FOOD & FEED

Selenium Bioavailability:

Implications for Animal Agriculture

Selenium (Se) is an essential micronutrient for humans
and animals, playing an important role in antioxidant
function, thyroid hormone metabolism, reproduction
and immune responses. Selenium occurs in different
chemical forms, which determine its bioavailability,
absorption, function and toxicology in human and
animal health. Knowledge of the nutritional value of
individual feed additives is indispensable for efficient
animal production.

Selenium sources, uptake and metabolism

The distribution and accumulation of selenium in animal
tissues depends greatly on the type of selenium supplement,
with the manner in which the element is presented
playing a crucial role in its bioavailability and efficacy. The
compounds available for use as selenium supplements
include the inorganic forms, sodium selenite and sodium
selenate, along with organic sources, such as selenium-
enriched yeast (Se-Y). Additionally, newly developed
chemically synthesised sources — including a hydroxy-
analogue of selenomethionine (SeMet) (2-hydroxy-4-
methylselenobutanoic acid, HMSeBA) and L-SeMet — have
been approved for use as feed additives. Selenized yeast, in
which selenium is taken up by the yeast during a controlled
fermentation process, is the most researched source of
selenium and is widely regarded as the most bioavailable
organic source of selenium for animal and human nutrition.

Although the metabolism of both organic and inorganic
selenium forms share certain similarities, humans and
animals have been found to absorb and retain selenium
better from SeMet than from the inorganic salts. Furthermore,
the bioavailability of selenium from selenium-enriched
yeasts and the bioavailability of SeMet has been shown to
be approximately 1.5 to 2 times higher than that of inorganic
forms of selenium. While SeMet is the predominant selenium
species in Se-Y, recent research has indicated the presence
of close to 200 selenium-containing species. Consequently,
the biological actions of selenium depend not only on the
amount but also on the form of the source and on the
digestibility and accessibility of selenoamino acids within.

Absorption of selenium occurs in the small intestine,
where both inorganic and organic forms are readily
absorbed. Selenite is passively absorbed across the gut
wall, while selenate appears to be transported by a sodium-
mediated carrier mechanism shared with sulphur. Organic
forms of selenium are actively transported in the small
intestine via the transport mechanism for amino acids. In
contrast, like the parent compound HMTBA, the HMSeBA
compounds likely follow lactic acid transport routes.
Inorganic forms of selenium can lead to a production of
selenocysteine (SeCys), which is incorporated specifically
into selenoproteins, whereas organic selenium sources can
lead to increased cellular levels of SeMet as well as SeCys.
The whole-body turnover rate of SeMet is slower than that
of selenite-Se, indicating that SeMet is incorporated into a
long-term body pool. As a result of SeMet being retained for
a longer period of time after supplementation has ceased, it
can be used during periods of suboptimal intake.
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The highest selenium concentrations are found in the liver
and kidneys, but the greatest total concentration occurs in
muscle because of its general greater proportion of the body
weight. Selenium deposition in muscle tissue is, therefore, a
good indicator of the selenium status of the animal. Table 1
shows a summary of the tissue retention data published in
the official European Food Safety Authority (EFSA) opinion on
the safety and efficacy of Se-Y products authorised for use
in the EU. While the datasets are not directly comparable in
terms of the trials used for different products, the data does,
however, clearly demonstrate that each of the individual
products enhances the selenium content and retention in
both a tissue- and product-specific fashion. Notably, in a
large-scale pig study to evaluate the effect of different
organic selenium products on tissue retention, the results
demonstrated that selenium retention and bioavailability
varied from product to product.

Tissue/Product Intake (g) Se from Yeast A’ | Se from Yeast B? | Se from Yeast C°
(ngd?) (ugd?) (ngd?)

Muscle 105% 37 36 22
Liver 352 28 24 4
Kidney 3,57 9 32
Milk 280° 13 9 12

Egg 36° 18 27 6

Total Intake 105 96 76

"The EFSA Journal (2006) 348, 1-40
2 The EFSA Journal (2006) 430, 1-23
3 The EFSA Journal (2009) 992, 1-24

Table 1. Selenium tissue retention data for three products

" Meat intake calculated with the same

Eropor(ion as with Directive 2001/79/EC
Average value

© Maximum value

Organic selenium yeast efficacy: strain-dependent effects
Selenium yeast is a product of the aerobic fermentation of
the baker's yeast Saccharomyces cerevisiae in a selenium-
enriched medium. Due to its GRAS (generally regarded
as safe) classification, baker's yeast is a part of everyday
nutrition and is widely used in baking, beverage technology,
starter cultures of various types of foods, single cell protein
production and food supplements. Under appropriate
conditions, yeasts are capable of accumulating large
amounts of selenium and incorporating them into organic
compounds. A series of quality control checks must be
performed to ensure the quality of the finished selenium-
yeast product. These include assessment of the strain purity,
determination of the level of organic selenium, measurement
of moisture control and quantification of toxic impurities. Not
all material sold as selenium-yeast is produced according
to these stringent criteria. Sometimes, the percentage of
selenium is such that most of the mineral is not bound to the
yeast and, at worst, there may merely be a mixture of sodium
selenite and yeast, the selenium not being organically
incorporated into the yeast.

