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CHAPTER |

INTRODUCTION



The nonspecific innate immune system fights off infections quickty farther
controls the development of the highly specialized adaptive imnystens for sustained
protection. Weapons of the innate immune system mainly include rpaeognition
receptors, leukocytes, complement system, cytokines/chemokines, ancrabial
peptides/proteins including HDPs. Host defense peptides (HDPs) are compadadgef
diverse group of small cationic antimicrobial peptides of less @@, amino acid
residues adopting an amphipathic conformation. They are widespreadrie aatl have

been found in virtually all forms of life.

Based on the structure, HDPs are broadly classified into fajorntlasses:
including (1)a-helical peptides, (2}-sheet peptides, (3) peptides with flexible extended
structures rich in certain amino acids, and (4) peptides wadbpastructure. Most HDPs
are produced by mucosal epithelial and myeloid cells, and processdadapskationally
to give rise to mature, biologically active peptides. Mature H&x@scapable of killing a
broad spectrum of pathogens directly by physical disruption of thembranes or by

interacting with intracellular anionic molecules like DNA, RNA, and proteins

Apart from antimicrobial action, HDPs also modulate innate and aéapti
immunity. Many HDPs have strong capacities to chemoattrdeteiift types of immune
cells, stimulate production of chemokines and cytokines, and promotesdifétion and
maturation of antigen-presenting cells like dendritic cells. 8ilaRo bind to bacterial
products thereby neutralizing their ability to stimulate the proodlic of pro-
inflammatory cytokines. Additionally, HDPs Iimit inflammation bypnducing the

synthesis of anti-inflammatory cytokines such as IL-10 and progpatpoptosis of



activated immune cells. With such an array of desirable propetieBs have potential
in the control of infection and inflammation. Because of the casicested with use of
synthetic peptides, strategies to stimulate the production of emalagy&éiDPs may be an
attractive approach to boost host immunity and enhance diseasan@sistithout
relying on traditional antibiotics.

In this dissertation, we have summarized the latest progress¢SRs regarding
their classification, structure, and expression as well ag #imicrobial, anti-
inflammatory, and immunomodulatory properties (Chapter I). In additien,have
presented a novel finding on the modulation of chicken HDPs by butyratajoa short
chain fatty acid produced by bacterial fermentation of undigdgied in the intestinal
tract (Chapter Ill). We revealed that butyrate is a potent erdat many, but not all,
chicken HDPs both in vitro and in vivo. Remarkably, oral supplementation yikeito
chickens significantly reduced colonization 8&lmonella enteritidisin the cecum
following an experimental infection. We further screened asefishort-, medium-, and
long-chain fatty acids for their ability to induce chicken HD#he expression (Chapter
IV). We found that the aliphatic carbon chain length is largelgninnverse correlation
with the HDP-inducing activity of fatty acids. Among all fatgids, short-chain fatty
acids are the most potent inducers, while medium-chain fatty hems a moderate
effect, and long-chain fatty acids are largely ineffectivepdrtantly, a combination of
three short-chain fatty acids namely acetate, propionate andateutyynergistically
induced HDPs synthesis, resulting in a more pronounced reduction 8f #meritidis

load in the chicken cecum.



We have further investigated the molecular mechanisms involved butheate-
mediated induction of the avighdefensin 9 (AvBD9) gene in the chicken (Chapter V).
We discovered that histone deacetylation is highly beneficial P Igene expression,
as histone deacetylase inhibitors increased AvBD9 synthesise whistone
acetyltransferase inhibitors reduced butyrate-mediated AvBD9 indudtiotably, JNK
and p38, but not ERK1/2, MAP kinase pathways are also involved in butyggieréed
AvBD9 expression. Furthermore, activation of cCAMP signaling resalsn enhanced
AvBD9 gene expression. Strikingly, a combination of histone deacetytdsbitor
(butyrate) and cAMP signaling agonists synergisticallynaergted AvBD9 induction.
The results suggested that chicken HDPs synthesis is regbiatedomplex mechanism

involving histone deacetylation and cAMP and MAP kinase signaling pathways.

Given an urgent need for antibiotic-alternative approaches inseismantrol and
prevention, discovery of the molecular mechanisms of HDP gene regudatd an array
of HDP-inducing agents provide an important first step toward developwof novel

antimicrobial strategies for improvement of animal and human health.
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1. INTRODUCTION

Host defense peptides (HDPs) are critical effectors of rthaté immune system that
protects the host from harmful pathogens. Being short cationic ampbipatiticrobial
peptides, HDPs have been discovered in nearly all forms of life fnarkaryotes to
eukaryotes and from invertebrate to mammalian species. HDRgidmly expressed in
leukocytes as well as mucosal epithelial cells lining thpir@®ry, gastrointestinal and
urogenital systems of the host. They are synthesized as prepropepttlprocessed by
different serine proteases to release mature peptides pogséssiogical functions.
They directly kill a myriad of microbes ranging from Gramipwes and Gram-negative
bacteria to fungi, protozoa, parasites, and enveloped virus. In additionintalitieet
antimicrobial activity, they act as antiinflammatory, wound ingal and
immunomodulatory agents. Because of these unique features, they rageabevely
explored as novel antimicrobials for disease control and prevention. réhiew
summarizes structural features, expression patterns, and biblogiparties of HDPs as
well as the mechanism of action and gene regulation. Their potapjications in

animal agriculture and public health were also discussed.

2. CLASSIFICATION AND EXPRESSION PATTERN OF HDPs

Innate immunity is an important first line of host defense [1rdjertebrates have

only innate immune mechanisms, while vertebrates possess both amthtedaptive



immunity [1]. Effector components of the innate immune system inclatigal physical
barriers like skin and mucosal surfaces, natural microflora, congolesystem, pattern
recognition receptors, cytokines, leukocytes, and antimicrobial pepptideshs [2, 5-8].
Antimicrobial peptides/proteins are comprised of peptidoglycaogmition proteins,
iron metabolism proteins (lipocalin and lactoferrin), and more itapdy, host defense

peptides (HDPs).

HDPs are present in virtually all forms of life [1, 9-14]. Tdaejanore than 1,200
such HDPs have been discovered, and approximately 1,000 are presahkaryotc
organisms [15-18]. These peptides generally contain less than 100 acmneesidues
with an overall net positive charge [19]. Based on their structur@®sHare broadly
classified into four major classes including peptides wihelices, peptides witlf-
sheets, peptides adopting flexible structures enriched for cenminoaacids like
arginine, histidine, proline, and tryptophan, and peptides with a loopwst e to the

presence of a disulfide bond [4, 9, 20-23].

Cathelicidins and defensins represent two major families of HidBsd in
vertebrates [24-30]. Cathelicidins were first isolated from bovingroghil lysates as
cyclic dodecapeptides [31]. Since then, cathelicidins have been foundamy m
mammalian species as well as in fish, snakes, and birds [3Z489]name cathelicidin
was coined from the presence of a highly conserved cathelin domdia M-terminal
prosequence of cathelicidins. However, the C-terminal domains belcadins are
highly variable among species and possess different biological funfimnsl) [5, 34,

39]. A large group of cathelicidin genes are encoded in the porcine, @videbovine



genomes; however, only a single cathelicidin gene exists in gagsgtes, and humans

[3, 30]. Four cathelicidin genes were found recently in chickens [32, 40].

Defensins, present in plants, invertebrates, and vertebrateschaia dysteines,
and comprised of 3-4 disulfide bonds forming 3-4 anti-parpiteet structures [41-45].
Each vertebrate defensin consists of a signal peptide, proregiomcasiodic mature
peptide with six conserved cysteine residues forming three inteanmdal disulfide
bridges creating a “defensin-like” fold with an amphipathic feati46, 47] (Fig.2).
Based on the spacing pattern and pairing of cysteine residues, defenslassfied into
three major subfamilies namety, -, and6- defensins [45, 47]. The disulfide bridges
are formed between C1-C6, C2-C4, and C3-CXfdefensins, whereas C1-C5, C2-C4,
and C3-C6 are pairing fgi-defensins, and C1-C6, C2-C5 and C3-C4 pairing6for
defensinsa- andp-defensins consist of flat triple-strandpaheets, while 6-defensins

are composed of circular double-stranflexsheetgFig. 2) [3, 26, 42, 48-50].

Cathelicidins and defensins are expressed strategically in lekocskin
keratinocytes, and mucosal epithelial cells of respiratoryraaststinal, and urogenital
tracts [10, 51]. For example, human cathelicidin LL-37 is mainly foundoath
leukocytes and epithelial cells. While-defensins ando-defensins are commonly
expressed in neutrophils and Paneth cells of the small intestingririeay source of-
defensins are mucosal epithelia and skin [24, 52]. HDPs are sysithesis
prepropeptides, processed posttranslationally by different proteelytymes and stored
either as propeptides (cathelicidins) or mature peptides (defefE3n$4]. Cathelicidins
are further processed by serine proteases like proteinase 3iiopmdatand kallikrein 5

and 7 in the skin in humans [55, 56] and elastase in cattle and pigs [a/e&9¢nsins

8



from intestinal Paneth cells including HD5 and HD6 are procesgedetalloproteinase

712].

3. ANTIMICROBIAL PROPERITIES OF HDPs

HDPs are broad-spectrum natural antibiotics that kill or supfiresgrowth of a
wide-range of microbes from Gram-positive and Gram-negative rimattevirus, fungi,
and parasites [60, 61]. They kill microbes by formation of pores andgahgssruption
of membranes or by inhibition of cellular transcription, transtati and/or
posttranslational machineries [14]. Cationic HDPs initially uacglate onto and
electrostatically interact with anionic membrane components asidipopolysaccharide
of Gram-negative bacteria and lipoteichoic acid of Gram-positiveteba cell.
Penetration into negatively charged phospholipids of microbial membtherstakes
place, resulting in membrane perturbation and leakage of intracelfohtents and
ultimately cell death [13, 62-65]. Because, it is very difficalt microbes to change the
overall negative charge of their membrane phospholipids, developmensistamee
against HDPs is extremely difficult [65]. Targeted disruption afratpial but not host
membranes is believed to be due to the difference between prokamydtieukaryotic
cell membranes. While the former is heavily negatively athngith high membrane
potential (-140 mV), the latter is largely uncharged with a loigblesterol content and

low membrane potential of approximately -15 mV [22, 66].



The mechanism of pore formation on microbial membranes varssng
individual HDPs. Depending upon the net charge and spatial structure, ptidReate
membranes via “barrel-stave”, “toroidal-pore”, “molecularctigporation”, “sinking raft
", or “carpet-wormhole” mechanism [42, 67-69]. In addition to directugigon of
membranes, several HDPs, particulariyandf-defensins, suppress viral proliferation by
acting as collectins. For example, retrocyclins (prindadefensins) bind to glycoproteins
gp4l and gp120 of HIV as well as host CD4 (Cluster of differemtiat) and prevent
viral entry by blocking the conformational change of gp4l1, which is medjuior
attachment and fusion of viruses with host cells [70]. Similarly, dmumeutrophil
peptides 1, 2, and 3 bind to envelop glycoprotein B (gB) of herpes simplex tai

minimize viral entry into the host cells [71].

4. ANTI-INFLAMMATORY EFFECTS OF HDPs

Besides antimicrobial and antiviral properties, HDPs suppressmnfation and
protect the host from excessive production of proinflammatory mediitggered by
microbial products. HDPs are capable of neutralizing bacteridbtoxins, inhibiting
proinflammatory cytokine production, and inducing antiinflammatory cytokiaed
preventing classical and lectin complement cascades [52, 72]. xaonpk, human
cathelicidin LL-37 binds and neutralizes LPS and LTA, thereby abolishengroduction
of proinflammatory cytokines such as TMNF-IL-1B, and IL-6. It also stimulates

antiinflammatory cytokine, IL-10 expression [73]. In a murine intettmodel, LL-37

10



protects mice from septic shock induced Bgeudomonas aeruginod&@4]. It also
promotes secondary necrosis of apoptotic neutrophils without causing lossyddrane
integrity and provoking proinflammatory response of macrophages [7&¢wlise, a
chicken fowlicidin-1 analog prevents LPS-induced production of nitric caadeTNFe
[76]. Porcine cathelicidin PR-39 inhibits the production of reactive exygpecies while
bovine myeloid antimicrobial peptide-28 induces apoptosis of activated lyyteloc

[10].

Similar to cathelicidins, defensins also inhibit production of promniffeatory
cytokines by binding to microbial membranes, surface adhesins, atatidlatoxins and
neutralizing the ability of their attachment to host cells [#Jr example, human
neutrophil peptide (HNP) 1 attenuates LPS-mediated production of laromftory
cytokines including IL-B from monocytes [78]. Human neutrophil peptides 2-3 reduce
production of several proinflammatory cytokines including If;1L-6, IL-8 and TNF-u
from LPS-stimulated human monocyte-derived macrophages [79]. Hpicheiensins-3
also abrogates the induction of IL-6, and TdFrom human myeloid dendritic cells
stimulated with Porphyromonas gingivalig80]. Moreover, there is evidence that
expression of humasm-andp-defensins is reduced in inflammatory diseases like Crohn’s

disease, emphasizing the role of defensins in regulation of inflammation [56, 81].
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5. IMMUNOMODULATION OF HOST IMMUNITY BY HDPs

HDPs have capacity to directly kill pathogens, but their antimicrawivity is
often diminished by the monovalent and divalent cations, serum, and polyanionic
molecules like glycosaminoglycans present in the biological fl[8&@% In fact, HDPs
may not always have a direct antimicrobial action under physi@bgionditions.
However, they still protect the host from infections [10, 14, 83]. Famgle,
cathelicidin LL-37 protects mice from Gram-positive bacteriaem administered
exogenously but cannot inhibit bacterial growth in tissue culture medmmuaining

physiologically similar salt concentrations [82], implying its rolenmmiunomodulation.

