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Preface

Among many minerals selenium has a special place being the most controversial trace
element. Indeed a narrow gap between essentiality and toxicity and environmental
issues on the one hand and global selenium deficiency on the other hand, fuel research
in this field. There were several breakthroughs in selenium research. The first one was
the discovery of Se essentiality in early 1960s. The second one was the discovery in
1973 that glutathione peroxidase is a selenoprotein. The third one came almost 30 years
later with characterisation of main selenoproteins in human and animal body and
further understanding the role of selenium in nutrition and health. Indeed, this third
breakthrough is really a selenium revolution creating many hypotheses, stimulating
new research and providing practical applications in medicine and agriculture. New
insight in the role of free radicals as signalling molecules, understanding the role of
nutrients in gene expression and maternal programming, tremendous progress in
human and animal genome work created new demands for further research related
to biological roles of selenium.

Several comprehensive monographs and reviews have been recently published
addressing various Se-related issues. However, most of them were dealing with Se
roles in human health. Animal food-producing industry is developing very quickly
and a great body of information was accumulated indicating importance of Se in
maintenance of animal health, productive and reproductive performance. Our
previous comprehensive book ‘Selenium in Nutrition and Health’ was published in
2006 and a lot of important Se-related information has been accumulated for the last
10 years. Therefore, the goal of this volume is to provide up to date information about
the roles of Se in poultry nutrition and health. In Chapter 1 a special emphasis is given
to the role of selenium as an essential part of the integrated antioxidant system of the
body with regulatory functions providing necessary connections between different
antioxidants. In fact selenium is called ‘the chief executive of the antioxidant defence’
Chapter 2 is addressing molecular mechanisms of Se action describing major functions
of the selenoproteins. Indeed, the family of selenoproteins includes 25 members and
functions of many of them are still not well understood. Selenium in feed is described
in Chapter 3. The main idea of this chapter is to describe an organic Se concept.
Indeed, in grains and some other important food ingredients selenomethionine is the
main Se form. The idea was put forward that during evolution the digestive system
of human and animals was adapted to natural form of selenium consisting of SeMet
and other organic selenocompounds. Therefore, this form of Se is more efficiently
assimilated in the body than inorganic forms of selenium. In fact SeMet is considered
to be the storage form of selenium in the body. Accumulation of the Se reserves in
the body as a result of organic selenium consumption is considered as an adaptive
mechanism providing additional antioxidant defences in stress conditions. The three
generations of Se supplements for poultry are characterised. Chapter 4 is devoted to
Se-deficiency diseases in poultry with a specific emphasis to new data on the effect of
Se deficiency on the expression of various selenoproteins in different chicken tissues.
Indeed, oxidative stress is considered to be a driving force in the development of such
Se-deficiency diseases as encephalomalacia, exudative diathesis, nutritional muscular
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dystrophy, nutritional pancreatic atrophy, impaired immunocompetence and
decreased productive and reproductive performance of chickens. The data presented
in Chapter 5 indicate importance of Se in growth, development and reproduction of
poultry. The main idea of the chapter is to show benefits of various forms of organic
Se on antioxidant defences in the body leading to improvement of productive and
reproductive performance of poultry and poultry product quality. Indeed, organic
selenium is proven to be the most effective form of Se supplementation for poultry
and farm animals. Chapter 6 is devoted to the link between animal industry and
human health and describing some features of new technologies for production of
Se-enriched eggs and meat. In fact, production of a range of Se-enriched products
is considered as an important solution for global Se deficiency. Se-enriched eggs are
already on supermarket shelves in many countries worldwide with millions of such
eggs sold daily. Chapter 7 is devoted to the role of selenium in immunity. It is difficult
to overestimate immunomodulating properties of selenium and increased resistance
to various diseases of poultry/animals is a result of optimal Se status. The possibility
of virus mutation in the body of animals deficient in selenium is of great importance
for understanding mechanisms of spreading such diseases as chicken influenza, etc.
The last chapter is devoted to the antioxidant-prooxidant balance in the digestive
tract. It seems likely that this balance has been overlooked by scientists. However, the
specific roles of selenoproteins in such a balance need further investigation. Indeed,
chicken health starts from its gut. I understand that my views on the role of selenium
in poultry nutrition and health are sometimes different from those of other scientists
and therefore I would appreciate very much receiving any comments from readers
which will help me in my future research. I would like to thank my colleagues with
whom I have had the pleasure to collaborate and share my ideas related to natural
antioxidants and selenium in particular, who helped me at various stages of this
research by providing reprints of their recent publications. I am also indebted to
the World’s Poultry Science Association for the Research Award and a grant of the
Government of Russian Federation (Contract No. 14.W03.31.0013) supporting my
research.

Peter E Surai
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Chapter 1
Antioxidant systems in animal body

Self-preservation is the first law of nature

1.1 Introduction

For the majority of organisms on Earth, life without oxygen is impossible. Animals,
plants and many microorganisms rely on oxygen for efficient production of energy.
However, the high oxygen concentration in the atmosphere is potentially toxic for
living organisms. It is interesting that oxygen toxicity was first described in laboratory
animals in 1878 (see Knight, 1998). For the last three decades free radical research has
generated valuable information for further understanding not only the detrimental,
but also the beneficial role of free radicals in cell signalling and other physiological
processes. The benefit or harm of free radicals ultimately depend on the level of their
production and efficiency of antioxidant defence.

1.2 Free radicals and reactive oxygen and nitrogen species

Free radicals are atoms or molecules containing one or more unpaired electrons. Free
radicals are highly unstable and reactive and are capable of damaging biologically
relevant molecules, such as DNA, proteins, lipids or carbohydrates. The animal
body is under constant attack from free radicals, formed as a natural consequence
of the body’s normal metabolic activity and as part of the immune system’s strategy
for destroying invading microorganisms. The internal and external sources of free
radicals are shown in Table 1.1. Collective terms reactive oxygen species (ROS) and
reactive nitrogen species (RNS) have been introduced (Halliwell and Gutteridge,
1999) including not only the oxygen or nitrogen radicals, but also some non-radical
reactive derivatives of oxygen and nitrogen (Table 1.2).

Superoxide (O,e") is the main free radical produced in biological systems during
normal respiration in mitochondria and by autoxidation reactions with half-life at
37 °C in the range of 1x10°® seconds. Superoxide can inactivate some enzymes due to
formation of unstable complexes with transition metals of enzyme prosthetic groups,
followed by oxidative self-destruction of the active site (Chaudiere and Ferrari-Iliou,
1999). Depending on the conditions, superoxide can act as oxidizing or as reducing
agent. It is necessary to mention that superoxide, by itself, is not extremely dangerous
and does not rapidly cross the lipid membrane bilayer (Kruidenier and Verspaget,
2002). However, superoxide is a precursor of other, more powerful ROS. For example,
it reacts with nitric oxide with the formation of peroxynitrite (ONOQO"), a strong
oxidant, which leads to the formation of reactive intermediates due to spontaneous

Peter F. Surai Selenium in poultry nutrition and health
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Chapter 1

Table 1.1. Internal and external sources of free radicals (adapted from Surai, 2006).

Internally generated Factors promoting ROS formation

Mitochondria (ETC) Cigarette smoke

Phagocytes (NADPH-oxidase) Radiation

Xanthine oxidase UV light

Reactions with Fe?* or Cu* Pollution

Arachidonate pathways Certain drugs

Peroxisomes Chemical reagents

Inflammation Industrial solvents

Biomolecule oxidation (adrenaline, dopamine, High level of ammonia
tetrahydrofolates, etc.) Mycotoxins

Table 1.2. Reactive oxygen and nitrogen species (adapted from Surai, 2006).

Radicals Non-radicals

Alkoxyl, RO- Hydrogen peroxide, H,0,
Hydroperoxyl, HOO» Hypochlorous acid, HOCI
Hydroxyl, *OH Ozone, O,

Peroxyl, ROO* Singlet oxygen, 1O2
Superoxide, O, Peroxynitrite, ONOO"
Nitric oxide, NO* Nitroxyl anion, NO
Nitrogen dioxide, NO,* Nitrous acid, HNO,

decomposition (Kontos, 2001; Mruk et al., 2002). In fact ONOO™ was shown to
damage a wide variety of biomolecules, including proteins (via nitration of tyrosine
or tryptophan residues or oxidation of methionine or selenocysteine residues), DNA
and lipids (Groves, 1999). Superoxide can also participate in the production of more
powerful radicals by donation of an electron, thereby reducing Fe** and Cu?* to Fe?*
and Cu*, as follows:

0, + Fe’*/Cu?* ——» Fe?*/Cu* + O,

Further reactions of Fe?* and Cu* with H,0, are the source of the hydroxyl radical
(¢OH) in the Fenton reaction:

H,0, + Fe**/Cut* ——» *OH + OH" + Fe**/Cu?*
The sum of the reaction of superoxide radicals with transition metals and of transition

metals with hydrogen peroxide is known as the Haber-Weiss reaction. It is necessary
to underline that the superoxide radical is a ‘double-edged sword: It is beneficial when

20 Selenium in poultry nutrition and health



Antioxidant systems in animal body

produced by activated polymorphonuclear leukocytes and other phagocytes as an
essential component of their bactericidal activities, but in excess it may result in tissue
damage associated with inflammation.

Hydroxyl radicals are the most reactive species with an estimated half-life of only
about 10 seconds. It can damage any biological molecule it touches, however, its
diffusion capability is restricted to only about two molecular diameters before reacting
(Yu, 1994). Therefore, in most cases, the damaging effect of a hydroxyl radical is
restricted to the site of its formation. In general, hydroxyl radicals can be generated in
the human/animal body as a result of radiation exposure from natural sources (radon
gas, cosmic radiation) and from man-made sources (electromagnetic radiation and
radionuclide contamination). In fact, in many cases, hydroxyl radicals are a trigger of
the chain reaction in lipid peroxidation.

Therefore, ROS/RNS (Table 1.2) are constantly produced in vivo in the course of
the physiological metabolism in tissues. It is generally accepted that the electron-
transport chain in the mitochondria is responsible for the major part of superoxide
production in the body (Halliwell and Gutteridge, 1999). Mitochondrial electron
transport systems consume more than 85% of all oxygen used by the cell and, because
the efficiency of electron transport is not 100%, about 1-3% of the electrons escape
from the chain and the univalent reduction of molecular oxygen results in superoxide
anion formation (Chow et al., 1999; Halliwell, 1994; Singal ef al., 1998). About 10'2
O, molecules are processed daily by each rat cell and if leakage of partially reduced
oxygen molecules is about 2%, this will yield about 2x10'9 molecules of ROS per cell
per day (Chance et al., 1979). An interesting calculation has been made by Halliwell
(1994), showing that in the human body about 1.72 kg/year of superoxide radicals
is produced. In stress condition this would be substantially increased. Clearly, these
calculations show that free radical production in the body is substantial and many
thousands of biological molecules can be easily damaged if they are not protected.
The activation of macrophages in stress conditions is another important source of free
radical generation. Immune cells produce ROS/RNS and use them as an important
weapon to destroy pathogens (Kettle and Winterbourn, 1997; Schwarz, 1996).

The most important effect of free radicals on the cellular metabolism is due to their
participation in lipid peroxidation reactions (Surai, 2006). The first step of this process
is called the initiation phase, during which carbon-centred free radicals are produced
from a precursor molecule, for example polyunsaturated fatty acid (PUFA):

Initiator

LH——» L.
The initiator in this reaction could be the hydroxyl radical, radiation or some other
events or compounds. In presence of oxygen, these radicals (Le) react with oxygen
producing peroxyl radicals starting the next stage of lipid peroxidation called the
propagation phase:

Le +0,—» LOO.
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Chapter 1

At this stage a relatively unreactive carbon-centred radical (Le) is converted to a
highly reactive peroxyl radical. The resulting peroxyl radical can attack any available
peroxidazable material producing hydroperoxide (LOOH) and new carbon-centred
radical (Le):

LOOe + LH——» LOOH + Lo

Therefore, lipid peroxidation is a chain reaction and a potentially large number of
cycles of peroxidation could cause substantial damage to cells. In membranes the
peroxidazable material is represented by PUFAs. It is generally accepted that PUFA
susceptibility to peroxidation is proportional to the amount of double bounds in the
molecules. In fact, docosahexaenoic acid (DHA, 22:6n-3) and arachidonic acid (20:4n-
6) are among the major substrates of peroxidation in the membrane. It is necessary
to underline that the same PUFAs are responsible for maintenance of physiologically
important membrane properties, including fluidity and permeability. Therefore, as
a result of lipid peroxidation within the biological membranes, their structure and
functions are compromised. Proteins and DNA are also important targets for ROS.

It has been shown that the DNA in each cell of a rat is hit by about 100,000 free
radicals a day and each cell sustains as many as 10,000 potentially mutagenic (if not
repaired) lesions per day arising from endogenous sources of DNA damage (Ames,
2003; Ames and Gold, 1997; Diplock, 1994; Helbock et al., 1998). Therefore, some
oxidative lesions escape repair and the steady state level of oxidative lesions increases
with age; an old rat has accumulated about 66,000 oxidative DNA lesions per cell
(Ames, 2003). Oxidation, methylation, deamination and depurination are four
endogenous processes leading to significant DNA damage with oxidation to be most
significant one and approximately 20 types of oxidatively altered DNA molecules
have been identified. The chemistry of attacks by ROS on DNA is very complex and
lesions in chromatin include damage to bases, sugar lesions, single strand breaks,
basic lesions and DNA-nucleoprotein cross-links (Diplock, 1994).

The complex structure of proteins and the variety of oxidisable functional groups of
amino acids makes them susceptible to oxidative damage. In fact, the accumulation
of oxidised proteins has been implicated in the aging process and in other age-related
pathologies. A range of oxidised proteins and amino acids has been characterised
in biological systems (Dean et al., 1997; Kehrer, 2000). In general, the accumulation
of oxidised proteins depends on the balance between antioxidants, prooxidants and
removal/repair mechanisms. Oxidation of proteins leads to the formation of reversible
disulfide bridges. More severe protein oxidation causes a formation of chemically
modified derivatives, e.g. shiff’s base (Tirosh and Reznick, 2000). Nitric oxide,
hydroxyl radicals, alkoxyl and peroxyl radicals, as well as carbon-centred radicals,
hydrogen peroxide, aldehydes or other products of lipid peroxidation can attack
protein molecules. Usually oxidative modification of proteins occurs by two different
mechanisms: a site-specific formation of ROS via redox-active transition metals and
non-metal-dependent ROS-induced oxidation of amino acids (Tirosh and Reznick,
2000). The modification of a protein occurs by either a direct oxidation of a specific
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Antioxidant systems in animal body

amino acid in the protein molecule or by cleavage of the protein backbone. In both
cases biological activity of the modified proteins would be compromised. The degree
of protein damage depends on many different factors (Grune et al., 1997):

o the nature and relative location of the oxidant or free radical source;

 nature and structure of protein;

o the proximity of ROS to protein target;

o the nature and concentrations of available antioxidants.

Free radicals are implicated in the initiation or progression phase of various diseases,
including cardiovascular disease, some forms of cancer, cataracts, age-related macular
degeneration, rheumatoid arthritis and a variety of neuro-degenerative diseases
(Hogg, 1998; McCord, 2000). In poultry production, overproduction of free radicals
and oxidative stress are considered to be related to various type of stresses, including,
nutritional, technological, environmental and internal stresses (Figure 1.1; Surai and
Fisinin, 2016a,b,c,d). In general, it is widely believed that most human and animal/
poultry diseases at different stages of their development are associated with free radical
production and metabolism (Surai, 2002, 2006). Normally, there is a delicate balance
between the amount of free radicals generated in the body and the antioxidants to
protect against them. For the majority of organisms on Earth, life without oxygen is
impossible, animals, plants and many micro-organisms rely on oxygen for the efficient
production of energy. However, they pay a high price for the pleasure of living in
an oxygenated atmosphere since high oxygen concentration in the atmosphere is
potentially toxic for living organisms.

1.3 Three levels of antioxidant defence

During evolution, living organisms have developed specific antioxidant protective

mechanisms to deal with ROS and RNS (Halliwell and Gutteridge, 1999). Therefore,

it is only the presence of natural antioxidants in living organisms which enable them
to survive in an oxygen-rich environment (Halliwell, 1994, 2012). These mechanisms
are described by the general term ‘antioxidant system. It is diverse and responsible for
the protection of cells from the actions of free radicals. This system includes:
 natural fat-soluble antioxidants (vitamin E, carotenoids, ubiquinones, etc.);

« water-soluble antioxidants (ascorbic acid, uric acid, carnitine, taurine, etc.);

« antioxidant enzymes: glutathione peroxidase (GSH-Px), catalase (CAT) and
superoxide dismutase (SOD);

o thiol redox system, consisting of the glutathione system (glutathione/glutathione
reductase/glutaredoxin/glutathione peroxidase) and the thioredoxin system (thio-
redoxin/thioredoxin peroxidase/thioredoxin reductase) (Figure 1.2; for details see
Chapter 2).

The antioxidant capacity of a compound is determined by multiple factors in addition
to the reactivity towards free radicals, including chemical reactivity towards free
radicals; fate of antioxidant-derived radicals; interaction with other antioxidants;
concentration, distribution, mobility, and metabolism at the micro-environment
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Figure 1.1 External stresses impact cellular functions and animal productivity.

(Niki, 2014, 2016). The protective antioxidant compounds are located in organelles,
subcellular compartments, or the extracellular space enabling maximum cellular
protection to occur. Thus, the antioxidant system of the living cell includes three
major levels of defence (Niki, 1996; Surai, 1999, 2002, 2006).
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The first level of defence is responsible for prevention of free radical formation by
removing precursors of free radicals or by inactivating catalysts and consists of three
antioxidant enzymes, namely, SOD, GSH-Px and CAT plus metal-binding proteins
(Figure 1.3).

Since the superoxide radical is the main free radical produced in physiological
conditions in the cell (Halliwell, 1994), superoxide dismutase (EC 1.15.1.1) is
considered to be the main element of the first level of antioxidant defence in the
cell (Surai, 1999). This enzyme dismutates the superoxide radical in the following
reaction:

. SOD
20, +2Ht —— » H,0,+0,

1.4 Superoxide dismutase in biological systems

Superoxide dismutase was discovered by McCord and Fridovich in 1969 as an
enzymatic activity in preparations of carbonic anhydrase or myoglobin that inhibited
the aerobic reduction of cytochrome C by xanthine oxidase. Therefore, haemocuprein,
which was discovered much earlier, became copper-zinc superoxide dismutase
(Bannister, 1988). This discovery opened a new era in free radical research. At present,
three distinct isoforms of SOD have been identified in mammals, and their genomic
structure, cDNA, and proteins have been described (Zelko et al., 2002). A fourth

First level of defence:

Prevention of radical formation, maintaining redox balance and signalling

SOD, GSH-Px, catalase, glutathione and thioredoxin systems, metal-binding proteins,
vitagenes, transcription factors (Nrf2, NF-kB, etc.), HSF, etc.

Second level of defence:

Prevention and restriction of chain formation and propagation

Vitamins A, E, C, carotenoids, ubiquinols, glutathione, uric acid, carnitine, betaine, etc.

Third level of defence:

Repair or excision of damaged molecules

Lipases, peptidases, proteases, transferases, DNA-repair enzymes, MsrB, HSPs, etc.

Figure 1.3. Three lines of antioxidant defence in animal cells (adapted from Surai, 1999).
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form of the enzyme Fe-SOD was isolated from various bacteria but not found in
animals. Furthermore, a novel type of nickel-containing SOD was purified to apparent
homogeneity from the cytosolic fractions of Streptomyces spp. (Youn et al., 1996). The
biosynthesis of SODs, in most biological systems, is well controlled. In fact, exposure
to increased pO,, increased intracellular fluxes of O,", metal ions perturbation, and
exposure to several environmental oxidants have been shown to influence the rate of
SOD synthesis in both prokaryotic and eukaryotic organisms (Hassan, 1988). A range
of transcriptional factors, including nuclear factor-kappa B (NF-«xB), AP-1, AP-2,
and Spl, as well as CCAAT-enhancer-binding protein (C/EBP), have been shown
to regulate the constitutive or inducible expression levels of all three SODs (Miao
and St. Clair, 2009). Furthermore, it seems likely that in addition to transcriptional
control, epigenetic regulation and posttranscriptional modifications are responsible
for the regulation of SOD functional activity (Miao and St. Clair, 2009). Comparative
characteristics of SOD1, SOD2 and SOD3 are shown in Table 1.3.

SODI, or Cu,Zn-SOD, was the first enzyme of this family to be characterised and
is a copper and zinc-containing homodimer that is found almost exclusively in
intracellular cytoplasmic spaces. It exists as a 32 kDa homodimer and is present
in the cytoplasm and nucleus of every cell type examined (Zelko et al., 2002). The
chromosomal localization and characteristics of the SOD1 gene have been identified
in rodents, bovines and humans; the human SOD1 gene is localised on chromosome

Table 1.3. Biochemical properties of mammalian superoxide dismutase (adapted from Huang et al., 2012; Miao
and St. Clair, 2009).

Enzymes Cu,Zn-SOD Mn-SOD EC-SOD
Gene designation SOD1/Sod1 SOD2/Sod2 SOD3/Sod3
(human/mouse)
Chromosome location ~ HAS21/MMU16 HAS6/MMU17 HAS4/MMUS
(human/mouse)
Disease caused by amyotrophic lateral sclerosis none none
enzyme defects (ALS)
Metal co-factor(s) Cu?* - catalytically active; MnZ* — catalytically active ~ CuZ* — catalytically active;
Zn?* — maintains enzyme stability Zn%* — maintains enzyme stability
Active form dimer tetramer tetramer
Molecular mass, kDa 88 32 135
Subcellular locations cytosol, intermembrane space of mitochondria matrix extracellular matrix and circulation
mitochondria, nucleus
Tissue distribution liver, kidney, brain, heart heart, brain, skeletal muscle blood vessels, lung, kidney,
(from high to low) uterus
Post-translational nitration, phosphorylation, acetylation, nitration, glycosylation
modification glutathiolation, glycation phosphorylation
Inducibility not inducible inducible induced by antioxidants and
regulated through NRF
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21q22. Furthermore, the SOD1 gene consists of five exons interrupted by four
introns, which is significantly similar in different species in terms of the size of exons,
particularly the coding regions (Miao and St. Clair, 2009).

The second member of the family (SOD2) has manganese (Mn) as a cofactor and
therefore is called Mn-SOD. SOD2 is shown to have an unique genetic organisation
and little similarity with SOD1 and SOD3 (Miao and St. Clair, 2009). The primary
structure of SOD2 genes is shown to be highly conserved and it shares more than
90% sequence homology in the coding region in mouse, rat, bovine and human. The
human sod2 is located on chromosome 6q25.3 (Miao and St Clair, 2009). It was shown
to be a 96 kDa homotetramer and located exclusively in the mitochondrial matrix,
a prime site of superoxide radical production (Halliwell and Gutteridge, 1999).
Therefore, the expression of Mn-SOD is considered to be essential for the survival of
all aerobic organisms from bacteria to humans and it participates in the development
of cellular resistance to oxygen radical-mediated toxicity (Fridovich, 1995). Indeed,
Mn-SOD is shown to play a critical role in the defence against oxidant-induced injury
and apoptosis of various cells.

In fact, Mn-SOD is an inducible enzyme and its activity is affected by cytokines and

oxidative stress. Mn-SOD has been shown to play a major role in promoting cellular

differentiation and in protecting against hyperoxia-induced pulmonary toxicity

(Fridovich, 1995) being a crucial determinant of redox status of the cell. Furthermore,

Mn-SOD influences the activity of transcription factors (such as HIF-1a, AP-1, NF-xB

and p53) and affects DNA stability (Miriyala et al., 2012). A critical role of Mn-SOD

under physiological and pathological conditions has recently been reviewed in detail
and the following findings confirm the critical role of Mn-SOD in the survival of

aerobic life (Holley et al., 2012; Indo et al., 2015; Miriyala et al., 2011):

o Escherichia coli and yeasts lacking the Mn-SOD gene are highly sensitive to
oxidative stress.

e Mn-SOD gene knockout mice can only survive a few days after birth, with
pathological symptoms of many/various diseases due to mitochondrial disorders,
suggesting a critical role of the enzyme.

o Cells transfected with Mn-SOD ¢DNAs have increased resistance to various free-
radical-generating toxicants (paraquat, tumour necrosis factor, doxorubicin,
mitomycin C, irradiation, ischemic reperfusion, smoking, etc.).

e Human Mn-SOD gene transgenic mice show reduced severity of free-radical-
induced pulmonary damage and adriamycin-induced myocardial damage.

In 1982, a third SOD isozyme was discovered by Marklund and co-workers and
called extracellular superoxide dismutase (EC-SOD), due to its exclusive extracellular
location. EC-SOD is a glycoprotein with a molecular weight of 135 kDa with high
affinity for heparin. However, there are some species-specific variations in molecular
weight. The human EC-SOD gene has been mapped to chromosome 4q21 and consists
of three exons and two introns (Nozik-Grayck et al., 2005). EC-SOD is the only
antioxidant enzyme that scavenges superoxide specifically in the extracellular space.
EC-SOD is present in various organisms as a tetramer or, less commonly, as a dimer and
contains one copper and one zinc atom per subunit, which are required for enzymatic
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activity (Fattman et al., 2003). The expression pattern of EC-SOD is highly restricted
to the specific cell type and tissues where its activity can exceed that of Cu,Zn-SOD
or Mn-SOD. As a copper-containing enzyme, the activity of EC-SOD is regulated by
copper availability (Nozik-Grayck et al., 2005). EC-SOD is comparatively resistant to
high temperatures, extreme pH, and high urea concentrations, it can be inhibited by a
various agents including azide and cyanide and inactivated by diethyldithiocarbamate
and hydrogen peroxide. Oxidative stress and post-translational modification of EC-
SOD have been shown to cause loss of EC-SOD activity. The full-length mouse EC-
SOD cDNA is shown to be 82% identical to that of rat and 60% identical to human
EC-SOD (Miao and St. Clair, 2009).

Understanding the molecular mechanisms of regulation of SOD gene expression and
the factors involved in tissue- and cell-specific expression of SOD genes are of great
importance for a developing novel strategies for preventing negative consequences of
various stresses in poultry production.

1.5 Superoxide dismutase in avian biology

Chicken SOD was described and purified in the early 1970s. Indeed, in chicken liver
two types of SOD were identified, one of which was localised in the mitochondria,
while the other was found in the cytosol (Weisiger and Fridovich, 1973). The cytosol
SOD was inhibited by cyanide, whereas the mitochondrial enzyme was not. Later
this feature was used to distinguish between two forms of enzymes during assays.
The cytosol SOD was purified to homogeneity with an apparent molecular weight
in presence of mercaptoethanol of 30,600 Da and to contain copper and zinc, being
similar to the other Cu,Zn-SOD that have been isolated from diverse eukaryotes. In
fact, purified cytosol SOD from chicken liver contained 0.30% copper and 0.25% zinc.
This calculates to 0.9 atom of copper and 0.8 atom of zinc per subunit. It was also
shown that this chicken liver Cu,Zn-SOD had a tendency to polymerise (Weisiger and
Fridovich, 1973). In contrast, the mitochondrial SOD in chicken liver was found to be
a manganoprotein which had a molecular weight of 80,000 Da. It is composed of four
subunits of equal size, which are not covalently joined. It contains 2.3 atoms of Mn
per molecule and is strikingly similar to the SOD previously isolated from bacteria.
This supports the theory that mitochondria have evolved from aerobic prokaryotes.
In fact, Mn-SOD was first isolated from chicken liver (Weisiger and Fridovich, 1973).
MnSOD was found primarily in the mitochondrial matrix space, whereas Cu,Zn-
SOD, previously isolated from the cytosol, was found in the intermembrane space
(Weisiger and Fridovich, 1973a).

Cu,Zn-SOD was purified from chicken liver with a subunit Mr of 16,900 (Dameron
and Harris, 1987). Low dietary copper was associated with a decrease in SOD activity
and when the 10 day old deficient chicks were injected with 0.5 mol of CuSO,
intraperitoneally, SOD activity in aorta was restored to control levels in about 8 h.
Indeed, dietary copper regulates SOD activity in the tissues of young developing
animals. The authors also suggested that copper deficiency suppresses Cu,Zn-SOD
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activity without inhibiting synthesis or accumulation of the Cu,Zn-SOD protein in
this tissue (Dameron and Harris, 1987). Interestingly, molecular properties (amino
acid composition, molecular mass and subunit composition) of the chicken enzyme
was shown to be similar to those of a bovine erythrocyte Cu,Zn-SOD (Michalski
and Prowse, 1991). Purified chicken liver Cu,Zn-SOD was confirmed to contain
two subunits having Cu and Zn elements with a molecular weight of 16,000+500
for each (Oztiirk-Urek and Tarhan, 2001). The optimum pH of purified Cu,Zn-SOD
was determined to be 8.9. The enzyme was found to have fair thermal stability up to
45 °C at pH 7.4 over an 1 h incubation period. The SOD enzyme was not inhibited
by dithiothreitol and -mercaptoethanol, but inhibited by CN- and H,O, (Oztiirk-
Urek and Tarhan, 2001). SOD purified from chicken heart has a molecular weight
31.0+1.0 kDa and is composed of two equally sized subunits each having 1.1+0.03
and 0.97+0.02 atoms of Cu and Zn elements, respectively (Demirel and Tarhan,
2004). The Mn-SOD cDNA in chicken heart was shown to be 1,108 bp in length. The
molecular weight of the mature peptide was 22 kDa. A comparison of the deduced
amino acid sequence with that of human, rat, Caenorhabditis elegans and Drosophila
melanogaster showed that the amino acid homology rates were 82.4, 84.7, 62.4 and
59.3%, respectively (Bu et al., 2001). SOD activity in avian tissues depends on many
different factors, including genetics, nutrition and various stress factors. For example,
SOD activity in the Jungle Fowl feather melanocytes was shown to be 2- and 4-fold
higher than that in Barred Plymouth Rock and White Leghorn tissue, respectively
(Bowers et al., 1994).

The hydrogen peroxide formed by SOD action can be detoxified by GSH-Px or CAT
which reduce it to water as follows:

H,0, + 2GSH —12% . GSSG+2H,0

Catalase

2H,0, = » 2H,0+ 0,

Protective roles of SOD in animal/poultry physiology are shown in Figure 1.4.

1.6 Other antioxidant mechanisms

Catalase (EC 1.11.1.6) is a tetrameric enzyme consisting of four identical subunits of 60
kDa containing a single ferriprotoporphyrin group per subunit. It plays an important
role in the acquisition of tolerance to oxidative stress in the adaptive response of cells
(Mates et al., 1999). In mammalian cells, NADPH is bound to catalase protecting it
from inactivation by H,O, (Chaudiere and Ferrari-Illiou, 1999). Since GSH-Px has
a much higher affinity for H,O, than CAT (Jones et al., 1981) and wider distribution
in the cell (catalase is located mainly in peroxisomes), the H,O, removal from the
cell is very much dependent on GSH-Px. Details of GSH-Px action are shown in
Chapter 2. Recently, it has been shown that thioredoxin peroxidases are also capable
of directly reducing hydrogen peroxide (Nordberg and Arner, 2001). It is interesting
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Figure 1.4. Protective roles of SOD in animal/poultry physiology.
that the levels of antioxidant enzymes are regulated by gene expression as well as by
post-translational modifications (Fujii and Taniguchi, 1999).
Hydrogen peroxide can also be detoxified by peroxiredoxins (Prx):
Prx (reduced) + H,0, —— Prx (oxidised) + 2H,0

The oxidised form of Prx is inactive, requiring the donation of electrons from reduced
thioredoxin (Trx) to restore its catalytic activity:

Prx (oxidised) + Trx (reduced) ——— Prx (reduced) + Trx (oxidised)

Furthermore, Se-dependent enzyme TrxR reduces oxidised Trx to its reduced active
form:

Trx (oxidised) ™ T (reduced)

Mammalian cells express 6 Prx isoforms, including Prx3 and Prx5 in the mitochondria.
Prx functions by undergoing oxidation by H,O, at an active site cysteine and followed
by subsequent reduction by thioredoxin, thioredoxin reductase, and NADPH. There
are eight GSH-Pxs, which are oxidised by H,0, and reduced by glutathione (GSH)
(Sena and Chandel, 2012). More details on the role of the thioredoxin system in
antioxidant defences are shown in Chapter 2.
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Transition metal ions also accelerate the decomposition of lipid hydroperoxides into
cytotoxic products, such as aldehydes, alkoxyl radicals and peroxyl radicals:

LOOH + Fe2t — 5 1.Oe + Fe3t + OH"
LOOH + Fe3t — - 1.OOe + Fe2t + H*

Therefore, metal-binding proteins (transferrin, lactoferrin, haptoglobin, hemopexin,
metallothionein, ceruloplasmin, ferritin, albumin, myoglobin, etc.) also belong to
the first level of defence. It is necessary to take into account that iron and copper
are powerful promoters of free radical reactions and therefore their availability in
‘catalytic’ forms is carefully regulated in vivo (Halliwell, 1999). Therefore, organisms
have evolved to keep transition metal ions safely sequestered in storage or transport
proteins. This way the metal-binding proteins prevent formation of hydroxyl radicals
by preventing them from participation in radical reactions. For example, transferrin
binds iron (about 0.1% of the total body reserves), transports it in the plasma pool and
attaches it to the transferrin receptor. The important point is that iron associated with
transferrin will not catalyse a free radical reaction. Ferritin is considered to be involved
in iron storage (about 30% of total body reserves) within the cytosol in various tissues,
including liver and spleen. A major part of the iron in the body (55-60%) is associated
with haemoglobin within red cells and about 10% with myoglobin in muscles (Galey,
1997). A range of other iron-containing proteins (mainly enzymes) can be found in the
body including NADH dehydrogenase, cytochrome P450, ribonucleotide reductase,
proline hydroxylase, tyrosine hydroxylase, peroxidases, catalase, cyclooxygenase,
aconitase, succinate dehydrogenase, etc. (Galey, 1997). Despite an importance of iron
in various biochemical reactions, iron can be extremely dangerous when not carefully
handled by proteins. In fact, in many stress conditions a release of free iron from its
normal sites and its participation in Fenton chemistry mediates damages to cells. For
example, a superoxide radical can release iron from ferritin and H,O, degrades the
haeme of haemoglobin to liberate iron ions (Halliwell, 1987).

Ceruloplasmin, being a copper-binding protein, is another major protein mediating
free radical metabolism. Under physiological conditions it binds six or seven copper
ions per molecule preventing their participation in free radical generation. About 5%
of human plasma copper is bound to albumin or to amino acids and the rest is bound
to ceruloplasmin. Furthermore, ceruloplasmin possesses antioxidant properties itself
being able to scavenge superoxide radicals (Yu, 1994). Thus, it is quite clear that metal
sequestration is an important part of extracellular antioxidant defence.

Unfortunately, this first level of antioxidant defence in the cell is not sufficient to
completely prevent free radical formation. Some radicals escape the antioxidant
safety screen and initiate lipid peroxidation, causing damage to DNA and proteins.
Therefore, a second level of defence consists of chain-breaking antioxidants -
vitamin E, ubiquinol, carotenoids, vitamin A, ascorbic acid, uric acid and some other
antioxidants. The glutathione and thioredoxin systems also play a substantial role in
the second level of antioxidant defence (for details see Chapter 2). Chain-breaking
antioxidants inhibit peroxidation by keeping the chain length of the propagation
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reaction as short as possible. As such, they prevent the propagation step of lipid
peroxidation by scavenging peroxyl radical intermediates in the chain reaction:

LOOe + Toc —— » Toce + LOOH

where LOOe = lipid peroxyl radical; Toc = tocopherol; Toce = tocopheroxyl radical;
LOOH = lipid hydroperoxide.

Vitamin E, the most effective natural free radical scavenger identified to date, is the
main chain breaking antioxidant in the cell. However, hydroperoxides, produced
in the reaction of vitamin E with the peroxyl radical, are toxic and if not removed,
impair membrane structure and functions (Gutteridge and Halliwell, 1990). In fact,
lipid hydroperoxides are not stable and in the presence of transition metal ions can
decompose, thereby producing new free radicals and cytotoxic aldehydes (Diplock,
1994). Therefore, hydroperoxides have to be removed from the cell in the same way
as H,0,. However, catalase is not able to detoxify these compounds and only Se-
dependent GSH-Px can deal with them, converting hydroperoxides into non-reactive
products (Brigelius-Flohe, 1999) as follows:

ROOH + 2GSH — "% 5 ROH (non-toxic) + H,0 + GSSG

Thus, vitamin E performs only half the job in preventing lipid peroxidation by
scavenging free radicals and forming hydroperoxides. The second part of this
important process of antioxidant defence is taken care of by Se-GSH-Px. It is
necessary to underline, that vitamin E and selenium work in tandem; and even very
high doses of dietary vitamin E cannot replace Se that is needed (in the form of GSH-
Px and thioredoxin reductase) to complete the second part of antioxidant defence
as mentioned above. Thus, Se as an integral part of the GSH-Px and thioredoxin
reductase belongs to the first and second levels of antioxidant defence.

Coenzyme Q, known also as ubiquinone, was discovered in 1957. The name
ubiquinone is related to its ‘ubiquitous’” presence in all cells and the name coenzyme
Q reflects the chemical structure of the compound containing one quinone group and
10 isoprenyl units. Coenzyme Q,, (CoQ, ) exists both in an oxidised and a reduced
form, ubiquinone and ubiquinol, respectively (Overvad et al., 1999). Importantly,
ubiquinone is considered to be an important fat-soluble antioxidant and electron
carrier synthesised in mitochondria (Stefely and Pagliarini, 2017). In general, dietary
supplementation of CoQ does not affect the endogenous synthesis of CoQ in tissues.
However, oxidative stress (physical exercise, thyroid hormone treatment, cold
adaptation, vitamin A deficiency, etc.) is associated with increased CoQ synthesis
reflecting cellular adaptation (Ernster and Dallner, 1995). Therefore, CoQ synthesis
is considered to be an adaptive mechanism in response to stress conditions when
other antioxidants are depleted. For example, in vitamin E and Se deficient rats
CoQ concentration is elevated and the CoQ-dependent reductase system activated
(Navarro et al., 1998).
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Antioxidant properties of CoQ are directly related to the protection in the
gastrointestinal tract. For example, in rats treated per os with sodium nitrite,
increases TBARS in small intestinal mucosa and liver were observed. Pre-treatment
of nitrite-poisoned rats with CoQ, , mitigated lipid peroxidation and increased total
antioxidant status in animal blood (Grudzinski and Frankiewicz-Jozko, 2001). It is
directly involved in the protection of biological molecules (lipids, proteins and DNA)
from oxidative damage by quenching free radicals, regenerating other antioxidants
(vitamins E and C) and regulating mitochondrial integrity (Varela-Lopez et al., 2016).
It was suggested that Se inadequacy could compromise the cells ability to synthesise/
obtain the optimal concentration of CoQ,, as optimal function of Se depends on the
levels of CoQ,, (Alehagen and Aaseth, 2015). It seems likely that additional synthesis
of CoQ in stress conditions could be considered as an adaptive mechanism to deal
with overproduction of free radicals.

Carotenoids comprise a family of more than 750 compounds responsible for a variety
of bright colours in fall leaves, flowers (narcissus, marigold), fruits (pineapple, citrus
fruits, paprika), vegetables (carrots, tomatoes), insects (ladybird), bird plumage
(flamingo, cock of the rock, ibis, canary) and marine animals (crustaceans, salmon)
(Maoka, 2009; Pfander, 1992). These pigments provide different colours from light
yellow to dark red and when complexed with proteins they can produce green and blue
colours (Ong and Tee, 1992). Carotenoids — important elements of the antioxidant
system — possess antioxidant activities and participate directly or indirectly (for
example, by recycling vitamin E or regulating expression of various genes) in
antioxidant defences. Recently, an important role of canthaxanthin with a special
emphasis to carotenoid antioxidant activities in breeder nutrition has been described
(Surai, 2012a,b). Biological functions of these natural pigments in relation to animals
or humans are not well defined, but their antioxidant properties seem to be of major
importance. Therefore, antioxidant interactions, including their recycling, provide an
effective and reliable system of defence from free radicals and toxic products of their
metabolism.

Vitamin C is a hydrophilic antioxidant functioning in an aqueous environment and
possessing high free-radical-scavenging activity (Yu, 1994). It directly reacts with O,
and OHe and various lipid hydroperoxides and is taking part in vitamin E recycling
(Halliwell, 1996; Yu, 1994). Ascorbic acid is protective against a number of ROS (Carr
and Frei, 1999; Halliwell, 1999, 1996).

The major advantages of ascorbate as an antioxidant have been described as follows

(Carr and Frei, 1999):

o Both ascorbate and ascorbyl radicals have low reduction potential and can react
with most other biologically relevant radicals and oxidants.

o Ascorbyl radicals have a low reactivity as a result of resonance stabilisation of
unpaired electrons and readily dismutate to ascorbate and dehydroascorbic acid
(DAA).

o Ascorbyl radicals and DAA can be converted into active ascorbate forms by
enzyme-dependent or independent pathways. In particular, ascorbyl radicals can
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be reduced by NADH-dependent semi-dehydroascorbate reductase or thioredoxin
reductase. At the same time, DAA can be reduced to ascorbic acid by GSH, lipoic
acid or glutaredoxin.

o Recent data from the epigenetics field indicate that ascorbate could play an
important role in the demethylation of DNA and histone. In fact, by regulating
the epigenome, ascorbate can be involved in embryonic development, postnatal
development and in health maintenance in general (Camarena and Wang, 2016).

Glutathione (GSH) is the most abundant non-protein thiol in avian and mammalian
cells, and considered to be an active antioxidant in biological systems, providing
cells with their reducing milieu (Meister, 1992). Indeed, GSH is shown to be one of
the most important non-enzymatic antioxidants in animals/poultry participating in
redox balance maintenance and signalling, regulation of transcription factors and
gene expression and many other important pathways/processes, including epigenetic
mechanisms (Garcia-Giménez et al., 2017). Cellular GSH plays a key role in many
biological processes (Sen and Packer, 2000):

o the synthesis of DNA and proteins;

cell growth and proliferation;

regulation of programmed cell death;

immune regulation;

the transport of amino acids;

xenobiotic metabolism;

redox-sensitive signal transduction.

Furthermore, GSH thiol group can react directly with (Lenzi et al., 2000; Meister and
Anderson, 1983):

e H,0,

superoxide anion;

hydroxyl radicals;

alkoxyl radicals;

hydroperoxides.

Therefore, the crucial role for GSH is as a free radical scavenger, particularly effective
against the hydroxyl radical (Bains and Shaw, 1997), as there are no enzymatic
defences against this type of radical. Usually, decreased GSH concentration in tissues
is associated with increased lipid peroxidation (Thompson et al., 1992). Furthermore,
in stress conditions, GSH prevents the loss of protein thiols and vitamin E (Palamanda
and Kehrer, 1993) and plays an important role as key modulator of cell signalling
(Elliott and Koliwad, 1997). Animals and human are able to synthesise glutathione.

Taurine, a sulphur containing amino acid (2-aminoethane sulfonic acid) is synthesised
from methionine and cysteine in the presence of vitamin B6 and found in almost all
tissues in mammals. It is the most abundant intracellular amino acid in humans that
is not incorporated into proteins. Antioxidant properties of taurine were shown in
various model systems in vivo and in vitro (Cozzi et al., 1995; Haber et al., 2003;
Sethupathy et al., 2002; Shimada et al., 2015). It seems likely that taurine does not
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function as a classical free radical scavenger, but rather as an indirect antioxidant, able
to lower the production of ROS or enhance the other antioxidant defence mechanisms
(Shimada et al., 2015). However, the antioxidant effect of taurine is not restricted to
PUFAs. For example, Ogasawara et al. (1993, 1994) showed an inhibiting effect of
taurine against the modification of proteins, as well as an antioxidative effect through
the reaction of taurine with aldehydes in vivo. It seems likely that in many cases in
biological systems taurine can interact with other antioxidants, becoming an important
part of an integrated antioxidant system. For example, taurine supplementation of rats
restored kidney GSH content and GSH-Px activity and reduced malondialdehyde
(MDA) production levels in the kidney tissue following cisplatin treatment (Saad
and Al-Rikabi, 2002). In streptozotocin-diabetic rats, dietary taurine supplementation
ameliorates MDA levels, GSSG/GSH, and NAD*/NADH (Obrosova and Stevens,
1999). Taurine was shown to have a protective effect against glutathione antioxidant
system deterioration. In fact, it protects tissues against GSH pool depletion and
prevents a decrease of glutathione reductase and glutathione peroxidase activities
in acute severe hypoxia (Mankovska et al., 1998). Recently, taurine was shown to
increase expression of antioxidant enzymes, including HO-1, through increased
nuclear factor-erythroid-2-(NF-E2-)related factor 2 (Nrf2) activity and decreased NF-
kB-mediated generation of proinflammatory cytokines (Lee et al., 2017). Similarly,
taurine could reverse arsenic-inhibited Nrf2 and thioredoxins in rats (Bai et al., 2016).

Uric acid is traditionally considered to be a metabolically inert end-product of purine

metabolism in man, without any physiological value. However, this ubiquitous

compound has proven to be a selective antioxidant (Becker, 1993; Maples and Mason,

1988) which can:

o react with hydroxyl radicals and hypochlorous acid, itself being converted to
innocuous products;

 serve as an oxidisable co-substrate for the enzyme cyclooxygenase;

o protect against reperfusion damage induced by activated granulocytes;

 prevents oxidative inactivation of endothelial enzymes in stress conditions;

o chelate transition metal ions and scavenging of ROS.

Carnitine has been shown to be a new type of antioxidant, regulating free radical
production in mitochondria (Surai, 2015,a,b). The antioxidant action of carnitine is
related to:

o its direct scavenging of free radicals;

o chelating catalytic metals-promoters of ROS, such as Fe and Cu;

o maintaining mitochondrial integrity in stress conditions and preventing ROS
formation;

« inhibiting ROS-generating enzymes, such as XO and HADPH-oxidases;

o affecting redox signalling via activation of Nrf2 and PPARa and inhibition of NF-
kB with additional synthesis of antioxidant enzymes (SOD, GSH-Px, glutathione
reductase (GR), glutathione S-transferase (GST), CAT, etc.) and small antioxidant
molecules (GSH);

o regulating vitagenes and synthesis of heat shock proteins (HSPs), sirtuins,
thioredoxins and other antioxidant molecules.
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Betaine can also be included into the antioxidant family. Indeed, evidence accumulates
showing that betaine also possess antioxidant properties (Alirezaei et al., 2012, 2015;
Tsai et al., 2015).

Polyphenolic compounds, including flavonoids, have received tremendous attention
as natural antioxidants. However, their direct involvement in antioxidant defences
as free-radical scavengers has been questioned (Surai, 2014). In fact, polyphenolic
concentrations in target tissues (except gut) are too low to show direct antioxidant
activities. However, there are other mechanisms where polyphenolics are involvemed
in antioxidant defences. For example, silymarin (SM), an extract from the plant

Silybum marianum (milk thistle), containing various flavonolignans (with silybin

being the major one) has received tremendous attention for the last decade as herbal

remedy for treatment of various liver diseases. Possible antioxidant mechanisms of

SM include (Surai, 2015¢):

 Direct scavenging free radicals and chelating free Fe and Cu are mainly effective
in the gut.

o Preventing free radical formation by inhibiting specific ROS-producing enzymes
or improving an integrity of mitochondria in stress conditions are of great
importance.

o Maintaining an optimal redox balance in the cell by activating a range of antioxidant
enzymes and non-enzymatic antioxidants, mainly via hermetic mechanisms of
Nrf2 activation is probably the main driving force of anti-oxidant (AO) action of
SM.

o Decreasing inflammatory responses by inhibiting NF-kB pathways is an emerging
mechanism of SM protective effects in the liver toxicity and various liver diseases.

o Activating vitagenes, responsible for synthesis of protective molecules, including
HSP, thioredoxin and sirtuins and providing additional protection in stress
conditions deserves more attention.

o Affecting microenvironment of the gut, including SM-bacteria interactions, awaits
future investigations.

Some specific enzymes that hydrolyse oxidised bases, preventing their incorporation
into DNA, can also be considered as a part of the second level of antioxidant defence
(Slupphaug et al., 2003). The role of ubiquinones and uric acid in the farm animal and
poultry development has not yet been studied.

However, even the second level of antioxidant defence in the cell is not able to prevent
all damaging effects of ROS and RNS on lipids, proteins and DNA. In this case, the
third level of defence is based on systems that eliminate damaged molecules or
repair them. This level of antioxidant defence includes lipolytic (lipases), proteolytic
(peptidases or proteases) and other enzymes (DNA repair enzymes, ligases, nucleases,
polymerases, proteinases, phospholipases and various transferases).

