University of Veterinary Medicine Budapest
Doctoral School of Veterinary Sciences

Regulation of metabolic processes by

nutritional factors in chicken

PhD thesis

Janka Petrilla Kulcsarné, DVM

2022



University of Veterinary Medicine Budapest
Doctoral School of Veterinary Sciences
Budapest, Hungary

Supervisor and consultants:

Dr. Zsuzsanna Neogrady CSc
Department of Physiology and Biochemistry
University of Veterinary Medicine, Budapest

supervisor

Dr. Erzsébet Gere Dr. Pasztiné PhD
Department of Pharmacology and Toxicology
University of Veterinary Medicine, Budapest

consultant

Dr. LaszI6 Bardos CSc
Institute of Physiology and Nutrition
Hungarian University of Agriculture and Life Sciences, G6d6ll6 Campus

consultant

Copy .......... of eight.

Dr. Janka Petrilla Kulcsarné



Table of content

List Of @DBIrEVIATIONS «...eeiiiieie ettt ettt b e e s st b e neennees 5
YU 0100 =1 PP PP PP PPPPPPPPPPRE 7
QT 2=y (o Y={ =1 - OO 10
2. Introduction and [itErature OVEIVIEW .........ccoueiiiiie ittt ettt st esnee e sane e 13
2.1. Short chain fatty acids iN GENEral........cccuiiiiiiiiie e e e 13
2.2. General properties of the 4-carbon short chain fatty acid butyrate..........cccccoeeeeiiiiiiienn . 15
2.3. Action of butyrate on CelUIAr IOVEI ... 16
e T B Y 14T o[y A (ol =T ={ U1 = (o] ST 16
2.3.2. Receptor mediated aCtioN........ceiiiiiiee i e 17

2.4. Role of butyrate in the gastrointestinal tract........cccccoeeeiiie i, 18
2.4.1. Energy production in the ENteroCYteS......ccccuiiiiiie et 18
2.4.2. Regulatory role in the gastrointestinal epithelium .........ccccccoe i, 19
2.4.3. Effects on the intestinal MicrobiomMe .........oceiiiiiiiiii e 20

2.5. The extraintestinal role of BULYIate ......c.c.coeiiiiie i 24
2.5.1. General Metabolic effECtS . ... 24

2.6. The avian carbohydrate metaboliSm.............uuiiiiiii e 25
2.6.1. The glucose uptake and carbohydrate homeostasis of birds.........cccccceeiiciiiiieeiiiinccine. 26
2.6.2. The endocrine regulation of carbohydrate metabolism ...........ccocccviiieiiie e, 27
2.6.3. Insulin homeostasis and the insulin signaling pathway .........cccccoeeiiiieeiiie e, 29
2.6.4. Glucagon homeostasis and the glucagon signaling pathway.........cccccceevviciiiiieeec e, 31

2.7. The avian protein MetaboliSIm .........ceiiii i e e e e e sbraae e e e e e e eas 32
3. Significance and aims Of the STUAY .........uuiiiiii e e e e e e e 34
4. Materials and MELTNOMS ......cocuuiiiiieie e e s s e s b s ene e s e e nnee s 36
O T T o] = 1 =Y 0 =T o | PP U ST PRPPUPTOPSRORPINN 36
4.2, 1N VIVO STUAIES ...ttt ettt ettt ettt ettt e s e st e bt e sabe e e be e e sabeesneeesaseesabeeeaneeesneeenns 36
4.2.1. ANiMals and treatMenTs .....oc.uei it 36
L YT Y o111 Y= USRS 42
4.2.3. MEASUIEIMENTS ..eeiiiiiiiiiiiiiiii ittt sa e s ba s e s s sba s e s s sra e e s searae s 42

T 1 IRV 11 g o I Lo N USSR 46
4.3.1. Campylobacter culturing and determination of bacterial count ........ccccccooiiiiinnin, 46
4.3.2. Butyrate treatment of the CUUIeS.........oooi e 47
4.3.3. Plating and determination of the pH-associated antibacterial efficacy of butyrate............ 47
4.3.4, ANtibiOtiC SENSIIVITY TEST..uiiiiiiiiie e e e e e e e e e e ereeas 48



D RESUILS .ttt sttt sttt et b e h ettt ettt e bt e sh e san e sar e s b e b e neennes 50
5.1. Study |, [l and 1l — Body WeISHhT r@SUILS ....cccuvvieiiiiiie ettt e e e e 50
5.2. Study | — General metabolic responsiveness of chickens to nutritional factors ............ccccuu... 52
5.3. Study Il — Changes in hepatic insulin and glucagon signaling..........ccccccvvieeeeiiiicciiieee e, 55

oI T B € [V Tor= YooY T =TT o o | U UEEP 55
oI T [ T U LT o I =Tl o] o ol SRR SR 56
5.3.3. Mammalian target of rapamyCin........cccoocieiiiiiiie e e 57
5.4. Study lll — Nutritional effects on the weights of organs and carcass characteristics.................. 60

5.5. Study IV — The in vitro antibacterial efficacy of butyrate and antibiotic sensitivity of C. jejuni

SEFAINS ettt e a e s e e e s a e e e s baa e s 67
5.5.1. The in vitro pH-associated antibacterial efficacy of butyrate .........cccceevceiiiniiiiee 67
5.5.2. Antibiotic-sensitivity of C. jejuni STrains ..........cccviieiieiiiccee e 69

6. DISCUSSION ettt ettt ettt e e sttt e e sttt e e s m e e s s ame et e e s me e e e e sme et e e sme e e e e smeeeeesaneeeeesanrneeesanreeeenanee 71

6.1. Study | — Age-dependent general metabolic responsiveness of chickens to nutritional factors 72
6.2. Study Il — Changes in hepatic insulin and glucagon signaling...........cccccvvieeeieiiicciiieee e, 75
6.3. Study lll — Nutritional effects on the weights of organs and carcass characteristics.................. 79

6.4. Study IV —The in vitro antibacterial efficacy of butyrate and antibiotic sensitivity of C. jejuni

SEF@INS ettt e a st s a e s s b e e s raa e s 82
7. NEW SCIENTITIC FESUITS....eiiniie ittt ettt ettt s e s ber e sabeesabee e smteesneeesanes 85
8. REFEIENCES ..ttt et b e s h et ettt e bt sh e st sar e s b b neennes 86
9. OWN sCiEeNtific PUBIICAtIONS. ... .uviiiiieiee e e e s e e e e s aba e e e areeeean 113

9.1. Publications related to the topic of the present dissertation .........ccccccceeeviiieiiiiciee e, 113

9.1.1. Full text papers in peer-reviewed JOUrNals.........cceeiiiiiieiciiee e 113
9.1.2. Oral and poster presentations on international conferences........cccccocevevciieeeiciieeeicnnenn. 113
9.1.3. Oral presentations on Hungarian national conferences .........cccccceiieecciiiieeee e, 113

9.2. Publications not related to the topic of the present dissertation...........cccccceeeeeveiciiieeeeeciiennn, 114
9.2.1. Full text papers in peer-reviewed JOUrNals.........cceeiiiiiiiiicciiee e 114
9.2.2. Oral and poster presentations on international conferences........cccccocevvvcieeeiicieeecicnnenn. 115
9.2.3. Oral presentations on Hungarian national conferences ..........cccocceeeeciieeeicieeecccieee s, 117
9.2.4. SUPEIVISION Of DVIM th@SES......uuiiiiiieiieectieiee ettt e e e e e e e brrae e e e e e s e ennrraeeeeaeeas 118

O 0] o o1 =T 0 T=T gN = [ A 0 g = L =T A - | USRS 119
3 Yol 4 T 1YV [T F=d=T o o= o) USSR 128



4E-BP1
acetyl~CoA
Akt
AMPK
ANOVA
AOAC
AST
ATP
BSA
But
cAMP
cDNA
CFU
CK

CP
CSA
Ctr
CYP

d

DNA
GAPDH
GCGR
GIP

GLP-1

GLUT

GPCR

GPR41, GPR43, GPR109A
Gsa, Gq

H*

H2A, H2B, H3, H4

HAT

HDAC

IRS-1 (IRS-1,)

List of abbreviations

4E-binding protein 1
acetyl~coenzyme A
protein kinase B

adenosine monophosphate-activated protein kinase

analysis of variance

Association of Analytical Chemists
aspartate aminotransferase
adenosine triphosphate

bovine serum albumin

n-butyrate

cyclic adenosine monophosphate
cyclic deoxyribonucleic acid
colony-forming unit

creatine kinase

crude protein

Campylobacter selective agar
control

cytochrome P450 enzyme

day

deoxyribonucleic acid
glyceraldehyde-3-phosphate dehydrogenase
glucagon receptor
glucose-dependent insulinotropic polypeptide,
gastric inhibitory polypeptide
glucagon-like peptide 1

glucose transporter
G-protein-coupled receptor
G-protein receptor 41, 43 and 109A
G-protein sa and g subunits
hydrogen cation

histone core protein 2A, 2B, 3 and 4
histone acetyl transferase

histone deacetylase

insulin receptor substrate 1

(“a” lowercase subscript = activated)



IRa

IRB

LP
MAP-kinase
MB

MBC

MCT

MIC

miRNA
mRNA
mTOR

NP

NSP

PBS

PBST

PI3K (PI3Ka)

PIP,
PIP;
PKA
pKa
PKB
PKC
PLC
PPARa
g-PCR
RNA
S6K
SCFA
SE
SEM
SGLT
SMCT
TG

TP
WB

insulin receptor a subunit

insulin receptor B subunit

lowered protein

mitogen-activated protein kinase

maize-based diet

minimum bactericidal concentration
monocarboxylate transporter

minimum inhibitory concentration

micro ribonucleic acid

messenger ribonucleic acid

mammalian (or mechanistic) target of rapamycin
normal protein

non-starch polysaccharide

phosphate buffered saline

phosphate buffered saline with Tween 20
phosphatidylinositol-3-kinase

(“a” lowercase subscript = activated)
phosphatidylinositol diphosphate
phosphatidylinositol trisphosphate

protein kinase A

the negative logarithm of the acid dissociation constant
protein kinase B

protein kinase C

phospholipase C

peroxisome proliferator activated receptor alpha
quantitative polymerase chain reaction
ribonucleic acid

p70 ribosomal S6 kinase

short chain fatty acid

standard error

standard error of mean

sodium-glucose co-transporter
sodium-dependent monocarboxylate transporter
triglyceride

total protein

wheat-based diet



1. Summary

The promotion and maintenance of metabolic health with optimal feed utilization is of
special importance in the broiler industry to ensure intensive and economic growth and
simultaneously to improve animal welfare, as these aspects determine the quality and quantity
of the endproducts. The restricted application of antibiotics and hormones in the European
Union turned the scientific and public interest towards the growth promoting beneficial effects
of alternative feed additives, especially the most commonly used short-chain fatty acid n-butyric
acid or its anion form n-butyrate (in the followings butyrate) in order to reach the above
mentioned goals. Butyrate can be used as feed additive in the form of its free salts, or applied
in protected forms, but it also can be the endproduct of the endogenous anaerobe microbial
fermentation in the large intestines, promoted by bypass carbohydrates, e.g. non-starch
polysaccharides (NSPs) in the fodder. The NSPs serve as substrates for the short chain fatty
acid, and predominantly butyrate synthesis, enabling this molecule to exert its widespread
intestinal and extraintestinal effects, resulting in better growth performance and intestinal
health. Although butyrate supplementation of the diet is getting common in pig and poultry
nutrition, there are still open questions and contradictory data especially under special feeding
conditions. Therefore, the aim of this PhD study was to investigate certain age-dependent
general and tissue-specific effects of butyrate of exogenous and endogenous origin in
combination with distinct crude protein content of the diet in chicken. In addition, we also
intended to test the theoretical antimicrobial efficacy of butyrate against various Campylobacter
jejuni strains in an in vitro assay.

The hypothesis of the in vivo experiments was that distinct sources of butyrate, as well
as dietary crude protein content might affect the avian metabolism differently, or can have
different action when applied in combination. Therefore, apart from sodium (n-)butyrate
supplementation of the feed in the commonly used dose (1.5 g/kg diet), two cereals, wheat and
maize — wheat containing c.a. tenfold more NSPs than maize — were chosen as bases of the
experimental diets (WB vs. MB groups). Further, groups with recommended and slightly
reduced crude protein content (normal protein [NP] and low-protein [LP] groups, the latter
reduced by 15% and completed with limiting amino acids) were formed to gain information on
the effects of this ecologically beneficial rearing technology of growing interest.

The responsiveness of selected markers of the metabolism of nitrogen-containing
compounds, glucose and lipid metabolism, as well as insulin homeostasis were monitored on
Ross 308 broilers. To follow the suspected age-dependency, body weight measurements were
performed and peripheral blood samples were gained at the age of 7, 21 and 42 days (d).
Plasma total protein (TP) concentration increased in WB and decreased in LP groups on d 21,
while butyrate reduced albumin/ TP ratio on d 7. Uric acid level was elevated by WB diet on d



7 and 21, and by butyrate on d 21, but decreased in LP groups on d 21 and 42. Aspartate
aminotransferase activity was increased by WB diet on d 21, and LP diet intensified creatine
kinase activity on d 21 and 42. Moreover, the activity of this enzyme elevated c.a. 13-fold until
d 42, compared to d 7 measurements, independent of diet composition. Blood glucose level
decreased, but triglyceride concentration changed opposite in WB groups on d 21. No diet-
induced, but age-dependent changes of glucagon-like peptide 1 and insulin concentrations
were observed. Additionally, LP diet significantly increased body weight of the birds at all
sampling points, while WB diet had the same growth promoting effect on d 21 and 42, serving
as background data for the examinations. In conclusion, the chickens showed outstanding
ability to respond to the nutritional factors in the phase of intensive growth (d 21), and WB diet
proved to be the most potent in altering metabolic processes, presumably via intensified
butyrate production due to the manifold higher NSP content of wheat, compared to maize.
However, all but one parameters were in the physiological range, suggesting that the applied
dietary strategies might be safe in poultry farming.

Changes in the carbohydrate homeostasis might lead to better insulin sensitivity and thus
growth of birds, therefore, certain key members of the hepatic insulin and glucagon signaling
was also investigated. Considering the notable age-dependent changes of the avian metabolic
responsiveness, liver samples of 21-day-old chickens were subjected to quantitative
polymerase chain reaction (g-PCR) and Western blot analyses in order to study the gene
expression and protein abundance pattern of glucagon receptor (GCGR), insulin receptor beta
(IRB) and mammalian (also known as mechanistic) target of rapamycin (mTOR). Hepatic
GCGR and mTOR gene expression were up-regulated by WB and LP diet. GCGR and IRB
protein abundance decreased in groups with butyrate supplementation; however, the quantity
of IRB and mTOR proteins increased in WB groups. Based on these data, the applied dietary
strategies may be useful tools to modulate hepatic insulin and glucagon signaling of chickens
in the period of intensive growth. The obtained results might contribute to the better
understanding of glycemic control of birds, provide an opportunity of improving insulin
sensitivity, hence, the production parameters and the welfare of broilers, further, might serve
new information for animal protection technologies aiming the welfare of broiler chickens.

In order to evaluate the result of metabolic changes from practical point of view, the effect
of unprotected and different types of protected butyrate in combination with the already
described dietary crude protein levels was also studied, with conventional maize-based diets.
At the age of 42 days, the weight of carcass traits and several organs were measured, and the
chemical composition of pectoral and femoral muscles was analyzed. Carcass weight
significantly increased as the effect of LP diet and all protected butyrate types tested, while the
relative breast meat yield was significantly higher in the LP than in the NP groups and in both
unprotected and protected butyrate-supplemented chickens compared to controls. The weight
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of liver augmented in LP groups, and the relative abdominal fat mass tended to be reduced by
the unprotected form of butyrate only. The protein content of the femoral muscle was
significantly decreased, but its lipid content changed opposite by the LP diet and by all types of
butyrate addition. However, no changes were detected in the chemical composition of pectoral
muscle. Concluding our results, breast meat production can be effectively stimulated by
reducing dietary crude protein content with limiting amino acid addition and by applying any
form of butyrate as feed additive, while its chemical composition remains unchanged, in
contrast to the femoral muscle. The aforementioned nutritional strategies seem to be proper
tools to increase carcass yield and to selectively alter meat composition of broilers, contributing
to more efficient poultry meat production.

Not only satisfactory amount, but safe meat production is also fundamental purpose of
the poultry industry. Since Campylobacter jejuni (C. jejuni) is one of the major food borne
zoonotic pathogens transmitted by chicken meat, there is a high demand on intervention
strategies reducing intestinal Campylobacter colonization and carcass contamination. Due to
its selective antimicrobial property, butyrate may be a useful tool in Campylobacter controlling
programs. In our in vitro study the antibacterial efficacy of sodium (n-)butyrate on eight C. jejuni
strains were investigated at two pH values (6.0 and 7.4), to explore the sensitivity of different
strains. The C. jejuni strains were incubated in Bolton broth buffer with different concentrations
of sodium butyrate for 48 hours, then minimum inhibitory and minimum bactericidal
concentrations (MIC and MBC) of butyrate were determined by colony counting on
Campylobacter selective agar plates. Butyrate proved to exert its inhibitory and bactericidal
effect only in 100 mmol/lI concentration at pH 7.4, while at pH 6.0, its efficiency increased to 5
mmol/l as MIC and MBC was measured strain-dependently as 5 or 7.5 mmol/l. All strains except
one showed similar sensitivity to butyrate. Decreased butyrate susceptibility of this single field
isolate was associated with ampicillin resistance as well. A nutritionally achievable
concentration of butyrate was found to act effectively against most C. jejuni strains in vitro at
lower pH, hence it might be a useful tool to reduce enteral C. jejuni colonization. However,
several additional factors might influence butyrate’s antibacterial efficacy under in vivo
conditions, which should be taken into consideration.



1. Osszefoglalas

A brojleragazatban az anyagcserefolyamatok egészséges mikddésének elésegitése és
fenntartasa az optimalis takarmanyhasznositassal egyutt kiléndsen fontos az intenziv és
gazdasagos nOvekedés biztositasa érdekében, egyszersmind az allatok jolétének
figyelembevételével, mivel ezek a szempontok meghatarozzak a végtermék minéségét és
mennyiségét. A fent emlitett célok elérése érdekében az antibiotikumok és hormonok
alkalmazasanak korlatozasa az Eurdpai Unidéban a tudomany és a kézvélemény érdekl6dését
az alternativ takarmany-adalékanyagok, kiléndsen a leggyakrabban hasznalt révid szénlancu
zsirsav, az n-vajsav vagy anionformdja, az n-butirat (a tovabbiakban butirdt) névekedést
elésegitd jotékony hatésai felé forditotta. A butirat takarmany-adalékanyagként hasznalhato
szabad séi, vagy kllonféle védett formaiban, de lehet a vastagbélben végbemend endogén
anaerob mikrobidlis fermentacio végtermeéke is, mely utébbi folyamatot a takarmanyban Iévd
bypass-szénhidratok, pl. nem keményité tipusu poliszacharidok (NSP-k) jelenléte segit el6. Az
NSP-k szubsztratként szolgalnak a révid szénlancu zsirsav, elsésorban a butirat szintéziséhez,
lehetévé téve e molekula széles korli bélrendszerben és azon kivil kifejtett hatasat, ami jobb
névekedési erélyt és egészségesebb bélrendszert eredményez. Bar a sertés- és
baromfitakarmanyozasban egyre gyakoribb a takarmany butiratkiegészitése, még mindig
vannak nyitott kérdések és ellentmondasos adatok, melyek kiléndésen specialis
takarmanyozasi kérilmények kézoétt fordulnak eld. Ezért doktori munkam f6 célja az volt, hogy
az exogén és endogén eredet(i butirat bizonyos korfliggé altalanos és szdvetspecifikus hatasait
vizsgaljam a takarmany kilénb6z6 nyersfehérje-tartalmaval kombindlva csirkében. Emellett, a
butirat antimikrobidlis hatékonysagat is tesztelni kivantam kilénb6z6 Campylobacter jejuni
térzsekkel szemben in vitro vizsgalatokban.

Az in vivo Kisérletek alapfeltevése az volt, hogy a kiilénb6zé butirat forrasok, valamint a
taplalék nyersfehérje-tartalma eltér6 médon befolydsolhatja a madarak anyagcseréjét, illetve
kombinaciéban alkalmazva eltéré hatast fejthetnek ki. Ezért a takarmany altalanosan hasznalt
ddzisban (1,5 g/kg takarmany) térténd natrium(n-)butirat kiegészitése mellett két gabonafélét,
buzat és kukoricat - a buza kb. tizszer t6bb NSP-t tartalmaz, mint a kukorica - valasztottunk a
kisérleti takarmanyok alapjaul (WB vs. MB csoportok). Tovabba, ajanlott és enyhén csékkentett
nyersfehérje-tartalmi csoportokat (normal [NP] és alacsony fehérjetartalmu [LP] csoportok,
utébbi 15%-kal csokkentett és limitald aminosavakkal kiegészitett) alakitottunk ki, hogy
inform&ciot nyerjink ez utdbbi, 6kologiailag elényds és egyre nagyobb érdeklédésre szamot
tart6 tenyésztési technoldgianak a hatasairol.

Ross 308 brojlereken végzett kisérletben a nitrogéntartalmud vegylletek anyagcseréje, a
glikoz- és lipidanyagcsere, valamint az inzulin homeosztdzis kivalasztott markereinek

valaszkészségét kovettik nyomon. A feltételezett korfliggés nyomon kdévetése érdekében
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testtbmeg-méréseket végeztiink, és periférids vérmintakat vettiink 7, 21 és 42 napos korban.
A plazma 6sszfehérje (TP) koncentraciéja a WB csoportokban nétt, az LP csoportokban
csbkkent a 21. napon, mig a butirdt az 7. napon csOkkentette az albumin/ TP aranyt. A
hagysavszintet a buza alapu takarmany az 7. és a 21. napon megemelte, ugyanigy a butirat a
21. napon, az LP-csoportokban azonban a 21. és a 42. napon csOkkentette. Az aszpartét-
aminotranszferaz aktivitas a 21. napon nétt a WB csoportokban, a csékkentett nyersfehérje-
tartalma, limital6 aminosavakkal kiegészitett tap pedig fokozta a kreatin-kinaz aktivitast a 3. és
a 42. napon. A WB-csoportokban a vércukorszint csékkent, de a triglicerid koncentracio
csupan életkorfliggé valtozasat figyeltik meg. Emellett az LP-takarmany minden mintavételi
idépontban jelentésen ndvelte a madarak testtémegét, mig a buza alapu takarmany a 3. és a
42. napon ugyanilyen ndvekedésserkenté hatédssal birt, mely adatok hattérinformacioként
szolgaltak a vizsgalatokhoz. Osszefoglalva, a csirkék az intenziv névekedés szakaszaban (21.
nap) kiemelkedd valaszkészséget mutattak a takarmanyozasi tényezékre, és a blza alapu
takarmany bizonyult a leghatdsosabbnak az anyagcsere-folyamatok megvaltoztatasaban,
feltehetéen a kukoricdhoz viszonyitva sokszorosan magasabb NSP-tartalma &ltal kivaltott,
intenzivebb butirat termelés révén. Ugyanakkor, egy kivétellel, minden vizsgalt paraméter a
fiziol6gidas tartomanyba esett, ami arra utal, hogy az alkalmazott takarmanyozasi stratégiak
biztonsagosak lehetnek a baromfitenyésztésben.

A szénhidrat-homeosztazisban bekédvetkezd valtozasok fokozott inzulinérzékenységhez
és ezdltal a madarak intenzivebb ndvekedéséhez vezethetnek, ezért a m@j inzulin- és
glikagon-jelpalyajanak egyes kulcsfontossdgu tagjait is vizsgalni kivantuk. Tekintettel a
madarak anyagcseréjének figyelemre mélto, életkorfliggé valtozasaira, 21 napos csirkék
majmintait kvantitativ polimeraz lancreakcié (g-PCR) és Western blot analizisnek vetettik ala
a glukagon receptor (GCGR), az inzulin receptor béta (IRB) és a mammalian (mas néven
mechanistic) target of rapamycin (mTOR) gén- és fehérjeexpressziés mintazatanak
tanulmanyozasa érdekében. A hepatikus GCGR és mTOR génexpresszio WB és LP
takarmanyozas hatasara fokozodott. A GCGR és az IR fehérje mennyisége csdkkent a butirat-
kiegészitésben részesilé csoportokban; az IRB és az mTOR fehérjék mennyisége azonban
nétt a WB csoportokban. Ezen adatok alapjan az alkalmazott takarmanyozasi stratégiak
hasznos eszkézok lehetnek a csirkék hepatikus inzulin- és glikagon-jelpalyajanak
befolyasoldsara az intenziv névekedés idészakaban. A kapott eredmények hozzajarulhatnak a
madar vércukorszint szabalyozasanak jobb megértéséhez, lehetéséget biztositanak az
inzulinérzékenység, ezaltal a termelési paraméterek javitasara madarakban, tovabba uGjabb
adatokat szolgaltathatnak a brojlercsirkék jélétét célzé allatvédelmi technolégidk szamara.

Az anyagcsere-valtozasok eredményének gyakorlati szempontbdl térténd értékelése
érdekében a nem védett és a kilénb6zé tipusu védett butirdt hatdsat a mar ismertetett
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takarmany nyersfehérje-szintekkel kombinalva is vizsgaltuk, hagyomanyos, kukoricaalapu
takarmanyokat alkalmazva. Negyvenkétnapos korban megmértik a karkassz, egyes
husrészek és tébb szerv témegét, valamint elemeztik a mellizom és a combizom kémiai
Osszetételét. A karkassz tdmege szignifikdnsan nétt az LP- takarmany és minden vizsgélt
védett butirat-tipus hatasara, mig a mellhus kihozatal relativ értéke az LP csoportokban, a nem
védett és védett butirattal kiegészitett csoportokban egyarant szignifikansan magasabb volt a
kontrollhoz képest. A méj tdmege az LP csoportokban névekedett, a relativ hasi zsirtémeget
pedig csak a nem védett butirat csékkentette trendszerlien, de statisztikailag nem
szignifikansan. A combizom fehérjetartalma szignifikansan csoékkent, de lipidtartalma ezzel
ellentétben ndvekedett az LP-takarmany és a butirat-kiegészités minden tipusa hatasara, a
mellizom kémiai Osszetételében azonban nem észleltiink valtozast. Eredményeinket
dsszegezve, a mellhds tdmege hatékonyan névelheté a takarmany nyersfehérje-tartalmanak
csOkkentéseével (limitdléaminosav-kiegészitéssel) és a butirat barmely formajanak takarmany-
adalékanyagként toérténé alkalmazasaval, mikdzben a combizomtdl eltéréen a kémiai
Osszetétele valtozatlan marad. A fent emlitett takarmanyozési stratégidk megfeleld
eszkdzdknek tinnek a karkassz hozamanak ndvelésére és a brojlercsirkék husbsszetételének
szelektiv megvaltoztatasara, hozzajarulva a hatékonyabb baromfihus termeléshez.