HDPs promote diverse immunomodulatory functions by acting as
chemoattractants, by stimulating the production of chemokines and rgoland by
regulating complement activation and promoting wound heéhitg 3 )30, 49, 84]. For
example, Humam defensin (HBD) 1 and HBD3 chemoattract immature dendritic cells
and memory T-cells while humamdefensins are chemotactic to naive T cells [53].
Similarly, HNP1-3 and HBD3-4 stimulate migration of neutrophéind monocytes,
whereas LL-7 and HNP1-3 are chemotactic to mast cellsirahate degranulation to
release histamine and prostaglandin 2 respectively [53]. HmRge production of
various pro-inflammatory cytokines such as R-1TNFo and IL-6 as well as
chemokines such as IL-8 and monocyte chemotactic protein-1 from moremmucle

phagocytes and epithelial cells [53, 85].

12



In addition to modulation of host immunity, HDPs appear to be promising wound
healing agents. HDPs promote re-epithelialization, angiogeaadis/ascularization by
inducing proliferation of epithelial cells and vascular endotheliallsc and
chemoattracting fibroblasts and macrophages [3]. HDPs enhance ssynfiegrowth
factors and cytokines in keratinocytes and epithelial cbli$ are essential for wound
repair [14]. For example, human LL-37 and HBDs enhances IL-18 secretion
keratinocytes [86] that is involved in angiogenesis process [87].ineofeR-39 is
involved in wound healing by increasing the expression of extraaelloiatrix
proteoglycans syndecan-1 and 4, which are important for activationanf/ growth
factors [88]. HBD-2 and 3 are also shown active involvement in rbedjailization of
damaged skin [89]. Given such an array of immunomodulatory propertieBR$,Ht is
highly desirable to harness these properties for antimicrobebpies to boost host
immunity without directly acting on microbes, thereby minimizing risk of developing

resistance [90].

6. TRANSCRIPTIONAL MODULATION OF HDP EXPRESSION

Many HDPs expression is inducible in response to infection. Huntaelicidin
LL-37 expression is induced in response to gram negative baatehaasSalmonella
enterica serovar Dublin,and enteroinvasive Escherichia coli in human colonic
epithelium [91], Helicobacter pylori in human gastric epithelial cells [92] and

Pseudomonas aeruginosa corneal epithelium [93] and Gram-positive bacteria

13



including S. aureusin keratinocytes [94]Mycobacteriumspecies in human alveolar
macrophages, monocytes, neutrophils and epithelial cells [95, 96], bagteriicts
(LPS and LTA) in sinus epithelial cells [97], flagellin in corhepithelial cells [93]. On
the other handShigella dysenterigeVibrio cholera[98] andNisseria gonorrhoea¢99]

downregulate LL-37 expression in intestinal epithelial cells.

In addition, stressors like injury [100], endoplasmic reticulumsstf@é01], and
inflammatory disorders [102] also enhance LL-37 expression in kergte@sodvioreover,
various proinflammatory cytokines (ILel IL-6, and IL-17) [103-105] and growth
factors [insulin like growth factor-1, transforming growth factoGH)-o and TGFB1]
[106] promote LL-37 expression in skin epithelial cells while promfizatory cytokines
display no effect on colonic epithelium [91]. IL-10 and IL-13 also gait LL-37
expression in the skin [5], and IL-18 stimulates LL-37 expression lonioepithelial

cells [107] .

Apart from infection and stress, human LL-37 expression is also iddoge
several dietary factors including short-chain fatty acids, flawonec, and vitamin D3.
For example, short-chain fatty acids including butyrate and propiondtee LL-37
expression in intestinal and hepatic cells as well as lung &aitleells by acting as
histone deacetylase (HDAC) inhibitors [108-110]. Other HDAC inbibitincluding
phenylbutyrate and trichostatin (TSA) are also able to augiei®7 expression in
epithelial and monocytic cells [108, 110, 111]. Furthermore, oral supplementd
rabbits with butyrate or phenylbutyrate has shown reduced dygesyamptoms in
Shigellosis infections through upregulation of rabbit cathelicidingalon and lung

epithelia [112, 113]. In animal agriculture, particularly in poylagganic acids including

14



butyrate and propionate have been used for decades and shown anioyemled
resistance t&. enteritidis[114] andClostridium perfringeng115]. Many antibacterial
mechanisms of organic acids have been proposed, including a reductesthal pH,
direct antibacterial activities, and suppression of bacteriatlanhent to host intestinal
cells [114, 116-118]. It is also possible that organic acids, partigwdhort-chain fatty

acids, enhance disease resistance by inducing HDP gene expression.

Besides fatty acids, vitamin D3 stimulates LL-37 syntheslang epithelial cells,
keratinocytes, and monocytes, but not in colon epithelial cells [119-122B7
expression is also augmented by various cAMP analogs and agonistsicosal
epithelial cells [123]. In addition, zinc has the capacity to enhhhe®/ expression in
human Caco-2 intestinal epithelial cells [124]. In humans, probkticoli enhances
human beta defensin synthesis [125]. Likewise, several probiotics abtbtms have
been used to control infections and inflammatory disorders likemnilaory bowel
disease and irritable bowel syndrome [126]. It is likely that pradsichnd prebiotics
stimulate bacterial fermentation of short-chain fatty acidschvin turn promote HDP

synthesis, host immunity, and disease resistance.

7. MOLECULAR MECHANISMS OF HDP MODULATION

The regulatory mechanisms involved in cathelicidin gene expresssoveay complex.
Histone acetylation and the signaling pathways mediated bygemitactivated protein

(MAP) kinases, cAMP, vitamin D receptor (VDR), and NB-are all capable of

15



transactivating HDP gene expression. In some cases, thegyatlivoss-talk with each
other, leading to a synergistic induction of HDP synthesis. Shoir-¢aty acids and
HDAC inhibitors induce human LL-37 gene expression primarily througttore
hyperaceylation of the gene promoter and also global core histoytatioet[108, 109,
121]. Three classic MAP kinase (p38, JNK, and ERK1/2) pathways, but reBN&re
involved in most epithelial cells in HDAC inhibitor-mediated inductioh LL-37
expression [109]. Vitamin D3 enhances LL-37 expression in kerateecdnrough
activation of VDR, which in turn binds to vitamin D response elemeBRE) on the
promoter [60, 119, 127, 128]. Additionally, vitamin D3 induces LL-37 expression
through activation of PPAR resulting in activation of p38 MAP kinase pathway and
binding of transcription factor AP-1 to the gene promoter [129]. cAMRaling agonists
were recently found to turn on LL-37 gene expression by activatittmegrotein kinase

A (PKA) pathway, which ultimately leads to phosphorylation of cAMBponse element
binding protein (CREB) and AP-1 and gene transactivation [123].

In psoriatic skin, overexpressed LL-37 binds to self-DNA to turnTaR9-
dependent signaling pathway, leading to excessive inflammation andss [5, 103,
105]. TLR2 agonists also increase the expression of the genes R#278Y and VDR.
CYP27B1 further convert inactive vitamin D3 to 1, 25-vitamin D3, which l¢ad4 -37
upregulation via VDR activation [127, 128]. Bacteria, bacterial proguetsd
proinflammatory cytokines activate HDP gene expression prim#riigugh Toll-like
receptor-mediated NEB activation, although MAP kinase pathways are also activated in
most cases [105,130-132,133,134,135]. Zinc regulates LL-37 expression in dpithelia

cells through p38 and ERK1/2 MAP kinase pathways [124].
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A synergist effect on HDP gene induction has been demonstratedHDIAC
inhibitors, VDR and cAMP signaling. For example, butyrate and vitdd8 synergize
with each other in inducing LL-37 expression in keratinocytes throatjliadon of
SRC3, which has inherent histone acetyltransferase activity [12lfyrdBe also
synergizes with forskolin, a cAMP agonist, in inducing LL-37 expressioough

prolonged activation of CREB [123].

In summary, HDPs possess a myriad of beneficial functions withnipote
antimicrobial, anti-inflammatory, and immunomodulatory activitiesgréwing body of
evidence suggests that dietary factors including vitamin D3, shait-€atty acids, zinc,
and certain amino acids are capable of inducing HDP syntmmebkismans. Convenient
dietary modulation of the endogenous HDP synthesis may have poterimlexplored
as a novel antibiotic-free strategy to disease prevention anlictortboth animal and
human health. We have explored the potential and found that short-chyaiacid& and
their structural and functional analogs are strong inducers of ptBduction, with the

capacity to enhance innate immunity and disease resistance in chickens.
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ABSTRACT

Host defense peptides (HDPs) constitute a large group of natwoad-bpectrum
antimicrobials and an important first line of immunity in virtuallyf forms of life.
Specific augmentation of synthesis of endogenous HDPs mayseepra promising
antibiotic-alternative approach to disease control. In this studytested the hypothesis
that exogenous administration of butyrate, a major type of shan-faiey acids derived
from bacterial fermentation of undigested dietary fiber, is capabinducing HDPs and
enhancing disease resistance in chickens. We have found thatéigyagiotent inducer
of several, but not all, chicken HDPs in HD11 macrophages as wetl psmary
monocytes, bone marrow cells, and jejunal and cecal explantsiditioa, butyrate
treatment enhanced the antibacterial activity of chicken monoagasstSalmonella
enteritidis with a minimum impact on inflammatory cytokine production, phagocytosis
and oxidative burst capacities of the cells. Furthermore, feed sugpmtion with 0.1%
butyrate led to a significant increase in HDP gene expressitieimtestinal tract of
chickens. More importantly, such a feeding strategy resultech@ary 10-fold reduction
in the bacterial titer in the cecum following experimental inées with S. enteritidis
Collectively, the results indicated that butyrate-induced syntibégisdogenous HDPs is
a phylogenetically conserved mechanism of innate host defensd Slyareammals and
aves and that dietary supplementation of butyrate has potentiafttoerfdevelopment as
a convenient antibiotic-alternative strategy to enhance host iimatenity and disease

resistance.
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1. INTRODUCTION

Host defense peptides (HDPs), also known as antimicrobial peptidgsesent
in virtually all species of life and constitute a critical gmment of the innate immunity
[2-6]. Defensins and cathelicidins represent two major families of HiDP/ertebrates
[7-12]. While defensins are categorized by the presence of misecved cysteine
residues in the C-terminal mature sequence [7-9, 12], all catleticconsist of a
conserved cathelin domain in the pro-sequence with a highly divdrsifieerminal
mature sequence [10, 11]. The chicken genome was recently found to encode a total of 14
B-defensins known as AvBD1-14 [13-15] and four cathelicidins, namely fiolivigc 1-3
[13, 16, 17] and cathelicidin-B1 [18]. All AvBDs are densely clustered lioken
chromosome 3q [14, 15], whereas cathelicidin genes are located on comuen?ys [17,
18]. Both chicken AvBDs and cathelicidins are expressed in a ardgerof tissues, with
cathelicidins expressed most abundantly in the bone marrow or bursa of Fabrici8$ [16
and B-defensins in the liver and throughout the digestive, respiratoryregandductive
tracts [13, 15]. HDPs possess broad-spectrum antimicrobial tesgtiegainst bacteria,
protozoa, enveloped virus, and fungi mainly through direct binding andolysigrobial

membranes [6, 19].

Because of such physical interactions, it is extremelycditfifor pathogens to
develop resistance to HDPs. Many chicken HDPs such as AvBD94alfgrkmown as

gallinacin-6) and cathelicidin B1 have been found to possess potent tertdlac
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activities against a broad range of bacteria inclu@agmonella[17, 20-26]. Besides
direct microbicidal activities, HDPs have a strong capacityntmulate the innate
immune response by inducing chemotaxis and activation of various df/peskocytes

[3, 5]. Because of these pleiotropic effects, HDPs have beearlgotixplored as a new
class of therapeutic agents against antibiotic-resistanbb@srand other inflammatory

diseases [3, 6].

Butyrate, a major species of short-chain fatty acids produced bieriah
fermentation of undigested carbohydrates in the intestine [27, 28fea@stly found to
be capable of inducing HDP expression in humans and rabbits [29-3sfTwliether
butyrate can augment HDP gene expression in a non-mammaliaesspeeistudied the
effect of butyrate on HDP gene expression and the antibactetiiatyaof monocytes in
the chicken. Furthermore, we examined the effect of supplementin@teuigrthe feed
on the titer ofSalmonella enteritidisn the cecum following experimental infections. We
concluded that butyrate-mediated induction of HDP synthesis is pmndtgally
conserved in both mammals and aves. Additionally, butyrate may berfastploited as

a cost-effective feed or food additive in enhancing host immunity and diseasaniesist

2. MATERIALS AND METHODS

2.1. Isolation, culture, and stimulation of chicken cells and intestinal t&ie explants

Chicken HD11 macrophage cells [32] were cultured in complete RIB¥ID containing
10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 pg/ml stremiomand
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seeded at 2 x P@ells/well in 6-well cell culture plates overnight, priorstmulation
with different concentrations of sodium butyrate (Sigma) in dugieaitd incubated at
37°C and 5% CQ for indicated times. Chicken peripheral blood mononuclear cells
(PBMCs) were isolated from EDTA-anticoagulated venous blood of &dudts through
gradient centrifugation using Histopaque 1077 (Sigma). Monocy&es wabtained by
seeding PBMCs at 3 x i@ells/well in 6-well plates overnight and washing off non-
adherent cells twice with calcium- and magnesium-free Hap&lanced salt solution
(HBSS). Monocytes were replenished with fresh complete RPMI 164€r poi
stimulation with sodium butyrate. Bone marrow cells were coliefrtan femur bones of
1- to 2-week-old broiler chickens, lysed of erythrocytes, and edtat 1 x 10cells in
60-mm tissue culture dishes in RPMI 1640 containing 20 mM HEPES, 18p B

U/ml penicillin, and 100 pg/ml streptomycin, followed by butyrate stimulation.