Since maintaining the integrity of the genome is of the vital importance, living

organisms have evolved a range of systems that can recognise, signal the presence
of, and repair various forms of DNA damage. In fact, DNA repair is one of the

Selenium in poultry nutrition and health 37



Chapter 1

fundamental processes of life (130 human DNA repair genes have been identified;
Wood et al., 2001) and if the systems are compromised devastating consequences
can be expected. In order to deal with the deleterious effects of such lesions, leading
to genomic instability, cells have evolved a number of DNA repair mechanisms.
They include the direct reversal of the lesion, mismatch repair, base excision repair,
nucleotide excision repair, nucleotide incision repair, transcription-coupled repair,
global genome repair, homologous recombination and non-homologous end-joining
(Gros et al., 2002; Slupphaug et al., 2003). These repair pathways are universally
present in living cells and extremely well conserved.

DNA repair systems include a number of enzymatic processes ranging from
base recognition and excision to ligation of DNA strands. In particular, the DNA
glycosylases recognise damaged purines and pyrimidines and hydrolyse the bond
linking the abnormal base to the sugar-phosphate backbone (Halliwell and Gutteridge,
1999); the 5’-apurinic endonucleases process strand breaks, sites of base loss, and the
products of DNA glycosylase/apurinic lyase action. DNA polymerase fills in the one-
nucleotide gap with the correct base. DNA ligases complete the repair process by
sealing the 3’ end of the newly synthesised stretch of DNA to the original portion of
the DNA chain (Cardozo-Pelaez et al., 2000; Croteau and Bohr, 1997; Wallace et al.,
1997).

It is believed that most damaged or inappropriate bases in the DNA are removed
by excision repair, while a minority are repaired by direct damage reversal (Krokan
et al., 2000). The importance of the DNA repair systems is confirmed by the fact
that defects in these systems result in cell death and hypersensitivity to endogenous
or environmental mutagens (Jackson, 1999). Therefore, removing mutagenic lesions
in DNA is a vital task for repair systems. In general, the DNA repair mechanisms
in bacteria are well-defined, whereas in higher eukaryotes the genes and proteins
responsible for repair await further investigation (Croteau and Bohr, 1997). It seems
likely that DNA repair is integrated with cell cycle regulation, transcription and
replication and use some common factors (Slupphaug et al., 2003). However, the
enzymes of the third level of antioxidant defence are not able to achieve the complete
repair or removal of damaged DNA molecules, and this could lead to cell cycle arrest
and cell death. In fact, programmed cell death (apoptosis) is involved in maintenance
of the genetic integrity by removing genetically altered cells.

In spite of the important role of protein oxidation in pathogenesis of various diseases,
mechanisms for the control of protein oxidation and their repair have not been
well studied and this has been a topic of great interest for the last few years. The
oxidative damage to proteins is associated with alteration of transport proteins and
ion disbalance, disruption to the receptors and impairment of signal transduction,
enzyme inactivation, etc. It is believed that conversion of —-SH groups into disulphides
and other oxidised species (e.g. oxyradicals) is one of the earliest events during the
radical-mediated oxidation of proteins. Thioredoxin plus thioredoxin reductase
counters these changes by reducing protein disulphides to thiols and regulating
redox-sensitive transcription factors (Dean et al., 1997). It is worth mentioning that

38 Selenium in poultry nutrition and health



Antioxidant systems in animal body

the main cellular mechanisms that effectively control protein homeostasis in the cell
include (Goloubinoff et al., 2016):

» molecular chaperones, acting as aggregate unfolding and refolding enzymes;

o chaperone-gated proteases, acting as aggregate unfolding and degrading enzymes;
e aggresomes, acting as aggregate compacting machineries; and
 autophagosomes, acting as aggregate degrading organelles.

Among molecular chaperones, HSPs play a very important role. HSPs are highly
conserved families of proteins discovered in 1962 (Ritossa, 1962). Later, it was realised
that most HSPs have strong cytoprotective effects and are molecular chaperones for
other cellular proteins. Taking the current knowledge of the mode of action of HSPs
into account, the name ‘stress proteins’ would be more appropriate for them, but for
historical reasons they are still called HSPs. In the case of oxidative stress, the HSP
network participates in the detection of intracellular changes, protection against protein
misfolding and prevention of downstream activation of events related to inflammation
and apoptosis (Kalmar and Greensmith, 2009). Some HSPs are constitutively expressed,
whereas others are strictly stress-inducible. Under physiologic conditions, HSPs play
an important role as molecular chaperones by promoting the correct protein folding
and participating in the transportation of proteins across intracellular membranes and
repair of denatured proteins. Therefore, HSPs participate in the regulation of essential
cell functions, such as protein translocation, refolding, assembly and the recognition,
prevention of protein aggregation, renaturation of misfolded proteins, degradation of
unstable proteins, etc. (Zilaee et al., 2014). It should be mentioned that the events of
cell stress and cell death are linked and HSPs induced in response to stress appear to
function at key regulatory points in the control of apoptosis (Garrido et al., 2001). A
key feature of HSPs are their ability to provide cytoprotection. Indeed, in a recently
developed model, it was proposed that the HSP-based chaperone machinery played
a major role in determining the selection of proteins that have undergone oxidative
or other toxic damage for ubiquitination and proteasomal degradation (Pratt et al.,
2010).

It is interesting that reversible oxidation of cysteine can be an important cellular redox
sensor in some proteins (Finkel, 2000). Methionine residues in proteins are also very
susceptible to oxidation by methionine sulfoxide formation, which has been detected
in native proteins (Gao et al., 1998). This could affect the activity of various proteins.
In fact, almost all forms of ROS oxidise methionine residues of proteins to a mixture
of the R- and S-isomers of methionine sulfoxide (Stadtman et al., 2002). Methionine
sulfoxide reductase (Msr) can reduce either the free or the protein-bound methionine
sulfoxide back to methionine. Therefore, Msr is considered a repair mechanism for
products of the reaction of oxidants with methionine residues (Levine et al., 1996).
These authors hypothesised that methionine residues function as a ‘last chance’
antioxidant defence system for proteins. It has been shown that in bacterial glutamine
synthetase surface-exposed methionine residues surrounding the entrance to the
active site are preferentially oxidised and other residues (e.g. cysteine) within the
critical regions of the protein are protected without loss of catalytic activity of the
protein (Levine et al., 1996). Indeed, due to Msr activity the methionine-methionine
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sulfoxide pair can function catalytically. MsrA is present in most living organisms
and encoded by a single gene; the mammalian enzyme has been detected in all tissues
studied. In particular, it was found in the cytosol and mitochondria of rat liver cells
(Vougier et al., 2003). Msr is considered to have at least three important functions
in the cellular metabolism, including antioxidant defence, repair enzyme, and as
regulator of certain enzyme functions, and possibly participates in signal transduction
(Bar-Noy and Moskovitz, 2002; Stadtman et al., 2002). In particular, mice that lack
the MsrA gene (Moskovitz et al., 2001):

o exhibit enhanced sensitivity to oxidative stress;

have a shorter lifespan;

develop an atypical walking pattern;

accumulate higher tissue levels of oxidised protein under oxidative stress;

are less able to up-regulate expression of thioredoxin reductase under oxidative
stress.

MsrA is known for along time, and its repairing function well characterised, however,
recently, a new methionine sulfoxide reductase has been characterised (Grimaud et
al., 2001). It was named MsrB and its presence was shown in genomes of eubacteria,
archaebacteria, and eukaryotes. Thus, in mammals, two methionine sulfoxide
reductases, MsrA and MsrB, are expressed with different substrate specificity
(Grimaud et al., 2001). They catalyse the thioredoxin-dependent reduction of the
S-isomer and R-isomer of methionine sulfoxide to methionine, respectively.

Recently, the major mammalian MsrB has been identified as a selenoprotein (Kryukov
et al., 2002; Moskovitz et al., 2002). In fact, selenoprotein R is a zinc-containing stereo-
specific Msr (Kryukov et al., 2002). Furthermore, it was shown that there is a loss of
MsrB activity in MsrA~/~ mice in parallel with losses in the levels of MsrB mRNA
and MsrB protein (Moskovitz and Stadtman, 2003). Therefore, the authors suggested
that MsrA might have a role in MsrB transcription. Moreover, Se deficiency in mouse
was associated with a substantial decrease in the levels of MsrB-catalytic activity,
MsrB protein, and MsrB mRNA in liver and kidney tissues (Moskovitz and Stadtman,
2003). It has been reported that human and mouse genomes possess three MsrB genes
responsible for synthesis of the following protein products: MsrB1, MsrB2 and MsrB3
(Kim and Gladyshev, 2003; Lee, 2016). In particular, MsrB1 (Selenoprotein R) was
present in the cytosol and nucleus and exhibited the highest methionine-R-sulfoxide
reductase activity due to presence of selenocysteine (Sec) in its active site. The other
mammalian MsrBs are not selenoproteins and contain cysteine in place of Sec and are
less catalytically efficient (Kim and Gladyshev, 2003; Lee, 2016).

The reduced glutathione itself can also participate in maintenance of protein -SH
groups. At the same time the thioredoxin system has alkyl hydroperoxide reductase
activity. Protein disulphide isomerase is also involved in re-pairing of -SH groups in
proteins (Dean et al., 1997). Furthermore, the cells can generally remove oxidised
proteins by proteolysis. In fact, damaged proteins are degraded by the proteasome,
multicatalytic proteinase (an intracellular, non-lysosomal threonine type protease, EC
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3.4.99.46), which is responsible for degradation of the majority of cytosolic proteins
(Rock et al., 1994).

It is well recognised now that the proteasome is the major enzymatic system in charge
of cellular ‘cleansing’ and plays a key role in the degradation of damaged proteins,
thereby controlling the level of altered proteins in eukaryotic cells (Friguet et al,
2000). It is suggested that protein unfolding is associated with enhanced susceptibility
to degradation by proteinases (Dean et al., 1997), however, heavily oxidised proteins
are characterised by an increased resistance to proteolytic attack by most proteinases.
The proteasome complex recognises hydrophobic amino acid residues, aromatic
residues, and bulky aliphatic residues that are modified during oxidative stress and
catalyse the selective removal of oxidatively modified cell proteins (Grune et al., 1997).
By minimising protein aggregation and cross-linking and by removing potentially
toxic protein fragments, the proteasome forms an active part of the cellular defence
system against oxidative stress. The selective degradation of oxidatively damaged
proteins enables cells to restore vital proteins, including enzymes during physiological
metabolism and during moderate stress conditions (Grune et al., 1997). Oxidised
proteins may also be recognised as foreign’ by the immune system with corresponding
antibody formation (Halliwell and Gutteridge, 1999). Clearly, further work is needed
to clarify the molecular mechanisms of the third level of antioxidant defence.

All these antioxidants are operating in the body in association with each other forming
an integrated antioxidant system. The co-operative interactions between antioxidants
in the cell are vital for maximum protection from the deleterious effects of free radicals
and toxic products of their metabolism. For example, it is well established that vitamin
E is the major antioxidant in biological membranes, a ‘headquarter’ of antioxidant
network. It is usually present in low molar ratios (one molecule per 2,000-3,000
phospholipids), however, vitamin E deficiency is difficult to induce in adult animals.
This is probably due to the fact that oxidised vitamin E can be converted back into the
active reduced form in reaction with other antioxidants: ascorbic acid, glutathione,
ubiquinols or carotenoids (Figure 1.5).

Figure 1.5 shows a connection of the antioxidant defence to the general body
metabolism (the pentose phosphate cycle is the major producer of reducing
equivalents in the form of NADPH) and the involvement of other nutrients in this
process. For example, dietary proteins are a source of essential amino acids for
glutathione synthesis; riboflavin is an essential part of glutathione reductase; niacin
is a part of NADPH; and Se is an integral part of thioredoxin reductase. At the same
time thiamine is required for transketolase in the pentose phosphate pathway.

A recent major finding is the possibility of direct or indirect vitamin E recycling
(Surai, 2002, 2006, 2014; Surai and Fisinin, 2014). The rate of regeneration, or
recycling, of vitamin E radicals that were formed during their antioxidant action may
affect both its efficiency in antioxidant action and its lifetime in biological systems.
A greater recycling activity is associated with an increased efficiency of inhibition of
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Figure 1.5. Redox cycle of vitamin E (adapted from Surai, 1999; Winkler et al., 1994).As a result of the antioxidant
action of vitamin E, an tocopheroxyl radical is formed. This radical can be reduced back to an active form of
a-tocopherol by coupling it to ascorbic acid oxidation. Ascorbic acid can be regenerated back from its oxidised
form with glutathione, which can receive a reducing potential from NADPH, synthesised in the pentose phosphate
cycle of the carbohydrate metabolism. Enzymes involved in vitamin E recycling are: (1) thioredoxin reductase; (2)
glutathione reductase; (3) glucose-6-phosphate dehydrogenase. Due to the incomplete regeneration (efficiency of
recycling is usually less than 100%) in biological systems, antioxidants have to be obtained from the diet (vitamin
E and carotenoids) or synthesised in the tissues (ascorbic acid and glutathione).

lipid peroxidation (Packer, 1995). It seems likely that vitamin E efficacy is very often
more dependent on its recycling efficiency than on its concentration per se.

Thus, antioxidant protection in the cell depends not only on vitamin E concentration
and location, but also relies on effective recycling. Indeed, if recycling is effective, then
even low vitamin E concentrations are able to maintain high antioxidant protection
under physiological conditions. For example, this was demonstrated using a chicken
brain as a model system. Data (Surai, 2002) indicated that the brain was characterised
by extremely high concentrations of long chain PUFAs predisposing this tissue to
lipid peroxidation. Furthermore, the brain contained much lower levels of vitamin E
than the other body tissues. However, in fresh chicken brain, the levels of products of
lipid peroxidation were very low, which could be a reflection of an effective vitamin
E recycling by ascorbic acid, which is present in this tissue in comparatively high
concentration. Antioxidant recycling is the most important element in understanding
mechanisms involved in antioxidant protection against oxidative stress. The rate of
regeneration, or recycling, of the vitamin E radicals may affect both its antioxidant
efficiency and its lifetime in biological systems.

Living cells permanently balance the process of formation and inactivation of ROS and
asaresult ROS levels remain low but still above zero. Adverse environmental conditions
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initiate attempts of organisms to resist the aggressive environment (Skulachev,

1998). Cells can usually tolerate mild oxidative stress by additional synthesis of

various antioxidants (glutathione, antioxidant enzymes, etc.) in an attempt to restore

antioxidant/oxidant balance. At the same time, energy expenditures increased and
respiration activated leading to the increased yield of ROS (Skulachev, 1998). However,
these adaptive mechanisms have limited ability to deal with overproduction of free
radicals. Once the free radical production exceeds the ability of the antioxidant system
to neutralise them, lipid peroxidation develops and causes damage to unsaturated

lipids in cell membranes, amino acids in proteins and nucleotides in DNA, and, as a

result, membrane and cell integrity is disrupted. Membrane damage is associated with

a decreased efliciency of absorption of different nutrients and leads to an imbalance

of vitamins, amino acids, inorganic elements and other nutrients in the organism.

All these events result in a decreased productive and reproductive performance of

animals. Immunity incompetence and unfavourable changes in the cardio-vascular

system, brain and neurones, and muscle system due to increased lipid peroxidation
make the situation even worse. The antioxidant defence includes several options

(Surai, 2015,a,b,c,d, 2016; Surai and Fisinin, 2014, 2015):

e decrease localised oxygen concentration;

o decrease activity of prooxidant enzymes (carnitine, silymarin);

« improve efficiency of electron chain in the mitochondria and decrease electron
leakage leading to superoxide production (carnitine);

o induction of various transcription factors (e.g. Nrf2, NF-kB and others) and
antioxidant response element (ARE)-related synthesis of AO enzymes (SOD,
GSH-Px, CAT, GR, GST, etc.);

 binding metal ions (metal-binding proteins) and metal chelating;

o decomposition of peroxides by converting them to non-radical, nontoxic products
(Se-GSH-Px);

o chain breaking by scavenging intermediate radicals, such as peroxyl and alkoxyl
radicals (vitamins E, C, GSH, uric acid, carnitine, ubiquinol, bilirubin, etc.);

o repair and removal of damaged molecules (methionine sulfoxide reductase, DNA-
repair enzymes, chaperons, etc.);

 redox signalling and vitagene activation with synthesis and increased expression
of protective molecules (GSH, thioredoxins, SOD, HSPs, sirtuins, etc.);

« antioxidant recycling mechanisms, including vitamin E recycling;

 apoptosis activation and removal of terminally damaged cells, and restriction of
mutagenesis.

As shown above, all antioxidants in the body are working as a ‘team’ responsible
for antioxidant defence and we call this team the antioxidant system. In this team
one member helps the other working efficiently. In general, vitamin E and coenzyme
Q are considered to be the ‘headquarter’ of the antioxidant defences, while Se is a
‘chief executive) as from the 25 known selenoproteins, more than half participate in
antioxidant defences. Furthermore, a central role in antioxidant system regulation
belongs to vitagene expression and additional synthesis of protective molecules
during stress conditions (‘ministry of defence’) in order to improve the adaptive ability
to stress (Figure 1.6; Surai, 2017).
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Figure 1.6. Antioxidant system.

Therefore, if relationships in this team are effective, which happens only in case of a
balanced diet and sufficient provision of dietary antioxidant nutrients, then even low
doses of antioxidants, such as vitamin E, can be effective. On the other hand, when
this team is subjected to high stress conditions, free radical production is increased
dramatically. During these times, without external help it is difficult to prevent damage
to major organs and systems. This ‘external help’ is dietary supplementation with
increased concentrations of natural antioxidants. For a nutritionist or feed formulator
it is a great challenge to understand when the internal antioxidant team in the body
requires help, how much to provide of this help, and what the economic return will
be. Again, it is necessary to remember the essentiality of keeping the right balance
between free radical production and antioxidant defence (Figure 1.7). Indeed, ROS
and RNS have another more attractive face by participating in the regulation of a
variety of physiological functions.

In physiological conditions the right and left parts of the so-called ‘balances’ are
in equilibrium i.e. free radical generation is neutralised by the antioxidant system.
Exogenous factors are among the most important elements that increase the efficiency
of the antioxidant system of an organism. Natural and synthetic antioxidants in
feed, as well as optimal levels of Mn, Cu, Zn and Se help maintain efficient levels of
endogenous antioxidants in the tissues. Optimal diet composition allows antioxidants
in feed to be efficiently absorbed and metabolised. Optimal temperature, humidity
and other environmental conditions are also required for the effective protection
against free radical production. The prevention of different diseases by antibiotics
and other drugs is an integral part of efficient antioxidant defence as well.
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Figure 1.7. Anti-oxidant vs prooxidant balance in the organism (adapted from Surai, 1999).

Different stress conditions are associated with overproduction of free radicals and
cause oxidative stress (Surai and Fisinin, 2016a,b,c,d), i.e. a disturbance in the
prooxidant vs antioxidant balance leading to potential tissue damage (Jaeschke, 1995).
Stress conditions can be generally divided into four main categories: nutritional,
environmental, technological and internal stress (Surai and Fisinin, 2016a,b,d; Table
1.4).

The most important category are nutritional stress conditions, including high levels
of PUFAs; deficiencies of vitamin E, Se, Zn or Mn; Fe overload; hypervitaminosis
A; presence of different mycotoxins and other toxic compounds; low water quality;
and usage of coccidiostats or other drugs via feed or water. A second stress category
includes environmental conditions: inadequate temperature, humidity or lightning,
inadequate ventilation and increased dust, etc. A third category includes technological
stress factors, such as chick placement, increased stocking density, weighing, grading,
group formation, catching, transferring to breeder houses, prolonged egg storage, egg
transportation, inadequate egg storage conditions, incorrect incubation regimes, etc.
The fourth group includes internal stress factors, such as vaccination, microbial or
viral challenges, gut disbacteriosis, pipping and hatching (Surai and Fisinin, 2016b).
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Table 1.4. Stresses in poultry production (adapted from Surai and Fisinin, 2016a,b).

Technological stress + Chick placement
+ Increased stocking density
+ Weighing, grading, group formation, catching, transferring to breeder houses
+ Prolonged egg storage, egg transportation, inadequate egg storage conditions,
incorrect incubation regimes
Environmental stress * Inadequate temperature
+ Inadequate ventilation and increased dust
+ Inadequate lightning
Nutritional stress +  Mycotoxins
+ Oxidised fat
+ Toxic metals (lead, cadmium, mercury, etc.)
+ Imbalance of minerals (Se, Zn, Cu, etc.) and other nutrients
+  Low water quality
+ Usage of coccidiostats and other drugs via feed or water
Internal stress + Vaccinations
+ Microbial or virus challenges
+  Gut disbacteriosis
+ Pipping and hatching

1.7 Oxidative stress and transcription factors

It is important to mention that ROS are no longer viewed as just toxic by-products
of mitochondrial respiration, but are now appreciated for their role in regulating
a myriad of cellular signalling pathways (Reczek and Chandel, 2015). It has been
suggested that the signalling ROS are produced in a subtly regulated manner, while
many deleterious ROS are produced and react randomly (Niki, 2014). Therefore, it is
unlikely that nutritional antioxidants detrimentally affect physiologically important
signalling functions, since the antioxidants do not scavenge signalling ROS/RNS
nor do they inhibit the formation of signalling molecules (Niki, 2012, 2016). Recent
evidence suggests that several selenoproteins could participate in cell signalling.
In particular, selenoprotein W and six other small thioredoxin-like mammalian
selenoproteins (SelH, SelM, SelN, SelT, SelV and Sepl5) may serve to transduce
hydrogen peroxide signals into regulatory disulfide bonds in specific target proteins
(Hawkes and Alkan, 2010). Similarly, GSH-Px and TrxR are also involved in cellular
redox balance regulation (Labunskyy et al., 2014).

Oxidation-reduction (redox) based regulation of gene expression is a fundamental
regulatory mechanism in cell biology acting at the cell-signalling level. In fact, redox
signalling is the overlap of signal transduction with redox biology. Redox signalling is
essential in physiological homeostasis and alterations in redox signalling are observed
in stress conditions and aging; sustained deviation from redox homeostasis results
in disease (Forman, 2016), and decreased productive and reproductive performance
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of poultry. Since ROS are damaging to many biological molecules, the antioxidant
systems are responsible for the prevention of this damage. However, a basal level of
oxidative stress is essential for cell adaptation and survival. Therefore, a moderate
level of oxidative stress can create adaptive responses and improve the adaptive ability
to stressful challenges/conditions (Yan, 2014). Indeed, in animals, redox-signalling
pathways use ROS as signalling molecules to activate genes responsible for regulation
of various functions, including growth, differentiation, proliferation and apoptosis.
Furthermore, the antioxidant defence systems are also under regulation by various
transcription factors (Kweider et al., 2014; Ma and He, 2012; Majzunova et al.,
2013; Song and Zou, 2014). In fact, the redox balance is controlled by a battery of
transcriptional factors, including Nrf2, NF-«kB, PPARs, PGC-1a, p53, FoxO, MAPK,
AP-1, etc. (Lushchak, 2011; Wang and Hai, 2016). They regulate redox status by
modulating ROS-generating enzymes and antioxidant enzymes in a cooperative and
interactive way. In recent years great attention has been paid to basic leucine zipper
transcription factor, Nrf2, NF-kB and peroxisome proliferator-activated receptors
(PPARs).

1.7.1 Transcription factor Nrf2

It is known that Nrf2 is the redox-sensitive master regulator of oxidative stress
signalling and stress response, and critical for cell survival under stressful conditions
(Itoh et al., 2010). It has been shown that the Nrf2 antioxidant response pathway
is an important player in the cellular antioxidant defence. Indeed, it is responsible
for activation of a variety of genes involved in early defence reactions of higher
organisms (Ma, 2013; Van der Wijst et al., 2014). High expression of Nrf2 in organs
that face environmental stress, including lungs and the small intestine (Itoh et al.,
2015), is a confirmation of its importance in stress adaptation processes. Clearly, Nrf2
has a significant role in adaptive responses to oxidative stress, being involved in the
induction of the expression of various antioxidant molecules to combat oxidative and
electrophilic stress (Howden, 2013; Keum and Choi, 2014; Tang et al., 2014; Vriend
and Reiter, 2015).

It is suggestive that under normal physiological conditions, Nrf2 is kept in the
cytoplasm as an inactive complex with the negative regulator, Kelch-like-ECH-
associated protein 1 (Keapl), which is anchored to the actin cytoskeleton. In fact,
Keapl sequesters Nrf2 in the cytoplasm and forwards it to a Cul3-based E3 ligase
which is followed by rapid ubiquitin-proteasome degradation leading to a short
(about 20 min) half-life of Nrf-2 under physiological conditions (for review see Choi
et al., 2014). It seems likely that, Keap-1 is an important cellular redox sensor and
upon exposure to oxidative or electrophilic stress, critical cysteine thiols of Keapl
are modified/oxidised and Keapl loses its ability to ubiquitinate Nrf2 resulting in
preventing its degradation. There are also other ways of Nrf2 activation. For example,
phosphorylation of Nrf2 at specific serine and/or tyrosine residues also causes an
Nfr2-Keapl dissociation resulting in Nrf2 release and translocation to nucleus, where
it combines with a small musculoaponeurotic fibrosarcoma protein called Maf to
form a heterodimer (Bhakkiyalakshmi et al., 2015). Indeed, by binding to ARE in the
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upstream promoter region of genes encoding various antioxidant molecules, Nrf2
regulates the expression of antioxidant proteins, thiol molecules and other protective
molecules. This includes enzymes of the first line of the antioxidant defence, namely
SOD, GSH-Px and catalase, detoxification enzymes (HO-1, NQO1, and GST), GSH-
related proteins (y-GCS), NADPH-producing enzymes and others stress-response
proteins contributing to the prevention of oxidative and inflammatory damage
(Lee et al., 2013; Zhou et al., 2014). In fact, hundreds of cytoprotective genes are
regulated by Nrf2 (Itoh et al., 2015) and gene products (proteins) are involved in
the maintenance and responsiveness of the cellular antioxidant systems. Indeed, an
orchestrated change in gene expression via Nrf2 and ARE is a key mechanism of the
protective effect against oxidative stress (Lee et al., 2003). It is suggestive that Nrf2
is controlled through a complex transcriptional/epigenetic and post-translational
network that provides regulatory mechanisms ensuring Nrf2 activity increases
in response to redox disturbances, inflammation, growth factor stimulation and
nutrient/energy fluxes orchestrating adaptive responses to diverse forms of stress
(Hayes and Dinkova-Kostova, 2014). As mentioned above, there is a range of Nrf2
activating mechanisms, including stabilisation of Nrf2 via Keapl cysteine thiol
modification and phosphorylation of Nrf2 by upstream kinases (Surh, 2008; Surh et
al., 2008). It is proven that effects of Nrf2 on the adaptive ability of cells is quite broad
and goes beyond activation of synthesis of antioxidant molecules. Indeed, Nrf2 also
contributes to homeostasis by up-regulating the repair and degradation of damaged
macromolecules, and by modulating intermediary metabolism conducting directs
metabolic reprogramming during stress (Zhou et al., 2014).

Recently molecular mechanisms of regulating roles of transcription factors in cellular
adaptation to stress have been extensively studied. In particular, it has been suggested
that low intensity oxidative stress is predominantly sensed by the Keap1/Nrf2 system
(Lushchak, 2011) followed by downstream up-regulation of the protective AO genes.
It is interesting to note that intermediate oxidative stress also increases the activity
of antioxidant enzymes, but mainly via NF-kB and AP-1 pathways (Lushchak, 2011).
Furthermore, at both, low and intermediate intensity oxidative stresses, MAP-kinases
and other kinases seem to be involved in signal sensing and cellular response, leading
to enhanced antioxidant potential (Zhou et al., 2014). Emerging evidence clearly
indicates that Nrf2 can interact with other transcription factors, including heat shock
factor (Hsfl; Dayalan Naidu et al., 2015) to provide additional options for AO system
regulation. As mentioned above, the Nrf2 stress pathway intimately communicates
with mitochondria to maintain cellular homeostasis during oxidative stress (Itoh et
al., 2015).

1.7.2 Transcription factor nuclear factor-kappa B

NF-kB is an inducible transcription factor that regulates many cellular processes
including immunity and inflammation. NF-kB consists of a group of five related
proteins that are capable of binding to DNA. This transcription factor is activated
by a wide range of stimuli including oxidative stress. It has been shown that NF-
kB regulates the transcription of many different genes, including pro-inflammatory
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cytokines and leukocyte adhesion molecules, acute phase proteins and anti-microbial
peptides (Buelna-Chontal and Zazueta, 2013; Pedruzzi et al, 2012; Tkach et al.,
2014). There are some similarities in regulation of Nrf2 and NF-«B. For example, in
physiological conditions, NF-«B is found in cytoplasm in an inactive state associated
with the inhibitory IxB (inhibitor of kappa B) proteins preventing its binding to target
sites. It has been proven that activation of NF-kB is an effective mechanism of host
defence against infection and stress (Pal et al., 2014). As a result of action of cytokines
and other stressors, IkB proteins are rapidly phosphorylated by IkB kinase on specific
serine residues, followed by ubiquitination, and degradation by the 26S proteasome.
The following release of NF-xB and its translocation to the nucleus is responsible for
the transcription of target genes, for cell survival, and involved with inflammation,
immunity, apoptosis, cell proliferation and differentiation (Hayden and Ghosh, 2014).
NF-«B transcription factors, such as p65, can combine to form hetero- and homo-
dimers of different composition, providing a tool for effective regulation of different
sets of gene targets (Grilli and Memo, 1997). There is a range of additional stimuli
implicated into the NF-xB activation including, cell-surface receptors, inhibitory kB
kinases, IB proteins, and factors that are involved in the posttranslational modification
of the Rel proteins, etc. (Buelna-Chontal and Zazueta, 2013; Hayden and Ghosh, 2014;
Pal et al., 2014; Pedruzzi et al., 2012; Tkach et al., 2014). Accumulating evidence
indicates that there is a complex interplay/crosstalk between Nrf2 and NF-«B
pathways. For example, several Nrf2 activators can inhibit NF-xB pathway. NF-xB
may also directly antagonise the transcriptional activity of Nrf2 (for review see Tkach
et al., 2014). In recent years, several compounds, including LC, have been shown to
have inhibitory activities against multiple components of NF-«B activation pathway.

1.7.3 Transcription factors peroxisome proliferator-activated receptors

PPARs are a group of three nuclear receptor isoforms, PPARy, PPARa, and PPARS/p,
identified in the 1990s in rodents and named after their property of peroxisome
proliferation (Kota et al., 2005). PPARs are ligand-regulated transcription factors
that control gene expression by binding to specific response elements (PPREs) within
promoters and they affect various important cellular events including proliferation,
differentiation, and apoptosis (Berger and Moller, 2002). PPARs are shown to form
a heterodimer with retinoid-X receptor (RXR) and bind a peroxisome proliferator
response element (PPRE) on target genes (Nakamura et al., 2014). It is proven that
PPARs control expression of various genes that are crucial for lipid and carbohydrate
metabolism being ‘master’ transcriptional regulators of nutrient metabolism and
energy homeostasis that modulate the expression of unique constellations of genes
(Berger et al., 2005). In particular, PPARY is considered to be the master transcription
factor for adipogenesis, while PPARa mainly distributes in tissues with a high
efficiency of mitochondrial fatty acid oxidation, which highly expresses in the liver,
whereas PPARP/S expression is found to be highly expressed in the small intestine
and keratinocyte (Neels and Grimaldi, 2014). It seems likely that expression levels
of PPARs are subject to regulation by diets and nutrient status in a tissue-dependent
manner, and the activities of PPARa and PPARy can be regulated by phosphorylation
(Juge-Aubry et al., 1999). It is also known that the three PPAR members share a high

Selenium in poultry nutrition and health 49



Chapter 1

degree of homology, however, they differ in tissue distribution, ligand specificity, and
physiological roles (Berger and Moller, 2002). In fact, all three PPARs play essential
roles in lipid and fatty acid metabolism by directly binding to and modulating genes
involved in fat metabolism (Fan and Evans, 2015). Recently, a considerable number
of papers have reviewed PPARs importance in the regulation of various physiological
and biochemical processes within the body (Giordano Attianese and Desvergne, 2015;
Musso et al., 2010; Ndisang, 2014; Zhang et al., 2015) and also the evolutionary pattern
and regulation characteristics of PPARs have been analysed (Zhou et al., 2015). In
particular, PPARa is activated by adiponectin and could inhibit the NF-kB pathway,
while PPAR (gamma) enhances insulin action, free fatty acid oxidation, adiponectin
secretion, and inhibits secretion of proinflammatory cytokines (Musso et al., 2010).
It seems likely that PPAR signalling is a part of the body’s antioxidant system playing
an important role in various stress conditions. In fact, the antioxidant effect of PPARa
has been shown and PPAR-responsive elements (PPREs) have been identified in the
promoter regions of several antioxidant genes, including catalase and Cu?*/Zn?*-
SOD. Therefore, PPARa can bind to PPREs to promote the expression of antioxidants
to inhibit oxidative stress (Khoo et al., 2013; Kim and Yang, 2013; Li et al., 2012; Liu et
al., 2012) having a regulatory effect over the production of oxidative, proinflammatory
and profibrotic mediators (Diep et al., 2002). Furthermore, induction of PPARa by
PPARa-agonist WY 14643 treatment ameliorated the oxidative stress and severity of
liver injury and restored expression of genes altered by ethanol treatment (Kong et
al., 2011).

A synergistic relationship between PPAR-signalling and the HO-system exists related
to the regulation of various physiological functions. For example, PPARs suppress
inflammation/oxidative stress and attenuate excessive immune responses, while
agonists of PPARy and PPARa have been shown to upregulate the HO-system. At
the same time, the HO-system can enhance PPARa, and potentiates the expression
and activity of PPARy. Similar to PPARs, the HO-system has been shown to suppress
inflammation/oxidative stress and modulate immune response (Ndisang et al., 2014).

1.8 Vitagene concept development

Since at the molecular level most stresses are associated with overproduction of free
radicals and oxidative stress, the development of effective antioxidant solutions to
decrease negative consequences of commercially-relevant stress is an important task
for poultry scientists. One of such approaches is based on the possibility of modulation
of vitagenes, a family of genes responsible for animal/poultry adaptation to stress. The
term ‘vitagene’ was introduced in 1998 by Rattan who wrote ‘our survival and the
physical quality of life depends upon an efficient functioning of various maintenance
and repair processes. This complex network of the so-called longevity assurance
processes is composed of several genes, which may be called vitagenes’ (Table 1.5).

Later, the vitagene concept has been further developed in medical sciences by
professor Calabrese and colleagues in 2004-2016. In accordance with Calabrese et

50 Selenium in poultry nutrition and health



Table 1.5. Major components of the ‘vitagene’ network (adapted from Calabrese et al., 2007; Rattan, 1998; Surai,

2015d).

Antioxidant systems in animal body

Molecular level

AO defence

DNA-repair systems

Transfer of genetic information
Stress protein synthesis
Proteosomal function

Cellular level

Cell proliferation

Cell differentiation

Stability of cell membrane
Stability of intracellular milieu
Macromolecular turnover

Tissue and organ level

Neutralisation and removing toxic chemicals
Tissue regeneration and wound healing
Tumour suppression

Cell death and cell replacement

Physiological and redox control level

Stress response
Hormonal response
Immune response
Thermoregulation

Neuronal response

al. (2007, 2009, 2014) the term vitagenes refers to a group of genes that are strictly
involved in preserving cellular homeostasis during stress conditions. The vitagene
family includes HSPs, including haeme oxygenase-1 (HSP32, HO-1) and HSP70, the
thioredoxin system and sirtuins. The list of potential candidates to vitagene family was
later further extended. In particular, SOD, a major inducible enzyme of the first level
of antioxidant defence, has been included into the vitagene family (Surai, 2016; Surai
and Fisinin, 2016e). The products of the mentioned genes actively operate in detecting
and controlling diverse forms of stress and cell injuries.

The cooperative mechanisms of the vitagene network were in detail considered in
recently published reviews. It was proven that the vitagene network in cell and whole
organism plays an essential regulatory role of adaptation to various stresses. Indeed,
cellular stress response is mediated via the regulation of pro-survival pathways
and vitagene activation followed by synthesis of a range of protective antioxidant
molecules is the central event in such an adaptation. The vitagene concept helped
to develop effective strategies to fight oxidative stress in various human diseases,
including neurodegenerative disorders, neuroprotection, aging and longevity,
dermatology, osteoporosis and Alzheimer pathology, and other free radical-related
diseases (for a review see Surai and Fisinin, 2016e). Indeed, HSPs, including HO-1
and HSP70, are responsible for protein homeostasis under stress conditions in
poultry production (Surai, 2015d), while the thioredoxin system is the major player
in maintaining redox status of cells involved in protein and DNA synthesis and repair,
as well as in regulation of expression of many important genes (Surai and Fisinin,
2016e). Furthermore, sirtuins regulate the biological functions of various molecules
post-translationally by removing acetyl groups from protein substrates, ranging
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from histones to transcription factors, and orchestrate cellular stress response by
maintenance of genome integrity and protein stability. Finally, SODs belong to the first
level of antioxidant defence preventing lipid and protein oxidation at the very early
stages (Surai, 2016). All the aforementioned vitagenes operate in concert building a
reliable system of stress detection and adequate response and are considered to be key
elements in stress adaptation.

Recently, the vitagene concept has been successfully transferred from medical to
poultry science (Fisinin and Surai, 2011a,b; Surai, 2015a,b,c,d; Surai and Fisinin,
2012a,b, 2015). The new concept of fighting stress is based on the idea that supplying
birds with various antioxidants through drinking water could help them to effectively
deal with stress conditions. Indeed, a decreased feed consumption at time of stress is
observed and existing feeding systems do not allow to include anything into the feed
loaded into the feed storage bins. Therefore, water-soluble additive supplementation
via the drinking system is shown to be a valuable option. In fact, modern commercial
poultry houses are equipped with water medication systems, which can be effectively
used for the aforementioned supplementations. It has been proven that inclusion of
vitagene-regulating compounds (carnitine, betaine, vitamin E, etc.) as well as some
minerals, vitamins, electrolytes and organic acids in water, could be effective in
fighting various stresses (Fisinin and Surai, 2011a,b; Surai and Fisinin, 2012a,b). This
helps at chick placement, when the antioxidant system is crucial for the digestive and
immune system development (Fisinin and Surai, 2012a; Surai and Fisinin, 2015).
In particular, it was proven in an university-conducted trial that inclusion of anti-
stress composition (PerforMax) into the drinking water improved chicken growth
and feed conversion ratio (FCR; Fotina et al., 2011, 2014). Using the same anti-stress
composition under commercial conditions improved FCR during a 39 day broiler
growth trial. The improvement in FCR due to the anti-stress composition during the
first three days post-hatch, as well as before and after vaccination was highly significant
(Velichko and Surai, 2014; Velichko et al., 2013). The importance and efficacy of the
anti-stress composition for rearing birds and adult egg type parent stock (Hy-Line) at
one of the biggest egg producing farms in Russia (Borovskaya poultry farm, Tumen
region) have been recently reviewed (Shatskich et al., 2015).

In particular, it was shown that adding the anti-stress composition to drinking water
at specific periods of the increased stress could improve breeder’s performance. Egg
peak production increased by 2%, and the peak plateau lasted about 50 days longer
than that in the control birds. It is interesting to note that hen housed egg production in
the control group (260.8 eggs) was higher than the target for the line (253.4 eggs) and
in the experimental group this was increased by 6 eggs. Furthermore, improved egg
production was associated with increased weight of the oviduct in the experimental
layers. It is also important to mention that FCR (feed per 10 eggs) was improved when
using the anti-stress composition and better than the target for the line. Notably,
shell strength at age 26, 36 and 56 weeks was improved in the experimental group
by 2.8, 5.6 and 5.6%, respectively. The most interesting finding was related to a
significant increase in the carotenoid level in the egg yolk of experimental birds. Since
carotenoids were not supplied with the anti-stress composition, this increase could be
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due to improved absorption of nutrients resulting from anti-stress composition usage.
This can also explain the improved FCR in the experimental birds. The vitamin A
level in egg yolk from the experimental group was also increased, probably reflecting
its transfer from the anti-stress composition. In particular, anti-stress composition
usage was associated with improved fertility at 16, 40, 48 and 56 weeks by 2.5, 2.7,
2.8 and 3.7%, respectively. In the same experimental group the hatch of viable chicks
improved at 26, 32, 40, 48 and 56 weeks by 3.6, 2.1, 3.4, 4.9 and 4.3%, respectively
(Shatskih et al., 2015). In addition, it was shown that the anti-stress composition had
an immune-modulating effect in broilers (Fotina et al., 2011) and growing ducklings
(Surai et al, 2012). Improvement of the antioxidant system through the supply of
an antioxidant composition via drinking water could also help dealing with various
mycotoxins in feed, including deoxynivalenol (Fisinin and Surai, 2012b,c), ochratoxin
(Fisinin and Surai, 2012d,e) and T-2 toxin (Fisinin and Surai, 2012f,g). Furthermore,
such a technology could help fight heat stress (Surai and Fotina, 2013) and
immunosuppression (Fisinin and Surai, 2013a,b). However, further work is required
to understand the molecular mechanisms of the interactions of vitagenes with various
signalling systems and transcription factors in the cell to build an adequate adaptive
response to minimise detrimental consequences of commercially-relevant stress in
poultry production.

1.9 Conclusions

Antioxidant-prooxidant balance in the cell is an important determinant of various
physiological functions. Indeed, oxidative stress occurs when this balance is disturbed
due to overproduction of free radicals or compromised antioxidant defences. Free
radical overproduction and oxidative stress are considered as a pathobiochemical
mechanism involved in the initiation or progression phase of various diseases. In
animal production free radial generation and lipid peroxidation are responsible for
the development of various diseases, as well as for the decrease of animal productivity
and product quality. Dietary antioxidants may be especially important in protecting
against the development of the oxidative stress.

In general, ingestion of excessive amounts of antioxidants is presumed to shift the
oxidant-antioxidant balance toward the antioxidant side. This is supposed to be
beneficial; however, this may also adversely affect key physiological processes that
are dependent on free radicals, including prostaglandin production, cell division and
differentiation. Recent evidence suggests that cellular oxidation can induce changes
in gene expression during normal development. Conversely, antioxidants, such as
ascorbate, glutathione, a-tocopherol or carotenoids are inhibitory to differentiation
in many types of cells.

Free radicals are now considered to take part in signal transduction in the cell and
at least two well-defined transcription factors, NF-kB and AP-1, are regulated by the
intracellular redox state. The regulation of gene expression by oxidants, antioxidants,
and redox state has emerged as a novel subdiscipline in molecular biology that has
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promising implications for the feed industry and animal production. Thus the redox
state of the cell, which reflects antioxidant/prooxidant balance, can be considered as an
important element of gene regulation. Therefore, the effect of antioxidants on animal
health is much deeper than one could expect several years ago. The mechanisms by
which natural antioxidants act at the molecular and cellular level include roles in
gene expression and regulation, apoptosis and signal transduction, and antioxidants
are involved in fundamental metabolic and homeostatic processes. However, there
are still many gaps in our knowledge of the basic molecular mechanisms of oxidative
damage and antioxidant defence.

Indeed, a range of selenoproteins (see Chapter 2) is involved in the regulation of
key elements of antioxidant defence. By maintaining optimal activities of antioxidant
enzymes, such as GSH-Px, TrxR and MsrB, as well as directly participating in
regulation of DNA-repair enzymes Se belongs to all three major levels of antioxidant
defence. Furthermore, Se also interacts with other antioxidants, such vitamin E,
ascorbic acid and glutathione. That is why I would call selenium the ‘chief executive
of antioxidant defences. In the next chapters information will be presented proving
that Se is a key to effective antioxidant defence and to maintaining animal and human
health. Indeed, ‘diet cures more than the lancet.
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Chapter 2

Molecular mechanisms of selenium action:
selenoproteins

Diet cures more than the lancet

2.1 Introduction

Itis generally accepted that in biological systems Se participates in various physiological
functions as an integral part of a range of selenoproteins. In fact, it is well known that
sulphur and selenium occur in proteins as constituents of the amino acids cysteine,
methionine, selenocysteine, and selenomethionine. The redox activity of those amino
acids under physiological conditions allows a wide variety of posttranslational protein
modifications, metal free redox pathways, and unusual chalcogen redox states. For
example, unlike any other amino acid, cysteine and SeCys can participate in several
distinct redox pathways, including exchange and radical reactions, as well as atom-,
electron-, and hydride-transfer reactions. Furthermore, the position of selenium
in the periodic table between the metals and the non-metals makes selenoproteins
effective catalysts for many biological redox transformations (Surai, 2006).

2.2 The selenoprotein family

In avian species, 25 different SeCys-containing selenoproteins have been identified (Li
and Sunde, 2016; Mariotti et al., 2012). Recently, a family of chicken selenoproteins
has been updated to include 24-25 genes responsible for selenoprotein synthesis (Lei,
2017; Zhao et al., 2017). Of these, glutathione peroxidases (GSH-Px), thioredoxin
reductases (TrxR) as well as selenoprotein P are known to directly detoxify oxidants.
Furthermore, selenoprotein R (MsrB1) reduces free and protein-bound oxidised Met.
In general, selenoproteins are involved in regulation of many different physiological
and biochemical processes, including:

glutathione-dependent hydroperoxide removal;

reduction of thioredoxins;

selenophosphate synthesis;

activation and inactivation of thyroid hormones;

repair of oxidised methionine residues; and

endoplasmic reticulum associated protein folding and degradation.

This explains the important role of selenium in animal health, including roles in
antioxidant defence, immune system regulation and other functions.
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2.3 Selenocysteine: the functional selenium

As mentioned above, the main effects of Se in animals, including chickens, are caused
by specific SeCys-containing selenoproteins. In fact, SeCys is considered to be the
21t amino acid, and understanding selenoprotein synthesis has substantially helped
with understanding the genetic code (Figure 2.1). Indeed, in 1970 as a great surprise
to many scientists, it was found that in mammalian and avian species UGA served
as both a terminal codon and a SeCys codon (Hatfield et al., 1970). Selenocysteine
(Sec) tRNA was described in the same year (Médenpai et al., 1970). The dual role
of the UGA codon confounds the identification of novel selenoprotein genes. The
presence of SeCys in the catalytic site of selenium-dependent antioxidant enzymes
enhances the kinetic properties and broadens the catalytic activity of enzymes against
biological oxidants, when compared to sulphur-containing enzymes. Therefore, SeCys
is unique among proteinogenic amino acids in that it is the only one containing an
essential dietary micronutrient (selenium) that requires complex tRNA-dependent
synthetic machinery for its synthesis, delivery to the ribosome, and insertion into
the nascent selenoprotein. In fact, selenium availability and stress are the major
factors that determine selenoprotein expression in various chicken tissues. Synthesis
of selenoproteins is associated with insertion of SeCys into the primary protein
structure during translation, and SeCys incorporation at UGA codons requires cis-
acting mRNA secondary structures and several specialised trans-acting factors. The
latter include a selenocysteine-specific tRNA, an elongation factor specific for this
tRNA and a SECIS-binding protein, SBP2, which recruits the elongation factor to the
selenoprotein mRNA (for review see Hatfield et al., 2016; Surai, 2006).

Expression of individual eukaryotic selenoproteins is characterised by high

tissue specificity, depends on Se availability, can be regulated by hormones, and if

compromised contributes to various pathological conditions (Hatfield et al., 2016;

Surai, 2006). Selenoprotein synthesis includes:

o charging of serine onto a specialised tRNA, tRNAS¢¢;

o selenocysteine synthase catalyses the seryl- to selenocysteyl-conversion on the
tRNASeS;

o SeCys cotranslationally incorporated into selenoprotein active centres.

All selenoprotein genes have two characteristic features: (1) an UGA codon that
designates Sec; and (2) a Sec insertion sequence element (Gladyshev et al., 2016).
Most selenoprotein mRNAs (but not selenoprotein P) contain a single UGA codon
encoding a single SeCys residue per polypeptide chain and a single specific RNA
secondary structure, termed a selenocysteine insertion sequence (SECIS) element,
that directs incorporation of SeCys. Therefore, the SECIS element is an RNA hairpin
in the 3’UTR of selenoprotein mRNAs required for decoding UGA selenocysteine
codons. In general, there is a strong hierarchy in selenoprotein expression in various
tissues with the brain being more conservative in terms of Se manipulation than
other tissues (Pillai et al., 2014). Furthermore, within the selenoprotein family also
a hierarchy exists in selenoprotein expression under various conditions, including
Se deficiency. For example, the GI-GSH-Px and PH-GSH-Px are most preferentially
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A genetically encoded amino acid incorporation
A specific and dedicated translation machinery

SeCys
in the enzyme
catalytic site

25 SeCys containing proteins

Among them:

e GSH-Px1, 2, 3, 6
e TrxR1, 2, 3 Redox function
e Selenoprotein P

e MsrB1 } Repair proteins

o TrxR: Thioredoxin Reductase e Msr: Methionine sulfoxide reductase
e GSH-Px: Glutathione Peroxidase

Figure 2.1 Seleniumcysteine — the 215t amino acid.

supplied with Se compared to other members of the GSH-Px family. This kind of
regulation has important implications for the development of signs of Se deficiency.
In fact, selenoproteins that are less affected by Se-deficiency are considered to be more
physiologically important than others (Flohe and Brigelius-Flohe, 2016).
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All known up-to-date specific selenoproteins can be divided into two distinct groups

depending on the location and functional properties of SeCys (Gladyshev, 2016):

o Most of selenoproteins, including GSH-Px, belongs to the first group (sometimes
called GSH-Px group) which includes proteins in which SeCys is located in the
N-terminal region or the middle of the protein portion of a functional domain.

o The selenoproteins belonging to the second group, contain a redox-active SeCys
located in the C-terminal sequences and include TrxRs, selenoproteins K, S, O
and L.