Nemcsak a kielégité mennyiségi, hanem a biztonsagos hustermelés is alapvetd célja a
baromfiiparnak. Mivel a Campylobacter jejuni (C. jejuni) a csirkehus éltal terjesztett egyik
legfontosabb élelmiszer-eredetli, zoonotikus koérokozd, nagy szikség van a bélbeli
Campylobacter-kolonizaciét és a karkassz szennyezettségét csokkentd beavatkozasi
stratégidkra. Szelektiv antimikrobidlis tulajdonsaga miatt a butirat hasznos eszkéz lehet a
Campylobacter-eradikacios programokban. /n vitro vizsgalatunkban a natrium(n-)butirat
antibakterialis hatékonysagat tanulmanyoztuk nyolc C. jejuni térzsre két pH értéken (6,0 és
7,4), hogy feltarjuk a kilénbdzd térzsek érzékenységét. A C. jejuni térzseket kilonbdzd

YR

s sz

szelektiv agarlemezeken telepszamlalassal hataroztuk meg. A butirat csak 100 mmol/l
koncentracioban fejtette ki gatldo és baktericid hatasat pH 7,4 értéken, mig pH 6,0 értéken
hatékonysaga 5 mmol/I-re nétt (MIC), és az MBC t6rzsfliiggéen 5 vagy 7,5 mmol/I-nek adédott.
Egy kivételével valamennyi tdrzs hasonlé érzékenységet mutatott a butiratra. Ennek az
egyetlen telepi mintabdl szarmazé tdrzsnek a csokkent butiratérzékenysége
ampicillinrezisztenciaval is tarsult. A butiratnak megfeleld takarmanyozassal in vivo is
kialakithaté olyan koncentracioja, amely in vitro alacsonyabb pH-n a legtébb C. jejuni térzzsel
szemben hatékonynak bizonyult, ezért hasznos eszkdz lehet az enteralis C. jejuni kolonizacid
csOkkentésére. Azonban szamos tovabbi tényezd befolyasolhatja a butirat antibakterialis
hatékonysagat in vivo kérilmények koz6tt, amelyeket feltétlenll figyelembe kell venni.
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2. Introduction and literature overview

The constantly growing human population shows an increscent demand for satisfactory
amount of healthy and economic meat production, fulfilling animal welfare considerations as
well. Regarding that broiler meat is one of the most easily available, affordable, and therefore
the most common protein source in human nutrition, improving the efficiency of poultry farming
has an increasing significance worldwide. Since the legislation in the European Union restricted
the application of antibiotics and hormones in 2006 (ordered by the regulation of no.
1831/2003/EC on additives for use in animal nutrition; Phillips 2007), scientific attention turned
towards seeking novel possibilities for enhancing growth promotion. Alternative strategies,
such as optimized nutrient composition of feed and application of feed additives, especially the
use of short chain fatty acids (SCFAs) are apparently promising tools on this field, where the
salts of (n-)butyric acid (in the followings: butyrate, regardless of its dissociation state) have
outstanding importance and become increasingly popular in livestock industry.

2.1. Short chain fatty acids in general

The SCFAs are monocarboxylic acids containing fewer than six carbon atoms, existing
either in straight-chained or branched forms. They are the major end products of the anaerobe
microbial fermentation of indigestible or unabsorbed carbohydrates and to a lesser extent, of
amino acids in the gastrointestinal tract. In this active symbiotic process, compounds
indigestible by mammalian and avian enzymes serve as substrates for the gut microbiota. In
turn, 95% of the produced SCFAs can be absorbed and utilized by the host cells, exerting
regulatory effects as well (den Besten et al. 2013). The major sites of SCFA synthesis are the
forestomaches of ruminants and the large intestines (particularly the cecum and the proximal
colon) of monogastric mammals, birds and human (Bergman 1990), where the total SCFA
concentration can reach 70-140 mmol/l (den Besten et al. 2013). Further, in case of appropriate
diet and bacterial composition, SCFA production also occurs in the small intestines, but its
intensity is negligible, compared to that in colon (Smiricky-Tjardes et al. 2003; Rehman et al.
2007; den Besten et al. 2013).

The most abundant members of SCFAs are acetic acid (C2), propionic acid (C3) and n-
butyric acid (C4), representing 90-95% of SCFAs present in the colon (Cook and Sellin 1998;
Rios-Covian et al. 2016), also called acetate, propionate and n-butyrate (in the followings
butyrate) when dissociated. Their molar ratio varies from 75:15:10 to 40:40:20 in a healthy
animal (Bergman 1990), but these proportions highly depend on the combination of several
dietary circumstances, including amount and quality of available substrates, composition of
inhabitant microorganisms, transit time and pH of the ingesta (Wong et al. 2006).
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Dietary fiber mainly consists of lignin and non-starch polysaccharides (NSPs), the latter
constituting the major fraction of cell wall polysaccharides (Sethy et al. 2015). The NSPs are
divided to soluble and insoluble fractions, and composed of macromolecular polymers of
monosaccharides linked by glycosidic bonds (Hesselman 1989). NSPs include cellulose,
hemicellulose, pectins, glucans, gums, mucilages, inulin and chitin. The most abundant NSPs
derived from cereal grains are hemicellulose xylans and arabinoxylans, as well as B-glucans
and cellulose (Sethy et al. 2015). Moderately high levels of soluble NSPs, especially
arabinoxylans exert some adverse effects on digestion by increasing the viscosity of digesta
(Cowan et al. 1996). Higher viscosity decreases passage rate and ensures more time for
bacteria to thrive (de Lange 2000), but these undesirable effects can partly be eliminated by
the enzyme supplementation of NSP-rich (e.g. barley, rye or wheat-based) diets (Kiarie et al.
2014; Molnar et al. 2015). NSP-degrading enzymes, such as xylanase and glucanase facilitate
the degradation of long-chained NSPs into shorter oligosaccharides, thus reduce viscosity and
emphasize the prebiotic properties of soluble NSPs against their disadvantages by providing
more fermentable oligosaccharides for probiotic bacteria (de Lange 2000; Jamroz et al. 2002).
Molnér et al. (2015) have also shown that wheat-based, NSP-rich diet with enzyme addition
supported total SCFA and butyrate production in the cecum of chickens. Further, several
studies reported fibre (thus NSP)-rich diet to influence insulin homeostasis in mice (Miyamoto
et al. 2018), chicken (Kulcsar et al. 2016) and human (Boll et al. 2016).

The vast majority of SCFAs is derived from the anaerobe microbial fermentation of
soluble NSPs (Flint et al. 2008), while valine, leucine and isoleucine amino acids can serve as
precursors of branched-chain SCFAs, contributing up to 5% of the total SCFAs (Rios-Covian
et al. 2016). In the process of the anaerobe fermentation of indigestible nutrients, long chained
poly- and oligosaccharides are cleaved to shorter compounds, then to monosaccharides.
Further, these monosaccharides are degraded intracellularly into pyruvate in the glycolysis
(Miller and Wolin 1996), serving as precursor for the production of distinct SCFAs. Acetate can
be formed either by the decarboxylation of pyruvate or in some bacteria, utilizing CO> and Ha.
Propionate production has three pathways, namely propanodiol, succinate and lactate
pathway. The synthesis of butyrate starts with the condensation of two acetyl~coenzyme A
(acetyl~CoA) molecules, and the final enzymatic step is determined by the type of bacteria
producing it (Rios-Covian et al. 2016).

Despite the lowest proportion in the gut, butyrate has the most remarkable biological
activity and effects on the intestinal microbiota and on the host itself (Guilloteau et al. 2010). Its
growth promoting action was demonstrated in several species (Galfi and Bokori 1990; Hu and
Guo 2007), bringing it to the fore as feed additive in pig and poultry nutrition.

14



2.2. General properties of the 4-carbon short chain fatty acid
butyrate

The fourth member of the homologous line of the non-branched SCFAs is the (n-)butyric
acid. On room temperature, it is an oily, colorless liquid with unpleasant scent, easily
dissolvable in water, ethanol and ether as well. It can be considered as a weak acid with a pKa
value of 4.82, meaning that it remains undissociated (butyric acid) below and turns to
dissociated (butyrate) form above this pH. In the followings, the molecule is referred as
“butyrate” regardless of its dissociation state.

Due to its numerous beneficial intestinal and extraintestinal effects, butyrate is of special
interest as feed additive particularly in pig and poultry nutrition, mixed into the fodder as free
salts of butyrate anion (the most frequently sodium or calcium salts) or applied in protected
forms (Chamba et al. 2014). In chicken the absorption of free butyrate salts starts in the crop
and is completed in the gizzard, therefore, negligible amount of butyrate reaches the small
intestines (Kulcsar et al. 2017). Protection methods include esterification (usually with glycerol),
a special film-coating process using carbohydrate or fat matrix, or combination of these
methods, resulting film-coated, fat-embedded and micro-encapsulated types of protected
butyrate. Protection of the molecule ensures prolonged release of butyrate: butyric acid
glycerides provide a lipase-driven butyrate release in the proximal small intestines
(Antongiovanni et al. 2007), but other types proved to reach even large intestinal sections
(Moquet et al. 2016; Kulcsar et al. 2017). On the other hand, protection might facilitate the
application and manufacturing of the product by reducing butyrate’s characteristic odor and by
improving blending properties.

Owing to its pKa value 4.82, butyrate remains undissociated in the proximal sections of
the gastrointestinal tract, e.g. stomach of monogastric mammals and proventriculus and gizzard
of poultry, where the pH is strongly acidic (~pH 1-3). As the cell membrane is permeable for
this undissociated form, butyrate enters the intracellular space by simple diffusion, where it
dissociates to butyrate anion plus hydrogen cation (H*), and therefore gets captured on the pH
of the cytoplasm higher than its pKa value. This phenomenon ensures a highly effective
absorption of butyrate (and SCFAs in general) from this proximal part of the intestinal tract
(Manzanilla et al. 2006), hence only minor amount of unprotected butyrate can proceed to the
small intestines.

Butyrate, when applied as protected-form feed additive can reach the small or even the
large intestinal tract, where higher pH (~pH 5-8) is characteristic, therefore, it is found mostly
in its dissociated form when released (Sellin 1999). This is equally true for the butyrate derived
from local (microbial) SCFA synthesis, therefore, as passive transport is impossible in this state,
active transport is the principal way of absorption. This energy consuming transport mechanism
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is so effective, that only 5% of the total SCFAs avoids absorption and is excreted with the feces
(den Besten et al. 2013).

Three transport protein types are involved in the above mentioned active transport
process. The first type is SCFA/HCOs exchanger (Mascolo et al. 1991; Harig et al. 1996), which
is discovered but not fully characterized yet. Another type of transporters is the member of the
family of monocarboxylate transporters (MCTs), importing SCFA anions coupled with a H*,
decreasing intracellular pH (Hadjiagapiou et al. 2000). The third type belongs to the group of
sodium-dependent monocarboxylate transporters (SMCTs), performing SCFA anion and Na*
cotransport (Takebe et al. 2005; Teramae et al. 2010). These types of transporters are located
on the apical and basolateral membranes of the enterocytes, respectively, being responsible
for both the active absorption of SCFAs into the cytoplasm and for the forward of the non-
metabolized butyrate from the enterocyte to the portal circulation.

Butyrate proved to exert its extensive and manifold beneficial effects already in the
intestinal lumen, where both orally applied and microbially produced butyrate reach the highest
concentration in the body, acting on the resident microflora and the host organism at several

points.
2.3. Action of butyrate on cellular level

2.3.1. Epigenetic regulator

The eukaryotic chromosome is the highest level of deoxyribonucleic acid (DNA)
organization that is composed of condensed chromatin, built up by nucleosomes (Arents et al.
1991). Nucleosomes are a bit less than two turns of DNA segments wound around histone
octamers formed by a set of eight globular histone core proteins (H2A, H2B, H3, H4;
Kouzarides, 2007). This formation is stabilized by the electrostatic attraction between the
negatively charged phosphate groups of the DNA and the positively charged amino acids of
the N-terminal tails of the histone proteins. The compactness of the chromatin structure and
thus the intensity of gene expression partly depend on the strength of this stabilizing force.
Therefore, any impact weakening the electrostatic interaction results in the transcriptionally
more active euchromatin (loose) form, enhancing the accessibility of genes to the transcription
factors, and vice versa, the compact heterochromatin form with strong interactions prevents
gene expression (Bernstein et al. 2007). Acetylation and ubiquitination of lysine residues,
phosphorylation of serines, methylation of lysine and arginine and sumoylation of the N-terminal
tail of histone proteins hide their positive charge, altering chromatin structure to the
transcriptionally more active relaxed form (Berger 2007). In the process of acetylation, acetyl
functional groups are attached to the lysine residues protruding from the histone core of the
nucleosome by histone acetyl transferase (HAT) enzyme, while histone deacetylase (HDAC)
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enzyme catalyzes the opposite process (Rada-Iglesias et al. 2007). The balance of the activity
of these two enzymes determine the degree of acetylation, hence the acetylation balance of
the histone proteins.

Butyrate, if not consumed in metabolic processes, acts as an epigenetically active
molecule, being able to inhibit HDAC, causing hyperacetylation of histones and consequently
the possibility of intensified gene expression in vitro in cultured cells (Candido et al. 1978;
Roediger 1982) and in vivo in the cecum of piglets (Kien et al. 2008) and in the hepatocytes of
chicken (Matis et al. 2013a, b). Further, butyrate proved to affect micro ribonucleic acid
expression (miRNA: small non-coding ribonucleic acid (RNA) segments; Esquela-Kerscher and
Slack 2006) through histone acetylation in bovine (Li et al. 2010) and also in human colorectal
cancer cells (Bishop et al. 2017). The miRNA binds to the 3’-untranslated region on the given
messenger ribonucleic acid (MRNA), suppressing its expression or targeting the mRNA for
degradation (Esquela-Kerscher and Slack 2006). Regarding that miRNAs are involved in the
regulation of the transcription of c.a. 30% of all protein-encoding genes in human, almost all
metabolic pathways might be altered by epigenetically active factors affecting miRNA
expression (Esquela-Kerscher and Slack 2006; Mathers et al. 2010).

DNA methylation also modifies the transcriptional pattern of certain genes by linking
methyl groups primarily to those 5’ cytosine residues that are followed by a guanine residue on
the promoter region of the gene, leading to the spatial inhibition of the binding of transcriptional
factors and thus causing gene silencing (Patel et al. 2005; McKay and Mathers 2011). This
process is catalyzed by DNA methyltransferases using S-adenosylmethionine as methyl donor,
and is assumed tissue-specific, at least in human (Ollikainen et al. 2010). Butyrate was reported
to perform hypermethylation of DNA, therefore it has the capacity to regulate gene expression
this third way as well (Cho et al. 2009).

2.3.2. Receptor mediated action

The intensity of metabolic processes is determined by the activity of certain enzymes,
that can be regulated through intracellular signaling pathways. The first step of these pathways
is always the binding of a molecule (ligand) to a receptor on the extracellular side of the cell
membrane. The largest and the most diverse family of transmembrane proteins is called G-
protein-coupled receptors (GPCRs) with characteristic seven membrane-spanning a-helical
segments (Rosenbaum et al. 2009), mediating the most of the cellular responses to hormones,
neurotransmitters and environmental stimulants. Binding of a ligand to the extracellular surface
of a GPCR leads to conformational changes that promote the interaction of the intracellular
surface of the receptor with distinct classes of G-protein heterotrimers (Strader et al. 1994). G-
protein is composed of three subunits (a, B and y) on the cytoplasmic surface of the plasma
membrane (Conklin and Bourne 1993; Neer 1995), of which a subunit binds guanosine-
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diphosphate in inactive state. The activated GPCR triggers the exchange of guanosine-
diphosphate to guanosine-triphosphate, leading to the dissociation of the G-protein from the
receptor and a subunit from the By complex, thus the activation of both (free a subunit and the
By complex) parts of G-protein (Conklin and Bourne 1993; Neer 1995). These activated parts
are then able to interact with distinct compounds, to activate them and induce intracellular
signaling processes primarily through cyclic adenosine monophosphate (cAMP) and
phosphoinosytol pathways.

The SCFA-triggered G-protein receptor 43 (GPR43) can be found in white and brown
adipose tissue, pancreas and in the large intestines with the highest expression rate in immune
cells (Regard et al. 2008), ensuring the possibility for SCFAs to be involved in leukocyte
activation (Vinolo et al. 2011; Wang et al. 2015). The other SCFA sensitive G-protein receptor
41 (GPR41) has an even wider distribution compared to GPR43, detected in adipose tissues,
pancreas, spleen, lymph nodes, bone marrow and mononuclear cells (Byrne et al. 2015), but
the most important sites are the intestines and the nervous system, where butyrate directly
modulates sympathetic nervous system activity to maintain metabolic homeostasis and
regulate body energy expenditure through GPR41 (Kimura et al. 2011). Another major GPCR
activated by butyrate is G-protein receptor 109A (GPR109A; Thangaraju et al. 2009), found on
the surface of small intestinal epithelial cells, colonocytes and immune cells. In this case,
butyrate exerts its anti-inflammatory properties by the inhibition of the production of cytokines
and proinflammatory enzymes (Fu et al. 2015) and anti-tumor effect by inducing apoptosis of
cancer cells (Thangaraju et al. 2009). On the other hand, GPR109A signaling activates the
inflammasome pathway leading to the differentiation of certain T-cells (Singh et al. 2014) and
increases the enteral interleukin-18 secretion (Macia et al. 2015).

2.4. Role of butyrate in the gastrointestinal tract

2.4.1. Energy production in the enterocytes

SCFAs, but primarily butyrate absorbed by enterocytes can be released into the portal
circulation on the basolateral side of the cells; however, most of it is utilized in different
metabolic pathways, especially as energy source in catabolic processes (Roediger 1982;
Guilloteau et al. 2010). Colonocytes prefer butyrate rather than other SCFA molecules for
energy production: up to 60-70% of total energy requirement of enterocytes can be derived
from butyrate in this section (Roediger 1982). In energy producing catabolic pathways butyrate
is first oxidized into two acetyl~CoA via B-oxidation, which can enter the citrate cycle to be
oxidized to CO2, while reduced hydrogen carrier molecules transport hydrogen to the members
of the respiratory chain for adenosine triphosphate (ATP) production. Under certain conditions,
the acetyl~CoA molecules are preferably converted to ketone bodies, involved in the
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cholesterol synthesis, energy production or engaged in the synthesis of lipids as precursor
(Guilloteau et al. 2010).

2.4.2. Regulatory role in the gastrointestinal epithelium

Intestines is the organ with the highest exposure to butyrate, therefore, the most diverse
effects are observable in this area.

Another reasons for butyrate’s growth promoting and feed conversion ratio improving
effect are the histomorphological changes it induces: augmented villus height (Pelicano et al.
2005; Adil et al. 2010) and deeper crypts (Antongiovanni et al. 2007) were reported with
concomitant butyrate application, resulting in more efficient nutrient absorption (Moquet et al.
2018b). This phenomenon can be explained by the fact that butyrate enhances the expression
of early response genes, regulating cell division, differentiation, growth and apoptosis (Maclean
et al. 1998), as well as stimulates proglucagon expression, a precursor protein of glucagon
hormone which is responsible for the cellular proliferation in the gut in human (Woodard and
Tappenden 2008), and in vitro in rat (Zhou et al. 2006).

The diverse and dense colonizing microflora claims a relatively hyposensitive intestinal
immune system (Chang 2014), which at the same time must ensure adequate protection for
the organism. Butyrate enhances colonic mucin, antimicrobial peptide and T-cell production
(van Immerseel et al. 2010; Arpaia et al. 2013), and modulates the function of macrophages
(Chang et al. 2014), as well as increases IgY natural antibody level in the duodenum and
jejunum (Moquet 2018a). Further, due to its epigenetic action, butyrate proved to increase the
expression of tight junction proteins, thus strengthens the barrier function of the intestinal
epithelium (Wang et al. 2012).

Intestinal epithelium is not a physical barrier only, but also functions as a very important
first line metabolic barrier for orally ingested xenobiotics (Obach et al. 2001), influencing their
bioavailability and toxicity (Le Poul et al. 2003). Butyrate, if not metabolized in the cell, can act
through the above mentioned epigenetic and receptor mediated pathways, modulating the
expression of several inducible enzymes, amongst others, certain cytochrome P450 enzymes
(CYPs), that can be triggered by dietary factors (Kulcsar et al. 2017).

Butyrate proved to decrease the incidence of inflammatory bowel disease and colorectal
cancer (Scheppach and Weiler 2004; Wong et al. 2006; Singh et al. 2014) via the reinforcement
of the apoptotic processes (Thangaraju et al. 2009).

In both mammalian and avian species, pancreatic insulin secretion is primarily controlled
by incretin hormones, such as glucose-dependent insulinotropic polypeptide or gastric
inhibitory polypeptide (GIP) and glucagon-like peptide 1 (GLP-1). GIP is ejected by the small
intestinal K-cells, with the highest density in the duodenum (Mortensen et al. 2003). GLP-1 is
a product of the glucagon gene (Mojsov et al. 1986), released by the L-cells in the small and
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large intestines as well (Baggio and Drucker 2007; Doyle and Egan 2007). These key members
of the enteroinsular axis (Creutzfeldt 1992) enhance the glucose-dependent insulin secretion
of pancreatic B-cells, however, in chicken, GLP-1 exerts its insulinotropic action more likely by
increasing the somatostatin production of the & cells of the pancreatic islets rather than by direct
stimulation of B-cells (Watanabe et al. 2014). Further, GLP-1 exerts its glucoregulatory
pancreatic action by the glucose-dependent inhibition of glucagon production as well (Baggio
and Drucker 2007). Recent investigations have justified that orally applied butyrate increases
pancreatic insulin secretion by inducing elevated plasma concentrations of GLP-1 and GIP in
mice (Lin et al. 2012), and the effect of butyrate bolus exposure on plasma GIP concentrations
was also detected in chicken and rabbit (Matis et al. 2018).

2.4.3. Effects on the intestinal microbiome

2.4.3.1. Characterization of the intestinal microbiome in chicken

The gastrointestinal tract of poultry is shorter relative to body length and characterized by
a shorter digesta transit time, compared to mammals (Pan and Yu 2014). Nevertheless, avian
ceca forming a pair of blind pouches have slower transit time and are ideal for a diverse
microbiome with notable active microbe-microbe, microbe-host and microbe-diet interactions,
thus having a huge impact on host nutrition and health.

The poultry intestine harbors Firmicutes, Bacteroidetes and Proteobacteria the most, but
Clostridium, Lactobacillus, Bifidobacterium, Ruminococcus and Bacteroides species also occur
(Wei et al. 2013). The exact composition of the microbiome depends on several factors,
including diet composition and structure, ingesta transit time, rearing environment and the age
of birds (Amit-Romach et al. 2004; Pan and Yu 2014). For instance, rye-, barley- or wheat-
based diets with high NSP level favor the proliferation of Clostridium perfringens and
predispose young chicks to necrotic enteritis (Choct et al. 1996; Jia et al. 2009). As an opposite,
xylanase and glucanase enzyme supplementation of the diet proved to increase the ratio of
lactic acid producers and decrease the number of adverse bacteria or pathogens, e.g.
Escherichia coli (Rodriguez et al. 2012).

After the digestion and absorption of most readily digestible carbohydrates in the proximal
section of the gastrointestinal tract, residual digestible carbohydrates and carbohydrates
indigestible by the host are degraded to their compositional sugar molecules by anaerobic
microbial fermentation, serving as precursors for SCFA synthesis. Such fermentation is
detectable from crop to the cecum in chickens, but is primarily characteristic in the cecum,
where an increasing amount of SCFAs is produced after hatch which peaks in 15 day old
animals and remains stable afterwards (van der Wielen et al. 2000), playing an essential role
in the intestinal development. Gut microbiota also takes part in the avian nitrogen metabolism
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by catalyzing the conversion of uric acid to ammonia, derived from the urine, delivered by the
retrograde peristalsis from the cloaca (Braun and Campbell 1989). The ammonia is then
absorbed by the host and used for the synthesis of certain amino acids (e.g. glutamine; Vispo
and Karasov 1997), or incorporated into the bacterial cellular proteins, also serving as a
possible amino acid source for the birds (Metges 2000).

The avian intestines might provide an ideal niche not only for beneficial, but also for
bacteria with possible risk to human health, such as Escherichia coli, Salmonella or
Campylobacter species. Amongst the numerous representatives of the Campylobacter genus,
Campylobacter jejuni (C. jejuni) is the predominant species colonizing commercial broiler flocks
and thus has the highest impact from human infection point of view (Heuer et al. 2001; Wittwer
et al. 2005).

2.4.3.2. Selective antimicrobial effect of butyrate

SCFAs, and especially butyrate possess selective antimicrobial property, inhibiting the
growth of numerous pathogenic bacteria, e.g. enterotoxic Escherichia coliand Campylobacter
jejuni strains, Clostridium and Salmonella spp. (Fernandez-Rubio et al. 2009), while being
harmless or even beneficial to the members of eubiotic organisms, thus stabilizes the intestinal
microflora (Hu and Guo 2007).

This selective antimicrobial effect on most enteral pathogens is traditionally explained by
the ability of the undissociated butyric acid molecule to pass across the bacterial cell membrane
and to dissociate in the more alkaline interior milieu (Kashket 1987). After dissociation, the
ionised, anionic form cannot be transported further through the semipermeable membrane by
passive diffusion, therefore, it is being captured in the bacterial cell, while released protons
acidify the cytoplasm. Since most enteral pathogens are outstandingly sensitive to declined
intracellular pH, increased intensity of active pumping out of the accumulated protons results
in cellular ATP depletion. On the other hand, augmented cytoplasmic proton concentration can
increase the sodium import as well by enhancing the Na*/H* antiport mechanism, elevating the
turgor of the cell. Third, accumulated butyrate as an epigenetically active molecule may also
influence bacterial gene expression, for instance in Salmonella spp., where butyrate declined
the expression of Salmonella pathogenicity island gene, responsible for colonization and
virulence of the bacteria (Gantois et al. 2006), causing reduced invasiveness of microbes in
intestinal epithelial cells in vitro (van Immerseel et al. 2003). However, regarding that the pH of
the proximal part of the large intestines is close to the pKa of butyrate (~pH 5-6 vs. pKa 4.82),
the proportion of the undissociated, thus effective form of butyrate against pathogenic bacteria
strongly depends on the pH of the luminal content, being higher in more acidic milieu.

However, most fermentative bacteria (such as Lactobacillus spp. and Streptococcus
bovis), being part of the symbiotic enteral microflora, are less sensitive to the declined
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intracellular pH. As the pH gradient across the cell membrane of these bacteria remains lower,
they are particularly protected from anion accumulation (Galfi and Neogrady 1996). In addition,
such bacteria can utilize butyrate as a probiotic energy source as well (Candela et al. 2010),
mediated by increased cellular acetyl~CoA production, which can enter the citrate cycle or can
be used for replenishing intermediates of the citrate cycle via the glyoxylate shunt.

2.4.3.3. General properties and colonization dynamics of Campylobacter jejuni

C. jejuni is a microaerophilic, thermotolerant, curved Gram-negative rod (1.5-5 um) with
cork-screw motility and cytochrome oxidase positivity, primarily associated to poultry (Levin
2007; EFSA 2021). Regardless of the rearing technology, this bacterium is rarely detected in
birds younger than two weeks (Conlan et al. 2007; Allen et al. 2011; Patriarchi et al. 2011),
suggesting certain maternal immunity this age (Cawthraw and Newell 2010). Vertical
transmission in the hatchery can be considered insignificant, Campylobacter colonization is
due to old litter, insects, other (farm) animals, vehicles and farm workers (Newell and Fearnley
20083; Callicott et al. 2006). The chickens are infected via the fecal-oral route naturally and the
organism establishes itself in the small and large intestines, with the highest number in the
ceca, colon and cloaca (Beery et al. 1988; Sahin et al. 2015; Levin 2007), and to a lesser extent
in the liver, spleen, muscles, thymus and bursa of Fabricius (Cox et al. 2005). Campylobacter
spp. colonize in the gastrointestinal tract by many strategies including rapid replication in the
mucus layer and temporary invasion into the intestinal epithelium (van Deun et al. 2008b).
Molnar et al. (2015) found altered colonization dynamics when feeding wheat-based diet to
broilers, but age, genotype and immune response of birds, as well as bacterial strain also
influence gastrointestinal colonization (Pielsticker et al. 2012; Humphrey et al. 2014; Han et al.
2016). The assignment of C. jejuni is commensal rather than pathogenic, but recent
investigations suggest that Campylobacter colonization might be negatively associated with
chicken intestinal function, growth rate and welfare (Williams et al. 2013; Awad et al. 2015).
The infection of one chicken results in the persistent high number of Campylobacter present in
the gut, then the vast majority of the animals become colonized within a few days that might
affect up to 100% of the flock at slaughter (Newell and Fearnley 2003; Sahin et al. 2015).

