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Abstract

Selenium is an essential trace element in the diet of humans and domesticated ani-
mals. It is a component of more than 30 selenoproteins, which play a significant role in
the body. Selenoproteins protect cells from damage inflicted by free radicals, the cause of
many chronic diseases. They also participate in the metabolism of thyroid hormones, con-
trol reproductive functions and exert neuroprotective effects. In addition to its anti-prolife-
rative and anti-inflammatory properties, selenium stimulates the immune system. The role
of selenium is aided by vitamin E and sulfur-containing amino acids. Selenium deficiency
contributes to pathological changes in farm animals, which incur large financial losses each
year. Low selenium levels can lead to the development of nutritional muscular dystrophy,
also known as white muscle disease, in lambs, kids, foals, calves and poultry from birth to
3 months of age. Selenium deficiency may also cause exudative diathesis in poultry as well
as dietary necrotic liver degeneration and mulberry heart disease in pigs. Parturition pro-
blems resulting from reduced tension of the muscular layer of the uterus, postparturient
paraplegia, placental retention and purulent inflammations of the uterine lining are also
attributed to low selenium levels. Selenium deficiency contributes to the formation of ova-
rian cysts and increased embryonic mortality in the first 3-4 weeks after insemination.
Selenium and vitamin E facilitate neutrophil migration to the mammary gland, and they
enhance the bactericidal effects of neutrophils, thus shortening and alleviating the symp-
toms of clinical mastitis. Selenium poisoning is rarely encountered, and it most often re-
sults from an overdose of selenium supplements. The most common forms of selenosis are
chronic selenosis, referred to as alkali disease, and acute selenosis, popularly known as
blind staggers.
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SELEN I JEGO WP£YW NA ZDROWIE ZWIERZ¥T

Abstrakt

Selen jest niezbêdnym sk³adnikiem diety nie tylko ludzi, ale równie¿ zwierz¹t domo-
wych. Wchodzi w sk³ad ponad 30 bia³ek zwanych selenoproteinami, które pe³ni¹ ró¿norod-
ne funkcje, m.in.: pomagaj¹ zapobiegaæ uszkodzeniu komórek przez wolne rodniki, które
uwa¿a siê za czynnik etiologiczny rozwoju przewlek³ych chorób, uczestnicz¹ w metaboli-
zmie hormonów tarczycy, warunkuj¹ prawid³owy przebieg funkcji rozrodczych oraz dzia³aj¹
neuroprotekcyjnie. Selen wykazuje dzia³anie antyproliferacyjne i przeciwzapalne oraz sty-
muluje uk³ad odpornoœciowy. Dzia³anie tego pierwiastka jest œciœle powi¹zane z witamin¹ E
i aminokwasami siarkowymi. Niedobór selenu odpowiedzialny jest za powstawanie wielu
patologicznych stanów w organizmie zwierz¹t gospodarskich, co ka¿dego roku generuje
znaczne straty ekonomiczne. Schorzeniem powodowanym przez zbyt niski poziom selenu
jest pokarmowa dystrofia miêœni (PDM), zwana te¿ chorob¹ bia³ych miêœni, wystêpuj¹ca
u jagni¹t, koŸl¹t, Ÿrebi¹t, ciel¹t oraz drobiu do 3. miesi¹ca ¿ycia. Do innych chorób uwarun-
kowanych niedoborem tego biopierwiastka nale¿¹: skaza wysiêkowa drobiu, pokarmowe
zwyrodnienie w¹troby i choroba morwowego serca u œwiñ. Niedoborom selenu przypisuje
siê równie¿ wp³yw na trudne porody zwi¹zane ze s³abym napiêciem miêœniówki macicy,
zaleganie poporodowe, zatrzymanie ³o¿yska oraz powstawanie ropnych zapaleñ b³ony œlu-
zowej macicy. Zbyt niski poziom tego pierwiastka mo¿e byæ przyczyn¹ tworzenia siê cyst na
jajnikach i zwiêkszonej zamieralnoœci zarodków w czasie 3-4 tygodni od inseminacji. Selen
wraz z witamin¹ E usprawnia migracjê neutrofili do gruczo³u mlekowego oraz zwiêksza
ich zdolnoœæ do zabijania bakterii, co skraca czas trwania klinicznego zapalenia gruczo³u
mlekowego oraz ³agodzi jego przebieg. Obecnie zatrucie selenem wystêpuje rzadko, g³ów-
nie jest zwi¹zane z przedawkowaniem preparatów selenowych. Najczêœciej opisywane s¹
dwie postacie selenozy: przewlek³a, zwana chorob¹ alkaliczn¹, i ostra, zwana œlep¹ ko³owa-
cizn¹.

S³owa kluczowe: selen, niedobór, selenoproteiny, zwierzêta.