Jejunal and cecal explants were obtained by washing thorougbgneest of the
jejunum and cecum of 1- to 2- week-old broiler chickens with cold H&Saining 50
ug/ml of gentamicin, followed by slicing in a series of 0.5-cm lsagments and placing
individually in 6-well tissue culture plates in RPMI 1640 containdtymM HEPES,
10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, and (g@ml gentamicin.
Jejunal and cecal explants were cultured &3¥hd 5% CQin the presence of different

concentrations of sodium butyrate in duplicate for 24 h.
2.2. Real-time RT-PCR analysis of chicken HDP gene expression

Following treatment with sodium butyrate, chicken cells and tissue explargdysed in

Tri Reagent (Sigma) for extraction of total RNA. The fesstand cDNA was synthesized
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from 300 ng of total RNA using QuantiTect Reverse Transcriptiorf®iagen) in a total
volume of 4 pl. Real-time PCR was then performed using QuantSieBR Green PCR

kit (Qiagen) and MyiQ Real-Time PCR Detection Systeno{Bad) in 10 pl reactions
containing 1/40 or 1/20 of the first-strand cDNA and gene-speciiegps for 14 AvBDs
(Table 1), 4 chicken cathelicidins, multiple cytokines and GAPDHblEI'd) as described
[17, 26, 33]. PCR cycling conditions were°@5for 10 min, followed by 45 cycles of
94°C for 15 sec, 5% for 20 sec, and 7€ for 30 sec. The specificity of PCR reaction
was confirmed by the melt curve analysis. The gene expreks/els were quantified
using the comparativ&ACt method with the glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) gene as a reference for normalization.
2.3. Cell cytotoxicity of butyrate in HD11 cells

The cytotoxicity assay was performed as described previously [263433 Briefly,
HD11 cells (1 x 18) were seeded overnight in 96-well tissue culture plates.r&etyvas
added in duplicate from 0 to 16 mM for 18 h, following by addition of 10% of
alamarBlue (Invitrgoen) for another 6 h. The fluorescenceread at 545 nm excitation
and 590 nm emission. Cell death (%) was calculated asHguwgrde— Fbackground/(Feontrol

— Fbackground] % 100, whereFpuyrate iS the fluorescence of cells exposed to different
concentrations of butyrat&conwol IS the fluorescence of cells only, aRghckgroundiS the

background fluorescence of 10% alamarBlue in cell culture medium without cells.
2.4. Antibacterial activity of monocytes treated with butyrate

Following overnight adherence of PBMCs to cell culture disheskehimonocytes were

replenished with fresh antibiotic-free RPMI 1640 and incubated with 010%,and 4
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mM of sodium butyrate for 24 h. Cells were then scraped, store@l0%@ overnight,
lysed with 1% Triton X-100, and centrifuged at 12,000 for 10 min at 4C. Serial 2-
fold dilutions were then prepared from the cell supernatants and irdulvith 2 x 10
CFU of Salmonella enteritidigATCC 13076) in 20% Trypticase Soy Broth containing 1
mM NaH,PO, and 25 mM NaHC®for 9 h in a 96-well plate at 3 as described [35].
Bacterial turbidity was measured at §P.m using an ELISA plate reader. Different
concentrations of sodium butyrate were also directly add&l emteritidisin the same

growth medium to measure turbidity after 9 h incubation.
2.5. Phagocytosis assay of HD11 cells

Phagocytosis 086. enteritidisphage type 13a by HD11 cells was measured as described
with slight modifications [36]. After seeding 6 x ®1@ells in complete RPMI 1640
overnight in 60- mm tissue culture plates, HD11 cells were stiedulaith and without

0.5, 1 or 2 mM sodium butyrate for 24 h. Cells (2.5 & Were then incubated with 2.5 x

10" CFU of S. enteritidisphage typel3a in 1 ml RPMI 1640 containing 5% chicken
serum for 30 min at 3T. To kill extracellular bacteria, cells were washed twice with ice-
cold HBSS, re-suspended with 1ml RPMI 1640 containing il gentamicin for 1 h

at 37C. Cells were then lysed by incubating with 1% Triton X-100 for 1%, serially
diluted, and spread on Brilliant Green agar plates (Becton Dickinsmmtpining 20

ug/ml of nalidixic acid and incubated overnight atGTor enumeration.
2.6. Oxidative burst assay of HD11 cells

The assay of oxidative burst activity was performed as preyiaesicribed with slight

modifications [37]. Briefly, HD11 cells were seeded at 1 Xdls in a 96-well plate in
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complete RPMI 1640 and cultured overnight. After addition of 0, 0.5, 1, and 2imM
sodium butyrate for 24 h, cells were washed with HBSS to renamtiiotics,
replenished with fresh RPMI 1640 free of Phenol Red and antibiaticsrested for 30
min. Phorbol 12-myristate 13-acetate (PMA, Sigma) and 2',7-
dichlorodihydrofluorescein diacetate (DCFDA, Sigma) were addedells to final
concentrations of 0.pg/ml and 1QuM, respectively. The fluorescence was monitored at
485 nm excitation and 528 nm emission using FLx800 Multi-Detection ojliate
Reader (Bio-Tek Instruments) 1 h after incubation 8&€3The results were normalized
against protein concentrations, which were measured using thioBradsay (Bio-Rad)

as per manufacturer’s instructions.
2.7. Flow cytometric analysis of MHC class | and Il surface markers

Following stimulation with 4 mM butyrate, 1 pg/ml LPS frdin coli 0O111:B4 (Sigma)
or left untreated for 24 h, HD11 cells were scraped, washed,djumstedd to 1 x 10ml
with the FACS buffer (0.1% BSA + 0.02% sodium azide in phosphate bdftaiine).
Cells were preincubated in the FACS buffer containing 1% chiskeum and 1% of rat
FCy 1lI/Il receptor blocker (clone 2.4G2, eBioscience) for 15 min, folidwey
incubation with fluorescein isothiocyanate (FITC)-conjugated monseclicken MHC
class | (clone F21-2, SouthernBiotech) and R-phycoerythrin (Re®ijugated mouse
anti-chicken MHC class 1l (clone 2G11, SouthernBiotech) monoclonabaghds for
another 30 min. Flow cytometry was performed on a FACSCalibur Elgtemeter

(Becton-Dickinson) and analyzed with BD CellQuest Pro-software.

2.8. Butyrate feeding andS. enteritidis infection of chickens
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Two chicken trials were conducted to test the in vivo effect ofratdyon HDP gene
expression and disease resistance. In trial 1, a total of 20, five-day-old onaishdRock
broiler chickens (Ideal Poultry, Cameron, TX) were equally dividaed fed with a
standard antibiotic-free ration mixed with or without 0.2% sodium buyoat48 h prior

to intraesophageal infections with 0.5 ml of Lysogeny broth ( Ldjtaining 1 x 18
CFU of S. enteritidisphage type 13a [38]. After continuous feeding with butyrate-
supplemented feed for another 4 days, the birds were euthanized ancbo¢eals were
aseptically collected from each animal, serially diluted BEPand plated on Birilliant
Green agar plates (Becton Dickinson) containing 20 pg/ml of ralidcid for bacterial
enumeration. Trial 2 was conducted similarly with a total of 30,-das-old male
broilers fed with or without 0.1% or 0.2% sodium butyrate supplementatithreifeed

for two days, with 10 chickens per treatment. An intraesophageatiorfevith 1 x 16
CFU of S. enteritidisphage type 13a was conducted 2 days later and butyrate
supplementation was continued for another 4 days. Cecal contents werelieeted
from each chicken for bacterial counting. All animal procedwere approved by the
Institutional Care and Use Committee of Oklahoma State Uniyersihpaired Student’s

t-test was performed among groups, and p < 0.05 was considered statisticdlasigni

3. RESULTS

3.1. Butyrate induces HDP gene expression in chicken HD11 mactagme cells,

primary monocytes, bone marrow cells, and jejunal and cecal explants
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To elucidate the effect of butyrate on HDP gene expression inhibken, we
first stimulated HD11 macrophage cells and primary chicken monowytesdifferent
concentrations of sodium butyrate for various times, followed bitima RT-PCR
analysis of the expressions of the genes for all 14 AvBDs4aradhelicidins. Butyrate
enhanced HDP gene expression significantly in all chickenygedbttested (Fig. 1). The
avian p-defensin 9 AvBD9 gene was dramatically induced in HD11 cells in a time-
dependent manner peaking at 24-48 h following stimulation with 4 mM but{faje
1A). A dose-dependent induction was also evident in HD11 cells, with 4botifate
giving nearly 5400-fold induction givBD9after treatment for 24 h (Fig. 1B). Similarly,
the AvBD9 gene expression was dose-dependently augmented in primary monocytes,
resulting in a 200- and 650-fold increase following 24 h stimulation fvitmd 8 mM
butyrate, respectively (Fig. 1C). A 700-fold augmentation ofAlBD9 gene was also
observed in chicken bone marrow cells treated with 4 mM butfoa@4 h (Fig. 1D). It
is noteworthy that the kinetics of butyrate-mediated HDP gepeession is similar in
humans, where a peak response occurred in intestinal cell lidedays following
treatment with 4 mM butyrate [30, 31]. However, it is not cleay Wie sensitivity of the
two chicken cell types to butyrate differs. Butyrate at 4 gave an optimal induction of
the AvBD9gene in HD11 and bone marrow cells, whereas a peak response oat@red
mM in primary monocytes, although no appreciable impact on the wabflithe cells

was observed in any cell type in response to up to 8 mM butyrate (data not shown).

Besides AvBD9, several other chicken HDP genes includaipelicidin B1,
AvBD3, AvBD4, AvBD8, AvBD1@nd AvBD14 also showed largely dose-dependent

inductions in response to butyrate treatment in HD11 cells, albailesser magnitude
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thanAvBD9 (Fig. 2). A similar trend also occurred in chicken primary moresyivhere
butyrate triggered dose- dependent up-regulatiaratifelicidin B1, AvBD3, AvBD%&nd
AvBD14 (Fig. 2). Notably, a subset of HDP genes includiegBD1, AvBD6 and
fowlicidins 1-3were essentially not modulated by butyrate in either cell (g 2).
Furthermore, AvBD2 and AvBD7 were even slightly down-regulated in primary
monocytes and HD11 cells, respectively (Fig. 2), suggesting ehfiai regulation of
HDPs by butyrate. To further examine whether butyrate isbéaypd augmenting HDP
gene expression in intestinal cells, chicken jejunal and esgddnts were prepared and
stimulated with butyrate for 24 h. Three representative HDPselyadlwBD9, AvBD14
and cathelicidin B1 were induced significantly in a dose-dependent manner in both the
jejunum (Fig. 3A) and cecum (Fig. 3B), although the magnitude of irauctias

generally less pronounced in the cecum than in the jejunum.

To confirm the HDP-inducing activity of butyraie vivo, we fed 2-day-old
broiler chickens with and without 0.1% and 0.2% butyrate in standaoth far 2 days
and harvested the crop, cecal tonsil, and cecum for real-timeQRTdnalysis of the
AvBD9 gene expression. As shown in Fig. 4, significantly indugeBD9 expression
was observed in the crop, with 0.1% and 0.2% butyrate leading to 22- afmld7.5
increase, respectively. A similar, but less dramatic tresal @tcurred in the cecal tonsil
and cecum (Fig. 4). It is not known why a reduced response was gbdh2fb6 butyrate
supplementation compared to 0.1% butyrate. Perhaps higher concentratimrigrate
are more potent in inducing growth arrest and apoptosis [27, 28]. Thadfinkat
AvBD9 induction is more pronounced in the crop than in the lower digestee it

perhaps related to tissue specificity. However, it is morelylikeecause local
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concentrations of supplemented butyrate are much higher in the crom tbdoei parts
of the intestinal tract, similar to earlier findings that thajority of butyrate is absorbed
in the crop before reaching the lower digestive tract [39, 40]. Gokdy, these results
strongly suggest that butyrate is a potent inducer of the chickdp ékpression in
multiple cell types both in vivo and in vitro, although cell- and tisspesific induction

patterns are also evident.

3.2. Butyrate triggers no or minimum inflammatory response

Butyrate generally exerts anti-inflammatory effects and baen used to treat
inflammatory bowel diseases [27, 28]. To confirm butyrate-mediatpdcific
augmentation of HDP gene expression without triggering a proinflaongneesponse,
we treated HD11 cells with and without butyrate for 3 and 24 h and zacalye
expressions of three representative cytokines, namelyp,ILH1-8, and IL-12p40.
Butyrate had essentially no effect on eithedf (Fig. 5A) orlL-12p40expression (Fig.
5B) at both time points. No influence dh-8 expression was observed after 3 h
stimulation with a moderate induction only after 24 h (Fig. 5C).olmtrast,IL-1/, IL-8,
andIL-12p40were induced markedly in response to 1 ug/ml LPS (Fig.f9sé results
demonstrated that butyrate selectively induces HDPs with a mommirmpact on
proinflammatory cytokine expression, consistent with earlier trgoismal profiling
results that butyrate is generally anti-inflammatory, sugimgsexpression of certain

cytokines with no effect on the majority of them [41, 42].