2.4.3.4. Campylobacter jejuni as risk for human health

Campylobacteriosis, especially C. jejuni infection is the most frequent source of
gastrointestinal infections in industrialized countries with a higher incidence than Salmonella
infections (Bereswill and Kist 2003; Wigley 2015; EFSA 2021). Even low number (2-3 cells per
ml; Robinson 1981) of C. jejuni causes severe zoonotic, foodborne diseases when transmitted
with contaminated products of poultry origin, typically with raw broiler meat with fecal
contamination at the slaughter process (Golz et al. 2014). The infection is generally mild, but
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can be fatal among very young children, aged or immunodeficient individuals. The most
frequent clinical symptoms of infection include diarrhea (often bloody), abdominal pain,
headache, fever, nausea or vomiting (Ternhag et al. 2007), but in case of bacteremia multi-
organ inflammation, miscarriage, reactive arthritis and Guillain-Barré syndrome has also been
reported in some cases (Blaser et al. 1979 and 1986). The symptoms last for 3 to 6 days.

The worldwide high incidence and spread of Campylobacter infections, its duration and
possible complications underline its enormous importance from a socio-economic perspective.
Therefore, several pre- and post-harvest intervention methods have already been developed
and improved in order to diminish Campylobacter contamination of poultry meat, with partial
success.

Since carcass contamination is directly proportional with C. jejuni counts of the ingesta,
bacterial colonization is intended to be controlled already in the live phase (Ghareeb et al. 2013;
EFSA 2021). Due to food safety regulations, the short rearing period of broilers and the great
antigenic variability of different Campylobacter strains, application of antibiotics or vaccines are
not possible ways of Campylobacter eradication, but — amongst others — biosecurity
restrictions, acidification of drinking water and litter, pre- and probiotics (latter also called
competitive exclusion treatment e.g. with Escherichia coli and Klebsiella pneumoniae) as well
as administration of bacteriophages, bacteriocins or organic acids as feed additives are all parts
of the intervention strategies, and in ovo vaccination might be another promising method in the
future (Skanseng et al. 2010; Hermans et al. 2011; Ghareeb et al. 2013; Allain et al. 2014). As
post-harvest methods, freezing, hot water treatment, irradiation and chemical decontamination
can be mentioned, although the latter is not allowed in the European Union (Wagenaar et al.
2006; Berrang et al. 2007; Cox and Pavic 2010; EFSA 2011).

Considering that these efforts seem to be not successful enough in reducing the
prevalence of foodborne campylobacteriosis (EFSA 2021), some alternative intervention
strategies have to be introduced, such as the application of novel feed additives, which can be
promising tools to combat bacterial gut infections (van Immerseel et al. 2003). Contrary to the
presence of the commensal C. jejuni or other Campylobacter species that does not require
antimicrobial treatment of the chicken, fluoroquinolones and macrolides are the most frequent
and best choices in human cases (Allos 2001). Thus, the increasing — although strain-specific
— antibiotic resistance of Campylobacter spp., found especially in conventional poultry farms is
a major concern for public health (Endiz et al. 1991; Nelson et al. 2007).
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2.5. The extraintestinal role of butyrate

2.5.1. General metabolic effects

That amount of butyrate which is absorbed but not processed by the enterocytes reaches
the liver via the portal veins directly, therefore, liver is the organ with the highest exposure to
butyrate beyond the gut. Hepatocytes can use the butyrate to gain energy through B-oxidation
or it can serve as precursor for fatty acid, cholesterol or under certain circumstances, ketone
body synthesis (den Besten et al. 2013).

Hepatocytes have a central role in the detoxification of xenobiotics, which is partly
performed by inducible microsomal CYP enzymes. The gene expression of some CYP
subfamilies can be modulated by butyrate delivered from the intestines, presumably through
epigenetic or receptor mediated pathways (Matis et al. 2013a, b; Csiké et al. 2014; Kulcsar et
al. 2017).

Liver is the main regulator of the carbohydrate and lipid metabolism as well and one of
the main targets of butyrate. When butyrate binds to GPR41 or GPR43 receptors on the surface
of hepatocytes, adenosine-monophosphate activated protein kinase (AMPK) is getting
activated by phosphorylation, promoting the gene expression of peroxisome proliferator
activated receptor alpha (PPARa) participating in the B-oxidation of fatty acids, lipogenesis,
gluconeogenesis and glycogenesis (Brown et al. 2003; Canfora et al. 2015). As a result,
intravenously administered butyrate proved to decrease lipogenesis and concomitantly
increase glucose tolerance (den Besten 2013). Additionally, butyrate has the capacity to modify
the insulin receptor B (IRB) expression of the hepatocytes diversely depending on the origin
and the way of application (Matis et al. 2015; Kulcsar et al. 2016).

Butyrate, which is not processed in the liver is forwarded into the systemic circulation, by
which — although its concentration does not reach that as measured in the portal veins (Egorin
et al. 1999; Knudsen et al. 2005) — a detectable amount of butyrate is able to reach the
extrahepatic tissues and exert its effects there (Gao et al. 2009; Kulcsér et al. 2016).

In the brown adipose tissue, a thermogenic effect of butyrate was observed due to the
activation of uncoupling protein 1 expression in mice (Gao et al. 2009). Further, butyrate has
the potential to modulate inflammatory processes in the adipose tissues by the reduction of
proinflammatory cytokine and chemokine production (Canfora et al. 2015), as well as to
influence the insulin sensitivity of this tissue (Matis et al. 2015; Kulcsar et al. 2016).

In the skeletal muscles AMPK mechanism leads to the amelioration of fatty acid oxidation
and glucose uptake of the cells using glucose transporter 4 (GLUT4) in mammals as well as
increases glycogenesis, and consequently improves insulin sensitivity (Canfora et al. 2015).
Further, daily intraingluvial butyrate bolus treatment was found to upregulate IR expression in
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the gastrocnemic muscle of chickens but had an opposite effect in the liver (Matis et al. 2015),
suggesting the ability of this molecule to act on glucose shifting amongst tissues.

Due to its manifold biological actions, butyrate is able to improve the growth performance
of broilers, characterized by significantly better body weight gain and feed conversion ratio
results (Hu and Guo, 2007). Literature data indicate that butyric acid glycerides increased the
carcass weight and relative breast meat yield of broiler chickens, with more pronounced effects
under suboptimal circumstances, namely after infection with Eimeria oocysts (Leeson et al.
2005). Accordingly, butyrate supplemented feed proved to increase carcass yield of broilers
and had an inverse effect on abdominal fat depots (Panda et al. 2009), while Antongiovanni et
al. (2007) found no impact of butyric acid glycerides on the carcass composition of chickens.
However, there is still lack of further knowledge on how different application forms of butyrate
may affect the chemical composition of chicken meat and thus influence meat quality.

The main actions of butyrate are summarized in Figure 1.
Figure 1. Overview of the main gastrointestinal and extraintestinal actions of butyrate in birds

Gastrointestinal tract: o

Energy production, Selective antimicrobial effect i i
Histomorphological changes Adiposetissue: .
Modulation of immune system, detoxifying activity Amelioration of insulin sensitivity

and GLP-1, GIP production Immunomaodulatory action
Improvement of gut barrier function \,ﬁ

Caudal

Cranial

Liver:
Energy production
Decrease of lipogenesis

Increase of glucose tolerance
Modulation of detoxifying activity

( lowered IRB expression — bolus)

N\ | Skeletal muscle:
Enhancement of fatty acid oxidation
and glucose uptake
(stimulated IRB expression — bolus)

GLP-1: Glucagon-like peptide 1; GIP: Glucose-dependent insulinotropic polypeptide; IRB: Insulin
receptor B subunit. The figure was created by the author.

2.6. The avian carbohydrate metabolism

Carbohydrate metabolism of birds is characterized by 1.5-2.0-fold higher blood sugar
concentration than observed in mammals of similar body mass (Braun and Sweazea 2008),
partly due to the relative insulin resistance of the extrahepatic tissues, compared to mammals
(Dupont et al. 2004). Decreased insulin sensitivity of primarily the skeletal muscles and adipose
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tissue ensures the physiologically higher blood sugar level, regardless of feed restriction,
fasting, migration or changes in photoperiod (Braun and Sweazea 2008; Scanes and Braun
2013). The functional relevance of the physiological hyperglycemia is not fully elucidated yet,
explained traditionally by the need for energy during flying lifestyle (Clarke and Portner 2010).
In contrast, all bird species exhibit high blood glucose level (with interspecific variance), and
only the energy requirement of take-off and short-haul flights are covered by glucose oxidation
(Butler 2016).

2.6.1. The glucose uptake and carbohydrate homeostasis of birds

Similar to what is observed in mammalian species, the glucose uptake of the cells needs
several types of glucose transporter proteins. One group of transporters is glucose transporter
transmembrane proteins (GLUTSs), performing facilitated passive transport across the cell
membrane (Braun and Sweazea 2008). Other main types of transporters belong to the group
of sodium-glucose co-transporters (SGLTs), featuring secondary active transport in the glucose
turnover. In birds, the most important member of this group is SGLT-1, expressed on the apical
side of the enterocytes (Braun and Sweazea 2008). SGLT-1 together with GLUT-2 is
responsible for the absorption of glucose from the ingesta, but to a lesser extent, paracellular
diffusion also takes place both in mammals and birds (Karasov and Cork 1994). SGLT-1 carries
one glucose molecule coupled with two sodium ions into the intracellular space. SGLT-1 has
been confirmed in chicken small and large intestines (Garriga et al. 1999). The driving force of
this transport is the lower intracellular electrochemical gradient of sodium, ensured by the
transmembrane sodium-potassium adenosine triphosphatase (or sodium-potassium pump),
localized in the basolateral membrane of the enterocytes and maintaining active sodium-
potassium antiport mechanism. Approximately 70% of the absorbed glucose is forwarded into
the portal capillaries on the same basolateral side of the cell by GLUT-2, while the rest is
converted into lactic acid in the anaerobic glycolysis intracellularly and is released into the
circulation in this form (Braun and Sweazea 2008). In the followings, the glucose transport of
the liver and skeletal muscles will be detailed only, which are the most relevant organs from
the PhD study point of view.

Portal veins carry glucose directly to the liver, which is — like in mammals — the central
organ in the regulation of blood glucose level in most bird species, maintaining the physiological
high blood glucose level by the aid of gluconeogenesis and glycogenolysis. Thus,
carbohydrate-free diet or starvation of birds manifests in reduced hepatic glycogen content,
meanwhile blood glucose level remains unchanged (Tinker et al. 1986; Braun and Sweazea
2008). In the liver, GLUT-1, the partly insulin-dependent GLUT-2 and GLUT-3, as well as
GLUT-8 proteins have been confirmed, with a predominant role of GLUT-2.
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The skeletal muscle consumes a notable amount of glucose, and also plays a key role in
the avian glucose homeostasis. The glucose uptake of skeletal muscle cells is mostly
implemented with GLUTSs, both in birds and mammals. However, the insulin dependent,
dominant GLUT-4 transporter is not detectable in birds (Seki et al. 2003; Dupont et al. 2004).
In chicken, its role is assumed to be partially fulfilled by the also insulin sensitive GLUT-12
(Coudert et al. 2015). Despite this, insulin-evoked glucose uptake of muscle cells is
insignificant, due to the high expression rate of the insulin-independent GLUT-1 and GLUT-3
transporters (Kono et al. 2005).

In the muscle cells, glucose can enter the glycogenesis, be used for energy production,
or involved in the amino acid production, essential for the large-scale muscle protein synthesis
in the phase of intensive growth (Braun and Sweazea 2008). Further, the glycogen stores of
muscles significantly contribute to the normalization of high blood glucose level in case of
starvation (Tinker et al. 1986), but have only little importance under physical stress, such as
extended flights (Schwilch et al. 1996; Jenni-Eiermann et al. 2002).

The summary and comparison of the mammalian and avian glucose transporters in

different organs are presented in Table 1.

Table 1. Overview of the expression pattern of mammalian and avian glucose transporters

Glucose Insulin Insulin
transporter Mammals dependency Birds dependency
P in mammals in birds

brain, cardiac muscle,

GLUTH1 brain, erythrocyte no adipose tissue, kidney, no

corpus gelatinosum

GLUT2 Il\e/?w:’er(;?:r;/teg’ no liver, kidney, enterocyte partly
brain, cardiac muscle,

GLUTS3 brain, placenta no kidney, adipose tissue, partly

erythrocyte
GLUT4 cardiac and skeletal yes does not exist -
muscle, adipose tissue
. : cardiac muscle, adipose
GLUTS8 adipose tissue no tissue no
GLUT12 cardiac and skeletal yes cardiac and skeletal muscle yes

muscle
GLUT: Glucose transporter.

Note: adapted partly from Braun and Sweazea, 2008, Sturkie’s Avian Physiology, 2014.
2.6.2. The endocrine regulation of carbohydrate metabolism

The avian carbohydrate homeostasis is regulated by a variety of hormones, of which the
most important members are secreted in the pancreas, containing a, B, & and F-cells in the
Langerhans islets, where glucagon (a), insulin (B), somatostatin (6) and avian pancreatic
polypeptide (F-cells) are produced (Hazelwood 1973; Sitbon and Mialhe 1980). The two most
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important hormones are the plasma glucose lowering insulin and its antagonist glucagon in 6-
19-fold higher concentration than insulin (Ruffier et al. 1998).

Most studies conducted on birds have revealed little or no effect of insulin on the plasma
glucose level and the glucose uptake of distinct tissues (Tokushima et al. 2005; Sweazea et al.
2006). The fact that the plasma insulin concentration is c.a. one tenth of that of rat is in line with
the observation that the number of 8 cells and the insulin content of the pancreas is far lower
in birds (Hazelwood 1973; Dupont et al. 2004). Unlike in mammals, pancreatic insulin
production and release is quite irresponsive to glucose stimulus (Hazelwood 1973). However,
administration of tolbutamide is one of the few methods to increase plasma insulin
concentration and causes transient hypoglycemia in birds fed standard diet (Seki et al. 2001),
and also in mammals (Proks et al. 2002), suggesting that the mechanism of pancreatic insulin
delivery shall be similar in these species (Danby et al. 1982; Tinker et al. 1986).

The concentration of the antagonistic glucagon in the tissue of chicken pancreas is c.a.
8-10-fold higher than in mammals (per unit weight; Hazelwood 1973), and unlike insulin, has a
very pronounced effect on the avian tissues, responding with elevated blood glucose,
triglyceride, as well as free fatty acid and glycerol concentrations. Similar to mammals, its
function is to augment lowered blood glucose level by the stimulation of glycogenolysis and
gluconeogenesis in the liver (Hazelwood 1973), therefore, exogenous glucose stimulus proved
to moderate glucagon release from the pancreatic a cells of birds, independent of the paracrine
effect of the insulin (Ruffier et al. 1998).

The GIP and GLP-1 also take an essential place in the regulation of glucose metabolism
through the mediation of the pancreatic hormone release in birds (Litwack 2010). In general,
both incretins are recognized by their surface receptors expressed by the B cells, inducing
proliferation, increased resistance to apoptosis and insulin production (Baggio and Drucker
2007). Nevertheless, GLP-1 receptors were detected on the surface of islet somatostatin
producing & cells and not B cells in chicken, suggesting that GLP-1 might stimulate insulin
secretion via a signaling different from that of mammals (Watanabe et al. 2014).

The overview of the carbohydrate homeostasis-regulating avian hormones is presented
in Table 2.
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Table 2. Main characteristics of hormones regulating glucose homeostasis

Place of Place of

Hormone - . Action
production action
Insulin pancreatic B-cells  distinct tissues stimulation of glucose uptake
. . enhancement of glygogenolysis and
Glucagon pancreatic a-cells liver g'ygogenoly
gluconeogenesis
. . inhibition of glucagon and insulin
Somatostatin pancreatic 5-cells pancreas ;
secretion
. . pancreas suppression of insulin release
Avian pancreatic : . ; : ;
) pancreatic F-cells liver stimulation of glycogenolysis
polypeptide , , _ .
adipose tissue enhancement of lipolysis
GIP intestinal K-cells pancreas stimulation of insulin release
GLP-1 intestinal L-cells pancreas stimulation of insulin release
. zona fasciculata of . . . .
Glucocorticoids liver stimulation of gluconeogenesis
adrenal cortex
. liver, skeletal ;
Adrenalin adrenal medulla muscle enhancement of glycogenolysis
liver inhibition of gluconeogenesis from

Growth hormone pituitary gland , , amino acids
adipose tissue . . .
promotion of lipolysis

GIP: Glucose-dependent insulinotropic polypeptide; GLP: Glucagon-like peptide 1.
Note: adapted partly from Sturkie’s Avian Physiology, 2014.

2.6.3. Insulin homeostasis and the insulin signaling pathway

Despite the reduced physiological insulin sensitivity of the avian extrahepatic tissues
compared to mammals, insulin is one of the most important regulators of growth, carbohydrate,
lipid and protein metabolism of chicken (J6zefiak et al. 2010; Scanes and Braun 2013), also
ameliorating feed utilization efficiency (Duchéne et al. 2008a, b). Amongst others, its production
is determined by genetic background, nutrition and age of the animal (J6zefiak et al. 2010).

Insulin exerts its multiple effects through a complex intracellular signaling mechanism,
which is well known in details in mammalian species, and starts with the reception of the
hormone on the surface of distinct cells.

Once insulin binds to the insulin receptor a subunit (IRa), the conformational change
leads to the autophosphorylation of the B subunit due to its tyrosine kinase activity (IRB; White
and Kahn 1994). IRB phosphorylates insulin receptor substrate 1 (IRS-1), activating mitogen-
activated protein-kinase (MAP-kinase) cascade and phosphatidylinositol-3-kinase enzyme
(PI3K), inducing elevated concentration of phosphatidylinositol trisphosphate (PIPs; White and
Kahn 1994). This member of the cascade participates in the activation of protein kinase B (PKB
or Akt) and protein kinase C (PKC). Activation of PKB inactivates glycogen synthase kinase 3
(Welsh and Proud 1993), resulting in the storage of glucose in form of glycogen (Lawrence and
Roach 1997), but glycolysis and lipogenesis are enhanced as well (White and Kahn, 1994).
Further, mammalian (also known as mechanistic) target of rapamycin (in the followings,
referred as mammalian target of rapamycin or mTOR) is also activated by PKB, known as the
cardinal stimulator of glycolysis, lipogenesis, and muscle growth (White and Kahn 1994; Dupont
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et al. 2009 and 2012). PKC stimulates GLUT-4 mediated glucose uptake of the cells, being
involved in the translocation of GLUT-4 containing vesicles to the intracellular surface of the
plasma membrane in mammals (Uldry and Thorens 2004). The lack of GLUT-4 proteins makes
the function of PKC questionable in birds, and it has not been clarified yet whether it participates
in the mediation of the also insulin-dependent GLUT-12 transporters, expressed in the skeletal
myocytes of chicken (Coudert et al. 2015).

Regarding structural and functional properties, insulin receptors (IRs) of chicken are
similar to the mammalian ones (Dupont et al. 2009), however, certain important differences
occur. Compared to rat, although the amount of IR receptors in chicken skeletal muscles is
comparable, IRS-1 and PI3K proteins are of notably higher number in chicken (Dupont et al.
2004), and adipose tissues express significantly lower level of IR and IRS-1 proteins under
physiological circumstances in this species (Dupont et al. 2012). Further, the basal
phosphorylation degree of IRB subunit in chicken skeletal myocytes is double, however, there
is no significant difference when the extent of tyrosine residue phosphorylation of IRS-1 is
compared (Dupont et al. 2004). Additional difference is that in the skeletal muscle, the
physiological activity of PI3K is c.a. thirtyfold higher in chicken (Dupont et al. 2004).
Physiologically elevated phosphorylation rate of IRB and increased basal PI3K activity in
chicken skeletal muscle might indicate that the insulin signaling cascade can be regarded as
already activated, independent of insulin stimulus. This activated system cannot be triggered
by the physiological plasma concentration of insulin, therefore, this phenomenon could be a
possible explanation of the relative insulin refractoriness of avian skeletal muscle (Dupont et
al. 2004). In line with this finding, the phosphorylation rate of IRB and IRS-1 is not affected by
fasting in the skeletal muscles and adipose tissues of chicken, but decreases remarkably in the
hepatocytes of chicken and in all the tissues of rats after fasting (Dupont et al. 2009 and 2012).
Additionally, PI3K activity is altered in the liver of chicken by changes in plasma insulin
concentrations, but remains unaffected in the muscle cells (Dupont et al. 2009).

In spite of the relative insulin refractoriness of avian tissues, the activation of insulin
signaling is very important, as insulin is one of the main factors involved in the modulation of
protein synthesis and muscle growth in chicken (Duchéne et al.2008a, b; J6zefiak et al. 2010).

As a downstream element of the intracellular insulin signaling, mTOR manifests its
muscle growth stimulating effect by the promotion of protein synthesis via p70 ribosomal S6
kinase (S6K) and initiation factor 4E-binding protein 1 (4E-BP1) phosphorylation (White and
Kahn 1994; Dupont et al. 2009). Additionally, PKB can be internalized into the nucleus of the
cells acting as a transcription factor, which process — together with the MAP-kinase pathway —
also play pivotal role in the growth promoting effect of insulin and Insulin-like Growth Factor-1
and -2 (White and Kahn 1994). PKB proved to play an inhibitory role in the regulation of MyoD
and myogenin mRNA expression, resulting in the stimulation of myoblast proliferation but not
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differentiation in vitro (Sato et al. 2012). This observation was reinforced in vivo by improved
growth performance, after insulin administration to newly hatched chicks (Sato et al. 2012).

Improved insulin sensitivity of tissues, and especially of skeletal muscle leads to better
production parameters, ameliorated muscle mass development, as well as to more favorable
feed utilization in birds, corroborated by Jézefiak et al. (2010), who found that multi-
carbohydrase and phytase enzyme supplemented feed promoted the hepatic IR expression
and optimized feed utilization of broiler chicken. Stimulated microbial SCFA, and especially
butyrate production was assumed to be the reason for reduced body fat mass, elevated GLP-
1 production and ameliorated insulin sensitivity in mice fed NSP-rich, barley-based diet
(Miyamoto et al. 2018). Wheat-based diet (rich in soluble NSPs) was also reported to decrease
plasma insulin concentration and to increase the protein abundance of certain insulin signaling
proteins in the liver and adipose tissue of broilers (Kulcsar et al. 2016).

In the skeletal muscles, an age-related decrease in the sensitivity of insulin signaling
proteins to nutritional factors was described both in rats (Gupte et al. 2008) and birds (Deng et
al. 2014). The declination of insulin sensitivity in the skeletal muscles of chicken might be
explained with the downregulation of mMTOR, S6K and 4E-BP1 expression and phosphorylation
with aging, manifested by attenuated muscle growth capacity (Deng et al. 2014).

2.6.4. Glucagon homeostasis and the glucagon signaling pathway

Beside insulin, carbohydrate metabolism of birds is primarily navigated by its potent
antagonist glucagon, secreted by the a-islet cells in a much higher quantity, compared to insulin
production (Ruffier et al. 1998). This 29 amino acid long hormone stimulates the process of
gluconeogenesis and glycogenolysis in the liver, thus is responsible for the maintenance of the
unusually high plasma glucose level of birds (Hazelwood 1973; Roach 1990).

On the surface of the target cells, glucagon binds to its G-protein coupled glucagon
receptor (GCGR; Jelinek et al. 1993), which is bound to G-protein sa and q subunits (Gsa and
Gg). Gsa activates adenylate cyclase enzyme, catalyzing the formation of cAMP, which
activates protein kinase A (PKA). Same time, phospholipase C (PLC) is also activated by Gg,
increasing the concentration of inositol 1,4,5-trisphosphate and intracellular calcium level
(Christophe 1995; Burcelin et al. 1996). The role of PKA is partly to activate glycogen
phosphorylase through the phosphorylation of glycogen phosphorylase kinase. Glycogen
phosphorylase catalyzes the formation of glucose-6-phosphate from glycogen, which is the first
step of glycogenolysis, before glucose-6-phosphate is dephosphorylated to glucose by
glucose-6-phosphatase to increase blood sugar level (Krebs 1980). This enzyme can also be
activated by glucagon (Band and Jones 1980). On the other hand, PKA also activates glycogen
synthase, which means inactivation in case of this latter enzyme (Ramachandran et al. 1983;
Ciudad et al. 1984), responsible for hepatic glycogenesis.
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Apart from acting on glycogen homeostasis, PKA stimulates gluconeogenesis over
glycolysis by supporting the action of fructose 1,6-bisphosphatase via the activation of fructose-
2,6-bisphosphatase (Kurland and Pilkis 1995; Pilkis et al. 1982), and by stimulating the
production and activity of glucose-6-phosphatase enzyme (Okar and Lange 1999; Pilkis et al.
1982; Striffler et al. 1984).

The main target of glucagon is the liver, where avian GCGR is highly expressed, but
practically all tissues of chicken show certain expression, including whole brain, heart,
pancreas, spleen, kidneys, lung, muscles, adipose tissue, reproductive organs and the small
intestines (Wang et al. 2008). Despite insulin sensitivity, the responsiveness of the tissues to
glucagon hormone is increasing with aging in chicken (Joseph et al. 1996).

2.7. The avian protein metabolism

The avian protein metabolism in general is similar to that of mammalian species;
however, some important differences exist.

The protein supply of the birds is mostly covered from dietary proteins, but their utilization
depends on the amount, composition and digestibility. Protein digestion starts in the
proventriculum, after partial denaturation in the crop by acidogenic bacteria (Vilela et al. 2020).
The action of pepsin and hydrochloric acid in the proventriculum is followed by the mechanistic
mixing and grinding in the gizzard. Then protein digestion is completed by pancreatic
(chymotrypsin, trypsin, elastase, collagenase, carboxypeptidases) and intestinal proteolytic
enzymes (aminopeptidases) and ends by the absorption of the produced amino acids and
peptides in the small intestines by a series of amino acid transporters and PepT1 di- and
tripeptide transporter (Adibi et al. 1967; Gal-Garber and Uni 2000; Gilbert et al. 2007). The
expression rate of the amino acid transporters of chickens increases progressing down the
small intestines and with aging (Gilbert et al. 2007). Amino acids, and to a lesser extent, some
peptides — that are not consumed intracellularly — are transported through the basolateral
membrane of the enterocytes by the aid of simple or facilitated diffusion, or active transport
systems (Matthews 2000; Hou et al. 2017; Qaid and Al-Garadi 2021), then delivered to the liver
by the portal circulation. Here most is used for hepatic protein synthesis and is forwarded into
the systemic circulation as free proteins available for extrahepatic tissues.

Amino acids are the substantial precursors of the synthesis of — amongst others — any
kind of proteins, but they also can be catabolized for energy production, or to gain glucose in
the gluconeogenesis. In birds, the most important sites of protein synthesis are the liver, the
muscles and the reproductive organs, with uncommonly high protein requirement for muscle,
egg and feather production (Sturkie’s Avian Physiology 2014). The first four limiting amino acids
for birds are lysine, methionine, threonine and tryptophan. The whole-body protein synthesis,
particularly muscle protein synthesis is markedly depressed under starvation or by inadequate
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amino acid supply, especially in case of limiting amino acid scarcity (Uzu 1983; Kino and
Okumura 1987). In vitro studies indicate that both insulin and insulin-like growth factor stimulate
chicken amino acid uptake and protein synthesis, whereas inhibit protein degradation in
muscles (Duclos et al. 1993), and also in vivo in human (Bonadonna et al. 1993). In this aspect,
glucagon can be considered as a hormone synergistic with insulin in promoting plasma amino
acid clearance and postprandrial amino acid disposal by stimulating hepatic amino acid uptake,
catabolism and ureagenesis (Holst et al. 2017).

