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Antioxidant-Prooxidant Balance
in the Intestine: Applications
in Chick Placement and Pig
Weaning
Abstract
A delicate balance between antioxidants and prooxidants in
cells is an important determinant of various physiological processes
and maintenance of this balance is the main aim of so called an
integrated antioxidant system built in the animal body. This system
was developed during evolution to provide an antioxidant defence
and give a chance for animals to survive in oxygenated atmosphere.
Recent data suggest that the antioxidant-prooxidant balance starts in
the intestine. Indeed, redox status of the gut is involved in regulations
of many important physiological processes. When food is consumed
and appears in the stomach and then in the small intestine, it contains
                   
but may also contain a range of potentially dangerous substances

                  
balance between antioxidants and prooxidants in the intestine is a
     !   "  
concept was developed indicating that vitagenes are responsible for
synthesis of a variety of antioxidant molecules increasing adaptive
ability of human/animals to various stress conditions. Furthermore,
there is a range of nutrients able to affect vitagenes. In poultry
 #       $#$   
and dietary antioxidants could have a protective effect. Similarly,
in pig production, weaning process is also a great stress for piglets.
Preliminary data indicates that usage of antioxidant compositions
#  !  !   !        !%! 
piglets could become an important part of the animal production
technologies.

Introduction
A delicate balance between antioxidants and prooxidants in
cells is an important determinant of various physiological processes
and maintenance of this balance is the main aim of so called an
integrated antioxidant system built in the animal body. This system
was developed during evolution to provide an antioxidant defence
and give a chance for animals to survive in oxygenated atmosphere.
Recent data suggest that the antioxidant-prooxidant balance starts in
the intestine (Figure 1). Indeed, redox status of the gut is involved in
regulations of many important physiological processes.
The aim of this review is to update recent knowledge on
antioxidant-prooxidant balance in the animal/poultry gut and
consider its application in newly hatched chick and weaned piglet
nutrition.

The Gastrointestinal Tract (GIT) as a Major Site of
Antioxidant Action
It is well appreciated that some antioxidants, such as antioxidant
enzymes including glutathione peroxidase (GSH-Px), superoxide
dismutase (SOD) and catalase, glutathione (GSH), thioredoxin (Trx),
coenzyme Q, can be synthesised in the body. However, the diet is the
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major provider of nutrients possessing antioxidant properties directly
(vitamin E, vitamin A, carotenoids, ascorbic acid, flavonoids etc.) or
essentials for the synthesis of antioxidant enzymes. For example,
selenium (Se) is an essential part of a range of selenoproteins
performing antioxidant functions (GSH-Px, thioredoxin reductase
(TR), selenoproteins P and W, etc.); mangan (Mn) is an integral part
of mitochondrial Mn-SOD; zinc (Zn) and copper (Cu) are integral
parts of cytosolic Cu, Zn-SOD; iron (Fe) is an integral part of catalase.
When food is consumed and appears in the stomach and then
in the small intestine, it contains a range of antioxidants but may
also contain a range of potentially dangerous substances. To keep
a balance between antioxidants and prooxidants in the intestine is
a very important task in which diet plays a crucial role. In general,
prooxidants which can be found in the GIT could be summarised as
follows:

Prooxidants in the GIT
Peroxidized PUFAs
Lipid hydroperoxides (LOOH) derived from unsaturated fatty
acids are important intermediates of peroxidative reactions induced
by reactive oxygen species (ROS). In fact, lipid hydroperoxides are
not stable and in the presence of transition metal ions can decompose
producing new free radicals and cytotoxic aldehydes [1]. Oxidised
lipids are partly absorbed in the digestive tract [2] and incorporated
into membrane phospholipids altering their structure and properties
[3,4]. In animal models it has been shown that oxidised lipids in
the diet can suppress growth [5,6], reduce vitamin E level in tissues
increasing their susceptibility to lipid peroxidation [7], increase tissue
protein oxidation [4] and increase the number of aberrant crypts in
the intestine [8]. The consumption of oxidized fats is associated with
diarrhoea, liver enlargement, growth depression and histological
changes in tissues of experimental animals [9-12]. Indeed, feeding
weaning pigs diets containing 10% thermally oxidized lipids for 38 d
appeared to impair oxidative status [13] and negatively affected growth
performance and liver triglyceride concentration of young pigs, which
was associated with an upregulation of fatty acid catabolism pathways
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Figure 1: Antioxidant-prooxidant balance in the intestine (adapted from [31]).

[14]. Furthermore, the oxidized fat in the pig diet up-regulated sterol
regulatory element-binding protein and its target genes in liver and
small intestine [15]. The gastrointestinal epithelium of swine and
chickens responded to oxidant stress imposed by oxidized fat by
increased enterocyte turnover and the gut associated immune system
was compromised [16]. From data presented above it is clear that
lipid peroxidation in the feed is an important source of toxic products
and a potential source of free radicals in the animal digestive tract.

Iron ions
Iron is recognised as an essential nutrient; however, iron
absorption from a diverse diet has been shown to be about 15% [17].
The main problem with iron nutrition is its reactivity and possible
involvement in free radical generation. Iron ions are considered
to catalyse the formation of the hydroxyl radical and accelerate the
decomposition of lipid hydroperoxides [18] and to stimulate lipid
peroxidation [19,20]. Iron dietary supplementation could represent
an important source of potentially dangerous free iron in the
digestive tract which could also be involved in lipid peroxidation in
the intestine [21]. For example, iron supplementation in relatively
high doses resulted in abnormal iron accumulation and increased
lipid peroxidation in rats [22]. Iron supplementation amplified
the inflammatory response and enhanced the subsequent mucosal
damage in a rat model of colitis [23]. In the conditions of dietary
iron overload in rats, in vivo hydroxyl radical generation (ultimately
responsible for iron-induced injury) was demonstrated [24]. Iron can
also interact with other nutrients stimulating free radical production.
For example, it has been shown that iron in combination with the
secondary bile acids, lithocholic and deoxycholic acids and the
vitamin K group can generate free radicals [25]. Clearly, feed iron
supplementation represents a possible source of catalytic iron in the
GIT responsible for oxidative stress and lipid and protein oxidation.

Nitrites and nitrates
Nitrite is consumed in the diet, through feed and drinking water
[26]. Therefore, animals are subjected to significant nitrate and nitrite
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levels in feed and water, as well as those formed in vivo. Nitrites and
nitrates formed from nitrogenous sources by microorganisms in
saliva and intestine are considered to be the major source of animal
and human exposure under physiological conditions [27]. It is
generally accepted that nitrate is concentrated in the saliva and rapidly
conversed to nitrite by facultative anaerobic bacteria. Benjamin et
al. showed that nitrite is converted to NO under the highly acidic
conditions (pH 3) which occur in the lumen of the stomach [28].
It was observed that the generation and accumulation of NO from
typical nitrite concentrations found in biological tissues increases
100-fold when the pH falls from 7.4 to 5.5 [29]. Therefore nitrate and
nitrite can generate NO* radical by either direct disproportionation
or reduction under the acidic and highly reduced conditions [27].
More importantly, NO* can be a source of another reactive free
radical peroxynitrite (ONOO-), which is 1000 times more oxidizing
than H2O2 and has a half-life in solution of about 1–2 seconds [30].
The amount of nitrites and nitrites in the diet vary substantially.
However, in combination with other prooxidants in the digesta they
can be involved in free radical formation and lipid peroxidation.