Table 2.1 summarises known eukaryotic/avian selenoproteins and in this chapter a
brief overview of selenoproteins that have been functionally characterised will be
provided. Readers are referred to individual chapters in the recent book by Hatfield et
al. (2016) for additional information on various selenoproteins. Glutathione peroxidase
(GSH-Px) and thioredoxin reductase (TrxR) are the most abundant antioxidant Se-
containing proteins in mammals (Gladyshev, 2016). Major characteristics of GSH-Px
and TrxR are shown in Table 2.2 and 2.3 (for a review see Surai et al., 2018a,b).

2.4 Glutathione peroxidases

Glutathione peroxidase (GSH-Px) is the first described selenoprotein and is considered
to be the most important element of the antioxidant defence system of the cell and of
the body in general (Figure 2.2). The PubMed search conducted on November 14t
20016 on the ‘glutathione peroxidase’ gave 31,191 publications, including more than
1,600 references from 2016. Therefore, the interest in this subject is really tremendous.
It is important to note that old biological textbooks, written 20 or more years ago,
include only one GSH-Px, but the GSH-Px family includes at least 8 members and
5 of them are Se-dependent forms of the enzyme. They differ in molecular weight,
substrate specificity, cell distribution and perform a variety of functions. There are 4
different glutathione peroxidases in avian species, namely GSH-Px1, GSH-Px2, GSH-
Px3 and GSH-Px4. General characteristics of various GSH-Px proteins are shown in
Table 2.2.

2.4.1 Cytosolic glutathione peroxidase (cGSH-Px or GSH-Px1).

Glutathione peroxidase (glutathione H,O, oxidoreductase E.C. 1.11.1.9) was
discovered by Mills in 1957, who showed that this enzyme had a protective effect
in erythrocytes against H,O,- or ascorbate-induced haemolysis. Sixteen years later
it became clear that GSH-Px was a selenoenzyme (Flohe et al., 1973; Rotruck et al.,
1973). In fact, Rotruck et al. (1973) were the first to show that in rat red cells Se was
tightly bound to the enzyme and demonstrated the uptake of 7°Se by GSH-Px. In the
same year, Flohe et al. (1973) reported that bovine GSH-Px contained one Se atom
per subunit. It is interesting that 1973 was a year of Se discoveries, since in that year
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Table 2.3. Total glutathione peroxidase (GSH-Px) activity in the liver of various animals, U/mg protein (adapted
from Tappel et al., 1982).

Animal GSH-Px activity Animal GSH-Px activity
Chicken 33 White mouse 468
Cattle 70 Ground squirrel 49
Sheep 64 Cat 67
Rat 245 Dog 20
Mouse 476 Rainbow trout 0.9
Guinea pig 12 Blue gill sunfish 34
Hamster 920 Carp 143
Rabbit 496 Fence lizard 22
Gerbil 683 American toad 2
Wild house mice 446 Western newt 1.5
Reduced Oxidized (non harmful)

¢ 4 different GSH-Px in avian species
* Selenium feed supplementation _” GSH-Px activity

Different biological roles:

¢ Prevention of lipid peroxidation

* ROS detoxification

¢ Specific role of GSH-Px 4 in male fertility

Figure 2.2 Glutathione peroxidase — an important enzyme of the antioxidant system.
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selenoproteins also were described in micro-organisms. GSH-Px is responsible for
detoxification of hydroperoxides and hydrogen peroxide in the following reactions:

ROOH + 2GSH — "% 5 ROH +GSSG+H,0

H,0, + 2GSH — 2y GSSG + 2H,0

These reactions employ a ping-pong mechanism. In particular, SeCys in the active
centre of the enzyme is oxidised with selenenic acid formation, which is reduced
back in a reaction with 2 molecules of GSH. The Se atom in the enzyme catalytic site
undergoes a redox cycle, while reduction of H,0O, and organic peroxides take place
(Mugesh and Singh, 2000). The selenolate, is oxidised to selenenic acid, which reacts
with GSH to form a selenosulfide adduct with the following reaction with GSH to
regenerate the active form of the enzyme.

GSH-Px detoxifies peroxynitrite in the following reaction (Sies et al., 1998):

ONOO" + 2GSH — 2% o ONO- +GSSG+H,0

Glutathione reductase (GR) is responsible for a reduction of oxidised glutathione back
to a reduced form:

GSSG + NADPH +H* —°® 4 2GSH + NADP*

GSH-Px s characterised by high specificity for GSH as a donor of a reducing equivalent
(substrate) and catalyses the reduction of a variety of hydroperoxides. However, its
activity is related only to free peroxides and it is not able to reduce esterified fatty acid
hydroperoxides. Therefore, in biological system hydroperoxides in membranes have
to be released by other enzymatic systems (e.g. phospholipases) or another member
of GSH-Px (PH-GSH-Px) can deal with them.

GSH-Px activity is dependent on the Se status of tissues. In fact, dietary Se
supplementation has been shown to be effective in increasing GSH-Px in a variety
of animal species including rat, mouse, chicken, quail, sheep, cattle, horse, pig, deer,
salmon, etc. (Flohe and Brigelius-Flohe, 2016). On the other hand, there is a range
of nutritional means of decreasing GSH-Px activities in various tissues including
vitamin E excess, deficiencies of iron, zinc, riboflavin, vitamin B, or copper, as well
as consumption of silver, tri-o-cresyl phosphate or doxorubicin (Surai, 2006). In fact,
depending on concentration and duration of exposure various chemical elements
and compounds can either decrease or increase GSH-Px activity in tissues. When Se
is available, increased GSH-Px activity could be a compensatory mechanism to deal
with stress conditions. An oxygen-responsive element was identified in the 5’-flanking
region of the cGSH-Px gene (Flohe and Brigelius-Flohe, 2016). The earliest response
in the specific activity of selenium-dependent GSH-Px occurred in chicken plasma
at 8 hours and in liver at 24 hours after selenium administration (Bunk and Combs,
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1980). It is important to mention that GSH-Px was found in the chicken egg proteome
(Mann and Mann, 2008).

GSH-Px activity was shown to have species- and tissue-specificity. For example, GSH-
Px in the mouse leg muscle was shown to be almost 10-fold higher than that in the
chicken muscle (Omaye and Tappel, 1974). A comprehensive study of GSH-Px in
various tissues of different animals was conducted by Tappel et al. (1982) and data on
GSH-Px activity in various animal species are shown in Table 2.3).

It was shown that Guinea pig is the only species in which the selenoenzyme was
virtually absent in most tissues. Also of interest is the fact that the selenium-dependent
and selenium-independent enzymes were present in about equal amounts in rat liver.
However, in the hamster liver non-Se-GSH-Px was practically absent, while in the
guinea pig liver non-Se-GSH-Px activity was 5-fold higher than that of Se-GSH-Px.
It is especially interesting to note the relative order of activities in the liver of various
species: hamster > rabbit ~ mouse > rat. Among the various tissues, liver has the
highest total GSH-Px activity. The total GSH-Px activities found in the study for
chicken liver, heart and lung were 33, 27 and 10 nmol NADPH oxidised/min/mg
protein, respectively. It is interesting to note that the GSH-Px activities of the stomach
and intestine were similar in magnitude to those of the heart and lung. Concerning
phylogenetic relationships, those animals of lower development, trout, sunfish, newt,
toad and lizard, were shown to have low total GSH-Px activities in their tissues. In
contrast, the rodent limb of the phylogenetic tree was characterised by the highest
concentrations of GSH-Px in liver and kidney. Between these extremes are the tissues
of animals of higher phylogenetic order including cattle, sheep, cats and dogs (Tappel
et al., 1982). Twenty years later, Chiaradia et al. (2002) determined lymphocyte GSH-
Px activity, plasmatic GSH levels and the effect of H,O, on the responsiveness of
lymphocytes to proliferative stimuli. Among the three species considered, sheep
presented the lowest plasmatic GSH and the highest lymphocyte GSH-Px activity.
On the contrary, dogs showed an inverted pattern (high GSH - low GSH-Px). Horses
displayed intermediate values for both parameters analysed. In particular, high rate of
peroxide production in tissues, such as liver, kidney or lung, was associated with high
GSH-Px activity. GSH-Px activity in chicken, duck and turkey muscles [m. pectoralis
(breast), m. gastrocnemius and m. peroneus longus (thigh)], ostrich (steak and fillet)
and lamb muscles [m. longissimus dorsi (LD), m. psoas major (PM)] were measured
(Daun and Akesson, 2004). It was shown that the activity of GSH-Px varied more
than 5-fold among the muscles from different species. The highest activity, found in
duck muscles, was significantly higher than that in all other muscles. Moreover, lamb
PM had a significantly higher GSH-Px activity than chicken and turkey breast and
ostrich fillet. Another interesting comparison can be made between oxidative and
glycolytic muscles for each species. In the oxidative muscles of chicken, duck, lamb
and turkey, GSH-Px activities were significantly higher than those of the glycolytic
muscles (Daun and Akesson, 2004). It is interesting to note that GSH-Px was shown
to be 2.5-fold higher in duck embryo liver in comparison to chicken (Jin et al., 2001)
or 15-fold higher in the postnatal duck muscle in comparison to chicken muscle
(Hoac et al., 2006), while GSH-Px activity in chicken meat was almost 2-fold lower
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than that in camel or cattle meat (Gheisari and Motamedi, 2010). It is important
to mention that GSH concentration in the duck liver (5.66 mmol/g) was shown to
be more than 2-fold higher than that in the chicken (1.91mmol/g) or goose (2.42
mmol/g) liver (Mezes et al., 1998). In the liver of emperor penguins, GSH-Px activities
were 2-3 times higher than those in other avian species (Zenteno-Savin et al., 2010).
GSH-Px activities in the liver of rat, chicken, lizard and frog were as follows 36, 6;
23.2;14.3 and 9.2 pmol NADPH/min/g, respectively (Venditti et al., 1999). In turkey,
GSH-Px3 expression was high in all tissues except kidney, while GSH-Px1 expression
was high in kidney (Sunde et al., 2015). Whole blood GSH-Px in chicken reduced
by age (Chadio et al, 2015). The endogenous rhythm of GSH-Px in five regions
(hippocampus, hypothalamus, striatum, cortex and cerebellum) of chick brain was
studied. In particular it was shown that GSH-Px exhibited a marked 24 h rhythm
with peak activity in each brain region which had acrophases about 8 hours after
lights off and about 4 hours after the serum melatonin peak was detected (Pablos et
al., 1998). Furthermore, the exposure of chicks to constant light for 6 days eliminated
the melatonin rhythm as well as the peaks in glutathione peroxidase.

This enzyme has a wide cell distribution and is present in mitochondria and the
cytosol. In fact, in rat liver 75% of the enzyme was found in the cytosol and 25% in
mitochondria (Flohe and Brigelius-Flohe, 2016). It is interesting that GSH-Px was
also detected in peroxisomes (Singh et al., 1994). The ranking order of tissue-specific
stability of cGSH-Px is as follows (Flohe and Brigelius-Flohe, 2016): brain >> thymus
> thyroid > heart > liver, kidney, and lung.

GSH-Px activity is dependent of Se dietary supply. For example, compared with Se-
adequate rats, rats fed the basal amino acid diet retained only 1, 6, 4 and 9% of the
Se-adequate GSH-Px activity in liver, heart, kidney and lung, respectively (Lei et al.,
1995). Therefore, GSH-Px activity ultimately depends on Se provision in the diet. In
an experiment by Kim and Combs (1993), chicks produced from hens marginally
deficient in Se and vitamin E were used. The hepatic activity of Se-GSH-Px was
significantly greater in Se-adequate chicks than in Se-deficient ones, which was about
20% of the control level. When an experiment of the same design was conducted
using chicks produced from hens that had been depleted of Se and vitamin E for a
longer period of time (9 months), the hepatic activity of Se-GSH-Px of chicks in that
treatment group was about one-fifth of the activity observed for the same dietary
treatment in the previous experiment. In fact, in this experiment, Se- and vitamin
E-deficient chicks showed only 8% of the hepatic Se-GSH-Px activities of Se- and
vitamin E-fed controls. At 6 weeks of age, the hepatic activities of Se-GSH-Px in
Se- and vitamin E-deficient chicks was 12% of that of Se- and VE-fed controls (Kim
and Combs, 1993). There are substantial differences among different forms of GSH-
Px with regard to response to Se deficiency (Flohe and Brigelius-Flohe, 2016). The
selenoproteins retained in tissues for longer periods during progressive Se deficiency
are considered to have higher physiological significance in comparison to those whose
activities rapidly decline. In this respect, the main GSH-Px forms rank as follows
(Flohe and Brigelius-Flohe, 2016): GI-GSH-Px > PH-GSH-Px > Plasma GSH-Px =
Cytosolic GSH-Px. In fact, recently it has been suggested that GSH-Px, Txnrd1, SELP,
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and SPS2 play a more important role than the other selenoproteins in poultry (Luan
et al., 2016).

To evaluate the role of GSH-Px in the body metabolism two approaches have been
used, namely over-expression of GSH-Px in various types of cells and animals, and
GSH-Px ‘knockout’ models. Mice deficient in cellular GSH-Px (GSH-Px knockout
mice) were created in various laboratories by gene-targeting technology (Ho et al.,
1997,2002). It is interesting that alteration of GSH-Px1 expression showed no impact
on the expression of other selenoproteins and antioxidant enzymes in unstressed mice
(Ho, 2002; Lei, 2001). To the surprise of many researchers and to the disappointment
of those who considered GSH-Px as a ‘wonder enzyme) the first experiments with
GSH-Px knockout models showed that the contribution of GSH-Px1 to the cellular
antioxidant mechanism under normal animal development and physiological
conditions is very limited. Indeed, mice deficient in GSH-Px were apparently healthy.
Their tissues exhibited neither a retarded rate in consuming extracellular hydrogen
peroxide, nor an increased content of protein carbonyl groups and lipid peroxidation
compared with those of wild-type mice (Ho et al., 1997). Therefore, these mice
developed normally and showed no marked pathologic changes under normal
physiologic conditions (Ho et al., 1997). Remarkably enough, a deficiency in these
genes had no effects on animal survival under hyperoxia. It was shown that kidney
GSH-Px1 mRNA levels and liver, kidney, lung, and testis total GSH-Px activities were
affected by the GSH-Px1 knockout and dietary Se concentrations (Cheng et al., 1998).
In contrast, kidney extracellular or plasma GSH-Px3 mRNA levels and PH-GSH-Px4
activities in the four tissues were affected by only dietary Se concentrations. Therefore,
GSH-Px1 is expressed independently of GSH-Px3 or GSH-Px4 and represents
approximately 60% of the total hepatic Se in Se-adequate mice (Cheng et al., 1997).

In general, studies of GSH-Px1 knockout mice lead De Haan et al. (2003) to conclude
that GSH-Px1 functions as the primary protection against acute oxidative stress,
particularly in neuropathological situations, such as stroke and cold-induced head
trauma, where high levels of ROS occur during reperfusion or in response to injury.
The GSH-Px knockout model is not perfect, since it is an unusual situation when
only one selenoprotein is affected. For example, in the case of Se-deficiency a whole
range of selenoproteins would be affected and therefore physiological changes in the
body would be quite different from those observed in this model system. However,
clearly, this model has helped understanding the crucial role of classical GSH-Px as an
important antioxidant devise effective in various stress conditions. A review of results
based on overexpression of GSH-Px (Surai, 2006) indicated that overexpression of
GSH-Px is associated with an increased protection against oxidative stress, created
as a result of various environmental or nutritional manipulations. Indeed, GSH-Px is
well-regulated by enzymes and its increased activity can be considered as an additional
protective mechanism in stress conditions. Most of research related to GSH-Px activity
in poultry was exclusively related to GSH-Px1 and only in a few studies GSH-Px4 was
determined, while GSH-Px2 and GSH-Px3 still await investigation in avian species.
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In newly hatched chickens, the highest GSH-Px activity was found in liver and kidney,
with intermediate activity in the heart, lung and yolk sac membrane (YSM) and
comparatively low activity shown in muscles and brain (Surai et al., 1999). In all the
tissues, Se-dependent GSH-Px was the main enzymic form, comprising from 65%
(lung) up to 90% (heart) of the total enzyme activity. It is interesting to note that the
highest Se concentration was found in the YSM, intermediate Se concentration in liver
and kidney, while lower Se concentration was a characteristic of other tissues studied
(Surai et al., 1999). The specific activity of GSH-Px in embryonic liver increased
continuously during the second half of the in vivo developmental period, so that the
activity at hatching was 3.0 times greater than that at day 10 (Surai, 1999). The most
rapid increase occurred between days 11 and 15 with a much more gradual increase
thereafter. The expression of GSH-Px in the YSM also increased (by 1.8 times) between
days 11 and 15 but decreased thereafter. By contrast, the specific activity of GSH-Px in
the brain was very low and relatively constant through the second half of embryonic
development. Thus, by the time of hatching, the specific activity of the enzyme in the
liver was 6.1 times greater than that in the brain. GSH-Px activities in the embryonic
kidney, lung, heart and skeletal muscle were measured between day 15 of embryonic
development and 1 day after hatching. During this period, the enzyme specific activity
in the kidney increased gradually by 1.6 fold; the amount in the heart remained
approximately constant; the specific activity in skeletal muscle decreased gradually
by 30%; the specific activity in lung decreased by 27% between days 15 and 19, then
increased by the same amount by day 1 after hatching (Surai, 1999). It was shown
that GSH-Px activity in the prenatal normoxic lung demonstrated a sharp increase
between day 16 and day 18 and remained constant until hatch (Starrs et al., 2001). It
is interesting to note that GSH-Px activity demonstrated great differences between
normoxic and hypoxic conditions. In fact, under hypoxic conditions, GSH-Px activity
was constant from day 14 to pip, and then increased significantly from pip to hatch.
GSH-Px activity in hypoxic chicken embryos was elevated above normoxic values for
day 14, day 16 and hatch (Starrrs et al., 2001). According to GSH-Px activity tissues of
35 day old chickens can be placed in the following descending order: liver >> kidney >
plasma = erythrocytes >> femoral muscle >> pectoral muscle. Dietary organic Se
supplementation (0.3 mg/kg) was associated with increased GSH-Px activity in
plasma, erythrocytes, liver, leg muscles, breast muscles and kidney by 44, 33, 30, 22,
11 and 10%, respectively (Arai et al., 1994). In the chicken liver Se-dependent GSH-
Px comprises about a half (48%) of total activity of the enzyme (Engberg et al., 1996).

GSH-Px has been found to be expressed in chicken seminal plasma and spermatozoa
(Surai et al., 1998a,b). There are species-specific differences in activity and distribution
of GSH-Px in avian semen. For example, in seminal plasma total GSH-Px activity
was the highest in turkey and lowest in duck and goose (Surai et al., 1998a). In
spermatozoa, on the other hand, the highest GSH-Px activities were found for goose
and duck and much lower GSH-Px activity was recorded for guinea fowl, turkey or
chicken. In seminal plasma, the activity of GSH-Px was two times greater in the White
Koluda ganders than in chickens (Partyka et al., 2012). A process of freezing and
thawing fowl semen was associated with increased GSH-Px activity in the seminal
plasma (Partyka et al., 2012a). It has also been shown that despite a high proportion of
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PUFAs and a low level of vitamin E, duck spermatozoa have the same susceptibility to
lipid peroxidation as chicken spermatozoa (Surai et al., 2000b). It has been suggested
that an increased activity of Se-GSH-Px in duck semen compensates for the relatively
low concentrations of other antioxidants. If selenium is limiting in the diet (which is
the case in many countries in the world), then dietary supplementation of this trace
element should have a beneficial effect on the antioxidant defence in various tissues
including sperm. This was confirmed in our studies. Inclusion of Se in the diet of male
chickens significantly increased Se-GSH-Px activity in the liver, testes, spermatozoa
and seminal plasma (Surai et al., 1998c). As a result, a significant decrease in the
sperm’s and tissue susceptibility to lipid peroxidation was observed. This protective
effect was more expressed in stored semen as compared to fresh. In this respect, it is
extremely important that an inducible form of the enzyme (Se-GSH-Px) represents
more than 75% of the total enzymatic activity in chicken spermatozoa and more
than 60% in the testes and liver of cockerels. Increased GSH-Px activity in the UV]
compared to other regions of the lower oviduct (vagina, uterus) could be related to
a necessity of AO defence during sperm storage in sperm-storage glands (Breque et
al., 2006).

2.4.2 Phospholipid glutathione peroxidase (GSH-Px4, PH-GSH-Px)

In 1985 Ursini and co-workers reported that another form of GSH-Px, which used
a phosphatidyl choline hydroperoxide as a substrate (PH-GSH-Px, GSH-Px4), was
Se-dependent. They showed that the enzyme was a monomer of 23 kDa. It contained
1 g of Se/22,000 g protein. Se was found here in the selenol form. The kinetic data
were compatible with a tert-uni ping-pong mechanism, as in the case of the ‘classical’
glutathione peroxidase. The second-order rate constants (K, ) for the reaction of the
enzyme with the hydroperoxide substrates indicated that, while H,O, is reduced
faster by the cGSH-Px, linoleic acid hydroperoxide is reduced faster by PH-GSH-Px.
The authors suggested that this enzyme was active at the interface of the membrane
and the aqueous phase of the cell. PH-GSH-Px is distinguished from classical GSH-Px
as it is active in monomeric form and has a different amino acid composition (Sunde,
1993). In particular, arginine residues surrounding the reaction centre, which are
responsible for a productive binding of GSH in GSH-Px1, are missing in PH-GSH-Px
(Mauri et al., 2003).

There are three different forms of PH-GSH-Px. It is synthesised as a long form (L-form;
23 kDa) and a short form (S-form, 20 kDa) from mRNA that is transcribed from two
initiation sites in exon Ia of PH-GSH-Px genomic DNA (Imai and Nakagawa, 2003).
S-form PH-GSH-Px is the nonmitochondrial PH-GSHPx and L-form PH-GSH-Px
is the mitochondrial PH-GSH-Px. Recently, a third form of PH-GSH-Px, a 34 kDa
selenoprotein, was detected in rat sperm nuclei and called sperm nuclei GSH-Px
(snGSH-Px). However, in chicken there is no snGSH-Px (Bertelsmann et al., 2007).

The PH-GSH-Px is unique in its capability of reducing ester lipid hydroperoxides
even if they are incorporated in biomembranes or lipoproteins. For other members
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of GSH-Px family, preliminary release of peroxides from the membrane by such
enzymes as phospolipase C is an essential part of detoxification.

It is well known that PH-GSH-Px is widely expressed in normal tissues, and especially
high in the testis (Imai et al., 1995), where it has an important role in spermatogenesis
and sperm function and is under gonadotropin control. In this organ, the relevant PH-
GSH-Px activity is strongly linked to mitochondria of cells that undergo differentiation
to spermatozoa. In testis mitochondria, PH-GSH-Px is electrostatically bound to the
inner surfaces of the organelle (Roveri et al., 1994). There was no difference between
the soluble and the mitochondrial enzyme in terms of chromatographic properties,
the electrophoretic mobility, the reactivity to antibodies and the fragmentation
patterns and substrate specificity. However, two-dimensional electrophoresis followed
by immunostaining with monoclonal antibodies, showed the presence of multiple
isoforms with a different pattern between the soluble and the mitochondrial enzyme
(Roveri et al., 1994). It is interesting that PH-GSH-Px is localised in the midpiece
of spermatozoa in various species, including Drosophila melanogaster, frog, fish,
cock, mouse, rat, pig, bull, and human (Nayernia et al., 2004). It is also important to
mention that PH-GSH-Px mRNA expression in male reproductive organs is under
oestrogen control (Nam et al., 2003).

The most extraordinary discovery about PH-GSH-Px is related to its polymerisation
and conversion from active enzyme to the structural protein. Indeed, PH-GSH-
Px protein was identified as the major constituent of the keratin-like material that
embeds the helix of mitochondria in midpiece of spermatozoa (Ursini et al., 1999).

In 1991 chick liver cytosolic glutathione peroxidase activity was separated into three
peaks by gel permeation chromatography (Miyazaki, 1991). The relative molecular
weights and enzyme activities indicated that the first peak was Se-GSH-Px1 and the
second non-Se-GSH-Px. The third peak was the monomeric GSH-Px, later called
GSH-Px4. The proportions of the GSH-Px1, non-Se-GSH-Px and GSH-Px4 activities
to total liver glutathione peroxidase were approximately 30, 42 and 28%, respectively
(Miyazaki and Motoi, 1992). In the chick samples examined, the total glutathione
peroxidase activity ranged from 118 nmol/min/mg in the kidney to 15.3 nmol/min/
mg in plasma. In all tissues except plasma GSH-Px activity was separated into three
peaks, while in plasma only one peak of GSH-Px1 was detected. In terms of percentage
of total GSH-Px activity, Se-GSH-Px activity was high in plasma and erythrocytes,
intermediate in testis, brain, kidney and liver, and low in duodenum. For example, in
erythrocytes, about 80% of total activity was Se-GSH-Px. In terms of non-Se-GSH-Px,
enzyme activity was high in duodenum, intermediate in kidney, brain, liver and testis,
and low in erythrocytes, while about 70% of total glutathione peroxidase activity
was non-Se-GSH-Px in the duodenum. All organs examined contained GSH-Px4
in different proportions. The proportions of GSH-Px4 to total activity ranged from
14% in testis to 28% in liver, while in erythrocytes the contribution of GSH-Px4 to
total activity was very low comprising only about 4%. In terms of specific activity,
GSH-Px4 activity was high in liver, duodenum and kidney, intermediate in testis and
low in brain. The high GSH-Px4 activity in bird livers suggests that this enzyme is a
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major enzymatic system for reducing membrane lipid hydroperoxides in birds. The
livers of all the species examined by the authors had three kinds of GSH-Px, but there
was variation between species in their relative proportions. Se-GSH-Px was the main
glutathione peroxidase activity in rat liver while non-Se-GSH-Px was predominant
in bovine liver. In avian livers, GSH-Px4 activity ranged from 10% of the total
glutathione peroxidase activity in Japanese quail to 28% in chicks. The contribution
of GSH-Px4 to total GSH-Px activity was very low in the livers of mammals. In terms
of specific activity toward cumene hydroperoxide, GSH-Px4 activity of mammalian
livers was below 6% of the activity of chick liver (Miyazaki and Motoi, 1992). Later, the
same authors purified GSH-Px4 to homogeneity from a broiler chick liver cytosolic
fraction using 5 different column chromatographic methods (Miyazaki and Motoi,
1996). The molecular weight of the purified enzyme, determined by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis, was 19,500, which was confirmed by
gel filtration chromatography. Therefore, it was suggested that the enzyme protein is
a single polypeptide. The isoelectric point of the enzyme was determined as 7.0 and
the optimum pH for the enzyme reaction as 7.0. The purified enzyme catalysed the
reduction of hydrogen peroxide, cumene hydroperoxide, tert-butyl hydroperoxide
and linoleic acid hydroperoxide. GSH-Px4 can deal with lipid peroxides inside
membranes, since it reduced phosphatidylcholine hydroperoxide in the absence of
phospholipase A2. By using an antiserum against the purified enzyme, it was shown
that it reacted with the 19.5 kDa polypeptide in the liver cytosol of duck and quail,
suggesting the presence of this enzyme in these avian species (Miyazaki and Motoi,
1996). GSH-Px4 has been shown to exist as both an 197 amino acid mitochondrial
targeting protein and as an 170 amino acid non-mitochondrial protein (Kong et al.,
2003). The cDNA encoding the non-mitochondrial chicken GSH-Px (cGSH-Px4) was
isolated from a chicken embryonic fibroblast cell line cDNA library. The nucleotide
sequence of cGSH-Px4 was shown to be 802 bp in length with an open reading frame
that encoded 170 amino acids, but lacked the N-terminal domain encoding the
mitochondrial leader sequence. Chicken non-mitochondrial GSH-Px4 was highly
expressed in brain and stromal tissues. The authors also showed that ovarian stromal
tissue cGSH-Px4 expression is regulated according to the reproductive status of the
bird and its hormone status, suggesting that GSH-Px may play an important role in
avian reproduction (Kong et al., 2003). GSH-Px4 in avian species is shown to be very
sensitive to Se status. In fact, the liver had the highest GSH-Px activity in Se-adequate
poults, and GSH-Px4 activity in Se-deficient liver decreased to 5% of Se-adequate
levels (Sunde and Hadley, 2010). It is interesting that liver GSH-Px4 mRNA levels
could be down-regulated by excess of Se in chicken diet (Zoidis et al., 2010).

2.4.3 Plasma glutathione peroxidase (pGSH-Px, GSH-Px3)

GSH-Px from human plasma was purified to homogeneity by Takahashi and co-
workers in 1987. This enzyme is a glycoprotein and synthesised in the kidney. It is
an extracellular enzyme found in blood plasma (representing 20% of the Se found in
plasma), chamber water of the eye or amniotic fluid. In the same year, Maddipati and
Marnett (1987) showed that the human plasma glutathione peroxidase is a tetramer
of identical subunits of 21.5 kDa molecular mass as determined by sodium dodecyl
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sulphate-polyacrylamide gel electrophoresis. The plasma peroxidase is a selenoprotein
containing one selenium per subunit (Maddipati and Marnett, 1987). In general, the
protein has a molecular weight of approximately 92,000 Da with each subunit having
a molecular weight of 23,000 Da containing four Se atoms per molecule (Cohen and
Avissar, 1993). Unlike several other glutathione peroxidases this enzyme exhibits
saturation kinetics with respect to glutathione (Km for glutathione = 4.3 mM). The
peroxidase exhibits high affinity for hydroperoxides with Km values ranging from 2.3
microM for 13-hydroperoxy-9,11-octadecadienoic acid to 13.3 microM for hydrogen
peroxide at saturating glutathione concentration (Maddipati and Marnett, 1987). The
main source of chicken GSH-Px3 in the plasma is the kidney. The chicken GSH-Px3
gene is shown to encode a very homologous signal peptide sequence (Thu et al., 2016).

Biological role of this enzyme remains speculative, since in blood plasma there are low
concentrations of extracellular GSH or reduced thioredoxin. pGSH-Px is considered
to have intermediate specificity to peroxides. It can reduce lipid hydroperoxides in
low density lipoproteins, however, it is not active against peroxidised cholesterol esters
(for review see Flohe and Brigelius-Flohe, 2016). Indeed, pGSH-Px is considered to
be a redox buffer involved in a regulation of inflammatory reactions.

A comparison between pGSH-Px and cGSH-Px showed (Esworthy et al., 1993) that:

o The rates of reactivity of human p-GSHPx and human GSH-Px-1 with LinOOH
and H,O, are in the same range.

o pGSH-Px is more reactive with LinOOH and GSH-Px1 is more reactive with H,O,.

o pGSH-Px has a low level of reducing activity toward cholesterol-7-alpha-OOH
and no detectable activity with the 5-alpha-OOH isomer in contrast to PH-
GSH-Px that readily reduces both isomers. However, it catalyses the reduction
of phosphatidylcholine hydroperoxides to the corresponding hydroxy derivatives
(Yamamoto et al., 1993). In fact, the reductions of aromatic and small hydrophobic
hydroperoxides (cumene hydroperoxide, t-amyl hydroperoxide, t-butyl
hydroperoxide, paramenthane hydroperoxide) are better catalysed by pGSH-Px
than the more ‘physiological’ substrates (linoleic acid hydroperoxide, hydrogen
peroxide, peroxidised plasma lipids, and oxidised cholesterol) (Howard and
Hawkes, 1998).

o pGSH-Px possesses catalytic activity towards phospholipid hydroperoxides in the
absence of detergents, is enhanced at low concentrations by deoxycholate, and
strongly inhibited by Triton X-100 and incorporation into liposomes.

o pGSH-Px exhibits a smaller GSH rate constant than GSH-Px-1.

2.4.4 Gastrointestinal glutathione peroxidase (GI-GSH-Px, GSH-Px2)

GI-GSH-Px was first described in 1993 (Chu et al., 1993). The enzymatic properties
of this enzyme are practically the same as those of cytosolic GSH-Px. The physical
properties are also similar; and activity of both enzymes depends on Se supply (Chu
et al., 1993). The authors showed similar substrate specificities for GSHPx-1 and
GI-GSH-Px; they both catalyse the reduction of H,O,, tert-butyl hydroperoxide,
cumene hydroperoxide, and linoleic acid hydroperoxide with glutathione, but not of
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phosphatidylcholine hydroperoxide. Furthermore, GI-GSH-Px mRNA was readily
detected in human liver and colon, and occasionally in human breast samples, but not
in other human tissues including kidney, heart, lung, placenta, or uterus. On the other
hand, in rodent tissues, GI-GSH-Px mRNA was only detected in the gastrointestinal
tract, and not in other tissues including liver (Chu et al., 1993). In fact, GSHPx-GI
appeared to be the major glutathione-dependent peroxidase activity in rodent GI
tract.

GI-GSH-Px activity was present in both the villus and crypt regions of rat mucosal
epithelium and its activity nearly equalled that of classical GSH-Px throughout the
small intestine and colorectal segments (Esworthy et al., 1998). GI-GSH-Px could
be considered to be a barrier against hydroperoxide resorption (Flohe and Brigelius-
Flohe, 2016). Furthermore, in the gastrointestinal tract there are at least three more
selenoproteins including plasma GSH-Px, selenoprotein P and thioredoxin reductase
(Mork et al., 1998). The data on GI-GSH-Px clearly indicate that this enzyme should
be considered as a major antioxidant defence in the intestine.

2.5 Glutathione peroxidase activity effectors
2.5.1 Selenium deficiency

Chicks fed a Se-deficient purified diet based on crystalline amino acids showed
decreased Se-dependent GSH-Px activities in plasma and pancreas (Combs et al.,
1984). Furthermore, when fed low Se diets all chicks exhibited depressed growth
and markedly reduced blood GSH-Px activities (Halpin and Baker, 1984). In fact,
the activity of GSH-Px in plasma and liver varied inversely with the incidence of
Exudative Diathesis and was increased by feed restriction (Zhou and Combs, 1984).
Similarly, the pectoralis major muscle of chickens with muscular dystrophy disease
by 7 days posthatch showed elevated GSH-Px activity (Murphy and Kehrer, 1986).
Selenium- and vitamin E-depleted chicks reared on a low Se, amino acid-based
diet containing 100 IU vitamin E per kilogram were found to have exceedingly low
pancreatic activities of GSH-Px activity at 8 d of age (Whitacre et al., 1987). Indeed,
Se deficiency decreased GSH-Px in liver (Liu et al., 2014b, 2015¢; Walser et al., 1988),
brain (Xu et al., 2013), pancreas (Zhao et al., 2014a), muscles (Yao et al., 2013a;
2014), thyroids (Lin et al., 2014), duodenal mucosa (Liu et al., 2016a), spleen (Peng
et al., 2012; Zhang et al., 2012b) and other immune organs (thymus and bursa of
Fabricius; Zhang et al., 2012b). In fact, chickens fed diets deficient in vitamin E and
selenium displayed the lowest GSH level and GSH-Px activity (Avanzo et al., 2001). Se
deficiency in turkey was associated with a decrease in GSH-Px4 mRNA levels in the
liver (Sunde and Hadley, 2010). Enzyme activities in Se-deficient chicks for plasma
GSH-Px, liver and gizzard GSH-Px1, and liver and gizzard GSH-Px4 decreased
dramatically to 3, 2, 5, 10 and 5%, respectively, of Se-adequate levels (Li and Sunde,
2016). Similarly, Se deficiency in turkey, chicken, rat, mouse and lamb was associated
with decreased GSH-Px1 in all species to <4% of selenium-adequate levels. At the
same time, plasma GSH-Px3 activity decreased to <3% in all species except for mice.
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Furthermore, liver GSH-Px4 activity was shown to fall to <10% in avians, but only
to <50% of selenium-adequate levels in rodents (Sunde et al., 2016). Se deficiency in
chickens decreased mRNA expression of GSH-Px, GSH-Px production and activities
in duodenum, jejunum and rectum (Yu et al., 2015a). Compared with the +Se chicks,
the Se-deficiency chicks had lower muscle mRNA levels of GSH-Px1, GSH-Px3,
GSH-Px4, SepP1, SelO, SelK, SelU, SelH, SelM, SepW1, and Sep15 and decreased
production of 6 selenoproteins (long-form selenoprotein P (SelP-L), GSH-Px1, GSH-
Px4, Sepl5, SelW, and SeIN) (Huang et al., 2015b).

2.5.2 Selenium supplementation

The addition of Se to various diets significantly elevated GSH-Px activity in chicken
plasma (Combs and Regenstein, 1980; Maurice and Jensen, 1979; Rao et al., 2013),
blood (Placha et al., 2014; Yoon et al., 2007), liver (McGowan and Donaldson, 1987;
Placha et al., 2014; Wang, 2009), seminal plasma, spermatozoa, testes (Shi et al., 2014;
Surai et al., 1998a) and other vital organs (Mercurio and Combs, 1987), including
kidney, femoral muscle and heart (Salman et al., 2009) as well as egg yolk (Wang et
al., 2010). Correlation analysis has shown that tissue Se concentration (pooled data)
was correlated to Se added to feed (r=0.529, P<0.01, log values) and to glutathione
peroxidase activity (r=0.332, P<0.05), with the latter not being correlated with Se
added to feed (Zoidis et al., 2014).

Evidence is actively accumulated to show that organic Se is as effective as sodium
selenite and in some cases even more effective in upregulation of GSH-Px activity.
Indeed, SeMet increased GSH-Px activity in plasma and breast muscles (Jiang et al.,
2009). The inclusion of organic Se (0.3 mg/kg) in the cockerel diets doubled seminal
plasma GSH-Px activity (Ebeid et al., 2009). Similarly, maternal SeMet increased
GSH-Px in breast muscles of 1 day old chicks (Wang et al., 2011a). Maternal SeMet
supplementation increases GSH-Px activity in serum and breast muscles of 56 day
old progeny chicks (Zhang et al., 2014a). Organic Se in the form of Se-yeast at 0.3
mg/kg was shown to increase GSH-Px in egg in comparison to sodium selenite
(SS) supplemented breeders (Rajashree et al., 2014). Similarly, Se-yeast dietary
supplementation increased GSH-Px activity in the liver and breast muscle of 42 day
old chickens in comparison to SS-supplemented birds (Chen et al., 2014). SeMet and
Se-yeast were more effective than SS in increasing GSH-Px in chicken plasma (Jing
et al., 2015). Chickens fed organic selenium had elevated GSH-Px activity in both
blood and liver in a thermoneutral environment and after heat distress (Mahmoud
and Edens, 2003). Indeed, Se supplementation of heat stressed chickens increased
GSH-Px activity in the liver (Liao et al., 2012). Se-yeast supplementation in broiler
diets resulted in greater tissue Se concentrations than SS supplementation, and
pGSH-Px3 and tissue Se concentrations remained greater in birds previously fed a
diet with Se-yeast than in those fed SS after a low-Se diet (Payne and Southern, 2005).
In vitro studies confirmed that an optimal Se status is important for maximum GSH-
Px activity. Compared to the control, Se significantly increased GSH-Px activity in
chicken hepatocytes with maximal effects being observed at 2 umol/l of SeMet and at
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1.5 umol/l of Na2SeQ,, respectively. Significant decreases in GSH-Px4 mRNA levels
were observed in all the hepatocytes treated with Se (vs control) (Wu et al., 2010).

However, when the diet is adequate in Se, usually there is no response to extra Se
supplementation. For example, no effect of source of Se (SeMet vs Se-yeast) or dosage
(0.1; 0.3 or 0.5 mg/kg) was observed on serum GSH-Px activities in chickens (Delezie
et al., 2014). Similarly, plasma GSH-Px activity was not affected by source of Se or
concentration (Payne and Southern, 2005a).

2.5.3 Selenium excess

It has been shown that oxidative stress imposed by Se excess in the chicken diet is
associated with decreased GSH-Px activity. For example, in acute Se toxicosis GSH-
Px activity of the red blood cells was significantly elevated at the first sampling
(3 h after treatment) and decreased to the control level thereafter (Mézes and Salyi,
1994). In fact, GSH-Px activity declined in the blood plasma and in the red blood
cell hemolysate (Balogh et al., 2004), spleen (Peng et al., 2012) and liver (Zoidis et
al., 2010) as a result of Se excess in the diet. Dietary Se (3 mg/kg) depressed growth
performance of chicken and down-regulated 9 and 3 selenoprotein genes in thymus
and spleen, respectively, and only Seppl was up-regulated in the bursa of Fabricius
(Tang et al., 2017).

2.5.4 Heat stress

It seems likely that GSH-Px activation is an important adaptive mechanism to deal
with oxidative stress imposed by heat stress. Indeed, heat stress increased GSH-Px
in the chicken liver (Ramnath et al., 2008; Tan et al., 2010; Yang et al., 2010), serum
(Yang et al., 2010), erythrocytes (Aengwanich and Suttajit, 2013) and thigh muscle
(Huang et al., 2015a), while it was not affected in the breast muscle. Se and vitamin
E supplementation increased GSH-Px activity in skeletal muscles of heat stressed
chickens, while there was no effect of such a supplementation in unstressed control
chickens (Ghazi Harsini et al., 2012). However, when stress is too high to be adapted
to, GSH-Px activity decreases. In fact, heat stress decreased GSH-Px activity in serum
(Liu et al., 2014a; Sahin et al., 2016), muscles (Sahin et al., 2016), spleen (Xu et al.,
2014) and bursa of Fabricius (Xu and Tian, 2015).

2.5.5 Cold stress

Data on the effect of cold stress on GSH-Px activity are not consistent. For example,
when broilers were exposed to a cool environment for 3 weeks, plasma GSH-Px
activity was decreased compared to normal-temperature rearing chicks (Pan et al.,
2005; Ramnath and Rekha, 2009). In contrast, acute cold stress was associated with
increased GSH-Px activity in spleen, thymus and bursa of Fabricius (Zhao et al,
2014b). In fact, acute cold stress initially increased (1-3 hours) and then decreased
(24 hours) GSH-Px activity in chicken heart tissue (Zhao et al., 2013). In contrast,
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in chronic cold stress, GSH-Px activity initially decreased (5 days) and later (10-20
days) recovered.

2.5.6 Other stress conditions

Various stress conditions could affect GSH-Px activity in chicken blood and tissues.
For example, GSH-Px activity in the liver and muscle was significantly higher
in layers exposed to feed withdrawal and low light intensity than in control birds
(Naziroglu et al, 2000). Similarly, the plasma GSH-Px activity of feed-restricted
birds was markedly higher than that in ad libitum fed on day 35 and 42 (Pan et al,
2005). In pullets, refeeding resulted in a significant increase of GSH-Px in the whole
blood hemolysate (Milinkovi¢-Tur et al., 2007). Chicken transportation increased
GSH-Px in muscles (Wang et al., 2015), while it did not affect erythrocyte GSH-Px
activity (Perai et al., 2015). Increased humidity is shown to increase GSH-Px activity
in chicken pectoral muscles (Wei et al., 2014). However, a simultaneous increase in
humidity and ammonia concentrations did not change GSH-Px activity in chicken
muscles. Exposure of broilers to blue light increased GSH-Px in their breast and leg
muscles (Ke et al., 2011). Outdoor access with scattered feeding was associated with
an increase in GSH-Px activity in chicken serum (Jiang et al., 2011). In great contrast,
in pullets, fasting resulted in a significant decrease of whole blood hemolysate GSH-
Px activity (Milinkovi¢-Tur et al., 2007) and high nutrient density diet decreased
GSH-Px in the chicken heart (Peng et al., 2013). However, there were no differences in
GSH-Px between groups of broilers with low and high feed efficiency (Ojano-Dirain
et al., 2005).

2.5.7 Dietary fat

In the early 1980s it was suggested that the type of dietary fat can affect plasma GSH-
Px activity in chicks without altering the intestinal absorption of selenium (Mutanen
and Mykkidnen, 1984). In particular, incorporation of peroxidised corn oil into diets
increased plasma GSH-Px activity when those diets contained supplemental selenium
(Combs and Regenstein, 1980). Furthermore, olive oil was shown to increase liver
GSH-Px (Tufarelli et al., 2016) and yellow grease increased plasma GSH-Px in
laying hens (Laika and Jahanian, 2015). However, there is a range of publications
indicating that dietary fat does not affect GSH-Px in chickens. For example, dietary
supplementation of oxidised oil (6%) with or without vitamin E (200 mg/kg) did not
affect GSH-Px activity in chicken plasma (Agikgoz et al., 2011). Similarly, oxidised oil
in the chicken diet did not change GSH-Px activity in the chicken liver (Engberg et al.,
1996). Furthermore, dietary fat sources (tallow or soybean oil, 5%) or supplementary
a-tocopheryl acetate (220 mg/kg) did not affect serum GSH-Px (Khajali and Fahimi,
2010).
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2.5.8 Diseases

Eimeria tenella challenge was associated with substantial (more than 2.5-fold)
increase in GSH-Px activity in chicken plasma (Bun et al., 2011). Lung mitochondrial
GSH-Px activity was elevated in broilers with PHS compared to controls (Igbal et al.,
2002). Similarly, GSH-Px was upregulated in the brain of cold-induced pulmonary
hypertensive chickens (Hassanpour et al., 2015). However, in most cases disease
challenge was associated with a decreased GSH-Px activity. In particular, a decreased
blood GSH-Px activity was shown in necrotic enteritis (Zhou et al., 2016), infection
bronchitis (Lin et al., 2015) and Ascaridia infection (Gabrashanska et al., 2007).
Similarly, Newcastle disease infection decreased GSH-Px activity in chicken brain
and liver (Subbaiah et al., 2011).

2.5.9 Heavy metals

In some cases when heavy metals are in comparatively low concentrations in the diet,
they can increase GSH-Px activity in chickens. For example, MeHg increased GSH-
Px in chicken cerebellum (Carvalho et al., 2008), arsenic increased GSH-Px activity
in chicken erythrocytes (Aggarwal et al., 2009), and Cr supplementation increased
plasma GSH-Px (Rao et al., 2012). However, most common responses to heavy metals
in the diet are associated with a significant decrease GSH-Px in various chicken
tissues. For example, Cd decreased GSH-Px in chicken kidney (Liu et al., 2015a), liver
(Lietal., 2013), ovary and serum (Yang et al., 2012a), as well as in testicular tissue (Li
et al., 2010) and in cultured granulosa cells from chicken ovarian follicles (Jia et al.,
2011). High vanadium in the chicken diet decreased GSH-Px in the liver and kidney
(Liu et al., 2012). Similarly dietary vanadium (45-60 mg/kg) decreased GSH-Px in
chicken intestine, including duodenum, jejunum, ileum and caecal tonsil (Deng et al.,
2012). Arsenic decreased GSH-Px in the gastrointestinal tract (Guo et al., 2015) and
in chicken brain (Zhao et al., 2017). Dietary NiCl, decreased GSH-Px in the chicken
intestinal mucosa (Wu et al., 2013b), caecal tonsil (Wu et al., 2014b) and kidney (Guo
et al., 2014a). Dietary chromium decreased GSH-Px in brain (Cheng et al., 2016) and
kidney (Liu et al., 2015b).

2.5.10 Other metals

It has been shown that dietary Mn decreased GSH-Px activity in the serum and
immune organs (spleen, thymus, and bursa of Fabricius) of chickens (Liu et al., 2013b).
It also significantly lowered the activity of GSH-Px in the testis of cockerels (Liu et al,
2013a) and in chicken splenic lymphocytes (Zhu et al., 2016). Similarly, high Cu diet
(250 mg/g) induced an oxidative stress characterised by increased concentrations of
MDA and decreased activity of GSH-Px in the liver (Yigit et al., 2012). On the other
hand, dietary Zn supplementation (20-60 mg/kg) doubled GSH-Px activity in chicken
plasma (Bun et al., 2011a) and higher Zn doses (90 or 120 mg/kg) in the form of Zn-
Gly led to an improvement of activity of GSH-Px in livers at 21 and 42 days (Ma et
al., 2011).
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2.5.11 Mycotoxins

Among the studied mycotoxins, aflatoxin B, (AFB,) showed the most consistent
negative effect on GSH-Px activity in various chicken tissues, including liver (Liu
et al., 2016b; Yang et al., 2012b; Yarru et al, 2009), serum (Fan et al., 2015) and
spleen (Chen et al., 2016; Liu et al., 2016b; Wang et al., 2013). Furthermore, AFB,
downregulated the expression of GSH-Px mRNA in the chicken livers (Ma et al.,
2015). Depending on the experimental conditions, including doses used, T-2 toxin
was shown to decrease hepatic activity of GSH-Px (by 36.8%; Dvorska et al., 2007)
or increase hepatic enzymatic GSH-Px activity 3-fold (Leal et al., 1999) or increased
GSH-Px activity in blood plasma at 24 and 48 h, in liver at 12, 24 and 36 h, and in
kidney and spleen at 24 h (Bdcsai et al., 2016). It is interesting to note that a subtoxic
dietary level of deoxynivalenol (DON) increased GSH-Px activity in chicken duodenal
mucosa (Placha et al., 2009) and dietary zearalenone (ZEA) increased GSH-Px in the
duodenal mucosa and kidney tissues (Gresdkova et al., 2012). However, a mixture
of DON and ZEA decreased GSH-Px activity in chicken liver, but did not affect it in
duodenal mucosa (Borutova et al., 2008).