Avian proteins do not have an amino acid reserve function, therefore, all surplus amino
acids supplied in the diet are catabolized. Unlike in mammals, the major end-product of the
degradation of nitrogen containing compounds (amino acids and purines) is uric acid, but to a
lesser extent, ammonia and urea are also urinary nitrogenous wastes in birds (Stevens 1996).
The predominant organ responsible for uric acid formation in the uric acid cycle is the liver, but
kidneys also contribute to the formation of this deleterious end-product by c.a. 17% in chicken
(Chin and Quebbemann 1978; McFarland and Coon 1984). Despite that uricase enzyme,
responsible for the conversion of uric acid to allantoin lacks in birds (de Boeck and Stockx
1978), the plasma of chicken and turkey contains considerable amount of allantoin, highlighting
the role of uric acid as antioxidant in these species (Simoyi et al. 2003).

The traditional poultry feed formulation has been based on the crude protein concept,
sometimes providing an amino acid composition not meeting the real needs of the birds. Apart
from the economic consequences of this practice, undigested proteins and the derivatives of
absorbed, but excess amino acids become the precursor of uric acid formation, which
undergoes bacterial decomposition to ammonia after excretion, affecting animal welfare and
being environmental question same time. Intensive animal production is considered as main
contributor to nitrogen pollution of the environment within the agricultural system, therefore,
reduction of the nitrogen excretion of poultry via dietary manipulations, such as feeding low-
protein, essential amino-acid fortified diets is desirable (Donsbough et al. 2010). Apart from
environmental approach, another disadvantage of protein overfeeding is that the excretion of
the degradation products of excess amino acids requires energy expenditure, and thus
compromises the performance of the animals (Buteri 2003; Barzegar et al. 2020).

With the ability of industrial amino acid production, the theoretical possibility of ideal
protein and amino acid supply of animals raised, that achieves optimal balance of amino acids,
fulfilling the requirements of the birds for maintenance and satisfactory protein utilization,
minimizing the use of amino acids as energy source and nitrogen excretion (Donsbough et al.
2010). Literature data indicate that the application of low-protein diets with concomitant
essential amino acid supplementation does not impair the performance of chickens (Darsi et
al. 2012).
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3. Significance and aims of the study

Constantly growing human population is seeking for the opportunities of satisfactory
poultry meat production from ecological, economical, nutritional, human health and animal
welfare point of view as well. Therefore, there are efforts in finding new ways of growth
promotion, such as alternative feed additive SCFAs, especially butyrate, and new concepts in
diet formulation have also appeared, aiming optimal composition for better growth and reducing
costs while decreasing nitrogen load of the environment. However, there is still little knowledge
on how the recently applied dietary strategies might affect the general metabolic health of the
broiler chicken, or influence meat composition, and unfortunately scientific results are
sometimes rather contradictory.

The aim of our research group was to examine the effects of butyrate — widely used in
both pig and poultry farming as a potent alternative to antibiotics in growth promoting — of
exogen and endogen origin, in combination with distinct dietary crude protein levels, also
assessing possible age-dependency of broiler chickens.

In Study |, the investigation of the effects of distinct dietary crude protein levels (normal
vs. reduced, the latter supplemented with limiting amino acids), combined or not with sodium
(n)-butyrate as feed additive, together with different grains as bases of diets (wheat vs. maize,
highly distinct in their soluble NSP content and therefore, in the ability to enhance cecal butyrate
production) was aimed on broilers at the age of 7, 21, and 42 days (d). With the measurement
of the peripheral blood concentration or activity of ten selected markers of carbohydrate,
nitrogen, lipid metabolism and hormonal homeostasis, our purpose was to gain a complex
overview on how these above mentioned nutritional factors might influence the general
metabolic state of chickens in relation with their age, contributing to the improvement of scarce
literature data on the avian physiology under special feeding conditions as well.

Based on the literature data and the results of Study | — where avian metabolism proved
to be the most responsive to the investigated dietary factors in the phase of intensive growth —
, d 21 was considered optimal for the assessment of the responsiveness of certain glucagon
and insulin signaling key elements in the liver to dietary factors, on both gene expression and
protein abundance level (Study Il). The importance of the investigation is highlighted by the
fact that deeper understanding of the avian glucose homeostasis and the ways of its modulation
might lead to the amelioration of insulin sensitivity, thus the improvement of productivity and
animal welfare in broilers.

Regarding that the quality and amount of meat is outstandingly important for the broiler
industry, we tested whether the changes measured in Study | and Il led to detectable and
appreciable results in meat quantity or quality by the age of slaughter (d 42, Study lll). Taking
into account that protected and unprotected forms of butyrate are equally applied in poultry
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nutrition, this study was designed with the inclusion of several types of protected butyrate and
unprotected sodium (n)-butyrate with the commonly used maize-based diet formulation with
lowered or normal dietary crude protein level, trying to approach general practice and to
modelling real farm conditions the best.

Beside the production of appropriate amount and quality of meat, safety of chicken
endproducts is also an indispensable requirement and aim of the broiler sector, therefore, an
in vitro experiment was designed and performed to test the antimicrobial efficacy of sodium (n)-
butyrate on various Campylobacter jejuniisolates at two pH values by colony counting, together
with the ampicillin and enrofloxacin sensitivity of the strains (Study IV). As previous studies of
the research group proved that in case of applying wheat-based diet, cecal butyrate content
could reach notable concentration by the age of 42 days, we aimed to investigate the possible
beneficial effects of butyrate in the reduction of Campylobacter colonization by slaughtering,
from theoretical aspects, hopefully contributing to the extension of the application of butyrate
and gaining valuable background information for Campylobacter eradication programs.

Summarizing the above detailed goals, the main aims of this PhD study were:

Ad1, to monitor a set of biochemical blood plasma parameters, reflecting the age-related
responsiveness of the main processes of the avian intermediary metabolism, evoked by the
type of dietary cereal (wheat vs. maize), crude protein content (normal vs. reduced by 15% and
fortified with limiting amino acids) and sodium (n-)butyrate supplementation (1.5 g/kg diet vs.
no supplementation) in broiler chickens.

Ad2, to investigate how the gene and protein expression of selected prominent members of
hepatic insulin and glucagon signaling are influenced by the above detailed nutritional factors
in the phase of intensive growth.

Ad3, to gain information on the possible changes of carcass traits and the chemical
composition of meat induced by butyrate of different types (free sodium (n-)butyrate salt vs.
various protected forms), as well as dietary crude protein level (normal vs. reduced by 15% and
fortified with limiting amino acids) with maize-based diets.

Ad4, to test the in vitro antibacterial effect of sodium (n)-butyrate against Campylobacter jejuni

strains.
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4. Materials and methods

4.1. Ethic statement

The results of Study I, Il and Il originate from one large-scale experiment, where animal
welfare considerations led to the concept of collecting the most possible data from the least
number of animals.

Experimental procedures, including housing, alimentation, treatment and slaughter were
approved by the Government Office of Pest County, Food Chain Safety, Plant Protection and
Soil Conservation Directorate, Budapest, Hungary (number of permission: PEI/001/1430-
4/2015) and was conducted in strict accordance with the directive no. 2010/63/EU on the
protection of animals used for scientific purposes, as well as with the government decree no.

40/2013 (ll. 14.) on animal experiments.
4.2. In vivo studies

4.2.1. Animals and treatments

Three hundred and ten newly hatched male Ross 308 broiler chicks (Gallus gallus
domesticus) were purchased from a commercial hatchery (Gallus Company, Devecser,
Hungary) and were randomly classified to eight dietary groups (n = 10 per sampling point per
group, n = 30 in total per group) for Study | and Il. Further, seven dietary groups were formed
for Study Il (n = 10 per group). Each group showed similar average body weights on day 1.

Environmental conditions met the Ross recommendations (Aviagen 2014) and rearing
technology was set as follows. Upon arrival, the animals were housed on wheat straw bedding
in metal framed floor pens in the Institute of Physiology and Nutrition, Hungarian University of
Agriculture and Life Sciences (Herceghalom, Hungary). The whole house temperature was set
to 30 °C, then lowered to 28 °C by decreasing it with 1 °C/day, later by 1 °C/3 days steps until
22 °C was reached on d 21 and maintained afterwards. The relative air humidity was set
between 60-70% on the first 3 days of housing, then kept above 50% throughout the
experimental period (controlled daily with hygrometer). The light intensity was set to 30-40 lux
in the broiler house with 23 h light and 1 h dark period during the first week of life, then lowered
to 10 lux with 20 h light and 4 h continuous dark period. Feed and drinking water were available
ad libitum thorough the entire study. Animals were monitored daily, and showed no signs of
discomfort or illness in any of the dietary groups. Uniform management and vaccination
schedule were followed for all the birds, feed intake and growth performance matched the
parameters detailed in the Broiler Management Handbook: Ross 308 (Aviagen 2014).

36



Dietary treatments followed a 2 x 2 x 2 factorial arrangement, forming eight dietary groups
as follows for Study | and Il. Two different basal diets were applied (maize-based [MB] or
wheat-based [WB] diet), with or without sodium butyrate supplementation in the commonly
used dose in poultry nutrition (1.5 g/kg diet; But vs. Ctr groups), already successfully applied
in our earlier studies (Kulcsar et al. 2016 and 2017). Further, the diet of four groups was
formulated with crude protein content matching standard recommendations of the appropriate
dietary phase (“normal protein” [NP] groups with 22.7%, 21.4% and 19.1% crude protein in
starter, grower and finisher diets), while four groups was fed a diet with crude protein content
reduced by 15% (“low protein” [LP] groups with 19.1%, 18.0% and 16.0% crude protein,
respectively). Amino acid levels in all diets were calculated, and the four first-limiting
commercially available amino acids (L-lysine hydrochloride, DL-methionine, L-threonine and L-
tryptophan) were supplemented to “LP” diets to meet the recommendations of the breeder
(Aviagen 2014).

Regarding Study lll, animals of seven dietary groups were used for sampling, where the
dietary regime applied for four groups was identical with that of the four MB groups of Study |
and Il, further, three additional groups were formed for Study Il only. Summarizing the design,
maize was used as bases of diets for all the seven dietary groups (MB diets). Five groups of
chickens were fed diets with normal dietary crude protein level of the appropriate dietary phase,
while two groups received low-protein, limiting amino-acid supplemented diet ([NP] and [LP]
groups, respectively). Crude protein levels of diets were set and limiting amino acid addition
was performed for LP diets as described above at Study | and Il. Further, the feed of two groups
was completed with unprotected sodium (n)-butyrate (1.5 g/kg diet; But), and different forms of
protected sodium butyrate were blended into the diet of three NP groups as follows: a highly
concentrated, film-coated sodium butyrate (Intest-Plus S90 with 90% sodium butyrate content,
in the dose of 1.0 g/kg diet [pure sodium butyrate content: 0.9 g/kg diet)]; NP S90 group), and
vegetable fat-embedded sodium butyrate products with various butyrate contents (Intest-Plus
SC40 with 40% sodium butyrate content, in the dose of 1.5 g/kg diet [pure sodium butyrate
content: 0.6 g/kg diet]; NP SC40 group, as well as IntestPlus SC30 with 30% sodium butyrate
content, in the dose of 2.0 g/kg diet [pure sodium butyrate content: 0.6 g/kg diet]; NP SC30
group). Doses were set according to the manufacturer’s instructions. Groups without any form
of butyrate supplementation were regarded as controls (Ctr).

An overview of the experimental groups is presented in Table 3.
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Table 3. Summary of dietary groups of Study I-1lI.

Abbreviation  Cereal type  Crude protein Sodium butyrate Protected butyrate

Study d supplementation supplementation
of group (basal diet) content (g/kg diet) (g/kg diet)

. adequate

1, 11, I MB NP Ctr Maize (,normal’) no no

LI, MBNP But Maize adequate 15 no
(,normal”)

I, 11, 1 MB LP Ctr Maize reduced (,low”) no no

I, 11, 1 MB LP But Maize reduced (,low”) 1.5 no

LIl WBNPCHr Wheat adequate no no
(,normal”)

LIl WBNP But Wheat adequate 15 no
(,normal”)

Nl WB LP Ctr Wheat reduced (,low”) no no

Nl WB LP But Wheat reduced (,low”) 1.5 no

I MB NP S90 Maize adequate no 1.0
(,normal”)

I MB NP SC40 Maize adequate no 15
(,normal”)

Il MBNP SC30 Maize adequate no 2.0
(,normal”)

MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group
with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented
with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Control
group without sodium butyrate supplementation; S90: Protected butyrate supplementation of the diet
(Intest-Plus S90, 1.0 g/kg diet); SC40: Protected butyrate supplementation of the diet (Intest-Plus SC40,
1.5 g/kg diet); SC30: Protected butyrate supplementation of the diet (Intest-Plus SC30, 2.0 g/kg diet).

For Study |, Il and lll, starter diets were switched to growers on d 10 and growers to
finisher diets on d 25. All diets were set isoenergetic and isonitrogenous within a phase,
designed to suit nutrient specifications of Ross 308 recommendations (Aviagen 2014) and fed
in mash form. The diets were formulated and produced by the feed mixing facility of the
Hungarian University of Agriculture and Life Sciences. Unprotected sodium (n)-butyrate was
purchased from Sigma-Aldrich (Darmstadt, Germany), while protected butyrate products were
obtained from Palital Feed Additives (Velddriel, the Netherlands). The soluble arabinoxylan
content was previously determined as 0.88 mg/g for maize and 9.37 mg/g for wheat
(measurements performed in the Agricultural Institute, Center for Agricultural Research,
Martonvasar, Hungary following the method of Douglas [1981]. Compositions and calculated
nutrient contents of diets of all dietary phases (without sodium [n-]butyrate supplementation)
are indicated in Table 4-6.
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Table 4. Ingredients and calculated nutrient composition of experimental broiler starter diets, without
sodium butyrate supplementation

Maize-based Maize-based Wheat-based Wheat-based

Ingredients Unit  “Normal CP LowCP____ Normal CP Low CP
Maize % 57.60 61.00 0.00 0.00
Wheat % 0.00 0.00 54.79 62.60
Solvent extr. soybean meal % 27.00 28.00 31.00 26.48
PL-68t % 6.50 0.00 3.00 0.00
Sunflower oil % 3.50 3.50 6.00 5.30
Wheat bran % 0.00 1.72 0.00 0.00
Limestone % 1.70 1.60 1.70 1.70
MCP % 1.80 2.00 1.70 1.70
Salt (NaCl) % 0.40 0.40 0.40 0.40
L-lysine hydrochloride Y% 0.44 0.58 0.38 0.60
DL-methionine % 0.43 0.44 0.41 0.45
L-threonine %o 0.09 0.22 0.11 0.26
L-tryptophan % 0.04 0.04 0.00 0.00
Vitamin and mineral premix# Y% 0.50 0.50 0.50 0.50
Axtra XB 201 enzyme$ % 0.00 0.00 0.015 0.015
Calculated values
Dry matter % 89.65 89.32 89.78 89.47
Crude protein Y% 22.02 18.65 22.05 18.76
Soluble NSP mg’kg 506.88 536.80 5133.82 5865.62
ME MJ/kg 12.65 12.61 12.63 12.62
Ether extract Y% 6.54 6.30 7.49 6.62
Crude fiber % 2.51 2.74 2.88 2.81
Ash % 6.97 7.23 7.37 7.42
Lysine % 1.43 1.43 1.44 1.43
Methionine + Cysteine % 1.07 1.05 1.08 1.07
Threonine % 0.97 0.94 0.94 0.94
Tryptophan % 0.23 0.25 0.26 0.24
Arginine % 1.17 1.24 1.34 1.22
Isoleucine % 0.74 0.78 0.85 0.78
Leucine % 1.59 1.68 1.52 1.41
Valine % 0.83 0.88 0.93 0.86
Total Ca % 1.15 1.15 1.16 1.14
Total P % 0.79 0.80 0.82 0.80
Available P % 0.54 0.53 0.56 0.54

CP: Crude protein; MCP: Monocalcium phosphate; ME: Metabolizable energy; NSP: Non-starch
polysaccharide.

tProtein concentrate, by-product of glutamic acid production from bacterial biomass (KJK-Agroteam Lid.,
Dombévar, Hungary).

FProvides per kilogram of diet: vitamin A 12013 IU; vitamin D3 3875 IU; vitamin K 3.3 mg; vitamin E 46.5
IU; vitamin B1 2.33 mg; vitamin B2 7.44 mg; vitamin B6 3.88 mg, vitamin B12 0.016 mg; calcium
pantothenate 13.95 mg; folic acid 1.56 mg; niacin 46.5 mg; choline chloride 504 mg; Fe 60 mg; Mn 100
mg; Cu 12.5 mg; Zn 83 mg; Se 0.42 mg; Co 0.28 mg; | 1.25 mg.

§Enzymatic activity in the product (DuPont Animal Nutrition, New Century, KS, USA) 12200 U/g endo-
1,4-B-xylanase and 1520 U/g endo-1,3(4)-B-glucanase.
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Table 5. Ingredients and calculated nutrient composition of experimental broiler grower diets, without
sodium butyrate supplementation

Maize-based Maize-based Wheat-based Wheat-based

Ingredients Normal CP LowCP _ Normal CP Low CP
Maize % 60.71 65.31 0.00 0.00
Wheat % 0.00 0.00 61.30 66.56
Solvent extr. soybean meal % 22.20 24.54 19.31 20.01
PL-68f % 8.00 1.00 8.50 2.50
Sunflower oil % 4.80 4.50 6.70 6.50
Wheat bran % 0.00 0.00 0.00 0.00
Limestone % 1.30 1.20 1.35 1.35
MCP % 1.35 1.60 1.15 1.15
Salt (NaCl) % 0.40 0.40 0.40 0.40
L-lysine hydrochloride Y% 0.34 0.41 0.38 0.48
DL-methionine % 0.36 0.37 0.35 0.38
L-threonine % 0.00 0.15 0.05 0.16
L-tryptophan % 0.04 0.02 0.00 0.00
Vitamin and mineral premix# Y% 0.50 0.50 0.50 0.50
Axtra XB 201 enzyme$ % 0.00 0.00 0.015 0.015
Calculated values
Dry matter % 89.72 89.34 89.90 89.55
Crude protein % 21.12 17.85 21.10 17.89
Soluble NSP mg’kg 534.25 574.73 5743.81 6236.67
ME MJ/kg 13.27 13.24 13.24 13.24
Ether extract Y% 7.96 7.39 8.45 7.92
Crude fiber % 2.34 2.48 2.51 2.61
Ash % 5.78 6.03 6.00 6.13
Lysine % 1.25 1.22 1.25 1.22
Methionine + Cysteine Y% 0.96 0.95 0.94 0.95
Threonine % 0.84 0.84 0.85 0.81
Tryptophan % 0.21 0.20 0.20 0.21
Arginine % 1.01 1.11 0.97 1.02
Isoleucine % 0.65 0.72 0.62 0.65
Leucine % 1.45 1.58 1.14 1.20
Valine % 0.74 0.81 0.70 0.74
Total Ca % 0.92 0.93 0.90 0.90
Total P % 0.68 0.69 0.71 0.67
Available P % 0.45 0.45 0.49 0.44

CP: Crude protein; MCP: Monocalcium phosphate; ME: Metabolizable energy; NSP: Non-starch
polysaccharide.

tProtein concentrate, by-product of glutamic acid production from bacterial biomass (KJK-Agroteam Ltid.,
Dombdévar, Hungary).

FProvides per kilogram of diet: vitamin A 12013 IU; vitamin D3 3875 IU; vitamin K 3.3 mg; vitamin E 46.5
IU; vitamin B1 2.33 mg; vitamin B2 7.44 mg; vitamin B6 3.88 mg, vitamin B12 0.016 mg; calcium
pantothenate 13.95 mg; folic acid 1.56 mg; niacin 46.5 mg; choline chloride 504 mg; Fe 60 mg; Mn 100
mg; Cu 12.5 mg; Zn 83 mg; Se 0.42 mg; Co 0.28 mg; | 1.25 mg.

§1Enzymatic activity in the product (DuPont Animal Nutrition, New Century, KS, USA) 12200 U/g endo-
1,4-B-xylanase and 1520 U/g endo-1,3(4)-B-glucanase.
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Table 6. Ingredients and calculated nutrient composition of experimental broiler finisher diets, without
sodium butyrate supplementation

Maize-based Maize-based Wheat-based Wheat-based

Ingredients Normal CP LowCP___ Normal CP Low CP
Maize % 63.66 70.25 0.00 0.00
Wheat % 0.00 0.00 64.69 69.69
Solvent extr. soybean meal % 24.50 20.29 19.35 19.35
PL-68t % 3.00 0.70 5.00 0.00
Sunflower oil % 5.00 4.30 6.96 6.90
Wheat bran % 0.00 0.00 0.00 0.00
Limestone Y% 1.09 1.09 1.35 1.26
MCP % 1.40 1.60 1.15 1.15
Salt (NaCl) % 0.40 0.40 0.40 0.40
L-lysine hydrochloride % 0.19 0.39 0.25 0.32
DL-methionine % 0.26 0.33 0.30 0.31
L-threonine % 0.00 0.13 0.08 0.15
L-tryptophan Y% 0.00 0.02 0.00 0.00
Vitamin and mineral premix# % 0.50 0.50 0.50 0.50
Axtra XB 201 enzyme$ % 0.00 0.00 0.015 0.015
Calculated values
Dry matter % 89.46 89.21 89.70 89.40
Crude protein % 19.04 16.13 19.07 16.20
Soluble NSP mg/kg 560.21 618.2 6061.45 6529.95
ME MJ/kg 13.41 13.41 13.38 13.44
Ether extract Y% 7.96 7.27 8.51 8.17
Crude fiber % 2.47 2.36 2.56 2.62
Ash % 5.46 5.65 5.83 5.80
Lysine % 1.09 1.08 1.07 1.02
Methionine + Cysteine Y% 0.86 0.87 0.87 0.86
Threonine % 0.74 0.74 0.79 0.72
Tryptophan % 0.18 0.18 0.20 0.21
Arginine % 1.11 0.99 0.99 1.01
Isoleucine Y% 0.71 0.64 0.63 0.65
Leucine % 1.56 1.48 1.16 1.19
Valine % 0.80 0.74 0.71 0.74
Total Ca % 0.85 0.87 0.90 0.87
Total P % 0.66 0.68 0.69 0.66
Available P % 0.42 0.44 0.46 0.42

CP: Crude protein; MCP: Monocalcium phosphate; ME: Metabolizable energy; NSP: Non-starch
polysaccharide.

tProtein concentrate, by-product of glutamic acid production from bacterial biomass (KJK-Agroteam Ltd.,
Dombévar, Hungary).

FProvides per kilogram of diet: vitamin A 12013 IU; vitamin D3 3875 IU; vitamin K 3.3 mg; vitamin E 46.5
IU; vitamin B1 2.33 mg; vitamin B2 7.44 mg; vitamin B6 3.88 mg, vitamin B12 0.016 mg; calcium
pantothenate 13.95 mg; folic acid 1.56 mg; niacin 46.5 mg; choline chloride 504 mg; Fe 60 mg; Mn 100
mg; Cu 12.5 mg; Zn 83 mg; Se 0.42 mg; Co 0.28 mg; | 1.25 mg.

§1Enzymatic activity in the product (DuPont Animal Nutrition, New Century, KS, USA) 12200 U/g endo-
1,4-B-xylanase and 1520 U/g endo-1,3(4)-B-glucanase.
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4.2.2. Samplings

Although neither of the studies was designed to assess the performance of the broilers,
weights of animals were recorded at day-old (upon arrival) and at the age of 7, 21 and 42 days
to gather background data and samples were collected as follows.

For Study |, peripheral blood samples were gained on d 7, 21 and 42 by puncture of the
brachial vein of ten randomly selected chickens per experimental group at every time point, in
order to follow the possible age-dependent effects of the investigated nutritional factors.
Selection of animals and samplings were strictly performed between 4.00 —7.00 pm to minimize
diurnal variation, by taking one chicken randomly from each group and then repeating the
procedure until ten samples per group were obtained. Blood was collected in heparinized tubes,
kept on ice until the immediate on the spot separation of blood plasma by centrifugation (2000
g, 10 min, 4 °C), then shock frozen in liquid nitrogen and stored at -80 °C until further
processing.

For Study Il, after body weight measurement and blood sampling, chickens were
decapitated in CO: narcosis on d 21, the liver was exsanguinated with chilled sterile
physiological saline solution by the cannulation of the v. pancreaticoduodenalis, then excised
and tissue samples were gained for g-PCR and Western blot analyses. PCR samples were
taken and placed into RNA isolation reagent (easy-BLUE™, Sigma-Aldrich, Darmstadt,
Germany) and placed on dry ice, while Western blot samples were shock frozen in liquid
nitrogen, then all the samples were stored at -80 °C until processing.

For Study Ill, chickens were slaughtered in CO narcosis on d 42 by decapitation, then
carcass weight (including skin and wings, excluding giblets), deboned breast meat yield,
femoral muscle weight, and the weights of liver, heart, spleen and abdominal adipose tissue
were measured. Additionally, representative samples (60 g tissue from the same anatomic site)
were taken from the pectoral (m. pectoralis major) and femoral (m. iliotibialis) muscle for
chemical analysis of meat composition. Muscle samples were minced, freeze-dried in liquid
nitrogen, ground and stored at -20 °C until further processing.

4.2.3. Measurements

4.2.3.1. Study | — Plasma measurements

In Study I, plasma concentrations of total protein, albumin, uric acid, glucose, triglyceride,
GLP-1, GIP, insulin, and activity of aspartate aminotransferase and Creatine Kinase enzymes
were measured to investigate metabolic and hormonal changes induced by nutritional factors.

After thawing the samples on ice, plasma concentrations of total protein, albumin and uric
acid, as well as aspartate aminotransferase and creatine kinase activities were estimated by
spectrophotometric measurements with an automated apparatus (Olympus AU400 Chemical
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Analyzer, Beckman Coulter, Brea, CA, USA). Reagents were purchased from Diagnosticum
(Budapest, Hungary), or in case of uric acid, from Dialab (Budapest, Hungary).

GLP-1, GIP and insulin levels were measured by chicken-specific sandwich ELISA tests
(MyBioSource, San Diego, CA, USA; catalogue number: MBS260694 [GLP-1], MBS261884
[GIP], MBS2516351 [insulin]), as instructed by the manufacturer, with incubations at 37 °C in
all cases. Briefly, after thawing on ice, 90 ul plasma sample or serially diluted standard solution
was measured into each well of the microtiter plate, incubated for 90 min, then fluid was
removed and wells were flushed three times with Wash Solution (or in case of insulin, no
washing was prescribed). As a next step, the plate was incubated for 60 min with 100 pl
biotinylated chicken (GLP-1, GIP or insulin specific) antibody solution, then fluid was discarded
and wells were washed three times again. Further, we measured 100 pl avidin-conjugated
horseradish peroxidase enzyme liquid in the wells, incubated the plates for 30 min, removed
the fluid and washed the wells five times. Finally, 100 pl (or 90 ul for insulin determination) color
reagent liquid was added to the wells and incubated until properly distinguishable shades of
blue color appeared. At this point, the reaction was stopped with 100 pl (or in case of insulin,
50 ul) sulphuric acid containing stop solution, and the optical density of the yellow color —
proportional to the concentration of the investigated parameter — was immediately measured
at 450 spectrophotometrically.