In general, yeast supports a high degree of SeMet
incorporation. Theoretically, the maximum amount of
selenium a yeast cell can incorporate depends on its
methionine (Met) content and is in the order of 6000 ppm.
However, the full replacement of methionine by SeMet
is not possible; the highest amount of selenium in yeast
achieved thus far is around 3000 ppm and is influenced
by yeast strain, growth conditions and initial inorganic
selenium concentration. Even within peptides from the
same protein, SeMet/Met ratios will vary depending on the
differential exposure to oxidative or enzymatic degradation
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of SeMet side chain and its position in the protein (buried or
exposed), as well as on the change in the production rate
of each protein after selenium addition to growth media.
Differences in protein content might also be ascribed to
diverse manufacturing methods or bioprocessing, which
specific yeast is subjected to during fermentation, recovery
and drying operations.

To date, speciation data has made it possible to
discriminate between yeast containing organic selenium
and yeast mixed with inorganic selenate or selenite, to
distinguish selenium-rich yeasts produced by different
manufacturers and to verify batch-to-batch reproducibility.
However, when comparing selenium yeast products,
consideration must be given to the strain-specific manner
in which selenium is deposited into individual protein- and
peptide-containing fractions. It is important to make this
distinction between total SeMet and free SeMet, as only
the free form of this selenoamino acid is available for non-
specific incorporation into proteins in place of methionine,
leading to selenium-containing proteins, representing a
biological pool of selenium. Unless selenium-containing
proteins and peptides are digested to liberate SeMet
as a free amino acid (Figure 1), then, regardless of total
selenium and/or total SeMet content, the selenium source
must undergo a metabolic transformation to selenide prior
to its assimilation. Fortunately, recent advances in mass
spectrometry and quantitative proteomics have enabled
the analysis of proteins in a much more comprehensive
and high-throughput manner than was previously possible.
In addition, the availability of a certified reference material
(SELM-1) has improved the quality assurance of the analyses
of selenium-enriched yeast. A recent study demonstrated
that commercial selenium-enriched yeast products differ
significantly in terms of protein abundance and associated
metabolic pathways, in addition to SeMet content.
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Figure 1. Digestion of selenium-containing proteins releases free SeMet

Gastrointestinal factors limiting bioavailability

Bioavailability is defined as the degree to which an ingested
nutrient/element in a particular source is absorbed in a form
that can be utilised during body metabolism. Furthermore, it
should encompass the sum of impacts that may reduce or
promote the metabolic utilisation of the nutrient/element. In
other words, in order to exert a health benefit, the compound
of interest should withstand feed processing, be released
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from the food matrix post-ingestion and be bio-accessible
in the gastrointestinal (Gl) tract. In vitro digestion models are
widely used to study the structural changes, digestibility and
release of food components under simulated gastrointestinal
conditions.

In a recent study, selenium-yeast products were
processed through a poultry in vitro digestion model, using
pepsin and pancreatin as digestive enzymes. The objective
of this work was to examine, in vitro, the bioaccessibility of
selenium in commercially available selenium-enriched
yeast. The results indicated that the selenium yeast products
varied considerably in terms of digestibility, with notable
differences observed between them in the levels of bound
and free SeMet following simulated digestion (Figure 2).
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Figure 2. % free SeMet released following gastrointestinal digestion relative
to SELM-1.

This analysis also demonstrated that, while some products
appears to have a larger number of selenium-containing
proteins, many of these survive in vitro digestion and, as
such, the incorporated selenomethionine/selenocysteine
residues will be less bioavailable (Figure 3). A difference
was also noted between the simulated gastric and intestinal
release of SeMet, which has additional implications for the
bioaccessibility and bioavailability of individual products.
As subcellular deposition of selenium within selenium-yeast
is so widely different, it is reasonable to expect that these
preparations will also differ in parameters such as shelf-life
and, indeed, toxicology.
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Figure 3. Box plot depicting level of digestion of selenium-containing proteins

relative to the standard SELM-1. Positive values indicate a greater level of

protein digestion relative to SELM-1. Error bars indicate the 10-90 percentile,

with outliers indicated by dots. Median of all data is indicated by line through

box. t-test was used to determine if samples were significantly different to
SELM-1; *** indicates p < 0.0001.