2.5.12 Other toxicants and drugs

There is a range of toxic substances affecting GSH-Px activity in chickens. They
mainly decreased GSH-Px activity, while some drugs were able to increase the
enzymatic activity. For example, sodium nitroprusside reduced GSH-Px activity in
chicken plasma and liver (Elzubeir and Davis, 1990). In chicken embryo fibroblasts
paraquat decreased GSH-Px activity (Lawlor and O’Brien, 1997). Similarly P3,34,4,5-
pentachlorobiphenyl decreased GSH-Px in chicken embryonic liver (Jin et al., 2001),
while 4-nitro-3-phenylphenol decreases GSH-Px in testicular cells (Mi et al., 2010)
and 2,3,7,8-tetrachlorodibenzo-p-dioxin treatment caused a decrease in GSH-Px
activity in the liver of the hatchling chicken (Hilscherova et al., 2003), chicken liver
(Lim et al., 2007) and kidney (Lim et al., 2008). Tri-ortho-cresyl phosphate decreased
GSH-Px activity in cerebrum, spinal cord and sciatic nerve of hens after 5, 10, 15
and 21 days post-dosing (Zhang et al., 2007). Furthermore, thiram (Li et al., 2007),
endotoxin (Zhang et al., 2008), cyclophosphamide (Yu et al., 2015b), CCl, (Shah et al,
2016) and flourine (Chen et al., 2011b) also decreased GSH-Px activity in the serum,
liver and other organs.

Some drugs used in the poultry industry are able to affect GSH-Px. For example, it
was shown that salinomycin (Kamashi et al., 2004) and deltamethrin (Jayasree et al.,
2003) increased GSH-Px in whole blood of chickens. However, in another paper it was
shown that GSH-Px activity in the liver decreased rapidly as a result of salinomycin
treatment (Mezes et al., 1992). In fact, in acute monensin poisoning GSH-Px activity
in liver and breast muscle initially decreased, then tended to rise (Salyi et al., 1990).
Furthermore, vitamin A in high doses decreased GSH-Px activity in the chicken liver
and brain (Surai et al., 2000a), while menadione did not affect GSH-Px in chicken
liver (Marchionatti et al., 2008).
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2.5.13 Antioxidants

Dietary antioxidants can affect GSH-Px activity in chickens, but data on the
relationship between dietary vitamin E and GSH-Px are not consistent. Most of cases
dietary vitamin E activate GSH-Px activity in blood (Rama Rao et al., 2011), liver
(Hu et al., 2015b), erythrocytes (Cinar et al., 2014), egg yolk and serum (Jiang et al.,
2013). However, under different experimental conditions vitamin E supplementation
decreased chicken plasma GSH-Px (Mahmoud and Hijazi, 2007) or did not affect
GSH-Px activity in muscles (Voljc et al., 2011; Young et al., 2003).

A water soluble dietary antioxidant vitamin C was shown to increase the GSH-Px
activity in chicken plasma (Combs and Pesti, 1976; Oztiirk-Urek et al., 2001) or
erythrocytes (Cinar et al., 2014). Similarly, GSH-Px activity in serum (Chen et al,
2011a; Jia et al., 2014), liver (Chen et al., 2011a; Guo et al., 2014b; Jia et al., 2014) and
breast muscle (Chen et al., 2011a), significantly increased in chickens fed with lipoic
acid. Melatonin also stimulated GSH-Px activity (Pablos et al., 1995a). In fact, the
increases in GSH-Px activity of melatonin-induced chickens varied with the tissue
and were between 22 and 134%. These percentages in GSH-Px activity were directly
correlated with tissue melatonin content (Pablos et al., 1995a). It is interesting to note
that HSP70 significantly elevated GSH-Px activity and inhibited lipid peroxidation to
relieve intestinal mucosal oxidative injury (Gu et al., 2012).

2.5.14 Plant material and plant extracts

Various plant materials or extracts have shown to increase GSH-Px activity in chicken
tissues. For example, dietary polysavone (1.5 g/kg), a natural extract from alfalfa,
increased GSH-Px in chicken serum and liver (Dong et al., 2011). The aforementioned
extract is known to be rich in carotenoids and flavonoids. Therefore, dietary lycopene
(carotenoid) in the maternal diet increases GSH-Px activity in the liver of the newly
hatched chicks (Sun et al., 2015). Similarly, tomato pomace, a rich source of lycopene,
increases serum GSH-Px (Hosseini-Vashan et al., 2016). Curcuma xanthorrhiza and
Origanum compactum, rich sources of flavonoids, increased GSH-Px in chicken heart
(Akbarian et al., 2014), while orange peel extract and C. xanthorrhiza essential oil
increases GSH-Px in chicken erythrocytes (Akbarian et al., 2015) and pure curcumin
also increased GSH-Px in heat-stressed broiler muscles (Zhang et al., 2015). Similarly,
a mixture of thymol and carvacrol in the chicken diet was shown to increase GSH-
Px in muscle, serum and liver (Hashemipour et al., 2013). In cultured muscle cells
of embryonic broilers a phytoestrogen equol caused an increase in GSH-Px activity
(Wei et al., 2011b) and a low dose of equol (20 pg) injected into fertile eggs increased
GSH-Px activity in chickens at day 49 by 16% (Wei et al., 2011a). Supplementation
of ginger increased GSH-Px activity in chicken serum (Zhang et al., 2009), while
supplementation of Astragalus membranaceus root powder increased activity of GSH-
Px in the serum of chickens at 21 and 42 days (Zhang et al., 2013). Furthermore, 1.0%
lemon verbena and vitamin C elevated the level of blood GSH-Px by 51.8 and 27.9%,
respectively (Rafiee et al., 2016).
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However, plants and their extracts are not always effective in changing GSH-Px
activity. For example, xanthophyll supplementation enhanced antioxidant capacity
and reduced lipid peroxidation in different tissues of hens and chicks, but did not
affect serum or liver GSH-Px activity (Gao et al., 2013). Dietary supplementation of
cloves and agrimony or cloves and lemon balm did not affect blood GSH-Px activity
in chickens (Petrovic et al., 2012). Turmeric rhizome powder did not affect serum
GSH-Px (Daneshyar et al., 2012).

2.5.15 Amino acids

It was shown that supplementary methionine (5 g/kg) stimulates GSH-Px activity in
growing chickens in the first period of postnatal life (Németh et al., 2004). However,
in later publications similar doses of Met (5.4 g/kg; Zhao et al., 2009) or 5.9 mg/kg
(Chen et al., 2013) were shown to reduce hepatic GSH-Px. Other amino acids tested
were shown to have a positive effect of GSH-Px in chickens. In particular, arginine
increased GSH-Px in the egg yolk (Duan et al., 2015), while threonine (Min et al,
2017) and histidine (Kopec et al., 2013) increased GSH-Px activity in serum and
plasma, respectively. Adding betaine (1 g/kg) to a diet deficient in methionine can
significantly improve antioxidant defences by increasing GSH-Px activity in the breast
muscles of broiler chickens (Alirezaei et al., 2012). It also can increase GSH-Px in
chicken serum (Akhavan-Salamat and Ghasemi, 2016).

2.5.16 Other supplements

There is a range of feed constituents and supplements increasing GSH-Px activity in
chicken tissues. For example, phytate increased GSH-Px activity in blood, heart and
muscle in the absence of supplementary selenium, but decreased the GSH-Px activity
in kidney (Shan and Davis, 1994). Furthermore, GSH-Px activity in the liver was
increased as a result of dietary clinoptiolite (Wu et al., 2013a), conjugated linoleic acid
(Qi et al., 2011), DDGS (Heincinger et al., 2011) and mushrooms (Giannenas et al.,
2010), while porcine blood cells meal and blood meal (Kopec et al., 2013a), dietary
grasshoppers (Sun et al., 2012) and mushrooms (Giannenas et al., 2010) increased
GSH-Px activity in chicken breast muscle. Furthermore, menadione increased GSH-
Px activity in chicken enterocytes (Marchionatti et al., 2013) and y-aminobutyric
acid increased serum GSH-Px activity in layers (Zhang et al., 2012c). Yeast probiotic
increased serum GSH-Px activity in broiler chickens (Aluwong et al., 2013). Similarly
Lactobacillus plantarum (probiotic) dietary supplementation increases GSH-Px
activities in chicken serum and liver at 21 days of age (Shen et al., 2014). Stimulating
effect of a probiotic on liver and serum GSH-Px was confirmed later (Bai et al., 2017).
It has been shown that lipopolysaccharide (LPS) can decrease GSH-Px activity in
intestinal mucosa (Wu et al., 2016) and downregulated GSH-Px mRNA expressions
(Zheng et al., 2016). At the same time in chicken bursal lymphocytes Sargassum
polysaccharides increase GSH-Px activity (Zhang et al., 2011) and bursopentine,
a novel pentapeptide isolated from chicken bursa of Fabricius increased GSH-Px
activity in dendritic cells (Qin et al., 2015).
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2.6 GSH-Px and their biological roles

Various GSH-Px are characterised by different tissue-specificity and are expressed by
different genes. Initially, it was thought that the major function of these peroxidases
is to remove and detoxify hydrogen peroxide and lipid hydroperoxides. However, it
seems likely that emerging roles of GSH-Px in maintenance of cellular redox state have
a much bigger impact on cell metabolism and stress resistance than expected, affecting
physiological events, such as differentiation, signal transduction and regulation of pro-
inflammatory cytokine production, etc. Peroxynitrite scavenging and participation of
GSH-Px enzymes in regulating the biosynthesis of various eicosanoids (leukotrienes,
thromboxanes and prostaglandins) can affect cell signalling and transcription factor
activation responsible for the modulation of many important cellular pathways (Surai,
2006). Indeed, many different environmental factors and messengers modulate GSH-
Px in a complex manner, providing physiological regulation of antioxidant defence in
the cell under stress conditions.

One of the important applications of Se and GSH-Px activity applies to the meat
industry. Indeed, meat quality deterioration during storage is a question of
great economical value and the role of GSH-Px in this process deserves further
investigation. It has been shown that GSH-Px with other selenoproteins are involved
in the prevention of lipid peroxidation during meat storage (Surai, 2006). In fact,
GSH-Px activity is negatively correlated with meat peroxidation (Utama et al., 2016).
It is interesting to note that duck meat oxidation is faster than chicken meat (Muhlisin
et al., 2016) and chicken breast muscle samples had lower GSH-Px activities than
cattle and camel Longissimus dorsi samples (Gheisari and Motamedi, 2010). As one
could expect GSH-Px in chicken meat gradually decreased during 4 days (Gheisari
and Motamedi, 2010) or 12 days (Ahmad et al., 2012) storage at 4 °C. Meat cooking
also causes a loss of GSH-Px activity (Muhlisin et al., 2016). The activity of GSH-Px
was significantly decreased in pale, soft and exudative (PSE)-induced meat samples
(Carvalho et al., 2017). Dietary Se supplementation increased GSH-Px activity in
chicken muscles (Ahmad et al., 2012).

It is necessary to underline that different forms of GSH-Px perform their protective
functions in concert, with each providing antioxidant protection at different sites of
the body. For example, gastrointestinal glutathione peroxidase (GI-GSH-Px) could
be considered to be a barrier against hydroperoxide resorption (Flohe and Brigelius-
Flohe, 2016). In particular, it has been suggested that the digestive tract is a major site
of antioxidant-prooxidant interaction in the body (Surai, 2000, 2006; Surai and Fisinin,
2015; Surai et al., 2003, 2004). In this case, a specific GI-GSH-Px is considered to be
a major protector against lipid hydroperoxides found in the food/feed. It is generally
accepted that during feed production and storage some polyunsaturated lipids are
oxidised and they can cause health-related problems, including decreased growth,
productive and reproductive traits of animals and compromised immunocompetence
(Kanazawa and Ashida, 1998). It seems likely that this detrimental effect of
feed peroxides would ultimately depend on the activity of GI-GSH-Px. Indeed,
oxidised lipids can react with transition metals that can be found in the feed as feed
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supplements (usually in inorganic catalytic form) producing free radicals. Those
free radicals can react with natural or synthetic antioxidants present in the feed
causing formation of lipid hydroperoxides. Therefore, GI-GSH-Px could deal with
those peroxides, preventing them to enter the blood circulation. Indeed, it has been
shown that after inclusion of lipid peroxides into the diet of rats their concentration
in plasma was extremely low (Kanazawa and Ashida, 1998, 1998a). Furthermore,
there are other selenoproteins in the gastrointestinal tract, including plasma GSH-Px,
selenoprotein P and thioredoxin reductase (Mork et al., 1998). As mentioned above,
GSH-Px is an important antioxidant in plasma, which together with selenoprotein
P and other antioxidant compounds, maintain antioxidant protection. On the other
hand, PH-GSH-Px is an important antioxidant inside biological membranes where
lipid peroxidation occurs and lipid hydroperoxides are produced. It seems likely
that interactions between vitamin E and GSH-Px4 are important elements in the
antioxidant defence of biological membranes. Therefore, cGSH-Px and PH-GSH-Px
are found in cytosol, while eGSH-Px and SeP are located in the extracellular fluids
and by working together they can provide antioxidant defence to the biological
molecules inside and outside the cell (Takebe et al., 2002). The authors have shown
that cGSH-Px reduced t-BuOOH and H, 0, effectively, but did not reduce PC-OOH.
Specific conditions required for the maximal enzymatic activities were different for
each enzyme, however, both PH-GSH-Px and eGSH-Px showed very similar specific
activities to PH-OOH. These data suggest that in different cellular and extracellular
conditions a combination of various selenoproteins can be effective in detoxifying
H,0, and lipid hydroperoxides. Clearly, the GSH-Px family is an important part of
the antioxidant defence in animal/chicken bodies and specific roles of the enzymes in
regulation of other important functions warrant further investigation.

2.6.1 GSH-Px regulation and proteasomes

Itis well known that ATP- and ubiquitin-independent proteolysis by the 20S proteasome
is responsible for the selective degradation of oxidised proteins. In particular, the 20S
proteasome shows an increased proteolytic activity toward oxidised polypeptides. On
the other hand, it seems likely that increased GSH-Px1 activity can downregulate
basal 20S proteasome activity. For example, it was shown a 30% decreased activity of
the chymotrypsin-like activity of the 20S proteasome in human cells overexpressing
GSH-Px1 (Kretz-Remy and Arrigo, 2003). This phenomenon was associated with a
2-fold increase in IkB-a half-life, a protein whose basal turnover is 20S proteasome-
dependent. The authors suggested that, the intracellular redox status is an important
element activating or down-regulating the 20S proteasome chymotrypsin-like activity
in living cells. This is a very important finding, which explains how Se-reserves in the
body can be used to improve antioxidant defence under stress conditions. The most
probable sequence of events is as follows:
» when organic Se is used in the diet, Se reserves in the form of SeMet are non-
specifically incorporated in various proteins, for example in muscles;
 under stress conditions, the requirement for selenoproteins to prevent free-radical
related damages is increased, but selenium bioavailability is decreased due to
decreased feed consumption;
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« redox status of muscle cells decreases due to depletion of antioxidants and probably
some proteins are oxidised;

o proteosomes are activated and protein degradation is increased;

o SeMetisreleased from proteins and used for additional synthesis of selenoproteins;

« antioxidant defences are improved and redox status of the cells are changed;

o proteosome activity is decreased and antioxidant-prooxidant equilibrium is
established.

2.7 Thioredoxin reductases as a major part of the thioredoxin system

The redox status of the cell is a major determinant of many different pathways
including gene regulation (Reczek and Chandel, 2015). The thioredoxin system
(thioredoxin/thioredoxin peroxidase (peroxiredoxins)/thioredoxin reductase)
and the glutathione system (glutathione/glutathione reductase/glutaredoxin/
glutathione peroxidase, Holmgren, 1989) are believed to be the major players in this
regulation (Gromer et al., 2004; Holmgren, 2000). Together they supply electrons
for deoxyribonucleotide formation, antioxidant defence, protein and DNA synthesis
and repair and redox regulation of signal transduction, transcription, cell growth,
differentiation and apoptosis (Mustacich and Powis, 2000). Indeed, the thioredoxin
system not only plays a crucial role as a thiol/disulfide redox controller, it is also
essential for certain organisms as the only system ensuring redox homeostasis
(Koharyova and Kollarova, 2015). Biological roles of the thioredoxin system are diverse
and include (Gromer et al., 2004), first of all, antioxidant defence by direct catalysis of
several antioxidant reactions and by regeneration of other antioxidant enzymes, such
as peroxiredoxins or methionine sulfoxide reductase inactivated by oxidative stress,
recycling dehydroascorbate to ascorbate, and reduction of ubiquinone to ubiquinol.
The thioredoxin system is also involved in redox regulation of gene expression,
various cellular functions, synthesis deoxyribonucleotides (DNA synthesis and
repair), protein biosynthesis, hormone and cytokine action, apoptosis, etc. (Lu and
Holmgren, 2014). Some of the enzymatic reactions that appear to be modulated by
thioredoxin similarly represent major control points for cellular metabolism (Figure
2.3). Therefore, as mentioned above, the thioredoxin system consists of thioredoxins,
thioredoxin peroxidase (peroxiredoxins) and thioredoxin reductases.

Thioredoxin (Trx), an approximately 12 kDa thiol/disulfide oxidoreductase, was first
characterised in 1964 in Escherichia coli and three years later it was described in rat
hepatoma cells (see Powis et al., 2000 for review). Thioredoxin with a redox-active
dithiol/disulfide is an electron donor for essential enzymes, including ribonucleotide
reductase and a general protein disulfide reductase (Holmgren, 2001). Furthermore,
Trx represents an intracellular redox regulator that is important for the regulation
of redox-sensitive transcription factors and maintaining them in active form during
oxidative stress. In fact, most, if not all, of the functions of Trx depend on the activity
of TrxR. The cDNA sequence for chicken Trx predicts a protein of 105 amino acids
with a molecular weight of 11,700 (Jones and Luk, 1988). The authors showed that
the sequence of chicken Trx is very similar to sequences of other thioredoxins.
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Figure 2.3 Thioredoxin system — a major player in redox regulation.

Comparison of the chicken Trx protein sequence with those from bacteria and plants
indicate structural features that appear to be essential for activity. To investigate the
biological significance of Trx2, chicken Trx2 ¢cDNA was cloned and clones of the
conditional Trx2-deficient cells were generated using a chicken B-cell line, DT40.
It was shown that chicken Trx2 is an essential gene and that Trx2-deficient cells
undergo apoptosis upon repression of the Trx2 transgene, showing an accumulation
of intracellular ROS (Tanaka et al., 2002; Wang et al., 2006). Increased Trx expression
in chicken ovarian follicles was associated with high rates of egg production (Yang et
al., 2008). Trx was found to be expressed in chicken jejunum (Xiao et al., 2012) and
was shown to be an important protein of the chicken seminal plasma (Marzoni et
al., 2013). Furthermore, chicken mitochondrial Trx2 was shown to possess disulfide
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reductase activity in a concentration-dependent manner showing protective effects
on LPS-induced oxidative stress in chicken hepatocytes (Hu et al., 2015a).

Peroxiredoxins (Prxs) are a family of highly conserved antioxidative proteins (non-
seleno peroxidases), currently comprising of six members in mammals and located
in different parts of the cell. Indeed, Prxs have a wide subcellular distribution and
perform divergent biological functions (Poynton and Hampton, 2014). Prx activity is
based on a redox-active cysteine that is oxidised to a sulfenic acid by hydroperoxides,
including hydrogen peroxide, organic peroxides, peptide and protein hydroperoxides,
and peroxynitrite. These cysteine-dependent peroxidases play major roles not only
in peroxide detoxification, but also in regulating peroxide-mediated cell signalling.
Prx importance is unarguable, as knockouts of the most highly expressed Prxs are
associated with increased oxidative stress and reduced genome stability. Prx1 is
the most ubiquitously expressed member of the peroxiredoxin family involving
in antioxidant defence, cell differentiation and proliferation, immune responses,
regulation of apoptosis, and chaperone actions (Daly ef al., 2008). At least 4 different
classes of Prx protein have been evolutionary conserved in chickens (Han et al.,
2005). Chicken Prx proteins demonstrate antioxidant activity similar to those of the
mammalian enzymes and Prx expression in chickens are not tissue specific, indicating
their essential role as a housekeeping gene in all tissues to protect against oxidative
damage (Han et al., 2005). Prx1 was shown to be expressed in chicken jejunum (Xiao
et al., 2012), chicken embryonic kidney (Cao et al., 2011) and chicken macrophages
(Lavric et al., 2008), while Prx6 was shown to be expressed in chicken liver (Huang
et al., 2011a) and chicken gut (Lee et al., 2014). Therefore, Trxs, Prdxs and TrxRs
are important antioxidants participating in cellular/organismal adaptation to stress
and their upregulation is considered to be an important approach to improve stress
resistance of poultry. It seems likely that the entire thioredoxin system in mammals
and birds is dependent on Se availability.

Thioredoxin reductase (TrxR) was first characterised by Holmgren in 1977 from calf
liver and thymus and 5 years later it was purified from rat liver cytosol by Luthman
and Holmgren (1982). Fourteen years later it was shown that human TrxR is a
selenoenzyme (Gladyshev et al., 1996; Tamura and Stadtman, 1996). It was shown
that TrxR has a subunit molecular weight of 58,000 and a native molecular weight of
116,000. The enzyme is highly specific for NADPH with a Km of 6 pM. It contains
an flavin adenine dinucleotide (FAD) prosthetic group and is sensitive to inhibition
by arsenic. Selenocysteine is required for the activity of this enzyme, since the Cys
mutant enzyme is inactive. Whereas H,O, was a substrate for the wild-type enzyme,
all mutant enzymes lack hydroperoxidase activity (Zhong and Holmgren, 2000).
Furthermore, radiolabelling of proteins by incubation of the cDNA-transfected cells
with sodium [7>Se] selenite showed that 7>Se was incorporated into the expressed
TrxR protein (Fujiwara et al., 1999) confirming a requirement for Se for the formation
of functional TrxR. Therefore, mammalian TrxRs are a class of flavoproteins that use
NADPH as an electron donor and belong to the family of oxidoreductases (Ganther,
1999) that share sequence identity and mechanistic similarity with glutathione
reductases (Gasdaska et al., 1995; Mustacich and Powis, 2000). These enzymes are
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involved in linking the thioredoxin system to reduced glutathione and the nucleotide
cofactors (Holmgren and Bjornstedt, 1995).

There are atleast three forms of this enzyme (Table 2.4). TrxR1 is located predominantly
in the cytosol, while TrxR2 is found in mitochondria (Miranda-Vizuete et al.,
2000; Powis et al., 2000). Human mitochondrial TrxR consists of 521 amino acid
residues with a calculated molecular mass of 56.2 KDa. It is highly homologous to
the previously described cytosolic TrxR1. It is interesting that TrxR2 has an extra 33
amino acids in its molecule at the N-termins. It was shown that mRNA for TrxR2
is highly expressed in prostate, testis and liver. The TrxR2 gene consists of 18 exons
spanning about 67 kb, with a chromosomal localisation at position 22q11.2 (Miranda-
Vizuele et al., 2000). Finally, TrxR3 is located in the testes (Sun et al., 1999). Later, Sun
et al. (2001) demonstrated that testes TrxR has a broad substrate specificity and can
reduce several components of the thioredoxin and glutathione systems (Mustacich
and Powis, 2000). Therefore, it has been called thioredoxin and glutathione reductase
(TGR). It was shown that TrxR1 and TrxR2 are essential for embryonic development
in mice (Gladyshev, 2016).

It has been established that TrxR is a homodimer. A selenenylsulfide was identified
as the active site of TrxR and a structural model of the mechanism of the enzyme
was proposed (Zhong et al., 2000). The most striking feature of TrxR enzymes is
their sensitivity to oxidising conditions that cause changes in conformation (Gorlatov

Table 2.4. Classification of human thioredoxins and thioredoxin reductases (adapted from Miranda-Vizuete et al.,
2004; Surai, 2006).

Name Chromosomal  Size,kDa  Tissue specificity Subcellular localisation
localisation
Thioredoxins
Trx-1 9q31 1.7 ubiquitous mainly cytosolic, nuclear
upon certain stimuli
Trx-2 22q13.1 11.87 ubiquitous mitochondrial
TxI-1/Trp32  18q21.2 32.25 ubiquitous cytosolic
Erdj5/JDPI 2p22.1-23.1 91.08 ubiquitous endoplasmic reticulum
Sptrx-1 18p11.2-11.31 53.27 testis/spermatid sperm fibrous sheath
Sptrx-2 7p14.1 67.27 testis/spermatid sperm fibrous sheath
Sptrx-3 Not determined ~ 14.57 testis/spermatid Golgi
TxI-2 3q22.3-23 36.85 ubiquitous, especially in  associated with microtubules
testis and lung in cilia and flagella
Thioredoxin reductases
TrxR1 12923-24.1 54.71 ubiquitous cytosolic
TrxR2 22q11.21 53.06 ubiquitous mitochondrial
TGR 3p13-q13.33 63.63 ubiquitous, but highly cytosolic

expressed in testis
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and Stadtman, 1998). Such conformational changes are suggested as important
with regard to triggering cell signalling in response to oxidative stress (Ganther,
1999). In addition to participation of TrxR in cell signalling and redox regulation of
transcription factors, reactivation of oxidatively inactivated proteins (Ganther, 1999)
could be of great importance in antioxidant defence in the cell. Therefore, TrxRs are
involved in protein folding and critical protein-protein and protein-DNA interactions
(Ebert-Diimig et al., 1999).

TrxR can also directly reduce thioredoxin, hydrogen peroxide, lipid hydroperoxides,
ascorbyl free radical, dehydroascorbic acid, lipoic acid and selenite (Holmgren, 2001)
and may have a role in detoxification reactions (Holmgren and Bjornstedt, 1995). The
ability of mammalian TrxR to reduce dehydroascorbic acid (May et al., 1997) could
be an important link between Se, ascorbic acid and vitamin E in general antioxidant
recycling.

Mammalian TrxRs show increased activity with Se supplementation in the nutritional
to supranutritional ranges (Ganther, 1999; Holmgren, 2000). An additional unique
property of TrxR is its hydroperoxidase activity, which provides self-protection from
inactivation by hydroxyl radicals (Zhong and Holmgren, 2000). A general scheme of
reactions and functions of thioredoxin reductase in the cell is shown in Figure 2.4
and detailed information on this enzyme can be found in the review by Nordberg
and Arner (2001).

TrxR activity in cells is modulated by an intricate interplay, involving:

o Regulation by Se availability. In rats, liver and kidney TrxR activity increased
several fold as a result of Se supplementation of the deficient diet (Berggren et al.,
1999). However, there is a tissue-specificity in this regulation. For example, after 12
month low Se diet consumption by rats, TrxR activity was decreased in the heart,
liver, and kidney, but increased in the arterial wall (Wu and Huang, 2004).

o Regulation of the promoter of TrxR. A housekeeping type promoter in combination
with alternative splice variants and transcriptional start sites.

o Posttranscriptional regulation through AU-rich elements. Mammalian TrxR1 and
TrxR2 exhibit alternative splicing around the first exon. Regulation via Au-rich
elements enables quick expression responses to various stimuli.

o Posttranslational inactivation by ROS and electrophilic agents (prostaglandin
derivatives, lipid aldehydes, iodoacetic acid, arsenicals, gold compounds, quinines,
nitrosoureas, cisplantin, dinitrohalobenzenes).

Data on TrxR activity in various tissues are obtained mainly with mammals, including
laboratory animals and humans. Smith et al. (2001) compared TrxR activity in
mammals and chickens, finding chickens having extremely low TrxR activities,
probably reflecting low TrxR protein expression or being a result of differences
between mammalian and chicken TrxR. In fact, Gowdy (2004) used Western blots
and found TrxR protein expression at relatively low levels, as well as some differences
in molecular weight of the chicken TrxR in comparison to the mammalian enzyme.
Data on TrxR activity in chicken tissues have been presented by Edens and Gowdy
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(2004). They showed that when Se supplementation was low, the highest TrxR activity
was found in kidney and brain and the lowest in the liver. After Se supplementation,
TrxR activity increased in practically all tissues studied. Furthermore, organic Se
supplemented at 0.3 mg/kg increased TrxR activity significantly more than selenite
at the same dose in heart and thymus. There was a similar tendency of increased Se
availability from organic Se for activation of TrxR in the brain, breast muscle, bursa,
thymus and spleen. The authors also showed that the highest TrxR activity was found
in the nuclear pellet and mitochondrial lysates, while the lowest activity was seen in
mitochondrial pellets (Edens and Gowdy, 2004). Recently, TrxR activity has been
detected in a range of tissues (liver, lung, heart, kidney, brain, breast muscle, bursa,
thymus, spleen, RBC and plasma) in broiler chickens (Gowdy et al., 2015). Activity of
chicken TrxR was shown to be selenium dependent. Subcellular distribution of TrxR
activity was found in association with the cytosolic, nuclear pellet and mitochondrial
fractions. Compared with sodium selenite, Se-yeast or SeMet significantly increased
the activity and mRNA of TrxR1 in the liver and kidney of broiler breeders and their
offspring (Yuan et al., 2012). Selenium dietary supplementation (0.4 mg/kg diet)
increased TrxR activity in duodenal mucosa, liver and kidney in chickens (Placha et
al.,2014). Se deficiency was associated with a decreased expression of TrxR2 in chicken
thyroids (Lin et al., 2014). Similarly, Se deficiency in chickens was associated with a
significant decrease in activity of TrxR1 (by 50%), TrxR2 (by 83%) and TrxR3 (by
36%) in pancreas at the 55 day of the experiment (Zhao et al., 2014c). Furthermore,
TrxR expression decreased in chicken adipose tissues due to Se deficiency (Liang et
al., 2014). Low Se diet (0.028 mg/kg) or high Se diet (3 mg/kg) significantly reduced
TrxR activity in chicken kidney with changes in their mRNA levels. In particular, low
Se diet downregulated the mRNA expression of TrxR3 (Xu et al., 2016).

TrxRs are involved in protein folding and critical protein-protein and protein-DNA
interactions and mammalian TrxRs show increased activity with Se supplementation
in the nutritional to supranutritional ranges (Surai, 2006). TrxR activity in cells
is modulated by an intricate interplay, involving regulation by Se availability,
posttranscriptional regulation and posttranslational inactivation by ROS. Both in vivo
and in vitro studies demonstrated that Trx and TrxR have protective roles against
cytotoxicity mediated by the generation of ROS (Calabrese et al., 2009).

Biological roles of the thioredoxin system are diverse and include (Das, 2004; Gromer

et al., 2004; Rundolf and Arner, 2004):

o Antioxidant defence. By direct catalysis of several antioxidant reactions and by
regeneration of other antioxidant enzymes, such as peroxiredoxins or methionine
sulfoxide reductase inactivated by oxidative stress, recycling dehydroascorbate to
ascorbate and reduction of ubiquinone to ubiquinol. In fact, the thioredoxin system
is a major line of cellular defence against oxygen damage (Hirt et al., 2002). Indeed,
cytochrome c is a substrate for both TrxR1 and TrxR2 and cells overexpressing
TrxR2 are more resistant to impairment of complex III in the mitochondrial
respiratory chain upon both antimycin A and myxothiazol treatments, suggesting
a complex III bypassing function of TrxR2 (Nalvarte et al., 2004).
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o Redox regulation:

- Gene regulation by modulating several transcriptional factors, including NF-
kB, FOS, Jun, Ref-1 and p53. The reducing activity of Trx for transcriptional
factors is more than 100-fold higher than that of GSH (Nakamura, 2004).

- Modulation of protein phosphorylation, by affecting activity of mitogen
activating protein kinases and phosphoprotein phosphatases.

- Regulation of apoptosis, by controlling apoptosis signal-regulating kinase 1.

- Redox regulation of various cellular functions including cell proliferation,
differentiation and maintenance of viability.

o Regulation of the synthesis of deoxyribonucleotides (DNA synthesis and repair)
by providing reducing equivalents to ribonucleotide reductase.

o Involvement in hormone action and cytokine function. Trx can act as an autocrine
growth-factor synergising with interleukin (IL)-1 and IL-2; there is evidence that
Trx can act as iodothyronine deiodinase (ID) activator.

o Protein biosynthesis. The Trx system is important to maintain high activity of
protein biosynthesis machinery in the cell.

Recently, it has been proposed that TrxR1 is a potent regulator of Nrf2, playing a
central role in redox homeostasis, defence against oxidative stress, and regulation
of redox signalling pathways (Cebula et al., 2015). Indeed, disruption of TrxR1
protects mice from acute acetaminophen-induced hepatotoxicity through enhanced
Nrf2 activity (Patterson et al., 2013). It seems likely that TrxR1 reduces the disulfide
bonds in Keapl to arrests Nrf2 in the cytoplasm. On the other hand, inactivation or
decreased activity of TrxR1 is associated with disulfide bond formation in Keapl,
leading to Nrf2 release and its transfer into the nucleus to drive the transcription of
many cytoprotective genes (Cebula et al., 2015). Furthermore, TrxR1 is shown to be
an Nrf2 target gene. Therefore, interactions within the antioxidant system are key
factors regulating many physiological functions.

2.8 Iodothyronine deiodinases

It is well known that thyroid hormones play important roles in animals and human
by controlling growth, development, differentiation and general metabolism in the
body. More than 50 years have passed since the first publication demonstrating
presence of triiodothyronine (T3) in the tissues of animals and humans given labelled
thyroxine (T4) (Gross and Pitt-Rivers, 1951). Synthesis of thyroid hormones takes
place in the thyroid gland, mainly in the form of prohormone T4 (Kohrle, 2016). In
peripheral tissues, particularly liver and kidney, T4 is converted to T3 (catalysed by
iodothyronine deiodinase (Dio)) and it is believed that more than 80% of circulating
T3 is derived from deiodination of T4 in nonthyroidal tissue (Kohrle, 2013). Thyroid
hormone receptors preferentially bind 3,5,3’-triiodothyronine (T3). Therefore, the
metabolism of T4 secreted by the thyroid gland in peripheral tissues, resulting in
the production and degradation of receptor-active T3, plays a major role in thyroid
function (Decoyer et al., 2005). There are three forms of Dio. Activity of Diol was
found to be the highest in liver and kidney; of Dio2 in brain, brown adipose tissue and
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pituitary; and of Dio3 in brain, skin and placenta (Arthur and Beckett, 1994). Several
comprehensive reviews characterise these enzymes in detail (Darras and Van Herck,
2012; Kohrle, 2013, 2016; Orozco et al., 2012; Schweizer and Steegborn, 2015). Some
important characteristics of these enzymes are shown in Table 2.5.

A major advancement in the understanding of biochemical mechanisms of Dio
actions began with the discovery that the activity of type I Dio depends on selenium
status and therefore it was suspected that Dio is a selenoenzyme. For example, Se
deficiency for periods of 5 or 6 weeks in rats produced an inhibition of T3 production
from added T4 in brain, liver and kidney homogenate (Beckett et al., 1989). Plasma
T4 and T3 concentrations increased and decreased, respectively, in selenium-deficient
animals. Administration of selenium, as a single intraperitoneal injection of selenite
at 200 pg/kg body weight completely reversed the effects of selenium deficiency on
thyroid-hormone metabolism. However, selenium administration at 10 pg/kg body
weight had no significant effect on thyroid-hormone metabolism (Beckett et al,
1989). Next year, it was suggested that hepatic Dio-1 was a selenoprotein (Arthur
et al., 1990). Indeed, solubilised hepatic microsomes from rats injected with 7Se-
labelled NaZSeO%four days before killing were found by chromatography on agarose
gels to contain a 7>Se-containing fraction with Diol activity.

It was shown that Dio activity was related to a single 7>Se-containing protein
with a molecular weight of 27,400 Da. This protein could also be labelled with
125]-bromoacetyl reverse tri-iodothyronine, an affinity label for Diol (Arthur et al.,
1990). In the same year, in a different laboratory, the same conclusion that type I
iodothyronine 5’-deiodinase is a selenoenzyme was made (Behne et al., 1990). Here,
a 27.8 kDa membrane selenoprotein was identified in rat thyroid, liver and kidney.
This membrane enzyme catalysed the deiodination of L-thyroxine to the biologically
active thyroid hormone 3,3}5-triiodothyronine.

The authors showed that a decrease in activity of this enzyme, observed in the liver of
Se-deficient rats, was due to the absence of a selenium-dependent membrane-bound
component. Furthermore, by using various biochemical techniques, the identity
of the 7Se-labeled selenoprotein and the 27 kDa type I 5’-deiodinase subunit was
confirmed. It was shown that the deiodinase subunit contained one selenium atom
per molecule in the form of selenocysteine (Behne et al., 1990).

Next year, it was shown that the mRNA for this enzyme contained a UGA codon for
selenocysteine, which is necessary for maximal enzyme activity (Berry et al., 1991).
Several years later, in 1994, it was shown that type III deiodinase is also selenoprotein
(for details see Kohrle, 1999) and, finally, type II deiodinase was also proven to be
a selenoprotein (Bianco et al., 2002; Curcio et al., 2001). Indeed, this explained
why conversion of T4 to T3 is impaired in experimental selenium deficiency and
an essential role for selenium in thyroid hormone action was identified. In fact, Se
deficiency altered both thyroid hormone synthesis in the thyroid gland and conversion
of T4 into T3 due to decreased (by 10 times) activity of Dio (Kohrle, 2013, 2016).
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The cloning of the first deiodinase cDNA in the rat by Berry et al. (1991) led to
sequencing deiodinase in other species, including the chicken (Gereben et al., 1999;
Van der Geyten et al., 1997). The amino acid sequence shows a high homology of
chicken Diol with those of rat (60%), human (62%), and dog (58%), including an in-
frame TGA codon at position 127. Furthermore, RNA secondary structure prediction
also revealed a putative SECIS element in the 39UTR of ECL1711M (Van der Geyten
et al., 1997). The deduced Dio2 protein was shown to be 31 kDa and contained two
in frame UGA codons encoding selenocysteine (Gereben et al., 1999). One of those
is in the highly conserved active catalytic centre, while the other one is located near
the carboxyl terminus. The deduced cDio2 protein sequence was shown to be highly
similar to those of rat (83% identity), human (82%), Rana (80%), and Fundulus
(67%). However, it was only ~40% similar to cDiol and partially to cDio3 deduced
protein sequences. The Km of Dio2 is ~1.0 nM for thyroxine, and the reaction is
insensitive to inhibition by 6-n-propylthiouracil. It was also shown that chicken Dio2
is expressed as a single transcript of ~6 kb in different brain regions and in the thyroid
and lung. Unlike in mammals, Dio2 mRNA and activity were shown to be expressed
in the liver of the chicken, suggesting a role for Dio2 in the generation of plasma
3,5,3\-triiodothyronine in this species (Gereben et al., 1999). Like the majority of
selenoproteins, deiodinases are thioredoxin-fold proteins (Gladyshev, 2016).

In birds, this hormone is essential for yolk sac retraction, functional maturation of the
lungs, pipping and hatching (Decuypere et al., 1990). It has been shown that plasma
T3 increases dramatically at time of pipping, when the embryo switches from allantoic
to lung respiration (Decuypere et al., 1979, 1982). This is correlated with a decrease in
hepatic Dio3 activity and the authors suggested that the peak in plasma T3 at the end
of incubation is caused by a decrease in its hepatic breakdown (Darras et al., 1992).
Dio, especially hepatic Dio3, are acutely regulated during embryonic development.
Whereas hepatic Diol activity gradually increases during embryonic development
from E14 onward, the Diol mRNA level remains relatively constant and it seems
likely that the regulation of hepatic Dio3 expression during embryonic development
occurs predominantly at the pretranslational level (Van der Geyten et al., 1997). The
presence of type III deiodinase in the Purkinje cells of the chicken cerebellum has
been demonstrated (Verhoelst et al., 2002). Furthermore, the distribution of Diol and
Dio3 protein in chicken liver and kidney was studied (Verhoelst et al., 2004). Diol was
detected in hepatocytes in general and the expression pattern was most intense in the
area surrounding the blood vessels, while Dio3 was distributed throughout the whole
liver. In the kidney, co-localisation of both enzymes was found in the epithelial cells
of the renal tubuli and in several layers of the ureter (Verhoelst et al., 2004).

Chicken Dio2 contains 2 Secs (Sec-132 and Sec-265) and the Dio2 mRNA contains
a second UGA codon (Zhu et al., 2016). The authors suggested that the first Sec,
presented in the putative active centre of Dio2, played a central role in the deiodination
process, while the second TGA codon might be a termination signal.

102 Selenium in poultry nutrition and health



Molecular mechanisms of selenium action: selenoproteins

It was shown that Se deficiency in chickens caused a decrease in plasma T3
concentrations and impaired growth of birds (Jianhua et al., 2000). The effects of
different forms and concentrations of Se on the regulation of Diol mRNA levels
in chicken hepatocytes were evaluated (Wu et al., 2010). Primary cultured chicken
hepatocyte monolayers were incubated for 24 h with 0 (control), 0.5, 1, 1.5, 2, 3, 4
or 5 umol/l of Se supplied as DL-selenomethionine (SeMet) or sodium selenite (SS).
The Diol mRNA levels were significantly increased in all the groups treated with Se
(vs control), with maximal effects being observed at 1.5 pmol/l of SeMet and at 0.5
umol/l of SS, respectively. SeMet at doses of 1.5-5 umol/l had a greater effect on Doil
mRNA than SS at equivalent doses. After resulting in a maximal effect, higher Se
supplementation led to a dose-dependent reduction in Doil mRNA levels in all the
hepatocytes treated with Se (Wu et al., 2010). Recent results showed that Se deficiency
inhibited the conversion of T4 to T3 and decreased the levels of the crucial metabolic
enzymes of the thyroid hormones, Diol, Dio2, and Dio3, in chickens. In addition,
the decreased selenoproteins (Diol, Dio2, Dio3, TxnR2, Sell, SelU, GSH-Px1, and
GSH-Px2) induced by Se deficiency may indirectly limit the conversion of T4 to T3
in chicken thyroids (Lin et al., 2014).

In general, Dio is ranked higher in priority for available Se supply than cytosolic GSH-

Px and similar in ranking to that for PH-GSH-Px and SeP (Kohrle, 2013, 2016). In

fact, selenium regulation of selenoproteins in the Se-deficient rat liver model has four

different patterns (Sunde, 2001):

o GSH-Px is unique with a dramatic (90%) decrease of activity and mRNA level;

o GSH-Px4 represents a second pattern with modest (60%) decrease in activity and
little change in mRNA;

o TrxR and SelP show a third pattern with dramatic decrease of activity and little
change in mRNA;

o Dio could be classified as having a fourth pattern characterised by dramatic (95%)
decrease in activity, but modest (50%) decrease in mRNA.

2.9 Other selenoproteins

Contrary to the well-characterised selenoproteins mentioned above, the other
selenoproteins are less studied and their functions are less obvious. They described
in the next paragraphs.

2.9.1 Selenophosphate synthetase-2

Selenophosphate synthetase-2 (SPS) is an enzyme involved in selenocysteine
biosynthesis providing an autoregulatory mechanism for selenoprotein expression
(Guimaraes et al., 1996). Selenophosphate is synthesised from selenide and ATP
by selenophosphate synthetase, and is required for selenocysteine synthesis and
its subsequent incorporation into selenoproteins (Low et al., 1995). There are two
forms of SPS in mammals with SPS-2 being a selenoprotein. For example, SPS was
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detected using immunoblotting in extracts of rat brain, liver, kidney, and lung (Kim
and Stadtman, 1995). The reaction catalysed by SPS proceeds as follows:

ATP+selenide+H,O0 ——— selenophosphate+P +AMP

Se deficiency in chickens was associated with decreased expression of SPS in liver
(Liu et al., 2014b), muscles (Yao et al., 2014), muscle stomach (Huang et al., 2017),
thymus (Khoso et al., 2015; Yang et al., 2016), spleen and bursa of Fabricius (Yang et
al., 2016), aorta vessels (Du et al., 2016), thyroid (Lin et al., 2014), erythrocytes (Luan
et al., 2016), pancreas (Zhao et al., 2014a) and adipose tissue (Liang et al., 2014).

2.9.2 15-kDa selenoprotein

15-kDa selenoprotein (Sepl5) was identified and characterised by Gladyshev et
al. (1998) when it was purified from human T-cells. In fact, its mRNA showed all
features known to be necessary in other eukaryotic selenoprotein mRNAs to promote
selenocysteine insertion into proteins (Gladyshev et al., 1998). It contains a single
selenocysteine residue in the middle of a 162-amino acid open reading frame and has
no detectable homology to known proteins (Gladyshev et al., 2001). The Sep15 gene
spans 51 kb of the human genome and is organised in five exons and four introns
(Kumaraswamy et al., 2002). In accordance with the incidence of human 15-kDa
protein gene expression, tissues can be placed in the following descending order:
thyroid > parathyroid tumour > prostate pre-cancerous cells > prostate > foetal
lung > aorta > foetal retina > retina > testis > foetal heart (Gladyshev et al., 1998).
Sep15 knockout mice are viable, but develop cataracts (Gladyshev, 2016). Sep15 is
located in the endoplasmic reticulum being bound to UDP-glucose: glycoprotein
glucosyltransferase (Gladyshev et al., 2001) suggesting Sepl5 to participate in the
control of protein folding (Carlson et al., 2016). Genes encoding Sep15 have also been
detected in mice and rat (Kumaraswamy et al., 2002). The role of this selenoprotein
is not clearly defined, but it seems likely that Sep15 is involved in reduction or
isomerisation of disulfide bonds, regulated by endoplasmic reticulum (ER) stress
(Labunskyy et al., 2009), and participates in the quality control of glycoprotein folding
(Ferguson et al., 2006). Sep15 might also be part of the antioxidant defence system
under various stress conditions (Carlson et al., 2016). For example, recently it has been
shown that reduction of Sepl5 expression aggravated tunicamycin (Tm)-induced
cell apoptosis and caspase activation in human lens epithelial cells. Furthermore, the
knockdown of Sepl5 exacerbated Tm-induced oxidative stress while ER stress was
not correspondingly elevated (Yin et al., 2015).

It was shown that the chicken Sep15 SECIS element was located in the 3’-untranslated
region (UTR). SECIS was classified as type I. The nucleotide identity of chicken Sep15
shared 65.6-91.5% identity with other species. Furthermore, the amino acid sequence
of chicken Sep15 shares an 69.6-93.8% identity with other species. Chicken Sep15
reserved higher identity with bird homologies (nucleotide, 91.5%; amino acid, 93.8%)
than with mammal homologies (nucleotide, 72.7-77.6%; amino acid, 75.8-79.5% (Sun
et al., 2014). The predicted secondary structure of chicken Sep15 reserved a CxU
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motif between a predicted a-strand and a -helix. Indeed, chicken Sep15 is shown to
be a member of Rdx family and has a thioredoxin-like domain and a surface-accessible
active site redox motif. Therefore, Sep15 can function as a thiol-disulphide isomerase
involved in disulphide bond formation in the endoplasmic reticulum. Furthermore,
chicken Sep15 is a thioredoxin-like fold protein and can participate in the preservation
of cell redox potential (Sun et al., 2014). Under common conditions, the expression
of Sep15 was higher in the spleen followed by the bursa of Fabricius and thymus. Se
deficiency decreased the levels of Sep15 in these immune tissues. The deficiency of
Sep15 reduced the cell viability and increased the occurrence of oxidative stress in
chicken splenocytes increasing the sensitivity of cell to H,O,. The silencing of Sep15
increased the GSH-Px activities and MDA levels (Sun et al., 2014). Indeed, Sep15
can be involved in antioxidant protection in the cell. Sep15 is an ER-selenoprotein in
birds and structural coordination has been described in the binding between Zn?*
and chicken Sep15. It seems likely that Sep15 is involved in signal pathway activation
leading to the reduction of unfolded proteins in the ER (Zhu et al., 2016).

When a low Se chicken diet containing 0.01 mg/kg Se was supplemented with
sodium selenite (0.3 mg/kg Se), SelN concentration in chicken muscles increased by
33 and 46% at 2 and 4 weeks, respectively (Huang et al., 2015b). It has been shown
Se deficiency in chicken was associated with decreased mRNA expressions of Sep15
in the liver (Liu et al., 2014b), muscles (Yao et al., 2014), muscle stomach (Huang et
al., 2017), kidney (Zhang et al., 2016), thymus (Khoso et al., 2015; Yang et al., 2016),
spleen and bursa of Fabricius (Yang et al., 2016), aorta vessels (Du et al., 2016), thyroid
(Lin et al., 2014), erythrocytes (Luan et al., 2016) and adipose tissue (Liang et al.,
2014).

