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Redox biology is a very quickly developing area of modern biological sciences, and roles of redox homeostasis in health
and disease have recently received tremendous attention. There are a range of redox pairs in the cells/tissues
responsible for redox homeostasis maintenance/regulation. In general, all redox elements are interconnected and
regulated by various means, including antioxidant and vitagene networks. The redox status is responsible for
maintenance of cell signaling and cell stress adaptation. Physiological roles of redox homeostasis maintenance in avian
species, including poultry, have received limited attention and are poorly characterized. However, for the last 5 years, this
topic attracted much attention, and a range of publications covered some related aspects. In fact, transcription factor Nrf2
was shown to be a master regulator of antioxidant defenses via activation of various vitagenes and other protective
molecules to maintain redox homeostasis in cells/tissues. It was shown that Nrf2 is closely related to another transcription
factor, namely, NF-kB, responsible for control of inflammation; however, its roles in poultry have not yet been
characterized. Therefore, the aim of this study is to describe a current view on NF-kB functioning in poultry with a specific
emphasis to its nutritional modulation under various stress conditions.
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| 1. Introduction

Redox biology is a very quickly developing area of modern biological sciences, and roles of redox homeostasis in health
and disease have recently received tremendous attention HRBI4IBEIE There are a range of redox pairs in cells/tissues
responsible for redox homeostasis maintenance/regulation. They include, but are not limited to, NAD*/NADH,
NADP*/NADPH, GSSH/GSH (glutathione system), Trx®/Trx"¢ (thioredoxin system), protein thiols®*/protein thiols™d. It is
believed that redox signaling is tightly integrated with various homeostatic mechanisms [ and all redox elements are
interconnected and regulated by various means, including antioxidant and vitagene networks . The redox status is
responsible for maintenance of cell signaling and cell stress adaptation. There are a range of redox sensors which
determine redox imbalance and activate various pathways for its re-establishment. Among them are proteins Keapl, an
inhibitor of Nrf2, and IkB, an inhibitor of NF-kB, which have received a lot of recent attention. Indeed, oxidation of SH
groups in Cys of Keapl or phosphorylation of IkB are important triggers for nuclear translocation and activation of Nrf2
and NF-kB—important players in the redox homeostasis regulation €. In particular, a recent model suggests regulation of
all collaborating metabolic organs in the body through changes in circulating redox metabolites [2,

The physiological roles of redox homeostasis maintenance in avian species, including poultry, are poorly characterized.
However, for the last 5 years, this topic attracted a lot of attention, and a range of publications covered some related
aspects. Indeed, the redox system imbalance is shown to be associated with protein oxidation and impaired quality of
poultry meat B9, |n broilers, subjected to dietary and heat stress, magnesium supplementation was indicated to improve
redox status and meat quality 29, The influence of selenium and selenoproteins in maintaining redox balance and
immune responses of poultry and pigs was presented 11, and the effect of oxidative stress and redox disbalance on
inflammation, including a detailed immune system investigation, was discussed 123l Oxidative stress-related
disturbances of the redox balance in the poultry gut have also been described LSIR4ISIL6] The |ong-term effects of
Ochratoxin A on the glutathione redox system in chickens have been investigated 22, and the protective effects of milk
thistle on redox-homeostasis imbalance of duck liver imposed by mycotoxins 8 were shown. Furthermore, the
detrimental effects of heavy metals (e.g., As) on redox imbalance in chickens have been reported 2. Nutritional
modulation of the antioxidant capacities and redox homeostasis in poultry by selenium 1329 vitamin E [, and
carotenoids 22, including astaxanthin 23, has been described. Recently, the vitagene concept of stress adaptation was
developed, and questions related to redox balance maintenance in poultry under various stress conditions were
addressed [, In fact, the vitagene family includes superoxide dismutase (SOD), heat shock protein 70 (HSP70), heme



oxygenase 1(HO-1), elements of thioredoxin and glutathione systems, and sirtuins [241123[26] |ndeed, induction/activation
of the aforementioned genes leading to synthesis/expression of protective molecules helps animals/poultry adapt to stress
by using their internal resources to the maximum extent.