Glucose and triglyceride concentrations were determined by colorimetric methods using
Glucose GOD/PAP and Triglyceride PAP liquid reagents (Diagnosticum, Budapest, Hungary;
catalogue number: 46862 [glucose], 47162 [triglyceride]), following the instructions of the
producer. Briefly, first, 3ul sample or serially diluted glucose/triglyceride standard solution was
measured onto chilled microtiter plates in triplicate, followed by 300 ul color reagent. After
incubation for 5 min (37 °C), the intensity of the red quinoneimine endproduct positively
correlated with the concentration of the investigated parameter in the sample, measured
immediately at 505 nm with ice-cold plates.

4.2.3.2. Study Il - Messenger RNA isolation, reverse transcription and q-PCR
measurements

In Study Il, gene expression of GCGR, IRB and mTOR was assessed by measuring the
mRNA concentration of the samples by g-PCR method after reverse transcription, whereas
protein abundance of the same members of carbohydrate homeostasis was evaluated by
Western blotting.

Reagents were obtained from Reanal (Budapest, Hungary) for reverse transcription and
g-PCR measurements, and purchased from Sigma-Aldrich (Munich, Germany) for Western
blotting, except when otherwise specified.
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Messenger RNA isolation and reverse transcription

During the process of MRNA isolation and reverse transcription, all centrifugations were
performed at 4 °C. After thawing on ice, tissue samples were aseptically homogenized by a
tissue grinder Potter-Elvehjem homogenizer, centrifuged (Beckman-Coulter, Indianapolis, IN,
USA; 12000 g, 10 min), then the middle homogenous phase was centrifuged again (12000 g,
10 min). After incubation of the clean supernatant for 5 min at room temperature, 200 uL
chloroform was added into the tubes followed by vigorous shaking, then another incubation for
5 min at room temperature was applied and samples were centrifuged (13000 g, 10 min) for
phase separation. Thereafter, aqueous top phase was mixed with equal amount of isopropanol,
shaken, incubated for 10 min at room temperature and centrifuged (13000 g, 5 min).
Afterwards, 1 mL 75% ethanol was measured onto the RNA pellet, followed by subsequent
centrifugation (10000 g, 5 min), then the pellet was dried for 10 min at 60 °C, dissolved in 50
uL molecular biology grade water, incubated for 10 min at 60 °C and finally the mRNA
concentration of the sample was determined by spectrophotometry (NanoDrop
Spectrophotometer, ThermoFisher Scientific, Waltham, MA, USA; software version: ND-1000
V3.5.1). Removal of genomic DNA was performed with RapidOut DNA Removal Kit (Thermo
Scientific, Waltham, MA, USA) using a volume of sample containing 1000 ng mRNA, synthesis
of cyclic deoxyribonucleic acid (cDNA) was implemented with RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific) with random hexamer primer, according to the instructions of

the manufacturer.

g-PCR measurements

The g-PCR measurements were performed with a Rotor-Gene Q thermocycler (Qiagen,
Hilden, Germany; software version 2.1.0, Build 9), by the aid of Thermo Scientific Luminaris
Color HiGreen gPCR Master Mix (Thermo Scientific), containing Tag DNA polymerase, uracil-
DNA glycosylase, deoxynucleotide triphosphates (with deoxyuridine triphosphate), SYBR
Green | in an optimized PCR buffer with blue dye. For the reaction, 10 pl Master Mix, 0.5 pl
sample (set to 2.5 ng/ul cDNA concentration) 1 pl forward and reverse primer, and molecular
biology grade water (up to 20 pl total volume) were mixed, with no sample in case of blank.
Primer pairs were designed with NCBI Primer-BLAST and purchased from Biocenter, applied
as detailed in Table 7 to test genes of interest. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was chosen as reference gene; its expression was unaffected by any of the applied
dietary treatments. The temperature profile of the reaction was set as follows: uracil-DNA
glycosylase treatment at 50 °C for 2 min; initial denaturation at 95 °C for 10 min; denaturation
step at 95 °C for 15 s; annealing at 60 °C for 30 s and extension at 72 °C for 30 s for 40 cycles.
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At the end of each cycle, fluorescence monitoring was set for 10 s. Relative gene expressions
were calculated by the 2-*2%method applying the software 2.1.0 (Build 9).

Table 7. Primer pairs used to test genes of interest

Primer Amplicon NCBI

Gene Primer Primer sequence . . . Threshold
efficacy size accession
Fg,‘f";)rd GGGCACGCCATCACTATCTT "
GAPDH —=22) 09408 187 oM. 003
o3, TCACAAACATGGGGGCATCA :
Fg,‘f";)rd ATCCCGTGGGTTGTTGTGAA NM
GCGR —go ) 0,932 195 00110103  0.02
sy, CTTGTAGTCGGTGTAGCGCA 5.1
F(Og,"_";)rd CAACCCACACTGGTGGTCAT XM
Rp gk 09376 134 00123339  0.0036
3y GCAGCCATCTGGATCATTTCTC 8.5
F(Og,"_";)rd GTGGCGATCCTATGGCATGA o
MTOR —o2L 09784 276, M o 005
o). ACGCCTGAAAACGTGGTAGT :

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase (reference gene); GCGR: Glucagon receptor;
IRB: Insulin receptor B subunit; mTOR: Mammalian target of rapamycin. Threshold was calculated by
software.

4.2.3.3. Study Il - Western blot measurements

The protein abundance of GCGR, IRB and mTOR was determined from liver samples by
semiquantitative Western blotting in duplicates. Western blot measurements were implemented
at the University of Hohenheim, Institute of Animal Science (Hohenheim, Germany).

Approximately 300 mg liver sample was completed with 0.6 mL lysis buffer (50 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid [Carl Roth GmbH, Karlsruhe, Germany], 4 mM
ethylene glycol-bis[2-aminoethylether]-N,N,N,N’-tetraacetic acid, 10 mM
ethylenediaminetetraacetic acid, 0.1% Triton X-100, 100 mM B-glycerol phosphate, 15 mM
sodium pyrophosphate, 5 mM sodium orthovanadate, 2.5 mM sodium fluoride, protease
inhibitor [cOmplete, Mini; Roche Diagnostics GmbH, Mannheim, Germany] and phosphatase
inhibitor [PhosSTOP; Roche Diagnostics GmbH]), homogenized for 40 s using FastPrep®-24
Classic homogenizer (MP Biomedicals, Santa Ana, CA, USA), then centrifuged (1000g, 5 min,
4 °C). Protein concentration of supernatants was measured by colorimetric method with
Bradford reagent (Serva Electrophoresis GmbH, Heidelberg, Germany), then samples were
diluted to equal (1.5 ug/pL) protein concentration with loading buffer (50 mM Tris-hydrochloric
acid, 10% glycerol, 2% sodium dodecyl sulphate [Serva Electrophoresis GmbH], 0.1%
bromophenol blue and 2% mercaptoethanol; final concentrations) and processed with heat
denaturation (5 min, 95 °C). Electrophoresis was performed in duplicates in 5% stacking (60 V,
30 min) and 8.1% separation (120 V, 90 min) polyacrylamide gel (20 yL loading volume per
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lane). After tank blotting (25 V, 20 min), membranes were blocked in 5% bovine serum albumin
(BSA) containing phosphate buffered saline with Tween 20 (PBST; 60 min, room temperature),
followed by overnight incubation at 4 °C with primary antibodies (diluted with 5% BSA/PBST)
in the following concentrations: 1:500 for GCGR (Santa Cruz Biotechnology, CA, USA); 1:3000
for IRB (Cell Signaling Technology, Frankfurt, Germany) and 1:2100 for mTOR (Santa Cruz
Biotechnology). Detection of primary antibodies was performed using an anti-rabbit secondary
antibody coupled with horseradish peroxidase (Cell Signaling Technology), in the
concentrations as 1:3000 dilution in 5% BSA/PBST for GCGR, and 1:2500 dilution in 2.5%
BSA/PBST for IRB and mTOR (60 min, room temperature). Finally, chemiluminescence was
generated with the SuperSignal West Dura Extended Duration Substrate (Pierce, Rockford, IL,
USA) and detected with ChemiDoc XRS+ system (Bio-Rad Laboratories GmbH.). Bands were
quantified with densitometry using Image Lab 4.0 software; relative protein abundance values
were gained by standardizing trace quantities to the Indian Ink stained bands.

4.2.3.4. Study Il - Weight measurements and chemical analysis of carcass traits

In Study Ill, apart from weighing carcass traits and certain organs, chemical analyses of
pectoral and femoral muscle samples were performed at the Institute of Physiology and
Nutrition, Hungarian University of Agriculture and Life Sciences (Herceghalom, Hungary) to
investigate the possible effects of the dietary factors on the composition of the most valuable
meat parts.

Chemical analyses were conducted as outlined by the Association of Analytical Chemists
(AOAC 1990). After thawing on ice, dry matter content was measured by drying the samples at
135 °C for 2 h in line with the appropriate AOAC protocol (method number 930.15). Crude
protein content of muscle samples was determined by the Kjeldahl procedure (AOAC method
number 920.39); lipid content was assessed as ether extract using a Soxhlet apparatus (AOAC
method number 988.05).

4.3. In vitro study

For Study IV all reagents were purchased from Biolab (Budapest, Hungary), except when
otherwise specified. All the incubations were performed at 40 °C under microaerobic conditions,
ensured by Campygen sachets (Oxoid, Basingstoke, UK; catalogue number: CN0O035). All
methods used in the study were in accordance with the protocols of Clinical and Laboratory
Standards Institute documents M31-S1 and M37-E.

4.3.1. Campylobacter culturing and determination of bacterial count

C. jejuni strains (7 field isolates and 1 reference strain [ATTC700819]) were provided by
the Clinic for Poultry Medicine, University of Veterinary Medicine (Vienna, Austria). Bacteria
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were gently thawed from -80 °C and microorganisms were streaked out onto Campylobacter
selective agar (CSA) plates. CSAs were prepared previously by using Campylobacter Agar
Base (catalogue number: CAA20500), 5% sterile sheep blood and Campylobacter selective
supplement (catalogue number: CCS80004) according to the manufacturer’s instructions.
These plates were incubated for 48 h. Following the incubation, some colonies were picked up
and inoculated into 4 ml Bolton broth (catalogue number: BOB20500), containing
Campylobacter selective supplement (catalogue number: CBS80004) as recommended by the
producer. Campylobacter count of the suspensions was determined after 48 h of culturing,
colony-forming unit concentration (CFU/ml) was calculated after further 48 h plating on CSAs
by plate counting.

4.3.2. Butyrate treatment of the cultures

Solutions containing different concentrations of sodium butyrate in the range of 5 to 100
mmol/l (5, 7.5, 10, 15, 20, 30, 50, 100 mmol/l) were obtained by dissolving sodium (n)-butyrate
in buffered Bolton broth and thereafter performing serial dilution. The pH value of each solution
was set at 6.0 or 7.4 by adding the appropriate amount of concentrated hydrochloric acid, to
mimic possible in vivo cecal pH range evoked by different dietary strategies. All C. jejuni strains
were tested on all the eight butyrate concentrations listed and at both pH using one positive
control free of butyrate and one negative control which did not contain any Campylobacter
strain. Butyrate dilutions were inoculated with 7*10° CFU/ml C. jejuni on 96-well plates in a total
volume of 220 pl/well.

4.3.3. Plating and determination of the pH-associated antibacterial efficacy of
butyrate

After 48 h incubation of C. jejuni strains with different concentrations of butyrate, CFU/ml
values were determined by plating in a serial dilution. Each suspension plus controls were
diluted (10-fold) up to the 108 dilutions in phosphate buffered saline (PBS). Afterwards, 100 pl
sample was taken out from each dilution and cultivated on CSA. Campylobacter colonies were
counted after 48 h of culturing; minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) values were determined from Campylobacter counts. Relative
inhibition of C. jejuni strains by different concentrations of butyrate were determined as the ratio
of CFU/ml values in butyrate-treated wells compared to those of the positive controls (no
butyrate). Further, decimal logarithm of relative inhibition was calculated and analyzed in each
case. Prediction and confidence intervals were also determined when appropriate.
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4.3.4. Antibiotic sensitivity test

Antibiotic sensitivity of the tested strains was assessed with enrofloxacin (5 pg/plate) and
ampicillin (10 pg/plate) as well. Tests were performed on CSA plates by conventional agar disk
diffusion test. The plates were incubated, thereafter the diameter of the obtained inhibition zone
was measured (mm). In case of an inhibition zone below 5 mm diameter, the strain was
declared resistant against the antibiotic in question. When testing antibiotics, we did not aim to
determine their MIC values, results serve as background data only.

4.4. Statistics

In Study | and Ill, statistical processing of data was carried out with R 3.2.2 software.
Multivariate analysis of variance (ANOVA analysis) was used to evaluate the main effects of
the independent variables (cereal type, dietary crude protein level and butyrate
supplementation) on the measured parameters as response (dependent) variables, and in case
of any interaction pair wise comparisons of dietary groups were made with post-hoc Tukey-
tests. Results of sampling times were analyzed separately, where applicable. Main effects were
determined as follows: WB vs. MB diet, LP vs. NP groups and butyrate supplementation vs. no
added butyrate. Data were normally distributed and within-group variances were homogenous.
Groups receiving maize-based diet with normal protein level, without butyrate completion were
used to calculate age-dependent changes (that were independent from all the investigated
nutritional factors), by Mann-Whitney test. Results are expressed as means + standard error of
mean (SEM; Study 1), or as mean * standard error (SE; Study llI).

In Study I, three independent linear models were fitted to every measured variable,
based on the following model:

(GCGR, IRB, mTOR) = Cereal + Protein + Butyrate + Cereal* Protein + Cereal* Butyrate +
Protein* Butyrate + Cereal” Protein™ Butyrate

Model fitting was performed with the /m built-in function. Statistical significance of the
main and interaction effects was evaluated with multivariate ANOVA analysis, using the Anova
function of the car package. The R package emmeans was used to perform pairwise
comparison of the estimated marginal means to unravel the differences behind the different
treatment groups. P values and confidence levels were adjusted with the Tukey method.

Results were considered statistically significant when P < 0.05 in case of all evaluations.

In Study IV, descriptive statistics were performed, due to the limitations of sample size.

The overview of the studies performed in the PhD work can be seen in Table 8.
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Table 8. Overview of the performed studies

Stud Type of  Age of the
No y the animals Investigated factor Investigated parameters
Study (days)
dietary cereal tvpe Plasma concentration of TP,
dietayr cp Ievyepl albumin, uric acid, glucose, TG,
Study | invivo 7,21, 42 un rotec):/ted butvrate GLP-1, GIP and insulin
Sf’u oAb Plasma activity of AST and CK
P Body weight of the animals
dietary cereal type Hepatic gene expression and
Study in vivo 1 dietary CP level protein abundance of GCGR,
I unprotected butyrate IRB and mTOR
supplementation Body weight of the animals
dietary CP level Weight of carcass traits and
unprotected butyrate : .
Study S : chemical analysis of the femoral
in vivo 42 supplementation
I and pectoral muscles
protected butyrate : )
. Body weight of the animals
supplementation
unprotected butyrate
Stud supplementation MIC and MBC values of butyrate
IV y in vitro - pH Antibiotic resistance of C. jejuni
C. jejuni strain-related strains
properties

CP: Crude protein; TP: Total protein; TG: Triglyceride; GLP-1: Glucagon-like peptide 1; GIP: Glucose-
dependent insulinotropic polypeptide; AST: Aspartate aminotransferase; CK: Creatine kinase; GCGR:
Glucagon receptor; IRB: Insulin receptor B subunit; mTOR: Mammalian target of rapamycin; MIC:
Minimum inhibitory concentration; MBC: Minimum bactericidal concentration.
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5. Results

In this section, only significant main effects — or when relevant, significant interactions —

of selected nutritional factors are presented in details.

5.1. Study |, Il and Ill - Body weight results

The body weight and feed intake of the broilers matched or exceeded the standards of
the Ross technology in all phases of fattening.

Body weights of animals were higher in groups fed limiting amino acid supplemented LP
diet at each measurement (P = 0.038 for d 7, P < 0.001 for d 21 and P < 0.001 for d 42). The
WB diet also positively influenced the same parameter at the age of 7 days (P = 0.007) and 21
days (P = 0.001). Further, protected butyrate (S90, SC40 and SC30) completion elevated the
live weight of the birds in all groups compared to control (MB NP Ctr group) on d 21 and 42 (P
< 0.001 at both time points). The summarized body weight results of all dietary groups are
presented in Table 9.
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Table 9. Body weight data of broiler chickens (Study I, Il and Ill)

Abbreviation of dietary group

MB MB MB MB wB wB wB wB MB MB MB Significant
Parameter NP NP LP LP NP NP LP LP NP NP NP differences
Ctr But Ctr But Ctr But Ctr But S90 SC40 SC30
Day 39.43 39.46 38.97 39.10 38.66 38.72 39.75 39.65 39.09 39.61 39.28
1 10.06 +0.06 10.06 +0.06 10.06 +0.05 +0.06 +0.06 +0.69 10.70 +0.70
Day 171.0 179.8 174.9 179.6 177.6 184.7 196.6 211.4 184.3 180.6 177.9 **WB vs. MB
7 8.4 4.9 17.1 18.1 19.4 8.4 9.9 9.9 3.3 5.2 4.5 *LP vs. NP
Body weight ~ WBvs. MB
Day 679.5 638.1 824.3 864.0 826.0 845.6 821.2 811.6 800.0 794.3 821.5 ***LP vs. NP
@ 21 +20.8 +34.1 +32.9 128.6 +37.2 +30.7 +34.0 +33.7 124.7 +22.1 +21.3 ***890, SC40,
SC30 vs. Ctr
Day 22345 2315.6 2934.7  2635.3 2394.0 2406.5 2810.0 2686.5 2738 2719 2700 ***S;F()) V;C’ig
42 197.5 +117.8 +47.9 197.0 192.2 +112.7 173.6 +146.4 184.3 +103.5 166.4 ’ ’
SC30 vs. Ctr
Average daily
body weight gain, 21.9 234 22.7 234 23.2 24.3 26.1 28.6 24.2 23,5 23.1
day 1-7 (g/day)
Average daily
body weight gain, 36.3 32.7 46.4 48.9 46.3 47.2 44.6 42.9 44.0 43.8 46.0
day 7-21 (g/day)
Average daily
body weight gain, 74.0 79.9 100.5 84.3 74.7 74.3 94.7 89.3 92.3 91.7 89.5

day 21-42 (g/day)

MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase enzymes; NP: “Normal protein” group with dietary crude
protein content adequate to the rearing phase (22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group with reduced
crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented with limiting amino acids; But: Sodium butyrate supplementation of the
diet (1.5 g/kg diet); Ctr: Control group without sodium butyrate supplementation; S90: Protected butyrate supplementation of the diet (Intest-Plus S90, 1.0 g/kg diet);
SC40: Protected butyrate supplementation of the diet (Intest-Plus SC40, 1.5 g/kg diet); SC30: Protected butyrate supplementation of the diet (Intest-Plus SC30, 2.0
g/kg diet). Results are expressed as mean + standard error of mean (SEM). Statistical analysis of data was performed with multi-way ANOVA test to evaluate main
effects and by post hoc tests to assess pairwise interactions (S90, SC40, SC30 vs. MB NP Ctr). Main effects were determined as follows: WB vs. MB diet, LP vs.
NP groups and butyrate supplementation vs. no added butyrate. n = 10 per sampling points/group, n = 30 in total/group. *** P < 0.001; ** P < 0.01; * P < 0.05



5.2. Study | — General metabolic responsiveness of chickens to

nutritional factors

WB diet increased (P < 0.001), but as an opposite, LP diet decreased (P < 0.001) the
total protein (TP) level of blood plasma of chickens at the age of 21 days (Table 10).

In order to monitor relative changes of albumin levels, albumin concentration data were
used to calculate albumin/TP ratio, which was decreased by butyrate supplementation (P =
0.022) on d 7 (Table 10).

Concentration of uric acid was significantly elevated in WB groups on d 7 (P = 0.022) and
d 21 (P < 0.001). However, decreased uric acid levels were measured in animals fed LP diet
ond 21 (P <0.001) and 6 (P = 0.002), while butyrate supplementation increased the same
parameter on d 21 only (P = 0.048). Plasma uric acid levels gradually decreased by nearly 50%
during the experimental period, irrespective of dietary treatment (P < 0.001; Table 10).

Aspartate aminotransferase activity of chickens was stimulated by WB diet only at the
age of 21 days (P = 0.042; Table 10).

Plasma creatine kinase activity was elevated by lowered crude protein level ond 21 (P =
0.004) and 6 (P = 0.041), respectively. In addition, enzyme activity increased by nearly thirteen
times until d 42, compared to d 7 (P < 0.001), independently from diet composition (Table 10).
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Table 10. Results of the parameters describing metabolism of nitrogen containing compounds (Study I)

Abbreviation of dietary group

MB MB MB MB wB wB wB wB
Parameter Days NP NP LP LP NP NP LP LP
Ctr But Ctr But Ctr But Ctr But

Significant
differences

7 2258 2290 23.03 23.36 26.34 23.99 24.08 23.24 i
+1.47 142 157 +1.01 +151 +1.07 #1.41 +1.25

Total

. 2458 26.08 24.65 23.48 28.99 29.53 25.80 25.10 ***WBvs.MB
protein 21

+0.84 +0.87 +0.80 +0.75 +1.05 +0.71 +1.48 +0.58 ***|Pvs.NP

(@) 42 25.12 2730 27.61 27.46 29.01 27.27 29.79 27.21 i
+1.36 #1.561 094 +1.21 +123 +1.00 +0.95 +1.14

7 55.92 53.21 5520 53.90 54.96 51.23 54.48 51.19 *But vs. Cir
+1.74 +1.88 195 +218 +1.86 +1.01 +1.65 +1.82 '

poumin/ o 4800 4495 4634 4568 4517 4512 4525 46.62 _
S 5097 129 112 1057 219 +1.56 +1.88 +1.25
s 4921 4788 47.78 4873 4817 47.92 48.76 49.59 _
$140 +158 171 +1.96 +1.68 251 234 +1.90
4187 350.1 3696 3877 4784 4122 4125 4439 L o o
361 1261 3304 1288 447 1252 323 396 :
Uric acid ,{ 2696 3105 1883 2162 3089 3559 2983 3129 .|b o3
(micromol/) 1287 1205 +166 1244 234 249 1274 %195 PV
ut vs. Gtr
s 1943 1908 1354 1829 2150 2271 1608 1920 .\ b np
+153 +16.8 +17.2 +13.3 1223 149 +11.1 +21.0 :
1788 168.3 1836 1706 198.0 174.4 191.4 1749 _
Aspartate +16.6 +10.7 129 +7.1 182 198 +10.3 7.6
amino- o 1606 1658 1501 157.4 1649 1724 1749 1854 . o 0o
transferase 204 57 454 +74 93 74 +124 +149 )
(/) 4o 2799 3378 3399 2646 288.3 2376 333.9 3336 _
1421 3393 1218 1250 $332 247 336 +24.9
1220 1590 1541 1430 1148 1330 1494 1220 _
594 1287 +194 +161 87 4254 494 102
Creatine o 1374 1142 1408 2163 1437 1238 1994 1436 . o o
kinase +160  $92 1251 351 196 109 189 221 :
(1un) 1552 2773 2208 1487 1375 9733 2972 3064

42 9+47 5484 7+30 731 3x42 £277 9462 6159 *LP vs. NP
70 71 70 87 97 8 38 77

MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group with
reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented with
limiting amino acids; But: Sodium (n-)butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Diet with no
sodium (n-)butyrate supplementation; TP: Total protein. Results are expressed as mean + standard error
of mean (SEM). Statistical analysis of data was performed with multi-way ANOVA test to evaluate main
effects. Main effects were determined as follows: WB vs. MB diet, LP vs. NP groups and butyrate
supplementation vs. no added butyrate.

n = 10 per sampling points per group, n = 30 in total per group.

**P <0.001; " P<0.01;* P <0.05

Blood glucose level of animals decreased in WB groups at the age of 21 days (P = 0.002;
Table 11).

Significantly higher amounts of circulating triglyceride were measured in groups fed WB
dietond 21 (P =0.011; Table 11).
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Table 11. Results of glucose and triglyceride measurements (Study I)

Abbreviation of dietary group

wB

wB

wB

wB

Parameter Days NP NP LP LP NP NP LP LP ;'f?:r';'ﬁs:;
Ctr But Ctr But Ctr But Ctr But
1407 1190 1858 1328 1264 1869 1595 13.1 ]
£1.34  $0.37 203 051 071 214 +1.72  £1.01
Glucose o 1569 1681 1584 1510 1334 1316 1338 1328 .\ o o
(mmol/l) £160 171 +1.61 +1.64 053 +0.39 20.38  0.40 '
4o 1483 1465 1381 1408 1429 1350 1439 1445 )
£0.35 +0.32 $0.38 043 £0.37 044 2035 +0.36
~ 0752 0634 0648 0738 0821 0681 0746 0714 ]
+0.047 0.062 $0.034 +0.057 +0.037 +0.039 =20.077 +0.061
Trighyceride 0542 0557 0836 0774 0837 0866 0666 0884 .o o
(mmol/l) +0.071 $0.053 $0.073 20.112 +0.067 +0.090 +0.088 +0.066 '
4o 0792 1006 0895 0995 1313 1138 0951 1.009 )
+0.076 0.094 $0.169 0.110 +0.100 +0.066 =20.131 +0.089

MB: Maize-based diet; WB:

no added butyrate.

Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group with
reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented with
limiting amino acids; But: Sodium (n-)butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Diet with no
sodium (n-)butyrate supplementation. Results are expressed as mean + standard error of mean (SEM).
Statistical analysis of data was performed with multi-way ANOVA test to evaluate main effects. Main
effects were determined as follows: WB vs. MB diet, LP vs. NP groups and butyrate supplementation vs.

n = 10 per sampling points per group, n = 30 in total per group.
*P<0.01;*P<0.05

In case of GLP-1, GIP and insulin, plasma levels seemed not respond to any of the

investigated nutritional factors, although we detected an increase by 100 % for GLP-1 (P =
0.005) and for insulin (P < 0.001) ond 21, as well as an increase by 60% for GLP-1 (P = 0.007),
and by 30% for insulin (P < 0.001) on d 42, compared to d 7 measurements (Table 12).
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Table 12. Results of the parameters describing insulin homeostasis (Study I)

Abbreviation of dietary group

MB MB MB MB wB WB WB wB Significant
Parameter Days NP NP LP LP NP NP LP LP 9

Ctr But Ctr But Ctr But Ctr But differences

148.1 101.9 76.1 82.2 119.1 122.2 124.4  139.1

/ +21.9 +16.6 7.4 8.3 +14.9 +16.6 +13.7 +104 i
GLP-1 1 290.3 292.0 2921 276.5 2465 266.4 273.9 2749 i
(pg/ml) +31.8 +20.4 #1577  +23.1 +12.9 223 +16.0 147
42 2405 2186 218.0 2196 2183 233.6 2154 265.0 i
+11.8 +10.3 +11.3 +10.0 +12.6 +10.3 7.4 +18.5
7 147.9 143.4 126.9 123.9 153.1 102.9 260.8 172.4 i
GlP +32.8 +46.2 +60.8 +36.3 +43.7 +40.2 +97.2 +42.8
(pg/mi) 1 181.0 188.7 178.8 242.9 118.9 112.9 163.1 144.3 i
+43.9 +48.1 +43.3 166.8 +40.9 +53.7 +56.4 +39.6
42 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. -
7 4.071 4148  3.811 3.976 3.926  3.831 4132  3.931
+0.057 +0.126 +0.026 +0.064 +0.108 +0.046 +0.171 +0.047
Insulin 1 8377 9.099 8568 8857 9.169 9.285 9.123  8.237
(ng/ml) +0.290 0.465 +0.421 +0.240 +0.554 +0.714 +0.630 +0.241
42 5209 5,527 6.081 5.401 5688 5.383 4.783 5.403

+0.283 +.413 +0.504 *0.450 +0.272 +0.340 0.175 +0.326

MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group with
reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented with
limiting amino acids; But: Sodium (n-)butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Diet with no
sodium (n-)butyrate supplementation. GLP-1: Glucagon-like peptide 1; GIP: Glucose-dependent
insulinotropic polypeptide. Results are expressed as mean + standard error of mean (SEM). Statistical
analysis of data was performed with multi-way ANOVA test to evaluate main effects. Main effects were

determined as follows: WB vs. MB diet, LP vs. NP groups and butyrate supplementation vs. no added
butyrate.

n = 10 per sampling points per group, n = 30 in total per group.
5.3. Study Il — Changes in hepatic insulin and glucagon signaling

In this section, only significant main and interaction effects of the investigated dietary
factors are presented in details.