2.9.3 Selenoprotein H

Selenoprotein H (SelH) is a 14 kDa, thioredoxin fold-like protein that contains a
conserved Cys-X-X-Sec motif (X is any amino acid). Its expression is widely distributed
throughout a variety of tissues and relatively high in early stages of embryonic
development (Novoselov et al., 2007). Levels of SelH mRNA are highly sensitive to
adequate Se intake (Sunde et al., 2009). SelH is nucleolar oxidoreductase and a redox-
responsive DNA binding protein participating in regulation of expression of various
genes involved in de novo antioxidant (GSH) synthesis and phase II detoxification
in response to redox status changes (Novoselov et al., 2007). It was shown that
overexpression of SelH protects HT22 neuronal cells against superoxide formation
after UVB irradiation (Ben Jilani et al, 2007) and exposure to oxidants (H,O,)
upregulated SelH expression in human cells, while SelH protects against cellular
senescence to oxidative stress through a genome maintenance pathway involving
ATM and p53 (Wu et al., 2014a). It has been suggested to consider SelH as a sensor
of oxidative stress in the nucleus, where it may play a dual role in redox maintenance
as an antioxidant and regulation of gene expression as a transactivator (Zhang et
al., 2016a). Indeed, SelH was shown to regulate redox homeostasis and suppresses
DNA damage. SepH deficiency impairs the redox balance by decreasing the levels of
ascorbate and methionine, while increasing methionine sulfoxide formation. It was
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also shown that SepH deficiency induces an inflammatory response and activates the
p53 pathway, while loss of SepH increases susceptibility to oxidative stress and DNA
damage (Cox et al., 2016).

Decreased mRNA expression of SepH in chicken liver (Liu et al., 2014b), kidney
(Zhang et al., 2016), muscles (Yao et al., 2014), muscle stomach (Huang et al., 2017),
adipose tissue (Liang et al., 2014), thymus, spleen and bursa of Fabricius (Yang et al.,
2016), pancreas (Zhao et al., 2014a), erythrocytes (Luan et al., 2016), thyroid (Lin et
al., 2014), testes (Gao et al., 2017) and aorta vessels (Du et al., 2016) was shown to be
associated with Se deficiency.

2.9.4 Selenoprotein I

Selenoprotein I, first identified by Kryukov et al. (2003) in sequenced mammalian
genomes by methods that rely on identification of selenocysteine insertion RNA
structures, the coding potential of UGA codons, and the presence of cysteine-
containing homologs, is a transmembrane protein belonging to the CDP-alcohol
phosphatidyltransferase class-I family and it is involved in phospholipid synthesis.
Human Sell is ubiquitously expressed in multiple tissues (Horibata and Hirabayashi,
2007). The Sell gene is conserved in human, chimpanzee, Rhesus monkey, dog,
mouse, rat, chicken, fruit fly, mosquito, Caenorhabditis elegans, and frog. The amino
acid sequence for Sell contains seven transmembrane helices (Reeves and Hoffmann,
2009). High-fat diet in pigs was shown to upregulate Sell in thyroid and downregulate
it in pancreas, subcutaneous fat and pituitary (Zhao et al., 2015). Further research is
needed to address questions regarding this selenoenzyme in terms of its functions
in avian species. Chicken Sell is shown to be located in the ER membrane residing
entirely in the lipid bilayer (Zhu et al., 2016). It was shown that Sell catalyses the
formation of lipid phosphatidylethanolamine (Liu and Rozovsky, 2015), an important
constituent of biomembranes. It was hypothesised that the physiological role of
chicken Sell Sec was related to the composition of the membrane (Zhu et al., 2016).

Se deficiency in chicken was shown to decrease mRNA expressions of Sell in kidney
(Zhang et al., 2016), muscle stomach (Huang et al., 2017), adipose tissue (Liang et al.,
2014), thymus, spleen and bursa of Fabricius (Yang et al., 2016), pancreas (Zhao et
al., 2014a), erythrocytes (Luan et al., 2016), thyroid (Lin et al., 2014) and aorta vessels
(Du et al., 2016). However expression of Sell in chicken testes increased due to Se
deficiency (Gao et al., 2017).

2.9.5 Selenoprotein K

SelK is a small (~12 kDa) protein and it was initially identified through bioinformatic
analysis of the human genome (Carducci et al., 2012). SelK ubiquitous expression
in human and animal tissues, such as heart, liver, pancreas and skeletal muscles was
clearly shown (Lu et al., 2006). Chicken SelK was present as a homodimer containing
unknown domains formed by 2-91 residues, but Sec was positioned within the
C-terminal five residues facing the cytoplasm (Zhu et al., 2016).
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Recent results showed that GSH-Px1, GSH-Px2, GSH-Px4, Dio3, SepW1, SelH and
SepP1 mRNA levels in the siRNA group were decreased, and TrxR1, TrxR3, SepN1,
SelS, SelT, SelM, Sep15, Sell, SelO and SepX1 mRNA levels were increased after 24
h of siRNA treatment (Fan et al., 2016). The GSH-Px1, GSH-Px2, GSH-Px4, TrxR1,
TrxR2, TrxR3, Dio3, SepN1, SelS, SepW1, SelT, SelH, SelM, Sep15, Sell, SelU, SelP,
SelO and SepX1 mRNA levels in the siRNA group were decreased and the GSH-
Px2 and SPS2 mRNA levels in the siRNA group were increased after 48 h of siRNA
treatment (Fan et al., 2016). After 72 h of siRNA treatment, the GSH-Px3, Dio2, Dio3
and SelH mRNA levels were decreased while the mRNA levels of TrxR1, TrxR2, TrxR3,
SepN1, SelT, SelM, Sell, SelO, SepX1 and SPS2 were increased (Fan et al., 2016). Thus,
selenoproteins show a different response to SelK silencing at different time points.
Indeed, SelK has an ubiquitous expression in the chicken myoblast and plays a certain
role in regulating the expressions of other selenoproteins. It seems likely that TrxR1,
TrxR2, SelO, SepP1, Dio2 and SepB play special roles in response to silencing by
SelK. Therefore, it could well be that SelK is associated with antioxidant function, ER
protein folding, Ca regulation roles and hormone activity regulation (Fan et al., 2016).
SelK likely plays an important role in antioxidant defences of the cell. For example,
overexpression of SelK attenuated the intracellular reactive oxygen species level and
protected cells from oxidative stress-induced toxicity in neonatal rat cardiomyocytes
(Lu et al., 2006). Indeed, SelK is shown to be a stress-regulated protein protecting
HepG2 cells from ER stress agent-induced apoptosis (Du et al., 2010). Recently, a
specific role of SelK was shown as a cofactor in the post-translational addition of
palmitic acid to certain proteins (palmitoylation), a modification that stabilises the
expression of various proteins (Hoffmanm, 2016) affecting immunity and possibly
other physiological functions of poultry. Interestingly, gene silencing of SelK was
shown to induce inflammatory response (inflammatory factors and inflammation-
related cytokines), and to activate HSP expression in chicken myoblasts (Fan et al.,
2017). SelK shows a high response to Se deficiency in chicken kidney (Zhang et al.,
2016), adipose tissue (Liang et al., 2014), thymus, spleen and bursa of Fabricius (Yang
et al., 2016), pancreas (Zhao et al., 2014a), erythrocytes (Luan et al., 2016), muscles
(Yao et al., 2014), muscle stomach (Huang et al., 2017), thyroid (Lin et al., 2014), testes
(Gao et al., 2017) and aorta vessels (Du et al., 2016).

2.9.6 Selenoprotein M

SelM was first reported as a new selenoprotein using bioinformatic methods
(Korotkov et al., 2002). It was shown to be highly conserved from plants to humans.
It is considered to be a distant homolog of SEP15 and, like SEP15, it resides in the
endoplasmic reticulum (Gladyshev, 2016). In mammals, SelM is ubiquitously
expressed in many tissues, including muscle, liver, kidney, cerebral cortex, pituitary,
thyroid, and testis (Zhou et al., 2011). SelM is an antioxidant enzyme participating in
the promotion of cell growth and survival in a variety of tissues, although the exact
mechanisms remain to be fully elucidated (Gong et al., 2016). Furthermore, SelM
positively regulates the ERK, NOTCH, and STAT3 signalling pathways and is involved
in maintenance of Ca?* homeostasis.
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In chicken, the SelM coding sequence (CDS) has 459 bases with an in-frame TGA
tri}ilet. The sequence theoretically encodes 152 amino acid residues, with Sec the
37" residue. The chicken SelM had 78% CDS homology to human SelM and 82, 78,
94, 73 and 73% CDS homology to cow, duck, turkey, zebrafish and frog, respectively
(Huang et al., 2016). It was shown that a SECIS element, with the conserved adenosine
(-AAA-) rather than the cytidine (-CC-) motif in the apical loop was found in the
3’-untranslated region of the cDNA (mRNA), which is similar to the majority of avian
species. The chicken SelM protein was aligned with 16 species. It shows an overall 58%
identity with a highly conserved thioredoxin-like domain containing a CXXU motif
across all the species. Indeed, the chicken SelM protein is characterised by a p-a-p-f-
B-a secondary structure pattern that forms a classical motif observed in thioredoxin-
like fold proteins. The amino acid sequence of chicken SelM shares a 79, 84, 97, and
58% identity with SelM, in humans, duck, turkey, and zebrafish, respectively. In
phylogeny, when SelM from the 20 species was genetically clustered, the Phasianinae,
chicken, and turkey had the shortest distance (Huang et al., 2016). The mRNA and
protein levels of SelM in the brain of Se-deficient chickens were significantly lower
than those in the brain of Se adequate chickens. The authors suggested that SelM is
one of the major selenoperoxidases contributing to the prevention of brain injury
possibly through the peroxide scavenging and antioxidant functions.

It has also been shown that Se deficiency in chicken caused decreased mRNA
expressions of SepM in the liver (Liu et al., 2014b), aorta vessels (Du et al., 2016),
thyroid (Lin et al., 2014), muscles (Yao et al., 2014), muscle stomach (Huang et al.,
2017), erythrocytes (Luan et al., 2016), pancreas (Zhao et al., 2014a), thymus, spleen
and bursa of Fabricius (Yang et al., 2016), adipose tissue (Liang et al., 2014), but
increased mRNA expression of SelM was evident in kidney (Zhang et al., 2016).

2.9.7 Selenoprotein N

Selenoprotein N (SepN1, SelN) gene was first identified in silico and in vivo by using
a conserved RNA structural motif by Lescure et al. (1999). As in other selenoproteins
incorporation of SeCys takes place at a redefined UGA codon and requires the
involvement of stem loop structure formed by the SECIS sequence. The human
SEPN1 gene is located on chromosome 1p36 (RSMD1 locus) and contains 13 exons
spanning 18.5 kb (Moghadaszadeh et al., 2001) and it produces a 4.5 kb transcript
encoding a 590 amino acid protein. The authors showed that mutations in SEPN1
caused congenital muscular dystrophy with spinal rigidity and restrictive respiratory
syndrome. Therefore, it was the first description of a selenoprotein implicated in a
human disease. Furthermore, a relationship between classical multiminicore disease
(MmD; an autosomal recessive congenital myopathy characterised by the presence
of multiple, short core lesions in most muscle fibers) and the selenoprotein N gene
(SEPN1) was suggested (Ferreiro et al., 2002). Therefore, desmin-related myopathy
with mallory body-like inclusions was suggested to be caused by mutations of
the selenoprotein N gene (Ferreiro et al., 2004). The main SEPN1 gene product
corresponds to a 70 kDa protein, containing a singly SeCys residue (Petit et al., 2003).
The authors also showed that SepN is a glycoprotein localised within the endoplasmic
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reticulum. SepN1 was found to present in high levels in several human foetal tissues
and at much lower levels in adult tissues, including skeletal muscle. This protein is also
highly expressed in cultured myoblasts (Petit et al., 2003). The authors suggested a role
of SelN in regulation of early development and in cell proliferation or regeneration.
Furthermore, SEPN1 zebrafish mutants exhibited strong developmental defects
related to abnormalities in muscle development and architecture (Deniziak et al.,
2007) confirming an important role of SelN in muscle development.

SepN1 is thought to have a redox function, and this idea is supported by the
observation of a motif similar to the catalytic site of thioredoxin reductases (TrxRs)
on the ER side of the SEPN1 sequence (Marino et al., 2015). In fact, it was shown that
the promoter of the SepN1 gene contains CpG islands, predicted target sites for the
transcription factor nuclear factor kappa beta (NF-kB), an ER stress response element,
as well as binding sites for the redox-sensitive transcription factor AP1 (Castets et al.,
2012). Indeed, excessive protein oxidation in cells devoid of SepN1 (Arbogast et al.,
2009; Lescure et al., 2009) confirms the antioxidant functions of SepN. Furthermore,
it was shown that SEPN1 levels parallel those of endoplamic reticulum oxidoreductin
1 (ERO1), an ER protein thiol oxidase, and that SEPN1’s redox activity defends the
ER from ERO1-generated peroxides. Cells lacking SEPN1 are hypersensitive to ERO1
overexpression and conspicuously defective in ER calcium re-uptake (Marino et al.,
2015). Indeed, SelN is involved in maintenance of ER redox and calcium homeostasis.
Chicken SeIN was shown to contain a SCUG motif and a catalytic site similar to the
GCUG motif in TrxR. Furthermore, the domain in SelN was shown to be similar to
the classical one (Zhu et al., 2016). The authors also indicated that the important FAD-
and NADPH-binding domains of classical TrxRs were missing from SelN.

The expression of chicken SeIN mRNA was studied in a range of chicken tissues of
90 day old chickens and it was shown that it was higher in the pituitary gland, craw,
glandular stomach, rectum, spleen, lung, and testis (1.85-, 1.5-, 3.3-, 4.9-, 4.7-, 2-
and 3.2-fold, respectively, compared with kidney) (Zhang et al., 2012d). SeIN mRNA
was lower in the duodenum, small intestine, caecum, thymus, and pancreas (90, 89
and 73%, 1.25- and 1.11-fold, respectively, compared with the kidney). At the same
time, it was shown that the expression of chicken SeIN mRNA was comparatively
low in the cerebrum, thalamus, spinal cord, tongue, esophagus, muscular stomach,
bursa of Fabricius, liver, breast muscle, flight muscle, shank muscle, thigh muscle, and
heart (Zhang et al., 2012d). The authors showed that the expression of SeIlN mRNA in
skeletal muscles is high in embryos and lower in postnatal stages indicating a potential
role of SelN in chick embryo skeletal muscle development. In chickens it was shown
that SeIN mRNAs abundance was different for different muscles in the control. Levels
of SeN mRNA were lower in breast muscle and flight muscle than in other tissues in
the control. The effect of Se supplementation on SeIN mRNA abundance was small in
breast muscle and flight muscle, which was consistent with tissue Se content. Changes
in SelN mRNA abundance in thigh and shank muscles were correlated to Se supply.
Levels of SeIN mRNA were increased by Se intake, while excessive Se supplementation
led to dose-dependent decreasing trends of the mRNA level (Zhang et al., 2012a).
Dietary selenium supplementation was shown to increase mRNA and/or activities of
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6 selenoprotein genes, including SelN in the liver of AFB,-treated chickens (Sun et
al., 2016). Similarly, it was shown that Se supplementation significantly increased the
expressions of selenoprotein K, selenoprotein N, selenoprotein S, and selenoprotein T,
which were reduced by cadmium in chicken splenic lymphocytes (Zhao et al., 2014c).
The expression of SeIN gene in cardiac muscle responded to dietary Se concentrations:
It was downregulated in the Se deficiency group and upregulated in the Se excess
group compared with the moderate Se group (Zhang et al., 2014b). When a low Se
chicken diet, containing 0.01 mg/kg Se, was supplemented with sodium selenite (0.3
mg/kg Se) SeIN concentration in chicken muscles increased by 14 and 177% at 2 and
4 weeks, respectively (Huang et al., 2015b).

Similar to other selenoproteins decreased mRNA expressions of SepN1 in the liver
(Liu et al., 2014b), thymus (Khoso et al., 2015), aorta vessels (Du et al., 2016),
thyroid (Lin et al., 2014), erythrocytes (Luan et al., 2016), thymus, spleen and bursa
of Fabricius (Yang et al., 2016), kidney (Xu et al., 2016; Zhang et al., 2016), muscle
stomach (Huang et al., 2017), and adipose tissue (Liang et al., 2014) was shown in Se
deficient chickens. Interestingly, Se deficiency was shown to increase expression of
SepN1 in chicken testes (Gao et al., 2017).

2.9.8 Selenoprotein O

Selenoprotein O (SelO) has remained enigmatic since identification of its sequence
in the human genome by Kryukov et al. (2003). While human Sel O is predicted to
consist of 669 amino acids with a calculated molecular weigth of 73.4 kDa, there is
no information regarding its physiological role and possible functions. Because of
the presence of a Cys-X-X-Sec motif, it could well be that SelO has a redox function
(Reeves and Hoffman, 2009). Using bioinformatics tools, it was predicted that SelO
protein adopts a three-dimensional fold similar to protein kinases and the possibility
of an oxidoreductase-regulated kinase function for SelO was suggested. Furthermore,
expression data from bacteria and yeast suggest a role in oxidative stress response
(Dudkiewicz et al., 2012). Later it was shown that in mammals SelO is a redox-active
mitochondrial selenoprotein. Indeed, CxxU motif was identified in the C-terminal
region of SelO and SelO reversible oxidation by H,O, was shown in HEK 293T cells.
SelO was shown to be localised to mitochondria and expressed across mouse tissues
with low response to Se deficiency, suggesting its high position in selenoprotein
hierarchy (Han et al., 2014). It was suggested that chicken SelO might have kinase
activity and ligand binding sites containing Mg?* was identified (Zhu et al., 2016).

It has also been shown that Se deficiency in chicken downregulates mRNA expressions
of SepO in liver (Liu et al., 2014b), kidney (Zhang et al., 2016), adipose tissue (Liang et
al., 2014), thymus, spleen and bursa of Fabricius (Yang et al., 2016), pancreas (Zhao et
al., 2014a), erythrocytes (Luan et al., 2016), muscles (Yao et al., 2014), muscle stomach
(Huang et al., 2017), thyroid (Lin et al., 2014) and aorta vessels (Du et al., 2016).
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2.9.9 Selenoprotein P

The history of selenoprotein P (SepP) discovery is related to characterisation of
plasma proteins after injection with 7>Se-selenite. SeP was distinguished from GSH-
Px in plasma in 1977 by Herrman, and was identified as a plasma selenoprotein in
the early 1970s (Herrman, 1977). Indeed, known at that time selenoprotein (GSH-Px)
was not the only one in the plasma. Finally, 9 years after GSH-Px characterisation as
selenoprotein, Motsenbocker and Tappel (1982) described the same plasma protein
in monkey and rat and called it selenoprotein P. Indeed, SepP was the second, after
GSH-Px, selenoprotein identified in mammals and its name was given to this protein
because of its plasma location. SepP is a glycoprotein representing from about one
third of total plasma Se in humans (Allan et al., 1999) to about 60-70% (Kohrle et
al., 2000) or 60-80% of total plasma Se in humans and rodents (Arthur and Beckett,
1994). In fact, SepP is the major plasma selenoprotein, which is synthesised primarily
in the liver, that delivers Se to certain other organs and tissues (Gladyshev, 2016).
Selective deletion of SepP in hepatocytes was associated with impairment in selenium
supply to extra-hepatic tissues and worsens dietary selenium deficiency (Hill et al.,
2012). Receptors mediating cellular uptake of SepP have recently been identified.
Indeed, Sertoli cell ApoER2 is a SepP receptor and a component of the selenium
delivery pathway to spermatogenic cells (Olson et al., 2007).

SepP contains up to 10 selenocysteine residues per 43 kDa polypeptide chain (Allan
et al., 1999). Indeed, the unique feature of SepP is that it is the only selenoprotein
known to have more than one Se atom per polypeptide chain. The gene for human
SeP is located on chromosome 5q31 (Arteel et al., 2002). It was initially believed that
this selenoprotein was a major transport form of Se (Motsenbocker and Tappel, 1982)
owing to its comparatively high concentration of Se. In fact compared with other
Se-containing proteins, the addition of purified SepP to the SepP-depleted serum
or a serum-free medium was the most effective for the recovery of cellular GSH-Px
activity (Saito and Takahashi, 2002) confirming an idea that SepP functions as Se-
supply protein, delivering Se to the cells. Indeed, SepP participates in the distribution
of Se from the liver to peripheral tissues, such as the brain (Schweizer et al., 2016).
Furthermore, it has been suggested that SepP might have an important role as an
antioxidant in plasma (Steinbrenner et al., 2006). In fact, SepP is shown to have two
domains: the N-terminal domain appears to be an enzyme with redox properties,
while the C-terminal domain contains selenium that is in transit. Selenoprotein P can
contribute to the decomposition of peroxynitrite (Arteel et al., 1998) and protection
of endothelial cells against damage from peroxynitrite, having peroxidase activity in
vitro (Sies et al., 1998). SepP of bovine serum acts as a survival-promoting factor in
neuronal cell culture (Mostert, 2000). Indeed, SepP reduces neither H,O, nor tertiary
butyl hydroperoxide, but reduces phospholipid hydroperoxides using tert-uni ping-
pong mechanism, similar to those described for GSH-Px, therefore, SepP is considered
to act as an extracellular PH-GSH-Px (Saito et al., 1999). It was demonstrated in a cell-
free system that SepP isolated from human plasma protects low-density lipoproteins
against oxidation (Steinbrenner et al., 2016) and knock-down of SepP1 was shown
to sensitise the astrocytes to oxidative stress-mediated cell death (Steinbrenner et
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al., 2006). Thioredoxin is shown to be the preferred electron donor for SeP (Takebe
et al., 2002). This protein has been shown to bind heavy metals, is considered as a
negative acute phase protein and can promote neuron survival in vitro (Kohrle et
al., 2000). It has been suggested that SepP has specific roles in protecting against Se
toxicity and sequesting Cd** and Hg?* ions (Yoneda and Suzuki, 1997). Clearly the
antioxidant-related functions of this protein could be a great advantage for animals.
SepP-knockout mice were viable, but exhibited reduced growth and developed ataxia
(Schomburg et al., 2003).

SepP is expressed in various tissues including liver, heart, brain, kidney, testis and
muscle in rats and also in placenta and uterus in the mouse and associated with cell
membranes (Schweizer et al., 2016). It is interesting that SepP can be synthesised in
the brain (Yang et al., 2000). It seems likely that tissues, such as the liver, can take up
small-molecule forms of selenium whereas presence of the element in selenoprotein
P facilitates uptake by tissues like the brain. Four isoforms of the protein have been
identified in rat plasma, including the full length protein containing 10 SeCys, and
three shortened isoforms (Chen and Berry, 2003). SepP genes in mammals include
10-12 UGA codons and two SECIS elements in the 3" untranslated region (Chen and
Berry, 2003). It is interesting to note that in Se deficiency SepP mRNA and protein
expression are preferentially retained in comparison to other selenoproteins (Chen
and Berry, 2003) showing high position of SepP in selenoprotein hierarchy.

SelPa contains 10 Sec residues in humans and mice while 13 Sec residues were
evident in chicken SelPa and the SelPa gene was shown to contain two SECIS
elements in Gallus gallus. (Zhu et al., 2016). It seems likely that SelPa and GSH-Px3
are major secreted selenoproteins participating in Se transport functiins. Data on
SepP in poultry are very limited (Yuan et al., 2013). Indeed, an 8 wk experiment
was conducted to investigate the effect of different sources (0.15 mg/kg) of Se on the
concentration and gene expression of SepP in broiler breeders and their offspring.
It was shown that organic Se sources (Se-yeast and SeMet) were more effective than
SS in increasing SepP levels in the serum and liver of broiler breeders, but not in the
kidney. Furthermore, the levels of SepP in the serum, liver, and kidney of offspring
were significantly higher in SY or SeMet treatments than in the SS treatment. The
authors also showed that the liver SEPP1 mRNA level of broiler breeders in SY or
SeMet treatments was significantly higher than that in the SS treatment; however, no
differences were observed in the kidney of broiler breeders. At the same time, day-
old chicks from SY or SeMet breeder treatments had a significantly higher SEPP1
mRNA level than those from the SS treatment (Yuan et al., 2013). In general in liver
and kidney SepP concentration and expression were comparable. Furthermore, Se
deficiency in chickens was associated with decreased expression of SepP in a liver
(Liu et al., 2014b), muscles (Yao et al., 2014), muscle stomach (Huang et al., 2017),
kidney (Zhang et al., 2016), erythrocytes (Luan et al, 2016), thymus (Khoso et al.,
2015; Yang et al., 2016), spleen and bursa of Fabricius (Yang et al., 2016), aorta vessels
(Du et al., 2016), thyroid (Lin et al., 2014), pancreas (Zhao et al., 2014a) and adipose
tissue (Liang et al., 2014).
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2.9.10 Selenoprotein Pb

SelPb is not found in placental mammals, but can be found in birds, fish and Platypus
and Marsupial mammals (Mariotti et al., 2012). It is still not well characterised, but
generally speaking it is a modified SelP. In zebrafish it was shown that, while SelPa
was similar to mammalian SelP containing multiple Sec residues and two SECIS
elements in its mRNA, SelPb contained one Sec residue and retained a single SECIS
element (Kryukov and Gladyshev, 2000). During embryogenesis of zebrafish SelPb
was identified in the yolk syncytial layer and liver (Thisse et al., 2003). The biological
role and physiological functions of SelPb are not known but most likely they are not
different from classical SelP.

It has also been proven that Se deficiency in chicken was associated with decreased
mRNA expressions of SelPb in liver (Liu et al., 2014b), muscles (Yao et al., 2014),
muscle stomach (Huang et al., 2017), pancreas (Zhao et al., 2014a), thyroid (Lin et
al., 2014), aorta vessels (Du et al., 2016) and adipose tissue (Liang et al., 2014), but
increased mRNA expressions of SepPb was evident in chicken kidney (Zhang et al.,
2016) due to Se deficiency. Furthermore, Se deficiency was associated with increased
expression of SelPb in chicken testes (Gao et al., 2017).

2.9.11 Selenoprotein R

Selenoprotein R (MsrB) was identified as a zinc-containing stereo-specific methionine
sulfoxide reductase B (Kryukov and Gladyshev, 2002; Moskovitz et al, 2002).
Furthermore, it has been shown that there was a loss of MsrB activity in the MsrA~/-
mouse in parallel with losses in the levels of MsrB mRNA and MsrB protein (Moskovitz
and Stadtman, 2003). Se deficiency in mouse was associated with a substantial
decrease in the levels of MsrB-catalytic activity, MsrB protein, and MsrB mRNA in
liver and kidney tissues (Moskovitz and Stadtman, 2003). It has been reported that
human and mouse genomes possess three MsrB genes responsible for synthesis of the
following protein products: MsrB1, MsrB2 and MsrB3 (Kim and Gladyshev, 2004).
In particular, MsrB1 was present in the cytosol and nucleus and exhibited the highest
methionine-R-sulfoxide reductase activity due to presence of selenocysteine (Sec) in
its active site. Other mammalian MsrBs are not selenoproteins and contain cysteine in
place of Sec and were less catalytically efficient (Kim and Gladyshev, 2004). Details of
biochemical functions of MsrB were described in Chapter 1. Indeed, MsrBl1participate
in repairing oxidised proteins and support resistance of proteins, cells, tissues, and
organisms to oxidative stress, both in vitro and in vivo. Furthermore, it seems likely
that MsrB1 can also regulate protein functions through reversible Met sulfoxidation,
thereby controlling various biological processes (Kaya et al., 2015). Indeed, MsrB is
an oxidoreductase that protect against the effects of oxidative stress by increasing
oxidative stress resistance and repairing damaged proteins via cyclic methionine
oxidation/reduction (Lee et al., 2016). Chicken MsrB1 was shown to bind with Zn?*
through 4 Cys (-23, -26, -69 and -72) residues (Zhu et al., 2016). In particular, Cys-26
and Cys-72 were shown to form a disulfide bond being potentially the catalytic centre
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of the domain. It seems likely that chicken MsrB is an important player in protecting
proteins against oxidative damage.

Decreased mRNA expressions of MsrB in the chicken liver (Liu et al., 2014b), thymus
(Khoso et al., 2015; Yang et al., 2016), spleen and bursa of Fabricius (Yang et al., 2016),
aorta vessels (Du et al., 2016), thyroid (Lin et al., 2014), muscles (Yao et al., 2014),
muscle stomach (Huang et al., 2017), erythrocytes (Luan et al., 2016), pancreas (Zhao
et al., 2014a), kidney (Xu et al., 2016) and adipose tissue (Liang et al., 2014) was shown
due to Se deficiency. Furthermore, increased activity of MsrB in muscles as a result of
improved Se status due to usage of OH-SeMet in the diet (Zhao et al., 2017a), could
help decrease protein oxidation and reduce drip loss.

2.9.12 Selenoprotein S

Selenoprotein S (SelS) has been recently identified by Kryukov et al. (2003). It is
considered to be a novel member of the glucose-regulated protein family and its
function is related to the regulation of cellular redox balance.

It was shown that chicken SelS contained an unknown domain. It is predicted
that the 14-193 residues that form the a-helices and other principal parts of SelS
might be responsible for its redox and structural properties (Zhu et al., 2016). The
authors suggested that chickens SelS can protect the cell against oxidative damage
to regulate ER stress-induced apoptosis. Recently the induction of the SelS gene in
HepG2 cells has been characterised and its function examined as an antioxidant
(Gao et al., 2004). SelS gene expression was shown to be up-regulated in the liver of
Psammomys obesus after fasting. In fact, SelS was regulated by glucose deprivation and
ER stress in HepG2 cells. For example, glucose deprivation and the ER stress inducers
tunicamycin and thapsigargin increased SelS gene expression and protein content
several-fold. The overexpression of SelS increased Min6 cell resistance to oxidative
stress-induced toxicity (Gao et al., 2004). SEPS1 was shown to protect RAW264.7 cells
from pharmacological ER stress agent-induced apoptosis (Kim et al., 2007). It has
been shown Se deficiency in layer chickens caused a decrease of mRNA expressions
of SepS in the liver (Liu et al., 2014b), muscle stomach (Huang et al., 2017), thymus
(Khoso et al., 2015; Yang et al., 2016), spleen and bursa of Fabricius (Yang et al.,
2016), aorta vessels (Du et al., 2016), thyroid (Lin et al., 2014), erythrocytes (Luan
et al., 2016), adipose tissue (Liang et al., 2014) and kidney (Zhang et al., 2016).
SeMet enhanced mRNA and protein expression of glutathione peroxidase 1 (GSH-
Px1), selenoprotein S (SelS), and thioredoxin reductase 1 without and with AFB,
treatments. Furthermore, knockdown of GSH-Px1 and SelS by GSH-Px1-specific
siRNA and SelS-specific siRNA diminished the protective effects of SeMet against
AFB,-induced immune toxicity. It is concluded that SeMet diminishes AFB,-induced
immune toxicity through increasing antioxidant ability and improving GSH-Px1 and
SelS expression in splenocytes (Hao et al., 2016).
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2.9.13 Selenoprotein T

Selenoprotein T (SelT) is ubiquitously expressed in many tissues, conserved from
plants to humans, and found in the endoplasmic reticulum (Grumolato et al., 2008).
Interestingly, chicken SelT was shown to contain two thioredoxin-like folds with the
Sec to be located in the first thioredoxin-like fold (Zhu et al., 2016). The authors
showed that the SelT helix was formed between residues 143 and 164, with both faces
in the helix to be hydrophobic (Zhu et al., 2016). SelT is expressed in the smooth
muscle tissues of blood vessels, esophagus, bronchus, stomach, and intestine of rats,
and the transcription of the SelT was very sensitive to dietary Se (Guo et al., 2016).
The amino acid sequence of chicken SelT shares 90.1% identity with that of Macaca
and Mus musculus, while it shares 89.6 and 88.5% identity with Sus scrofa and Cavia
porcellus, respectively. It was shown that SelT is derived from a common ancestor with
other SelT family proteins and that it is a novel selenoprotein that differs from the
SelT of mammals and aquatic invertebrates (You et al., 2014). The complete nucleotide
sequence of the gene encodes 199 amino acids. Chicken SelT has been identified as
a member of the Rdx protein family, which shows a sequence similar to that of the
thioredoxin-like fold and a conserved CxxU motif. Therefore, SelT participates in
maintaining the redox balance of the cell and responds to changes in such a balance
(You et al., 2014). When SelT was knocked down in murine cells, the expression of
several oxidoreductase genes increased, reflecting the involvement of SelT in redox
regulation (Sengupta et al., 2009). It has been shown that disruption of the Selt gene
is lethal during embryogenesis, and its conditional knockout in the brain causes the
increases the sensitivity of animals to stress conditions, in particulat to neurotoxin-
induced neurodegeneration. It seems likely that SelT is involved in maintenance of the
redox balance that control homeostasis, signalling and survival of cells with intense
metabolic activity during development (Boukhzar et al., 2016).

It has been shown that Se-deficiency decreased the expression levels of SelT in the
bursa of Fabricius, thymus, and spleen (You et al., 2014). Similarly, the level of SelT
mRNA in the pectoral muscle (Huang et al., 2011b; Yao et al., 2013a), muscle stomach
(Huang et al., 2017), liver (Huang et al., 2011b), aorta vessels (Du et al., 2016), thyroid
(Lin et al., 2014), erythrocytes (Luan et al., 2016), pancreas (Zhao et al., 2014a), kidney
(Zhang et al., 2016) and adipose tissue (Liang et al., 2014) was shown to be regulated
by Se status.

2.9.14 Selenoprotein U

Selenoprotein U (SelU) was characterised by Castellano et al. (2004). They used a
comparative genomics approach that relied on the genome-wide prediction of genes
with in-frame TGA codons, and the subsequent comparison of predictions from
different genomes. They applied this method to various genomes and identified a
novel selenoprotein family, named SelU, which is present in fish, chicken and sea
urchin. In particular, selenium incorporation into chicken SelU was demonstrated
and the SelU expression pattern in zebrafish embryos characterised (Castellano et
al., 2004). In great contrast to chicken and fish, mammals, worms and land plants
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contained cysteine homologues. Data of Castellano et al. (2004) indicate a scattered
evolutionary distribution of selenoproteins in eukaryotes, and suggest that other taxa-
specific selenoproteins probably exist.

In chicken, the coding sequence (CDS) of SelU was shown to contain 387 bases
with a typical mammalian selenocysteine insertion sequence (SECIS) located in the
3’-untranslated region. The deduced amino acid sequence of chicken SelU contains
224 amino acids with UAA as the stop codon (Jiang et al., 2015). Like all SelU genes
identified in different species, chicken SelU contains one well conserved selenocysteine
(Sec) at the 85t position encoded by the UGA codon. The SECIS element was with
the conserved adenosine (-AAA-) rather than the motif cytidine (-CC-) motif. The
abundance of SelU mRNA in muscle, liver, kidney, heart, spleen, and lung was shown
to be downregulated by Se deficiency. However, it was not affected by dietary Se
concentrations in testis and brain (Jiang et al., 2015). Selenium deficiency in chicken
was shown to be associated with decreased mRNA expressions of SepU in the liver
(Liu et al., 2014b), thymus (Khoso et al., 2015; Yang et al., 2016), spleen and bursa of
Fabricius (Yang et al., 2016) aorta vessels (Du et al., 2016), thyroid (Lin et al., 2014),
muscles (Yao et al., 2014), muscle stomach (Huang et al., 2017), erythrocytes (Luan et
al., 2016), adipose tissue (Liang et al., 2014) and kidney (Zhang et al., 2016).

2.9.15 Selenoprotein W

Selenoprotein W (SeW) was purified and characterised by Vendeland et al. (1995)
and it consists of 87 amino acids and contains about 1 g atom Se as selenocysteine per
1 g mol of protein (Ream et al., 2001). Four different forms of this protein have been
purified from rat muscle with molecular masses ranging from 9.5 to 10 kDa (Allan
et al., 1999). Therefore, SeW was originally isolated from muscle and now there is
growing evidence indicating presence of this protein in other tissues.

SeW gene from Se-fed chicken brain was cloned and sequenced (Li et al., 2011b). The
complete cDNA sequence of chicken SelW was shown to comprise 834 bp. A TGA
codon encoding Sec was observed at positions 113-115, while the selenocysteine (Sec)
residue in chicken SeW is located at the 13t position encoded by the UGA codon,
as all SelWs in other species are (Ou et al., 2011). The calculated molecular weight of
chicken SelW was shown to be 9.3217 kDa with a theoretical isoelectric point of 7.0.
It was found that the SECIS element was located in the 3-UTR of the chicken SelW
mRNA. Homology analysis showed that there are close matches of chicken SelW with
many other SelWs in animals. In particular, the homology of the coding nucleotide
sequences and the deduced amino acid sequences of SelW from thirteen species of
animals was determined. The chicken SelW protein contained 85 amino acids and was
the shortest of the thirteen proteins (Ou et al., 2011). Mice and rat SelW proteins are
shown to be the longest, containing 88 amino acids, whereas the sheep, cattle, horse,
dog, pig, human, monkey and orangutan SelW proteins contain 87 amino acids, and
the zebrafish and frog SelW protein is one amino acid longer than chicken SelW. The
amino acid sequence of chicken SelW shares 56.5 and 61.2% identity with fish and
frog SelW and rodent SelW, respectively. The nucleotide identity range of CDS varied
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from 55.8 to 60.5% between chicken and other animal SelW from mammals to aquatic
invertebrates (Li et al., 2011a). SeW expression in chicken tissue is regulated by Se
status. This includes liver (Sun et al., 2011), pancreatic tissue (Wang et al., 2011b),
chick embryo neurons (Li et al., 2012), testes (Khalid et al., 2016), erythrocytes (Luan
etal., 2016), pancreas (Zhao et al., 2014a), thymus, spleen and bursa of Fabricius (Yang
etal., 2016), kidney (Xu et al., 2016; Zhang et al., 2016), muscle stomach (Huang et al.,
2017), adipose tissue (Liang et al., 2014) and other tissues (Ou et al., 2011).

On the one hand, it was shown that SeW mRNA expression is high in skeletal
muscle followed by brain, but extremely low in other tissues from chickens fed a
commercial unsupplemented maize-based diet containing about 0.1 mg/kg feed-
derived selenium. On the other hand, the SeW gene is ubiquitously expressed in
heart, skeletal muscle, brain, testis, spleen, kidney, lung, liver, stomach and pancreas
in chickens fed a commercial diet supplemented with sodium selenite (4 mg/kg; Ou
et al., 2011). The expression pattern of SelW in 36 different tissues from 60 day old
chickens has been determined. It was shown that expression of chicken SelW mRNA
was higher in the pituitary, spinal cord, sciatic nerve, cerebral cortex, cerebral nuclei,
thalamus, cerebellum, muscle, cartilage, trachea, gizzard and artery, and lower in the
pancreas, testis, ovary, kidney and veins (Li et al., 2011b). Furthermore, SelW is widely
expressed in the gastrointestinal tract tissues of birds and the transcription of the
SelW gene is very sensitive to dietary Se. In fact, a significant increase in SelW mRNA
levels was observed in the gastrointestinal tract tissues of 90 day old male chickens
fed the diets containing 1-3 mg/kg sodium selenite while decreased SelW mRNA
levels were observed in the esophagus, crop, proventriculus, gizzard, duodenum and
cecum in chickens fed the diet containing 5 mg/kg sodium selenite (Li et al., 2011a).
In the gut of chickens supplemented with 0.15 or 1.5 mg/kg selenium in the form of
sodium selenite, the Se contents were found to be the highest in the duodenum and
the lowest in the rectum, while the SelW mRNA expression was the highest in the
gizzard and the lowest in the rectum. In addition, the SelW mRNA levels in the gut
tissue were found to increase in a time-dependent manner with increasing feeding
time. Furthermore, the expression of the SelW mRNA in the gut tissues of chickens
was found to correlate with the dietary Se concentrations (Gao et al., 2012).

SelW is shown to be widely expressed in immune organs of birds and Se-
supplementation of the feed increases SelW expression in the thymus and the bursa
of Fabricius (Yu et al, 2011). SelW plays an important role in protection of splenic
lymphocyte of birds from oxidative stress. In fact, mRNA expression of SelW was
effectively increased after treatment with sodium selenite, and H,O,-induced cell
apoptosis was significantly decreased and cell viability significantly increased (Yu
et al., 2014). Furthermore, H,O, induced a significantly up-regulation of the Bax/
Bcl-2 ratio, Bax, Bak-1, caspase-3 and p53 and down-regulation of Bcl-2. However,
when lymphocytes were pretreated with Se before treatment with H,O,, the Bax/
Bcl-2 ratio and mRNA expression of those genes were significantly decreased, and
Bcl-2 was increased. SelW-silenced cells were shown to be more sensitive to oxidative
stress induced by H,O, than control cells and were characterised by up-regulation of
apoptosis-related genes. In addition, silencing the lymphocyte SelW gene decreased
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their cell viability, and increased their apoptosis rate and susceptibility to H,O, (Yu et
al., 2014). Recent results suggested that SelW plays an important role in the protection
of immune organs of birds from inflammatory injury by regulation of inflammation-
related genes (Yu et al., 2015c¢). In particular, it was shown that Se-deficient diets
effectively decreased mRNA expression of SelW and induced a significantly up-
regulation of cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS),
NF-kB, prostaglandin E (PTGEs) and tumour necrosis factor (TNF)-a mRNA
levels. Furthermore, the histopathological analysis showed that immune tissues were
injured in the low-Se groups. In addition, in vitro, H,0, induced a significantly up-
regulation of the mRNA levels of inflammation-related genes (iNOS, COX-2, NF-kB,
PTGEs, and TNF-a) in cultured splenic lymphocyte. Furthermore, when lymphocytes
were pretreated with Se before exposure to H,O,, the inflammation-related genes
were significantly decreased. Indeed, silencing SelW significantly up-regulated the
inflammation-related genes (iNOS, COX-2, NF-«B, PTGEs, and TNF-a) in cultured
splenic lymphocyte (Yu et al., 2015c).

It has been shown that Se plays important roles in the development of chicken
skeletal muscles and highest SelW expression is associated with optimal Se status.
In fact, SelW was detected in wing muscle, pectoral muscle, and thigh muscle and in
myoblast in culture. It was shown that SelW both increased along with the growth of
organism and the differentiation process of myoblasts. The thigh muscle is shown to
be more responsive to Se intake than the other two skeletal muscle tissues (Ruan et al.,
2012). It seems likely that skeletal and cardiac muscles SelW mRNA levels are highly
regulated by Se supplementation and different muscle tissues showed differential
sensitivity. In fact, Se supplementation increased SelW mRNA abundance in thigh
and shank muscles and SelW mRNA levels displayed a different expression pattern
in different skeletal and cardiac muscles. However, Se excess was associated with a
reduction in SelW mRNAs (Zhang et al., 2012a). In chicken embryonic myoblasts a
significant correlation between expressions of SelW and myogenic regulatory factors
was shown (Wu et al., 2012). In fact, chicken SelW protects embryonic myoblasts
against cell apoptosis mediated by endogenous and exogenous H,O, Silencing the
myoblast SelW gene caused reduced cell viability, increasing their apoptosis rate and
susceptibility to H,O,. Furthermore, knockout of Sel W was associated with apoptosis
promotion indicative by up-regulated Bax and caspase-3 and down-regulated Bcl-2
(Yao et al., 2013b). SelW may play a role in the regulation of inflammation reaction
in Se-deficiency myopathy (Wu et al., 2014c). It was shown that dietary Se deficiency
reduced the mRNA expression of SelW in chicken wing, pectorals, and thigh
muscles, while the mRNA expression levels of inflammation-related genes in chicken
skeletal muscle tissues at different time points were increased. Indeed, Se deficiency
induced the inflammatory response in chicken skeletal muscle (Wu et al., 2014c). In
chicken myocardial cells Se treatment increased the expression of SelW and caused
a downregulation of p53, NF-kB, and TNF-a (Liu et al., 2016¢) indicating the anti-
inflammatory role of Se supplementation. When a low Se chicken diet containing 0.01
mg/kg Se was supplemented with sodium selenite (0.3 mg/kg Se) SelW concentration
in chicken muscles increased by 85 and 109% at 2 and 4 weeks, respectively (Huang
et al., 2015b).
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The exact function of SelW is not known, but recent research reports have indicated
that avian SelW has an antioxidant function in vivo and in vitro. In fact, SelW could
reduce the oxidative damage induced by H,O, and had an important protective
function against oxidative damage. Indeed SeW overexpression in chicken cells
was associated with a markedly decrease in sensitivity to H,0,-induced oxidative
stress and had a lower apoptotic cell death, increased cell viability and decreased
levels of caspase-3, caspase-8, and fas mRNA than wild-type cells (Han et al., 2012).
The aforementioned data presented by Liu et al. (2016c), Yao et al. (2013b), Yu et al.
(2014, 2015c¢) also confirm antioxidant and anti-apoptotic and anti-inflammatory role
of SeW.

2.10 General conclusions

Avian species contain 25 known selenoprotein genes (Mariotti et al., 2012). The chicken
selenoproteome consists of 4 Sec-containing GSH-Px, including cytosolic GSH-
Px1, gastrointestinal GSH-Px2, plasma GSH-Px3, and phospholipid hydroperoxide,
GSH-Px4; three TrxRs, including cytosolic TrxR1, mitochondrial TrxR3 and
thioredoxin/glutathione reductase TGR; and three deiodinases. Other selenoproteins
are SelW, SPS2, SelP, SelPb, Sep15, SelM, MsrB1, and selenoproteins I, N, O, H, T, K,
S and U. Recently, the family of chicken selenoproteins has been extended to include
26 genes responsible for selenoprotein synthesis (Lei, 2017; Zhao et al., 2017).

As shown above the selenoprotein family is getting a lot of attention in recent years

and it seems likely that selenoproteins are a key element in regulating antioxidant

system of the body. In fact selenoproteins are involved in the regulation of (Surai,

2006):

o the vascular tone by affecting the superoxide/nitric oxide balance;

o cell adhesion by controlling cell adhesion molecule expression;

 apoptosis via regulation of apoptosis signal-regulating kinase-1;

o cicosanoid production by controlling the activity of cyclooxygenases and
lipoxygenases;

« inflammatory processes and atherogenesis by above mentioned mechanisms.

Molecular mechanisms of selenoprotein action are diverse (Surai, 2006), including:

» scavenging hydroperoxides and regulating eicosanoid production and signalling
events;

o repairing oxidised proteins (methionine sulfoxide reductase B) by reducing SH

groups into active form;

prevention of oxidative inactivation of enzymes;

modulation of protein phosphorylation by thioylation;

release of Trx from complexes with kinases;

regulation of hydroperoxide-dependent protein/protein interaction;

maintaining redox balance of the cell and participating in cell signalling.
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Indeed, most of the functionally characterised selenoproteins are oxidoreductases
that contribute to various redox functions in biological systems, including antioxidant
defences, maintaining redox balance and cell signalling.

Recently, bioinformatics tools were used to characterise chicken selenoproteins in
detail (Zhu et al., 2016). The results of this comprehensive analysis are summarised
in Table 2.6. Furthermore in chicken 16 selenoproteins SECIS elements were shown
to be type II and six selenoproteins belonged to the type I, while the chicken Sell and
SelPb SECIS elements were not confirmed (Zhu et al., 2016).

Selenoprotein metabolism in poultry is complex and there are mechanisms providing
a discrimination between different selenoproteins in the case of Se deficiency and
supply. In fact, in accordance with selenoprotein expression decrease due to Se
deficiency, chicken tissues can be placed in the following descending order: adipose
tissue (25 selenoproteins (SP) decreased; Liang et al., 2014) > erythrocytes (24 SP;
Luan et al., 2016) = thyroid (14 SP; Lin et al., 2014) > muscles (19 SP; Yao et al., 2014)
= liver (19SP; Liu et al., 2014b) > kidney (14 SP; Zhang et al., 2016) > pancreas (12 SP;
Zhao et al., 2014a) = central nervous system (CNS) (12 SP; Jiang et al., 2017) > testes
(3 SP; Gao et al., 2017). Indeed, there is tissue specificity in selenoprotein expression.
For example, highly expressed selenoproteins differ substantially between various
parts of the CNS including cerebral cortex (Seppl and SelO), bulbus cinereus (GSH-
Px3), cerebellum (SelW and SelO), thalamus (SelT and Sep15) and marrow (GSH-Px2
and GSH-Px 3) (Jiang et al., 2017).

Table 2.6. Selenoprotein location in chicken (adapted from Zhu et al., 2016).