| 2. NF-kB and Oxidative Stress

Free-radical production is considered to be an important process in biological systems responsible for the antibacterial
action of oxidative burst in phagocytes, cell signaling, and stress adaptation Z. However, an excess of reactive oxygen
and nitrogen species (RONS) due to high level of stress or a compromised antioxidant system leads to damages to major
biological molecules (proteins, polyunsaturated fatty acids (PUFAs), DNA, etc.) associated with immunosuppression, gut
health problems, and decreased productive and reproductive performance of poultry 2. Therefore, a variety of protective
mechanisms have been developed during evolution to deal with RONS excess, and many transcription factors are
involved in this process via regulating vitagenes and a myriad of antioxidant enzymes in stress conditions .

There are a range of transcription factors acting cooperatively with NF-kB. For-example, NF-kB and STAT3 are shown to
regulate common pathways and share regulatory binding sites of various protective genes, while HIF and NF-kB are
reported to share common activating stimuli, regulators, and targets 28, Indeed, the redox balance is believed to be
orchestrated by a range of transcription factors, including Nrf2, NF-kB, activator protein 1 (AP-1), FoxO, peroxisome
proliferator-activated receptors (PPARS), peroxisome proliferator-activated receptor-gamma coactivator 1a (PGC-1a), p53,
and mitogen-activated protein kinase (MAPK; Figure 3 2% |t seems likely that transcription factors and vitagenes are
involved in the regulation of redox status by effectively modulating the expression and activity of ROS-generating
enzymes and antioxidant enzymes 211,

S0DI1, SOD2, CAT,

GIx, HO-1, Trx,
TrxR., Grx, Prxs

Nri2
SODL, SOD2, GPxl, | N B
) H S0D2, SOD3, CAT,
HO-LGST.GCL, | | NF-xB | FOXO
UCP2, UCP3, Prx5 | | J GPx, Pra3
e e
e e, - : 7
SOD2, SOD3, CAT, SOD1,SOD2. SOD3,
GPx, Prx3, GST ps3 PGC-la | CAT.GPx1,HO-1,
NQOIL, PIG1-13 Trx, TexR, Pras
e N E———

\ r\/
Fr— i HO-1, S0D2,
e £ ] M

Figure 3. Transcription factors and their clients involved in redox homeostasis regulation (adapted from [LISQ[21I[32])

NF-kB has long been considered to be a prototypical proinflammatory signaling pathway stimulating the immune system
in response to various stimuli, including physical, physiological, and/or oxidative stress. For example, NF-kB is a key
target in receptor-independent hypothalamic microinflammation B2l associated with intracellular organelle stress, including
RNA stress response 24l endoplasmic reticulum (ER) stress 2l and defective autophagy 2€. NF-kB is involved in the
regulation of many important physiological processes; however, its overactivation has been shown to be associated with
increased risk of disease, while NF-kB suppression is associated with risk reduction B2, Taking the former into account,
understanding the role of NF-kB signaling in stress adaptation awaits further investigation. For example, HO-1 can
improve cell protection from apoptosis by stimulating free heme catabolism. Interestingly, the HO-1 promoter region
contains an NF-kB responsive element and, therefore, HO-1 expression is regulated by NF-kB, as well as by other
transcription factors B8, A central role for NF-kB in regulating mitochondrial respiration has been suggested B2, In fact, by
controlling the balance between glycolysis and respiration for energy provision, NF-kB is involved in energy homeostasis
and metabolic adaptation ¥%. The authors suggested to consider NF-kB as an important checkpoint connecting cell
activation and proliferation with energy sensing and metabolic homeostasis. Since mitochondria are the main ROS source
in the cell, it could be that NF-kB signaling is involved in the regulation of ROS formation, detoxification, and the
maintenance of redox homeostasis.



| 3. NF-kB in Poultry Production

The regulatory roles of NF-kB in poultry are still poorly understood, but accumulating information clearly indicates that,
similar to mammals, NF-kB is a main regulator of many important processes, including inflammation in avian species. In
1993, complementary DNA (cDNA) clones encoding the chicken NF-kB p65 subunit were isolated, and, according to the
information provided by the authors, chicken NF-kB can be briefly characterized as follows [411:

« Chicken p65 was shown to be approximately 55% identical to the mouse and human p65 proteins. Similar to its
mammalian counterpart, chicken p65 contains the Rel homology domain (RHD) in its N-terminal consisting of 286
amino acids and the putative transactivation domain in its C-terminal region;

« It was proven that the RHD was highly conserved between the chicken and mammalian p65 proteins;
* The highest expression of a 2.6 kb transcript of p65 was detected in the spleen. It was also detected in other organs;
« Afusion protein containing the RHD of chicken p65 was reported to bind to a consensus kappa B-site;

* p65 was shown to form one or more complexes with various cellular proteins, including p50, p105, and c-Rel in chicken
spleen cells 11,

Furthermore, the cDNA clones encoding chicken p50B/p97 were isolated 2. The amino-acid sequence of the precursor
protein p97 was found to be characterized by a conserved structure. In particular, it was shown to have 86% identity in the
RHD and lower (56%) identity in the ankyrin repeat domain (ARD) to human p50B/p97. Similar to previous findings,
expression of this gene was also found to be highest in the chicken spleen 22, |n 1995 from a chicken genomic library, a
clone containing the avian | kappa B-alpha gene was isolated 3. Main characteristics of | kappa B-alpha can be
summarized as follows: recognizable promoter elements (i.e., TATA and CAAT boxes) were not found in avian | kappa B-
a. There were seven putative Rel/NF-kappa B binding sites in avian | kappa B-a. When transfected into cells which
produce | kappa B-a, a CAT reporter construct containing the 5' upstream region of | kappa B-a was expressed. The
regulatory elements promoting | kappa B-a expression were identified within 1000 nt of the transcription start site. | kappa
B-alpha was shown to be found as a single-copy gene per haploid genome. This gene was expressed in avian
hematopoietic tissues and in lymphoid cells transformed by avian reticuloendotheliosis virus 43, It was suggested that,
similar to mammals, in chicken, p65 and c-Rel comprise components of the protein complexes that are able to bind to the
kappa B-like sequence. This binding could lead to the progressively activated expression of the chicken lysozyme gene
observed during the terminal differentiation of macrophages 441,

In 2001, Piffat et al. constructed and characterized a composite cDNA encoding most of the chicken RelB transcription
factors 45, and their results can be summarized as follows: within the RH domain, chicken RelB (cRelB) protein was
characterized by a high degree of sequence similarity to other vertebrate RelB proteins. However, outside this domain,
cRelB was substantially less conserved. cRelB was found to be more widely expressed than mammalian RelB, and it was
identified to have functional properties similar to other vertebrate RelB proteins. cRelB was reported to be unable to bind
DNA in a homodimer form; however, it could form DNA-binding heterodimers with NF-kappaB p50 or p52. Overexpressed
cRelB was shown to be present in the nucleus in chicken embryo fibroblasts. The nonconserved C-terminal sequences of
cRelB contained a transactivation domain found in chicken and mouse fibroblasts 43, A new isoform of chicken myeloid
differentiation factor 88 (MyD88-2) expression was detected in a range of tissues tested and its overexpression was found
to significantly induce the activation of NF-kB in vitro 28], Recently the duck IKKa (dulkKKa) gene was cloned and
characterized. In fact, DulKKa was reported to encode a protein containing 757 amino acids and having high sequence
identities with the goose IKKa. Duck liver and heart were characterized by a high expression of dulKKa messenger RNA
(mRNA), while its expression was reported in all tested tissues, including muscular stomach, spleen, heart, liver, lung,
kidney, cerebellum, cerebrum, windpipe, muscle, glandular stomach, thymus, duodenum, cecum, pancreas, and bursa of
Fabricius 44, An important role of du IKKa in NF-kB regulation has been demonstrated by increasing or inhibiting
expression of dulKKa. On the one hand, overexpression of dulKKa was shown to substantially increase NF-kB activity
with subsequent induction of cytokines interferon beta (IFN-B), IL-1(3, IL-6, and IL-8 in duck embryo fibroblasts. On the
other hand, knockdown of dulKKa was found to significantly decrease LPS-, poly(I:C)-, poly(dA:dT)-, duck enteritis virus
(DEV)-, or duck Tembusu virus (DTMUV)-induced NF-kB activation 2. It seems likely that IKKa is evolutionarily
conserved. In fact, phosphorylation of Serl76 and Ser180 in the active center of IKKa is believed to be vital to IKKa
activation, and those Ser residues were shown to be well conserved among mammals, birds, and fish (a7,