3.3. Butyrate augments the antibacterial activity of chicken monages through

induction of HDPs
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To investigate the functional consequence of butyrate-induced HDPssixpre
we stimulated chicken primary monocytes with and without diffecemicentrations of
butyrate for 24 h, lysed cells, incubated cell lysates Bitrenteritidis and measured
bacterial turbidity after 9 h. As shown in Fig. 6, a dose-dependatistisially significant
suppression of bacterial growth in butyrate-treated monocytesf/sas observed, with
4 mM butyrate giving greater than 3-fold reduction in turbidity. Kvigrth noting that
incubation of bacteria with butyrate alone had no impact on bactgaaith at up to 4
mM (Fig. 6), implying that butyrate is incapable of killing baieelirectly at the HDP-
inducing concentrations. Furthermore, given that butyrate in theudglre medium was
completely washed off prior to cell lysis and the antibactexgahy, an enhancement in
the antibacterial activity of the cell lysates is unlikelyeda the direct bacterial killing

activity of butyrate.

To further rule out the possibility that butyrate-induced augmentatfothe
antibacterial activity was not attributed to a change in phdgsisy of chicken
macrophages by butyrate, we first incubated HD11 cells withreliffeconcentrations of
butyrate for 24 h and then measured the phagocytic capachg oklls taS. enteritidis.
In comparison with non-treated cells, essentially no differencphegocytosis was
observed with any concentration of butyrate (Fig. 7A). We furtheméed the
influence of butyrate on the oxidative burst activity of chicken maeageh As seen in
Fig. 7B, PMA triggered a significant oxidative burst in HD11 s;ellowever, butyrate

had a minimum impact on the cells treated with and without PMA.

To test whether butyrate is capable of activating chicken ophages, we

guantified a surface marker of cell activation, i.e., MHC clgssnl HD11 cells by flow
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cytometry following stimulation with 4 mM butyrate for 24 h, usingd®l class | as a
house-keeping control. As expected, LPS stimulation induced surface expressid€ of M
class Il in nearly 50% cells; however, essentially no chan@§#H@ class Il expression
was observed in butyrate-treated HD11 cells (Fig. 8). Tre=sdts collectively indicated
that butyrate is incapable of modulating phagocytosis, oxidative tuesttivation status
of macrophage cells. Augmentation of the antibacterial actimityesponse to butyrate

treatment, therefore, is likely due to specific induction of endogenous synthekidef

3.4. Oral supplementation of butyrate reduce$. enteritidis colonization in the

cecum of infected chickens

Because enhanced HDP gene expression and antibacterialtiesctiwiere
observed in cells in response to butyrate treatment, we evaluatexthew
supplementation of feed with butyrate can reduce the survival bbgetic bacteria in
the intestinal tract of 5-day-old broilers in two separatéstri@hickens were fed with and
without 0.1% and/or 2% butyrate for 2 days prior to intraesophageallation of S.
enteritidis phage type 13a for another 4 days. The cecal contents, Bhemteritidis
most heavily colonizes, were aseptically harvested and subjecteeri&d plating on
Brilliant Green agar plates containing 20 pg/ml of nalidaga for specific enumeration
of S. enteritidisl3a. In trial 1, oral supplementation of 0.2 % butyrate resulted in 1-log
reduction in the median counts of inoculated bacteria in thé cegtent, relative to the
control group (Fig. 9A). In trial 2, 0.1% butyrate significantly redusacterial loadR =
0.03) in the cecal content of the chickens, whereas 0.2% butyrate dddds reduction

of bacterial counts (Fig. 9B). This is perhaps not surprisingngilie earlier findings
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that, as compared to 0.1% butyrate, 0.2% butyrate supplementatiod tzsssanduction

of the HDP genes in the intestinal tract (Fig. 4).

4. DISCUSSION

As a major species of short-chain fatty acids produced from featn@n of
undigested dietary fiber by intestinal microflora, butyratertexa plethora of effects on
intestinal health and disease [27, 28, 40]. In addition to being a prenargy source
for colonocytes in mammals, butyrate has been found to play an impmtarnt the
digestive tract by stimulating mucin synthesis and intestimaiility, cell proliferation
and differentiation, while suppressing inflammatory diseases [274{8In the present
study, we have revealed a novel role for butyrate in host detents@xtended earlier
findings that butyrate-induced synthesis of HDPs not only occunarimans and rabbits
[29-31], but is also conserved in chickens. We have presented both inndtia givo
evidence showing that butyrate strongly induces the expressiomsiltple HDPs in
different cell and tissue types including HD11 macrophages, primanocgtes, bone
marrow cells, jejunum and cecal explants as well as in croppgeand cecal tonsils of
chickens. The results clearly suggest that transcriptional teguimechanisms of many

HDPs are phylogenetically conserved across mammals and aves.

It is important to note that only a subset of chicken HDPs arelategl by
butyrate (Fig. 2), implying that HDPs are differentially reget even within the same
family. Consistently, only LL-37 and hum#ndefensin-2 were reported to be regulated
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by butyrate in humans [30, 31, 43]. For those chicken HDP genes¢hatoaulated by
butyrate, we observed a clear cell-specific regulation patieravalenced by marked
differences in the magnitude of induction among different cqledy For example,
treatment with 4 mM butyrate for 24 h induced fd3D9gene approximately 3,000- to
5,000-fold in HD11 macrophage cells, but only 200-fold in primary monocytesiokD0-
in bone marrow cells, 140-fold in jejunal explants, and 5-fold in cegallants (Figs. 1
and 3). Several other HDPs, e.gvyBD14 and cathelicidins Blwere also regulated

differently among individual cell types (Fig. 3 and data not shown).

Although we could not detect the synthesis of chicken HDPs at thenpietel
in response to butyrate treatment due to a lack of specific anshadéeobserved an
increased HDP gene synthesis leading to an enhanced antibaatvig) in monocytes
in vitro and augmented intestinal bacterial clearance in vivo follpwutyrate treatment.
A nearly 10-fold reduction in the bacterial titer was achieweithe cecal contents of the
chickens fed 0.1% or 0.2% butyrate (Fig. 9). Given the rapid rate of absogstd
metabolism, the majority of supplemented butyrate is known to be takiey thp upper
digestive tract, with very small quantities reaching the lowtgstinal tract or general
circulation [39, 40]. A more pronounced reduction in the cecal bactéealmay be
achieved if supplemented butyrate can be protected when passinghtitheugpper
digestive tract or if more butyrate can be produced in the cegumalipulating the

conditions of local bacterial fermentation [39, 40].

It is noteworthy that 0.1% butyrate gave a better bactex@ation than 0.2%
butyrate in our feeding trial (Fig. 9B), in agreement with fthding that 0.1% butyrate

supplementation led to a higher level of fa@BD9gene transcription in the crop, cecum,
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and cecal tonsil of chickens than 0.2% butyrate (Fig. 4). Consistenthyy &utyrate
failed to stimulate the synthesis of a higher amount ofAVi8D9 transcripts in HD11
cells than 4 mM butyrate (Fig. 1B). In fact, higher concentrations of butyrateletid to
cytotoxicity, growth arrest, and apoptosis [27, 28, 40]. The optimal dose of butyrate for i

vivo applications, therefore, needs to be investigated carefully for each apeuigss

It was reported earlier that oral supplementation of 0.63 g/kg.9% g/kg of
butyrate reduces colonization and sheddin§.aénteritidian the cecum of chickens [44,
45]. However, the mechanism by which butyrate suppresses bactewehgemain
elusive, although it was proposed to be a result of the direct aetilahcctivity of
butyrate [46, 47] or a decrease in the invasivenesSafihonellathrough intestinal
epithelial cells following exposure to butyrate [36, 47]. However, becasigecially high
concentrations of butyrate (25, 50, and 100 mM) were needed to kill bacteri
negatively impact on bacterial invasiveness [36, 46, 47], it is untesaether these
proposed mechanisms may occur in vivo, given that most butyratesesbad in the
upper digestive tract if supplemented orally [39, 40] and that cecaleatrations of
butyrate are only < 6 mM in 18-day-old healthy broiler chickend @1 mM in 4-day-
old chickens [47]. More importantly, an increased invasion to intestipigthelial cells
was observed in the same study wiserenteritidiswas pre-incubated with a mixture of
short-chain fatty acids mimicking the in vivo cecal concentratiptq. Here, we
uncovered a novel mechanism that we believe accounts primaribhufyrate-mediated
suppression of intestinal bacterial colonization. We found that atighbyEal
concentrations butyrate fails to inhibit bacteria directly, butease the antibacterial

activity of host innate immune cells by inducing the synthessarray of HDPs with a
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minimum impact on the phagocytic and oxidative killing capacityels as activation
status of host cells. Therefore, it is the production of HDPsshatinly responsible for
a reduction of bacterial colonization in the intestinal tract lo€kens following oral

supplementation of butyrate.

Our in vitro and in vivo studies have firmly established that budynas a strong
capacity to induce HDP synthesis and that supplementation of butaataugment
disease resistance and reduce bacterial colonization in chickensfofégthe strategies
for efficient delivery of butyrate to the lower intestinal ctrawill have important
implications in animal health and food safety. Indeed, the microemedgd form of
butyrate proves to be more efficient in suppressing bacterial growthe ceca of
chickens than the free unprotected form [44, 45]. Alternatively, idestidic and
application of less labile forms of butyrate analogs in the fesyglatso prove to be more
desirable. In fact, several butyrate analogs have been shown apélglec of inducing
HDP gene expression in humans [48] and such analogs await fustiag ter their
antibacterial efficacy in other animal species such as chickBesides direct
administration of butyrate and its analogs, the dietary approdblaespromote the
proliferation of butyrate-producing bacteria and stimulate theadatation of butyrate
through the use of prebiotics may also have good prospect to augbergyHthesis and

host defense.

In summary, we have revealed that butyrate-induced synthesis of andege
HDPs is a phylogenetically conserved mechanism of innate hiestsgeshared by both
mammals and chickens. Moreover, we propose that butyrate-inducedsi#ibiresis

represents a newly discovered mechanism that mainly accountisefauppression of
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bacterial colonization and shedding in farm animals by butyrate. €bupith anti-

inflammatory effects and other beneficial properties, butydatgyrate analogs, and
perhaps other short-chain fatty acids may have potential for fuddnelopment as
antibiotic-alternative food or feed additives to boost innate immuaitg disease
resistance of humans and animals without provoking a harmful proinflEmnyma

response.
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Table 1. Primer sequences of chicken Aviap-defensins (AvBDs) for real time PCR

Forward primer

Reverse primer

Product size (bp)

Gene cDNA Gene
AvBD1 ATGCGGATCGTGTACCTGCTC CTGCTTGGGATGTCTGGCTCT 12 1197
AvBD2 CTCTCTCCTCTTCCTGGCAC GAGGGGTCTTCTTGCTGCTG 265 1122
AvBD3 ATGCGGATCGTGTACCTGCTC CAGAATTCAGGGCATCAACCTC 196 2379
AvBD4 CATCTCAGTGTCGTTTCTCTGC ACAATGGTTCCCCAAATCCAAC 321 899
AvBD5 CTGCCAGCAAGAAAGGAACCTG TGAACGTGAAGGGACATCAGAG 300 1100
AvBD6 AGGATTTCACATCCCAGCCGTG CAGGAGAAGCCAGTGAGTCATC 249 1203
AvBD7 CTGCTGTCTGTCCTCTTTGTGG CATTTGGTAGATGCAGGAAGGA 230 665
AvBD8 TTCTCCTCACTGTGCTCCAA AAGGCTCTGGTATGGAGGTG 124 383
AvBD9 GCAAAGGCTATTCCACAGCAG AGCATTTCAGCTTCCCACCAC hul 1802
AvBD10 TGGGGCACGCAGTCCACAAC ATCAGCTCCTCAAGGCAGTG 29 2285
AvBD11 ACTGCATCCGTTCCAAAGTCTG TCGGGCAGCTTCTCTACAAC 301 1299
AvBD12 CCCAGCAGGACCAAAGCAATG GTGAATCCACAGCCAATGAGAG 335 731
AvBD13 CATCGTTGTCATTCTCCTCCTC ACTTGCAGCGTGTGGGAGTTG 175 4514
AvBD14 CTCCTGTTTCTTGTTCTCCTG CACTTTGCCAGTCCATTGTAG 149 501

& Primers for AvBD4-13 are adopted from reference 15.
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Table 2. Primer sequences of GAPDH, chicken cathelicdin/fowlidin family and

cytokines for real time PCR

Product size (bp)

Forward primer Reverse primer
Gene cDNA  Gene
Cath-B1 CCGTGTCCATAGAGCAGCAG AGTGCTGGTGACGTTCAGATG 170 251
Fowlicidin-1 GCTGTGGACTCCTACAACCAAC  GGAGTCCACGCAGGIACATC 261 882
Fowlicidin-2 CAAGGAGAATGGGGTCATCAG CGTGGCCCCATTTATCATTCA 221 584
Fowlicidin-3 GCTGTGGACTCCTACAACCAAC  TGGCTTTGTAGAGGIGATGC 352 1095
IL-1B GACATCTTCGACATCAACCAG CCGCTCATCACACACGACAT 215 384
IL-8 GCTGATCGTAAAGGCACTTATG GTGAAAGGTGGAAGATGGAATG 159 727
IL-12p40 GACCCACCTCAATGTCAGTATG GCCCAGTCTTTGGAATCTRAT 184 1456
GAPDH GCACGCCATCACTATCTTCC CATCCACCGTCTTCTGTGTG 356 876