Heavy metals
Agricultural uses of phosphate fertilizers and sewage sludge and
industrial uses of cadmium have been identified as a major cause of
widespread dispersion of the metal at trace levels into animal feed
and human foodstuffs. It is well known that heavy metals can cause
oxidative stress and stimulate lipid peroxidation [31]. For example,
cadmium increased lipid peroxidation in liver, kidney, and testes of
rats and reduced metallothionein and total sulfhydryl in liver and
kidney [32]. In renal tubular epithelial cells of rats significant decrease
in activities of GSH, GSH-Px, SOD and increased malondialdehyde
(MDA) formation were observed as a result of the treatment with lead
and cadmium [33]. It is believed that lead can alter certain membrane
bound enzymes and may cause oxidative stress. For example, exposure
of HepG2 cells to lead ions decreased cell viability and stimulated lipid
peroxidation of cell membranes decreasing the fluidity in the polar
surface of cell membranes [34]. Levels of lipid peroxidation products
such as MDA, conjugated diene and hydroperoxide were increased
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in liver, lung and kidney of lead-treated rats. Consumption of lead
in drinking water by rats imposed oxidative stress increasing lipid
peroxidation in peripheral blood mononuclear cells and liver [35].
Administration of exogenous antioxidants in the lead treated animals
significantly reduced the prooxidant effect of the toxicant [36].
Mercury is also a strong prooxidant able to increase lipid peroxidation
and decrease GSH content in liver of Swiss albino mice. In particular,
mercury treatment enhanced lipid peroxidation in kidney, testis and
epididymus of rats [37]. Heavy metal concentrations in major feed
and food sources are quite low; however, in combination with other
prooxidants they potentially can be involved in generation of free
radicals and cause oxidative stress in the GIT.

Persistent organic pollutants
Persistent organic pollutants (POPs) comprise a class of
chemicals that are among the most insidiously dangerous compounds
and it includes many organochlorine pesticides. Examples of
persistent organic pollutants found in food and feed include dioxins,
polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers,
and some pesticide chemicals [38]. Contaminating/accumulating
levels of organochlorine pesticides in extractable fats from a basal
diet, eggs and seven tissues and excreta of laying hens that were kept
in a general poultry farm of Japan were examined [39]. Dieldrin and
dichlorodiphenyltrichloroethane (DDT) were shown to contaminate
the dietary fats at the level of 10-70 ppb. In 1989-1994, the U.S.
Food and Drug Administration (FDA) analyzed 545 samples of
mixed feed rations and found that only 88 samples (16.1%) did not
contain detectable pesticide residues [40]. Malathion, chlorpyrifosmethyl, diazinon, chlorpyrifos, and pirimiphos-methyl were the
most commonly detected pesticides comprising 93.4% of all pesticide
residues detected. Their median values in samples containing
quantifiable levels ranged from 0.014 to 0.098 ppm.
Animal products like milk and meat are often found to be
contaminated with residues of persistent pesticides and other
toxic substances. The major entry source of these compounds to
animal body is the contaminated feed and fodder. The frequency of
occurrence and contamination levels of organochlorinated pesticides
(OCP) residues in different kinds of animal concentrate feed and straw
samples collected from Bundelkhand region of India were determined
[41]. Out of 533 total samples, 301 i.e. 56.5% samples were positive
containing residues of different OCPs and in the case of DDT complex,
i.e. DDD, DDE and DDT, the concentration ranged between 0.016
and 0.118 mg/kg. It has been shown that organochlorines can cause
oxidative stress. For example, the adverse effect of organochlorine
pesticide methoxychlor on the male reproductive system was shown
to be due to induction of oxidative stress in testis [42,43]. Similarly, a
pesticide hexachlorocyclohexane compromised antioxidant defence
and induced oxidative stress in rat cerebral hemisphere [44]. Even
if the levels of heavy metals are in the accepted limits, they are still
able to participate in lipid peroxidation. Therefore, persistent organic
pollutants represent an important health hazard for animals and they
also can be involved in promotion of lipid peroxidation in the gut.

Mycotoxins
At least 25% of world’s grain production is contaminated
with mycotoxins, which are a worldwide problem [45]. Indeed,
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mycotoxins are the major feed- and food-derived stressors [46].
Recently, the occurrence of ochratoxin A (OTA) in complete poultry
feeds (n = 80) and poultry feed ingredients (n = 286) from Pakistan has
been evaluated [47]. Contamination frequency and mean OTA levels
were 31% and 51 μg/kg in feed ingredients, and the corresponding
values for complete feeds were 38% and 75 μg/kg. In an Argentinian
study of mycotoxins in poultry feedstuff, forty-four out of 49 samples
(90%) were contaminated with deoxynivalenol (DON; median 222
ppb) and OTA (median 5 ppb). In addition, 44 out of 49 samples were
contaminated with aflatoxins (median 2.7 ppb), 42 samples (86%)
with zearalenone (ZEA; median 50 ppb), and 38 samples (78%) with
T2-toxin (median 50 ppb; [48]). A total of 55 feed ingredients as well
as 76 complete swine feeds were randomly collected from 15 swine
farms located in the Beijing region of China from July to August
2011 and mycotoxins were analysed [49]. It is important to note that
DON and ZEA were the most prevalent mycotoxins found. DON
was detected at percentages of 93, 92, 54, 100 and 97% with a mean
level of 1.01, 0.44, 0.05, and 0.65 ppm in the samples of corn, wheat
bran, soybean meal, and complete feeds, respectively. The detected
percentages of ZEA were 100, 100, 54 and 100 with mean levels of
109.1, 14.9, 9.2 and 58.9 ppb in the same samples. In another study
from China, of the 420 analysed feedstuff samples, the incidence
of T-2, ZEN and fumonisin B1 (FB1) was 79.5%, 85.2% and 96.1%,
respectively and detected concentrations ranged from 10-735, 351478 and 20-6568 μg/kg, respectively [50]. Indeed, during an 8-year
period, 17316 samples of feed and feed raw materials from all over the
world were analysed for contamination with aflatoxins, OTA, ZEA,
DON and fumonisins. Overall, 72% of the samples tested positive for
at least one mycotoxin and 38% were found to be co-contaminated
[51]. Therefore, the chances of getting mycotoxins in pig/poultry diet
are very high.
It is necessary to mention that OTA altered both barrier and
absorption function of the intestinal epithelium causing intestinal
injuries, including inflammation and diarrhea [52]. It is interesting
that inhibition of protein synthesis and induction of apoptosis are the
main mechanisms of DON toxicity in intestinal cells [53]. In general,
main mycotoxin contaminants of the food including aflatoxin B1
(AFB1), fumonisins, T-2 toxin, DON, ZEA and OTA are shown to
compromise antioxidant system and stimulate lipid peroxidation
in vivo and in vitro [46,54,55]. Mycotoxins are considered to be
unavoidable contaminants of the most food and feed ingredients
and they are potent prooxidants able to affect a range of genes [56].
Therefore, even in comparatively low concentrations (lower than the
officially allowed limits) they still represent an important source of
free radical generation in the GIT [57-61].