INTRODUCTION

Selenium was discovered in 1818 by the Swedish chemist Berzelius, while
he was producing sulfuric acid. The element was named after the Greek
moon goddess, Selene (LENZ, LENS 2009). Selenium, sulfur and tellurium be-
long to group 6 (chalcogens) in the periodic table of the elements. Selenium
rarely occurs in its elemental state in nature. It is a trace element with an
estimated 0.00008% content of the earth’s crust (BEDNAREK, BIK 1994a). Sele-
nium concentrations in soil and the entire food chain vary considerably. In
some countries, mainly in China and Brazil, very low (<0.1 mg kg–1) as well
as very high selenium soil levels (>0.5 mg Se kg–1) are noted in areas dis-
tant only 20 km from one another (DHILLON, DHILLON 2003). In the United
States, Ireland and India, the selenium content of soils may be as high as
100 mg Se kg –1 (LENZ, LENS 2009). In Poland, the most selenium-deficient
areas are the southern parts of the country as well as the regions of Po-
merania and Masuria (BEDNAREK, BIK 1994b). Our knowledge about the ef-
fects of selenium on living organisms has evolved significantly in the past
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decades. Perceived mostly as a toxic element in the past, selenium has been
recognized as a vital contributor to human and animal health.

SELENOPROTEINS

Selenium is a vital component of various metabolic pathways in ani-
mals, and its role is complemented by vitamin E and sulfur-containing ami-
no acids. Selenium is not accumulated in bodily organs or tissues. When
ingested, it is incorporated into the functionally important group of seleno-
proteins, where, in combination with cysteine, a sulfur-containing amino acid,
it is present mostly in the form of selenocysteine. The biological role of
selenium as a component of glutathione peroxidase (GSH-Px) was first im-
plied in 1973. Since then, more than 30 selenium-containing proteins, most-
ly enzymes, have been identified (HEFNAWY, TORTORA-PEREZ 2010). To date, sci-
entists have been successful in describing detailed biological functions of
only 10 selenoproteins from the above group. GSH-Px is one of the key
selenoenzymes that has been characterized in detail. GSH-Px protects he-
moglobin and fatty acids from oxidation, and it scavenges free radicals. The
substrates for GSH-Px include reduced glutathione and, subject to enzyme
specificity, hydrogen peroxide or phospholipid hydroperoxide. Four isoforms
of the enzyme have been identified in mammals. They are: classic GSH-Px,
also known as cytoplasmic peroxidase, which is found in all bodily tissues,
plasma GSH-Px, an extracellular enzyme determined mostly in the kidneys
and liver, gastrointestinal GSH-Px, and phospholipid-hydroperoxide GSH-Px
which protects cell membrane phospholipids against oxidation and partici-
pates in the synthesis of prostaglandins and catecholamines (ARTHUR 2000).
The first three GSH-Px isoforms are tetramers, whereas the latter is
a monomer.

Iodothyronine deiodinases are also an important group of selenoenzymes
which regulate the conversion of thyroxine (T4) into 3,5,3’-triiodothyronine
(T3), a metabolically active thyroid hormone, or into reverse 3,5',3’-triio-
dothyronine (rT3), an inactive hormone. Type 1 5'-iodotyronine deiodinase is
present in the liver and kidneys, which, like the thyroid gland, produce
hormone T3. Its presence was also noted in the brain and in pituitary glands
in ruminants. Type 2 5'-iodotyronine deiodinase is present in the brain and
pituitary glands of all animal species. It catalyzes the transformation of T4
into T3 in tissues that are unable to capture the circulating T3. Type 3
5'-iodotyronine deiodinase converts T4 into rT3, and T3 – into diiodothyro-
nine. It has been determined in the brain, skin and placenta, and it is re-
sponsible for inactivating thyroid hormones (ARTHUR 1997, CHADIO et al. 2006).
Selenium deficiency can obstruct the above conversion process, which sug-
gests that low levels of the investigated element can affect thyroid functions
(HESS, ZIMMERMANN 2004).



332

Thioredoxin reductase is an enzyme and a selenoprotein that is found
in all mammals. In the presence of electrons taken from NADPH, it cata-
lyzes the reduction of oxidized thioredoxin and transfers the redox capacity
of thioredoxin to cell proteins (LU et al. 2009). Our knowledge of the physio-
logical functions of thioredoxin reductase continues to grow. Thioredoxins
can donate electrons to redox enzymes, including ribonucleotide reductase
and thioredoxin peroxidase. The discussed enzyme probably participates in
DNA transcription and binding. Thioredoxins also act as growth factors, ap-
optosis inhibitors and hydroperoxidase reducers (ARNER, HOLMGREN 2000).