Location/feature

Inside the cell

Outside the cell/secreted
Endoplasmic reticulum
Mitochondria

Cytoplasm

Nucleus

Golgi apparatus

Membrane

Membrane-bound
Zn-containing

POP-containing
Thioredoxin-like fold-containing

Flavin adenine dinucleotide-interacting

Selenoproteins

GSH-Px1, GSH-Px2, GSH-Px4, DIO1, DIO2, DIO3, TrxR1, TrxR2,
TrxR3, Sep15, SelH, Sell, SelK, SelM, SelN, SelO, SelT, SelU,
SelW, MsrB1, SPS2

SelPa, SelPb and GSH-Px3

DIO1, DIO2, DIO3, Sep15, Sell, SelK, SelM, SeIN SelS and SelT

GSH-Px1, GSH-Px2, GSH-Px4, TrxR1, TrxR2, TrxR3, SelM, SelO
and SelU

GSH-Px1, GSH-Px2, GSH-Px4, TrxR1, TrxR2, TrxR3 and SelW

GSH-Px4, MsrB1 and SelH

SelT

Sell

Sell, SelK, SelS, SelT, DIO1 and DIO3

Sep15, MsrB1, SelW and SelM

GSH-Px1, GSH-Px2, GSH-Px3 and GSH-Px4

GSH-Px1, GSH-Px2, GSH-Px3, GSH-Px4, DIO1, DIO2, DIO3,
TrxR3, SelT, SelH, SelW, Sep15, SelM, SelU and SelO

TrxR1, TrxR2 and TrxR
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Established and suggested selenoprotein functions are shown in Figure 2.4. Today we
probably know only a limited number of the mechanisms by which Se is involved in
diverse systems, such as redox signalling, regulation of apoptosis, immunomodulation,
spermatogenesis and embryonic development. Recent findings associated with many
various roles of thioredoxin and glutathione systems in the cell could aid in explaining
the effects of Se deficiency on farm animals and poultry. Indeed, lipid and protein
oxidation are involved in the development of diseases, such as exudative diathesis,
encephalomalacia, muscular and pancreatic dystrophy. Interestingly, recently it has
been shown that Trx has the potential to interact with 19 selenoproteins (Liu et al.,
2017). Indeed, thioredoxin silencing in chicken cardiomyocytes was associated with
inhibition of GSH-Px1, 2, 3,4, TrxR 1, 2, 3, Dio 1, 2, SelT, SelW, SelK, SepX1, and over-
expression of the rest of the selenoproteins (Yang et al., 2017). The authors showed
a negative correlation of Trx with Dio3, SelM, 15kDa, SelH, SelU, Sell, SelN, SelP1,
SelO, SelS, SPS2, SelP, while the other selenoproteins showed a positive correlation
with Trx.

However an understanding the molecular mechanisms of these well-known diseases
is still lacking. It seems likely that a compromised glutathione/thioredoxin redox
system in tissues as a result of Se and/or vitamin E deficiency could be responsible
for structural changes (as a result of damage to membranes and important proteins)
leading to metabolic changes and development of clinical deficiency symptoms.

Biological systems contain a range of regulatory mechanisms to prevent damaging
effects of free radicals and toxic products of their metabolism. In particular, vitamin E
recycling, gene redox regulation and anti/prooxidant redox signalling should be given

Antioxidant, redox balance and signaling
GSH-Px1, GSH-Px2, GSH-Px3, GSH-Px4, TrxR1, TrxR2, TrxR3,
MsrB, Sel15, SelH, SelK, SelM, SelN, SelO, SelP, SelS, SelT, SelW

Spermatozoa maturation and Thyroid hormone metabolism
functions Dio1,Dio2, Dio3
GSH-Px1, GSH-Px4, TrxR3, SelP
Ca regulation: Protein folding:
SelM, SelN, SelT Sel15, Selv
Se transport: SelP \ Lipid metabolism: Sell
Sec synthesis: SPS2 Unknown: SelU

Figure 2.4. Established and suggested selenoprotein functions (adapted from Surai et al. (2018c).
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increased attention in future studies. As mentioned previously, all antioxidants work
together to create an integrated antioxidant system. For example, in Se deficiency
redox status of the cell could be maintained by the glutathione system. However, the
antioxidant system is dependent on the nutritional provision of antioxidants (vitamin
E and carotenoids) and cofactors (Se, Mn, Cu, Zn, and Fe) and has a limited ability to
overcome dramatic stress conditions (high levels of toxins or prooxidants in the feed,
severe disease, etc.).

Taking a central role of selenoproteins in antioxidant system regulation into account,
it would be appropriate to call selenium the ‘chief-executive of the antioxidant
system’ (Surai, 2017). Recent information on the effect of antioxidant-prooxidant
balance in the cell on various metabolic pathways, as well as an importance of ROS
in cell signalling events, stimulate re-consideration of antioxidant system regulation
by nutritional means. Indeed, excess of vitamin E or other antioxidants, such
as carotenoids, was shown to have no immediate threat to animal/human health.
However, in long term, changes in the antioxidant-prooxidant balance in the body/
cell resulted from overconsumption of antioxidants could be detrimental. On the
other hand, by providing body with optimal amounts of co-factors, such as Se in right
form, and building Se reserves could be more safe option of affecting antioxidant
defences. Indeed, this could give an opportunity to existing regulatory mechanisms
to be in place and prevent possible damages. For example, under stress conditions,
the body can respond properly by additional synthesis of selenoproteins to deal with
the overproduction of free radicals.
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Chapter 3
Selenium in feed: organic selenium concept

Nature does nothing in vain

3.1 Introduction

Selenomethionine (SeMet) was first studied as a possible cause of toxicity of seleniferous
wheat in the 1950s and was later proven to be synthesised from inorganic selenium
sources by various plants, including yeast, marine algae, Candida albicans, as well as by
Escherichia coli and rumen bacteria (for review see Schrauzer, 2000, 2003; Schrauzer
and Surai, 2009). Detailed analysis of the literature suggested that organic selenium
in the form of various selenoamino acids is a natural form of selenium in animal
and human diets and that the digestive system adapted to this nutrient form during
evolution, thereby explaining why there are principal differences in assimilation and
metabolism between organic and inorganic forms of selenium (Surai, 2002, 2006).
Due to this, an inconsistency exists in common practise of selenium supplementation
of poultry diets. On one hand, naturally occurring organic selenium is represented
by a mixture of selenoamino acids with SeMet comprising more than 50% of total
selenium in many feed ingredients, including grains, oil seeds, etc. On the other hand,
until recently the supplemental form of selenium for poultry has been inorganic,
either selenite or selenate.

3.2 Selenium in soils and plants

Selenium (Se) is a chemical element with atomic number 34 and atomic weight 78.96
belonging to group VI of the periodic table of elements (Figure 3.1). This group also
includes such non-metals as sulphur and oxygen.

In nature Se exists in two chemical forms, organic and inorganic. Elemental Se can be
reduced to the Se~2 oxidation state (selenide) or oxidised to the Se** (SO, selenite)
or Se*® (SO 4‘2, selenate). Therefore, inorganic Se can be found in different minerals
in the form of selenite, selenate and selenide, as well as in the metallic (Se®) form. In
contrast, selenium in feed ingredients (forages, grains, oilseed meals, etc.) is an integral
part of a range of Se-amino acids, including selenomethionine and selenocysteine,
and exists in the Se? oxidation state. As a result, in nature, avian species receive Se
mainly in the form of SeMet (Combs and Combs, 1986; Surai, 2006). Indeed, SeMet
is considered a natural nutritional form of selenium for poultry (Table 3.1).

The selenium cycle in the food chain of poultry starts from soil and includes plant and
animal sources ultimately dependent on its assimilation from the soil. Indeed, soils are
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the major source of Se for plants and thereby for animals/poultry eating those plants
and humans consuming plant and animal-derived foods. Selenium concentration in
soils varies significantly (Reilly, 2006).

The Se content of most soils ranges between 0.1 and 2 mg/kg; and Se in soil exists in
various forms, including selenides, elemental Se, selenites, selenates and organic Se
compounds (NRC, 1983). High concentrations of Se are found mainly in sedimentary
rocks and shales formed during the cretaceous period, while lower concentrations
of Se are characteristic for igneous (volcanic) rock, sandstone, granite and limestone
(Van Metre and Callan, 2001). Investigations conducted in China indicated that soils
developed under tropic and subtropic conditions (laterite, yellow soil and red soil)
are characterised by comparatively high Se levels (>0.3 mg/kg; Tan et al., 2002). In
contrast, soils developed under the temperate (warm) steppe and desert conditions
(chernozem, chestnut soil, calcic brown soil, desert soil and solonchak) have moderate
Se concentrations (0.14-0.30 mg/kg). Finally, such soils as brown earth, drab soil, dark
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Table 3.1. SeMet in grains.

Grains SeMet proportion, % total Se References
Wheat wheat grain 56-83 Whanger, 2002
wheat 50.4-81.4 Yang et al., 1997
wheat grain 72-85 Cubadda et al., 2010
spring wheat grains, Australia 90 Stadlober et al., 2001
spring wheat grain, India 66 Cubadda et al., 2010
durum wheat, Austria 62 Stadlober et al., 2001
winter wheat grain, India 58 Cubadda et al., 2010
wheat flour, Belgium 52 Moreno et al., 2004
Barley summer barley grains, Austria 77 Stadlober et al., 2001
Maize maize 61-64 Whanger, 2002
maize 45.5-82.0 Yang et al., 1997
Soybeans soybeans >80 Whanger, 2002
soybeans 62.9-71.8 Yang et al., 1997
Rice rice 68-81 Whanger, 2002
rice 54.9-86.5 Yang et al., 1997
basmati rice, India 93 Mar et al., 2009
jasmine rice, Thailand 96 Mar et al., 2009
white rice, USA 94 Mar et al., 2009

brown soil, loessial soils, purple soil, red drab soil, developed under the temperate
(warm) humid/sub-humid conditions are quite poor in Se (Tan et al., 2002). In
particular, low Se soils occur in the northeast to the southwest of China.

Furthermore, Se availability to plants depends on many factors including soil pH, the
oxidation-reduction potential and mineral composition of the soil, rate of artificial
fertilisation and rainfall. Therefore, the selenium soil to plant transfer depends on
(Figure 3.2; Munier-Lamy et al., 2007):

o plant species;

 physiological state;

o soil type;

e Se concentration in soil;

o form of Se in soil.

Furthermore, Se availability to plants depends on many factors, including soil pH, the

oxidation-reduction potential and mineral composition of the soil, rate of artificial

fertilisation and rainfall. In fact, the bioavailability of Se in soils for plants depends

more on its form than on its total concentration:

o In the case of acidic soils or poor soil aeration, Se can form insoluble complexes
with iron hydroxide and become poorly available. For example, at pH 6, only 47%
of labelled Se was transferred from soil to ryegrass leaves. Increasing pH to 7
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increased Se assimilation to 70% (Haygarth et al., 1995). Indeed, Se in alkaline soils
occurs in selenate form, where it is soluble and easily available to plants.

o Since sulphate competes with selenate for uptake by the sulphate transporter, high
soil sulphate decreases Se uptake by plants (Terry et al., 2000). This explains low Se
availability from soils following application of certain types of fertilisers.

o Selenium can also be leached from the topsoil in areas of high rainfall. Therefore,
areas with higher rainfall have lower forage selenium content.

o Solubility is the critical determinant of Se bioavailability to plants and the amount
of water-soluble Se in soils varies substantially and does not correlate with total
soil Se (Combs and Combs, 1986).

o Selenite is strongly absorbed by soils, while selenate is only weakly absorbed and
leaches easily.

o Selenite and elemental Se are usually found in reducing environments and
are unavailable to plants and animals. Indeed, selenite in soils undergoes a lot
of microbially mediated transformations leading to the reduction of Se(IV) to
insoluble Se(0) or to the production of volatile Se species (Février et al., 2007).

o Selenite is present in mildly oxidising, neutral pH environments and typically
humid regions, while selenate is the predominant form under ordinary alkaline
and oxidised conditions (Goh and Lim, 2004). The authors also showed that the
adsorption of selenite and selenate by soils appeared to be influenced by the variable
pH-dependent charges on the soil particle surfaces. In particular, phosphate had
more profound effects than sulphate on Se adsorption in the soil.

o Application of gypsum (calcium sulphate) to soils decreased Se availability for
plants (NRC, 1983).

 Leaching occurs during the soil development process and irrigation water decreases
the Se level in plants (NRC, 1983).

o Forage Se is reported to be low on sandy soils and lower on mineral upland soils
than on organic moorland soils in the British Isles (MacPherson, 2000). The results
show that trace metal concentrations in Libyan clay surface soil are higher than in
sandy soil (El-Ghawi et al., 2007).

o The main chemical changes under long-term waterlogged conditions are depletion
of molecular oxygen, decrease of redox potential, and reduction of Fe (III) to Fe
(II) and SeO, 2 to Se’. This leads to low availability of Se in soils, and subsequently
low Se content (29 ug/kg) in brown rice grain produced in this Chinese region
(Cao et al., 2001). Indeed, selenite binds tightly to iron and aluminium oxides and
thus is quite insoluble in soils (Jonnalagadda and Rao, 1993).

Selenium is transported via the xylem to chloroplasts in leaves where it is processed
by the sulphur assimilation pathway into organic compounds. The selenate form is
transported more easily from root to shoot than selenite or organic Se (Terry et al,
2000). The uptake of selenium differs with the plant species. It ranges from 2 to 40% of
initial selenium for lettuce, maize and radish, and reaches 4.8 and 17% for mycorrhizal
and non-mycorrhizal ryegrass, respectively (Munier-Lamy et al., 2007). Plants differ
markedly in their ability to incorporate selenium from soil into tissues; and based on
this ability, plants are divided into three major categories:
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o Selenium accumulators. Some species hyperaccumulate Se in leaves and stems
when grown on seleniferous soils. These plants stimulated the initial Se research,
since they caused Se toxicity in animals grazing them. Selenium accumulator
genera include species of Astragalus, Stanleya, Morinda, Neptunia, Oonopsis,
and Xylorhiza (Terry et al., 2000). These plants can accumulate up to several mg
Se per g of dry weight and are ultimately toxic to animals. When these plants
were grown hydroponically in the presence of selanate, Se in the older leaves was
predominantly inorganic, while in young leaves and roots it was mainly (90-95%)
in organic form (Ellis and Salt, 2003). A specific odour causes grazing animals to
avoid them on pasture when other forages are available.

e Secondary Se accumulators accumulate high Se concentrations even when grown
on soils with low or medium Se content. They include such species of the genera
Aster, Astragalus, Atriplex, Castilleja, Comandra, Grayia, Grindelia, Gutierrezia,
Machaeranthera and Brassica (Terry et al., 2000). It is important to understand that
in Se-accumulator plants, Se is not incorporated into proteins. This contrasts with
non-accumulator plants, such as typical forage and cereal grains where Se is found
predominantly in protein-bound form (Surai, 2006). This type of Se accumulator
plant is more an exception than the rule of Se metabolism in plants.

o Non-accumulator plants. The third category includes most forage, cereal and
oilmeal crop plants. Such plants contain less than 25 mg Se/kg dry weight and
do not accumulate Se in access of 100 mg/kg, even when grown on seleniferous
soils (Terry et al., 2000). These plants typically have Se concentrations in a range
of 0.01 to 1.0 mg/kg dry weight. However, there are species-specific differences
in Se accumulation from the same soil. For example, lucerne is shown to
accumulate more Se than other grasses under conditions of moderately low soil Se
concentrations (Van Metre and Callan, 2001). Similarly, white clover (Davies and
Watkinson, 1966) or tropical legumes (Long and Marshall, 1973) contains less Se
than various grasses independently on its soil levels. In contrast, lucerne contains
more selenium than in timothy, cocksfoot or brome grass (Ehlig et al., 1968).

After absorption, the distribution of Se in various parts of the plant depends on species,
phase of development and physiological conditions. For example, Se distribution was
studied in Astragalus bisulcatus, an accumulator species capable of accumulating up to
0.65% of its shoot dry biomass as Se (Pickering et al., 2000). It was shown that plants
exposed to 5 uM selenate for 28 days contained predominantly selenate in the mature
leaf tissue, whereas the young leaves and the roots contained exclusively organic Se.
From this work it is clear that the fate of selenate is dependent on plant tissues and
stage of growth. Therefore, chemical reduction of selenate to organic Se in plants
is tissue-specific, inducible and developmentally dependent. It is likely that selenate
reduction is a rate-limiting stage in the conversion of Se to organic forms (Pickering
et al., 2000).

The plant absorbs Se from the soil in the form of selenite or selenate and synthesises
selenoamino acids with SeMet representing more than 50% of the Se in cereal
grains (Olson and Palmer, 1976) with Se-methyl-selenomethionine, selenocysteine
and Se-methyl-selenocysteine being the other major seleno-compounds found in
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plants (Brody, 1994). In general, plants can also take up from the soil organic forms
of selenium, such as SeMet. At present, Se in any form has not been scientifically
demonstrated to be an essential nutrient for higher plants. Regardless, SeMet is the
major seleno-compound in cereal grains, grassland legumes and soybeans (Whanger,
2002; Table 3.1). For example, in maize, rice, wheat and soybeans, SeMet comprises
45.5-82%, 54.9-86.5%, 50.4-81.4% and 62.9-71.8% of total Se, respectively (Yang et al.,
1997). SeMet accounted for 72-85% of the sum of the selenium species in wheat grain
(Cubadda et al., 2010). Even in wheat grown on seleniferous soils Se (up to 31 mg/kg
Se), almost half occurred in the form of SeMet (Olson et al., 1970). It is interesting
to note that in three wheat cultivars, SeMet accounted for between 50 and 70% of
the total grain Se, however, when N and/or S concentrations in soil were amended,
SeMet only accounted for between 30 and 40% of total grain Se (Duncan et al., 2017).
Indeed, the majority of Se is present as SeMet in both rice and maize (Beilstein et al.,
1991). Similarly, SeMet was shown to be the main Se-containing amino acid identified
in most of the extracts of Indian mustard (Brassicaj uncea), sunflower (Helianthus
annus), and white lupine (Lupinus albus; Ximenez-Embun et al., 2004).

The variability in the results of Se specification studies of plant material reflects
analytical difficulties. For example, by using SeMet determination based on its reaction
with CNBr, it has been shown that wheat samples, though having a 30-fold range in
total Se content, all have about 45% of their total Se values in the form of SeMet (Wolf
and Goldschmidt, 2004). However, the authors suggested that additional experiments
are needed to verify that all SeMet in the wheat samples has been accounted for. SeMet
is stored mainly in the grain and root, while lower concentrations of this amino acid
are found in stems and leaves (Schrauzer, 2003).

It is generally accepted that environmental conditions and agricultural practises have
a major effect on the Se content of various plant feeds. Water extractable Se accounted
for 60.4-72.6% of the total Se in a plant (Stanleya pinnata) extract. Among the soluble
Se compounds in the plant extract, Se-amino acids comprised 73-85.5%, Se [VI]
ranged from 7.5 to 19.5% and non-amino acid organic Se was less than 7% (Zhang and
Frankenberger, 2001). Selenium [IV] in most samples was below the detection limit (1
ug/g). This study showed that considerable amounts of the accumulated Se [VI] in the
plant was metabolised to Se-amino acids during growth of the plant. The distribution
of selenoamino acids in a Se-tolerant grassland legume species (Melilotus indica L.)
grown in Se-laden soils was studied using high-resolution gas chromatography and
gas chromatography/mass spectrometry (Guo and Wu, 1998). Five selenoamino acids
including selenocystine, selenomethionine, selenocysteine, Se-methylselenocysteine,
and gamma-glutamyl-Se-methylselenocysteine were identified and measured in plant
tissues. SeMet constituted more than 50% of the total selenoamino acid in the plant.
It seems likely that rate of Se accumulation in plants and its form depend on the
Se form provided. For example, time-dependent kinetic studies in Indian mustard
(Brassica juncea) showed that selenate was taken up 2-fold faster than selenite (De
Souza et al., 1998). For both selenate- and selenite-supplied plants, Se accumulation
and volatilisation increased linearly with external Se concentration. It is important to
note that Se-volatilisation rates were 2- to 3-fold higher in plants supplied with selenite
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compared to selenate. In fact, the assimilation of selenate by plants appeared to be
limited by its reduction, a step that is thought to be mediated by ATP sulfphurylase,
which is rate limiting for selenate uptake and assimilation (Pilon-Smits et al., 1999).
Furthermore, there was a difference in Se metabolism among plants supplemented
with various forms of Se. For example, selenite-supplied plants accumulated organic
Se, most likely SeMet, whereas selenate-supplied plants accumulated selenate (De
Souza et al., 1998). It seems likely that Se volatilisation from selenate is limited by the
rate of selenate reduction, as well as by the availability of Se in roots, as influenced by
uptake and translocation. On the other hand, Se volatilisation from selenite may be
limited by selenite uptake and by the conversion of SeMet to dimethylselenide (De
Souza et al., 1998).

3.3 Selenium absorption and metabolism

Recent advances in Se biochemistry have provided a deeper understanding of the
principal differences in metabolism of the two forms of Se namely inorganic Se
(sodium selenite or selenate) and organic Se (mainly SeMet). Organic Se, which
can be found in grains, forages and other feed ingredients, is primarily in the form
of SeMet and is metabolised in the same way as methionine (Wolfram, 1999). It is
actively transported through intestinal membranes during absorption and actively
accumulated in such tissues as liver and muscle. It is well known that methionine is not
synthesised by animals/poultry and therefore it is an essential amino acid. The same
is true for SeMet, which is not synthesised in animals/poultry and must be derived
from feed sources (Schrauzer, 2000, 2003; Schrauzer and Surai, 2009). In contrast,
inorganic Se is absorbed as a mineral and little is retained in tissue reserves (Figure
3.3). Therefore, a large part of inorganic Se is excreted with faeces in ruminants or
with urine/urates in non-ruminants while little is stored in body proteins (Wolfram,
1999).

A number of factors influence the bioavailability and distribution of selenium in the
body (Thomson, 1998), including:

o chemical form of Se;

o other dietary components;

o selenium status;

 physiological status;

s species.

Most of the research in Se biochemistry and metabolism has been using inorganic Se,
namely selenite or selenate. For example, the concentration of 32Se in organs and body
fluids and the distributions of their constituents depending on the dose and time after
the intravenous administration of 82Se-selenite and -selenate to rats was investigated
(Suzuki and Ogra, 2002). Selenite was taken up by red blood cells within several
minutes, reduced to selenide by glutathione, and then transported to the plasma,
bound selectively to albumin and transferred to the liver. In contrast to selenite, intact
selenate was either taken up directly by the liver or excreted into the urine. In fact,
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the 82Se of selenite origin and that of selenate origin were detected in the forms of the
two Se peak materials (A and B) in the liver. The former was methylated to the latter
in vivo and in vitro. The latter was identical with the major urinary metabolite and
was identified as Se-methyl-N-acetyl-selenohexosamine (selenosugar). The chemical
species-specific metabolic pathway for Se was explained by the metabolic regulation
through selenide as the assumed common intermediate for the inorganic and organic
Se sources and as the ‘checkpoint metabolite’ between utilisation for selenoprotein
synthesis and methylation for the excretion of Se (Suzuki and Ogra, 2002).

Results of various in vitro and in vivo experiments with a variety of animal species
and model systems have demonstrated that SeMet is readily absorbed through the gut.
For example in dogs this process was two times faster than selenocysteine and four
times faster than selenite absorption (Reasbeck et al., 1985). Indeed, SeMet is better
absorbed than selenite (Daniels, 1996). However, absorption is not a limiting factor to
bioavailability, since organic and inorganic dietary Se are both well absorbed through
the intestinal membrane (70-95%) (Finley, 2006).

The specific role of the chick duodenum in the assimilation of Se (selenate or selenite)
was shown by Apsite et al. (1993). Selenite is passively absorbed in the intestine with
highest concentrations found in duodenum, liver and kidneys (Apsite et al., 1994).
Absorption of Se was found to be greatest in the duodenum and anterior ileum of
the chicken (Pesti and Combs, 1976). Absorption of 7>Se from selenite, selenate,
and SeMet was determined in ligated loops from duodena, jejuna, and ilea of Se-
deficient rats (0.009 mg/kg Se) or rats fed selenite-supplemented diets (0.20 mg/kg
Se) (Vendeland et al., 1992). Selenium deficiency had no effect on absorption of any
selenocompound in any intestinal segment. SeMet was absorbed from all segments. In
contrast, selenate and selenite were most efficiently absorbed from the ileum. In mice
SeMet was absorbed in the entire intestinal tract, most rapidly from the duodenum,
with decreasing rate of absorption in the following intestinal segments (Andersen et
al., 1994).

SeMet was more rapidly removed from the ligated intestinal segment of chicken
and more efficiently retained after oral or parenteral administration (Humaloja and
Mykkinen, 1986). The percentage absorption of both Se compounds was greatest from
the duodenal segment of the small intestine. The transport of these Se compounds
does not appear to depend on the dietary level of Se since the percentage absorption
was not altered by feeding the birds diets supplemented with 0.4 or 4.0 mg/kg Se prior
to the measurement of absorption (Humaloja and Mykkénen, 1986). In general, the
absorption of Se-amino acids is accelerated by the specific amino acid active transport
mechanisms in the gut mucosa. Sodium selenite is absorbed more slowly, possibly
by simple diffusion through the intestinal mucosa, than the amino acid-bound Se
compounds.

Growing male birds were given orally 4 muCi of °Se per kg live weight each in the

form of DL-SeMet, and were bled (via the wing vein) at fixed intervals (Stanchev et
al., 1979). It was found that the resorption of 7°Se-SeMet through the digestive tract
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of birds as registered by the radioactivity of the blood was most intensive between
the 3™ and the 6™ hour, after which a decline was observed. Most intensive was the
metabolism of SeMet in the kidney, spleen, testes, and pancreas. Comparatively lower
was the metabolism of this agent in the breast, bone and brain. Radioactivity of SeMet
was lowest in the femoral muscle. As much as 18.2% of the introduced amount of
SeMet was excreted after 72 hours through the faeces and urine.

The relative efficiency patterns for uptake of different seleno-compounds during
in vitro perfusion and in vivo ligated segments was SeMet > selenate > selenite. In
contrast, selenite was taken up most rapidly by brush border membrane vesicles,
followed by SeMet and selenate in decreasing order. Selenate and SeMet appeared
in the vascular effluent largely unchanged, but selenite was metabolised extensively
during absorption (Whanger et al., 1996). Selenomethionine as well as methionine
were transported across the pig jejunal brush border membrane by a single, Na*-
dependent, carrier-mediated process common for both amino acids (Wolffram et al.,
1989).

The metabolism of 7>Se-selenite and 7°Se-SeMet in chick blood was studied in vitro.
75Se from selenite was rapidly taken up by erythrocytes and then subsequently released
into the plasma in a protein-bound form. However, 7°Se-SeMet showed a more
gradual and continuous accumulation in erythrocytes over the 12-hour incubation
period, according to a hyperbolic type function. 7>Se-selenite was incorporated into
GSH-Px, whereas 7>Se from SeMet was mostly incorporated into haemoglobin (Ilian
and Whanger, 1989). In the same experiment binding of 7>Se from either selenite or
SeMet to plasma proteins was dependent on the presence of erythrocytes. Addition of
reduced glutathione and glutathione reductase to plasma produced the same effects
as erythrocytes on binding of 7°Se from selenite, but not from SeMet, to plasma
proteins. It was also shown that 7>Se in these Se-containing proteins is bound in
selenotrisulphide bond.

The distribution of Se in plasma fractions was investigated in guinea pigs fed various
levels (basal, 0.5, 1.0, 2.0, 4.0, 6.0 and 8.0 mg Se/kg) of dietary SeMet (Gu et al., 1998).
There was a corresponding increase of Se concentration in liver, kidney, brain, testis,
spleen, heart and muscle with each increase of dietary Se, but GSH-Px activity did
not change in liver, brain, testis, heart or muscle in pigs fed any of the Se levels as
compared to controls fed a basal commercial diet. There was a redistribution of Se
between various fractions in the blood. For example, on a percentage distribution
basis, the Se in selenoprotein P decreased, and that in the albumin fraction increased
with increased dietary intakes of Se as SeMet. Similarly, the greatest percentage of Se
was in the albumin fraction of Chinese people living in the high Se areas, whereas the
greatest amount was in the selenoprotein P fraction in subjects living in deficient and
Se-adequate areas of China (Gu et al., 1998). Increases in the ratios of Se/albumin in
either the plasma or the albumin fraction also occurred with increases of Se intake
of these subjects.

Selenium in poultry nutrition and health 163



Chapter 3

It seems likely that ingested Se is firstly bound to albumin which transports the
element to the liver, where Se is released and serves for the synthesis of selenoprotein
P which is released into the bloodstream to become itself a Se transporter between the
liver and other organs and tissues (Suzuki et al., 2009). In fact, liver and kidney are
considered to be the two main places of synthesis for most selenoproteins, including
SeP and cellular GSH-Px (liver) and extracellular GSH-Px (kidneys) (Suzuki et
al., 2009). Okuno et al. (2001) indicated that in mouse liver SeMet was directly
metabolised to CH,SeH by an alpha,gamma-elimination enzyme analogous to
bacterial L-methionine gamma-lyase, in addition to the generally acceptable pathway
via selenocysteine. It has been suggested that L-selenohomocysteine generated from
SeMet metabolism can be efficiently recycled to SeMet in mammals (Zhou et al.,
2000). When sodium selenite was administered to chickens, the kidney was the most
responsive to additional dietary Se, while skeletal (thigh) muscle showed no response
to supplemental Se (Guenter and Bragg, 1977). The total Se content in kidney and liver
from rats treated with SeMet, selenocysteine or sodium selenite were markedly higher
than those in other organs. The highest accumulation of the total Se was observed in
these two organs when rats were given SeMet (Nakamuro et al., 1997).

The number of published studies in animals/poultry suggested that the metabolic fate
and physiological function of dietary selenite may differ from that of SeMet or of feed/
food Se (Figure 3.4). It has been postulated that there are two distinct metabolic pools
of Se in the body (Daniels, 1996). The main exchangeable metabolic pool includes
all forms of Se derived from inorganic selenite/selenide, including endogenously
synthesised selenoproteins (e.g. GSH-Px, selenoprotein P, etc.), excretory Se
metabolites (trimethylselenium ion) and various other intermediary products of
selenite metabolism. This is an active Se pool providing for synthesis of the primary
functionally important selenocompounds (Daniels, 1996). The second Se pool
consists of SeMet-containing proteins and potentially can contribute to the first pool
via participation in selenoprotein synthesis. In fact, Burk et al. (2001) demonstrated
that Se from SeMet, but not that from selenate or selenocysteine, can be incorporated
into albumin, presumably as SeMet in the methionine pool. In another study, albumin
was purified from plasma of a human before and after 28 days of supplementation
with 400 ug Se/day as SeMet. It was shown that the albumin contained 1 Se atom,
presumably as SeMet, per 8,000 methionine residues before supplementation and 1
per 2,800 after supplementation (Hondal et al., 1999).

These findings support the view that SeMet is a non-specific form of Se that is
metabolised as a constituent of the methionine pool, where it is randomly distributed,
and unaffected by specific Se metabolic processes. Therefore, SeMet can be considered
as a storage form of Se in animals and humans. In contrast, no evidence was obtained
for non-specific incorporation of Se into plasma proteins when administered as
selenate or as selenocysteine. These forms of the element appear to be metabolised by
specific Se metabolic processes (Burk et al., 2001).
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Figure 3.4. Metabolism of selenomethionine, selenite and selenite (adapted from Combs, 2001; Meuillet et al.,
2004; Schrauzer, 2000, 2003).

The skeletal muscles are the major Se-storage organ, accounting for about 46.9% of
the total Se in the human body, while the kidney contains only 4% of the Se reserves
(Oster et al., 1988). In humans, whole body Se depends on the regional location and
varies from 3-6 mg up to 13-20 mg (Daniels, 1996). GSH-Px activity and deposition
of Se were examined in tissues of rats given dietary Se for 7 weeks as either selenite
or SeMet with 7°Se radiotracer of the same chemical form (Beilstein and Whanger,
1988). The authors showed that the proportion of 7>Se as SeMet was higher in tissues
of rats fed SeMet (highest in muscle and haemoglobin, 70%, and lowest in testes,
16%). In contrast, selenocysteine was the predominant form of Se present in tissues
of rats given selenite.

In the chicken breast and leg muscles, SeMet comprises 66% and 56.1%, respectively,
of total selenium (Bierla et al., 2008), while after enrichment SeMet proportion went
up to 99% indicating non-specific incorporation of SeMet into muscle proteins.
The ratio of SeMet to Met is variable and dependent on the amount of SeMet and
Met in the diet, with Met always present in large excess over SeMet. For example, in
American adults, the SeMet:Met ratio in skeletal muscle is in the order of 1:7,000,
as estimated from the selenium and sulphur contents of human skeletal muscle. A
similar corresponding ratio of 1:>6,000 is found for chicken breast muscle (Schrauzer
and Surai, 2009). It is interesting that in the basic starter chicken diet the ratio of
SeMet:Met is about 1:60,000; in the growing diet it is 1:50,000 and this ratio is almost
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the same for breeder birds. After dietary Se supplementation in the form of SeMet
at 0.3 mg/kg, the ratio SeMet:Met in the diet changes to 1:15,000 at the start, down
to 1:12-14,000 later in life. Furthermore, our calculation indicates that in egg yolk
this ratio is approximately 1:160,000 and in egg white about 1:87,000, and this ratio
can be changed substantially after enrichment of eggs with selenium. As mentioned
above, SeMet comprised 53-71% of total Se in the egg albumen and 12-19% in the
egg yolk (Lipiec et al., 2010). These findings support the view that SeMet is a non-
specific form of Se that is metabolised as a constituent of the methionine pool where
it is randomly distributed. In addition, in chickens muscle organic selenium has the
longest half-live (12 days), as well as in brain and lungs (13 days), while the shortest
biological half-lives were observed in major metabolic organs: the liver, kidney and
pancreas, with half-lives close to 4 days (Brandt-Kjelsen et al., 2014). The half-life
of 7°Se in the heart was 9 days and 7 days in blood. Therefore, SeMet that is non-
specifically accumulated in muscle proteins can build Se reserves, which can be used
in stress conditions, where Se requirement is increased, but feed consumption usually
is decreased. Under stress conditions, protein catabolism by proteasomes can release
SeMet, which can serve as a source of Se for newly synthesised selenoproteins, such as
GSH-Px, thioredoxin reductase, methionine sulfoxide reductase, etc. Those enzymes
can deal with overproduction of free radicals and prevent decrease in productive
and reproductive performance of farm animals. It is important to mention that
selenocysteine provided with feed had no advantage in comparison to sodium selenite
(SS) in terms of Se concentrations in tissues (Deagen et al., 1987) and it is not able to
build any Se reserves in the body. It was proven that Se from both selenite and SeMet
is readily available for synthesis of the selenoenzyme GSH-Px in rat tissues (Pierce
and Tappel, 1977).

There are several lines of direct and indirect evidence confirming the idea that Se,

accumulated in tissues in the form of SeMet, can be available for selenoprotein

synthesis (Alfthan et al., 2000; Ip and Hayes, 1989; Levander, 1983; Pappas et al., 2005;

Persson-Moschos et al., 1998; Robinson et al., 1985; Surai, 2000; Surai et al., 2006):

o Studies in our laboratory (Surai, 2000) indicated that chicks hatched from eggs
enriched with Se by means of dietary Se-yeast had higher liver GSH-Px activity,
not only at hatching, but more importantly, even at 5 days post-hatch. More recent
observations with quails (Surai et al., 2006) and chickens (Pappas et al., 2005)
indicate that when organic Se was included in the maternal diet, Se concentration
in the liver of the progeny was alleviated up to 2-4 weeks post-hatch.

o Itwas clearly demonstrated that the effects of maternal organic Se supplementation
on the expression of GSH-Px in the offspring fed on low Se diet are sustained for
several weeks after hatching (Pappas et al., 2005). In fact, when the offspring from
the two parental groups (high Se and low Se) were both maintained on a low-Se
progeny diet, the tissue Se concentrations in chicks originating from the high-Se
hens remained significantly higher for 3-4 weeks after hatching, compared to the
values in chicks from the low-Se hens. Similarly, tissue GSH-Px activity remained
significantly higher in chicks obtained from the high-Se hens for 2 (liver) or 4
(muscles) weeks post-hatch. It seems likely that maternal Se has an epigenetic effect
on Se metabolism in progeny chicks, since significantly increased Se concentration
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in the muscles of 4 week old chickens reflects better assimilation of Se from the
diet or lower usage Se in the body.

 The bioavailability of the Se pool in maintaining liver GSH-Px activity during a
period of Se deprivation, following excess selenite or SeMet loading was assessed
in rats (Ip and Hayes, 1989). In this study half-life of decay of the enzyme was
calculated to be 4.2 and 9.1 days, respectively, in rats that had already been exposed
to 3 mg/kg Se as either selenite or SeMet.

o In a human study, Persson-Moschos et al. (1998) showed that in individuals who
had been supplemented with organic Se, the decline in the level of selenoprotein
P following a period of supplementation was slower than in individuals who had
been supplemented with selenite.

o When wheat and selenate were used as Se sources in a supplementation study in
Finnish men it was shown that once the supplements were withdrawn, platelet
GSH-Px activity declined less in the group given wheat Se (Levander et al., 1983).

o After several weeks supplementation with high-Se bread, plasma Se of New
Zealand subjects increased from 50-70 ng/ml to 120-175 ng/ml (Robinson et al.,
1985). Plasma Se remained elevated when supplementation ceased.

o In SeMet or Se-yeast supplemented mice, liver GSH-Px activities declined more
slowly during Se depletion than in mice given selenite (Spallholz and Rafterty,
1987 cited by Schrauzer, 2003).

o In children the relative bioavailability of Se-yeast vs selenite measured as GSH-Px
activity was similar in plasma, red blood cells, and platelets, however, Se-yeast
provided a longer lasting body pool of Se (Alfthan et al., 2000).

o A study with broiler chickens fed organic or mineral Se demonstrated that
endogenous Se could be released from tissues, and, thus, organic Se sources were
more efficient in maintaining the GSH-Px level (Payne and Southern, 2005).
Aforementioned data indicate that the protective effect of organic selenium is
more pronounced under stressful conditions.

o Recently, it has been shown that embryonic mortality in eggs laid by 23 week old
broiler breeders was highest in the first and last week of incubation, but significantly
reduced as the age of the flock increased. In the trial reported by Pappas et al.
(2006), the mortality of 27 week old breeders in week 3 of egg incubation was 3.5%
for the control group and 10.6% in the fish oil supplemented breeders. Inclusion of
Se-yeast (0.4 mg/kg) in the diets decreased mortality to 3.0 and 6.2%, respectively.
Similarly, fish oil (FO) inclusion in the breeder diet reduced both hatchability and
1 day old chick weight (Pappas et al., 2006). The addition of organic Se to the FO
diets ameliorated some of these adverse effects. Therefore, Se reserves in the body
(mainly in the muscles) built in the form of SeMet non-specifically incorporated
into the proteins in place of Met could be considered as an important element in
increasing adaptive ability of chickens (animals) to various stresses. This could
increase their productive and reproductive performance.

The mechanisms regulating a SeMet conversion to H,Se and further to synthesis of
SeCys and respective selenoproteins are not clear at present, but is seems likely that
changes in redox status of the cells/tissues and activation of proteasomal protein
degradation could be involved. Indeed, ATP- and ubiquitin-independent proteolysis
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by the 20S proteasome is responsible for the selective degradation of oxidised proteins.
In vitro, the 20S proteasome shows an increased proteolytic activity toward oxidised
polypeptides. In fact, a 30% decreased activity of the chymotrypsin-like activity of
proteasome in cells overexpressing GSH-Px1 was shown (Kretz-Remy and Arrigo,
2003). This observation correlated with a 2-fold increase in IkB alpha half-life, a protein
whose basal turnover is 20S proteasome-dependent. Furthermore, following exposure
to H,O,, human T47D cells overexpressing GSH-Px showed a seleno-dependently
decreased accumulation of intracellular ROS and 20S proteasome chymotrypsin-like
activity. Moreover, exposure of HeLa cells to antioxidant compounds reduced the
proteasome 20S chymotrypsin-like activity. These results suggest that GSH-Px activity
or pro-reducing conditions can downregulate basal 20S proteasome activity (Kretz-
Remyand Arrigo,2003). Indeed, the chymotrypsin activity of the proteasomeis strongly
attenuated by GSH-Px overexpression. This suggests that selenium is a key element
that controls proteasome activity. This could be a feedback mechanism of recognition
of SeMet as a source of Se for selenoprotein synthesis. Under stress conditions some
amino acids inside muscle proteins would be oxidised and this will trigger an increase
in proteasome activity to degrade such proteins and release SeMet to be available as
an additional source of Se for selenoprotein synthesis. When antioxidant-prooxidant
equilibrium is restored increased GSH-Px activity would decrease proteasome activity
and protein degradation. Indeed, SeMet is the major selenocompound found initially
in animals given this selenoamino acid, but is converted with time afterwards to
selenocysteine when incorporated in functional selenoproteins (Whanger, 2002). For
example, the chemical forms of Se were determined in erythrocyte and liver proteins
after injection of 7>Se as either sodium selenite or SeMet in male weanling rats. Void
volume proteins contained principally selenocysteine (7>SeCys) in [7>Se]selenite-
injected animals. This material contained both 7>SeMet and 7°SeCys 1 d post-injection
in 7>SeMet-injected animals, but primarily 7>SeCys at 20 d afterwards (Beilstein and
Whanger, 1986). This means that SeCys was synthesised from SeMet and with time all
SeMet was converted to SeCys. In acid hydrolysates of whole liver 7>Se was recovered
principally as 7>SeCys from animals injected with [7°Se]selenite. However, for animals
injected with 7>SeMet, liver 7°Se was present initially as 7>SeMet, but after five days
the majority of liver 7°Se was as SeCys. The long-term fate in rats of an oral dose of
[7>Se]selenocystine was compared with that of an oral dose of [7>Se]SeMet. It was
shown that intestinal absorption of [7°Se]selenocystine was 81% of the administered
dose and that of [7°Se]SeMet was 86% (Thomson et al., 1975). The initial utilisation
of [7°Se]selenocystine was different from that of [7>Se]SeMet. However, after the first
week 7>Se from both sources appeared to be metabolised similarly, suggesting that
dietary Se of both forms is ultimately incorporated into the same metabolic pool
(Thomson et al., 1975).

Weanling male rats were fed a basal Se-deficient diet or this diet plus 2 mg/kg Se as
either selenite, SeCys or SeMet for nine weeks (Deagen et al., 1987). Except for the
kidney, the tissue Se concentrations were similar in rats fed selenite or SeCys, but the
Se content in testis, muscle, pancreas, heart, spleen, whole blood, erythrocytes and
plasma was significantly higher in rats fed SeMet than in those fed either selenite
or SeCys. The greatest increase due to SeMet compared with the selenite and SeCys
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treatments was about 10-fold in the muscle compared with 1.3- to 3.6-fold for the other
tissues (Deagen et al., 1987). In general, SeMet has a slower, whole body turnover in
comparison to sodium selenite and there is greater efficiency in the re-utilisation of Se
from SeMet (Swanson et al., 1991). Indeed, the average whole body half-lives of SeMet
and selenite in humans were shown to be 252 and 102 days, respectively, confirming
re-utilisation of SeMet in the body (Patterson et al., 1989). It should be noted that only
a small proportion of the methionine pool can be replaced by SeMet, since only part
of methionine could be replaced by SeMet in the diet. Furthermore, protein turnover
prevents accumulation of SeMet to toxic levels in the organism (Schrauzer, 2003).

In fact, rapid turnover of various selenoproteins and dependence of this process on
Se status were described. For example, the half-life of GSH-Px is approximately 3
days (Sunde et al., 1989), and 2-iodothyronine deiodinase has a half-life of only 30-
45 minutes (Botero et al., 2002; Curcio et al., 2001; Kim et al., 2003), while that of
selenoprotein P in plasma is 3-4 hours (Burk and Hill, 1994). In growth medium there
was an increase in TrxR mRNA levels of 2-5-fold at 1 microM Se and an increase in
the stability of TrxR mRNA with a half-life for degradation of 21 hours compared to
10 hours in the absence of Se (Gallegos et al., 1997). Similarly, the selenoprotein W
mRNA half-life in myoblasts is about 57 hours for cells grown in a low Se medium
while Se treatment increased half-life by 2-fold (Gu et al., 2002). Therefore, it is
clear that Se reserve development could be an important regulatory mechanism
for maintaining effective antioxidant defence during periods of increased demand.
Therefore, from a nutritional viewpoint, SeMet is superior to selenite, especially with
respect to maintenance of GSH-Px during periods of Se inadequacy (Ip and Hayes,
1989).

At physiological levels of Se intake, urine is the most important route of excretion and
regulates Se homeostasis (Daniels, 1996). Various Se metabolites were found in urine,
including trimethylselenium. There is a great body of evidence indicating that urinary
Se is lower when organic Se is used in comparison to selenite.

3.4 Selenium status and bioavailability

To assess Se status of animals/poultry and humans various static or functional tests
are used. Static tests measure the total quantity of Se in various accessible tissues
and body fluids, such as hair, nails, blood or its components, and urine. Functional
tests measure the activity of Se-dependent enzymes, or a physiological or behavioural
function dependent on Se (Gibson, 1989). There is no single test that can describe
Se status and a combination of various techniques is preferable and this explains
a great discrepancy in results of comparative evaluation of Se bioavailability from
various sources. The problem is that it is difficult to choose a proper end point for
such evaluation.

Selenium availability from plant-based sources varies. For example, biological
availability of Se for prevention of exudative diathesis (ED) was taken as 100% for
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sodium selenite. It ranged in other forms of Se from 74% for sodium selenate to 7%
for elemental Se; in plant feedstufts from 210% for lucerne meal to 60% for soybean
meal and in animal feedstuffs from 25% for herring meal to 8.5% for fish solubles
(Table 3.2; Cantor and Scott, 1974; Cantor et al., 1975).

However, SeMet was four times as effective as either selenite or selenocystine with
respect to prevention of pancreatic degeneration, and increasing the relative weight
and Se concentration of the pancreas (Cantor et al., 1975). Cantor and Scott (1974a)
observed that protection against ED was closely related to plasma GSH-Px. Miller et
al. (1972) concluded that the retention of Se in fish meal or solubles was 43% relative
to selenite, and 31% relative to SeMet.

Newly-hatched White Leghorn chicks with low-Se status were fed a low-Se basal diet
for two weeks post-hatch followed by either continued depletion or a repletion period
of four weeks with graded levels of Se (0.03, 0.06, 0.09 and 0.12 mg/kg) provided
via sodium selenite, wheat or fish meal. The bioavailability of Se in wheat and fish
meal in comparison to selenite for increasing the activity of GSH-Px was 78 and
58%, respectively; and for increasing whole blood Se concentration was 123 and
107%, respectively (Hassan et al., 1993). Based on the activity of plasma GSH-Px,
the biological availability of Se in soybean meal, lucerne, fish meal and SeMet was
33, 85, 82 and 92%, respectively (Ikumo and Yoshida, 1981). On the other hand, Se
availability in fish meal, based on the prevention of incidence of ED, was 74%. In
contrast to previous data, Se in fish meal was poorly able to prevent deficiency in

Table 3.2. Bioavailability of Se in feedstuffs (adapted from Cantor, 1997).!

Feedstuff Biological availability, %
Dehydrated alfalfa meal 210
Brewer’s yeast 89
Cottonseed meal 86
Corn 86
Brewer’s grains 80
Wheat 71
Distiller’s dried grains and solubles 65
Soybean meal 60
Herring meal 25
Tuna meal 22
Poultry by-product meal 18
Menhaden fish meal 16
Meat and bone meal 15
Fish solubles 9

1 Sodium selenite was used as standard and prevention of exudative diathesis in chicks was used as an index
of Se bioavailability.
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chickens (Martello and Latshaw, 1982) and the results of Whitacre and Latshaw (1982)
clearly showed that the commercial preparation of fish meal significantly decreased
Se utilisation. Availability of Se in feeds was estimated in relation to restoring blood
serum GSH-Px activity in Se-depleted chickens. The availability of the Se (relative to
Se in selenite) in capelin fish meal was 48.0 (38.5-60.0), mackerel fish meal, 34.1 (32.3-
35.8), soybean meal, 17.5, maize gluten meal, 25.7, and SeMet, 78.3% (Gabrielsen
and Opstvedt, 1980). These data on Se availability from fish sources are in line with
others studied, but data on soybean meal are somewhat low. It is possible that thermal
treatment of processed soya could affect Se availability.

In Se-deficient chicks, when providing Se at 10 pg/kg diet, selenite and selenocystine
were about equal in promoting weight gain and preventing ED, while SeMet was
less effective. Tissues from chicks given the Se sources providing 60 ug/kg diet for
four weeks were analysed for Se. The Se content of tissues from chicks given selenite
or selenocystine was similar. Chicks given SeMet had higher concentrations of Se
in pancreas and breast muscle than the others, but lower concentrations in kidney,
liver and heart (Osman and Latshaw, 1976). Bioavailability of Se in oats, meat meal
and SeMet based on efficacy in preventing ED in Se-depleted chicks was 41, 30 and
77%, respectively, while based on Se biopotency in elevating GSH-Px activity in
plasma, it was 33, 21 and 77%, respectively. When the increase in Se concentration
in cardiac muscle was used as the indicator of bioavailability, the Se bioavailabilities
were 60, 42 and 114% for oats, meat meal and SeMet, respectively. Thus, SeMet was
superior to sodium selenite in increasing Se concentration in tissues, but inferior to
it in protecting chicks against ED (Hassan, 1987). By taking both the Se level and the
GSH-Px activity into consideration, organic Se was judged to be more bioavailable
than selenite and selenate for humans (Clausen and Nielsen, 1988). Therefore, Se from
yeast, wheat and lucerne is highly available, while Se in most other plant sources is
moderately available. Selenium in fish meal is poorly available (Cantor, 1997), despite
the fact that Se content of fish meal can be quite high. Indeed Se availability depends
not only on feed ingredient but also on the methods used for evaluation.