Immune system
The immune system is considered to be an important source
of ROS in the human body [54] and intestinal immunity is not an
exception. Indeed, the intestinal tract is considered to represent the
largest immune organ of the human body responding to the challenge
of bacteria or food antigens by production of ROS [62]. Mucosal
surfaces covered by a layer of epithelial cells represent the most
critical interface between the organism and its environment since
the mucosal interstitia of the intestine is continuously exposed to
large amounts of dietary and microbial antigens. Therefore, epithelial
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cells engage in cross talk with luminal bacteria and their products
and produce mediators and signals that are key components of host
innate and acquired mucosal immunity [63]. The mucosal immune
system is a first line of defence against foreign antigens, including
microbial and dietary antigens and under normal circumstances it
employs tightly regulated dynamic mucosal intra- and internets
consisting of inductive (e.g. Peyer’s patch) and effector (e.g. intestinal
lamina propria) tissues and maintains an appropriate immunological
homeostasis between the host and mucosal environments [64].
Hence, the mucosal immune system has evolved efficient mechanisms
to distinguish potentially pathogenic from non-pathological
antigens. For example, the mucosal immune compartment must be
able to choose the appropriate effector function (e.g., tolerance vs.
clearance) necessary to deal with each encountered antigen whether
it is innocuous or pathogenic in nature [65]. However, abrogation
of these mucosal defence mechanisms may alter immunological
homeostasis in the gastrointestinal tract and induce pathological
changes including chronic active inflammation, mucosal atrophy and
tissue injuries [66]. It is important to stress that under inflammatory
conditions in the intestine the maintenance of the epithelial barrier
could be broken.
It is necessary to underline that the nutrient requirement to
maintain a highly active immune system in the digestive tract could
be quite high. In fact, a different source of injury to the intestinal
mucosa (nutritional, infectious or allergic) act via a common
mechanism of cell-mediated immune damage and nutrient repletion
is required for restoration of immune function [67]. In particular, the
immunomodulating properties of natural antioxidants [54] could
be of great advantage for the intestinal immunity. Furthermore,
intestinal epithelium can modulate the level of immune activity in
the mucosal immune system according to the environment of the
intestinal lumen [68]. Data presented above indicate that intestinal
immune system can generate free radicals in response to various
antigens including microbes and some food allergens.

Combinations of prooxidants in the gut and their
detrimental effects
Physicochemical environment of the gastrointestinal tract
depends on many factors with diet, bacterial metabolites and
body secretion being major determinants [68]. There is a delicate
balance between the environment of the lumen and epithelial cell
functionality and dietary factors are responsible for gene expression
in the intestine and its adaptation. In this regard, oxidative stress
could cause changes in this balance affecting absorption of nutrients.
Even if each of those lipid peroxidation promoters is present at a very
low concentration, their combination could be much more powerful.
For example, as mentioned above lipid hydroperoxides can produce
peroxyl radicals in presence of iron or copper ions and once chain
reaction of lipid peroxidation started many other food-derived
PUFAs can be oxidized. It was calculated that pH and temperature,
as well as presence of oxygen in stomach could be favourable for lipid
peroxidation [69].
Data provided above indicate that average pig or poultry diet
contains a range of various prooxidants. They include oxidized
polyunsaturated fatty acids, nitrites, nitrates, heavy metals,
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mycotoxins, persistent organic pollutants, etc. In many cases those
contaminants are found in the feed in low or very low concentrations,
however, their various combinations in the fee could be an important
source of free radical production in the gut.

Antioxidant Defences in the GIT
An effective antioxidant protection in the gastrointestinal tract
is needed to maintain gut health and this protection is based on food
derived antioxidants [31].

Vitamin E
Vitamin E is main biological chain-breaking antioxidant, located
in the biological membranes of various tissues. In food and feed
ingredients vitamin E can be found in the form of 4 tocopherols
and 4 tocotrienols. It is possible that the gut is a special place for
γ-tocopherol and tocotrienols to play their antioxidant role. Alphatocopherol is not stable and easily oxidized during food processing
and therefore commercial vitamin E preparations are represented by
the stable esterified form of vitamin E or as a mixture of tocopherols.
For farm animals and poultry premixes are the main source of
vitamin E and its level in feed ingredients are often not taken into
account during feed formulation [54].
The main reason for vitamin E dietary supplementation for
poultry and farm animals is to maintain their optimal health and high
productive and reproductive performances. This includes positive
effects on male and female reproduction, immunocompetence,
effective growth and development, high quality of eggs and meat
as well as decreased negative consequences of various stresses
[31,54,70-74]. Extensive research and wide commercial application
for a number of years clearly showed essentiality of vitamin E in
animal/poultry nutrition. Recently it has been shown that vitamin E
recycling in the cell is the key for its antioxidant activity. Ascorbic
acid, selenium, vitamins B1 and B2 are important elements of vitamin
E recycling. Therefore, if recycling is effective, even a low vitamin E
concentration, for example in the embryonic brain, can prevent lipid
peroxidation in vivo [54,70]. There is a range of anti-stress premixes
with increased vitamin E content but their efficacy is variable. After
90 years of extensive research in the field of vitamin E we greatly
appreciate its unique role in biological systems, in maintaining
growth, development and general health of humans and animals.
High concentrations of vitamin E were present in the mucosa of the
duodenum and jejunum, with a trend to lower levels in the ileum
and ceca, and significantly less in the colon of the chicken [75]. The
different isoforms of vitamin E were absorbed from the digesta by the
mucosa without any major selectivity. However, the liver was greatly
enriched with alpha-tocopherol over the other isoforms, indicating a
high degree of discrimination by this tissue. Clearly, vitamin E can be
considered as a main contributor to the antioxidant potential of the
digesta [31,74].
It should be also mentioned that beyond a direct antioxidant
activity, vitamin E is involved in modulation of enzyme transcription
and/or activity by interacting with genes involved in oxidative stress,
proliferation, inflammation and apoptosis [76]. In fact, such genes
include SOD, NO synthase, cyclooxygenase-2, NAPDH oxidase, NFκB, phospholipase A2, protein phosphatase 2A, 5-lipooxygenase,
activator protein-1, cytochrome P450, BCL2-like 1 and a lot of other
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genes. However, it is not clear at present if all aforementioned genes
are affected by vitamin E in the gut.