& Primers for GAPDH are adopted from reference 15.
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Fig. 1. Butyrate-induced expression of théAvBD9 gene in different chicken cell
types.HD11 macrophage cells were incubated in duplicate with 4 mM sodium butyrate
for indicated time points (A) or indicated concentrations of butyfate24 h (B).
Chicken primary monocytes (C) or bone marrow cells (D) weposed to different
concentrations of butyrate in duplicate for 24 h prior to isolation of R&A. The
AvBD9 gene expression was analyzed by real-time RT-PCR, and titeveefold .
increase over the control group was calculated using the comparattenethod and

the GAPDH gene for normalization. The bars represent means + standardgethe

data from 2-3 independent experiment3.<0.05, ** P < 0.001, and ***P < 0.0001 1ch

by unpaired Studentistest as compared to the untreated control. ‘ontent

1ot do
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Fig. 2. Induction of HDP gene expression in chicken HD11 macrbpges and primary
monocytes. Chicken HD11 macrophage cells and primary monocytes were incubmted i
duplicate with and without different concentrations of butyrate for Zéllowed by RNA
isolation and real-time RT-PCR analysis of all 14 chiclgedefensins AvBD9 and 4
cathelicidins fowlicidins 1-3andcathelicidin B). The color elements represent average log
ratios of fold change from 2-3 independent experiments. Red iediogtregulation, whereas
black means no induction and green down-regulation. Gray areas adication of no data
due to extremely low expression levels of certain HDPs ingssirmonocytes. Three groups
of chicken HDPs, namely generally induced (1), non-regulatdbleapd generally down-
regulated (lIl), can be classified according to their mode of natidul by butyrateAvBD11,
AvBD12 andAvBD13could not be reliably detected in either cell type, and therefas w

not shown. The heat map was generated by using MultiExperiment Vigwer [
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Fig. 3. Up-regulation of three representative HDPs in chickejejunal (A) and cecal
explants (B) by butyrate. Chicken jejunum and cecal explants were obtained by
culturing slices of 0.5 cm long segments, followed by incubatiorh witlicated
concentrations of butyrate in duplicate for 24 h. Real time RT-R@&performed and
the relative fold increase over the control group was calcllaseng the comparative
AACt method and th&APDH gene for normalization. The bars represent means *
standard error of the data from two independent experimepts.(.05, ** P < 0.001,

and *** P < 0.0001 by unpaired Student:test as compared to the untreated control.
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Fig. 4. In vivo induction of the AvBD9 gene expression in the intestinal tract of
chickens by butyrate. Two-day-old male Cornish Rock broilers were fed with standard
ration with or without supplementation of 0.1% and 0.2% butyrate for 2 dagscrop,
cecal tonsil, and cecum were collected from each chicken andAuB®9 gene
expression was evaluated by real-time PCR. Each bar represesms + standard error

of the data from 6 different chickensP*< 0.05 by unpaired Studentgest.
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Fig. 5. Minimum triggering of proinflammatory cytokine synthesis n HD11 cells by
butyrate. Chicken HD11 macrophage cells were incubated with indicated coatemsr
of butyrate or 1 pg/ml LPS in duplicate for 3 and 24 h, followedda}-time PCR
analysis of the gene expressions if-15 (A), IL-12p40 (B), andIL-8 (C). The bars
represent means = standard error of the data from two indepenxigerinents.
Essentially no induction olL.-1 andIL-12p40 was observed at both 3 and 24 h after
butyrate stimulation, with moderate inductionlbf8 occurring only following butyrate

treatment for 24 h.
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Fig. 6. Augmentation of the antibacterial activity of monocytes folwing stimulation
with butyrate. Chicken monocytes were treated with or without different condeorisa
of butyrate for 24 h. Cell lysates were then prepared and incubatteds. enteritidis
(ATCC 13076) for 9 h at 3C. Bacterial turbidity at OBo,m was measured as an
indication of the bacterial densit$. enteritidisvas also directly incubated with different
concentrations of butyrate in cell culture medium alone without moe®@4 controls
(white bars). The bars represent means * standard ertog data from two independent
experiments. **P < 0.001, and ***P < 0.0001 by unpaired Student‘¢est as compared

to the untreated control.
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Fig. 7. No impact of butyrate on phagocytic (A) or oxidative burst adtities (B) of
HD11 cells. For both assays, chicken HD11 macrophage cells were incubated with
different concentrations of butyrate in duplicate for 24 h, followedexyosure tcS.
enteritidis phage typel3a for 30 min at 3T in the presence of 5% chicken serum for
phagocytosis assay. Extracellular bacteria were then Kkilgd gentamicin, and
internalized bacteria were enumerated from lyzed HD11 csellsdrial plating on
Brilliant Green agar plates containing 20 pg/ml nalidixicamiernight at 3%C. In the
oxidative burst assay, the fluorescence was monitored following 1ufbathon with
DCFA in the presence or absence of phorbol 12-myristate 13-a@ekdfd. The results
were normalized against protein concentrations of each sampleai$eepresent means

+ standard error of the data from two independent experiments.
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Fig. 8. No influence on the activation status of HD11 cells byutyrate. HD11 cells
were incubated with 4 mM butyrate, 1 pg/ml LPS or left unéckdor 24 h, followed by
flow cytometric analysis of surface expression of MHC claasd Il using fluorescein
isothiocyanate (FITC)-conjugated anti-chicken MHC class | amghyoerythrin (R-
PE)-conjugated anti-chicken MHC class Il monoclonal antibodies. dake shown are

representative of two independent experiments.
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Fig. 9. Reduction of theS. enteritidis titer in the cecal contents of chickens following

oral supplementation of butyrate. In trial 1 (A), 5-day old male broilers were equally
divided into two groups of 10 and fed with a standard antibiotic-freendietd with and
without 0.2% sodium butyrate for 2 days. Birds were then inoculatedlwiti@ CFU

of S. enteritidisphage type 13a and continued with butyrate feeding for another 4 days.
The S. enteritidistiter in the cecal content was quantitated from each animakbsl
plating on Brilliant Green agar plates containing 20 ug/ml natidicid. Trial 2 (B) was
similarly conducted with an additional group of 10 broilers fed with Gbifgrate. Each

dot represents the bacterial titer from a bird and the soliddpresents the median value

of each treatment. Brackets indicate the statisticalfgignce of differences & = 0.03,

unpaired Student’stest).
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ABSTRACT

Widespread use of antibiotics as growth promoters in food animal proainets
been criticized to be a major driving force for emergence ntimécrobial resistant
pathogens, which has become a serious public health concern worldwiddoideent
of antibiotic-alternative approaches to disease control and prevestionperatively
needed. Previously, we showed that butyrate, a major species of lshiarfaity acids
(SCFAs) fermented from undigested fiber by intestinal mioraflis a potent inducer of
endogenous antimicrobial host defense peptide (HDP) genes in the cHickdre
present study, we further revealed that, in chicken HD11 macromedigeand primary
monocytes, expression of HDPs is largely in an inverse laboe with the aliphatic
carbon chain length of free fatty acids, with SCFAs being th&t motent, medium-chain
fatty acids moderate and long-chain fatty acids essenimedffective. Additionally, three
SCFAs, namely acetate, propionate, and butyrate, exerted a stnangysin augmenting
HDP synthesis in chicken cells. Consistently, supplementation ickests with a
combination of the three SCFAs in water resulted in a further reduct®neotteritidian
the cecum as compared to feeding of individual SCFAs. More impgrtdree fatty
acids enhanced HDP gene expression without triggering proinédéonminterleukin-$
production. Taken together, oral supplementation of SCFAs is capabteosting host
immunity and disease resistance, with potential in disease camblprevention in

animal agriculture without relying on antibiotics.
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1. INTRODUCTION

Use of antibiotics as growth promoters is suspected to be a smajore for the
development of antibiotic-resistant pathogens, which have become apuhljiar health
concern worldwide. Enhancing host immunity and disease resistanspdifically
boosting the synthesis of endogenous host defense peptides (HDPS) neggntepr
promising antibiotic-alternative strategy. HDPs have been found imyredhforms of
life and play an important role in the first line of defense [1-HE)Ps kill a broad range
of microbes including bacteria, fungi, parasites, and envelopecesimsginly through
physical interaction and disruption of the membranes [1-3]. It isefthre, extremely
difficult for pathogens to develop resistance [1-3]. In addition to thiesct antimicrobial
activities, HDPs play a profound role in potentiating the immune regptminfections
by recruiting and activating immune cells, binding and neutralizagerial endotoxins,
and promoting wound healing [1-4]. Because of these pleiotropic effetdeneficial
to specifically enhance the synthesis of endogenous HDPs forselissmtrol and

prevention.

As an important source of energy, fatty acids are representaddoge group of
carboxylic acids with an aliphatic hydrocarbon chain that atkerisaturated or
unsaturated. Based on the number of carbon atoms in the aliphati¢ feltgi acids are
broadly classified into three groups, namely SCFASCH), medium-chain fatty acids
(MCFASs) (C6 to C11), and long-chain fatty acids (LCFAs)XJ12) [5]. Butyrate, acetate

and propionate are the major species of SCFAs produced by bafgenahtation of
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resistant starch, cellulose, and sugar in the intestine [6-8]cdineentrations of acetate,
propionate, butyrate vary in molar ratios from 48:29:23 to 70:15:15 in huecas {7]
and 33:12:6 in chicken cecal contents [9]. Besides being a major sdueoergy and
constituents of cellular membranes, fatty acids also play an tampaole in maintaining
homeostasis of intestinal physiology by regulating fluid absorption,ngptility, gut
microbiota, and mucosal inflammation as well as proliferation, reiffigation, and

apoptosis of intestinal epithelial cells [10-15].

Earlier studies reported that SCFASs including butyrate and propianatcapable
of inducing the synthesis of LL-37, a HDP in humans [12], which is lladee to their
histone deacetylase inhibitory activity [14]. Inhibition of histonecdgdase is known to
promote hyper-acetylation of the lysine residues in nucleosoreehigiones leading to a
less compact chromatin and transcriptional activation of a subsgérafs [16, 17].
Indeed, several other histone deacetylase inhibitors were also fouvel ¢apable of

inducing HDP gene expression in humans, albeit with a varying potency [14, 18].

We recently reported that butyrate enhances HDP expressioneralsdifferent
cell types including macrophages, monocytes, and intestinal epitbelis [19]. In the
present study, we further compared the relative potency in HBURtion by free fatty
acids of various aliphatic chain lengths (C1 to C18). There wasvanse correlation
between the expression of HDPs and the length of aliphatic chdattyfacids, with
SCFAs being the strongest inducers. Saturation or unsaturation dfpthatia tails of
fatty acids appeared to play a minimum role of HDP induction. Mddr revealed a
strong synergy among three SCFAs including acetate, propionatebuapdhte in

enhancing AvBD9 expression and reducing bacterial colonization inchineken,
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suggesting the potential for dietary supplementation of SCFAs @askscontrol and

prevention.

2. MATERIALS AND METHODS

2.1. Chemicals

Formate, acetate, propionate, butyrate, hexanoate, n-octanoatepatecdinoleic acid
(»-6), a-linolenic acid (-3), conjugated linoleic acid (CLA), and trichostatin A (TSA)
were purchased from Sigma-Aldrich (St. Louis, MO), whereas heminoonanoate,
dodecanoate, tetradecanoate, octadecanoate were from TCI &rfioitiand, OR). All
free fatty acids were purchased in the sodium salt formpékaelinoleic acid, linolenic
acid, and CLA, which were in the free acid form. SCFAs (&ienacetate, propionate,
and butyrate), MCFAs (hexanoate, heptanoate, n-octanoate, nonanoate, aarwhtegc
were dissolved in RPMI 1640 cell culture medium, while LCFAs (dodetanoa
tetradecanoate, and octadecanoate) were dissolved in methanol eiddiec acid,
linolenic acid and CLA were dissolved in ethanol. Bacterial lipcgadgharide (LPS)
from E. coli 0111:B4 was purchased from Sigma-Aldrich and dissolved in RPMI 160

medium.