3.5 Effectors of selenium absorption, metabolism and bioavailability

Animal studies reveal that various factors influence Se bioavailability. Animals cannot
synthesise SeMet or distinguish it from methionine, and as a result it is non-specifically
incorporated into a wide range of proteins (Daniels, 1996). SeMet is retained in tissue
proteins to a greater extent than selenocysteine and the inorganic forms. However, a
number of other factors besides chemical form, may also influence the bioavailability
and distribution of Se, including other dietary components, Se status, physiological
status and species (Thomson, 1998). For example, Se is better absorbed from a
high protein diet (Daniels, 1996). In particular, it has been suggested that SeMet is
preferentially incorporated into body protein when dietary Met is limited (Tian et al.,
2001). Se bioavailability also depends on many other nutrients in the diet, including
Cu, Zn, Mg, vitamins B2 and B6, etc. (Surai, 2006).
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It seems likely that Se can affect absorption of other nutrients. For example, in studies
investigating the relationship between vitamin E/Se and glucose absorption, Se plus
vitamin E or Se alone modified jejunal glucose absorption, depending on the duration
of feeding and age of chickens. In younger chickens, providing the supplements for
11 days depressed glucose absorption, but when given the supplements for 18 days
glucose absorption was increased. In older chickens Se alone or with vitamin E given
for 13 days increased glucose absorption (Giurgea and Roman, 1992).

Experiments were conducted to determine the initial effects of oral Se administration
on Se-deficient chicks. Administration of 5 ug Se as seleno-DL-Met increased voluntary
feed consumption within 2-3 hours, whereas selenite did not have a significant effect
until 3-4 hours (Bunk and Combs, 1980). Spontaneous activity, body weight gain and
plasma glucose concentration increased 6-8 hours after Se administration. The earliest
response in the specific activity of Se-dependent GSH-Px occurred in plasma at 8
hours and in liver at 24 hours after Se administration. The onset of pancreatic atrophy,
however, was not affected by the level of feed intake suggesting that the effect of Se
upon appetite may be distinct from the involvement of Se in nutritional pancreatic
atrophy and fibrosis. Inorganic Se compounds were shown to be anti-feed intake
factors, whereas the organic Se compounds tested had little such activity.

An interesting study was conducted with an artificial diet to examine the feeding
responses of a generalist herbivore, Spodoptera exigua (Hubner) (Lepidoptera:
Noctuidae), to various forms and concentrations of Se (Vickerman and Trumble,
1999). Tests initiated with neonates showed larvae significantly preferred the control
diet over one containing sodium selenate, sodium selenite, or selenocystine, but
at most concentrations showed no preference between the SeMet-containing and
control diets. Choice tests initiated with third instars demonstrated a preference for
the control diet over sodium selenate and sodium selenite treatments. In contrast,
no significant responses were found with third instars offered a choice between
selenocystine or SeMet and untreated controls. Similarly, when Se-enriched yeast was
used as a source of organic Se, young Se-deficient laying hens reduced their Se deficit
by preferentially selecting the high-Se diet (Zuberbuehler et al., 2002).

3.6 Selenium sources for poultry

As mentioned above, Se content of feed and food ingredients greatly varies (Table
3.3) depending on many different factors. For example, Se concentration in maize
and rice grown in normal and high Se areas can vary 100-500-fold. Indeed average
data on Se content in feedstuffs presented in various tables are not suitable for diet
balancing and Se supplementation is a routing practice in commercial animal and
poultry production. In fact, FDA approved Se supplements for poultry and swine in
1974 in the form of selenite or selenate.

While Se form was not rigorously considered in the initial research into Se nutrition, for
the last 40 years information has accumulated indicating that the natural form of Se in
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Table 3.3. Selenium concentrations in various feed ingredients, mg/kg (adapted from NRC, 1983).

Ingredient USA Canada
Alfalfa meal 0.01-2.00 0.02-0.27
Barley 0.05-0.5 0.02-0.99
Brewer’s grains 0.15-1.00 0.29-1.10
Corn 0.01-1.00 0.01-0.33
Fish meal 1.0-5.0 1.3-34
Linseed meal 0.5-1.2 0.7-1.5
Meat meal 0.08-0.5 0.2-0.81
Oats 0.01-1.00 0.01-1.10
Poultry by-product 0.5-0.10 -
Soybean meal 0.06-1.00 0.04-0.78
Wheat 0.1-3.00 0.02-1.5
Wheat bran 0.1-3.0 0.24-1.3
Wheat middling 0.15-1.0 0.41-0.89
Whole soybeans 0.07-0.90 -

plant-based feed ingredients consists of various selenoanimo acids with SeMet being
major form of Se in grains, oil seeds and other important feed ingredients. Therefore,
organic Se is the natural form of Se to include in feed formulations. However, sodium
selenite remains in use in many animal feeds. The limitations of using inorganic Se
are well known and include toxicity, interactions with other minerals and vitamins
(Figure 3.5), low efficiency of transfer to milk, meat and eggs and an inability to build
and maintain Se reserves in the body. As a result, a high proportion of the element
consumed in inorganic form is simply excreted. Further, a prooxidant effect of the
selenite ion (Spallholz, 1997) is a great disadvantage as well, particularly when shelf
life of food animal products is considered.

Ingredient interactions should be carefully considered. It has been shown that selenite
can be dissolved when dispersed in feeds of relatively high water activity. When
dissolved, it may form selenious acid and disperse as a vapour losing its biological
activity and nutritional function (Eisenberg et al., 2007). When the premix contains
sodium selenite and ascorbic acid, the chemical reaction between them causes selenite
reduction to elemental Se, which is not adsorbed in the digestive tract of animals, and
ascorbic acid is also oxidised thereby loosing biological activity. Therefore, in such a
situation, both nutrients are lost. Pink particles in the premix very often represent
elemental Se produced in a way mentioned above. This could happen in the premix/
feed during storage or in the digestive tract during absorption. In fact, when solutions
of selenite and ascorbic acid (AA) were mixed (proportion between AA and selenite
was similar to those in supplements) - after about 2 hours from the preparation it
is present at about 50% of that expected and progressively decreases to practically
disappearance after 24 hours (Gosetti et al., 2007). Furthermore, transport of 7>Se was
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Figure 3.5. Selenium-ascorbate interactions in premixes and digestive tract.

inhibited when AA and selenite were injected directly into ligated duodenal loops of
anaesthetised chickens. The mechanism of the inhibition seemed to be precipitation
of Se within the intestinal lumen, since less 7>Se was found in the supernatant fraction
of the luminal fluid when AA was present (Mykkanen and Mutanen, 1983). Therefore,
vitamin C in premixes is compatible with organic Se, but incompatible with selenate
or selenite. This issue is extremely important for anti-stress premixes containing
increased levels of ascorbic acid. For example, an interaction of 0.5% vitamin C with
either selenite or seleno-DL-Met (SeMet, 3 mg/kg) was studied in rats (Ip, 1986).
Results showed that the protective effect of selenite in tumorigenesis was nullified
by vitamin C, whereas the chemopreventive action of SeMet was not affected. The
authors suggested that selenite is reduced by vitamin C to elemental Se and was not
available for uptake by tissues. Similarly, the availability of Se was reduced almost to
zero when selenite and 1 g AA were taken together well before the meal (Robinson
et al., 1985). Similarly, 0.5 or 0.25% of vitamin C in the diet completely negated the
accumulation of Se in blood, liver and the mammary gland induced by 3 mg/kg selenite
supplementation. Indeed, selenite is a hygroscopic compound and can be dissolved
when dispersed in feeds of relatively high water activity. It is also interesting that other
compounds in the premix can similarly reduce Se in selenite to produce elemental
Se, which is not absorbed from the feed. For example, a reference from Michigan
State University (Groce et al., 1973) indicates changes in odour and/or colour, when
premixes containing 200 mg/kg Se were prepared with glucose monohydrate, corn
starch or sucrose and then stored at room temperature. The order was musty and
sweetish in character, while the colour changes involved appearance of pink to dark
red particles in the original white matrix. Indeed, Se retention was decreased and Se
excretion was increased as a result of old premix inclusion in pig diets. In contrast,
ascorbic acid enhances SeMet assimilation from the diet. Furthermore, SeMet itself
is considered to possess antioxidant properties (Schrauzer, 2000).

Thus, the use of sodium selenite in animal diets has recently been questioned (Fisinin
et al., 2008; Mahan and Peters, 2004; Ortman and Pehrson, 1997, 1998; Surai, 2002,
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2006; Surai and Fisinin, 2014, 2015, 2016, 2016a). Prooxidant properties of selenite
and its interactions with other nutrients, including vitamin C, put pressure on feed
manufactures to find new, more effective sources of supplemental Se. Therefore, the
simplest idea was to use Se forms produced by plants.

3.7 Selenium-enriched yeast: pluses and minuses

It is well known that chemical and physical properties of Se and sulphur are very
similar, reflecting similar outer-valence-shell electronic configurations and atomic
sizes (Combs and Combs, 1984). Therefore, plants cannot distinguish between these
two elements when synthesising amino acids. As a result they can synthesise SeMet
when Se is available (Figure 3.6). This biological feature was the basis for development
of the commercial technology of organic Se production from yeast. Indeed, various
commercial forms of Se-yeast found their way to the market place and have shown to
be effective sources of Se for poultry and animal production (for review see Fisinin et
al., 2008; Surai, 2006; Surai and Fisinin, 2014, 2015, 2016, 2016a; Surai et al., 2010).

The legal definition of Se-yeast is as follows:

Selenium yeast is a dried, non-viable yeast (Saccharomyces cerevisiae)
cultivated in a fed-batch fermentation which provides incremental
amounts of cane molasses and selenium salts in a manner which
minimises the detrimental effects of selenium salts on the growth rate of
the yeast and allows for optimal incorporation of inorganic selenium into
cellular organic material. Residual inorganic selenium is eliminated in a
rigorous washing process and must not exceed 2% of the total selenium
content in the final selenium yeast product (LII, 2015).

Therefore, only total Se level and inorganic Se proportion in Se-yeast is officially
regulated. However, there are several points to be addressed in relation to commercial
usage of Se-yeast. First of all, it is necessary to mention that yeast is a live organism
and its composition will depend on the genetics and conditions of growing, including
temperature, pH, oxygen concentration, etc. It seems likely that selenoamino acid
composition of the yeast depends on various factors, including yeast species, growth
conditions, as well as analytical techniques used. For example, when three different
commercial yeast products were analysed, results showed that the proportion of water-
soluble Se varied from 11.5 up to 28.0% and water insoluble polysaccharide bound
Se proportion varied from 15.5 up to 72% (Encinar et al., 2003). In fact, Se-yeast has
been reported to contain over 60 various selenium compounds (Arnaudguilhem et
al., 2012) and it is well established that SeMet is the major selenocompound in Se-
enriched yeast. However, its proportion greatly varies. Rayman (2004) presented a
literature review analysing Se-speciation in different Se-yeast supplements and the
percentage of SeMet in 7 supplements were quite variable: 84, 69, 75, 81, 83, 61 and
60%. In particular, the author presented data on SeMet percentage of individual Se-
yeast products. The values were 58-65% of total Se in LALMINe (Lallemand, Montreal,
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Figure 3.6. Selenium-enriched yeast.

Canada); 60-70% of total Se in SelenoExcelle (Cypress Systems, Fresno, CA, USA); 54-
60% of total Se in Seleno Precisee (Pharma Nord, Vejle, Denmark) and 62-74% in Sel-
Plex (Alltech, Nicholasville, KY, USA). Indeed, the presented data depend not only
on the technology of Se-yeast production (strain of yeast, source of Se, temperature,
oxygen concentration, etc.), but also on the extraction efficiency of the technique used
by the analytical laboratory. The author concluded that commercial Se-yeast products
found on the market contain almost all their Se in organic form and about 55-75% of it
(allowing for extraction efficiency) was present as SeMet (Rayman, 2004). In general,
Bierla et al. (2012) mentioned that the typical criteria for Se-yeast of industrial use is
>60% SeMet and 2% could indicate a low quality Se-yeast (Bierla et al., 2012).

A great variability in SeMet content of Se-yeast products has been reported. For
example, 85% of Se contained in Se-yeast was found to be present in the form of
SeMet and 91% was organic (Fan et al., 2003). SeMet comprised 79% of the extracted
selenium and 64% of total selenium in Se-yeast; the selenium levels were at the 2-3
mg/g (McSheehy et al., 2005). SeMet in yeast and nuts comprised, respectively, 65 and
75% of total Se (Wrobel et al., 2003). Similarly, a proteolytic enzyme extract of Se-
yeast was found to contain Se as SeMet (74.8%), selenocystine (9.9%), selenite (5.1%)
and as at least three unknown Se compounds (10.2%, Yoshida et al., 2002). SeMet
comprised about 85% of total Se compounds found in Se-yeast used for human trials
(Ip et al., 2000). Similarly, Se-yeast, which was used as a source of Se in the PRECISE
and other trials, contained SeMet at 54-60% of the total selenium (Larsen et al., 2004).
A commercial source of Se-enriched yeast tablets containing 210 g Se/g was found
to contain 73% of the total Se as SeMet (Wolf et al., 2001). Samples of five leading
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manufactures worldwide [Alltech(KY), Angel (China), Biorigin (Brazil), Lallemand
(Canada), Lesaftre (France)] were investigated by Casal et al. (2010). The pro-portion
of water-extractable selenium varied from 16 to 35% and proportion of SeMet varied
from 44+7 to 93+12%. The authors also showed between batch variations. For example,
one sample was analysed as two different production batches and showed 27 and 35%
of water-extractable selenium, while SeMet comprised 93+12 and 86+25% of total
Se. Recently, a considerable incorporation of selenocysteine (SeCys) in proteins of
the yeast proteome despite the absence of the UGA codon was demonstrated (Bierla
et al., 2013). The authors concluded that 10-15% of selenium present in Se-enriched
yeast is in the form of selenocysteine. This means, that if all Se in Se-yeast is accounted
for, the maximum SeMet proportion would not exceed 85%, but in many cases will
be lower than that.

It has been shown that the main advantage of organic Se in poultry and animal
production is related to its ability to build Se reserves in the body in the form of
SeMet, which can be recruited in times of stress (Fisinin et al., 2008; Surai, 2006; Surai
and Fisinin, 2014, 2015, 2016, 2016a; Surai et al., 2010). Therefore, ideally, it would be
necessary to specify the percentage of SeMet (active compound of the Se-yeast) in the
yeast product and price would depend on the SeMet level in the product. This could
be achievable if Se assimilation from all yeast products would be the same, but this is
not the case judging on the Se location in different Se-yeast compounds. For example,
the non-soluble protein fraction accounted for up to 40% of the total selenium in
the yeast (Encinar et al., 2003). It should be noted that absorption of dietary Se
(organic Se) is generally believed to be good (about 80% absorption) (Reilly, 2006).
Absorption and retention of Se from Se-yeast, measured in twelve volunteers fed
77Se-labelled SelenoPrecise yeast (Pharmanord, Velje, Denmark), was between 75 and
90% (Sloth et al., 2003). Other Se-yeasts gave different results (between 50 and 60%).
The same Se-yeast was analysed by Zheng et al. (2003) using enzymatic digestion
with an on column recovery of Se of up to 93% found SeMet to be the predominant
species (78% of the total Se), while selenite (2%), selenocystine (1.9%), the major
unknown species (10%) and the other unknowns (7.8%) accounted for the remaining
selenium in the enzymatic extracts. Recently, two commercially-available Se-yeast
preparations, containing SeMet at 63 and 56.7% have been tested in broilers (Simon
et al., 2013). It was shown that differences in nutritional efficacy of the preparations
were proportional to the SeMet content.

Therefore, it is important to know under which form Se is consumed with regard to
the bioavailability of the different forms of Se. Furthermore, at present the task to
guarantee the SeMet level of a product is almost impossible to achieve. This relates to
the variability of SeMet proportions in the yeast products due to different conditions
of their production, as well as to analytical difficulties in detection of Se species in
Se-yeast. In fact, a part of SeMet in the Se-yeast is bound in resistant membrane
hydrophobic proteins and difficult to release during sample preparation. Se-yeast can
be characterised by the selenium metabolic profile (selenometabolome) reflecting
the yeast strain and fermentation parameters, and forms a precious fingerprint
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of the origin of preparations available on the market and of the reproducibility of
the production process (Lobinski et al., 2000). Recently, a two-dimensional size-
exclusion-strong cation-exchange HPLC with parallel ICP-MS and ESI-MS detection
was developed as an advanced tool for selenometabolomics studies of yeast (Casal et
al., 2010).

3.8 SeMet and OH-SeMet

Another option to improve Se status of poultry and farm animals would be to use pure
SeMet as a dietary supplement (Schrauzer, 2000, 2001, 2003; Schrauzer and Surai,
2009). There are some respectable publications showing beneficial effects of organic
Se in the form of SeMet in the poultry diets (Wang and Xu, 2008; Wang et al., 2011;
Yuan et al., 2011, 2013). Recently, it has been determined whether SeMet or Se-yeast
acts with different potency on six bio-chemical markers, including intraprostatic
dihydrotestosterone (DHT), testosterone (T), DHT:T, and epithelial cell DNA damage,
proliferation, and apoptosis (Waters et al., 2012). By analysing dogs supplemented with
SeMet or Se-yeast that achieved equivalent intraprostatic selenium concentration after
supplementation, there was no significant difference in potency of either selenium
form on any of the six parameters over three different ranges of target tissue selenium
concentration. However, SeMet in purified form is unstable and easily oxidised. For
example, it has been shown that in the freeze-dried samples of oyster total Se and
Se species evaluated are stable for at least 12 months under all the conditions tested.
However, after purification of Se species, including SeMet, in the enzymatic extracts
they are only stable for 10 days if stored at 4 °C in Pyrex containers (Moreno et al.,
2002). After storage of SeMet water solution for 30 days at 20 °C, less than 80% SeMet
was recovered (Lindemann et al., 2000). Potentially bioavailable selenium-containing
compounds in Se-yeast were investigated using the candidate reference material SEAS
(Reyes et al., 2006). SeMet was the major compound identified in the gastrointestinal
extract, while SeMet selenoxide was its main degradation product formed after
medium and long-term sample storage, respectively. Indeed, pure SeMet is chemically
oxidised to SeMetO under oxic conditions in the small intestine (Lavu et al., 2016).
The oxidability of SeMet during storage could explain different results in terms of
gene expression between SeMet-supplemented and Se-yeast-supplemented groups of
mice (Barger et al., 2012). An alternate form of Se dietary supplementation could be
algae biomass specially enriched with selenium. Indeed, when the algae are exposed
to Se in the form of selenite, they are able to synthesise organic selenium species. The
technology of heterotrophic fed-batch cultivation of the microalga Chlorella enriched
by organically bound Se was developed. In fact, spray-dried Se-Chlorella biomass was
shown to have a similar potency as a dietary Se source for poultry and farm animals
as Se-yeast (Doucha et al., 2009 and references therein).
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Recently, a new stable organic Se source called Selisseo® (SO) has been developed which
is a selenomethionine hydroxyanalogue, 2-hydroxy-4-methylselenobutanoic acid or
HMSeBA (Briens et al., 2013, 2014). Two experiments were conducted on broiler
chickens to compare the effect of HMSeBA (SO), with two practical Se additives, SS
and Se-yeast. The different Se sources and levels improved muscle Se concentration
compared with the non-supplemented group (NC), with a significant source effect
in the following order: SS, Se-yeast and SO (P<0.05). In fact, the relative muscle Se
enrichment comparison, using a linear regression slope ratio, indicated an average of
1.48-fold (95% confidence interval: 1.38, 1.58) higher selenium deposition in muscle
for SO compared to Se-yeast (Briens et al., 2014). Seleno-amino acid speciation results
for Se-yeast and SO at 0.3 mg Se/kg feed indicated that muscle Se was only present
as SeMet or SeCys, showing a full conversion of Se by the bird. The results confirmed
the higher bioavailability of organic Se sources compared with the mineral source
and demonstrated a significantly better efficiency of HMSeBA compared with Se-
yeast for muscle Se enrichment. In particular, the authors showed that Se muscle
concentrations significantly improve with SO, increasing the relative bioavailability
for total Se by 39% compared with Se-yeast. On the one hand this could be a reflection
of a higher SeMet level in the diet (almost 100% SeMet in SO vs 60-70% SeMet in
Se-yeast). On the other hand, there could be other biochemical differences in the Se
metabolism, since SO increased the SeCys level in the muscle. It would be interesting
to note that hens fed the diet with HMSeBA-0.2 accumulated more Se in their eggs
(+28.8%) and muscles (+28%) than those fed the diet supplemented with Se-yeast-0.2
(Jlali et al., 2013). After 21 days, organic Se sources maintained (Se-yeast) or increased
(Hydroxy-SeMet) breast muscle Se concentration compared to hatch value whereas
inorganic source (SS) or NC showed a significant decrease in tissue Se concentration
(Couloinger et al., 2015). Furthermore, HMSeBA in turkey diet improved GSH-Px
activity in thigh muscles and decreased lipid peroxidation (Briens et al., 2016). These
results showed the greater ability of HMSeBA to increase Se deposition in eggs and
breast muscle of laying hens, which could be of great importance for breeding birds
and newly developing chicks (Figure 3.7).

Recently, the EU decided to limit the maximum supplementation with Se-yeast
to 0.2 mg Se/kg complete feed for reasons of consumer safety (EC, 2013). At this
comparatively low level of supplementation advantages of organic Se in the form of
Se-yeast will be less pronounced, and alternative effective sources of organic selenium
with higher efficiency of transfer to eggs and animal tissues would play a bigger role in
poultry reproduction. Therefore, aforementioned results indicated that a new source
of organic selenium in the form of 2-hydroxy-4-methylselenobutanoic acid, supplied
in the same dose as Se-yeast in the chicken diet could provide additional benefit in
terms of Se reserves in the muscles, as well as Se transfer to the egg and probably
to the developing embryo. This potentially can be translated into better antioxidant
protection in stress conditions of commercial poultry production. Major differences
between organic selenium and sodium selenite are shown in Table 3.4.

Selenium in poultry nutrition and health 179



Chapter 3

et has a beneficial effect in poultry/animal diets

But it is unstable and easily oxidized

New stable form

Se

OH
OH

Hydroxy-selenomethionine

v

Better efficiency compared to
SeYeast and

Figure 3.7. Selenomethionine.

3.9 Chelated Se products

There is a range of products on the market claiming to contain chelated Se (Se-
glycinates, Se-proteinates, Se-amino acids complexes, etc.), however, the chemical
position of Se in the periodic table of elements indicates that Se is not a true metal, and
therefore its chelating ability is in question. Indeed, attempts to determine chelated Se
in such products ended up with a detection of only inorganic Se (selenite and selenate;
Amoako et al., 2009; Kubachka et al., 2017). This could explain the results of Givens et
al. (2004) showing that a chelated selenium-amino acid complex in the cow diet is not
different from sodium selenite when efficacy of Se transfer to the milk was assessed.
Indeed, chelated Se products are not related to SeMet and, probably, should not be
included into the organic Se category.
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Table 3.4. Major differences between organic selenium and selenite.

Organic selenium Selenite

Absorption similar to methionine with active similar to other mineral with passive
transport in the gut transport in the gut

Accumulation building Se reserves by non-specific  not accumulated in the body
incorporation of SeMet into the
proteins

Toxicity at least 3 times less toxic than highly toxic, can penetrate via skin
selenite causing problems

Bioavailability higher bioavailability in comparison to  lower bioavailability in comparison to
selenite to animals/poultry SeMet

Antioxidant activity possesses antioxidant properties per  possesses prooxidant properties
se and could scavenge NO and and could stimulate free radical
other radicals production when reacting with GSH

Effect on DNA stimulate DNA-repair enzymes causes DNA damage

Transfer to eggs and muscles  transferred to egg and muscles giving poorly transferred to eggs and muscles
an opportunity to produce Se-eggs

and Se-meat
Reactions with other elements  neutral, ascorbic acid promotes highly reactive, reduced to metallic,
SeMet assimilation from the diet unavailable selenium by ascorbic
acid
Protective effect in stress provide additional protection due to  cannot provide additional protection
conditions Se reserves in the body due to absence Se reserves in the
body
Effect on drip loss decrease drip loss does not affect drip loss
Environmental issues better retention in tissues, less low retention in tissues and high
released with faeces and urine release with faeces and urine
Stability stable stable
Classification based on the feed additive drug

mode of action

3.10 Nano-Se products

Recently, selenium nanoparticles (SeNPs, nano-Se) have received substantial attention
as possible novel nutritional supplements, because of their lower toxicity and ability
to gradually release selenium after ingestion (Skalickova et al., 2017). It has been
suggested that nano-Se can serve as an antioxidant with reduced risk of selenium
toxicity and as a potential chemopreventive agent if the induction of GST by selenium
is a crucial mechanism for its chemopreventive effect (Wang et al., 2007). The authors
also showed that nano-Se has an ability to increase selenoenzymes activity comparable
to SeMet. However, the question still is how elemental Se can be involved in SeCys
synthesis and selenoprotein expression. There are several reports of successful testing
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of nano-Se in broiler nutrition (Cai et al., 2012; Gulyas et al., 2017; Wang, 2008;
Zhou and Wang, 2011). In many cases low nano-Se toxicity is considered as its main
advantage. However, one should also realise that Se toxicity is not a major problem
in the poultry industry and Se in the form of sodium selenite or organic Se (SeMet,
Se-yeast or other preparations) is an essential part of premixes produced worldwide.
It seems likely that nano-Se could be a new chemopreventive agent for treatment of
various diseases (Zhang et al., 2008), including cancer, but its nutritional value as a
feed supplement for poultry industry is questionable (Surai et al., 2017).

3.11 Conclusions

Selenjum is an essential element in animal/poultry nutrition and its dietary
supplementation in optimal form and amount is a key for maintaining their health,
productive and reproductive performance. It has been proven that the organic form of
Se (mainly SeMet) in the animal/poultry diet has a range of advantages in comparison
to traditional sodium selenite. In fact, the organic Se concept considers SeMet as a
storage form of Se in chicken body. Since animals/poultry are not able to synthesise
SeMet, its provision within a diet is a key element of a strategy to fight commercially-
relevant stresses. Indeed, under stress conditions, when increased selenoprotein
expression requires additional Se, its provision with feed usually decreased due to
reduction in feed consumption, Se reserves in the body (mainly in muscles) could
help to maintain an effective antioxidant defences. The animal/poultry industry is
looking for most effective sources of organic Se to be commercially used. Se-yeast
received substantial attention and commercial applications are a reliable source of
organic Se. However, the active Se component of the yeast, SeMet, comprises only
50-70% of the total Se, and there is no proof that the rest (30-50%) of Se in the
form of SeCys, MeSeCys, etc. has any additional benefits in comparison to sodium
selenite. From the production point of view it is difficult to guarantee a certain
percentage of SeMet in the Se-yeast, since there is a range of factors (yeast strain,
medium composition and selenite concentration in it, temperature, etc.) affecting
the aforementioned parameter. Analytical difficulties in precise determination of the
SeMet amount further complicates the issue. Stability issues with pure SeMet in the
poultry diets restrict its wide usage. Major sources of organic Se in the poultry market
are shown in Table 3.5.

It seems likely that a recently developed product (hydroxyl-SeMet) combines
advantages of both Se-yeast (SeMet stability) and pure SeMet (high proportion of
SeMet), and could be considered as a next step in Se application in poultry nutrition.
Indeed, the first generation of Se supplements for poultry included selenite and
selenate. The second generation of organic Se for poultry included Se-yeast, SeMet
and Zn-SeMet products. Their advantages and disadvantages are mentioned above.
Indeed, OH-SeMet can be considered as the next, third generation of Se supplement
for poultry combining advantages of previous Se supplements on the market. It is well
appreciated that via selenoprotein expression Se is involved in regulation of cell growth,
apoptosis and modifying the action of cell signalling systems and transcription factors
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Table 3.5. Sources of organic Se on the market (adapted from Surai et al., 2018).

Source Comments SeMet'
Se-yeast well researched, SeMet 50-70% yes
SeMet not stable, >95% SeMet yes
Zn-SeMet not stable, >95% SeMet yes
OH-SeMet (Selisseo) stable, >95% OH-SeMet yes
Se-proteinates chemistry is not proven no
Se-glycinate chemistry is not proven no
Se-chelates chemistry is not proven no
Selenohomolathionine biochemistry of metabolism is not clear no
Other (nano-Se, efc.) under development no

1 Since only SeMet can be non-specifically incorporated into proteins in measurable amounts, it is an active

component of organic selenium sources.

and therefore its adequate dietary supply is a crucial factor for many physiological

processes in animal/poultry body.

Major advantages of organic Se in the poultry diet are related to building Se reserves
in the body which can be used in stress conditions as additional sources of Se to

upregulate selenoproteins and improve antioxidant defences (Figure 3.8).
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Figure 3.8. Organic selenium in action (adapted from Surai et al., 2018).
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There is a range of Se-containing compounds in the feed, including SeMet, SeCys,
Se-GSH, Se-peptides, etc. and various Se supplements, including selenite, selenate,
SeMet, Zn-SeMet, OH-SeMet, Se-yeast, etc. can be included into premix. All those
Se forms come to the intestine where initial hydrolysis (SeMet will be released from
Se-yeast or Zn-SeMet; OH-SeMet will be converted into SeMet) and some metabolic
changes will take place. This includes excretion of Se metabolites via bile, faeces
and urine. Furthermore, selenite, selenate, SeMet and some other Se forms will be
delivered to the liver for metabolic changes and distribution. In parallel, some SeMet
will go to the free amino acid pool and build Se reserves, mainly in muscles. The next
step of Se assimilation and metabolism includes the conversion of all major forms of
Se into H,Se from which SeCys will be synthesised and incorporated into 25 newly
synthesised selenoproteins that are an integral part of the antioxidant system of the
body.

Under stress conditions, protein catabolism will take place, which will release
some SeMet incorporated into those proteins and this SeMet will be converted into
H,Se and further into newly synthesised SeCys and 25 selenoproteins. In fact, this
additional source of Se will be responsible for upregulation of selenoprotein genes,
and the additional synthesis of selenoproteins will upregulate antioxidant defences
and help the body to adapt and overcome stress with minimal negative consequences.
In case selenite is used in the diet, Se reserves in the muscles will not be built and
therefore the ability of the body to adapt to stress will be restricted.
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Chapter 4
Selenium deficiency in poultry

We never know the worth of water till the well is dry

4.1 Introduction

Se deficiency in the chicken, especially in combination with low vitamin E supply, is
responsible for the development of a range of diseases (Table 4.1; Figure 4.1). In general,
selenium and selenium + vitamin E deficiency are associated with development of
a variety of pathological conditions, which target major body systems, including
muscles, heart-vascular, reproductive and nervous systems. Various animal species
are shown to have different susceptibility to selenium deficiency and different tissues
show various degrees of severity upon a selenium deficient diet. In general, some signs

Table 4.1. Diseases associated with selenium and vitamin E deficiency in animals (adapted from Surai, 2006).

Syndrome Tissue or organ Species
affected

Encephalomalacia cerebellum chick, turkey, emus, partridges, quail, pheasant and various
200 species

Exudative diathesis vascular chick, turkey, duck, salmon, catfish

Microtic anaemia blood, bone marrow  chick, monkey, pig, rat, salmon, catfish

Liver necrosis liver pig, rat, mouse

Pancreatic fibrosis pancreas chick, salmon, mouse

Erythrocyte haemolysis  erythrocytes chick, lamb, monkey, rat

Muscular degeneration skeletal muscle chick, duck, goose, ostrich, flamingo, monkey, dog, rabbit,
guinea pig, horse, calf, lamb, kid, mink, antelope, pig,
rodents, salmon, catfish

Microangiopathy heart muscle turkey, pigs, calf, lamb, rat, dog, rabbit, guinea pig, cow,
sheep, goat, baboon, antelope, elephant, deer

Kidney degeneration kidney tubules monkey, rat, mouse

Embryonic degeneration  vascular system pig, rat, mouse

Poor hatchability egg embryo chick, turkey

Steatitis adipose tissue pig, chick

Testicular degeneration  testes pig, calf, chick, pig, monkey, rat, rabbit, guinea pig, hamster,
dog

Retained placenta placenta cow

Impaired fertility spermatozoa sheep, cattle, poultry, pig, rat

ll-thrift thyroid, pituitary lamb, calf
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Figure 4.1. Selenium deficiency in poultry.

of selenium and Se + vitamin E deficiency (nutritional muscle dystrophy) are similar
in various species; others (encephalomalacia) are species-specific.

4.2 Exudative diathesis

Among various selenium-related disorders and diseases exudative diathesis (ED) is
the most studied one (Barthlomew et al., 1998; Noguchi et al., 1973). ED is the disease,
which appears in chickens deficient in both vitamin E and Se and is characterised by
severe oedema as a result of an increased permeability of the capillaries in combination
with reduced levels of blood proteins (Kristiansen, 1973). As a result of leakage of
blood fluids through the capillaries and from minor haemorrhages in muscles, in the
area of the breast under the skin, an accumulation of an exudate with a protein pattern
similar to blood serum or plasma can be seen.
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Haemoglobin degeneration causes a bluish-green colour of the exudates, which can be
seen through the skin. Autopsy findings and histopathological lesions were observed
only in subcutaneous tissue and skeletal muscle. In particular, the subcutaneous
tissue was oedematous with hyaline vascular lesions and haemorrhages (Hassan et
al, 1990). The thigh muscles were more susceptible to deficiency lesions than were
the breast muscles, and showed in acute stages degenerative processes of the muscle
fibres, including calcium deposits, vascular lesions and haemorrhages. In subacute
and chronic cases, reparative changes and muscle damage may develop independently
of the hyaline vasculosis (Hassan et al., 1990).

The condition can occur at any age but is most prevalent in young growing chickens
and turkeys (Whitehead and Portsmouth, 1989). In the chicks, obtained from laying
hens depleted of vitamin E and selenium exudative diathesis was observed at hatching,
indicating that the deficiency lesions had developed during the embryonic period,
whereas these signs were not observed in chicks obtained from commercial laying
hens adequate in vitamin E and Se on the depletion diets until they were 2 weeks old
(Hassan et al., 1990). ED will only occur if the diet is deficient in selenium and Se
is 200 times more effective than vitamin E in preventing this disease. Therefore, this
symptom is primarily considered as a selenium deficiency (Machlin and Gordon,
1962). ED is also described in ducklings (Dean and Combs, 1981). ED develops in
chickens at age of 3-6 weeks and chicken mortality can be as high as 80% (for review
see Surai, 2002; Surai et al., 1994). ED was associated with low levels of muscle Se, liver
Se-GSH-Px and vitamin E and was also accompanied by a simultaneous increase in
the liver non-Se-GSH-Px (Hassan et al., 1990).

It has been suggested that the inflammatory response associated with a Se/vitamin
E deficiency in a chick may be responsible for ED (Bartholomew et al., 1998). The
authors suggested that cytokines produced by leukocytes could be responsible for
transparent fluid accumulation and haemorrhaging. It is well recognised that Se is
the major protection against ED. The vitamin E supplemental level of 15 mg/kg was
not adequate to provide a complete protection against ED (Hassan et al., 1990). ED
was inhibited by the rutin and silymarin treatments, but exacerbated by quercetin,
morin, and ferulic acid. Changes in concentrations of vitamin E in plasma, liver, or
muscle, caused by the various treatments (other than vitamin E), were not related to
protection against ED (Jenkins et al., 1992).

It was shown that alpha-tocopherol and Se deficiencies caused multiple alterations in
the antioxidant system and adversely affected the redox state of chicken superficial
pectoralis muscle (Avanzo et al., 2001). In particular, chickens fed diets deficient in
vitamin E and selenium displayed the lowest GSH level and GSH-Px activity. Indeed,
vitamin E deficiency was linked to lowering mitochondrial thiol levels. GSH-Px/
Cu,Zn-SOD ratio was 2.8 in animals fed selenium and vitamin E, and decreased to
0.13 in animals deficient in both nutrients as a result of oxidant-induced damage
mediated by hydrogen peroxide (Avanzo et al, 2001). In broilers ED was associated
with decreased mRNA levels of 23 selenoproteins in the thymus, spleen, and bursa
of the Fabricius tissues. In fact, the mRNA levels of Diol in the thymus, TrxR in
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the spleen, and TrxR3 in the bursa of Fabricius decreased significantly (90.9,
83.3, and 96.8%, respectively; Yang et al., 2016). In addition, Se deficiency mainly
influenced the expression of antioxidative selenoproteins, especially GSH-Px, TrxR
and iodothyronine deiodinases (Dios) in chicken immune organs (Yang et al, 2016).
In an earlier study, dietary Se deficiency associated with ED, significantly decreased
mRNA levels of 7 common selenoprotein genes (GSH-Px1, GSH-Px4, SepW1,
SepN1, SepP1, SelO, and SelK) in muscle and liver (Huang et al., 2011). Whereas
supplementing a-tocopherol acetate enhanced only the muscle SepX1 mRNA level,
it actually decreased hepatic GSH-Px1, Sell, TrxR1, and TrxR2 mRNA levels. The
authors concluded that dietary Se protected chicks from the Se deficiency disease ED,
probably by upregulating selenoprotein genes coding for oxidation- and/or lesion-
protective proteins. Furthermore, the protection by vitamin E might be mediated
via other selenoproteins and/or Se-independent mechanisms (Huang et al., 2011).
Furthermore, Se deficiency with ED development was associated with a reduction
of the mRNA expression of SelT in the immune organs (spleen, bursa of Fabricius
and thymus) of broilers with exudative diathesis due to Se deficiency (Pan et al., in
press). The authors showed that Se deficiency was also associated with increased
expression of proinflammatory cytokines (IL-1R and IL-1B) and increased oxidative
stress as indicated by increased H,O, and «OH concentration and decreased catalase
activity in all three immune organs. Selenium deficiency was shown to reduce cell
viability, increase intracellular ROS level, and stimulate cell apoptosis of vascular
smooth muscle cells (VSMCs; Wang et al., 2017). This could result in the destruction
of the vascular structure and blood exudation. Interestingly, several selenoproteins,
especially Sell, are shown to be correlated with apoptosis-related genes including
caspase-3 and Bcl-2. Indeed Se deficiency is responsible for apoptosis of various cells
including VSMC (Wang et al., 2017).

4.3 Nutritional pancreatic atrophy

It seems likely that nutritional pancreatic atrophy (NPA) is the only clearly defined Se
deficiency syndrome uncomplicated by deficiencies of other antioxidants (Cantor et
al., 1975; Combs, 1994; Thompson and Scott, 1969, 1970). For example, Se deficiency
uncomplicated by vitamin E deficiency was produced in chickens by an amino acid
diet complete in all known nutrients except Se (Gries and Scott, 1972; Noguchi et al.,
1973). In fact, disruption of endoplasmic reticulum is the primary ultrastructural
lesion of the pancreas in the selenium-deficient chick (Root and Combs, 1988). It has
been suggested that Se deficiency induced pancreatic injury by influencing nitric oxide
(NO) and selenoproteins in pancreas of chickens. In particular, to clarify molecular
mechanisms of pancreatic atrophy in chickens the effect of dietary Se deficiency on
the expressions of 25 selenoproteins and the content of NO were studied (Zhao et al.,
2014). Se-deficient diet contained Se at the level of 0.033 mg/kg. The results showed
that 25 selenoproteins were significantly decreased by Se deficiency. In particular,
selenoproteins, such as TrxR1, SelS, SelU, SepX, and SPS2, were highly and more
extensively expressed than other types of selenoproteins in pancreas of chickens
(Zhao et al., 2014). The most significant decreases in expression due to Se deficiency
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were observed for TrxR2, GSH-Px1, GSH-Px3, Sell, Diol, SepP, SepW1, SelO, SelT,
SelM, SepX1, and SPS2. It is interesting to note that, NO content, inducible nitric
oxide synthase (iNOS) activity, and mRNA level were increased strikingly compared
to the control group (Zhao et al., 2014). Furthermore, Se deficiency in chickens was
associated with a global down-regulated expression of selenoprotein encoding genes,
including 18 genes in the pancreas, 14 genes in the muscle and 9 genes in the liver.
Similarly, insulin signalling-related genes were downregulated in the pancreas, liver
and muscle, causing dyslipidaemia, hypoinsulinemia and hyperglycaemia in chicken
(Xu et al., 2017). Interestingly, TrxR1 and SelS genes were up-regulated in the liver of
Se-deficient chickens and this phenomena needs further investigation. Probably, the
expression of selenoproteins depends on the severity of Se deficiency. For example,
recently, it has been shown that SepP1, GSH-Px3 and SelK in the pancreas were
expressed at levels comparable to housekeeping transcripts and only 33, 25 and 50%
of selenoprotein transcripts were down-regulated significantly by Se deficiency in the
liver, gizzard and pancreas, respectively (Li and Sunde, 2016). Furthermore, when
gradual levels of Se were supplemented to chickens fed on a Se-deficient diet, pancreas
GSH-Px1 and GSH-Px4 activities lacked defined plateaus, with breakpoints at 0.3 pg
Se/g (Li and Sunde, 2016). Furthermore, the shortest biological half-lives for Se in
chickens were observed in the major metabolic organs, the liver, kidney and pancreas
with half-lives close to 4 days (Brandt-Kjelsen et al., 2014).

4.4 Nutritional encephalomalacia

It is widely believed that nutritional encephalomalacia (NE) is one of the most
important signs of antioxidant (mainly vitamin E) deficiency in chickens, fed
on a diet containing high amounts of linoleic or arachidonic acid (Century and
Hurwitt, 1964; Combs and Hady, 1991; Machlin and Gordon, 1962; Marthedal,
1973; Pappenheimer and Goettsch, 1931). The role of selenium and particularly
various selenoproteins in prevention of NE is not clear at present, however, it seems
likely that improved antioxidant defences by optimisation of Se supply could have
positive effects. The major symptoms of NE include ataxia, sudden prostration,
with legs outstretched and toes flexed, and head retraction with lateral twisting. The
head becomes twisted either backwards or forwards and uncoordinated muscular
spasms affect the legs (Whitehead and Portsmouth, 1989). It is believed that NE is
associated with peroxidative dysfunction (Fuhramann and Sallmann, 1995) leading
to ataxia, prostration and death (Hassan et al., 1990). Gross and histological lesions
are primarily found in cerebellum and in chickens the lesions can be also seen in the
cerebrum (NRC, 1977). In poultry, gross lesions include a friable, swollen cerebellum
with necrotic reddish or brownish areas and microtrombosis (Jungherr et al., 1956;
Pappenheimer and Goettsch, 1931). Ischemic necrosis of the cerebellar cortex and
white matter, capillary thrombi, haemorrhages, malacia and oedematous neutrophil
are observed in the cerebellum (Wolf and Pappenheimer, 1931).

Encephalomalacia is mainly described for chickens (Pappenheimer and Goettsch,
1931), but also in turkeys (Rigdon et al., 1961), emus (Aye et al., 1998), game birds
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(partridges, quails and pheasants; Mutarov, 1979; Swarbrick et al., 1986) as well as in
zoo species (Dierenfeld, 1993). Major histopathological alterations in turkey poults
include congestion, haemorrhages, necrosis, and malacia associated with hyaline
capillary thrombi affecting the cerebellar cortex and adjacent white matter (Klein et al.,
1994). NE in turkey poults leads to neurological, signs such as tremor, incoordination,
and recumbency shortly after being moved to new quarters. Associated lesions
included ischemic necrosis of the cerebellum and spinal cord (Frank and Bergeland,
1988; Jortner et al., 1985).

The disease usually occurs during the second or third week after hatching, which
may be related to the cerebellar polyunsaturated fatty acid (PUFA) accumulation that
occurs at that time (Budowski et al., 1987). In an experiment conducted by Fuhrmann
and Sallmann (1996) NE started at day 9. In other experiments of the same authors
(Fuhrmann et al., 1994; Sallmann et al., 1991) with similar type of linoleic acid-rich
diet and commercial chicks, the disease began after day 16 reflecting differences in the
initial levels of vitamin E in the tissues of newly hatched chicks. The lower the level of
vitamin E in the incubation eggs and chick tissues the earlier the disease appears. The
effect of the breeder diet on the severity of encephalopathy was observed in 4-week-
old chicks (Bartov and Bornstein, 1980).

As mentioned above, experimentally NE in chicks can be induced by diets low in
vitamin E and containing large amounts of linoleic acid (Bartov and Budowski,
1979). There are other nutritional and environmental factors predisposing chickens to
encephalomalacia, including deficiency in animal protein and decreased temperature
in hatcheries (Chen and Shi, 1985). However, outbreaks of this disease were registered
in commercial conditions with diets containing sufficient levels of vitamin E and
synthetic antioxidants (Hislop and Whitte, 1967a,b; Marthedal, 1973).

Itis well recognised that NE developed on the diet rich in linoleic acid, butlinolenic acid
had a protective effect against this disease (Budowski and Crawford, 1985). Therefore
it has been postulated that n-6 fatty acids, especially arachidonic acid degradation
products including pentane (Fuhrmann and Sallmann, 1995) and hexanal (Hu et
al., 1989), have a prooxidative toxic effect which could lead to encephalomalacia
development (Budowski et al., 1979; Fuhrmann and Sallmann, 1996). Indeed, an
overproduction of arachidonic acid-derived eicosanoids is considered as a factor in
the aetiology of the cerebellar lesion and possibly a structural change due to a loss of
docosahexaenoic acid and gain of arachidonic acid (Budowski et al., 1987).

NE was induced in young chicks using a diet low in vitamin E and containing 8%
ethyl esters derived from safflower oil fatty acids. Chicks receiving aerated linseed
oil high in alpha-linolenic acid and low in a-tocopherol did not develop symptoms
due to alterations in the arachidonic acid metabolism and thrombocyte function in
young chicks (Vericel et al., 1991). In that experiment tromboxane B2 synthesis was
significantly decreased in the a-linolenic group in comparison to the ataxic chicks.
Prostaglandin E2 production by aortal rings was also significantly influenced by the
diet; ataxic chicks yielded the highest value and a-linolenic acid-supplemented chicks
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had the lowest values. The lipoxygenase (LOX) oxygenation pathway of arachidonic
acid metabolism was investigated in the cerebellum and cerebral hemispheres of
young chicks (Greenberg-Levy et al., 1993). Lipoxygenase products consisted mainly
of 15-hydroxyeicosatetraenoic acid (15-HETE), accompanied by the 15-hydroperoxy
analogue (15-HPETE) and the 5-HETE products. In the experiment, the yield of 15-
HETE was 3 times greater in the cerebellum than in the cerebrum and phospolipase
A2 activity of the cerebellum was 2-fold higher than that of the cerebrum. This could
lead to increased vulnerability of the cerebellum to oxidative dysfunction.

In the liver of linoleic acid-fed vitamin E deficient chickens total aldehydes were
increased (Fuhrmann and Sallmann, 2000). In plasma, vitamin E deficiency led to
higher malondialdehyde and OH-nonenal concentrations. However, in brain of
vitamin E deficient chicks, aldehyde concentration was not affected. Therefore, a
direct role of unsaturated aldehydes for the development of NE in the cerebellum
was not confirmed (Fuhrmann and Sallmann, 2000) and there was no increase in lipid
peroxidation in the cerebellum of the chickens fed the NE producing diet (Fuhrmann
et al., 1996). Rather, the liver seemed to be affected by the oxidative stress. In this
respect, our data (Surai ef al., 1996) showed that even low levels of vitamin E in the
chicken embryonic brain are sufficient to prevent lipid peroxidation in vivo, probably
due to efficient vitamin E recycling by other antioxidants including ascorbic acid. In
comparison to other tissues studied chicken brain contains increased ascorbic acid
concentrations. It is necessary to underline that newly hatched chick cerebellum
contains higher vitamin E and lower ascorbic acids levels than cerebrum (Surai et
al., 1999).

For NE prevention and treatment, increased vitamin E doses and combinations with
other antioxidants have shown to be effective (Surai et al., 1994). Supplementation of
selenium and methionine with or without simultaneous supplementation of a low level
of dl-a-tocopheryl acetate had little effect on preventing NE. The preventive effect of
other antioxidants, including ascorbic acid, methylene blue, ethoxyquin, 2,6-ditertiary-
butyl-p-cresol and butylated hydroxyanisole was in proportion to their dietary level,
and a high level of any of them could almost completely protect the chicks from
NE, while diphenyl-p-phenylenediamine was not as effective and the effect was not
proportional to the dose (Yoshida and Hoshi, 1977). When a-tocopherylacetate, short-
chain a-tocopherylacetate, a-tocopherylquinone, short-chain a-tocopherylquinone
and a-tocopheronolactone were added to vitamin E deficient diets (Kovalenko et al.,
1979), a-tocopherylacetate and a-tocopheronolactone showed the highest E-vitamin
activity in preventing NE in chickens. The data confirmed a nonspecific function of
vitamin E in preventing alimentary encephalomalacia.