Selenoprotein P also plays an important role in the body. Selenoprotein
P and plasma GSH-Px are the only identified plasma selenoproteins. The
presence of selenoprotein P has been determined in the blood, liver, heart,
kidneys and testes (BROWN, ARTHUR 2001). Until recently, researchers were of
the opinion that selenoprotein P is an antioxidant responsible for selenium
transport. The above observations were formulated based on high selenium
concentrations in the discussed protein and its extracellular location. The
proposed role of selenoprotein P is often questioned (DANIELS 1996). Seleno-
protein P binds heparin proteoglycans in cells and the intercellular matrix,
and it is also capable of binding metal ions. For this reason, selenoprotein P
could also protect endothelial cells against oxidants (PERSSON-MOSCHOS 2000).
Selenoprotein P concentrations decrease less rapidly in a selenium deficien-
cy compared with GSH-Px (HILL et al. 1996).

Selenoprotein W, first isolated from rat muscle tissue, is one of the
most recently identified selenoproteins (WHANGER 2000). It was determined
mostly in muscles, spleen, testes, heart and brain. Its functions have not
yet been fully investigated, but it has been suggested that selenoprotein W
participates in muscle differentiation and development by protecting myob-
lasts against oxidative stress (LOFLIN et al. 2006).

The protein found in sperm mitochondria is a specific selenoprotein that
determines the integrity of sperm tails. In selenium deficiency, its concen-
trations decrease significantly, sperm motility is weakened and spermatogen-
esis is impaired (URSINI et al. 1999, PFEIFER et al. 2001).

The group of selenium-containing proteins is also inclusive of selenopro-
tein K, an antioxidant in cardiomyocytes (LU et al. 2006), selenoproteins M
and H which demonstrate neuroprotective activity (ZHANG et al. 2010), se-
lenoprotein N which promotes muscle function (LESCURE et al. 2009), seleno-
protein S whose deficiency could contribute to colorectal cancer in humans
(SUTHERLAND et al. 2010), as well as proteins with less known functions, in-
cluding selenoproteins T, O and I (LOPEZ-HERAS et al. 2011).
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EFFECT OF SELENIUM ON THE IMMUNE SYSTEM

Selenium affects the immune system, and selenium compounds influ-
ence humoral immunity mechanisms and increase the levels of type M im-
munoglobulins (MAGGINI et al. 2007). Selenium supplementation of animal
feed increases antibody levels, enhances the phagocytic activity of neutrophil
granulocytes and macrophages and, when stimulated with myogens, increas-
es T lymphocyte counts (HOFFMAN 2007, KAMADA et al. 2007). Selenium is
indispensable in the production of the lymphocyte migration inhibition fac-
tor and interleukin 2 (WINTERGERST et al. 2007), which accelerates the prolif-
eration, maturation and activity of T lymphocytes (SHRIMALI et al. 2008).
T cells are particularly sensitive to Se deficiency because their cell mem-
brane contains lipids that are more readily oxidized than the membrane
lipids of B lymphocytes (ARTHUR et al. 2003). Selenium deficiency lowers the
count and cytotoxic activity of T lymphocytes, an effect which is accompa-
nied by decreased lymphotoxin production (HAWKES et al. 2001). A study on
cows (CAO et al. 1992) has demonstrated significantly lower levels of lym-
phocyte proliferation (stimulated with concavalin A) in animals suffering from
selenium deficiency than in the control group. In cows whose immunity was
impaired due to a decrease in T lymphocyte counts, the administration of
selenium supplements had an immunostimulating effect. Selenium supple-
mentation intensified blastic transformation of splenic lymphocytes and pre-
vented a decrease in lymphocyte proliferation (GHANY-HEFNAWY, TORTORA-PEREZ

2010).
The molecular mechanisms involved in the effect of selenium on the

immune system have not been fully elucidated. Selenium could exert its
effect aided by selenoenzymes – glutathione peroxidase and thioredoxin re-
ductase. Those selenoenzymes are responsible for maintaining thiol groups
on the surface of lymphocyte membranes in a reduced state, which signifi-
cantly enhances the lymphocyte proliferative response to myogens, increas-
es immunoglobulin production and boosts the killing activity of lymphocytes
(AKYOL et al. 2007). Selenates increase the levels of reduced glutathione in-
side cells and maintain thiol groups in a reduced state (QIN et al. 2007).
Selenium deficiency can aggravate an inflammatory process in the body, de-
pressing the activity of selenoenzymes, which inhibit excessive synthesis of
arachidic acid from linoleic acid (REINHARD et al. 2007). At normal concentra-
tions of selenium, GSH-Px inhibits phospholipase A2 and lowers the levels
of arachidonic acid and its metabolites, the products for eicosanoid synthe-
sis, in particular leukotriene B4. The synthesis of prostacyclin from ara-
chidonate is intensified, and it inhibits the lipoxygenase metabolic pathway
(JOHNSON et al. 2000). The effect of selenium on the immune system could
also be produced via a different pathway. The use of sodium selenate as an
immunostimulator influences the expression of α and β subunits of inter-
leukin 2 on the surface of activated T and B lymphocytes, natural killer
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(NK) cells and lymphokine-activated killer (LAK) cells, but it does not affect
the endogenous concentrations of interleukin 1 (IL-1), interleukin 2 (IL-2)
or interferon γ (IFN-γ). By binding to IL-2 receptors, IL-1 is internalized,
and it induces the signal for the transition of activated cells from phase G1
(postmitotic) to phase S (DNA synthesis) of the cell cycle (JOZSEF, FILEP 2003).