5.3.1. Glucagon receptor

Diet-evoked changes in GCGR gene expression together with the results of pairwise
comparisons can be seen in Figure 2A.

Multivariate ANOVA analysis showed that GCGR gene expression increased in WB
compared to MB groups (P < 0.001) and in chickens kept on LP diet in contrast to animals of
the NP groups (P = 0.0067; for more details, see Table S1 and S2). Pairwise comparisons
revealed significant differences between WB LP Ctr vs. MB NP Ctr (P = 0.0083), MB NP But
(P =0.0150) and WB NP Ctr groups (P = 0.0221; more details can be seen in Table S3).
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Diet-related changes in GCGR protein abundance together with the results of pairwise
comparisons can be seen in Figure 2B.

On the protein level, decreasing effect of butyrate (P = 0.0224) and the interactions of the
dietary cereal type and butyrate supplementation (P = 0.0226), as well as crude protein content
and butyrate supplementation (P = 0.0172) were observed (further details: Table S1 and S2).
Pairwise comparisons showed significant differences between WB NP Ctr vs. MB LP Cir (P =
0.0157), MB NP But (P = 0.0057), WB LP But (P = 0.0221) and WB NP But groups (P = 0.0212;
for further details, see Table S4.

Figure 2. Relative gene expression (A) and protein abundance (B) of hepatic glucagon receptor (Study
)]
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MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group
with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented
with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Control
group without sodium butyrate supplementation. Letters indicate groups that were significantly different
with pairwise comparison, if two groups have different letters, that means P values were < 0.05.
Statistical analysis of data was performed with multivariate ANOVA test to evaluate main effects, pairwise
comparisons were implemented by the emmeans R package with P value adjustments with the Tukey
method. Empty boxes refer to MB, grey boxes refer to WB groups.

n =10 per group.

5.3.2. Insulin receptor

Diet-induced changes in IRB gene expression together with the results of pairwise
comparisons can be seen in Figure 3A.

Significant three-way interaction effect between all independent variables was detected
with ANOVA analysis in case of IRB mRNA concentration (P = 0.0028; Table S1 and S2).
Pairwise comparisons revealed differences between WB LP Ctr vs. WB NP Ctr (P = 0.0226)
and MB NP But groups (P = 0.0270; Table S5 shows additional details on the pairwise

comparisons.
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Diet-evoked changes in IRB protein abundance together with the results of pairwise
comparisons can be seen in Figure 3B.

Lowering effect of butyrate (P = 0.0343) and augmenting effect of WB diet (P < 0.001)
were detected as main effects, further, significant cereal:protein (P < 0.001) and
protein:butyrate (P < 0.001) interactions were found by the ANOVA analysis of the IRB western
blot results, referring to protein abundance (more details can be seen in Table S1 and S2).
According to the pairwise comparisons, either WB LP But, WB NP But and WB NP Ctr groups
differed significantly from every MB groups (P values ranging from < 0.001 to 0.0132), while
WB LP Ctr was only different from the MB NP But treatment from the MB group (P < 0.001).
Considering the WB group solely, WB NP Ctr was different from every other WB treatment (P
values ranging from < 0.001 to 0.0417), while no significant differences were detected in the
MB groups (for more details, see Table S6).

Figure 3. Relative gene expression (A) and protein abundance (B) of hepatic insulin receptor B (Study
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MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group
with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented
with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Control
group without sodium butyrate supplementation. Letters indicate groups that were significantly different
with pairwise comparison, if two groups have different letters, that means P values were < 0.05.
Statistical analysis of data was performed with multivariate ANOVA test to evaluate main effects, pairwise
comparisons were implemented by the emmeans R package with P value adjustments with the Tukey
method. Empty boxes refer to MB, grey boxes refer to WB groups.

n =10 per group.

5.3.3. Mammalian target of rapamycin

Diet-related changes in mTOR gene expression together with the results of pairwise
comparisons can be seen in Figure 4A.

The mTOR mRNA concentration showed an increase in chickens fed WB diet in
comparison with their counterparts reared on MB diet (P = 0.0456) and was augmented in LP
group compared to animals fed NP diet (P < 0.001; for more details: Table S1 and S2). Further,
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significant differences were found between the WB LP Ctr vs. MB NP But (P = 0.0131), MB NP
Ctr (P =0.0012), WB NP But (P = 0.0179) and WB NP Ctr treatment groups (P = 0.0094; Table
S7).

Diet-induced hanges in mTOR protein abundance together with the results of pairwise
comparisons can be seen in Figure 4B.

Protein abundance of mTOR was higher in animals fed WB diet than in those kept on MB
diet (P = 0.001). Considering the pairwise comparisons, only the MB NP But and WB LP But
groups differed significantly (P = 0.0199; more details can be seen in Table S1, S2 and S8).

Figure 4. Relative gene expression (A) and protein abundance (B) of hepatic mammalian target of
rapamycin (Study II)
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MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group
with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented
with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Control
group without sodium butyrate supplementation. Letters indicate groups that were significantly different
with pairwise comparison, if two groups have different letters, that means P values were < 0.05.
Statistical analysis of data was performed with multivariate ANOVA test to evaluate main effects, pairwise
comparisons were implemented by the emmeans R package with P value adjustments with the Tukey
method. Empty bars refer to MB, grey bars refer to WB groups.

n =10 per group.

Representative bands of the signaling elements obtained by Western blotting are
presented in Table 13.
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Table 13. Representative bands corresponding to the investigated proteins as obtained by Western
blotting (Study II)

MB NP MB NP MB LP MB LP WB NP WB NP WB LP WB LP

Ctr But Ctr But Ctr But Ctr But
GR [ . — - - N—
-——- -—— -
IRB - - - = - - -
- — —— G e —-
mTOR Eh—

-

GCGR: Glucagon receptor (57 kDal); IRB: Insulin receptor  subunit (95 kDal); mTOR: Mammalian target
of rapamycin (289 kDal). MB: Maize based diet; WB: Wheat based diet completed with NSP-degrading
xylanase and glucanase enzymes; NP: “Normal protein” group with dietary crude protein content
adequate to the rearing phase (22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher
diets); LP: “Low protein” group with reduced crude protein content (19.1%, 18.0% and 16.0% crude
protein, respectively), supplemented with limiting amino acids; But: Sodium butyrate supplementation of
the diet (1.5 g/kg diet); Ctr: Control group without sodium butyrate supplementation.

The observed diet-associated main effects on insulin and glucagon signaling are
summarized in Figure 5, also providing an overview of the signaling pathways.
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Figure 5. Overview of the insulin and glucagon signaling pathways and the observed main effects of the
investigated nutritional factors (Study )
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IRa: Insulin receptor a subunit; IRB: Insulin receptor B subunit; IRS-1: Insulin receptor substrate 1 (“a”
lowercase subscript when activated); PISK: Phosphatidylinositol-3-kinase (“a” lowercase subscript when
activated); PIP2: Phosphatidylinositol diphosphate; PIPs: Phosphatidylinositol triphosphate; PKB: Protein
kinase B; mTOR: Mammalian target of rapamycin; Ca2+: Calcium cation; cAMP: cyclic adenosine
monophosphate; PLC: Phospholipase C; PKA: Protein kinase A; P: phosphate group; WB: Wheat-based
diet completed with NSP-degrading xylanase and glucanase enzymes; LP: “Low protein” group with
reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented with
limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet). | and 1 arrows
indicate the lowering or increasing effect of the given nutritional factor on the investigated parameter.
The figure was created by the author.

5.4. Study lll — Nutritional effects on the weights of organs and
carcass characteristics

Carcass weight (Figure 6) significantly elevated as the effect of low-protein diet with
essential amino acid completion: significantly higher values were measured in the LP Ctr than
in NP Ctr group (P <0.001) and in the LP But than in the NP But group (P = 0.005). No significant
difference of unprotected sodium (n)-butyrate supplementation was observed compared to Ctr
groups. However, all protected sodium butyrate products (fed in NP S90, NP SC40 and NP
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SC30 groups) proved to increase carcass weight, compared to control (NP Ctr group; P = 0.009,
P =0.003 and P = 0.002, respectively).

Figure 6. Carcass weight (Study Ill)
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MB: Maize-based diet; NP: “Normal protein” group with dietary crude protein content adequate to the
rearing phase (22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low
protein” group with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively),
supplemented with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet);
Ctr: Control group without sodium butyrate supplementation; S90: Protected butyrate supplementation
of the diet (Intest-Plus S90, 1.0 g/kg diet); SC40: Protected butyrate supplementation of the diet (Intest-
Plus SC40, 1.5 g/kg diet); SC30: Protected butyrate supplementation of the diet (Intest-Plus SC30, 2.0
g/kg diet). Results are expressed as mean * standard error (SE). Statistical analysis of data was

performed with multi-way ANOVA test to evaluate main effects and by post hoc tests. Light bars refer to
LP, dark bars refer to NP groups.

n = 10 per per group.
Significant differences revealed by post hoc tests are marked as follows:
*** P <0.001; ** P < 0.01

The relative weight of deboned breast meat (Figure 7) was greater in the LP Ctr than in
the NP Ctr group (P < 0.001). Additionally, all forms of butyrate significantly (NP But: P = 0.046;
NP S90: P = 0.003; NP SC40: P = 0.007; and NP SC30: P < 0.001) elevated breast meat yield

when compared to control (NP Ctr group), but no such stimulatory effect of unprotected butyrate
was found in case of LP groups.
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Figure 7. Relative deboned breast meat yield (Study Ill)
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MB: Maize-based diet; NP: “Normal protein” group with dietary crude protein content adequate to the
rearing phase (22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low
protein” group with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively),
supplemented with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet);
Ctr: Control group without sodium butyrate supplementation; S90: Protected butyrate supplementation
of the diet (Intest-Plus S90, 1.0 g/kg diet); SC40: Protected butyrate supplementation of the diet (Intest-
Plus SC40, 1.5 g/kg diet); SC30: Protected butyrate supplementation of the diet (Intest-Plus SC30, 2.0
g/kg diet). Results are expressed as mean * standard error (SE). Statistical analysis of data was
performed with multi-way ANOVA test to evaluate main effects and by post hoc tests. Light bars refer to
LP, dark bars refer to NP groups.

n = 10 per per group.

Significant differences revealed by post hoc tests are marked as follows:

**P <0.001; " P<0.01;* P <0.05

In contrast to the breast meat, no significant differences were observed regarding the
relative mass of thighs (Figure 8) between any experimental groups.
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Figure 8. Relative thigh yield (Study IlI)
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MB: Maize-based diet; NP: “Normal protein” group with dietary crude protein content adequate to the
rearing phase (22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low
protein” group with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively),
supplemented with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet);
Ctr: Control group without sodium butyrate supplementation; S90: Protected butyrate supplementation
of the diet (Intest-Plus S90, 1.0 g/kg diet); SC40: Protected butyrate supplementation of the diet (Intest-
Plus SC40, 1.5 g/kg diet); SC30: Protected butyrate supplementation of the diet (Intest-Plus SC30, 2.0
g/kg diet). Results are expressed as mean * standard error (SE). Statistical analysis of data was
performed with multi-way ANOVA test to evaluate main effects and by post hoc tests. Light bars refer to
LP, dark bars refer to NP groups.

n = 10 per per group.

Liver weight (Figure 9A) was greater in LP Ctr than in NP Ctr animals (P < 0.001) and in

LP But than in NP But chickens (P = 0.003). In the case of further giblets (heart and spleen;
Figure 9B and 9C), no significant differences were detected.
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Figure 9. Weight of liver (A), heart (B) and spleen (C; Study Ill)
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MB: Maize-based diet; NP: “Normal protein” group with dietary crude protein content adequate to the
rearing phase (22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low
protein” group with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively),
supplemented with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet);
Ctr: Control group without sodium butyrate supplementation; S90: Protected butyrate supplementation
of the diet (Intest-Plus S90, 1.0 g/kg diet); SC40: Protected butyrate supplementation of the diet (Intest-
Plus SC40, 1.5 g/kg diet); SC30: Protected butyrate supplementation of the diet (Intest-Plus SC30, 2.0
g/kg diet). Results are expressed as mean * standard error (SE). Statistical analysis of data was

performed with multi-way ANOVA test to evaluate main effects and by post hoc tests. Light bars refer to
LP, dark bars refer to NP groups.

n = 10 per per group.

Significant differences revealed by post hoc tests are marked as follows:
***P <0.001; ** P < 0.01

Relative abdominal fat mass (Figure 10) tended to be decreased by unprotected sodium
butyrate (NP But compared to the NP Ctr group: P = 0.077), but no significant effects were
found with regard to dietary crude protein levels or protected sodium butyrate products.
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Figure 10. Relative abdominal fat weight (Study IlI)
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MB: Maize-based diet; NP: “Normal protein” group with dietary crude protein content adequate to the
rearing phase (22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low
protein” group with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively),
supplemented with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet);
Ctr: Control group without sodium butyrate supplementation; S90: Protected butyrate supplementation
of the diet (Intest-Plus S90, 1.0 g/kg diet); SC40: Protected butyrate supplementation of the diet (Intest-
Plus SC40, 1.5 g/kg diet); SC30: Protected butyrate supplementation of the diet (Intest-Plus SC30, 2.0
g/kg diet). Results are expressed as mean * standard error (SE). Statistical analysis of data was
performed with multi-way ANOVA test to evaluate main effects and by post hoc tests. Light bars refer to
LP, dark bars refer to NP groups.

n = 10 per per group.

Tendention revealed by post hoc test is marked as follows:

#P <0.10

The chemical analysis of muscle composition revealed that LP diet and all forms of
butyrate decreased the protein content of the femoral muscle (Figure 11A). In details, lowered
protein content was measured in the LP Ctr than the NP Ctr group (P < 0.001) and, similarly, in
the thighs of LP But chicks compared to those of NP But animals (P < 0.001). The lowering
effect of unprotected sodium butyrate could be observed between NP But and NP Ctr groups
(P =0.031) and between LP But and LP Ctr groups (P = 0.008) as well. A significant reduction
in femoral protein content was also measured in the case of all types of protected sodium
butyrate applied (NP S90: P < 0.001; NP SC40: P = 0.002; and NP SC30: P = 0.02) when
compared to control animals (NP Ctr group).

The lipid content of the femoral muscle (Figure 11B) was affected by the dietary crude
protein level and by butyrate supplementation as well. Significantly higher values were
measured in the thighs of chickens kept on a low-protein, amino-acid-completed diet than in
those of the NP groups (LP Ctr compared to NP Ctr group: P < 0.001; LP But compared to NP
But animals: P < 0.001). All types of sodium butyrate supplementation elevated the lipid content
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of the femoral muscle (NP But: P = 0.018; NP S90: P < 0.001; NP SC40: P = 0.001; and NP
SC30: P = 0.003) when compared to butyrate-free control (NP Ctr group).

Figure 11. Protein (A) and lipid (B) content of the femoral muscle (Study Il)
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MB: Maize-based diet; NP: “Normal protein” group with dietary crude protein content adequate to the
rearing phase (22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low
protein” group with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively),
supplemented with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet);
Ctr: Control group without sodium butyrate supplementation; S90: Protected butyrate supplementation
of the diet (Intest-Plus S90, 1.0 g/kg diet); SC40: Protected butyrate supplementation of the diet (Intest-
Plus SC40, 1.5 g/kg diet); SC30: Protected butyrate supplementation of the diet (Intest-Plus SC30, 2.0
g/kg diet). Results are expressed as mean * standard error (SE). Statistical analysis of data was
performed with multi-way ANOVA test to evaluate main effects and by post hoc tests. Light bars refer to
LP, dark bars refer to NP groups.

n = 10 per per group.

Significant differences revealed by post hoc tests are marked as follows:

**P <0.001;** P<0.01;*P<0.05

The protein (Figure 12A) and lipid (Figure 12B) content of pectoral muscle remained
unchanged by any of the dietary treatments.
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Figure 12. Protein (A) and lipid (B) content of the pectoral muscle (Study IlI)
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MB: Maize-based diet; NP: “Normal protein” group with dietary crude protein content adequate to the
rearing phase (22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low
protein” group with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively),
supplemented with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet);
Ctr: Control group without sodium butyrate supplementation; S90: Protected butyrate supplementation
of the diet (Intest-Plus S90, 1.0 g/kg diet); SC40: Protected butyrate supplementation of the diet (Intest-
Plus SC40, 1.5 g/kg diet); SC30: Protected butyrate supplementation of the diet (Intest-Plus SC30, 2.0
g/kg diet). Results are expressed as mean * standard error (SE). Statistical analysis of data was
performed with multi-way ANOVA test to evaluate main effects and by post hoc tests. Light bars refer to
LP, dark bars refer to NP groups.

n = 10 per per group.

5.5. Study IV — The in vitro antibacterial efficacy of butyrate and
antibiotic sensitivity of C. jejuni strains

5.5.1. The in vitro pH-associated antibacterial efficacy of butyrate

It could be observed that incubation of bacteria in Bolton broth on 96-well-plates for 48 h
caused approx. 1000-fold increase in CFU compared to the inoculated count of bacteria (7*10°
CFU/ml) in positive controls. In order to reach the MIC value, a decimal logarithm of relative
inhibition of -3 had to be gained to inhibit growth of the inoculated bacteria. According to its
definition, MBC refers to the concentration of an agent that kills 99.9% of the bacteria, thus, a
decimal logarithm of relative inhibition of -6 matched the requirements of MBC, when only 0.1%
of the MIC bacteria count could survive.

The decimal logarithm of the calculated CFU/ml values are plotted out in Figure 13.
Butyrate showed a remarkable inhibitory effect on C. jejuni strains in the established in vitro
model. This effect was found to be highly pH-dependent, MIC and MBC values decreased
intensively at pH 6.0 (Figure 13A), compared to those measured at pH 7.4 (Figure 13B).
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Figure 13. Decimal logarithm of CFU/ml values of C. jejuni strains per ml broth in the presence of various
concentrations of butyrate at pH 7.4 (A) and 6.0 (B; Study V)
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When pH of incubation was set at 7.4, MIC value revealed to be 100 mmol/l butyrate for
all strains except one (No 420). The applied 100 mmol/l concentration met the requirements of
MBC as well in case of 5 strains because of the intensive decrease in Campylobacter counts
(Figure 14A). At pH 6.0, antibacterial efficacy of butyrate proved to highly increase, already 5
mmol/l butyrate inhibited growth of Campylobacters (MIC), and MBC was observed as well at
5 or 7.5 mmol/l concentrations depending on the strains. Interestingly, similarly to what
observed at higher pH, strain No 420 seemed to be strongly resistant against butyrate at pH
6.0 as well (Figure 14B).
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Figure 14. Decimal logarithm of relative inhibition of different butyrate concentrations on C. jejuni strains
at pH 7.4 (A) and 6.0 (B; Study IV)
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Relative inhibition was considered as the ratio of CFU values in butyrate-treated wells compared to those
of the positive controls (no butyrate). Field isolate strains are marked with numbers, while “Ref.” refers
to the tested reference strain.

Prediction and confidence intervals of 90% was also determined for MIC values at pH
6.0. According to our results, the predicted value of MIC can be considered as 3.87 mM butyrate
with a 90% prediction interval of 0 — 8.01 mmol/l and 90% confidence interval of 2.75 — 4.86
mmol/l. These results suggest that with 90% confidence the growth of any C. jejuni strain can
be inhibited by the application of 8 mmol/l butyrate treatment at pH 6.0.

5.5.2. Antibiotic-sensitivity of C. jejuni strains

Testing the antibiotic sensitivity of the examined C. jejuni strains revealed that all strains
were found to be sensitive to enrofloxacin. Similarly, growth of most strains was successfully
inhibited by ampicillin application, except one (No 420, strain showing outstanding resistance
against the antibacterial effect of butyrate at both applied pH as well). In this case no inhibitory
zone could be detected, due to ampicillin resistance (Table 14).
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Table 14. Inhibitory zones gained by agar disk diffusion test with enrofloxacin (5 pg/plate) and ampicillin
(10 pg/plate) after 48 h incubation (Study IV)

Strain No Enrofloxacin (mm) Ampicillin (mm)
1 40.0£0.0 10.0£0.0
3 415205 9.0£0.0
93 36.0+£0.0 23.0+0.0
420 345+0.5 0.0£0.0
615 41505 19.5+0.5
1077 15.5+0.5 175+0.5
1244 9.0+1.0 38515
Reference 41505 19.5+£0.5

Results are expressed as mean t standard error of mean (SEM).
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6. Discussion

Effect of soluble dietary NSP content on cecal butyrate production was investigated by
choosing two cereals (maize and wheat) as bases of diets. High arabinoxylan content of the
diet was one of the most probable candidates to enhance intestinal SCFA production and to
increase plasma butyrate level in several studies (Ingerslev et al. 2014; Nielsen et al. 2015). In
line with this, the WB diet, rich in soluble NSPs and supplemented with the NSP-degrading
enzymes xylanase and glucanase (cleaving NSPs to shorter oligosaccharides, also moderating
the antinutritive effects of wheat; Selvendran 1984; Hiibener et al. 2002), promotes bacterial
SCFA production (Wang et al. 2005), but primarily that of butyrate (Molnar et al. 2015) by
delivering more oligosaccharide substrates for the cecal microbiome. As an opposite,
conventional MB diet represents lower level of soluble NSPs and results in less pronounced
butyrate production in the ceca. The higher fiber and NSP content of wheat was suggested by
Yang et al. (2020) to stand in the background of the observation that absolute and relative
weights of the ceca was higher in broilers fed wheat-based diet, compared to maize-based diet.
This phenomenon is presumably based on the direct intestinal effects of butyrate, such as
promotion of cell division, growth and consumption as energy source by enterocytes (Roediger
1982; Maclean et al. 1998; Guilloteau et al. 2010). This dietary regime has already been applied
in our earlier trials (Kulcsar et al. 2016 and 2017), enabling the comparison of the effects
associated with higher (WB) and lower (MB) cecal SCFA production levels. However, it should
be taken into account that maize and wheat also greatly differ in some other parameters (such
as amino acid and fatty acid profiles), thus the impact of certain further nutrients on the
observed diet-associated changes cannot be excluded.

Sodium (n-)butyrate supplementation of diets was applied in order to study the effect of
this widely used, exogenous source of butyrate besides that of endogenously produced one.

In contrast to the free butyrate salts, protected types avoid rapid absorption from the
proximal part of the gastrointestinal tract, therefore they are able to reach the distal small
intestines or even the hindgut (Moquet et al. 2016; Kulcsar et al. 2017). After the release of
butyrate from its protected form, it acts directly on the intestinal microflora in the gut, then —
after absorption — serves as energy source for the colonocytes or is transported to the liver by
the portal circulation. Presumably due to the absorption properties distinct from that of sodium
(n)butyrate, protected types often have an effect that is different from what is experienced in
case of free butyrate salts.

Beside the effects of soluble NSP content of the diet the influence of the dietary crude
protein content was also examined. Diet of LP groups was designed with inclusion of elevated
amount of limiting amino acid L-lysine, DL-methionine, L-threonine and L-tryptophan, in order
to avoid growth depression caused by inadequate amino acid supply of animals. Therefore,
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simultaneously with lowered crude protein content, ratio of free limiting amino acids was higher
in these diets, compared to NP groups, resulting in better bioavailability, thus the absorbance
of the above mentioned amino acids (Wu 2009).

In Study I, the effect of dietary NSP content, feed additive sodium (n)butyrate and crude
protein content of the diet was assessed on the general metabolic responsiveness of broilers
at the age of 7, 21 and 42 days, to monitor age-dependency.

In Study Il, the impact of the same dietary factors was investigated on the gene
expression and protein abundance of certain members of hepatic insulin and glucagon
signaling in 21 days old chickens.

In Study Ill, the modulatory action of feed additive sodium (n)butyrate, its film-coated and
fat-embedded protected forms and dietary crude protein content was studied on the weight of
carcass traits and chemical composition of the pectoral and femoral muscles at the age of
slaughter (d 42).

In Study IV, the antimicrobial efficacy of sodium (n)butyrate on different Campylobacter
Jejuni strains was examined at pH 7.4 and 6.0, coupled with antibiotic resistance measurements
as background information.

6.1. Study | — Age-dependent general metabolic responsiveness of
chickens to nutritional factors

The general responsiveness of animals to dietary treatments showed a remarkable age-
dependency. Nutritional factors having impact on any of the response variables could generally
alter measured values significantly at the age of 21 days, referring to a metabolism more
sensitive to regulatory mechanisms compared to d 7 or 42, presumably due to the intensive
growth of the animals in this period of life (Tavares et al. 2015; Murawska 2017).

Although published values are quite diverse in the literature, it is noteworthy to mention
that independently from dietary group, measured concentrations and activities of all but one
blood plasma parameters were found in the range declared physiological by the majority of
relevant articles (Malheiros et al. 2003; Piotrowska et al. 2011; Kowalczuk-Vasilev et al. 2017).
The observed significant, but physiological changes are not pernicious, but indicate a metabolic
answer of the animals, possibly affecting parameters determining productivity, and as such can
not be neglected. The activities of creatine kinase at the age of 42 days were over the
physiological value, however, no white stripes or any signs of wooden breast was observed in
the pectoral muscle during processing.

Increasing effect of WB diet on total protein levels on d 21 could be associated with a
more intensive SCFA production enhanced by wheat (Molnar et al. 2015); however, the exact
mechanism of the suggested action is yet unclear. Increased amount of butyrate produced can
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be used as substrate for energy production and has the potential to act as an effector in several
types of intestinal and liver cells as well (Beauvieux et al. 2001). Although epigenetic or receptor
mediated effects of butyrate on liver cells were not investigated in this study, their possible
mediating function in hepatic protein synthesis cannot be excluded, and might serve as possible
explanation of the slight relapse in albumin production caused by butyrate supplementation,
appearing in decreased albumin/TP ratio at the age of 7 days. Low protein diet with limiting
amino acid completion has decreased total protein on d 21.

In avian species, uric acid is the major deleterious endproduct of the metabolism of
nitrogen containing compounds. Our measurements have shown the age-related gradual
decrease of uric acid content of blood plasma in all groups, reflecting the decline of protein
degradation rate, in agreement with other observations (Malheiros et al. 2003; Swennen et al.
2005; Hada et al. 2013). Further, WB diet significantly increased the concentration of uric acid
at the age of 7 and 21 days, while LP diet had opposite significant effect on d 21 and 42. These
findings could be interpreted — in accordance with changes of total protein concentration
induced by WB and LP diets — as the consequences of intensive protein metabolism, enhanced
by wheat and normal protein level of diet. Lowered crude protein level of diet was reported to
decrease blood uric acid concentration by other authors (Rosebrough et al. 1996; Malheiros et
al. 2003, Swennen et al. 2005; Namroud et al. 2008; Hada et al. 2013), who explained the
phenomenon with diminished protein catabolism under scarce crude protein content of feed.
Increasing effect of butyrate supplementation on plasma uric acid concentration on d 21 might
be attributed to its epigenetic effect, possibly altering purine degradation of birds.