It was shown that the NF-kB family of transcription factors contribute to activation-induced cytidine deaminase-mediated
gene conversion in chickens 8l Gallus heat-shock cognate protein 70 was shown to regulate RelA/p65 gene expression
induced by Apoptin, a nonstructural protein of chicken anemia virus 2. In chicken heterophils, bacterial TLR agonists



were indicated to activate NF-kB-mediated leukotriene B4 and prostaglandin E2 production B, A switchlike response in
NF-kB activity is based on the existence of a threshold in the NF-kB signaling module, and phosphorylation of the Ser-578
residue of the scaffolding protein caspase recruitment domain (CARD)-containing protein 1 (CARMA1) was shown to
account for the feedback B4, It is known that tumor necrosis factor receptor-associated factors (TRAFs) are responsible
for activation of various signaling cascades, being key regulatory proteins in NF-kB signaling pathways 22, It seems likely
that avian TRAFs play important roles in defending against both RNA and DNA virus infection. In fact, chicken TRAF3
(chTRAF3) was shown to encode a protein of 567 amino acids with high identity to TRAF3 homologs from mammals
being abundantly expressed in the spleen, thymus, lung, and small intestine 231, Of note, the authors showed that
Newcastle disease virus F48E9 challenge was responsible for TRAF3 suppression in chicken embryo fibroblast cells.
Recently, the full-length duck TRAF6 (duTRAF6) cDNA from embryo fibroblasts was cloned, and it was shown that
duTRAF6 was widely expressed in different tissues. Interestingly, overexpression of duTRAF6 was found to activate NF-
kB and induce interferon-p expression 4. It has been shown that goose TRAF6 shared similar features with the TRAF6
of other avian species, being an essential regulator for inducing the activity of NF-kB and playing important roles in innate
immune response 3. The amino-acid sequence of pigeon FRAF6 (piTRAF6) was shown to share a strong identity with
that of other birds. Furthermore, piTRAF6 expression was shown in all examined tissues, including heart, lung, spleen,
thigh muscle, large intestine, caecum, kidney small intestine, brain, bursa of Fabricius, rib, and muscular stomach 58, The
heart was characterized by the highest level of piTRAF6 transcript, and the muscular stomach had the lowest level of
PiTAF6 transcript. On the one hand, overexpression of piTRAF6 was shown to induce NF-kB in a dose-dependent manner
with increased IFN-B expression. On the other hand, piTRAF6 knockdown was reported to suppress NF-kB activation in
HEK293T cells B8], Furthermore, the pigeon TRAF3 (PiTRAF3) gene was reported to be highly expressed in the spleen,
lung, kidney, brain, thymus, and muscle, while a moderate expression was observed in the small and large intestines, with
relatively weak expression in the heart and liver (24,