Selenium deficiency inhibits neutrophil migration and disrupts the dis-
tribution of receptors on the neutrophil surface. The above can most proba-
bly be attributed to the oxidation of tubulin by excess H2O2 and the result-
ing damage to neutrophil microtubules (HADDAD et al. 2002). Neutrophils
sampled from selenium-deficient animals were also characterized by impaired
ability to produce and release free radicals for the extermination of foreign
cells (YANG et al. 2004). Interestingly, high selenium doses also attenuate
the immune response. In an in vivo study, excessive selenium concentra-
tions inhibited the growth of cells in S and G2 phases of the cell cycle and
decreased the synthesis of antibody proteins and prostaglandins (ZAGRODZKI

2004).

SELENIUM AND CANCER

Selenium is a key trace element with anti-neoplastic properties. De-
creased Se blood concentration are often observed in cancer patients. The
incidence of neoplastic diseases is significantly elevated in areas with low
selenium concentrations in the soil (SANZ ALAEJOS et al. 2000). Several mech-
anisms of the anti-neoplastic action of selenium have been described. One of
them is related to its antioxidant effect, namely the redox-dependent modu-
lation of transcription factor functions which inhibits cell growth (SPYROU et
al. 1995). Subject to the applied dose, selenium has a stimulatory or an
inhibitory effect on the growth of animal tumors which are sensitive to the
cytotoxic action of NK cells (KOLLER et al. 1986). Selenium also stimulates
the production of anti-neoplastic metabolites; it inhibits angiogenesis and
induces the apoptosis of cancer cells (COMBS, GRAY 1998).

SELENIUM TOXICITY

Selenium is a bioelement that plays key physiological functions, but the
difference between what is considered an adequate dose of selenium and a
toxic one is relatively small. Toxic effect of selenium on animals was first
reported in the 1930s in South Dakota, where animals grazed on pastures
rich in selenium and developed alkali disease and blind staggers due to acute
or chronic selenium poisoning. The first mention about selenium toxicity
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was made by Marco Polo during his journey to China in 1295. He described
symptoms of hoof rot disease in horses, which is contemporarily known as
selenosis (TINGGI 2003). Selenosis or alkali disease affects horses, cattle, pigs
and poultry. It is caused by high selenium concentrations in the soil, and by
the consumption of plants growing in areas with elevated levels of alkaline
compounds. In such environments, plants easily accumulate readily soluble
and available selenium compounds. Plants that easily absorb selenium from
the soil, thus posing a potential risk to grazing animals, include members of
the families Leguminosae, Cruciferae and Compositae. They are referred to
as selenophilic, selenium-bearing or selenium indicator plants. Plants which
can absorb moderate or relatively high amounts of selenium without ad-
verse consequences to consumers include wheat, barley, oats and maize
(BEDNAREK, BIK 1994a). In animals, selenosis is observed in two clinical forms:
chronic, known as alkali disease, and acute, referred to as blind staggers.
Chronic selenosis leads to the loss of vitality, weight loss, hair loss, rough
hair coat, hoof deformations, hoof necrosis, joint stiffness, myocardial atro-
phy, cirrhosis and anemia. In cattle, chronic selenosis lowers fertility by
supporting the growth of ovarian cysts and prolonging anoestrus. Acute forms
of selenosis are rarely diagnosed, and they result mainly from selenium
overdose. In most cases, the disease affects the central nervous system, and
the most common symptoms are dementia, unsteady gait, grinding of the
teeth, salivation, colic and loss of vision (KOLLER, EXON 1986). The last stage
of the disease is manifested by dyspnea and limb paralysis, and death usual-
ly results from respiratory failure (TINGGI 2003). Selenium is readily trans-
ferable through the placenta and it is secreted to milk, which is why symp-
toms of selenosis may be observed already in suckling animals (GUYOT et al.
2007). A single selenium dose of 1-6 mg kg–1 BW is lethal for most animal
species (HOGUE 1970, WHANGER et al. 1996). Feed with a selenium content
higher than 20-30 ppm leads to acute selenosis, and doses below 3-5 ppm
cause chronic and subacute selenium poisoning (PANTER, JAMES 1990, NUTTAL

2006).