Stimulation of aspartate aminotransferase activity by WB diet at the age of 21 days
coheres well with similar effect of dietary cereal type in the same period of life on uric acid
production. Despite that aspartate aminotransferase activity measured from blood plasma
means enzymes deliberated from cells, mostly from hepatocytes, no macroscopic signs of liver
damage could be observed during the dissection and even this increased enzyme activity was
in the physiological range (Chand et al. 2018). Based on these observations it can be assumed
that elevated enzyme activity refers to physiologically intensified pathways of protein and amino
acid homeostasis and as such, it is not the sign of any harmful effect of the applied dietary
strategy. However, the exact mechanism laying in the background of the intensified aspartate
aminotransferase activity should be the subject of further investigations.

Plasma creatine kinase activity was elevated by LP, limiting amino acid completed diet
on d 21 and 42, and plasma levels increased nearly thirteen times on d 42, compared to d 7
measurement, regardless of diet composition. This age-associated elevation in creatine kinase
plasma activities is in line with the findings of Hada et al. (2013) and Malheiros et al. (2003),
who explained the phenomenon with increased susceptibility of muscle cell membranes to
damage in the phase of intensive growth and similarly, in older animals. We found that chickens
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of LP groups were of significantly higher body weight at the age of 21 and 42 days of life
compared to NP chickens. This observation can be a potential explanation of the increased
creatine kinase activity of animals reared on LP diet supplemented with amino acids, as
intensive body weight gain might impair muscle fibers, causing more pronounced muscle cell
membrane damage. Plasma creatine kinase activity is of high importance as it was found to be
the candidate biomarker to predict the possibility of the formation of white stripes in the breast
meat and wooden breast already in the live phase, which is an increasing issue characteristic
for fast-growing meat-type broiler lines (Kong et al. 2021). However, despite the
supraphysiological values on d 42, no macroscopic signs of muscle damage were observed.

In general, reduced dietary crude protein levels could impair the growth of chickens due
to the inadequate amino acid supply (Aletor et al. 2000). However, no decrease was
experienced in growth performance when providing amino acids in a well-balanced profile,
ensured by essential amino acid supplementation (Aletor et al. 2000). It was also reported by
Awad et al. (2014) that dietary crude protein levels could be lowered to a limited extent together
with essential amino acid completion to maintain the normal growth and health of broilers. The
supplementation of broiler feed with free amino acids is essential in lowering dietary crude
protein levels (Pesti 2009), reducing nitrogen excretion (thus the nitrogen load of the
environment; Donsbough et al. 2010) but maintaining or even increasing growth and meat
production. Congruent with our results, Khan et al. (2011) measured significantly higher body
weights for chickens fed low protein, limiting amino acid fortified diet, presumably due to the
increased dietary free amino acid to crude protein ratio compared to the diet of control group.
Apart from crude protein content of feed, effect of WB diet could be detected, so that animals
in WB groups showed higher body weights at the age of 21 and 42 days, compared to their MB
counterparts, similarly to the findings of Kulcsar et al. (2016). It is important to highlight that this
study was not designed to assess performance parameters, therefore, body weight results must
be considered as background data only and interpreted with caution.

Blood glucose level of animals decreased in WB groups on d 21. This change — with no
alterations in plasma insulin concentration — might be in connection with the findings of Study
Il, where WB diet (possibly through more pronounced butyrate exposure of the liver via the
portal circulation) proved to trigger increased hepatic IRB and mTOR levels of 21 days old
chickens. The elevation of the protein abundance of these important members of the insulin
signaling might refer to the sensitization of the pathway, and therefore, lower level of plasma
glucose could be measured even at unchanged concentration of circulating insulin.

Plasma concentration of triglyceride was increased significantly by WB diet at the age of
21 days. This phenomenon might be interpreted as the effect of increased amount of SCFAs,
primarily butyrate on liver cells. Butyrate, serving as an alternative source of energy or by its
epigenetic effect could promote hepatic lipogenesis and release of triglyceride into the systemic
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circulation. The observation could be in association with lowered glucose level, suggesting a
relapse in lipid degradation for the energy production (and the possibility of increased
lipogenesis for storage, as observed by Griffin et al. 1982) in the cells due to the intensified
glucose utilization for the same purpose. On the other hand, increased abundance of IR and
mTOR proteins caused by WB diet as mentioned above also serve a possible explanation. In
the conceivable case that the sensitization of the hepatic insulin signaling pathway results in
intensified glucose uptake of the hepatocytes — also reflected by the decline in plasma glucose
level —, high amount of acetyl~coA molecule (derived from the glucose degradation) might be
involved not only in the energy production, but in non-esterified fatty acid, and as a next step,
triglyceride synthesis, which is then released into the systemic circulation.

Elevated levels of GLP-1 and increased concentrations of insulin were experienced on d
21 and 42 compared to d 7 measurements, although to different degree. Presence of high
amount of insulin and GLP-1, as an inductor of insulin production may refer to the intensive
general metabolic rate of broilers at the age of 21 days, and to a lesser extent, on d 42. Further,
the sensitivity of insulin signaling cascade elements decreases with age in birds (Joseph et al.
1996; Deng et al. 2014), that might be another possible explanation of the elevated plasma
concentrations of these factors.

Concluding our results, the ability of broiler chickens to respond to nutritional factors has
been found strongly age-dependent. Animals have shown particular susceptibility in the phase
of intensive growth (at the age of 21 days), indicating that diet composition of animals in the
grower phase is critical, consequently, special emphasis should be put on its formulation. We
also found that types of basal diet (wheat vs. maize), highly different in their soluble NSP
content, are able to affect certain plasma parameters, presumably through the alteration of
cecal microbial SCFA, primarily butyrate production. Therefore, dietary cereal type could be
considered as a potent effector of the intermediary metabolism, influencing mainly protein and
amino acid homeostasis. Further, no adverse effects of slightly reduced dietary crude protein
content with limiting amino acid supplementation on growth or health of chickens could be
observed, in fact, this reduction may have a beneficial impact from both economic and
environmental point of view. However, despite of the significant differences between dietary
groups, all but one measured parameters were in the physiological range, thus diet
compositions described in the study seem to be applicable safely in poultry nutrition, without
disadvantageous impact on the metabolic health and welfare of broilers.

6.2. Study Il — Changes in hepatic insulin and glucagon signaling

In this study, the impact of the applied nutritional strategies on selected members of
glucagon and insulin homeostasis, namely GCGR, IR and mTOR was assessed by measuring
gene expression and protein abundance of the listed parameters.
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The optimal age of birds for the investigation of the selected parameters was determined
according to literature data and based on the results of Study I. Previous studies showed that
— independently from the technology and breed applied — the growth rate of broilers is
increasing in the middle phase of the life of the animals (Tavares et al. 2015; Murawska,2017).
Age-related decrease of the sensitivity of insulin signaling proteins to nutritional factors was
also measured in mammals (Gupte et al. 2008) and in birds (Joseph et al. 1996; Deng et al.
2014), while the opposite was observed for glucagon sensitivity in chickens (Joseph et al.
1996). Summarizing all these above described processes and taking into account the 42-day
conventional rearing technology, the age of 21 days was considered optimal. On d 21, the
metabolism of broilers is intensive with an increasing responsiveness to glucagon, but the
sensitivity of insulin signaling elements might be still high enough, therefore, the most relevant
information could be expected this age. The results of Study | are also in agreement with this
theory, as broilers were found the most responsive to dietary manipulation at the age of 21
days.

An increase of GCGR mRNA expression was observed in WB and LP groups (compared
to chickens kept on MB and NP diet, respectively), but these changes could not be detected on
protein level. However, exogenous butyrate decreased GCGR content of the hepatocytes
without observed alterations of GCGR mRNA production, and the interaction of dietary cereal
type and butyrate completion, as well as crude protein content and butyrate supplementation
was also detected on protein level. Pairwise comparison showed that GCGR exhibited higher
protein levels with no butyrate supplementation in the NP group, and this effect was more
pronounced when the animals were fed WB diet. A previous trial showed that butyrate down-
regulated GCGR protein abundance of chicken adipocytes in an in vitro study (Oscar 1996).
Further, the origin (exogenous feed additive or endogenously produced in the intestines) and
application form (feed supplementation or bolus) of butyrate could influence the mode of action
of this molecule (Matis et al. 2015; Kulcsar et al. 2016). Although epigenetic or receptor
mediated effects of butyrate were not investigated in this study, one possible explanation for
the apparent inconsistency of mMRNA and protein levels might be the butyrate-evoked partial
inhibition of the post-transcriptional processing of GCGR mRNA.

Concerning the expression data of IR and mTOR as prominent members of the insulin
signaling pathway, IRB mRNA concentration was significantly affected by the interaction of all
dietary factors, while mTOR mRNA level increased in WB and in LP groups. However, an
increase in protein level of both elements was observed in WB groups, while butyrate
supplementation of the diet decreased hepatic IRB protein abundance, and the interaction of
dietary cereal and crude protein content of the diet, as well as crude protein content and
butyrate supplementation was also detected. Interestingly, WB diet could exert its IR protein
abundance inducing effect more when combined with NP, and butyrate also had a more
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pronounced decreasing effect in the NP groups, suggesting that independent of the origin,
butyrate was more potent in affecting hepatic IRB protein abundance in the NP groups. Despite
the higher crude protein content of NP diet, it can be of some aspects considered as a diet with
less favorable composition due to the lack of easily available limiting amino acids, and it is
conceivable that similarly to other observations, butyrate has a more notable influence under
suboptimal conditions (Leeson et al. 2005).

Although the structure and function of insulin receptors in birds are similar to those of
mammals (Dupont et al. 2009), the physiological protein levels of both receptor subunits and
IRS-1, as well as the inducibility of the insulin cascade mechanism are lower in chicken than in
mammalian species (Dupont et al. 2012). Because of this moderate responsiveness to insulin,
the observed increase of IR and mTOR protein abundance in WB groups can be of
outstanding importance in the activation of downstream elements of the signaling pathway,
suggesting the opportunity of finding new ways of growth promotion in broiler industry via the
amelioration of insulin sensitivity. Notwithstanding that the present study was not designed to
assess performance data, it should be noted as background information that body weight of
chickens at the age of 21 days was increased by applying WB and LP (limiting amino acid
fortified) diets, as described at Study I. These results are in accordance with those of previous
studies (Kulcsar et al. 2017; Méatis et al. 2019), and might be partly related to the detected
amelioration of the hepatic IRB and mTOR protein abundance in WB groups.

It is highlighted by the present results that the type of cereal could exert modulatory action
on IRB and mTOR expression on both mMRNA and protein level; however, this effect highly
depended on the crude protein content of the applied diet in the case of IRB. The increased
amount of IRB and mTOR protein in the liver might be a result of the microbial butyrate
synthesis enhanced by the soluble NSP content of WB diet in the ceca. In this respect, our
results are in line with the observation of Kulcsar et al. (2016), who also found elevated hepatic
IRB and mTOR protein levels in the animals of WB group at the age of 42 days. Endogenously
produced SCFAs, primarily butyrate was shown to increase insulin sensitivity and glycemic
control in several in vivo studies with mammals (Boll et al. 2016; Miyamoto et al. 2018). Further,
Ramiah et al. (2019) found increased mMTOR mRNA level in the liver of broiler chickens,
mentioning high NSP level of the feed as a possible explanation. In Study Il., we measured
lowered blood glucose level of the animals in WB group at the age of 21 days. However, we
did not detect any change in the plasma insulin concentration of WB group compared to MB
group, which is in correspondence with the results of Jézefiak et al. (2010), who also reported
increased insulin sensitivity of the liver of broiler chickens fed wheat-soybean-based, enzyme
supplemented diet without any effect on plasma insulin level. Further, sodium butyrate proved
to promote the phosphorylation of Akt, the direct activator of mTOR in IPEC-J2 cell line (Yan
and Ajuwon 2017) and in the liver of mice (Mollica et al. 2017), as well as to enhance Akt
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activation and assembly of rictor (rapamycin insensitive companion of mTOR) and mTOR
complex in insulin-resistant HepG2 human cells (Endo et al. 2013; Mollica et al. 2017). Although
we detected a diminishing effect of exogenous sodium butyrate on IRB on protein level and no
effect was observed on mTOR on mRNA or protein level, future investigation of the
phosphorylation state of these two insulin signaling elements could reveal whether butyrate
supplementation of the diets altered their activation. Further, the observed interactions highlight
that feed additives might exert distinct actions under various dietary conditions; therefore, the
complex interplay of different dietary factors should be addressed to improve animal health and
productivity by novel nutritional strategies.

Similarly to the observations of GCGR, mTOR mRNA concentrations were increased in
LP groups, but this effect was not realized on mTOR protein production level. In line with our
results, it was reported that restricted dietary protein supply might affect the expression of
certain genes without influencing protein quantities in swine (Jia et al. 2016; Shifeng et al.
2018). Additionally, the capacity of low-protein diet to alter expression of metabolism-related
genes was also detected in studies conducted on broilers (Adams and Davis 2001; Kita et al.
2002).

Concluding our results, dietary cereal type remarkably influenced the hepatic endocrine
metabolic regulation of broilers in the phase of intensive growth. Wheat-based diet successfully
increased the quantity of the investigated members of the insulin signaling pathway on protein
level, with an even more pronounced effect in the NP groups in the case of IRB. This finding is
of outstanding importance, indicating increased hepatic insulin sensitivity, which might be in
certain cases beneficial due to the growth promoting effect of insulin. Further, butyrate as a
feed additive proved to alleviate hepatic GCGR and IR protein abundance, while WB diet and
lowered crude protein level were able to increase GCGR gene expression on the level of
transcription only, highlighting that the origin of butyrate might influence its mode of action. The
obtained results might contribute to the better understanding of glycemic control of birds and to
the opportunity of improving glucose homeostasis, enhancing production parameters and
welfare of broiler chickens. It can be concluded that dietary factors, particularly the cereal type
play pivotal role in the modulation of the endocrine regulation of the liver in chickens, serving
as a key link between nutrition and metabolic health, but the complex interaction of different
dietary factors cannot be neglected. Hence, these factors should be considered as useful tools
to improve animal health and productivity, which can be applied to promote sustainable poultry
production.
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6.3. Study lll — Nutritional effects on the weights of organs and
carcass characteristics

Butyrate as a feed additive, both in its unprotected or protected form, had a stimulatory
action on the growth of broilers and had a remarkable influence on the chemical composition
of thighs. Our results showed that live weight and carcass weight were significantly increased
by all protected butyrate forms, and relative breast meat yield was elevated in chickens fed
unprotected and protected butyrate as well, compared to controls without butyrate addition.

The stimulatory action of butyrate on broiler meat production has already been shown in
several studies, measuring increased carcass yield of butyrate-supplemented animals (Leeson
et al. 2005; Hu and Guo 2007; Panda et al. 2009). In our study, all the applied protected butyrate
products were able to increase carcass weight, while unprotected butyrate could not provoke
the significant alteration of this parameter. However, relative breast meat yield was elevated by
both unprotected and protected butyrate supplementation, indicating higher mass and a higher
proportion of pectoral muscle among meat types. The absolute breast meat mass, as a sum of
the increased carcass weight and relative breast meat yield, was also elevated (with
approximately 34 %) by all types of protected butyrate application (breast meat mass in butyrate
free controls, NP Ctr group: 491:4 £ 33:0 g; in NP S90 group: 655:3 £ 29:9; in NP SC40 group:
657:0 £ 29:1 g; in NP SC30 group: 663:6 + 19:3 g).

The growth-promoting action of butyrate can be related to its several beneficial biological
effects. In the intestines, butyrate enhances the development of the intestinal mucosa
(Antongiovanni et al. 2007; Adil et al. 2010), increases the barrier function of the gut wall (Wang
et al. 2012) and maintains intestinal microflora by selectively inhibiting the growth of certain
pathogenic bacteria (Hu and Guo 2007). The greater intestinal absorptive capacity and more
balanced microflora may contribute to the increased growth and altered carcass characteristics.
Further, the absorbed butyrate can act as an epigenetically active molecule in several tissues
and may also elicit some receptor-mediated effects (Matis et al. 2013b). For instance, the
butyrate-evoked modulation of insulin homeostasis can also be related to stimulated muscle
development as insulin receptor 3 protein abundance was selectively upregulated in skeletal
muscle after oral butyrate application in bolus, presumably leading to increased insulin
sensitivity (Matis et al. 2015).

The lipid content of the femoral muscle was increased and the protein content has
changed inversely by all types of butyrate applied, but no changes were observed in the
chemical composition of the breast meat. The observed alterations in thighs may improve meat
quality, moreover the increased muscular lipogenesis was not coupled with abdominal fat
deposition, undesirable for poultry industry. A similar action of orally applied butyrate was also
described in feedlot cattle, where the lipid content, thus the marbling of the meat significantly
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increased as the consequence of calcium butyrate supplementation of the feed (Moreira et al.
2016).

No relevant differences were found between the efficacy of different protected butyrate
types, nevertheless, the tested protected products seemed to be more effective in certain cases
than unprotected free butyrate salt, such as in stimulating total carcass weight (where
unprotected butyrate failed to exert such effect) or in increasing breast meat yield to a higher
extent than unprotected butyrate. The explanation of this phenomenon is that dietary
completion of protected butyrate ensures butyrate release in more distal sections of the
intestines, while the rapid absorption of unprotected butyrate starts already in the crop and is
completed in the duodenum (Kulcsér et al. 2017). The special kinetic properties of protected
butyrate products should deliver better butyrate exposure for the intestinal microflora, and the
prolonged absorption may also have distinct effects on various extraintestinal tissues compared
to the action of unprotected butyrate (Kulcsar et al. 2016 and 2017). Similarly, protected
butyrate was capable to increase body weight of the animals at the age of 21 and 42 days,
while unprotected butyrate not (Study I).

According to our results, the low-protein, amino-acid supplemented diet increased the
live body weight (on d 21 and 42), further, carcass weight and relative breast meat yield of
broilers on d 42. As detailed at Study |, reduced dietary crude protein levels with improper
amino acid composition could impair the growth of chickens, but this limitation can be overcome
by essential amino acid supplementation (Aletor et al. 2000) and therefore, dietary crude
protein content can be diminished to some extent with concomitant limiting amino acid
completion without any harmful effect on the growth and health of chickens (Awad et al. 2014).
Khan et al. (2011) also measured significantly greater body weights in broilers fed LP, limiting
amino acid fortified diet. The elevation of the relative breast meat yield in broilers kept on an
LP, limiting amino acid fortified diet indicated that not only the absolute mass but also the
proportion of breast meat as the most valuable part of the chicken carcass could be increased
by this dietary strategy. This hypothesis is supported by several studies (Tesseraud et al. 1996
and 2001; Urdaneta-Rincon and Leeson 2004), describing that dietary Lys supplementation
modifies the balance between protein synthesis and degradation, enhancing muscle growth in
chicken skeletal muscles, especially in the pectoralis major muscle.

In our study, the weight of liver was significantly increased by the LP diet. In contrast,
Awad et al. (2014) found no alteration in liver mass when low-protein and amino-acid-fortified
diets were given to broilers; however, they investigated chickens in the grower phase and
applied slightly lowered dietary lysine levels compared to this examination. As observed in the
present Study lll, the protein content of the femoral muscle was significantly decreased, while
its lipid content was increased by the LP diet when compared to NP animals. However, relative
abdominal fat mass was not affected by dietary crude protein levels. Presumably due to the
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lower dietary protein and higher carbohydrate content of the feed (to gain isoenergetic diets),
the lipogenesis could be stimulated in LP groups. However, the subsequently increased
triglyceride disposition was realized in the femoral muscle only, improving meat quality and did
not result in greater abdominal fat reserves. In another study, various isoenergetic LP diets
(from 23 % to 18% crude protein) increased the lipid content of the whole carcass independently
of the provided amino acid supplementation in 21-day-old broilers (Bregendahl et al. 2002).
Similarly, abdominal fat mass and the amount of extractable carcass fat were increased by
lower dietary crude protein levels (from 25 % to 18 %) but were reduced by arginine or lysine
completion in the starter phase (Hurwitz et al. 1998). The underlying mechanism is that when
an essential amino acid, and especially Lys is not ensured at a sufficient level in the diet, protein
synthesis is limited and the surplus amino acids — that are not incorporated into proteins — are
catabolized and used in the lipid pathway, resulting fat deposition (Grisoni et al. 1991; Leclercq
1998; Nasr and Kheiri 2012).

The effects of unprotected sodium butyrate were compared in chickens kept on an LP or
NP diet to gain some preliminary data about the possible interaction of various dietary factors
and their impact on carcass characteristics. According to our results butyrate altered the
chemical composition of the femoral muscle similarly both in LP and NP groups. However, the
stimulatory action of unprotected butyrate on breast meat yield was lacking in the case of the
lowered crude protein supply with essential amino acid supplementation. The partly different
action of butyrate in in this aspect cannot be explained based on these data. Nonetheless, it
can be hypothesized that different amino acid content of the diet may alter the composition of
the intestinal microflora, possibly interfering with the utilization of exogenously applied butyrate
and the endogenous microbial butyrate production. Further, orally applied butyrate may also
influence the pH of the ingesta, possibly acting on protein digestion and utilization as well.
Based on our results, it must be highlighted that feed additives such as butyrate can elicit
different effects under various dietary conditions; thus, combining nutrition strategies in order
to optimize animal production should be considered carefully. Therefore, based on these initial
results about the combination of sodium butyrate as a pure substance and altered dietary crude
protein supply, future studies are needed in terms of the possible interactions of different
butyrate-containing products and dietary crude protein levels or cereal types.

In contrast to the thighs, no diet associated changes (either in the case of butyrate
addition or dietary crude protein levels) could be detected in the chemical composition of the
pectoral muscle. This finding might be connected to different muscle fiber composition and
metabolic properties of these two muscles and suggests a great stability of breast meat
composition.

Based on our results, it can be concluded that the development and production of breast
meat can be effectively stimulated by decreased dietary crude protein content with limiting
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amino acid fortification, as well as by unprotected and protected butyrate supplementation, but
its chemical composition remains unchanged. As an opposite, the same factors are suitable for
the amelioration of femoral muscle composition, but exert no significant effect on its weight,
and only unprotected butyrate failed to significantly elevate carcass yield. Therefore, the above
mentioned dietary strategies seem to be nutritional tools to selectively change carcass
characteristics of broilers.

6.4. Study IV — The in vitro antibacterial efficacy of butyrate and
antibiotic sensitivity of C. jejuni strains

Butyrate showed a remarkable inhibiting effect on most of the investigated C. jejuni
strains in the established in vitro model, showing strong pH-dependency: MIC and MBC values
of butyrate decreased intensively in slightly acidic milieu (at pH 6.0) compared to those
measured at pH 7.4. This is in agreement with the results of van Deun et al. (2008a), who found
butyrate being bactericidal at more acidic pH already in lower concentrations. The key role of
the pH can be explained by the dissociation properties of butyrate: at lower pH, more molecules
remain undissociated in the form of butyric acid, penetrating through the bacterial membranes
easier by simple diffusion than dissociated butyrate anions. These results highlight the
importance of pH in the cecal ingesta in vivo as well, which should also be decreased in order
to reach optimal efficacy. Amongst others, cecal pH can be influenced by special dietary
conditions, such as by the application of various NSPs or feeding NSP-rich diet (such as rye,
barley or wheat) and carbohydrase enzyme completion of the feedstuff (Angkanaporn et al.
1994; van Beilen and Li 2002).

According to our in vitro results, butyrate could be an effective tool in the amelioration of
Campylobacter colonization in broilers, as butyrate concentration that is multiple of its MIC
value — measured in vitro at pH 6.0 as 5.0 mml/I- was reached in the ceca of broilers at the
age of 42 days when fed WB diet (Kulcsér et al. 2017). Further, the butyrate sensitivity of the
tested reference strain was comparable with that of most field isolates, therefore, despite minor
differences, the obtained MIC and MBC values in general might be a base for the estimation of
approximate butyrate sensitivity of other Central European C. jejuni strains as well.

However, direct extrapolation of the obtained in vitro results to in vivo application is
restricted due to numerous factors, which may modulate the antibacterial efficacy of butyrate.
First of all, it is essential to reach the required butyrate concentration in the cecal chyme, which
is affected by the intestinal absorption as well. Due to the extensive removal of organic acids
from the gut, orally added L-lactate proved to be unable to reach the cecum and therefore its
supplementation in drinking water failed to reduce cecal Campylobacter count (Byrd et al. 2001;
Heres et al. 2003 and 2004; van Deun et al. 2008a). Van der Wielen et al. (2000) found that
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the number of enterococci and Enterobacteriaceae species were in negative correlation with
the butyrate concentration of the ceca of broiler chickens. Unlike free salts, protected forms
of butyrate and other organic acids bypass the absorption from the proximal section, reaching
the distal part of the gastrointestinal tract. Such butyrate-coated micro-beads were already
successfully applied in Salmonella eradication programs in chicken (van Immerseel et al. 2006),
and our previous studies also show that protected butyrate is capable to elevate the ileal
butyrate content significantly (Kulcsér et al. 2017). A similar application would be possible to
use protected butyrate in Campylobacter controlling as well, probable in combination with
increased uptake of some additional feed components enhancing cecal bacterial fermentation
(e.g. SCFA-precursors, enzyme supplementation). Bypass carbohydrates, such as NSPs or
resistant starch, being undegradable in the small intestines, can serve as precursors for
microbial SCFA synthesis. Increased NSP or resistant starch content of the diet can therefore
enhance the endogen microbial butyrate production, which may result in elevated cecal
butyrate concentration and decreased pH, intensifying the antibacterial property of butyrate
(Guilloteau et al. 2010).

It is known that the mucous layer reduced the potency of butyrate by increasing the MIC
values in vitro (van Deun et al. 2008a). As a consequence, oral application of protected butyrate
could not effectively ameliorate the cecal colonization of the investigated C. jejuni strain in an
in vivo trial with broiler chicks (van Deun et al. 2008a). However, intestinal pH and butyrate
concentration were not studied in this trial, which factors would be of predominant importance
by influencing the efficacy of the treatment.

Van Deun et al. (2008c) showed that butyrate protected the intestinal cell line Caco-2
against the invasion and translocation of a C. jejuni strain, but failed to protect it against the C.
jejuni-specific negative effects on cellular integrity and barrier function of the gut. Reducing
Campylobacter colonization is adequate to decrease the contamination of meat, however,
integrity of the intestinal barrier is also an important issue to improve the health of the animals.

Despite that only 5.5% of C. jejuni and C. coli strains showed ampicillin resistance in a
study conducted in the early 1990’s (Cabrita et al. 1992), this phenomenon became worryingly
common among C. jejunifield isolates of poultry origin, which can be combined with multi-drug
resistance in several cases (Kim et al. 2010; Kittl et al. 2011). Despite the fact that most C.
Jejuni strains of this study proved sensitive to the tested antibiotics, due to the demand on
reducing antibiotics administration in food producing livestock, application of traditional
antimicrobials are undesirable in Campylobacter eradication programs (van Immerseel et al.
2006). Thus, SCFAs in general and first of all their most potent representative butyrate, might
serve as a suitable alternative of traditional antibiotics.