Coenzyme Q
Coenzyme Q (CoQ), 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 Q10 (CoQ10) exists both in an oxidised and a reduced
form, ubiquinone and ubiquinol, respectively [77]. 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 a cellular
adaptation [78]. 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 elevated and CoQ-dependent reductase
system is activated [79].
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 CoQ10
mitigated lipid peroxidation and increased total antioxidant status
in animal blood [80]. The protective effect of administered CoQ10
against small intestinal damage caused by ischemia reperfusion was
also shown [81]. In rat intestine, administration of CoQ10 normalised
a sharp gamma-irradiation-induced inhibition of transformation
of phosphatidylcholine from phosphatidylethanolamine [82].
Compared to paired non-inflamed mucosa, concentration of CoQ10
was significantly decreased in inflamed mucosa [83]. The decreased
antioxidant defences may severely compromise the inflamed mucosa,
rendering it more susceptible to oxidative tissue damage, hindering
recovery of the mucosa and return of epithelial cell layer integrity.
Therefore, antioxidant and other regulating functions of CoQ10 could
be extremely important in the GIT.

Carotenoids
Carotenoids comprise a family of more than 750 compounds
responsible for a variety of bright colours in nature [84]. It is well
appreciated that carotenoids are important elements of the antioxidant
system, possessing antioxidant activities and participating 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 [85,86].
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. In mixture with other antioxidants
they could be much more effective than on their own, and the GIT
could be a major place for these compounds to exert their activity.
Furthermore, carotenoids can induce the expression of genes related
to antioxidant defences. For-example, recently it has been shown that
lutein modulates the expression of a range of genes related to oxygen
transporters and decreases DNA damage and oxidative stress in mice
[87].
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Carotenoid assimilation from the diet varies significantly
depending on many various conditions; however, it seems likely that
a substantial proportion of ingested carotenoids could be found in
all segments of the digestive tract. In particular the chicken mucosa
of the duodenum and jejunum contained the highest concentrations
of carotenoids, with much lower levels in the ileum and colon [75].
Therefore, in combination with other dietary antioxidants carotenoids
could promote antioxidant defence in the gut. Furthermore
carotenoid activities related to the promotion of cell differentiation,
regulation of cell proliferation and intracellular communication via
gap junctions, as well as regulation of the detoxifying enzymes and
enhancement of immune system [54,85,86] could also be of great
importance in the gut.

Ascorbic acid (AA)
Vitamin C is referred to as L-ascorbic acid and its two-electron
reduction product dehydro-L-ascorbic acid. Most animal species
synthesize AA from glucose, but human subjects are not able to
synthesize it. Therefore, AA is an essential dietary component
playing an important role in many physiological processes and it is a
hydrophilic antioxidant functioning in an aqueous environment and
possessing high free-radical-scavenging activity. It can participate
in vitamin E recycling thus maintaining efficient antioxidant
defence [31]. Due to its high reducing potential, in combination
with iron ions AA can be a prooxidant. However, it is believed that
in physiological conditions and in the GIT ascorbic acid performs
mainly its antioxidant functions. In fact, ascorbic acid inhibits
chemical synthesis of nitrosamines (animal carcinogens) in the
gastric contents and there are suggestions that intakes of ascorbic acid
much higher than RDA may reduce the risk of such diseases as heart
disease and cancer [88]. Ascorbic acid is synthesised in farm animals
and poultry, but in stress conditions, additional dietary vitamin C
supplementation or its provision with drinking water is shown to be
helpful.

Glutathione
Glutathione (GSH) is the most abundant non-protein thiol in
mammalian cells, and is considered to be an active antioxidant in
biological systems providing cells with their reducing milieu. It is
well known that GSH can be synthesised in the human body and it is
abundantly distributed in the mucosal cells of the GIT in man and its
highest concentration is found in the duodenum [89]. Cellular GSH
plays a key role in many biological processes: the synthesis of DNA
and proteins, including cell growth and proliferation, regulation of
programmed cell death, immune regulation, the transport of amino
acids, xenobiotic metabolism, redox-sensitive signal transduction
[90,91]. Furthermore, GSH thiolic group can react directly with H2O2,
superoxide anion, hydroxyl radicals, alkoxyl radicals, hydroperoxides
[92]. Furthermore, in stress conditions GSH prevents the loss of
protein thiols and vitamin E and plays an important role as a key
modulator of cell signalling [93]. Animals and human are able to
synthesise glutathione. In addition to body synthetic activity feed also
provide GSH. In general, it is difficult to overestimate a protective
role of GSH in the gut [94-97].

Polyphenols/flavonoids
Natural polyphenols comprises a big group of compounds with
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flavonoids, low molecular weight polyphenolic substances based on
the flavan nucleus, being the most studied ones. They are widespread
in nature, occurring in all plant families. The list of flavonoids
substantially increased in the last decades accounting for over than
8000 individual compounds [98]. It seems likely that the gut is the major
place of antioxidant action of polyphenols [73]. Indeed, reduction of
oxidative damage, modulation of colonic ﬂora and variation in gene
expression are involved in the modulation of intestinal function by
polyphenols. For example, to study the molecular effects of wine
polyphenols at the gene level, the microarray technology was used:
rats were treated with 50 mg/kg wine polyphenols for 14 days,
mixed in the diet. It was shown that two major regulatory pathways
were down-regulated in the colon mucosa of polyphenols treated
rats: inﬂammatory response and steroid metabolism [99]. Since
flavonoids are consumed in concentrations usually much higher
than other antioxidant compounds, their protective effect during
digestion is of great importance. For example, it has been shown
that flavonoids not only prevented an accumulation of peroxidized
lipids but also could switch prooxidant properties of heme-proteins
to antioxidant ones [69]. Dietary polyphenols can also modulate in
vivo oxidative damage in the gastrointestinal tract of rodents [100]
supporting the hypothesis that dietary polyphenols might have both
a protective and a therapeutic potential in oxidative damage-related
pathologies. Indeed, the antioxidant-prooxidant balance (redox
status) in various parts of the intestine would ultimately depend on
the level of antioxidants and prooxidants provided with the diet and
released by cells themselves as well as on the level of absorption of
both antioxidants and prooxidants. In a model system mimicking
stomach conditions it was shown that both lipid peroxidation and
co-oxidation of vitamin E and beta-carotene were inhibited at pH 3.0
by red wine polyphenols [101].
Redox signaling in gut inflammation is complex and poorly
understood. However, it is generally accepted that homeostatic control
of the intestinal epithelial redox environment is central for nutrient
digestion and absorption, stem cell proliferation, apical enterocyte
apoptosis, and immune response [102]. Indeed, polyphenols may play
a role on intestinal mucosa integrity, inflammation and permeability
[103]. For example, wine phenolics were able to prevent or delay the
progression of intestinal diseases characterized by oxidative stress and
inflammation, acting as both free radical scavengers and modulators
of specific inflammation-related genes involved in cellular redox
signaling [104]. They exert their effects by modulating cell signaling
pathways, mainly activated in response to oxidative and inflammatory
stimuli, and Nrf2 and NF-κB are the principal downstream effectors
[105]. It is possible to suggest that there is a biological reason for some
antioxidants not to be absorbed completely and in that way providing
antioxidant protection in lower parts of the intestine. Comparatively
low bioavailability and antioxidant potential of various flavonoids
could be beneficial for the human/animals providing antioxidant
protection in various parts of the digestive tract, including the large
intestine where levels of other antioxidants would be quite low.