SELENIUM DEFICIENCY

In 1957, Schwarz and Foltz demonstrated that selenium plays a positive
role in animal health. They noted that selenium supplementation of diets
prevented liver necrosis in rats (SCHWARTZ, FOLTZ 1957). The selenium con-
tent of animal feed reflects concentrations of this trace element in soils on
which crops are grown for green fodder, as well as the level of selenium
availability to plants. Selenium availability is determined by the amount
and type of selenium compounds present in the soil, plant species, climatic
conditions, soil pH and the content of selenium antagonists, such as ar-
senic, sulfur and lead. Diseases caused by deficiency of selenium occur mostly
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in areas where soils are acidic and characterized by selenium deficiency or
excess levels of selenium in the form of poorly available compounds, such
as selenium sulfide. Higher disease rates are reported after cold and wet
summers, and in areas intensively fertilized with superphosphate and sulfur
(BEDNAREK, BIK 1994b). In metabolic patterns, marked differences in seleni-
um distribution are reported, subject to dietary levels of this trace element.
In selenium-deficient diets, this element is first incorporated into specific
proteins with vital bodily functions (selenoprotein P, thyronine 5'-deiodinase),
and successive amounts of ingested selenium are combined with non-specific
proteins. Variations are also noted in tissue distribution of selenium. The
brain, endocrine glands and reproductive organs are priority pathways of
selenium absorption, before the liver, heart, skeletal muscles and erythro-
cytes, which explains why the latter organs are more susceptible to defi-
ciency of selenium (FLORIAÑCZYK 1999). Selenium deficiency contributes to
pathological changes in farm animals, which incur vast financial losses each
year. Although selenium deficiency affects all animal species, ruminants,
mostly lambs and goats, seem to be particularly susceptible. The adverse
effects of selenium deficiency on animals were first documented in 1957,
when low levels of selenium and vitamin E were recognized as a potential
cause of nutritional muscular dystrophy (NMD) (MUTH et al. 1958). This con-
dition, also known as white muscle disease, affects lambs, kids, foals, calves
and poultry from birth to 3 months of age. NMD induces hyaline degenera-
tion of skeletal muscle cells in various parts of the body, including the dia-
phragm, cardiac muscle and tongue (BEYTUT et al. 2002). The disease exists
in two forms: acute, which affects the cardiac muscle, and subacute, which
impairs mostly skeletal muscles. The clinical symptoms of acute NMD in-
clude tachycardia, arrhythmia, dyspnea at rest and cyanosis. In 60% of cas-
es, acute NMD leads to sudden death. Chronic NMD is the most common
form of the disease, and the affected animals have difficulty in standing up
and maintaining a standing position. Changes in tongue muscles prevent
suckling and swallowing, leading to milk discharge through the nostrils.
Young animals affected by hyposelenosis are more susceptible to respiratory
and gastric infections. Lower body gains are frequently reported (ALEMAN

2008). In adult individuals, selenium deficiency impairs fertility, contributes
to the formation of ovarian cysts and increased embryonic mortality in the
first 3-4 weeks after insemination (ISHII et al. 2002, HEMINGWAY 2003, PAL-
MIERI, SZAREK 2011). Placental retention is one of the most frequently en-
countered fertility disorders that accompany selenium deficiency. Selenium-
dependent GSH-Px protects the placenta which undergoes rapid degeneration
after parturition. The enzyme metabolizes peroxides into less biologically
active forms to protect cell membranes against the adverse consequences of
oxidation that can lead to physical and chemical changes. Neutrophil dam-
age caused by reactive oxygen species is yet another selenium-related cause
of placental retention (RUTIGLIANO et al. 2008). Parturition problems result-
ing from reduced tension of the muscular layer of the uterus, postparturi-
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ent paraplegia and purulent inflammations of the uterine lining are also
attributed to low selenium levels. Selenium and vitamin E facilitate neu-
trophil migration to the mammary gland and enhance the bactericidal ef-
fects of neutrophils, thus shortening and alleviating the symptoms of clini-
cal mastitis (MOEINI et al. 2009). The mastitis-metritis-agalactia syndrome
(MMA) in pigs has been found to be closely correlated with selenium defi-
ciency (HOSTETLER, KINCAID 2004). Low selenium levels also contribute to die-
tary necrotic liver degeneration and mulberry heart disease. Dietary necrot-
ic liver degeneration, also known as toxic liver necrosis, affects mostly young,
fast growing and apparently healthy pigs. In young animals, mulberry heart
disease may lead to sudden death due to acute heart failure. Numerous
spots and smudges (foci of cardiomyocyte degeneration), separated by ex-
travased regions, are observed in the affected heart (SHARP et al. 1970). Low
levels of selenium and vitamin E may be a cause of exudative diathesis in
poultry. The disease affects mostly chicks aged 3-6 weeks and, less frequent-
ly, young turkeys, ducks and quails. It is manifested by subcutaneous ede-
ma, mainly in the area of the abdomen, chest and neck. In swollen areas,
the skin takes on a purple-red color, and it ultimately turns greenish-blue.
The disease leads to loss of appetite, weight loss and massive deaths. In
poultry, selenium deficiency decreases egg laying and hatchability, and it
inhibits feather growth (KOLLER, EXON 1986, SURAI 2002).

