. Se supplementation trials that have already been
carried out indicate such increases in dietary intake can
change the activity of Se-dependent pathways in man. The
actual health benefits of such actions can only be predicted
after extensive Se-supplementation trials in which the effect
of the micronutrient can be separated from any other dietary
and medical interventions taking place.
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