High levels of lipid unsaturation and comparatively low antioxidant protection
make the brain vulnerable to free radical attack; this is of particular importance in
the chick with respect to the development of encephalomalacia, which is associated
with an antioxidant system compromise (Dror et al., 1976; Fuhrmann and Sallmann,
1995; Marthedal, 1973; Pappenheimer and Goettsch, 1931). Nevertheless, the precise
mechanism of the development of the disorder remains unclear. For example, oxidative
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stress can induce apoptosis in neurones (Ratan et al., 1994), which may have some
effect on the disease development. Involvement of Se deficiency and antioxidant-
prooxidant balance in the brain cells in the development of NE still needs further
clarification.

The molecular mechanisms of NE are still not clear. In the vitamin E-deficient
cerebellum the cytosolic phospholipase A2 activity was increased (Fuhrmann and
Sallmann, 1995a). Due to low content of vitamin E, the cerebellum is the most
susceptible tissue to oxidative stress during vitamin E deficiency. Chicks hatched from
eggs containing 16.5% linoleic acid of total yolk fatty acids were more susceptible
to NE, than chicks hatched from eggs containing 7.5% linoleic acid. (Bartov and
Bornstein, 1980). Indeed, nutritional encephalomalacia is closely related with dietary
Se in avian species and it can be induced by Se deficiency.

It may be envisaged that the brain of the chick embryo may be at particular risk
from peroxidative damage due to presence of very high levels of C20 and C22
polyunsaturated fatty acids in neuronal phospholipids (Surai et al, 1999). The
antioxidant system of the developing brain is poorly understood. It includes natural
antioxidants, such as vitamins E and C, ubiquinols, glutathione, antioxidant enzymes
- superoxide dismutase, glutathione peroxidase and catalase —and other elements,
such as dopamine, noradrenaline, taurine and carnosine (Matsuo, 1993; Surai et
al., 1996). The chick embryonic brain is characterised by comparatively low level of
vitamin E which is almost 100-fold lower compared to the liver and remains practically
constant during the development (Surai et al., 1996). This apparent deficiency in the
brain’s antioxidant defence capacity is further compounded by the relatively low
levels of vitamin A, selenium, glutathione peroxidase and carotenoids (Surai, 2002,
2006). Our previous results (Surai et al., 1993) also indicate that comparatively low
levels of vitamin E persist in the brain of adult chicken. Thus it is a characteristic
of the poultry brain to contain low levels of vitamin E. At the same time, the brain
generates especially high levels of free radicals (Reiter, 1995) which are necessary for
physiological responses (Westermarck et al., 1993).

Our data (Surai, 1999) indicate that superoxide dismutase (SOD) is the main enzyme
in antioxidant defence of the brain, especially during the final days of incubation
when SOD activity in the brain is significantly higher compared to other tissues.
However, GSH-Px and CAT activities in the brain were low, making it unlikely that
they are the primary defence in this tissue. The antioxidant profile of the chicken brain
is shown in Table 4.2. The cerebellum had some distinctive features in antioxidant
concentration compared to the other brain regions, in particular the cerebrum. The
cerebellum was characterised by significantly increased a-tocopherol concentration
and catalase activity, but decreased ascorbic acid level and Mn-SOD activity compared
to that in the cerebrum. In general, the brain was characterised by low level of vitamin
E, low GSH-Px and catalase activity, but very high level of ascorbic acid and high SOD
activity. Furthermore, the brain was characterised by comparatively low levels of Se
(0.187+0.01 pg/g) and moderate levels of Zn (11.67+0.23 pg/g) and Cu (1.18+0.06
ug/g) (Surai, 2002).
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Table 4.2. Antioxidant composition of the brain of a newly hatched chick (adapted from Surai et al., 1999).

Antioxidants Cerebrum Cerebellum Brain stem Optic lobes
a-tocopherol Mg/g tissue 5.22 7.12 6.12 5.66
Ascorbic acid Mg/g tissue 889.4 M1.3 T47.72 850.53
Glutathione nM/mg protein 41.12 38.12 40.13 39.56
Mn-SOD U/mg protein 3.66 2.837 3.91 3.02
Cu-Zn-SOD U/mg protein 6.910 6.985 7.52 8.03
Se-dependent GSH-Px ~ mU/mg protein 29.83 28.61 33.14 32.6
Se-independent GSH-Px  mU/mg protein 6.22 6.60 5.57 7.31
Catalase U/mg protein 1.923 2.365 1.966 1.822

Although the basal levels of malondialdehyde (MDA) in the brain were low (Surai et
al., 1996), the susceptibility of the brain homogenates to lipid peroxidation during
incubation in both the absence and the presence of Fe?* was very high in comparison
with other tissues. Thus, the low levels of endogenous vitamin E in the chick embryo
brain may render the tissue homogenates highly susceptible to in vitro peroxidation
(Kornbrust and Mavis, 1980). In embryonic brain antioxidant defence is allowed
by high levels of ascorbic acid to enable the recycling of the low concentrations of
vitamin E in order to maintain physiological requirements (Surai et al., 1996). From
our results (Surai, 1999) it is clear that SOD may be another important protective
element in the embryonic brain.

Therefore, oxidative stress and the disorganised histological structure in chicken
brain under conditions of Se-deficiency was shown to be main cause of nutritional
encephalomalacia.Indeed, chickenbrainsare extremely susceptible to oxidative damage
and selenium deficiency induces oxidative damage and disbalance of Ca homeostasis
in the brain of chickens (Xu et al., 2013). In fact, in Se-deficient chicken brains levels
of Se and GSH, and activity of GSH-Px were significantly reduced. Furthermore,
Se deficiency caused disorganised histological structures, damage to mitochondria,
fusion of nuclear membranes and shrinkage of nuclei, a higher apoptosis rate and an
increase of Ca homeostasis in the brain of chickens (Xu et al., 2013). Recently, effects
of a Se-deficient diet on transcription factor nuclear factor kappa beta (NF-«xB) and
four pro-inflammatory cytokines — tumour necrosis factor (TNF), cyclooxygenase2
(COX-2), iNOS and prostaglandin E synthase - mRNA expression in the chicken
brain tissues associated encephalomalacia have been described (Sheng et al., 2014). It
has been shown that the production of pro-inflammatory mediators were increased
following Se-deficiency. Therefore, the increased levels of NF-kB, COX-2, iNOS and
TNF-a further confirmed the close relationship between inflammatory reaction and
encephalomalacia. The most interesting findings of the study were the increased mRNA
expression levels of NF-kB and its upstream regulator and downstream effectors in the
Se-deficient chicken brain (Sheng et al., 2014). Indeed, NF-kB is an important redox
sensitive transcription factor regulating immune and stress responses and associated
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with many disease states, such as chronic inflammation, cancer, neurodegenerative
disorders, diabetes and stroke (see also Chapter 1). Similarly, it has been shown that a
reduced supply of Se could up-regulate and activate NF-«B in testis (Shalini and Bansal,
2007), while Se supplementation was able to attenuate lipopolysaccharide-induced
oxidative stress responses through NF-kB signalling pathway (Kim et al., 2004).
Indeed, NF-kB plays an important role in inflammation response, and the activation
and inhibition of NF-kB in the chicken brain is closely related to the Se supply. In fact,
it was shown that the expression of TNF-a and iNOS were increased in different areas
of chicken brain along with Se-deficiency (Sheng et al., 2014). These data indicate that
inflammatory response is a key element in nutritional encephalomalacia and that
pro-inflammatory cytokine-TNF-a may be activated by Se-deficiency. Furthermore,
the expression levels of COX-2 were increased in different areas of chicken brain
along with Se-deficiency at most of the time points (Sheng et al., 2014). Indeed, the
increased levels of NF-kB, COX-2, iNOS and TNF-a proved the close relationship
between inflammatory reaction and encephalomalacia. Interestingly, it was shown
that prolonged Se deficiency was responsible for Se content in chicken brain to be
decreased indicating that the capability of Se retention in chicken brain was weaker
than the mammals (Sheng et al., 2014). Similarly, in aged rats Se induced protective
effects against experimental dementia-induced brain, and blood oxidative injuries
and apoptosis through regulation of cytokine production, vitamin E, glutathione
concentrations, and glutathione peroxidase activity (Demirci et al., 2017).

In general, it is well known that Se is essential for proper brain function (Cardoso
et al., 2015: Schweizer et al., 2004; Solovyev, 2015). In mammals, it is shown that
dietary Se deficiency is associated with phenotypes characterised by selenoprotein
depletion in various organs, but the brain is usually well protected from Se loss (Zhang
et al., 2008). Therefore, it seems likely that in young chickens these mechanisms of
Se preservation are not effective. The Se content of brain tissue, O-phosphoseryl-
tRNA:selenocysteinyl-tRNA synthase (SepSecS; a critical enzyme for the biosynthesis
and transformation of selenocysteine) gene expression levels and mRNA stability
in the chicken brain and primary cultured chicken embryos neurons receiving Se
supplements were studied by Li et al. (2012). The authors showed that Se content
in the brain remains remarkably stable during Se supplementation. A significant
increase in SepSecS mRNA levels was observed in all brain tissues of chickens fed diets
containing 1-5 mg/kg sodium selenite. It is interesting to note that, significant changes
in SepSecS mRNA levels were not observed in neurons treated with Se. However, Se
altered the SepSecS mRNA half-life in cells. Therefore, Se could regulate SepSecS
mRNA stability in the avian brain (Li et al., 2012). Furthermore, the same authors
showed earlier that SelW gene expression in the avian neural tissues was sensitive to
dietary Se content (Li et al., 2011) and suggested that the selenoprotein functions as
an extracellular readily-available and reversible Se reservoir. Indeed, the SeW mRNA
expression is high in skeletal muscle followed by the brain, but extremely low in other
tissues from chickens fed a commercial maize-based diet (Ou et al., 2011).
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4.5 Nutritional muscular dystrophy

Nutritional muscular dystrophy (NMD) appears in chickens at about four weeks of
age and is a result of simultaneous deficiency of vitamin E and sulphur amino acids
(e.g. cysteine; Machlin and Gordon, 1962). It is characterised by degeneration of the
muscle fibres of the breast and sometimes of the leg muscles. An exact role of selenium
deficiency in the development of NMD in chickens needs further clarification.
Histological examination revealed Zenkers degeneration, with perivascular
infiltration, and marked accumulation of infiltrated eosinophils, lymphocytes and
histocytes (Leeson and Summers, 2001). A light- and electron-microscopic study of
affected muscles revealed fibres with hyaline and granular degeneration (Van Vleet
and Ferrans, 1976). In hyalinised fibres, the initial ultrastructural alterations included
increased density of the sarcoplasm and myofibrils, dilatation of sarcoplasmic
reticulum, formation of subsarcolemmal vacuoles, and disruption of mitochondrial
membranes. In later stages, alterations in these fibres included myofibrillar disruption
and lysis, nuclear pyknosis and lysis, disruption of the plasma membrane with
persistence of basal lamina and scattered adhering satellite cells, and eventual invasion
by macrophages (Van Vleet and Ferrans, 1976). In fibres with granular degeneration,
the ultrastructural observations included decreased density of the sarcoplasm,
prominent mitochondrial swelling and distortion, and multiple foci of myofibrillar
lysis that eventually coalesced to produce a generalised lysis (Van Vleet and Ferrans,
1976). Ultrastructural deterioration of the myopathic muscle included disintegration
of blood vessel walls, transverse tubules and mitochondrial membranes, as well as the
obvious disruption of the myofibrillar components (Gill et al., 1980). NMD is often
found in goslings and ducklings (Dvinskaya and Shubin, 1986). Usually it starts at
3-5 weeks of age, but sometimes it can be observed earlier. In chickens and turkey
poults muscles of gizzard and crop are affected. As a result, feed remains in the crop
and mortality is expected 3-10 days after the start of the disease. In turkey poults
muscle degeneration is registered at 5-30 days of age and mortality can be as high as
70% (for review see Surai et al., 1994). Myopathy of the gizzard and heart in turkeys
is also a result of vitamin E and Se deficiency. NMD is most noticeable in the breast
and thigh muscles, which develop pale streaks of dystrophic degenerated fibres. When
ducklings were fed on the peroxidised diet from time of hatch, first signs of NMD
were seen at day 10. At day 14 mortality started, which reached 22.5% at day 20 of
the postnatal development (Shemet, 1977). In the gizzard and heart of birds that died
from NMD degenerative changes were observed. After 30 days of the experimental
period NMD was registered more than in a half of the ducklings. There is a possibility
for the development of NMD during first 7-15 days of postnatal growth if chickens are
hatched from eggs low in vitamin E and maternal diet was high in peroxides (German,
1981). Peroxidative damage to membranes has been hypothesised as a mechanism of
tissue damage in muscular dystrophy.

Lameness associated with skeletal muscular degeneration was reported in ostrich
chicks and flamingos (Dierenfeld and Traber, 1993; Vorster, 1984). It is interesting
that skeletal muscle degeneration, encephalomalacia, exudative diathesis, and
reduced hatchability and fertility have been reported in exotic birds with vitamin

Selenium in poultry nutrition and health 205



Chapter 4

E deficiency (Dierenfeld, 1989). Vitamin E deficiency among captive avifauna was
mainly associated with piscovorous birds and raptors fed on meat or fish rich in PUFA
and poor in vitamin E. In such birds pathological lesions of adipose tissues were
described, including accumulation of ceroid pigment, necrosis and steatitis, as well
as degeneration of cardiac and skeletal muscles, which are primarily signs of vitamin
E deficiency (Dierenfeld, 1989). In zoo birds vitamin E deficiency can also cause
degeneration of the so called hatching muscle (musculus complexus) in embryos that
failed to pip (Dierenfeld and Traber, 1993).

The contents of a- and y-tocopherol and their oxidation products, the tocopheryl
quinones, were measured at 1 to 4 weeks after hatching in the muscle and other
tissues of chickens with inherited muscular dystrophy (Murphy and Kehrer, 1989).
The affected muscle (pectoralis major) of dystrophic birds contained significantly
higher levels of a-tocopheryl quinone and a decreased ratio of a- to y-tocopherol.
These changes in the tocopherols are suggestive of oxidative stress in dystrophic
muscle membranes. A disturbance of Ca?* active transport and an increase in the
membrane permeability for Ca?* in the membranes of sarcoplasmic reticulum of the
dystrophic muscles have been shown (Kurskii et al., 1978). In particular, the level of
ATP-dependent consumption of Ca?* and activity of Mg?+,Ca®*-ATPase decreased.
Indeed, Se deficiency induces Ca?* leak and calcification in skeletal muscles; however,
the exact mechanism is still unclear.

At day 16 of incubation, muscles contain 2.4% of total lipids. The major lipid fractions
of skeletal muscle of the embryo are phospholipids, triglycerides and free cholesterol.
Phosphatidylcholine and phosphatidylethanolamine, high in C20 and C22 PUFAs,
are by far the major components of the phospholipid fraction (Noble and Cocchi,
1990; Surai et al., 1999). In the thigh muscle the activity of GSH-Px decreased on
day 17 and then remained on that level up to the end of the development. There were
no significant changes in the SOD activity throughout the development. In muscle a
decrease in catalase (CAT) activity lasted from day 15 up to hatching time. Skeletal
muscle is characterised by a comparatively low and stable vitamin E concentration.
On the contrary, the ascorbic acid level significantly decreased during development
(Surai et al., 1996). Thus the antioxidant system of the muscle is not very potent
and imbalance of the natural antioxidants in postnatal development may cause, such
diseases as muscle degeneration (Machlin and Shalkop, 1956).

In a recent study, effect of Se-deficiency on chicken muscle has been studied (Yao et
al., 2016). The results showed that Se deficiency-induced typical muscular injuries
accompanied by a Ca?* leak, and oxidative stress injured the ultrastructure of the
sarcoplasmic reticulum and mitochondria, decreased the levels of the Ca?* channels,
SERCA, SLC8A, CACNAL1S, ORAIL, STIM1, TRPC1, and TRPC3; and increased the
levels of Ca?* channel PMCA. Furthermore, SelW knockdown closely correlated Se
deficiency with a Ca?* leak in muscles and therefore, the redox regulation role of SelW
is crucial in Se deficiency-induced Ca?* leak in muscles (Yao et al., 2016). Dietary
Se deficiency resulted in increased cell apoptosis associated with decreased GSH-Px
activity and elevated lipid peroxidation in these muscles (Yao et al., 2013). All the
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responses were stronger in the pectoral muscle than in the thigh and wing muscles.
Relative distribution of the four endoplasmatic reticulum (ER) resident selenoprotein
gene mRNA (SeIN1, SelK, SelS, and SelT) amounts and their responses to dietary
Se deficiency were consistent with the resultant oxidative stress and cell apoptosis
in the three muscles. Therefore, the pectoral muscle demonstrated an unique
expression pattern of the ER resident selenoprotein genes and GSH-Px activity, along
with elevated susceptibility to oxidative cell death, compared to the other skeletal
muscles. These features might help explain why it is a primary target of Se-deficiency
diseases in chicks (Yao et al., 2013). It is interesting to note that Se-deficiency and
excess (1.5 mg/kg) in chickens were associated with upregulated SeIN mRNA levels
in skeletal muscles compared with the control (0.15 mg/kg) Se group (Zhang et al.,
2014). In particular, it has been shown that Se deficiency mainly influences the gene
expression of antioxidative selenoproteins in chicken muscles (Yao et al., 2014). In
fact, Se deficiency decreased the expression of 19 selenoproteins, 11 of which were
antioxidative selenoproteins, and antioxidative selenoproteins, such as GSH-Px3,
GSH-Px4 and Sepwl1, may play crucial roles in chicken muscles. Furthermore, some
other lower expressed selenoproteins (Diol, SelU, SelPb, SepP1) were also excessively
decreased (more than 60%) by Se deficiency (Yao et al., 2014). It seems likely that
SelW plays a crucial role in the regulation of inflammatory reactions in Se-deficiency
myopathy. Indeed, dietary Se deficiency reduced the mRNA expression of SelW in
chicken wing, pectorals, and thigh muscles. At the same time, Se deficiency increased
the mRNA expression levels of inflammatory-related genes in chicken skeletal muscle
tissues at different time points and the mRNA expression levels of inflammatory-
related genes were significantly negative related to SelW (Wu et al., 2014). Furthermore,
the abundance of SelU mRNA in chicken muscle was downregulated by Se deficiency
(Jiang et al., 2015).

Dietary Se deficiency induced muscle fibre rupture and coagulation necrosis in the
pectoral muscle of chicks at week 3. Thereafter, with increased MDA, it decreased total
antioxidant capacity, and diminished GSH-Px activities in the muscle (Huang et al.,
2015). Furthermore, compared with the +Se chicks, the -Se chicks had lower muscle
mRNA levels of GSH-Px1, GSH-Px3, GSH-Px4, SelP1, SelO, SelK, SelU, SelH, SelM,
SelW1, and Sep15. The -Se chicks also had decreased production of 6 selenoproteins
(long-form selenoprotein P (SelP-L), GSH-Px1, GSH-Px4, Sepl5, SelW, and SelN),
but increased levels of the short-form selenoprotein P in muscle at weeks 2 and 4
(Huang et al., 2015). On the other hand, dietary Se deficiency elevated indexes of
inflammation and apoptosis: muscle p53, cleaved caspase 3, cleaved caspase 9, COX-2,
focal adhesion kinase (FAK), phosphatidylinositol 3-kinase (PI3K), phospho-Akt,
NF-kB, p38 mitogen-activated protein kinase (p38 MAPK), phospho-p38 MAPK,
phospho-JNK, and phospho-ERK and decreased muscle procaspase 3, procaspase
9, and NF-kB inhibitor a (Huang et al., 2015). Therefore, the downregulation of
antioxidative selenoproteins due to Se deficiency could cause oxidative stress and the
subsequent peroxidative damage of chick muscle cells via redox/apoptotic signalling,
including activation of the p53/caspase 9/caspase 3, COX-2/FAK/PI3K/Akt/NF-kB,
and p38 MAPK/JNK/ERK signalling pathways. Clearly, effective metabolism of
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peroxides and redox regulation are considered to be the mechanisms of selenoprotein
involvement in prevention of the onset of NMD in chicks (Hung et al., 2015).

Ithasbeen suggested that the oxidative deterioration of proteins in nutritional muscular
dystrophy due to vitamin E deficiency is of great importance for the development of
NMD (Shih et al., 1977). In accordance with this suggestion, vitamin E plays a specific
role in maintaining a proper redox state of the sulphur-containing amino acid in the
proteins. In dystrophic muscles, the ratio of protein-bound disulphide to sulthydryl
content increased two- to three-fold as compared to that in the control muscle
proteins. Proteins of low molecular weight, supposedly derived from proteolysis,
were also found in the dystrophic muscles. Muscles of animals fed diets deficient in
vitamin E and selenium displayed the lowest reduced glutathione level and GSH-Px
activity (Avanzo et al., 2001). The decreased levels of GSH were not due to a defective
activity of glutathione reductase, which was increased in both mitochondria and
cytosol. The absence of vitamin E was linked to lowering of mitochondrial thiol levels.
Catalase activity increased in an attempt to counteract the decrease in glutathione
peroxidase activity. The results obtained showed that a-tocopherol and Se deficiencies
caused multiple alterations in the antioxidant system and adversely affected the
redox state of chicken superficial pectoralis muscle. These data are not consistent
with previous observations indicating that GSH concentration and GSH-Px activity
in dystrophic muscles were significantly increased (Hull and Scott, 1976) suggesting
the redistribution or impaired utilisation of various antioxidants in chicken tissues
as a result of vitamin E deficiency. The specific need for cysteine in NMD can be
explained as a result of reduction in transsulphuration of methionine to cysteine
in the vitamin E deficient chicks (Hathcock and Scott, 1966). It seems likely that
selenoprotein methionine sulphoxide reductase B could be also involved in regulation
of thiol metabolism and prevention of NMD.

Vitamin E and its combination with other antioxidants is considered to be effective
in prevention of NMD. For example a mixture of vitamin E (10 mg/kg), ethoxyquin
(125 mg/kg), methionine (400 mg/kg), sodium selenite (1 mg/kg) and ascorbic acid
(50 mg/kg) is shown (for review see Surai et al., 1994) to be effective. Similarly for
prevention of NMD in turkey poults and ducklings a mixture of vitamin E (40 mg/kg),
ascorbic acid (100 mg/kg), vitamin B12 (30 pg/kg) and sodium selenite (0.5 mg/kg)
is recommended (Shemet, 1977).

It is interesting that alpha-tocopheryl quinone was the most active substance in
preventing chicken experimental muscular dystrophy (Donchenko et al., 1981).
Various flavonoids or simple phenolics at a dietary concentration of 1000 mg/kg
completely prevented NMD, quercetin reduced its incidence, and quercetin, morin,
and ferulic acid reduced the severity of the disorder (Jenkins et al., 1992).
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4.6 Impaired immunocompetence

Selenium is an essential element for the efficient and effective operation of the immune
system and critical for the integrity of the cells and the receptors involved in the
immune response (Surai, 2006). Selenium deficiency causes a decrease in phagocytic
functions of macrophages and adversely affects interleukin production. In general, the
immune system is very sensitive to Se-deficiency (see Chapter 7).

4.7 Impaired thyroid hormone metabolism

Se deficiency is associated with increased plasma T4 concentrations and decreased
plasma T3 and thymulin concentrations (Chang et al., 2005; Jianhua et al., 2000).
This could be related to impaired immunity and other detrimental consequences
with respect to chicken growth and development. More recent results confirmed that
Se deficiency influenced the conversion of T4 to T3 and induced the accumulation
of T4 and FT4 (Lin ef al, 2014). In addition, the mRNA expression levels of the
selenoproteins were generally decreased by Se deficiency. In addition, the decreased
selenoproteins (Diol, Dio2, Dio3, TrxR2, Sell, SelU, GSH-Px1, and GSH-Px2) induced
by Se deficiency may indirectly limit the conversion of T4 to T3 in chicken thyroids.

4.8 Reduced fertility

Selenium has a special role in poultry male reproduction and its deficiency in
cockerel diet can cause fertility-related problems (see Chapter 5). In fact, fertility and
hatchability were low on the basal (low Se) diet and were corrected partly by vitamin
E and completely by Se (Latshaw and Osman, 1974).

4.9 Reduced egg production and quality

Selenium deficiency is associated with impaired immunocompetence, reduced egg
production and increased embryonic mortality (Figure 4.2; Combs and Combs,
1984). Egg production and fertility were maintained at about 77 and 92%, respectively,
by the Se diet and fell to about 56% and almost 0 with the basal low Se diet (Cantor
and Scott, 1974). Egg production was only 69% in Se-deficient birds against 81% in
controls (Latshaw et al., 1977). Weights of day-old chickens from hens given 0.05 and
0.1 mg/kg Se-supplemented diets were significantly heavier than those from hens
given no Se. For more information see Chapter 5.2.
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Figure 4.2. Impact of selenium deficiency on poultry production.

4.10 Decreased hatchability and increased embryonic mortality

Hatchability of eggs was depressed by the low-Se diet, further depressed by peroxidised
fat and restored to normal level by supplementation of Se and vitamin E (Combs
and Scott, 1977). Similar decrease in egg hatchability (from 92-93% down to 52%)
as a result of Se deficiency in the breeder’s diet was reported by Cantor and Scott
(1974). Indeed, high incidence of dead embryos early in incubation was related to Se
deficiency. In fact, eggs from hens fed very low levels of Se were more often infertile
(12.6%), there were more dead embryos (29%) and lower hatchability of fertile eggs
(15%). Mean respective values for controls were 4.1, 2.9 and 91% (Latshaw et al.,
1977). Moreover, Se is required in breeder turkey diets for optimum hatchability and
viability of offspring (Cantor et al., 1978).

4.11 Conclusions
As mentioned above, molecular mechanisms of the development of ED, as well as NE
and NMD are still not clear. However, oxidative stress is a crucial factor in disease

development and lipid peroxidation, disrupting membrane structure and function,
is responsible for specific changes in the brain, muscles and vascular systems (Fraga
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et al., 1987). For example, nutritional pancreatic atrophy in chicks may be overcome
by feeding vitamin E at 15-20-fold excess over the levels normally regarded as
nutritionally adequate (Whitacre et al., 1987). Selenium supplementation can also
decrease incidence of nutritional muscular dystrophy in the chick (Jonsson, 1993).

Recent understanding of the roles of various selenoproteins as integral elements of
the antioxidant systems — with complex relationships among individual antioxidants
in the biological system — could help explaining some clinical signs of diseases. For
example, it was shown that liver cells can boost endogenous ubiquinone-dependent
protective mechanisms in response to deficiency in vitamin E and Se (Navarro et al.,
1999). Therefore, in the absence of vitamin E and Se, enhancement of ubiquinone-
dependent reductase systems can protect the membrane against peroxidation
(Navarro et al., 1998). Similarly, Se participation in a regulation of redox status of
the cell can be crucial for explaining some signs of its deficiency. In this respect, the
selenoenzymes TrxR and MsrB1, which are involved in regulation of many metabolic
reactions in the cell, and provide protection against protein oxidation could be the
major targets for the future research. Furthermore, it seems likely that apoptosis plays
an important role in formation of clinical signs of Se deficiency (Nunes et al., 2003).

References

Avanzo, ].L., De Mendonca Jr., C.X., Pugine, S.M. and De Cerqueira Cesar, M., 2001. Effect of vitamin E
and selenium on resistance to oxidative stress in chicken superficial pectoralis muscle. Comparative
Biochemistry and Physiology 129C: 163-173.

Aye, PP, Morishita, T.Y., Grimes, S., Skowronek, A. and Mohan, R., 1998. Encephalomalacia associated
with vitamin E deficiency in commercially raised emus. Avian Diseases 42: 600-605.

Barthlomew, A., Latshaw, D. and Swayne, D.E., 1998. Changes in blood chemistry, hematology, and
histology caused by a selenium/vitamin E deficiency and recovery in chicks. Biological Trace
Element Research 62: 7-16.

Bartov, I. and Bornstein, S., 1980. Susceptibility of chicks to nutritional encephalopathy: effect of fat and
alpha-tocopherol content of the breeder diet. Poultry Science 59: 264-267.

Bartov, I. and Budowski, P., 1979. Protective effect of nicarbazin on nutritional encephalopathy in chicks.
Poultry Science 58: 597-601.

Brandt-Kjelsen, A., Govasmark, E., Haug, A. and Salbu, B., 2014. Turnover of Se in adequately fed
chickens using Se-75 as a tracer. Journal of Animal Physiology and Animal Nutrition 98: 547-558.

Budowski, P. and Crawford, M.A., 1985. a-Linolenic acid as a regulator of the metabolism of arachidonic
acid: dietary implications of the ratio, n-6:n-3 fatty acids. Proceedings of the Nutrition Society 44:
221-229.

Budowski, P, Bartov, I, Dror, Y. and Frankel, E.N., 1979. Lipid oxidation products and chick nutritional
encephalopathy. Lipids 14: 768-772.

Budowski, P, Leighfield, M.]. and Crawford, M.A., 1987. Nutritional encephalomalacia in the chick: an
exposure of the vulnerable period for cerebellar development and the possible need for both omega
6- and omega 3-fatty acids. British Journal of Nutrition 58: 511-520.

Cantor, A.H. and Scott, M.L., 1974. The effect of selenium in the hen’s diet on egg production, hatchability,
performance of progeny and selenium concentration in eggs. Poultry Science 53: 1870-1880.

Selenium in poultry nutrition and health 211



Chapter 4

Cantor, A.H., Langevin, M.L., Noguchi, T. and Scott, M.L., 1975. Efficacy of selenium in selenium
compounds and feedstuffs for prevention of pancreatic fibrosis in chicks. Journal of Nutrition 105:
106-111.

Cantor, A.H., Moorhead, PD. and Brown, K.I, 1978. Influence of dietary selenium upon reproductive
performance of male and female breeder turkey. Poultry Science 57: 1337-1345.

Cardoso, B.R., Roberts, B.R., Bush, A.I. and Hare, D.J, 2015. Selenium, selenoproteins and
neurodegenerative diseases. Metallomics 7: 1213-1228.

Century, B. and Hurwitt, M.K., 1964. Effect of dietary selenium on incidence of nutritional
encephalomalacia in chicks. Proceedings of the Society for Experimental Biology and Medicine
117: 320.

Chang, W.P, Combs Jr., G.E, Scanes, C.G. and Marsh, J.A., 2005. The effects of dietary vitamin E and
selenium deficiencies on plasma thyroid and thymic hormone concentrations in the chicken.
Developmental and Comparative Immunology 29: 265-273.

Chen, Y.H. and Shi, H.W,, 1985. Investigation on the aetiology of encephalomalacia in chicks. Chinese
Journal of Veterinary Medicine 11: 15-16.

Combs Jr., G.F. and Scott, M.L., 1977. The selenium needs of laying and breeding hens. Proceedings of
the Cornell Nutrition Conference, pp. 74-82.

Combs, G.E, 1994. Clinical Implications of selenium and vitamin E in poultry nutrition. Veterinary
Clinical Nutrition 1: 133-140.

Combs, G.E. and Combs, S.B., 1984. The nutritional biochemistry of selenium. Annual Review of
Nutrition 4: 257-280.

Combs, G.E. and Hady, M.M., 1991. Selenium involved with vitamin E in preventing encephalomalacia
in the chick. FASEB Journal 5: A714.

Dean, W.E. and Combs, G.E, 1981. Influence of dietary selenium on performance, tissue selenium
content, and plasma concentrations of selenium-dependent glutathione peroxidase, vitamin E, and
ascorbic acid in ducklings. Poultry Science 60: 2555-2663.

Demirci, K., Naziroglu, M., Ovey, 1.S. and Balaban, H., 2017. Selenium attenuates apoptosis, inflammation
and oxidative stress in the blood and brain of aged rats with scopolamine-induced dementia.
Metabolic Brain Disease 32: 321-329.

Dierenfeld, E.S., 1989. Vitamin E deficiency in zoo reptiles, birds, and ungulates. Journal of Zoo and
Wildlife Medicine 20: 3-11.

Dierenfeld, E.S. and Traber, M.G., 1993. Vitamin E status of exotic animals compared with livestock and
domestics. In: Packer, L. and Fuchs, J. (eds.) Vitamin E in health and disease. Marcel Dekker Inc.,
New York, NY, USA, pp. 345-370.

Donchenko, G.V., Kovalenko, V.N., Makovetskii, V.P. and Svishchuk, A.A., 1981. Effectiveness of different
alpha-tocopherol derivatives in preventing experimental muscular dystrophy in chickens. Voprosy
Meditsinskoi Khimii 27: 760-763.

Dror, Y., Budowski, P, Bubis, J.J., Sanbank, U. and Wolman, M., 1976. Chick nutritional encephalomalacia
induced by diets rich in oxidised oil and deficient in a-tocopherol. Progress in Neuropathology 3:
343-357.

Dvinskaya, L.M. and Shubin, A.A., 1986. Antioxidants in animal production. Agropromizdat, Leningrad,
Russia.

Fraga, C.G., Arias, R.E, Llesui, S.E, Koch, O.R. and Boveris, A., 1987. Effect of vitamin E- and selenium-
deficiency on rat liver chemiluminescence. Biochemical Journal 242: 383-386.

Frank, R.K. and Bergeland, M.E., 1988. Poliomyelomalacia, pancreatic necrosis, and cerebellar malacia
in turkey poults. Avian Diseases 32: 574-582.

212 Selenium in poultry nutrition and health



Selenium deficiency in poultry

Fuhrmann, H. and Sallmann, H.P,, 1995a. a-Tocopherol and phospholipase A2 in liver and brain of
chicks posthatching: The influence of dietary fat and vitamin E. Annals of Nutrition and Metabolism
39:302-309.

Fuhrmann, H. and Sallmann, H.P,, 1995b. The influence of dietary fatty acids and vitamin E on plasma
prostanoids and liver microsomal alkane production in broiler chickens with regard to nutritional
encephalomalacia. Journal of Nutritional Science and Vitaminology 41: 553-561.

Fuhrmann, H. and Sallmann, H.P, 1996. Phospholipid fatty acids of brain and liver are modified by
alpha-tocopherol and dietary fat in growing chicks. British Journal of Nutrition 76: 109-122.

Fuhrmann, H. and Sallmann, H.P, 2000. Brain, liver and plasma unsaturated aldehydes in nutritional
encephalomalacia of chicks. Journal of Veterinary Medicine A, Physiology, Pathology, Clinical
Medicine 47: 149-155.

Fuhrmann, H., Balthazary, S.T. and Sallmann, H.P,, 1994. Bioefliciency of different tocopherols in chicken
as assessed by haemolysis test and microsomal pentane production. British Journal of Nutrition 71:
605-614.

Fuhrmann, H., Schultheis, S., Drommer, W., Kaup, EJ. and Sallmann, H.P,, 1996. Tissue lipid peroxidation
in nutritional encephalomalacia of broiler chickens. Zentralblatt fur Veterinarmedizin A 43: 9-21.

German, V.V,, 1981. White muscle disease of poultry. In: Skutar, I.G. (ed.) News in prevention of diseases
in commercial poultry production. Katra Moldaveneska, Kishenev, Moldavia.

Gill, T.A., Sundeen, G.B., Richards, J.E. and Bragg, D.B., 1980. The effects of dietary selenium and vitamin
E on avian white muscle disease as measured by both chemical and physical parameters. Poultry
Science 59: 2088-2097.

Greenberg-Levy, S.H., Budowski, P. and Grossman, S., 1993. Lipoxygenase and other enzymes of
arachidonic acid metabolism in the brain of chicks affected by nutritional encephalomalacia.
International Journal of Biochemistry 25: 403-409.

Gries, C.L. and Scott, M.L., 1972. Pathology of selenium deficiency in the chick. Journal of Nutrition
102: 1287-1296.

Hassan, S., Hakkarainen, J., Jonsson, M.L. and Tyopponen, J., 1990. Histopathological and biochemical
changes associated with selenium and vitamin E deficiency in chicks. Journal of Veterinary Medicine
A 37:708-720.

Hathcock, J.N. and Scott, M.L., 1966. Alterations of methionine to cysteine conversion rates and
nutritional muscular dystrophy in chicks. Proceedings of the Society for Experimental Biology and
Medicine 121: 908-910.

Hislop, R.I. and Whittle, T.E., 1967a. Nutritional encephalomalacia. II. Observations on the outbreaks
at the Poultry School, West of Scotland Agricultural College, Auchincruive, Ayr, during the years
1960-66. Worlds Poultry Science Journal 23: 216-225.

Hislop, R.I. and Whittle, T.E., 1967b. Nutritional encephalomalacia in the chicken. Worlds Poultry
Science Journal 23: 133-150.

Hu, M.L,, Frankel, E.N., Leibovitz, B.E. and Tappel, A.L., 1989. Effect of dietary lipids and vitamin E on
in vitro lipid peroxidation in rat liver and kidney homogenates. Journal of Nutrition 119: 1574-1582.

Huang, J.Q., Li, D.L., Zhao, H., Sun, L.H., Xia, X.]., Wang, K.N., Luo, X. and Lei, X.G., 2011. The selenium
deficiency disease exudative diathesis in chicks is associated with downregulation of seven common
selenoprotein genes in liver and muscle. Journal of Nutrition 141: 1605-1610.

Huang, ].Q., Ren, EZ, Jiang, Y.Y,, Xiao, C. and Lei, X.G., 2015. Selenoproteins protect against avian
nutritional muscular dystrophy by metabolizing peroxides and regulating redox/apoptotic signaling.
Free Radical Biology and Medicine 83: 129-138.

Selenium in poultry nutrition and health 213



Chapter 4

Hull, S.J. and Scott, M.L., 1976. Studies on the changes in reduced glutathione of chick tissues during
onset and regression of nutritional muscular dystrophy. Journal of Nutrition 106: 181-190.

Jenkins, K.J., Collins, EW. and Hidiroglou, M., 1992. Research note: efficacy of various flavonoids and
simple phenolics in prevention of nutritional myopathy in the chick. Poultry Science 71: 1577-1580.

Jiang, Y.Y., Huang, J.Q., Lin, G.C., Guo, H.Y,, Ren, EZ. and Zhang, H., 2015. Characterization and
expression of chicken selenoprotein U. Biological Trace Element Research 166: 216-224.

Jianhua, H., Ohtsuka, A. and Hayashi, K., 2000. Selenium influences growth via thyroid hormone status
in broiler chickens. British Journal of Nutrition 84: 727-732.

Jonsson, L., 1993. The pathology of diseases and diffuse disorders due to selenium deficiency in non-
ruminants. Norwegian Journal of Agricultural Sciences 11: 95-103.

Jortner, B.S., Meldrum, J.B., Domermuth, C.H. and Potter, L.M., 1985. Encephalomalacia associated with
hypovitaminosis E in turkey poults. Avian Diseases 29: 488-498.

Jungherr, E.L., Singsen, E.P. and Matterson, L.D., 1956. Nutritional encephalomalacia of chickens.
Laboratory Investigation 5: 120-130.

Kim, S.H., Johnson, VJ., Shin, T.Y. and Sharma, R.P,, 2004. Selenium attenuates lipopolysaccharide-
induced oxidative stress responses through modulation of p38 MAPK and NF-kappaB signaling
pathways. Experimental Biology and Medicine 229: 203-213.

Klein, D.R., Novilla, M.N. and Watkins, K.L., 1994. Nutritional encephalomalacia in turkeys: diagnosis
and growth performance. Avian Diseases 38: 653-659.

Kornbrust, D.J. and Mavis, R.D., 1980. Relative susceptibility of microsomes from lung, heart, liver,
kidney, brain and testes to lipid peroxidation: correlation with vitamin E. Lipids 15: 315-322.

Kovalenko, V.N., Donchenko, G.V., Makovetskii, V.P. and Svishchuk, A.A., 1979. E-vitamin activity of
vitamin E derivatives with experimental encephalomalacia in chicks. Ukrainskii Biokhimicheskii
Zhurnal 51: 665-668.

Kristiansen, E, 1973. Conditions in poultry associated with deficiencies of vitamin E in Norway. Acta
Agriculturae Scandinavica 19: 51-57.

Kurskii, M.D., Grigoreva, V.A., Medovar, E.N. and Meshkova, L.I., 1978. ATPase activity and processes of
calcium transport in membranes of sarcoplasmic reticulum of skeletal muscles with E-avitaminotic
dystrophy. Ukrainskii Biokhimicheskii Zhurnal 50: 85-90.

Latshaw, J.D. and Osman, M., 1974. A selenium and vitamin E responsive condition in the laying hen.
Poultry Science 53: 1704-1708.

Latshaw, ].D., Ort, J.E. and Diesem, C.D., 1977. The selenium requirements of the hen and effects of a
deficiency. Poultry Science 56: 1876-1881.

Leeson, S. and Summers, J.D., 2001. Scott’s nutrition of the chicken, 4™ edition. University Books,
Guelph, Canada.

Li, J.L. and Sunde, R.A., 2016. Selenoprotein transcript level and enzyme activity as biomarkers for
selenium status and selenium requirements of chickens (Gallus gallus). PLoS ONE 11: e0152392.

Li, J.L, Li, HX,, Gao, X.J,, Zhang, ]J.L., Li, S., Xu, S.W. and Tang, Z.X., 2012. Priority in selenium
homeostasis involves regulation of SepSecS transcription in the chicken brain. PLoS ONE 7: e35761.

Li, J.L., Ruan, H.E, Li, HX,, Li, S., Xu, S.W. and Tang, Z.X., 2011. Molecular cloning, characterization and
mRNA expression analysis of a novel selenoprotein: avian selenoprotein W from chicken. Molecular
Biology Reports 38: 4015-4022.

Lin, S.L., Wang, C.W., Tan, S.R,, Liang, Y., Yao, H.D., Zhang, Z.W. and Xu, S.W., 2014. Selenium deficiency
inhibits the conversion of thyroidal thyroxine (T4) to triiodothyronine (T3) in chicken thyroids.
Biological Trace Element Research 161: 263-271.

214 Selenium in poultry nutrition and health



Selenium deficiency in poultry

Machlin, L.J. and Gordon, R.S., 1962. Etiology of exudative diathesis, encephalomalacia, and muscular
degeneration in the chicken. Poultry Science 41: 473-477.

Machlin, L.J. and Shalkop, W.T., 1956. Muscular degeneration in chickens fed diets low in vitamin E and
sulfur. Journal of Nutrition 60: 87-96.

Marthedal, H.E., 1973. Encephalomalacia in chicks, with special reference to frequency and the
occurrence of pathological and anatomical changes. Acta Agriculture Scandinavica 19: 58-63.

Matsuo, M., 1993. Age-related alterations in antioxidant defence. In: Yu, B.P. (ed.) Free radicals in aging.
CRC Press, Boca Raton, FL, USA, pp. 143-181.

Murphy, M.E. and Kehrer, J.P.,, 1989. Altered contents of tocopherols in chickens with inherited muscular
dystrophy. Biochemical Medicine and Metabolic Biology 41: 234-245.

Mutarov, L., 1979. Encephalomalacia in partridges, quails, and pheasants raised in warrens. Veterinarno-
Meditsinski Nauki 16: 88-92.

National Research Council (NRC), 1977. Nutrient requirements of poultry, 7th revised edition. National
Academy Press, Washington, DC, USA.

Navarro, E, Arroyo, A., Martin, S.E, Bello, R.I, De Cabo, R., Burgess, J.R., Navas, P. and Villalba,
J.M., 1999. Protective role of ubiquinone in vitamin E and selenium-deficient plasma membranes.
Biofactors 9: 163-170.

Navarro, E, Navas, P, Burgess, ].R., Bello, R.I,, De Cabo, R., Arroyo, A. and Villalba, ].M., 1998. Vitamin
E and selenium deficiency induces expression of the ubiquinone-dependent antioxidant system at
the plasma membrane. FASEB Journal 12: 1665-1673.

Noble, R.C. and Cocchi, M., 1990. Lipid metabolism in the neonatal chicken. Progress in Lipid Research
29:107-140.

Noguchi, T., Cantor, A.H. and Scott, M.L., 1973. Mode of action of selenium and vitamin E in prevention
of exudative diathesis in chicks. Journal of Nutrition 103: 1502-1511.

Nunes, V.A., Gozzo, A.J., Cerqueira Cezar, M., Sampaio, M.U., Sampaio, C.A.M. and Araujo, ML.S., 2003.
Antioxidant dietary deficiency induces caspase activation in chick skeletal muscle cells. Brazilian
Journal of Medical and Biological Research 36: 1047-1053.

Ou, B.R,, Jiang, M.],, Lin, C.H., Liang, Y.C., Lee, K.J. and Yeh, J.Y., 2011. Characterization and expression
of chicken selenoprotein W. Biometals 24: 323-333.

Pan, T, Liu, T, Tan, S., Wan, N., Zhang, Y. and Li, S., in press. Lower selenoprotein T expression and
immune response in the immune organs of broilers with exudative diathesis due to selenium
deficiency. Biological Trace Element Research. https://doi.org/10.1007/s12011-017-1110-3.

Pappenheimer, A.M. and Goettsch, J., 1931. A cerebellar disorder in chicks, apparently of nutritional
origin. Journal of Experimental Medicine 53: 11-26.

Ratan, R.R., Murphy, T.H. and Baraban, J.M., 1994. Oxidative stress induces apoptosis in embryonic
cortical neurones. Journal of Neurochemistry 62: 376-379.

Reiter, R.J., 1995. Oxidative processes and antioxidative defence mechanisms in the aging brain. FASEB
Journal 9: 526-533.

Rigdon, R.H., Ferguson, T.M. and Couch, J.R., 1961. Spontaneous occurring muscular necroses and
encephalomalacia in the turkey. Poultry Science 40: 766-771.

Root, E.J. and Combs Jr., G.E, 1988. Disruption of endoplasmic reticulum is the primary ultrastructural
lesion of the pancreas in the selenium-deficient chick. Proceedings of the Society for Experimental
Biology and Medicine 187: 513-521.

Sallmann, H.P,, Fuhrmann, H., Molnar, S. and Stegmanns, T., 1991. Endogenous lipid peroxidation in
broiler chickens under dietary loads. Fat Science and Technology 93: 457-462.

Selenium in poultry nutrition and health 215


https://doi.org/10.1007/s12011-017-1110-3

Chapter 4

Schweizer, U,, Brauer, A.U., K6hrle, J., Nitsch, R. and Savaskan, N.E., 2004. Selenium and brain function:
a poorly recognized liaison. Brain Research Reviews 45: 164-178.

Shalini, S. and Bansal, M.P,, 2007. Alterations in selenium status influences reproductive potential of male
mice by modulation of transcription factor NFkappaB. Biometals 20: 49-59.

Shemet, R.S., 1977. Prophylactics of muscle dystrophy of ducklings. Ptitsevodstvo 4: 48-49.

Sheng, PE, Jiang, Y., Zhang, Z.W., Zhang, J.L,, Li, S., Zhang, Z.Q. and Xu, S.W., 2014. The effect of Se-
deficient diet on gene expression of inflammatory cytokines in chicken brain. Biometals 27: 33-43.

Shih, J.C., Jonas, R.H. and Scott, M.L., 1977. Oxidative deterioration of the muscle proteins during
nutritional muscular dystrophy in chicks. Journal of Nutrition 107: 1786-1791.

Solovyev, N.D,, 2015. Importance of selenium and selenoprotein for brain function: From antioxidant
protection to neuronal signalling. Journal of Inorganic Biochemistry 153: 1-12.

Surai, PF, 1999. Tissue-specific changes in the activities of antioxidant enzymes during the development
of the chicken embryo. British Poultry Science 40: 397-405.

Surai, P.F,, 2002. Natural antioxidants in avian nutrition and reproduction. Nottingham University Press,
Nottingham, UK.

Surai, PE, 2006. Selenium in nutrition and health. Nottingham University Press, Nottingham, UK.

Surai, PF, Ionov, I.A., Sakhatsky, N.I. and Kuklenko, T.V,, 1993. Vitamins A and E content in poultry
meat and its quality. In: Proceedings of the 11" European Symposium on the Quality of Poultry
Meat, Tours, France, pp. 455-459.

Surai, PE, Ionov, L.A., Sakhatsky, N.I. and Yaroshenko, EA., 1994. Vitamin E and chicken meat quality.
Ukrainian Branch of WPSA, Poultry Research Institute, Donetsk, Ukraine.

Surai, P.F, Noble, R.C. and Speake, B.K., 1996. Tissue-specific differences in antioxidant distribution
and susceptibility to lipid peroxidation during development of the chick embryo. Biochimica et
Biophysica Acta 1304: 1-10.

Surai, PE, Speake, B.K., Noble, R.C. and Sparks, N.H.C., 1999. Tissue-specific antioxidant profiles and
susceptibility to lipid peroxidation of the newly hatched chi