CONCLUSIONS

Selenium has a variety of functions. Owing to the antioxidant properties
of glutathione peroxidase, selenium effectively neutralizes free radicals. This
trace element is also essential to good health. The biological role of seleni-
um-containing proteins needs to be explored in greater depth to validate
positive health effects of selenium. Selenium is a promising element in pre-
vention and treatment of various diseases, including cancer, but further work
is needed to confirm the benefits of selenium supplementation in animals
and humans.

REFERENCES

AKYOL T., BULUCU F., SENER O., YAMANEL L., AYDIN A., INAL V., BOZOGLU E., DEMIRKAYA E., EKEN A.,
MUSABAK U. 2007. Function and oxidative stress status in patient with nephritic syndro-
me. Biol. Trace. Elem. Res., 116: 237-248.

ALEMAN M. 2008. A review of equine muscle disorders. Neuromuscul. Disord., 18: 277-287

ARNER E.S., HOLMGREN A. 2000. Physiological functions of thioredoxin and thioredoxin re-
ductase. Eur. J. Biochem., 267: 6102-6109.

ARTHUR J.R. 1997. Non-glutation peroxidase functions of selenium. J. Equine Vet. Sci., 17:
422-423.



338

ARTHUR J.R. 2000. The glutation peroxidases. Cell. Mol. Life Sci., 57: 1825-1835.

ARTHUR J.R., MCKENZIE R.C., BECKETT G.J. 2003. Selenium in the immune system. J. Nutr.,
133: 1457-1459.

BEDNAREK D., BIK D. 1994a. Influence of selenium on animals’ health. Part I. Toxic properties.
¯ycie Wet., 6: 240-242. (in Polish)

BEDNAREK D., BIK D. 1994b. Influence of selenium on animals’ health. Part II. Result of
deficiency. ¯ycie Wet., 7:269-272. (in Polish).

BEYTUT E., KARATAS F., BEYTUT E. 2002. Lambs with white muscle disease and selenium
content of soil and meadow hay in the region of Kars, Turkey. Vet. J., 163: 214-217.

BROWN K.M., ARTHUR J.R. 2001. Selenium, selenoproteins and human health: a review. Public
Health Nutr., 4: 593-599.

CAO Y., MADDOX J.F., MASTRO A.M., SCHOLZ R.W., HILDEBRANDT G., RADDY C.C. 1992. Selenium
deficiency alters the lipooxygenase pathway and mitogenic response in bovine lympho-
cytes. J. Nutr., 122: 2121-2127.

CHADIO S.E., KOTSAMPASI B.M., MENEGATOS J.G., ZERVAS G.P., KALOGIANNIS D.G. 2006. Effect of
selenium supplementation on thyroid hormone levels and selenoenzyme activities in
growing lambs. Biol. Trace. Elem. Res., 109: 145-154.

COMBS G.F., GRAY W.P. 1998. Chemopreventive agents: selenium. Pharmacol. Ther., 79: 179-192.

DANIELS  L.A. 1996. Selenium metabolism and bioavailability. Biol. Trace. Elem. Res., 54:
185-199.

DHILLON K.S., DHILLON S.K. 2003. Distribution and management of seleniferous soils. Adv.
Agronomy. Academic Press, 119-84.

FLORIAÑCZYK B. 1999. Selenium and selenoproteins in the health and disease. Nowiny Lekar-
skie, 68: 244–253. (in Polish)

GHANY-HEFNAWY A.E., TORTORA-PEREZ J.R.  2010. The importance of selenium and the effects of
its deficiency in animals health. Small Rumin. Res., 89: 185-192.

GUYOT H., SPRING P., ANDRIEU S., ROLLIN F. 2007. Comparative responses to sodium selenite and
organic selenium supplements in Belgian Blue cows and calves. Liv. Sci., 111: 259-263.

HADDAD E.B., MCCLUSKIE K., BIRREL M.A., DABROWSKI D., PECORARO M., UNDERWOOD S., CHEN B.,
DE SANTCTIS G.T., WEBBER S.E., FOSTER M.L., BELVISI M.G. 2002. Differential effects of
ebselen on neutrophil recruitment, chemokine, and inflammatory mediator expression
in rat model of lipopolysacharide-induced pulmonary inflammation. J. Immunol., 169:
974-982.