Synthetic antioxidants
Antioxidants in feed may be of endogenous origin or may be added
externally to preserve their lipid components from peroxidation.
Synthetic antioxidants such as ethoxyquin and its blends with other
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antioxidants such as propyl gallate [106-109] are used to stabilise fat
in poultry and pig diets and they play an important role in antioxidant
defences of the gut.

Specific place for Se-dependent enzymes in antioxidant
defence of the GIT
Food derived antioxidant enzymes would be inactivated during
thermal food processing. However, the GIT contains internallyoriginated antioxidant enzymes SOD, GSH-Px and CAT and they
represent an important mechanism of the enterocyte defence from
oxidative damage. A specific gastrointestinal GSH-Px (GI-GSH-Px)
has been described in 1993 [110]. 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 [111]. GI-GSH-Px could
be considered to be a barrier against hydroperoxide resorption
[112,113]. Furthermore, in the gastrointestinal tract there are at least
three more selenoproteins including plasma GSH-Px, selenoprotein
P and thioredoxin reductase [114].
Glutathione and glutathione–dependent enzymes contribute
significantly towards intestinal antioxidant defences. In fact, an
important peroxide detoxification pathway in the intestine is based
on the GSH redox system [115]. In this system GSH-Px reduces
peroxides at the expense of GSH oxidation. Oxidised glutathione is
reduced back to the active form by glutathione reductase utilizing
reducing potential of NADPH which is produced in the pentose
phosphate pathway.

Role of vitagenes in the gut defence
To adapt to environmental changes and survive different types
of injuries, eukaryotic cells have evolved networks of different
responses which detect and control diverse forms of stress. Recently,
a vitagene concept has been developed. In fact, the term “vitagene”
was introduced in 1998 by Rattan [116] who considered them as
a range of genes to be involved in regulation of various protective
mechanisms in stress conditions. Later a vitagene concept has been
further developed by Calabrese and colleagues [117-122] with major
emphasis to prosurvival mechanisms controlled by vitagene network.
Furthermore, possible roles of vitagenes in protection of chickens
against various stresses has been reviewed recently [123-126]. In
accordance with Calabrese et al. the vitagene family includes genes
that are strictly involved in preserving cellular homeostasis during
stress conditions [118,119]. In fact, the vitagene family includes heat
shock proteins (Hsps), such as haeme oxygenase-1 (Hsp32, HO-1),
Hsp60 and Hsp70, the thioredoxins (Trx)/thioredoxins reductase
(TR) system and sirtuins. It seems reasonable to extend the list of
potential candidates to vitagene family. In particular, SOD, a major
inducible enzyme of the first level of antioxidant defence, can meet
selecting criteria to be included into the vitagene family. The products
of the mentioned genes are responsible for detection and control of
diverse forms of stress and cell injuries. The cooperative mechanisms
of the vitagene network are reviewed in recently published
comprehensive reviews [119,121,122,127] with a major conclusion
indicating an essential regulatory role of vitagene network in cell and
whole organism adaptation to various stresses.
Recently, new mechanisms of such adaptive defences of
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the gastrointestinal mucosa at the intracellular level have been
characterised. One of these responses, known as the heat shock
response is considered to be a universal fundamental mechanism
necessary for cell survival under a variety of unfavourable conditions
[128]. As mentioned above, intestinal cells are challenged with a great
variety of potentially toxic compounds and their protection is a vital
part of the strategy to maintain human health. In mammalian cells,
the induction of the heat shock response requires the activation and
translocation to the nucleus of one or more heat shock transcription
factors, which control the expression of a specific set of genes
encoding cytoprotective heat shock proteins [128]. Indeed, Hsps
have a broad range of functions related to their major role in cellular
homeostasis and protect cells against apoptosis and cell death. The
physiological expression of cytoprotective Hsp27 in the gut was
investigated in eighteen 7-wk-old pigs [129]. Indeed, Hsp27 was
expressed in all the samples from ileum and colon and the expression
was most intensive in the apical intestinal epitheliums in close contact
with luminal contents and lighter in crypt cells. Furthermore, the
ileal Peyer’s patches showed a strong expression of Hsp27, which was
highly correlated with Hsp27 expression in the ileal epithelial cells.
The expression of Hsp27, heat shock cognate 70 (HSC 70), Hsp70 and
Hsp90 along the GIT of young pigs and the effect of weaning on this
expression were studied [130]. Pigs were weaned at 28 or 21 d and
slaughtered at various times post-weaning. All Hsps were expressed
in the GIT segments studied before and after weaning. However,
there was a site specificity in Hsp expression in the gut. For example,
the expression of Hsp27 and Hsp70 was increased in the stomach and
duodenum between 6 and 12 h post-weaning and between 24 and
48 h in the mid-jejunum, ileum and colon. At the same time, their
expressions were transiently decreased in the ileum. Expression of
Hsp90 increased in the stomach and jejunum but decreased in the
duodenum, ileum and colon. Similar results were obtained at both
ages of weaning. Indeed, in normal porcine GI tract Hsp expression is
gut region- and cell type-specific in response to dietary components,
microbes, and microbial metabolites to which the mucosa surface is
exposed [131].
Therefore, Hsps function as molecular chaperones in regulating
cellular homeostasis and promoting survival. However, if the stress
is too high, a signal that leads to programmed cell death, apoptosis,
is activated, thereby providing a finely tuned balance between
survival and death [132]. In addition to extracellular stimuli, several
stressful conditions induce Hsps during normal cellular growth
and development. In particular, the Hsp family is activated under
oxidative stress and provides an important protection against
protein denaturation and modifications by capping and refolding,
or drives damaged proteins into appropriate proteolytic pathways
[133]. In fact, Hsps have been assigned to multiple subcellular
sites and implicated in multiple functions ranging from stress
response, intracellular trafficking, antigen processing, control of cell
proliferation, differentiation, and tumorigenesis [134]. Therefore,
in response to environmental or physiological stresses cells increase
synthesis of Hsp [135]. It has been suggested that the conserved heat
shock protein Hsp33 functions as a potent molecular chaperone with
a highly sophisticated regulation. In fact, at the transcriptional level,
the Hsp33 gene is under heat shock control; at the posttranslational
level, the Hsp33 protein is under oxidative stress control [136].
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Therefore redox-regulated chaperone activity of Hsp33 specifically
protects proteins and cells from the detrimental effects of reactive
oxygen species.
ROS-mediated damage has been implicated in the pathophysiology
of the gastrointestinal mucosa and Hsps are suggested to play an
important role in cytoprotection against oxidative stress-induced
injury [137]. For example, the mammalian intestinal epithelial cells
respond to heat stress by producing heat shock proteins that provide
protection in stress conditions, which would otherwise lead to cell
damage or death. The protective effects of Hsps are seen in heat
stress, infection, and inflammation [138]. Similarly, glucocorticoid
protection of rat intestinal cells against oxidant-induced stress was
mediated by Hsp72 [139].
The molecular mechanisms of heat shock response-induced
cytoprotection are beyond this review. However, they involve
inhibition of proinflammatory cytokine production and induction
of cellular proliferation for restitution of the damaged epithelium
[138]. It is interesting to note that Hsp72, the stress-inducible form of
Hsp70, was detected in samples from rat distal colon, proximal colon,
and terminal ileum, but was not found in proximal small bowel or
other organs (liver, kidney, spleen, heart, and brain) of unstressed
animals [140]. Hsps play an important role in gastric mucosal
defence under conditions of stress. For example, exposure of rats
to restraint and water-immersion stress caused rapid Hsp70 mRNA
expression and Hsp70 accumulation in gastric mucosa and the extent
of Hsp70 induction inversely correlated to the severity of mucosal
damage [141]. Therefore, Hsp70 is involved in repair of partially
damaged proteins and substantially contributes to protection of the
gastrointestinal mucosa against various necrotising factors [135].
It is known that HO-1, known as Hsp32, can be induced by
various stresses. Indeed, HO-1 induction and the maintenance
of its appropriate activity is critical in protecting the intestinal
epithelial cells from oxidative injury [142]. It is interesting that in the
aforementioned experiment HO-1 was markedly induced following
LPS treatment in the mucosal epithelial cells in the upper intestine
(duodenum and jejunum) but not in the lower intestine (ileum and
colon). It seems likely, that there is a delicate interaction between
Hsps and other antioxidant defence mechanisms to maintain mucosal
integrity and repair of acute mucosal damage.
Thioredoxin and TR are considered to be also important members
of vitagene family. Their role in the gut is not clear at present, but,
clearly they participate in maintenance of the redox balance in the gut.
The presence of a full complement of Trx/TR proteins in stomach,
duodenum, jejunum, ileum and colon suggests their function in
antioxidant defense and redox regulation in the intestinal tract [143].
It is important to note that Trx expression is particularly high in the
small intestinal mucosa and colon [144], while TR expression in small
intestine is substantially higher than in colon. All three thioredoxin
reductases are expressed in the intestine at least at the mRNA level,
which is relatively unaffected by marginal selenium deficiency and in
the case of TR2 and TR3 rather increased when selenium becomes
limited [145]. Furthermore, the selenoproteins GPx2, TR2 and TR3
in the gut are regulated by the Wnt pathway [146]. It has been also
shown that unstimulated lamina propria T lymphocytes exhibited
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high expression of Trx which involved in the regulation of intracellular
redox homeostasis in these cells [147]. The authors suggested that Trx
may play a key role in the specialized intestinal microenvironment in
amplifying immediate immune responses. In fact, membrane-bound
Trx converts human β-defensin 1 to a potent antimicrobial peptide
in vivo [148]. Takaishi et al. identified rat Trx as a growth-promoting
factor for intestinal epithelial cells [149]. Higashikubo et al. showed
that cellular oxidative shock caused an increase in the activity of
thioredoxin, which is involved in the defense mechanism against
oxidative stress [150]. In particular, H2O2 was cytotoxic to the small
intestine epithelial cell line, IEC-6 and the glutathione S-transferase
and thioredoxin reductase activities and SH content decreased dosedependently with H2O2, while thioredoxin activity increased at low
H2O2 concentrations.