2.2. Isolation, culture, and stimulation of chicken cells

Chicken HD11 macrophage cells (kindly provided by Dr. Hyun S. Lillétoon USDA,

ARS) were cultured in 6-well plates in RPMI 1640 containing 10% RBB8 1%
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streptomycin/ penicillin at 2 x fcells/well. After overnight growth, HD11 cells were
incubated with various fatty acids. Chicken peripheral blood mononuaia(lEBMCs)
were isolated from EDTA-anticoagulated venous blood by gradientifoagatron using
Histopaque 1077 (Sigma). Cells in the interphase were then collecsded in Hank’s
balanced salt solution (HBSS), and then resuspended in RPMI 1640 containing 10% FBS,
1% streptomycin/pencillin, and 20 mM HEPES in 60-mm tissue cutlistees at 6 x 10
cells/dish. After overnight incubation at °87 and 5% C@ non-adherent cells were
washed off with HBSS, and adherent monocytes were used subsequestigntdation
with fatty acids. Each treatment was performed in duplicatépicate and repeated at
least 2-3 times. For all experiments, equal amounts of solvemés adeled to cells as
negative controls. All chemicals were tested for their toxitt chicken cells, and the
subtoxic concentration ranges that gave the maximal induction of Kpession were

presented.
2.3. Analysis of chicken gene expression by real time RT-PCR

Following stimulation, cells were harvested with RNAzol (Molecular Besg, and total
RNA was extracted according to the manufacturer’s instructibmes first-strand cDNA
was synthesized from 300 ng of total RNA with QuantiTect Rssvdranscription Kit
(Qiagen), and real time PCR was performed with QuantiTectRS\@een PCR Kit
(Qiagen) using 1/40 (for GAPDH) or 1/10 (for HDP genes) of trst-itrand cDNA and
gene-specific primers in a total volume of 10 pl as previodscribed [20-22]. The
PCR was set for initial denaturation a®@5or 10 min, followed by 45 cycles of 92

for 15 sec, 5% for 20 sec, and 72 for 30 sec. A melt curve analysis step was also

included to ensure the specificity of PCR amplification. Chickercegbldehyde-3-
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phosphate dehydrogenase (GAPDH) was used as a house keeping getatafor
normalization. The forward and reverse primers for chicken GAPMRHAvBD9 and
cathelicidin B1), and proinflammatory cytokines (IB;1IL-8, and IL-12p40) were
previously described [20]. Relative changes in the gene expresgemiere quantified

with the AACt method as described [20-22].
2.4. Histone deacetylase (HDAC) assay

HDAC assay was performed using the Fluor-deLy$DAC Fluorimetric Cellular
Activity Assay Kit (Enzo Life Sciences, PA) according to tmeanufacturer’s
instructions. Chicken HD11 cells (1 x>} @vere cultured in phenol red-free RPMI 1640
containing 10% FBS in a 96-well tissue culture plate overnights @edre treated in
duplicate with or without SCFAs in the presence of 100 pM of Fdeetys’, a
fluorogenic, cell-permeable HDAC substrate for 4 h. The deacetylegaction was then
stopped by addition of TSA, a strong HDAC inhibitor, in a cell lymiffer containing
1% NP-40, The fluorescent signal was generated by addition of adderablution to a
final concentration of 1 uM, and the fluorescence was recorded at 3éRamation and
460 nm emission using FLx800 Multi-Detection Microplate Reader -{®io
Instruments). The HDAC inhibitory activity (%) was calculatesl [& — Eieatment—
Fbackground/(Fmax — Foackground] % 100, wheréyeamentlS the fluorescence of cells exposed
to SCFAs,Fnax is the maximum fluorescence of cells without being exposed tASCF

andFpackground'S the fluorescence of cell culture medium without cells.

2.5. Oral supplementation of SCFAs and experimental infection othickens with

Salmonella enteritidis
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A total of 20, day-of-hatch male Cornish Rock broiler chickens werehpsed from a
commercial hatchery (Ideal Poultry, Cameron, TX) and were gqdalided into four
groups with 5 birds/group and fed with a standard antibiotic-freenraind deionized
water ad libitum for 4 days. Water containing 0.5% sodium acetate, pr@ptonate
and/or 0.1% butyrate was provided ad libitum for each group for 2 days, tprem
intraesophageal infection with 0.5 ml of Lysogeny broth ( LB) cairtgil x 16 CFU of
S. enteritidis phage type 13a (a kind gift from Dr. Susan Lamont at lowa State
University) [23]. After administration of SCFAs in water farother 4 days, the birds
were euthanized and cecal contents were aseptically colleataceach animal, serially
diluted in PBS, and plated on Brilliant Green agar plates (Bectokiri3on) containing
20 pg/ml of nalidixic acid for overnight growth and bacterial enunmratAll animal
procedures were approved by the Institutional Animal Care and Wsemiitee of

Oklahoma State University.
2.6. Statistical analysis

Unpaired Student’s two-tailggtest was used to evaluate the statistical significance using
GraphPad Prism 5 (GraphPad Software, La Jolla, CA). P < 0.05 evesdered

statistically significant.

3.RESULTS AND DISCUSSION
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3.1. Inverse correlation between the HDP-modulating ability and aliphatichain

length of free fatty acids

To examine the effect of free fatty acids of various alighedrbon chain lengths
on the expression of a representative chigkeefensin (AvBD9), we incubated chicken
macrophage HD11 cells and primary monocytes with different contensaof fatty
acids for 24 h and then examined AvBD9 gene expression by reaRifRCR. As
shown in Fig. 1A, we observed a clear dose-dependent induction of AvBD9 i1 HD
cells in response to SCFAs and MCFAs, with LCFAs being largelctive. A peak
response occurred with SCFAs, with greater than 1000-fold inductiorvBD# gene
expression in HD11 cells when exposed to 80, 64, and 4 mM of acetat@natepiand
butyrate, respectively. The magnitude of AvBD9 induction was dieatigt reduced
with MCFAs (Fig. 1A) when compare to SCFAs. A similar trend waiso observed in
primary chicken monocytes, with SCFAs being the most potent irgly€égy. 1B).
However, a notable difference is that LCFAs including dodecano&#&?2)
tetradecanoate (C14), and octadecanoate (C18) maintained a comparaiilslightly

better, AvBD9-inducing activity than MCFAs in primary monocytes (Fig. 1B

Besides AvBD9, we also examined another representative chicken ridiDfely
cathelicidin B1, in response to free fatty acids in chicken pgimenocytes. Similar to
AvBD9, cathelicidin B1 was most readily induced by SCFAs includicgtae,
propionate, and butyrate (Fig. 2). The maximum induction of cath&li@diexpression
was 17-fold for acetate, 37-fold for propionate, and 29-fold for butyraspectively.

However, MCFAs and LCFAs had little or no impact on cathelicidin B1 synthesis.
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To further examine the effect of the saturation status of ipbatic chain on
HDP expression, different concentrations of oleate [C18:(n-9)], Imaleid [C18:2§-
6)], a-linolenic acid [C18:3¢-3)], and CLA were used to stimulate HD11 cells for 24 h.
Real-time RT-PCR revealed that, in contrast to saturated CRkiAsaturated long chain
fatty acids including oleate, linoleic acidlinolenic acid, and CLA were incapable of
inducing AvBD9 gene expression in HD11l cells (Fig. 3A), but cleatpwed a
statistically significant, dose-dependent induction of the AvBD®ession in primary
chicken monocytes (Fig. 3B), showing a seemingly more potent HDP-moddativiy
than saturated, unbranched LCFAs. Over all, these findings sogbyisuggested the
significance of double bonds in the regulation of HDP expressioappears that
presence of double bonds in LCFAs tends to increase their abiliyotiulate AvBD9
gene expression, with an opposite effect seen with saturatefls. Eléwever, additional
unsaturated fatty acids need to be tested in order to strengtheanttiasion, and the

underlying mechanisms warrant further investigations.

3.2. Impact of free fatty acids on the inflammatory response in HD11 cells

SCFAs, particularly Butyrate, generally exert anti-inflaatony effects and have
been used to treat inflammatory bowel diseases [7, 8]. To configmentation of HDP
gene expression by free fatty acids without triggering anflfashmatory response, we
treated HD11 cells with or without different fatty acids at mpli HDP-inducing
concentrations for 3 and 24 h and analyzed the expressions of thregemégiree
cytokines including IL-8, IL-8, and IL-12p40. Bacterial lipopolysaccharide (LPS) from
E. coliO111:B4 at 1 pg/ml was used as a positive control. All reptaisee fatty acids,
including acetate, propionate, butyrate, hexanoate, and octanoate, batakgsno
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effect onlL-14 at both time points (Fig. 4). No influence 8n12p40 expression was
observed following fatty acid stimulation for 3 h; however, a 3- toaldihduction was

seen with all fatty acids except for butyrate. As compared LS that caused >1000-
fold induction, a minimum influence (~10-fold increase) Wnr8 expression was
observed after 3 h stimulation; however, all fatty acids show&d8ainducing activity

comparable to LPS after 24 h (Fig. 4). Taken together, thesksreemonstrated that
fatty acids generally have no or a mild influence on triggetiegnflammatory response

while promoting the production of HDPs.

3.3. Synergistic induction of AvBD9 expression and reduction of bgarial

colonization by SCFAs

Because acetate, propionate, and butyrate are among the mostgittertids in
inducing AvBD9 gene expression and they also represent the majoespé&GCFAS
being produced simultaneously by intestinal microflora, we sought terndee the
synergistic effect of these three SCFAs on HDP synthesické&hiHD11 cells and
primary monocytes were treated with acetate, propionate, andhteutgdividually or in
combinations for 24 h and followed by real-time RT-PCR analysi&w#D9 gene
expression. Individual SCFAs at low concentrations gave a minimum tioduof
AvBD9 gene in both HD11 cells and primary monocytes (Figs. 5A andH®yever, a
combination of propionate and acetate showed an obvious synergism (FMorg)
strikingly, an addition of all three SCFAs resulted in a sigaift induction of the
AvBD9 gene in both cell types when compared to individual fatty adids 6). A
combination of all three free fatty acids enhanced AvBD9 gempesgion with a

maximum increase of 4,000-fold in HD11 cells and 25- to 50-fold in primary monocytes.
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SCFAs and butyrate in particular are well-known histone deacetytagbitors
[16, 17]. To study the impact of histone deacetylation on the AvBD9-ingactivity in
chickens by SCFAs, we treated HD11 cells with or without aeefaopionate, and
butyrate individually or in combination for 4 h and then performed HDAayssusing
Fluor-de-Ly§ HDAC Fluorimetric Cellular Activity Assay Kit (Enzo LifSciences). As
shown in Fig. 6, low concentrations of butyrate (0.5 mM) and ac&@tmil) showed a
similar HDAC inhibitory activity of approximately 50%, while gpionate (4mM)
suppressed the HDAC activity by 67% (Fig. 6). Moreover, a combmadf any two
SCFAs showed comparable or higher HDAC inhibitory activity thay iadividual
SCFAs. More importantly, simultaneous treatment of HD11 celis alli three SCFAs
resulted in the greatest inhibition of the HDAC activity (83%}y(f). These results are
precisely correlated with the relative capacity of SCFAsstimulate AvBD9 gene
expression, where individual SCFAs gave marginal induction, combiratiovo caused
a marked increase in AvBD9 expression, and the most dramatic atagime occurred
with three SCFAs (Fig. 5). Our data are also consistent aifreefindings that SCFAs

induced HDP synthesis mainly through inhibition of HDACs in humans [14].

To further confirm whether SCFA-mediated synergistic inductiorll@P could
confer animals an enhanced resistance to bacterial infectiosyppéemented 4-day-old
male broiler chickens with 0.5% acetate, 0.2% propionate, and 0.1% butyrate individually
or in combination in water for 2 days, followed by an inoculatiom Wi 10 CFU of S.
enteritidisfor another 4 days. The bacterial titer in the cecal contastexamined. As
seen in Fig. 7, a significant reduction of tBe enteritidisload was observed with

supplementation of acetate, propionate, and butyrate individually. Impoyterglynost
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dramatic reduction in bacterial colonization was seen in the @mgckeceiving a
combination of three SCFAs, consistent with their ability to indde®D9 gene
expression in vitro (Fig. 5). It is likely that newly synthediz¢DPs are released into

extracellular compartments, killing microbes on mucosal surfaces [24].

In the present study, we have shown among all free fatty &M2ISAs are the
most potent inducers of HDP gene expression in the chicken without provokegsie
proinflammatory response. Furthermore, the HDP-inducing activity 6/ASds strongly
correlated with their ability to inhibit the HDAC activity. i worth noting that, in
addition to the capacity to promote HDP synthesis, SCFAs and M@E#As also found
to possess direct antibacterial activities, albeit at higimcentrations [9, 25].
Additionally, MCFAs and SCFAs, except for acetic acid, reducealtiigy of Salmonella
to invade intestinal epithelial cells [9, 25]. Given such a plethorantibacterial
properties, free fatty acids, particularly SCFAs, have potefdratlisease control and

prevention and may represent promising alternatives to antibiotics.
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Fig. 1. Regulation of AvBD9 gene expression by free fatty acid€hicken macrophage
HD11 cells (A) and primary monocytes (B) were treated in duplieath or without
indicated concentrations of fatty acids (mM) for 24h, followedrégl-time RT-PCR
analysis of AvBD9 gene expression. Data was normalized with GARIDd relative
fold change of each treatment versus solvent control was calcukiteghNACt method.

Each bar indicates mean + standard error of the data from 2-3 experiments.
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Fig. 2. Modulation of cathelicidin B1 gene expression by frefatty acids. Primary
chicken monocytes were treated in duplicate with or without iteticeoncentrations of
free fatty acids (mM) for 24h, followed by real-time RT-P@Ralysis of cathelicidin B1
gene expression. Data was normalized with GAPDH, and relaildechange of each
treatment versus solvent control was calculated uSsix@t method. Each bar indicates

mean * standard error of the data from 2-3 experiments.
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Fig. 4. A minimum impact of free fatty acids on the expressionf proinflammatory
cytokines. Chicken HD11 cells were stimulated with different fatty acasoptimal
HDP-inducing concentrations (80 mM acetate, 32 mM propionate, 4 mM hatyliGit
mM hexanoate, and 2 mM octanoate) or LPS (1 pug/ul) as a pastiveo! for 3 and 24
h, followed by real-time RT-PCR analysis of the expression-dffl (A), IL-12p40 (B),

and IL-8 (C). The bars represent means + standard errors from 2-3 exsrim
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deacetylation reaction was stopped and the fluorescent signalewasatpd by addition
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unpaired Student'stest as compared to the cells treated with butyrate alone.