Among the five major families of pattern recognition receptors (PRRs), Toll-like receptors (TLRs) and nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs), in particular, NOD1, recently received major attention in relation to
their roles in avian immunity via NF-kB regulation. Indeed, NF-kB is considered to be the major transcription factor
involved downstream of the TLR signaling pathway (8. Avian TLRs are shown to be different from their mammalian
counterparts: absence of TLR8 and TLR9, along with presence of TLR1La, TLR1Lb, TLR15, and TLR21 591 Therefore, in
chickens, 10 TLR receptor genes were identified: TLR1LA, TLR1LB, TLR2B, TLR2A, TLR3, TLR4, TLR5, TLR7, TLR15
69 and TLR21 611 Among them, TLR1LA, TLR1LB, TLR2A, TLR2B, TLR4, TLR5, and TLR15 are responsible for
bacterial component (lipoproteins, peptidoglycans, LPS, and flagellin) detection, while TLR3 and TLR7 detect viruses
(double-stranded RNA (dsRNA), single-stranded RNA (ssRNA), imidazoquinoline compounds), and TRL21 detects CpG
oligodeoxynucleotides in viruses and bacteria B4, Initially, it was reported that chicken TLR2 and TLR4 can mediate LPS-
stimulated oxidative burst, while CD14 and TLR2 are involved in the mediation of lipoteichoic acid-stimulated oxidative
burst in heterophils 621 The tissue-specific expression of chicken TLRs (TLR2A, TLR3, TLR4, TLR5, TLR7, TLR15, and
TLR21) during embryonic development was evaluated and early (third embryonic day) expression of all the TLR mRNAs
was reported €3, Furthermore, TLR1 (type 1 and 2), TLR2 (type 1 and 2), and TLRs 3-5, 7, 15, and 21 were shown to be
expressed in the chicken follicular theca. The connection of the TLRs to NF-kB was proven experimentally; the expression
of IL-1B, IL-6, chemotactic and angiogenic factor (CXCLi2), and IFN- in tissues incubated with LPS was downregulated
by an inhibitor of NF-«kB 28],

It seems likely that NF-kB is involved in the activation of avian antimicrobial peptides. For example, chicken intestine
defensins (e.g., AvBD13) were suggested to be endogenous ligands for TLR4 able to enhance the proliferation of
monocytes via the NF-kB pathway 84, It should be mentioned that cathelicidins (CATHSs), short cationic host defense
peptides, also act in close concert with NF-kB. Indeed, in macrophages primed by LPS, pigeon CATH2 was shown to act
through MAPK and NF-kB signaling pathways to enhance expression of the anti-inflammatory cytokine, while
downregulating the expressions of inducible nitric oxide synthase and proinflammatory cytokines and inhibiting the TLR4
pathway 82l Furthermore, NK-lysin/granulysin (NKL), an antimicrobial cationic peptide expressed in natural killer cells and
cytotoxic T lymphocytes, was identified in different avian species, including chicken, turkey, zebra finch, and quail, and the
5' flanking region of quail NKL was shown to contain two NF-kB-binding sites 68, suggesting participation of NF-kB in
regulation of NKL activity.

In hen vaginal cells, NF-kB was shown to be the transcription factor responsible for the expression of various
proinflammatory cytokines and chemokines. In fact, in response to the ligands of TLR3, 4, and 21, increased expression
of IL1B, IL6, and CXCLi2 was observed, while IL1B expression was found in response to the ligands of TLR5 and 7 67,
The authors suggested that NF-kB-dependent expression of cytokines might provide the important defense capability of
vaginal tissue to bacterial and viral infections. Activation of TLR3 was shown to induce the expression of NF-kB and the
production of type-I interferon 8], IFN-k (a type I IFN) in both chicken and duck was found to be constitutively expressed



in a range of tissues, including spleen, skin, lung, and peripheral blood mononuclear cells (PBMCs), and it could be
induced after treatment with virus in PBMCs €9, The duck TLR4 (duTLR4) gene was shown to be strongly expressed in
the liver, kidney, spleen, intestine, and brain (9],