HAWKES W.C., KELLEY D.S., TAYLOR P.C. 2001. The effect of dietary selenium on immune
system in healthy men. Biol. Trace Elem. Res., 81: 189-213.

HEMINGWAY R.G. 2003. The influences of dietary intakes and supplementation with selenium
and vitamin E on reproduction disease and reproductive efficiency in cattle and sheep.
Vet. Res. Comm., 27: 159-174.

HESS S.Y., ZIMMERMANN M.B. 2004. The effects of micronutrient deficiencies on iodine nutri-
tion and thyroid metabolism. Internat. J. Vit. Nutr. Res., 74: 103-115.

HILL K.E., CHITTUM H.S., LYONS R.P., BOEGLIN M.E., BURK R.F. 1996. Effect of selenium on
selenoprotein P expression in cultured liver cells. Biochim. Biophys. Acta, 1313: 29-34.

HOFFMAN P.R. 2007. Mechanisms by which selenium influences immune responses. Arch.
Immunol. Ther. Exp., 55: 289-297.

HOGUE D.E. 1970. Selenium. J. Dairy Sci., 53: 1135-1137.

HOSTETLER C.E., KINCAID R.L. 2004. Gestational changes in concentrations of selenium and
zinc in the porcine fetus and the effects of maternal intake of selenium. Biol. Trace.
Elem. Res., 97: 70.



339

ISHII M., OGATA H., SHIMIZU H., TAKEUCHI Y., NOZAWA T., YAMAMOTO Y., OKAMOTO T., SHIMAMURA T.,
UTSUMI A., JITSUKAWA T., ENDO M., FUKUDA T., YAMANOI T. 2002. Effects of vitamin E and
selenium administration on pregnant, heavy draft mares on placental retention time
and reproductive performance and on white muscle disease in their foals. J. Equine
Vet. Sci., 22: 213-220.

JOHNSON V.J., TSUNODA M., SHARMA R.P. 2000. Increased production of proinflammatory cytoki-
nes by murine macrophages following oral exposure to sodium selenite but not to
seleno-L-methionine. Arch. Environ. Contam. Toxicol., 39: 243-250.

JOZSEF L., FILEP J. 2003. Selenium-containing compounds attenuate peroxynitrite-mediated
NF-kB and AP-1 activation and interleukin-8 gene and protein expression in human
leukocytes. Free Radic. Biol. Med., 35: 1018-1027.

KAMADA H., NONAKA I., UEDA Y., MURAI M. 2007. Selenium addition to colostrum increases
immunoglobulin G absorption by newborn calves. J. Dairy Sci., 90: 5665-5670.

KOLLER L.D., EXON J.H. 1986. The two faces of selenium deficiency and toxicity are similar
in animals and man. Can. J. Vet. Res., 50: 297-306.

KOLLER L.D., EXON J.H., TALCOTT P.A., OSBORNE C.A., HENNINGSEN G.M. 1986. Immune responses
in rats supplemented with selenium. Clin. Exp. Immunol., 63: 570-576.

LENZ M., LENS P.N.L. 2009. The essential toxin: The changing perception of selenium in
environmental sciences. Sci. Total Environ., 407: 3620-3633.

LESCURE A., REDERSTORFF M., KROL A., GUICHENEY P., ALLAMAND V. 2009. Selenoprotein function
and muscle disease. Biochim. Biophys. Acta, 1790: 1569–1574.

LOFLIN J., LOPEZ N., WHANGER P.D., KIOUSSI CH. 2006. Selenoprotein W during development and
oxidative stress. J. Inorg. Biochem., 100: 1679–1684.

LOPEZ-HERAS I., PALOMO M., MADRID Y. 2011. Selenoproteins: the key factor in selenium essen-
tiality. State of the art analytical techniques for selenoprotein studies. Anal. Bioanal.
Chem., 400: 1717-1727.

LU C., QIU F., ZHOU H., PENG Y., HAO W., XU J., YUAN J., WANG S., QIANG B., XU C., PENG X. 2006.
Identification and characterization of selenoprotein K: An antioxidant in cardiomyocy-
tes. FEBS Lett., 580: 5189-5197.

LU J., BERNDT C., HOLMGREN A. 2009. Metabolism of selenium compounds catalyzed by the
mammalian selenoprotein thioredoxin reductase. Biochim. Biophys. Acta, 170: 1513-
-1519.

MAGGINI S., WINTERGERST E.S., BEVERIDGE S., HORNING D.H. 2007. Selected vitamins and trace
elements support immune function by strengthening epithelial barriers and cellular
and humoral immune responses. Br. J. Nutr., 98: 29-35.

MOEINI M.M., KARAMI H., MIKAEILI E. 2009. Effect of selenium and vitamin E supplementation
during the late pregnancy on reproductive indices and milk production in heifers.
Anim. Reprod. Sci., 114: 109–114.