Critical periods of the gut development: chick placement
Chick viability is an important factor in determining proﬁtability
and, from fertilisation to placement at the broiler farm, factors such
as egg quality, egg storage conditions, incubation conditions and
post-hatch environment will all affect chick quality [151]. It is well
appreciated that time between chick hatch and placement is stressful
due to dehydration and yolk sac reserve depletion. Indeed, if we put
together hatching time inside the hatcher, time of chick processing
and transportation, and finally, placement at the farm, it could take
up to 36-48 h before a newly hatched chick has access to feed and
water and during this time body weight decreases quickly [152]. It
has been shown that in the hatching chick, the small intestine matures
in a manner similar to neonatal mammals, with specific ontogenetic
timetables in the different small intestinal segments; however, the
most dramatic changes occur within the first 24 h post-hatch [153].
There is an inverse relationship between duration of post-hatching
holding time and subsequent chick performance [154,155]. Therefore,
immediate access to feed and water can increase body weight of the
growing chick at 3 weeks of age [156] or at market age of broilers
[157]. It should be mentioned that there is the hatch window (24-36
hours) or the spread between late and early hatchers which depends
on the homogeneity/heterogeneity of the incubating eggs including
egg size and breeder age. A spread in the hatching period will increase
the numbers of chicks sitting extra hours in stressful conditions of
the hatcher without food or water. In fact, hatching process places a
stress upon the emerging chick and natural antioxidants (vitamin E
and carotenoids) have evolved to reach the maximum concentration
in the liver to protect the unsaturated lipid in the tissues and so
limit lipid peroxidation [158,159]. Furthermore, any delay in
accessing food [160,161] and/or water intake after hatching as well
as hatchery treatments such as vaccination, sexing and transport
to the farm can result in additional stress [162]. Indeed, extended
time in the hatcher (36 h) was associated with decreasing vitamin E
and coenzyme Q concentrations in chicken tissues [163]. Given the
relatively high temperature and humidity in the hatcher, it is easy to
make the argument that the chick may be under chronic oxidative
stress during this holding time. Therefore, antioxidant protection at
hatching time is considered to be an important determinant of chick
viability during ﬁrst post-hatch days [54,164-166]. During chick
embryo development there is an antioxidant/prooxidant balance in
the tissues which supports normal embryonic development and postJ Veter Sci Med 3(1): 16 (2015)