Goose TLR3 was shown to be analogous to mammalian TLR3 and recognized double-stranded RNA with subsequent
activation of NF-kB [88]. In fact, the goose TLR3 gene was shown to encode a protein containing 896 amino acids, sharing
46.7-84.4% homology with other species with highest expression in the pancreas and lowest in the skin. The authors
showed that geese infected with HSN1 were characterized by significant upregulation of TLR3 in various tissues, including
the lung and brain €8, The goose TLR5 (gTLR5) gene was shown to be expressed in all studied tissues, including high
expression in the liver, spleen, and brain, moderate expression in kidney, lung, heart, bone marrow, small intestine, large
intestine, and PBMCs, and minimal expression in the cecum 4. |t was also shown that gTLR5 can detect flagellin
from Salmonella Typhimurium with subsequent NF-kB activation in HEK293 cells. It seems likely that there is a tissue-
specific regulation of TLR expression in the process of orchestrating the immune response against bacterial pathogens
71, Goose TLR2-1 was also shown to play an important role in the recognition of Mycoplasma fermentans lipopeptide,
Mycoplasma gallisepticum (MG) and Salmonella enteritidis (SE), and it induced the activation of NF-kB 2. Furthermore,
in HEK293T cells, flagellin was shown to induce pigeon NF-kB via TLR5 activation. This was associated with significant
upregulation of IL-1B3, IL-8, TNF-a, and IFN-y. Importantly, the levels of TLR5, NF-kB, IL-6, IL-8, chemokine ligand 5
(CCL5), and IFN-y mRNA were significantly upregulated as a result of flagellin stimulation of pigeon splenic lymphocytes.
As could be expected, goose TLR5 knockdown was shown to be associated with the significantly downregulated
expression of NF-kB and related cytokines/chemokines 3. Interestingly, the antiviral activity of pigeon IFN-a is believed
to depend on the expression of NF-kB 74 It is known that single-stranded viral RNAs and antiviral imidazoquinoline
compounds can be recognized by TLR7 with subsequent NF-kB activation. Recently, it was shown that, in pigeon, agonist
R848 (imidazoquinoline) can activate NF-kB via TLR7 22,

It seems likely that chicken NOD1 activation in response to pathogenic invasion is of great importance for immune
defense. In partridge chicken, NOD1 was shown to be widely distributed in various tissues, with the highest expression
found in testes. Of note, as a result of S. enterica serovar Enteritidis infection, induced expression of chNOD1, as well as
the effector molecule NF-kB, was observed in the spleen tissue 8. Duck NOD1 (duNOD1) was shown to be widely
distributed in various organs, including heart, liver, spleen, lung, kidney, cerebrum, cerebellum, colon, glandular stomach,
thymus, and bursa of Fabricius tissue with the highest expression found in the liver. Of note, duNOD1 overexpression
induced NF-kB, TNF-a, and IL-6 activation in duck embryo fibroblasts (DEFs), while silencing duNOD1 was indicated to
decrease the activity of NF-kB in stimulated DEFs 4,

Chicken IL-26 was shown to regulate immune responses through the NF-kB and the Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) Janus kinase signaling pathways &, Similarly, chicken IL-11 was shown
to bind to IL-11R and activated the NF-kB, JAK/STAT, and MAPK signaling pathways, leading to modulation of T helper 1
(Th1)/Th17 and Th2 cytokine production in chicken cell lines 9. Chicken interleukin-17B was shown to induce the NF-kB
signaling pathway, leading to increased expression of proinflammatory cytokines playing a critical role in host defense
against the bacterial pathogens (Y. In eukaryotic and prokaryotic expression systems, recombinant chicken TNF-a was
generated to demonstrate its biological activity. In particular, as a result of binding to TNF-a receptor 1, the cytokine was
shown to induce a complex signaling cascade leading to induction of the classical NF-kB pathway 811,

In Gaoyou duck skeletal muscle (Anas platyrhynchos domesticus), NF-kB motifs (binding sites) were identified, which are
believed to be responsible for transcriptional regulation of the slow skeletal muscle troponin | (TNNI1) gene 2. It seems
likely that chicken NF-kB plays a central role in antiviral defense. In fact, chicken tracheal epithelial cells were shown to
initiate effective antiviral responses after stimulation with TLR ligands as a result of interferon regulatory factor 7 (IRF7)
and NF-kB signaling pathways associated with activation of other cells, such as macrophages 31,

Receptor activator of NF-kB ligand (RANKL), a new member of the chicken TNF superfamily, was recently identified and
characterized 9, Therefore, chicken RANKL (chRANKL), sharing ~59-62% identity with mammalian RANKL, was shown
to be ubiquitously expressed in chicken tissues. In nonlymphoid tissues, chRANKL mRNA expression levels were shown
to be highest in muscle, while, in lymphoid tissues, the highest RANKL expression was found to be in the thymus, followed
by the upper gut and the bone marrow B4, Recently identified and functionally characterized chicken leukocyte
immunoglobulin-like receptor A5 (LILRAS5) was reported to activate/induce NF-kB, as well as other immunoregulatory
pathways (€3],
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