98



108

* *% * *%
’\8 0,0
-] °
L ]
9/ o | | 00 v A
" 107+ ——
2 n ¥ .
= A
.% A A
I
Qe *
U) 10 - ‘
v v v v v
\ Q 4
& (& & & &
Oo \)\\\ OQ; XS \(\’b'
v R O
Q¢ O®
@]

Fig. 7. Synergistic reduction of theS. enteritidis load in the cecum of chickens by a
combination of acetate, propionate and butyrateFour day-old male broiler chicks
were supplemented with or without 0.5% acetate, 0.2% propionate, and 0.yt#tebut
alone or in combinations in water for 2 days with 5 birds per group, fedoly an

inoculation withS. enteritidisphage typel3a (1 x 16. SCFA supplementation was
continued for another 4 days before the cecal content was colkeutiebacterial number
enumerated. Each dot indicates the bacterial titer in a bird and the soligphesergs the

median value of each treatmen®. £ 0.05 and *P < 0.01 (by unpaired Student'gest).
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ABSTRACT

As an important component of innate immunity, host defense peptidesjideect the
host from invading pathogens by acting as direct antimicrobialsnamdinomodulators.
Butyrate, a histone deacetylase (HDAC) inhibitor, was shown to éndhe HDP
expression and reduce tBalmonella enteritidigolonization in chickens. However, the
molecular mechanism by which butyrate induces chicken HDP expmessmains
elusive. Here we studied the involvement of histone acetylation and”caid MAP
kinase signaling pathways in butyrate-mediated regulation dD®v a chickenf-
defensin in chicken HD11 macrophage cells. We showed that, simibartycate, most
HDAC inhibitors are capable of inducing AvBD9 gene expression, althoagfing in
the efficacy. On the other hand, histone acetyltransferase (H#iibitors reversed
butyrate-induced AvBD9 gene expression. Inhibition of p38 MAP kinase or &NJun
terminal kinase (JNK), but not extracellular signal-regulated seindERK) pathway,
obliterated butyrate-triggered AvBD9 synthesis. In addition, cAMRlags and
adenylate cyclase agonists upregulated AvBD9 gene expreddmne. importantly,
butyrate and adenylate cyclase agonists acted synerdysticanhancing AvBD9 gene
expression. Taken together, our studies revealed a critical invalteaiehistone
acetylation, cAMP signaling, and p38 and JNK pathways in the atguolof AvBD9
gene transcription mediated by butyrate. A detailed understanditige ounderlying
mechanisms of the HDP gene regulation will pave the way feeldement of novel
antibiotic-free strategies in diseases control and preventionhnananal agriculture and

public health.
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1. INTRODUCTION

Host defense peptides (HDPs) are a critical, evolutionamigerved component
of the innate immune system. HDPs are represented by agergp of small cationic
peptides with generally less than 100 amino acid residues [1-4]s HiDP expressed
strategically in leukocytes, skin keratinocytes, and mucosal &gitleells lining the
digestive, respiratory, and urogenital tracts, providing an impofiesttline of host
defense. They are either constitutively expressed or diffellgregulated in response to
infection or injury. HDPs kill bacteria, enveloped virus, protozoa, and foragnly by
physically disrupting their membranes [2, 5-8]. In addition to thegctlibacterial killing
activity, HDPs also modulate innate and adaptive immunity [2, 9]. Tajomfamilies of
HDPs, namely cathelicidins and defensins, exist in vertebrtd®] 11]. Most defensins
are composed of six conserved cysteine residues in the C-temagian [10-13],
whereas cathelicidins consists of a conserved cathelin domain M-téwninal region
and a highly variable C-terminal sequence [4, 14]. The chicken genome entot¢®h
14 avianp-defensins also known as AvBDs and 4 cathelicidins known as fowlicldis

[15-17] and cathelicidin B1 [18].

Butyrate and a group of histone deacetylase (HDAC) inhibitors wesrently
found to specifically augment LL-37 cathelicidin gene expressiomuman HT29
colonic epithelial cells [19-21]. As an important epigenetichmacsm for remodeling of
the chromatin structure and controlling of gene expression, historiglatdoa is

achieved by a balanced act of histone acetyltransferébs®s] and HDACs. HATs
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acetylate the lysine residues of nucleosomal core histondsideto a relaxed and
transcriptionally active chromatin. Conversely, HDACs remove tle¢yhgroups from
the lysine residues resulting in a condensed and transcriptiofialtyesd chromatin.
HDAC inhibitors block the action of HDACs, leading to hyper-acéiyftaof histones,
thereby affecting gene expression [22-25]. It will be importaneveal the significance
of histone acetylation in regulating HDP expression in a non-mammalian siiesetes
epigenetic control, binding of cAMP-response element-binding protein (CRIEB
activator protein 1 (AP-1) to the promoter region were shown to glayajor role in
butyrate-mediated induction of human LL-37 expression in intestuithedial cells [26].
Consistently, blockage of cAMP and MAP (mitogen-activated prbtdnase signaling

essentially abrogated the transcriptional activation of the LL-B€ Qg butyrate [26].

We found previously that butyrate upregulates the expression afabélePs
and reduces th8almonella enteritidisolonization in thechicken [27] In the present
study, we extended our work to have further revealed a critiabf histone acetylation
and cAMP and MAPK signaling pathways in butyrate-mediated reégnlaf AvBD9, a
chicken B-defensin. We also discovered a synergistic induction of AvBD9 gene
expression by a combination of butyrate and adenylate cycigsests. These results
will have important implications in devising novel immune boostingegras in disease

control and prevention without the use of antibiotics.
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2. MATERIALS AND METHODS

2.1.Chemicals and cells

Sodium valproate, Sodium butyrate, pertussis toxin (PT) and cholera (6X) were
purchased from Sigma-Aldrich (St. Louis, MO). Forskolin (FSK), 8-BratAMP,
dibutyryl-cAMP (DB-cAMP), SB203580 (p38 inhibitor), PD98059 (MEK inhibitomda
SP600125 (JNK inhibitor) were from Santa Cruz Biotechnology (Santa, GZA).
HDAC inhibitors including trichostatin A (TSA), suberoylanilide dngxamic acid
(SAHA), CAY10433/BML-210, and CAY10398 were obtained from Cayman Chemicals
(Ann Arbor, MI). Epigallocatechin gallate (EGCG), garcinol, andcardic acid (HAT
inhibitors) were acquired from Cayman Chemicals (Ann Arbor, Eizo Life Sciences
(Farmingdale, NY), and Santa Cruz, respectively. Sodium valpraatieins butyrate, 8-
Bromo-cAMP, DB-cAMP, and PD98059 were dissolved in RPMI 1640 medium. TSA,
SAHA, CAY10433, and CAY10398, FSK, SB203580, and SP600125 were dissolved in
dimethyl sulfoxide (DMSO), whereas CT and PT were dissolved in sterié . vztiicken
HD11 macrophage cell line [28] was a generous gift from DurH$. Lillehoj at the

USDA, ARS.

2.2. Isolation of chicken primary monocytes

Chicken blood was collected intravenously using EDTA as anticoag{8agyha), and
peripheral blood mononuclear cells (PBMC) were isolated by gradmmtifugation
with Histopaque 1077 (Sigma). Chicken blood was mixed 1:1 with 1% mettiylose

(Sigma), and centrifuged at 25 g<for 20 min. Cells remaining in suspension were
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collected, mix 1:1 with prewarmed Hanks balanced salt solution (HB®8 centrifuged

for 15 min at 600 xg. Cells were resuspended with warm HBSS and overlaid onto
Histopaque 1077 for centrifugation for 30 min at 40Q. *nterphase containing PBMC
was collected into a fresh tube and washed with HBSS. Cell palkethen resuspended

in RPMI 1640 (Hyclone) supplemented with 10% fetal bovine serun$)FBO0 pg/ml
streptomycin, 100 U/ml penicillin, and 20 mM HEPES. PBMCs (6'Midl) were
dispensed in 60 mm tissue culture dishes and let adhere overnigRCaar875% CQ
Non-adherent cells were then removed, and adherent monocytes vededveace with
prewarmed HBSS. Monocytes were replenished with fresh conipii 1640 medium

and incubated for another 2 h prior to be exposed to different agents.
2.3. Culture and stimulation of cells

Chicken HD11 macrophages (2 XM@ell) were grown in 2 ml RPMI 1640 supplemented
with 10% FBS and 1% antibiotics in 6-well tissue culture plagsiter overnight
incubation at 3% and 5% CQ cells were treated with different agents. To study the
signaling mechanisms in butyrate-mediated HDP induction, cale wcubated with
cAMP agonists, MAPK kinase inhibitors for 1h and with HAT inhibitdos 2 h,
followed by butyrate treatment for up to another 24 h. All experisnepte performed 2-

3 times independently, with 2-3 biological replicates for each treatment.
2.4. Total RNA extraction and cDNA synthesis

Following treatment with different agents, cells were hardesith RNAzol (Molecular
Research) for isolation of total RNA. The quantity and qualitR A were measured by

Nanodrop(NanoDrop Products, Wilmington, DE), and QuantiTect Reverse Transcription
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Kit (Qiagen, Valencia, CA) was used to synthesize the firakdtcDNA from total RNA
following the manufacturer's recommendations. Briefly, 0.3 pgotdl tRNA was first
eliminated of genomic DNA contamination in a genomic DNA wipeout bdéie5 min
at 42C. Reverse transcription was then performed in a total volume of dsipg
Quantiscript reverse transcriptase and a mixture of random leexaamd oligo(dT)
primers for 30 min at 4&, followed by 3 min at & to inactivate reverse transcriptase.
The cDNA was then diluted 10-fold with RNase-free water prior to use ininealPCR.
2.5. Real-time PCR analysis of gene expression

QuantiTect SYBR Green PCR Kit (Qiagen) was used fortmeed-amplification of the
first-strand cDNA using MyiQ Real Time PCR Detection 8gst(Bio-Rad,Hercules,
CA, USA) as previously described [17]. Briefly, each PCR reaatvas set up in a 96-
well PCR plate in a total volume of 10 ul using 0.1 pg of the first-strand cDiAyene-
specific primers (Table 1). Real-time PCR was programmedfadlows: initial
denaturation at 9& for 10 min, followed by 45 cycles of denaturation &i®fbr 15 s,
annealing at 5% for 20 s, and extension and data collection &C7#r 30 s. The
forward and reverse primers for chicken GAPDH and AvBD9 and proinfkory
cytokines were previously described [29]. Melting curve analwsas conducted to
confirm the specificity of PCR amplifications. ComparativeC; method was used for
guantification of gene expression using the glyceraldehyde-3-phesgbhaydrogenase
(GAPDH) gene as the reference for data normalization [17].

2.6. Statistical analysis
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All data were subjected to statistical analysis using Studetets and GraphPad Prism 5
(GraphPad Software, La Jolla, CA). Each data point represented mean + stamdard e

from 2-3 independent experiments. The results were considered stayisifi¢ak 0.05.

3. RESULTS

3.1. Induction of AvBD9 gene expression by HDAC inhibitors

We showed recently that butyrate upregulates several chickdps HIDd enhances
resistance of chicken agairSt enteritidis[27]. Since butyrate is a well-known HDAC
inhibitor, we evaluated the ability of several HDAC inhibitorsg(FLA) to stimulate
AvBD9 synthesis. We treated chicken HD11 macrophages and primary nesedth
different concentrations of a few selected HDAC inhibitors2érh, followed by RNA
isolation and real-time RT-PCR analysis of the AvBD9 geneesgwn. As expected,
TSA, SAHA, sodium valproate, CAY10433, and CAY10398, all stimulated AvBD@ ge
expression significantly in a dose-dependent manner both in HD11(fEjls1B) and
primary monocytes (Fig. 1C), albeit at lower magnitudes thanrdtetywhich peaked
with an approximately 2,000-fold AvBD9 induction in HD11 cells and gretitan 250-
fold induction in primary monocytes. On the other hand, all other HD#At@biitors
showed a similar efficacy in inducing AvBD9 expression in HDl1lscelith an
approximately 100-fold maximum induction (Fig. 1B). In primary monogyalkproate
and SAHA led to 100-fold increase in AvBD9 expression, but TSA, CAY10488,

CAY10398 showed a reduced efficiency, with approximately 10-, 30-, arald6-f
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maximum increase, respectively (Fig. 1C). The results colidgtare suggestive of a
beneficial role of histone hyperacetylation in AvBD9 gene inductibe. Viariation in the
magnitude of AvBD9 gene regulation among different HDAC inhibitorsctbel due to

their relative potency in HDAC inhibition in different cell types.