hatch chick viability. It has been suggested that an accumulation of
the natural antioxidants like vitamins A, E and carotenoids as well as
an increase in GSH-Px activity in the embryonic liver may have an
adaptive signiﬁcance, evolving to protect unsaturated lipids against
peroxidation during the stress imposed by hatching [54].
The antioxidant system of the chicken embryo and newly hatched
chick has been studied extensively [54]. It was shown that it includes
fat-soluble antioxidants (vitamin E and carotenoids) originating
from the maternal diet [159], as well as water-soluble antioxidants
(ascorbic acid, glutathione, and uric acid) and antioxidant enzymes
(superoxide dismutase, glutathione peroxidase and catalase)
which are synthesised during embryonic development [167,168].
Previously, a dramatic decrease in vitamin E concentrations in the
chicken liver for the ﬁrst 10 days of post-hatch development has been
shown for chickens, turkey, duck and goose [165]. An increase in
dietary vitamin E supplementation slowed down this process but did
not change the trend [54,166]. Therefore, one of the most impressive
features of vitamin E metabolism in avian embryonic tissues is an
abrupt decrease in the concentration of this vitamin over the first two
weeks of postnatal development. As indicated previously, the liver
accumulates vitamin E during embryonic development to supply
chickens with this vitamin in the first days of life after hatch [159].
This reserve of vitamin E is used by chickens during the first 2 weeks
post-hatch. During this period vitamin E concentration in the liver
decreased by 10 times in chickens, goslings and ducklings [54] and
more than 50 times in turkeys [169]. Marusich et al. suggested that
the low levels of vitamin E in the liver of turkey poults resulted from
the inefficient intestinal absorption of vitamin E [170], which can
be explained as a result of low pancreatic lipase activity [171] and
restricted bile production [172] as well as of greater (compared to
chicken) production and excretion of tocopheryl glucuronides [173].
In general, the capacity for fat and probably fat-soluble vitamin E
absorption is incompletely developed in the newly-hatched chick,
but it matures rapidly in the first week of life [172,174]. On the other
hand, during this period of development, tissues with incompletely
developed antioxidant regulation require an effective protection
against lipid peroxidation, which is afforded mainly by vitamin E.
These data also confirmed the biological importance of a very high
vitamin E concentration in the embryonic liver at hatching time.
Postnatal nutritional exposures are considered to be critical for
the developmental maturation of many organ systems and optimal
physiological functions. There is a growing body of evidence
indicating that environmental exposures including nutritional
exposures during these critical and sensitive periods of life can cause
permanent changes in many physiological processes, which is known
as “programing” [175]. In this regard, research data are accumulating
to support the hypothesis that the vitamin E status of turkey poults
and probably chickens may be inadequate during the first 3 weeks
after hatching [176]. A variety of approaches aimed at improving
the vitamin E status of turkey poults have, in fact, been investigated;
these have included dietary supplementation of the poults with high
levels of α-tocopherol [54,177], bile salts [169] and fat [178], as well as
vitamin E injection [179] and alterations in provision of n-6 and n-3
polyunsaturated fatty acids [177]. When d-α-tocopherol was added in
the drinking water, there was a temporary increase of α-tocopherol in
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tissues and a decreased susceptibility of red blood cells to hemolysis
[180]. Moreover, day-old chickens were treated with 3.25 mg vitamin
E/bird/day per os, via the drinking water, for two weeks. The vitamin
E content of both the liver and the blood plasma was significantly
higher in the treated chickens than in the untreated controls [181].
It seems likely, that provision of vitamin E and other fat-soluble
vitamins (A and D3) with water at time of chicken placement can
solve the problem of their low availability for newly hatched chicks.
Such a supplementation helps chickens overcome stress of placement
and has positive effect on chicken growth and development. The new
concept of fighting stresses was based on an idea that supplying birds
with various antioxidants via the drinking water could help them deal
with stress conditions more effectively. Indeed, it was proven that
inclusion of vitagene-regulating compounds (vitamin E, Vitamin
A, in combination with carnitine, betaine and other compounds) in
water could be effective in fighting various stresses [123-125,182]. This
helps at chick placement, when the antioxidant system is crucial for
the digestive and immune system development [182]. In particular, it
was proven that inclusion of an anti-stress composition (PerforMax)
at time of chicken placement into the drinking water at the University
trial improved chicken growth and feed conversion ratio (FCR)
[183,184]. Using the same anti-stress composition in commercial
conditions improved FCR during a 39-day broiler growth trial. At
the end of the 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 [126,185]. In addition,
it was shown that the anti-stress composition had an immunemodulating effect in broilers [183], growing ducklings [186] and
could be successfully used to prevent immunosuppression [187,188].
Improvement of the antioxidant system via supplying the antioxidant
composition via the drinking water could help deal with various
mycotoxins in feed, including DON [189,190], OTA [191,192], and
T-2 toxin [193,194]. Furthermore, such a technology could also help
fighting heat stress [195,196].
Our previous investigations indicate that low quality neonatal
nutrition resulted in long-term impairment in the capacity to
assimilate dietary antioxidants. In fact, birds that had experienced the
relatively low-quality diets during their early growth had half the levels
of lipophilic antioxidants (vitamins A, E and carotenoids) as adults
than birds reared on the standard-quality diet [197]. This difference
developed despite the birds having been on the same diet continuously
since 15 days of age, in fact for 85% of their lives. These results suggest
that the quality of the rearing diet permanently affected the capacity of
birds to assimilate lipophilic antioxidants from the diet. Effect of early
nutrition in mammals is well recognised. In particular, retrospective
studies investigating the effect of famine or season during pregnancy
indicate that variation in early environmental exposure in utero leads
to differences in DNA methylation of offspring [198]. This potentially
may affect gene expression in the offspring via epigenetic mechanisms
[175]. Our recent results demonstrated substantial effects of diet on
the development of behavioural traits, and that these effects differ
both between the sexes and over different developmental periods
[199].
It seems likely that early programming associated with epigenetic
mechanisms plays a key role in chicken growth and development
and at time of chicken placement additional supplementation of
J Veter Sci Med 3(1): 16 (2015)

fat-soluble vitamins, which are poorly assimilated from the diet,
with water could be considered as an important solution for poultry
industry.