This differential bioaccessibility was also confirmed in a
recentstudy thattreated intestinal cells with simulated digests
of inorganic and organic selenium products. These included
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sodium selenite (Se-Ni), three separate selenium yeast
products (Se-YA, Se-YB, Se-YC) and chemically synthesised
organoselenium (Se-M). Thioredoxin reductase (TrxR)
activity was measured in both the presence and absence
of a stress challenge. Thioredoxin reductases are a family
of selenium-containing enzymes and are key in defending
against oxidative stress. The availability of selenium is a
key factor determining TrxR activity, and cells treated with
selenium yeast digests had higher TrxR activity than the
control or in other selenium sources, including chemically
synthesised forms. The data further demonstrated that the
impact of selenium yeast was product-specific, with wide
variation noted in the ability of individual selenised yeasts to
influence TrxR functionality. Interestingly, inorganic selenium
and chemically synthesised organoselenium resulted in a
decrease in TrxR activity, in effect illustrating their potential
to act as pro-oxidants (Figure 4).
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Figure 4. Thioredoxin reductase (TrxR) enzyme activity following selenium

supplementation and challenge with Cd. Data are expressed as the mean

+ SD of triplicate samples. Significant differences were determined by one-

way ANOVA (***P < 0.007). Asterisk represents significant difference between
selenium sources.

The use of chemically synthesised “free” SeMet products,
such as L-SeMet or HMSeBA, as dietary selenium sources is
potentially problematic in the Gl environment. First, the vast
majority of SeMet found in Se-Y is protein-bound or locked
up in other macromolecular structures and protected from
the intestinal milieu by the yeast cell wall. Additionally, the
intestinal environment is oxidative. Rising post-gastric pH
values coupled with even modest levels of fat in the diet
make it an ideal environment for the production of reactive
oxygen species (ROS) and the formation of damaging
chemical structures, such as lipid peroxides. In the intestine,
free SeMet, if not taken up for bio-assimilation, is more
than likely converted to an oxidised form. In addition, Met
and SeMet are among the most readily oxidised amino
acid constituents of proteins. They are readily attacked
by hydrogen peroxide, hydroxyl radicals, lipid peroxides,
chloramines and peroxynitrite, all of which can exist in
abundance in the Gl tract. Analogues of Met or SeMet, such
as hydroxyl analogues where the -NH2 is replaced by an
-OH, will be equally susceptible to oxidation since oxidation
occurs at the position of the selenium or selenium atom, near
the methyl group. It must also be stressed that, while Met is
readily oxidised, unprotected SeMet is even more susceptible
to oxidation, thus representing an even more labile form of
an already labile nutrient. Following exposure to high levels of
L-SeMet, depletion of the cellular protectors glutathione and
ascorbic acid can occur, leading to oxidative stress and/
or cytotoxicity as well as altered gene expression profiles.
Although oxidation of SeMet or its analogues in the intestine
does not mean that the selenium will not be absorbed, it
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does mean that the form of selenium fed will not necessarily
be the form that enters circulation. In short, the resulting
chemical modifications not only affect in vitro stability: in vivo
biological functions will also be impacted.

In a recent study using an in vitro gastrointestinal
digestion procedure model, it was proven that selenium not
absorbed in the small intestine may be actively taken up in
the colon and metabolized by the resident microbes. It has
been estimated that one quarter of total bacteria possesses
selenoprotein-encoding genes. Some of these, such as
Escherichia coli, Clostridia and Enterobacteria, are able to
colonize the gastrointestinal tract of humans and animals.
This represents a challenge in terms of bioavailability of
the selenium source, due to the competition between the
host and intestinal microflora for the digestively liberated
molecule, and potentially reducing selenium bioaccessibility.
Itis evident that comparing products based on total selenium
or SeMet content does not give a complete picture of a
product’s nutritional potential or, indeed, its shortcomings.

Conclusion

Within the feed industry, there is a misconception regarding
SeMet content and the belief that “more is better” and that
SeMet is the “active” component in Se-Y. From the facts
laid out above, it is evident that increasing a product's
SeMet content does not necessarily increase the relative
accessibility or bioavailability of the selenium source. It is
also apparent that there is often gross non-equivalency
for different chemical forms of the same element. It is clear
that, rather than viewing these commercial products in
exactly the same light, they must be seen as very distinct
preparations. One must consider the individual digestibilities
of selenium products to appreciate the differences that exist
in terms of their bioavailability and bioefficacy for efficient
animal production.
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