3.2. Suppression of butyrate-induced AvBD9 gene expression by HAT inhibis

Acetylation of nucleosomal core histones is achieved by eittteradon of HATs or
inhibition of HDACs [22, 23, 25]. If hyperacetylation of histones throughAGD
inhibition promotes the AvBD9 gene expression, inhibition of the HAWviacwill have
an opposite effect. To confirm the effect of HAT inhibition on bugsiatduced AvBD9
expression, we pretreated HD11 cells with different concentrabioHAT inhibitors for

2 h prior to stimulation with 1 mM butyrate for another 24 h. Celleevileen harvested
and subjected to total RNA extraction and real time RT-PCRexpected, EGCG dose-
dependently reversed the induction of the AvBD9 gene by butyrate (F)gEEFCG at
200 uM suppressed butyrate-induced AvBD9 expression by 15-fold. Anaaardlig-ig.
2B) or garcinol (Fig. 2C) also similarly inhibited AvBD9 gene indouicticaused by
butyrate, although with a less efficacy. The stronger inhipidiect of EGCG than that
of anacardic acid or garcinol on the HAT activity is likelyb® attributed to the fact that
EGCG inhibits a broader spectrum of HATs than other two HAT inh#it&0-33]. It is
noted that, due to a low expression level of AvBD9 under the basal iconditfurther
decrease by HAT inhibitors could not be reliably detected in HE¥lls. Nevertheless,
these studies reinforced a critical role of histone aceatylan regulation of the AvBD9

gene.
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3.3. Involvement of p38 MAPK and JNK pathways in AvBD9 gene expression

MAPK signaling was shown to be involved in butyrate-mediated LLfRiugtion in
human intestinal epithelial cells and lung epithelial cells [19, 3}, ’5 determine the
effect of three classical MAPK pathways on AvBD9 gene espras we pretreated
HD11 cells with or without p38 MAPK, ERK1/2, and JNK inhibitors for 1 h, followed by
incubation with butyrate for another 24 h. Real-time RT-PCR amsalgtiAvBD9
expression revealed that SB203580 and SP600125, p38 MAPK and JNK inhibitors,
respectively, significantly attenuated butyrate-mediated AvB@idtion (Fig. 3). On

the other hand, PD, a specific ERK1/2 inhibitor, failed to suppresDAv&pression
induced by butyrate. These results suggested that p38 MAPK and JNKqtHERK1/2,

pathways are involved in butyrate-triggered AvBD9 expression.

3.4. Impact of CAMP signaling on AvBD9 synthesis

In addition to histone acetylation and MAPK signaling, CAMP armlagd adenylate
cyclase agonists were shown to induce LL37 expression in humannakespithelial

cells [26]. To study whether cAMP signaling is also involvedhia tegulation of HDP
synthesis in chickens, we first treated HD11 cells with diffe@ncentrations of two
CAMP analogs, 8-bromo-cAMP and DB-cAMP for up to 48 h. As showhig. 4, the

two analogs triggered both a time- and dose-dependent induction of AvBD9 gene
expression. Treatment with 0.5 mM 8-bromo-cAMP led to an approxiynéatébld
increase in AvBD9 expression at 24 h and 15-fold AvBD9 induction at &8gh 4A).

More strikingly, DB-cAMP caused a much more pronounced augmentatidnBiD9

gene expression, with approximately 200-, 500-, and 1,000-fold induction following
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stimulation with 2 mM of DB-cAMP for 6, 12, and 24 h, respectivelyg.(BB). The
results clearly confirmed the role of CAMP in the HDP induciiorihe chicken. The
marked difference in AvBD9 regulation between two cCAMP arsabg likely due to the
release of two butyrate molecules from the cAMP motif &8+cAMP is taken up into
the cells. Therefore, unlike 8-bromo-cAMP, the effect seen witkcBHEP is likely due
to the combined actions of both butyrate and cAMP. In fact, a growing dfoelyidence
suggested a consideration of the biological effect of butyrate when DB-¢é&\NHed as a
CAMP analog [36-39]. Nevertheless, it is beneficial to use DBHeAo enhance host
immunity and disease resistance by taking advantage of theiktidicing activity of

both butyrate and cAMP motifs existing in DB-cCAMP.

In addition to CAMP analogs, we further examined the AvBD9-intyeifficacy
of adenylate cyclase agonists, which promote the endogenous symathesisP. As
shown in Fig. 5, 10 uM forskolin stimulated AvBD9 gene expressionimexdependent
fashion peaking significantly with nearly a 9-fold induction at 24 h, isterg with the
potency of a CAMP analog, 8-bromo-cAMP. Similarly, CT at 0.5 ji@glso exerted a
statistically significant 6-fold increase in AvBD9 gene egsion following 24 h
stimulation, whereas PT caused a marginal 2-fold enhancementaat2®? h (Fig. 5)
demonstrated negligible induction of AvBD9 at and 24h time period. Oyvtrafie data
indicated that, in addition to cAMP itself, any agent that stiteslahe synthesis of

CAMP is also capable of promoting AvBD9 gene expression in the chicken.

3.5. Synergistic induction of AvBD9 gene expression by HDAC inhibitors and

adenylate cyclase agonists
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Since both HDAC inhibitors and cAMP signaling activators induce AvBije®e
expression, we sought to test whether there is a syneigigtiaction between these two
groups of agents. To our surprise, we observed a clear, stdiissicalificant synergy
between butyrate and three different adenylate cyclase ago8tsnhulation of HD11
cells with 1 or 2 mM butyrate for 24 h led to 200- to 800-foictease in AvBD9 gene
expression, whereas forskolin gave a maximum, less than 10-fold owEig. 6A).
However, a nearly 3,000-fold increase in AvBD9 expression was oloserD11 cells
in response to a combination of both 2 mM butyrate and 5 uM forskolin, wdfiekated
an additional 3-fold increase over butyrate alone (Fig. 6A). SInIl@T or PT led to a
marginal increase in AvBD9 gene expression in HD11 cells; hemvesimultaneous
treatment with butyrate and CT or PT resulted in an additional 8-fold increase over
butyrate alone (Fig. 6B and 6C). The results revealed a cleargsstic interaction

between histone deacetylation and cAMP signaling.

It is worth noting that forskolin regulated butyrate-mediated AvBR#ession in
a biphasic manner, with higher concentrations from 10 to 200 uM supprésd3mp
induction (Fig. 6A). The same is true with forskolin alone, with lcencentrations
inducing gene expression and high concentrations causing a dose-dedmdgation
of AvBD9 induction (Fig. 6A, insert). These results perhaps areumptising, given the
existence of negative feedback mechanisms in cAMP signalingadty prolonged
production of cCAMP negatively regulates the expression of LL-37 inahumtestinal
cells, due to the presence of an inducible cAMP early repressthe LL-37 gene
promoter [26]. It is likely that such a similar cCAMP repressoialso present in the

AvBD9 gene promoter; however, it needs to be experimentally cadirm
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4. DISCUSSION

HDAC inhibitors including butyrate, sulforaphane, phenylbutyrate, and i&#& found

to induce the HDP expression in humans [[19-21, 34, 35]]. We also revealeulettod
butyrate on regulation of several HDP gene expression in chid@&is Here, we
revealed for the first time that several additional HDAC irtbilsi such as sodium
valproate, SAHA, CAY10433, and CAY10398 are all capable of stimulatingD®v
gene expression in chicken HD11 macrophage cells and primary ma)oaijseit with
different efficacies. Furthermore, we showed that HAT inhibitongpeessed the HDP
gene expression. The results made it evident that HDP regulddy histone
deacetylation is conserved in both mammals and aves. However,likelg that
differences exist among species and/or cell types. For examipdmylbutyrate was
shown to be more potent than butyrate in inducing LL-37 expression in hum2é HT
intestinal cells [21]. Sulforaphane also exhibited higher efficy than butyrate in
triggering humarg-defensin 2 (HBD-2) expression in the same cell line [20]. Howeve
when compared to butyrate, phenylbutyrate had a less stingulatfect on AvBD9
expression in chicken HD11 cells while sulforaphane had no effeth @wown).
Therefore, it is prudent to confirm the HDP-inducing efficacy radividual HDAC

inhibitors in each species.

CAMP activates gene expression through protein kinase A (Pkotjated
phosphorylation of intracellular transcription factors such as cAbHpanse element-

binding protein (CREB), which in turn promotes recruitment of sewédls including
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CREB binding protein (CBP) and p300 to the target gene promoter, leadthgomatin
remodeling and gene transactivation [40]. HDAC inhibitors act to proloRiEB
phosphorylation, thereby potentiating CBP/p300 recruitment and cAMP-depeagyedent
transcription [41] . Therefore, it is not surprising to see a clear synetggdie adenylate
cyclase agonists and HDAC inhibitors in triggering AvBD9 gerpression. It will be
important to explore such a synergistic interaction betweenRAlgnaling and histone

deacetylation in boosting HDP synthesis, host immunity, and disease resistance.

We have also shown JNK and p38 MAPK signaling pathways areatlsiti
important in regulating butyrate-mediated AvBD9 gene induction, whiatomsistent
with an earlier report on the existence on the AvBD9 (also knowgaklmacin-6)
promoter region of several binding sites for activator protein 11AP2], which is a
common target transcription factor activated by MAP kinases [483]s intriguing to
note that ERK1/2 MAPK pathway appears not to be involved in regulatii®D8
expression in HD11 cells. However, both ERK1/2 and JNK, but not p38 MAR&kina
pathways are implicated in LL-37 induction in human lung and intestpitiielial cells
stimulated with butyrate [19, 35] or phenylbutyrate [21]. The aeafr such a
discrepancy between humans and chickens remains unknown. It is pléuwsildpecies-

or gene-specific regulatory pattern of HDP expression may exist.

Taken together, our results clearly showed that histone d&dmety CAMP
signaling, and MAP kinase pathways are involved in AvBD9 gegelagon. All these
three events are likely to cooperate with each other in providifigeatuning of the
AvBD9 expression. HDAC inhibitors enhance histone acetylation and tteéaAvBD9

gene promoter, achieving two benefits simultaneously. Firstolibpgs cAMP signaling
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resulting in enhanced recruitment of CREB to the AvBD9 promoteror8ég it
facilitates binding of AP-1 activated by MAP kinases to the gamoenoter. It is also
known that cAMP and MAPK signaling pathways cross-talks in tAMR-dependent
activation of PKA ultimately activates all three classib®\P kinase pathways [26].
Because of many desirable host defense roles of HDPs, farplaration of the
regulatory mechanisms of HDPs will facilitate developmenstotegies for optimal
production of HDPs, which will have enormous implications in boosting inogunity

and disease resistance without resorting to conventional antibiotics.
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Fig. 1. Induction of AvBD9 gene expression by histone deacetylase ibhors.
Different concentrations of histone deacetylase inhibitors (Agwerubated in duplicate
with chicken HD11 macrophages (B) or primary monocytes (C) witl24 h, followed
by real-time RT-PCR analysis of AvBD9 expression. Each baresents mean +
standard error of the data from 2-4 independent experiménts. 3.05, ** P < 0.001,

and *** P < 0.0001 by unpaired Studenttest as compared to the untreated control.
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Fig. 2. Suppression of butyrate-mediated AvBD9 gene induction byistone

acetyltransferase inhibitors. Chicken HD11 cells were treated in duplicate with

indicated concentrations of epigallocatechin gallate (EGCG)a@gcardic acid (B) and

garcinol (C) for 2 h before treatment with 1 mM butyrateaioother 24 h. Real-time RT-

PCR analysis was carried out to evaluate AvBD9 gene expnegsach bar shows mean

+ standard error of the data from 3-4 experimefs*0.05, ** P < 0.001, and ***P <

0.0001 by unpaired Student$est.
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Fig. 3. Role of p38 and JNK mitogen-activated protein kinase pathwaysn AvBD9
gene induction. Chicken HD11 cells were incubated in duplicate with 25 uM p38
inhibitor (SB203580), 20 uM JNK inhibitor (SP600125) or 50 uM MEK inhibitor
(PD98059) for 1 h, followed by stimulation with 4 mM butyrate for anofdeh. AvBD9
expression was evaluated with real-time RT-PCR. Data fredn eéXperiments are
presented in bars showing means + standard erroP. £0.0001 by unpaired Student’s

t-test.
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Fig. 5. Induction of AvBD9 gene expression by adenylate cyclase agosishicken
HD11 cells were stimulated with 10 uM forskolin, 0.5 pg/ml chotexa, or 0.5 pg/ml
pertussis toxin for 6, 12 or 24 h. AvBD9 gene expression was analyzedltyme RT-
PCR, and relative fold change was calculated as compared to theeegatrol. Values
represent means + standard error of the data from 2 to 3 eepésin®P < 0.05, and **P

< 0.001 by unpaired Studentsest.
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different concentrations of pertussis toxin (PT; pg/ml) (C)ewaztded to HD 11 cells for

1 h prior to 1 mM butyrate incubation for another 24 h. Real-time RT-&GiR/sis was

used to evaluate AvBD9 gene expression, and the relative foldjelveas quantitated

using 2**“‘method. Each bar demonstrates means + standard error of the data from 2 to 3
experiments. The effect of FSK alone on AvBD9 induction was shown in the insert, panel
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Findings and Conclusions: Butyrate, a short-chain fatty acid anell&kmown histone
deacetylase inhibitor, enhances a large set of chicken HDPs andsaesfistance
to S. enteritidis In addition, the induction of chicken HDP synthesis is largely
inversely correlated with the aliphatic carbon chain length effaty acids, with
short-chain fatty acids being the most potent, medium-chain fettg enoderate,
and long-chain fatty acids mostly ineffective. Desirably, fedty acids enhance
HDP expression with a minimum impact on proinflammatory response.
Additionally, a combination of three short-chain fatty acids, namebtate,
propionate, and butyrate, induced HDP expression in a synergistic mnanne
leading to more significant reduction of tBe enteritididoad in the chicken than
individual fatty acids. Moreover, cAMP signaling agonists stinreadathicken
HDP gene expression and synergized with butyrate in HDP inductien. W
confirmed that p38 and JNK, but not ERK1/2, MAP kinase signaling pgthwa
are involved in butyrate-mediated chicken HDP induction. Identificatiguotent
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