Critical periods of the gut development: pig weaning
Piglets face physiological, environmental, and social stressful
challenges when weaned from the sow. Indeed, the process of weaning
is one of the most stressful events in the pig’s life that can contribute
to intestinal and immune system dysfunctions resulting in reduced
pig health, growth, and feed intake, particularly during the first week
after weaning [200]. Indeed, the piglet digestive system faces a range
of challenges associated with abrupt change from highly digestible
and palatable liquid milk from its mother to a solid dry diet that is
less digestible and palatable. This leads to reduced feed intake after
weaning and the piglet becomes malnourished with reduced transient
growth rate [200]. The weaning process is associated with marked
structural and functional changes in the small intestine, including
villous shedding, shortening and atrophy and crypt hyperplasia, which
cause decreased digestive and absorptive capacity and contribute to
post-weaning diarrhoea and poor performance [201].
Indeed, post-weaning anorexia and under-nutrition are major
problems in post-weaning piglets. It seems likely that weaning
is associated with changes in gene expression in the piglet gut.
Recently, in an experiment conducted in China, changes in the
genomic expression in the intestines of weaned pigs were studied
by microarray analysis [202]. Four hundred forty-five genes showed
altered expression after weaning treatment (286 upregulated and
159 downregulated). Most of the altered genes were responsible for
regulation of various cellular processes associated with development
and metabolism. The obtained results indicate that weaning induced
cell cycle arrest, enhanced apoptosis, and inhibited epithelial cell
proliferation, which might be important elements of molecular
mechanisms of weaning stress. Wang et al. also showed decreased cell
proliferation- and differentiation-related gene expression, in weaned
pigs, and dietary additives such as plasma protein and arginine
could enhance the crypt cell proliferation in weaned piglets [203205]. A complexity of interactions between dietary components, the
microbiota (or its metabolites), the enterocyte and the local immune
system in piglets has been demonstrated [206,207]. There is a range
of publications devoted to the development of management and
feeding strategies to stimulate gut development and health in young
piglets. The ultimate aim of these strategies is to prevent detrimental
changes in the gut and improve productivity of pigs around the time
of weaning [208].
Similar to other species, including birds, antioxidant-prooxidant
balance in the pig gut could be an important determinant of its
functional ability in stress conditions of birth [209] and weaning
[31]. It fact, piglet birth imposes a great oxidative stress and there
are adaptive changes in the gut to overcome excessive free radical
production. In particular, nuclear Nrf2 level gradually increased under
birth oxidative stress in the ileum in early postnatal development.
Indeed, with activation of Nrf2 signaling, expression of antioxidant
genes, and the release of antioxidant enzymes, excessive ROS has
been scavenged and birth oxidative balance gradually recovered
[209]. Furthermore, it has been shown that weaning stress is also
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associated with oxidative stress in vivo, resulting in villus atrophy
and reductions in the activities of digestive enzymes of weaned piglets
[210].
In fact, weaning resulted in reductions in the villus height
and width, and in the activity of digestive enzymes. Furthermore,
activity of SOD decreased and the concentrations of MDA, NO,
and H2O2 increased after weaning. It is interesting to note that the
genes related to the antioxidant enzymes and digestive enzymes
were down-regulated after weaning [210]. Similarly, the weaning
stress caused a significant decrease in total antioxidant capacity in
the piglet ileum, colon and cecum, GSH-Px activity in ileum and
colon and increased lipid peroxidation in colon and cecum as well
as increased H2O2 concentration in ileum, colon and cecum [211].
The same authors showed significant decreases in jejunum and colon
antioxidant capacities, Lactobacillus and Bifidobacterium counts,
and significant increases in levels of jejunum MDA, colon hydroxyl
radicals, jejunum and colon H2O2, and Escherichia coli counts in
weaned piglets [212]. The observed imbalance of the intestinal redox
status and microbiota was significantly restored by the antioxidant
blend, containing vitamins E, C and other antioxidant compounds.
In newly weaned piglets, Zhu et al. observed the upregulation
of p53, which regulates reactive oxygen species generation, and
down-regulation of PPARγ coactivator-1α (PGC-1α), which plays
an important protective role against oxidative stress by regulating
the expression of mitochondrial antioxidants [210]. Furthermore,
early weaning suppressed expression of p65 (at 3, 5, and 7 days
post-weaning) and Nrf2 (at 5 and 7 d) in the piglet jejunum [213].
In general, aforementioned results clearly indicated that intestinal
dysfunction after weaning is associated with an inhibition of the
antioxidant system. The same authors [210] showed that antioxidant
blend, containing vitamin E and C and other antioxidants, was able
to decrease free radical-induced damage and suppress oxidative
stress by modulating the expressions of tumor protein 53 and PGC1α genes. Taking into account those data it is possible to conclude
that nutritional antioxidants (vitamins E, C, selenium, carnitine, etc.)
could be key elements in overcoming detrimental changes in the gut
of the newly weaned piglets. For example, Gessner observed a lower
transactivation of NF-κB and a lower expression of various target
genes of this transcription factor in the duodenal mucosa of pigs fed
antioxidant-rich grape seed extract [214]. Positive effects of similar
antioxidant-rich grape extract on pro-inflammatory gene expression
in the intestine, nutrient digestibility and faecal microbiota of weaned
pigs has been recently confirmed [215]. Furthermore, early weaninginduced growth retardation appears to be attenuated through changes
in plasma amino acid profiles and elevation of growth performance
and intestinal antioxidant capacity in piglets following increased
consumption of methionine as DL-2-hydroxy-4-methylthiobutyrate
[216]. Another dietary antioxidant, N-Acetyl cysteine was also
beneficial for preserving morphological integrity in weaned piglets
via the regulation of cell apoptosis [217]. In contrast, feeding weaning
pigs diets containing 10% thermally oxidized lipids appeared to
impair their oxidative status [218]. Indeed, antioxidant-prooxidant
redox balance in the piglet gut is an important determinant of the
gut health.
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The role of vitagenes in maintaining redox balance in the piglet
gut has been described recently [219]. Furthermore, positive effects
of an antioxidant composition, developed on the vita-gene concept
and containing vitamins, minerals, amino acids, carnitine, betaine,
etc. (PerforMax) supplied to weaning piglets with drinking water was
described [220]. Taking into account our preliminary observations
we hypothesised that antioxidant-rich composition (PerforMax)
provided with drinking water could activate the vita-gene network
resulting in increased antioxidant defences of the gut due to activation
of Nrf2. At the same time it could decrease activity of NF-κB in the
gut leading to reduced inflammation. Indeed, at time of weaning,
when feed consumption is low a supplementation of the antioxidant
compounds via drinking water could be an important approach to
deal with aforementioned detrimental changes in the weaning piglet
gut. Clearly, more research in this exciting area is needed.

Conclusions: Looking Ahead
The data presented above clearly indicated that weaning stress
is the main reason for the loss of intestinal barrier function and
gut inflammation/dysfunction in early-weaned pigs associated with
promotion of free radical generation, decreased antioxidant defences
and reduction in digestive enzyme activities [201,208-210]. Similar
problems with antioxidant defences of the gut of the newly-hatched
chickens could be observed [31,54,74]. In this regard, usage of
antioxidant blends is shown to have beneficial effects in decreasing
such detrimental changes in the gut. However, it is necessary to take
into account that antioxidant systems of the gut is quite complex and
regulated at the levels of vitagenes operating in close relationship
with a range of transcription factors, including Nrf2 and NF-κB.
Therefore, the strategy of improving antioxidant defences of the gut
of the newly weaned piglets or newly-hatched chicks should include
several points:

t Regulation of mitochondria function to decrease free radical
production (carnitine, betaine, vitamin E, etc.)

t Activation of vita-gene network, responsible for synthesis of a
range protective compounds, including Hsps, elements of the
thioredoxin system, sirtuins, etc. (carnitine, betaine, vitamins
A and E, etc.)

t Activation of Nrf2, responsible for synthesis of antioxidant
and detoxification enzymes

t Suppression of NF-κB, responsible for synthesis of proinflammatory cytokines

t Provision of vitamin E and elements of its biological recycling
in the cell (vitamin C, selenium, vitamin B2, etc.), since
vitamin E is major membrane antioxidant, which cannot be
replaced by other antioxidants

t Provision of minerals necessary for additional synthesis of
SOD and GSH-Px (Zn, Mn, Se)
There is a great body of evidence indicating that during pig
weaning and in the first days of the chicken postnatal development
many aforementioned elements are compromised (see sections
above). In addition, the plasma levels of betaine, creatine, L-arginine
and acetyl-carnitine were lower on day 4 post-weaning than on day
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0 [221] and antioxidant action of carnitine and betaine received
a substantial attention for the last decade [222-228]. Indeed, a
design and effective usage of the complex antioxidant composition
to overcome oxidative stress related to weaning in piglets or chick
placement is an important task for nutritionists.
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