MUTH O.H., OLDFIELD J.E., REMMERT I.F., SCHUBERT J.R. 1958. Effects of selenium and vita-
min E on white muscle disease. Science, 128: 1090.

NUTTAL K.L. 2006. Evaluating of selenium poisoning. Ann. Clin. Lab. Sci., 36: 409-420.

PALMIERI CH., SZAREK J. Effect of maternal selenium supplementation on pregnancy in hu-
mans and livestock. J. Elem., 16(1): 143-156. DOI:10.5601/J. Elem.2011.16.1.15

PANTER K.E., JAMES L.F. 1990. Natural plant toxicants in milk: a review. J. Anim. Sci., 68:
892-904.

PERSSON-MOSCHOS M., 2000. Selenoprotein P. Cell. Mol. Life Sci., 57: 1836-1845.

PFEIFER H., CONRAD M., ROETLEIN D., KYRIAKOPOULOS A., BRIELMEIER M., BORNKAMM G.W. BEHNE D.
2001. Identification of specific sperm nuclei selenoenzyme necessary for protamine thiol
cross-linking during sperm maturation. FASEB J., 15: 1236-1238.



340

QIN S., GAO J., HUANG K. 2007.  Effects of different selenium sources on tissue concentra-
tions, blood GSH-Px activities and plasma interleukin levels in finishing lambs. Biol.
Trace. Elem. Res., 116: 91-102.

REINHARD K., BLOOS F., MARX G., RUSSWURN S., BAUER M., BRUNKSHORST F. 2007. Time course and
relationship between plasma selenium concentrations, systemic inflammatory response,
sepsis and multiorgan failure. Br. J. Anaesth., 98: 775-784.

RUTIGLIANO H., LIME F., CERRI R., GRECO L. 2008. Effects of method presynchronisation and
source of selenium on uterine health and reproduction in dairy cows. J. Dairy Sci., 91:
3323-3336.

SANZ ALAEJOS M., DÝ´AZ ROMERO F. J., DÝ´AZ ROMERO C. 2000. Selenium and cancer: some nutri-
tional aspects. Nutrition, 16: 376–383.

SCHWARTZ K, FOLTZ C.M. 1957. Selenium as an integral part of factor 3 against dietary
necrotic liver degeneration. J. Amer. Chem. Soc.,79: 3292-3298.

SHARP B.A., YOUNG L.G., VAN DREUMEL A.A.1970. Vitamin E and selenium responsive diseases
in swine: nutritional aspects. Proceedings of the Canadian Feed Manufacturer’s Asso-
ciation, College Feed Industry Seminar, 9-15.

SHRIMALI R.K., IRONS R.D., CARLSON B.A., SANO Y., GLADYSHEV V.N., PARK I.M. HATFIELD D.L. 2008.
Selenoproteins mediate T cell immunity through an antioxidant mechanism. J. Biol.
Chem., 283: 20181-20185.

SPYROU G., BJORNSTEDT M., KUMAR S., HOLMGREN A. 1995. AP-1 DNA-binding activity is inhibi-
ted by selenite and selenodiglutathione. FEBS Lett., 368: 59-63.

SURAI P.F., 2002. Selenium in poultry nutrition. World’s Poult. Sci. J., 58: 333-347.

SUTHERLAND A., KIM D., RELTONC., AHN Y., HESKETH J. 2010. Polymorphisms in the selenoprote-
in S and 15-kDa selenoprotein genes are associated with altered susceptibility to colo-
rectal cancer. Genes Nutr., 5: 215-223.

TINGGI U. 2003.  Essentiality and toxicity of selenium and its status in Australia: a review.
Toxicol. Lett., 137: 103-110

URSINI F., HEIM S., KIESS M., MAIORINO M., ROVERI A., WISING J., FLOHE L. 1999. Dual function of
the selenoproteins PHGPx during sperm maturation. Science, 285: 1393-1396.

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 P.D. 2000. Selenoprotein W: a review. Cell. Mol. Life Sci., 57: 1846-1852.

WINTERGERST E.S., MAGGINI S., HORNIG D.H. 2007. Contribution of selected vitamins and trace
elements to immune function. Ann. Nutr. Metab., 51: 301-323.

YANG D.Y., CHANG C.J., PEH H.C., CHEN M.T. 2004. Anti-peroxidation effects of vitamin E on
low density lipoprotein and milk fat globule membrane of lactating goats in vivo versus
metal ion challenge in vitro. Comp. Biochem. Physiol. A., 139: 11-20.

ZAGRODZKI P. 2004. Selenium and the immune system. Post. Hig. Med. Doœw., 58: 140-149. (in
Polish)

ZHANG S., ROCOURT C., CHENG W. 2010.  Selenoproteins and the aging brain. Mech. Ageing
Dev., 131: 253-260.