Based on our results and the cited literature data, orally administered butyrate and dietary
factors such as high NSP content (Choct and Annison 1992), pro- and prebiotics mixed in the
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feed (Chichlowski et al. 2007), as well as certain exogenous carbohydrase enzymes
(Fernandez et al. 2000) — modifying cecal fermentation and thus pH — might be useful tools to
reduce enteral C. jejuni colonization. It can be concluded that butyrate in appropriate
concentration and at lower pH values acts effectively against most C. jejuni strains in vitro.
However, many enteral factors might have impact on the practical use of this substance,
therefore, further studies are required in terms of the in vivo application of butyrate, with special
emphasis on the proper form and dose, ensuring a cecal butyrate concentration optimal to fully

exert its antibacterial efficacy.
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7. New scientific results

Ad 1,

Dietary cereal type and crude protein content significantly influenced the major metabolic
blood parameters of broiler chickens, being the most pronounced on d 21. However, all diet-
associated metabolic changes were found within the physiological range.

Ad 2,

In the phase of intensive growth (21 days of age), wheat-based diet — compared to maize-
based diet — showed to increase the protein abundance of IR and mTOR insulin signaling
proteins in the liver of broilers, thus potentially enhance the hepatic insulin sensitivity.
Unprotected sodium n-butyrate as feed additive could decrease both hepatic GCGR and IR

protein expressions.
Ad 3,

The production of breast meat of broiler chickens could be efficiently stimulated by 15%
lowered dietary crude protein content of the diet supplemented with limiting amino acids and
by the application of either protected or unprotected (n-)butyrate, but its chemical composition
remained unchanged. In contrast, the same diets altered the femoral muscle composition
without affecting relative thigh yield significantly, but proved to increase carcass weight of
broilers.

Ad 4,

Sodium (n-)butyrate exerted antibacterial effects against most C. jejuni strains in vitro at pH
6.0 in 5 mmol/ml (MIC) and 5 to 7.5 mmol/l (MBC) concentrations which are reachable by
adequate diet formulation in the intestines of live broilers.
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10. Supplementary materials

Table S1. Linear model coefficient estimates and their standard errors fitted to the gene expression and
protein abundance data for each analyzed signaling element.

Glucagon receptor

Gene expression Protein abundance
Estimate SE Estimate SE
Intercept 0.1543 0.0422 1.3519 0.2712
Cereal-WB 0.0195 0.0596 1.0107 0.3940
Protein-LP 0.0773 0.0581 -0.3828 0.3835
Butyrate-But 0.0116 0.0596 -0.5123 0.3835
Cereal-WB:Protein-LP 0.1269 0.0832 -0.4942 0.5498
Cereal-WB:Butyrate-But 0.0549 0.0832 -0.8763 0.5572
Protein-LP:Butyrate-But -0.0125 0.0822 0.9769 0.5423
Cereal-WB:Protein-LP:Butyrate-But -0.1200 0.1162 -0.0588 0.7775
Insulin receptor
Gene expression Protein abundance
Estimate SE Estimate SE
Intercept 0.1485 0.0444 0.7394 0.0791
Cereal-WB -0.0808 0.0645 0.7673 0.1118
Protein-LP -0.0163 0.0645 -0.0206 0.1090
Butyrate-But -0.0766 0.0645 -0.2766 0.1090
Cereal-WB:Protein-LP 0.2426 0.0924 -0.5054 0.1541
Cereal-WB:Butyrate-But 0.2230 0.0924 -0.0714 0.1541
Protein-LP:Butyrate-But 0.0791 0.0912 0.2660 0.1521
Cereal-WB:Protein-LP:Butyrate-But -0.4093 0.1317 0.2324 0.2151
Mammalian target of rapamycin
Gene expression Protein abundance
Estimate SE Estimate SE
Intercept 0.0035 0.0013 1.1869 0.4277
Cereal-WB 0.0013 0.0017 0.7111 0.6215
Protein-LP 0.0037 0.0017 0.1169 0.6049
Butyrate-But 0.0015 0.0017 -0.4869 0.6416
Cereal-WB:Protein-LP 0.0025 0.0024 0.1240 0.8672
Cereal-WB:Butyrate-But -0.0010 0.0024 0.8517 0.8932
Protein-LP:Butyrate-But -0.0022 0.0024 0.9313 0.8818
Cereal-WB:Protein-LP:Butyrate-But -0.0015 0.0033 -0.5158 1.2368

WB: Wheat based diet supplemented with NSP-degrading xylanase and glucanase enzymes; LP: “Low
protein” group with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively),
supplemented with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet);
SE: Standard error of the estimate. Nutritional factors with colon in between show interactions (Cereal:
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Cereal type; Protein: Crude protein level; Butyrate: Butyrate supplementation). Model fitting was
performed with the /m built-in function of the R statistical programming environment (v4.0.3).
n = 10 per group.
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Table S2. ANOVA analysis results of the gene expression and protein abundance data for each analyzed
signaling element.

Glucagon receptor

Gene expression Protein abundance
F statistics P value F statistics P value
Cereal type 7.8132 0.0067* 2.4425 0.1226
Crude protein level 12.5253 0.0007* 0.5888 0.4455
Butyrate supplement. 0.0082 0.9279 5.4513 0.0224*
Cereal:Protein 1.2630 0.2650 1.8139 0.1824
Cereal:Butyrate 0.0134 0.9083 5.4408 0.0226*
Protein:Butyrate 1.5586 0.2162 5.9535 0.0172*
Cereal:Protein:Butyrate 1.0672 0.3052 0.0057 0.9399
Insulin receptor 8
Gene expression Protein abundance
F statistics P value F statistics P value
Cereal type 2.1432 0.1480 97.7768 <0.0001*
Crude protein level 1.7829 0.1865 2.0532 0.1563
Butyrate supplement. 0.6197 0.4340 4.6587 0.0343*
Cereal:Protein 0.3916 0.5336 12.8919 0.0006*
Cereal:Butyrate 0.1074 0.7442 0.1993 0.6567
Protein:Butyrate 3.1747 0.0795 12.6278 0.0007*
Cereal:Protein:Butyrate 9.6671 0.0028* 1.1677 0.2836
Mammalian target of rapamycin
Gene expression Protein abundance
F statistics P value F statistics P value
Cereal type 4.1528 0.0456* 11.7942 0.0010*
Crude protein level 17.4478 <0.0001* 2.6624 0.1073
Butyrate supplement. 0.3849 0.5371 0.9219 0.3403
Cereal:Protein 1.1052 0.2970 0.0440 0.8346
Cereal:Butyrate 1.1016 0.2977 0.8895 0.3489
Protein:Butyrate 3.1432 0.0809 1.1711 0.2829
Cereal:Protein:Butyrate 0.1997 0.6565 0.1739 0.6780

F statistics and P values are given in the corresponding columns. The study was conducted with two
types of cereal (wheat-based diet supplemented with NSP-degrading xylanase and glucanase enzymes
[WB] or maize-based diet [MB]), normal (NP) or lowered crude protein level (LP; reduced by 15 %,
supplemented with limiting amino acids), and with or without sodium (n-)butyrate supplementation (1.5
g/kg diet). Main effects were determined as follows: WB vs. MB diet (Cereal type), LP vs. NP groups
(Crude protein level) and butyrate supplementation vs. no added butyrate (Butyrate supplement.).
Nutritional factors with colon in between show interactions (Cereal: Cereal type; Protein: Crude protein
level; Butyrate: Butyrate supplement.). Asterisk (*) indicates statistically significant effects (P < 0.05).
Calculations were performed with the Anova function in the car package of the R statistical programming
environment (v4.0.3).

n = 10 per group.
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Table S3: Post hoc pairwise comparisons of the different treatment groups of the glucagon receptor
gene expression data.

Contrast Estimate SE Cl DF t P
value value

MB NP Ctr — MB LP Citr -0.0773  0.0581 (-0.2589,0.1044) 68 -1.330 0.8841
MB NP Ctr — WB NP Ctr -0.0195  0.0596 (-0.2059,0.1669) 68 -0.327 =>0.9999
MB NP Ctr —WB LP Ctr -0.2236  0.0596 (-0.4100, -0.0372) 68 -3.752 0.0083*

MB NP Ctr — MB NP But -0.0116  0.0596
MB NP Ctr — MB LP But -0.0764  0.0581
MB NP Ctr — WB NP But -0.0860  0.0581
MB NP Ctr —WB LP But -0.1576  0.0581
MB LP Ctr — WB NP Ctr 0.0578 0.0581
MB LP Ctr—WB LP Ctr -0.1464  0.0581
MB LP Ctr — MB NP But 0.0656 0.0581
MB LP Ctr — MB LP But 0.0009 0.0565
MB LP Ctr — WB NP But -0.0087  0.0565
MB LP Ctr—WB LP But -0.0803  0.0565
WB NP Ctr —WB LP Ctr -0.2041  0.0596
WB NP Ctr — MB NP But 0.0079 0.0596
WB NP Ctr — MB LP But -0.0569  0.0581
WB NP Ctr —WB NP But -0.0665  0.0581
WB NP Ctr —WB LP But -0.1381  0.0581
WB LP Ctr — MB NP But 0.2120 0.0596
WB LP Ctr — MB LP But 0.1473 0.0581
WB LP Ctr — WB NP But 0.1376 0.0581
WB LP Ctr —WB LP But 0.0660 0.0581
MB NP But — MB LP But -0.0648  0.0581
MB NP But —WB NP But -0.0744  0.0581
MB NP But — WB LP But -0.1460  0.0581
MB LP But —WB NP But -0.0096  0.0565
MB LP But—WB LP But -0.0812  0.0565 (-0.2580, 0.0956 68 -1.436 0.8371
WB NP But - WB LP But -0.0716  0.0565 (-0.2484, 0.1052 68 -1.266 0.9081

MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group
with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented
with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Control
group without sodium butyrate supplementation. The calculated difference of the estimated marginal
means of the treatment groups compared (Contrast) can be found in the column Estimate, alongside
with its standard error and confidence interval (columns SE and Cl, respectively). Degrees of freedom
(DF), t value and P values can be found in their corresponding columns. Asterisk (*) indicates statistically
significant differences (P < 0.05). Pairwise comparisons were performed by the emmeans package of
the R statistical programming environment (v4.0.3), P values and confidence intervals were adjusted
with the Tukey method.

-0.1980, 0.1748) 68 -0.195 >0.9999
-0.2580, 0.1053 68 -1.315 0.8902
-0.2677, 0.0957 68 -1.480 0.8150
-0.3393, 0.0241) 68 -2.713 0.1366
-0.1239, 0.2394) 68 0.994 0.9738

.3280, 0.0353) 68 -2.519 0.2051
-0.1160, 0.2473) 68 1.130 0.9479
-0.1759,0.1777) 68 0.016 >0.9999
-0.1856, 0.1681) 68 -0.155 >0.9999
-0.2571,0.0965) 68 -1.420 0.8447
-0.3905, -0.0177) 68 -3.425 0.0221*
-0.1785,0.1943) 68 0.132 >0.9999
-0.2385, 0.1248) 68 -0.979 0.9759
-0.2482,0.1152) 68 -1.145 0.9442
-0.3197,0.0436) 68 -2.377 0.2694
0.0256, 0.3984) 68 3.557 0.0150*
-0.0344, 0.3289) 68 2.535 0.1989
-0.0440, 0.3193) 68 2.369 0.2733
-0.1156, 0.2477 68 1.137 0.9462
-0.2464, 0.1169 68 -1.115 0.9514
-0.2561,0.1073) 68 -1.280 0.9030
-0.3276, 0.0357) 68 -2.513 0.2080
-0.1865, 0.1672) 68 -0.170 >0.9999

)
)

)
)
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Table S4: Post hoc pairwise comparisons of the different treatment groups of the glucagon receptor
protein abundance data.

Contrast Estimate SE Cl DF t P
value value

70 0.998 0.9732
70 -2.565 0.1864

MB NP Ctr — MB LP Citr 0.3828 0.383
MB NP Ctr — WB NP Ctr -1.0107 0.394
MB NP Ctr —WB LP Ctr -0.1337  0.383

0.815, 1.581
2.242, 0.220
1.332, 1.064) 70 -0.349 >0.9999

)
)

MB NP Ctr — MB NP But 0.5123 0.383 (-0.686, 1.711) 70 1.336 0.8818
MB NP Ctr — MB LP But -0.0817  0.383 (-1.280, 1.116) 70 -0.213 >0.9999
MB NP Ctr — WB NP But 0.3779 0.394 (-0.853, 1.609) 70 0.959 0.9786
MB NP Ctr — WB LP But 0.3369 0.383 (-0.861, 1.535) 70 0.878 0.9871
MB LP Ctr— WB NP Ctr -1.3935 0.394 (-2.625, -0.163) 70 -3.537 0.0157*
MB LP Ctr—WB LP Ctr -0.5165 0.383 (-1.715, 0.682) 70 -1.347 0.8774
MB LP Ctr — MB NP But 0.1295 0.383 (-1.069, 1.328) 70 0.338 >0.9999
MB LP Ctr — MB LP But -0.4645  0.383 (-1.663, 0.734) 70 -1.211 0.9259
MB LP Ctr — WB NP But -0.0049 0.394 (-1.236, 1.226) 70 -0.012 >0.9999
MB LP Ctr—WB LP But -0.0459  0.383 (-1.244,1.152) 70 -0.120 >0.9999
-0.354, 2.108) 70 2.226 0.3494
WB NP Ctr — MB NP But 1.5231 0.394 (0.292, 2.754) 70 3.866 0.0057*
WB NP Ctr — MB LP But 0.9290 0.394 (-0.302, 2.160) 70 2.358 0.2783
WB NP Ctr —WB NP But 1.3886 0.404 (0.126, 2.652) 70 3.435 0.0212*
WB NP Ctr —WB LP But 1.3476 0.394 (0.117, 2.579) 70 3.420 0.0221*
WB LP Ctr — MB NP But 0.6461 0.383 (-0.552, 1.844 70 1.685 0.6969

WB LP Ctr — MB LP But 0.0520 0.383
WB LP Ctr —WB NP But 0.5116 0.394
WB LP Ctr—WB LP But 0.4706 0.383
MB NP But — MB LP But -0.5941  0.383
MB NP But — WB NP But -0.1344  0.394
MB NP But — WB LP But -0.1755  0.383
MB LP But —WB NP But 0.4596 0.394 (-0.771, 1.691 70 1.167 0.9386

MB LP But —WB LP But 0.4186 0.383 (-0.780, 1.617 70 1.092 0.9565

WB NP But - WB LP But -0.0411 0.394 (-1.272,1.190) 70 -0.104 >0.9999

MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group
with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented
with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Control
group without sodium butyrate supplementation. The calculated difference of the estimated marginal
means of the treatment groups compared (Contrast) can be found in the column Estimate, alongside
with its standard error and confidence interval (columns SE and Cl, respectively). Degrees of freedom
(DF), t value and P values can be found in their corresponding columns. Asterisk (*) indicates statistically
significant differences (P < 0.05). Pairwise comparisons were performed by the emmeans package of
the R statistical programming environment (v4.0.3), P values and confidence intervals were adjusted
with the Tukey method.

- )

-1.146, 1.250) 70 0.136 >0.9999
-0.719, 1.743) 70 1.299 0.8964
-0.728, 1.669) 70 1.227 0.9210
-1.792, 0.604) 70 -1.549 0.7780
-1.365, 1.097) 70 -0.341 >0.9999
- )

- )

- )

(
(
(
(
(
(
(
(
(
(
(
(
(
WBNP Ctr—WBLPCtr ~ 0.8770  0.394 (
(
(
(
(
(
(
(
(
(
(
(-1.374,1.023 70 -0.458 0.9998
(
(
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Table S5: Post hoc pairwise comparisons of the different treatment groups of the insulin receptor 3 gene
expression data.

Contrast Estimate SE Cl DF t P
value value

) 65 0.252 >0.9999
) 65 1.254 0.9120
) 65 -2.258 0.3326
) 65 1.189 0.9324
0.1827,0.2103) 65 0.220 >0.9999
0.2674,0.1363) 65 -1.017 0.9702
0.1701,0.2467) 65 0.576 0.9991
)
)
)
)
)
)

MB NP Ctr — MB LP Citr 0.0163 0.0645
MB NP Ctr — WB NP Ctr 0.0808 0.0645
MB NP Ctr —WB LP Ctr -0.1455  0.0645
MB NP Ctr — MB NP But 0.0766 0.0645
MB NP Ctr — MB LP But 0.0138 0.0627
MB NP Ctr — WB NP But -0.0655  0.0645
MB NP Ctr —WB LP But 0.0383 0.0665
MB LP Ctr — WB NP Ctr 0.0646 0.0661

0.1856, 0.2181
0.1210, 0.2827
0.3474, 0.0563
0.1253, 0.2785

0.1425, 0.2717 65 0.977 0.9762

MB LP Ctr—WB LP Ctr -0.1619  0.0661 (-0.3689, 0.0453 65 -2.446 0.2374
MB LP Ctr — MB NP But 0.0604 0.0661 65 0.913 0.9838
MB LP Ctr — MB LP But -0.0025 0.0645 (-0.2043, 0.1994 65 -0.038 >0.9999

MB LP Ctr — WB NP But -0.0818  0.0661
MB LP Ctr—WB LP But 0.0221 0.0682
WB NP Ctr —WB LP Ctr -0.2264  0.0661
WB NP Ctr — MB NP But -0.0042  0.0661
WB NP Ctr — MB LP But -0.0671  0.0645
WB NP Ctr —WB NP But -0.1464  0.0661
WB NP Ctr —WB LP But -0.0425  0.0682
WB LP Ctr — MB NP But 0.2222 0.0661
WB LP Ctr — MB LP But 0.1593 0.0645
WB LP Ctr — WB NP But 0.0800 0.0661
WB LP Ctr —WB LP But 0.1839 0.0682
MB NP But — MB LP But -0.0628  0.0645
MB NP But —WB NP But -0.1422  0.0661
MB NP But — WB LP But -0.0383  0.0682
MB LP But —WB NP But -0.0793  0.0645
MB LP But—WB LP But 0.0245 0.0665 (-0.1839, 0.2329 65 0.369 >0.9999
WB NP But — WB LP But 0.1039 0.0682 (-0.1096, 0.3174 65 1.524 0.7919

MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group
with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented
with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Control
group without sodium butyrate supplementation. The calculated difference of the estimated marginal
means of the treatment groups compared (Contrast) can be found in the column Estimate, alongside
with its standard error and confidence interval (columns SE and Cl, respectively). Degrees of freedom
(DF), t value and P values can be found in their corresponding columns. Asterisk (*) indicates statistically
significant differences (P < 0.05). Pairwise comparisons were performed by the emmeans package of
the R statistical programming environment (v4.0.3), P values and confidence intervals were adjusted
with the Tukey method.

0.2889, 0.1253 65 -1.237 0.9177

0.1914, 0.2356 65 0.324 >0.9999
0.4335,-0.0192) 65 -3.423 0.0226*
0.2113,0.2029) 65 -0.064 =>0.9999
0.2689, 0.1348) 65 -1.040 0.9663

0.3535, 0.0607) 65 -2.213 0.3577

0.2560,0.1710) 65 -0.624 0.9984

0.0150, 0.4293) 65 3.359 0.0270*
-0.0426, 0.3612) 65 2472 0.2261
-0.1271,0.2871) 65 1.210 0.9262
-0.0296, 0.3973) 65 2.697 0.1421
-0.2647,0.1390) 65 -0.975 0.9765
-0.3493, 0.0650) 65 -2.150 0.3954
- )
- )
- )
- )

-0.1467, 0.2675

0.2518, 0.1752 65 -0.562 0.9992

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(-0.2812,0.1225) 65 -1.231 0.9197
(

(
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Table S6: Post hoc pairwise comparisons of the different treatment groups of the insulin receptor 8
protein abundance data.

Contrast Estimate SE Cl DF t P
value value
-0.3199, 0.3611) 70 0.189 >0.9999
-1.1167,-0.4180) 70 -6.862 <.0001*
-0.5819,0.0992) 70 -2.215 0.3560
-0.0639, 0.6171) 70 2.538 0.1972
-0.3093, 0.3718) 70 0.287 >0.9999
-0.7599, -0.0788) 70 -3.848 0.0060*
-0.7324,-0.0513) 70 -3.595 0.0132*

MB NP Ctr — MB LP Citr 0.0206 0.109
MB NP Ctr — WB NP Ctr -0.7673  0.112
MB NP Ctr —WB LP Ctr -0.2414  0.109
MB NP Ctr — MB NP But 0.2766 0.109
MB NP Ctr — MB LP But 0.0312 0.109
MB NP Ctr — WB NP But -0.4194  0.109
MB NP Ctr — WB LP But -0.3918 0.109
MB LP Ctr— WB NP Ctr -0.7879  0.109
MB LP Ctr—WB LP Ctr -0.2620 0.106
MB LP Ctr — MB NP But 0.2560 0.106
MB LP Ctr — MB LP But 0.0106 0.106
MB LP Ctr — WB NP But -0.4400 0.106
MB LP Ctr—WB LP But -0.4124  0.106 (-0.7439,-0.0809) 70 -3.887 0.0053*

(

(

(

(

(

(

(

(-1.1285,-0.4474) 70 -7.229 <.0001*
(
(
(
(
(

WBNPCtr—-WBLPCtr 05260  0.109 (0.1854,0.8665) 70 4.826 0.0002*

(
(
(
(
(
(
(
(
(
(
(
(
(

0.5934, 0.0695) 70 -2.469 0.2258
0.0755,0.5875) 70 2.413 0.2514
0.3208,0.3421) 70 0.100 >0.9999
0.7714,-0.1085) 70 -4.147 0.0023*

WB NP Ctr — MB NP But 1.0439 0.109 (0.7034, 1.3845 70 9.578 <.0001*
WB NP Ctr — MB LP But 0.7986 0.109 (0.4580, 1.1391 70 7.327 <.0001*
WB NP Ctr —WB NP But 0.3480 0.109 (0.0074, 0.6885 70 3.193 0.0417*
WB NP Ctr —WB LP But 0.3755 0.109 (0.0350, 0.7161 70 3.445 0.0206*
WB LP Ctr — MB NP But 0.5180 0.106 (0.1865, 0.8494 70 4.883 0.0002*
WB LP Ctr — MB LP But 0.2726 0.106 (- 70 2.570 0.1848
WB LP Ctr — WB NP But -0.1780 0.106 (- 70 -1.678 0.7011
WB LP Ctr —WB LP But -0.1504 0.106 (- 70 -1.418 0.8459
MB NP But — MB LP But -0.2454  0.106 (-0.5768, 0.0861 70 -2.313 0.3015
MB NP But —WB NP But -0.6960 0.106 (-1.0274,-0.3645) 70 -6.561 <.0001*

)
)
)
)
)
)

0.0589, 0.6041
0.5095, 0.1535

)
)
0.4819, 0.1810)
)

MB NP But —WB LP But -0.6684 0.106 (-0.9999, -0.3369) 70 -6.301 <.0001*
MB LP But —WB NP But -0.4506 0.106 (-0.7821,-0.1192) 70 -4.248 0.0016*
MB LP But —WB LP But -0.4230 0.106 (-0.7545,-0.0916) 70 -3.988 0.0038*
WB NP But - WB LP But 0.0276 0.106 (-0.3039,0.3590) 70 0.260 >0.9999

MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group
with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented
with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Control
group without sodium butyrate supplementation. The calculated difference of the estimated marginal
means of the treatment groups compared (Contrast) can be found in the column Estimate, alongside
with its standard error and confidence interval (columns SE and Cl, respectively). Degrees of freedom
(DF), t value and P values can be found in their corresponding columns. Asterisk (*) indicates statistically
significant differences (P < 0.05). Pairwise comparisons were performed by the emmeans package of
the R statistical programming environment (v4.0.3), P values and confidence intervals were adjusted
with the Tukey method.
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Table S7: Post hoc pairwise comparisons of the different treatment groups of the mammalian target of
rapamycin gene expression data.

Contrast Estimate SE Cl DF t P
value value
-0.0092, 0.0017) 66 -2.146 0.3977
-0.0068, 0.0041) 66 -0.756 0.9947
-0.0130, -0.0021) 66 -4.360 0.0012*
-0.0069, 0.0040) 66 -0.860 0.9885
-0.0084, 0.0023 66 -1.789 0.6296
-0.0071, 0.0035 66 -1.076 0.9597
-0.0097, 0.0009 66 -2.600 0.1745
-0.0029, 0.0077 66 1.433 0.8387
-0.0091, 0.0014 66 -2.283 0.3185
-0.0030, 0.0075 66 1.325 0.8860

MB NP Ctr — MB LP Citr -0.0037  0.00174
MB NP Ctr — WB NP Ctr -0.0013  0.00174
MB NP Ctr —WB LP Ctr -0.0076  0.00174
MB NP Ctr — MB NP But -0.0015  0.00174
MB NP Ctr — MB LP But -0.0030  0.00170
MB NP Ctr — WB NP But -0.0018  0.00170
MB NP Ctr —WB LP But -0.0044 0.00170
MB LP Ctr — WB NP Ctr 0.0024 0.00169
MB LP Ctr—WB LP Ctr -0.0039  0.00169
MB LP Ctr — MB NP But 0.0022 0.00169
MB LP Ctr — MB LP But 0.0007 0.00165
MB LP Ctr — WB NP But 0.0019 0.00165
MB LP Ctr—WB LP But -0.0007  0.00165

(
(
(
(
(
(
(
(
(
(
(-0.0045,0.0058) 66 0.422 0.9999
(
(
WBNPCtr—-WBLPCtr ~ -0.0063  0.00169 (
(
(
(
(
(
(
(
(
(
(
(
(
(
(

0.0032, 0.0071 66 1.158 0.9406
0.0058, 0.0045) 66 -0.415 0.9999
0.0116, -0.0010) 66 -3.716 0.0094*
0.0055, 0.0051) 66 -0.108 >0.9999
0.0069, 0.0034) 66 -1.048 0.9650
0.0057,0.0046) 66 -0.312 >0.9999
0.0083, 0.0020) 66 -1.885 0.5657
0.0008, 0.0114) 66 3.608 0.0131*
0.0006, 0.0097) 66 2.764 0.1221
0.0006, 0.0109) 66 3.501 0.0179*
-0.0020, 0.0083 66 1.927 0.5379
-0.0067, 0.0036 66 -0.937 0.9811
-0.0055, 0.0048 66 -0.201 >0.9999
-0.0081, 0.0022 66 -1.775 0.6391

)
)
)
)
)
)
)
)

WB NP Ctr — MB NP But -0.0002  0.00169
WB NP Ctr — MB LP But -0.0017  0.00165
WB NP Ctr —WB NP But -0.0005 0.00165
WB NP Ctr —WB LP But -0.0031  0.00165
WB LP Ctr — MB NP But 0.0061 0.00169
WB LP Ctr — MB LP But 0.0045 0.00165
WB LP Ctr — WB NP But 0.0058 0.00165
WB LP Ctr —WB LP But 0.0032 0.00165
MB NP But — MB LP But -0.0015 0.00165
MB NP But — WB NP But -0.0003 0.00165
MB NP But — WB LP But -0.0029  0.00165

MB LP But — WB NP But 0.0012 0.00160
MB LP But —WB LP But -0.0014  0.00160 (-0.0064, 0.0036 66 -0.860 0.9885
WB NP But - WB LP But -0.0026  0.00160 (-0.0076,0.0024) 66 -1.617 0.7386

MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group
with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented
with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Control
group without sodium butyrate supplementation. The calculated difference of the estimated marginal
means of the treatment groups compared (Contrast) can be found in the column Estimate, alongside
with its standard error and confidence interval (columns SE and Cl, respectively). Degrees of freedom
(DF), t value and P values can be found in their corresponding columns. Asterisk (*) indicates statistically
significant differences (P < 0.05). Pairwise comparisons were performed by the emmeans package of
the R statistical programming environment (v4.0.3), P values and confidence intervals were adjusted
with the Tukey method.

)
)
)
)
0.0038,0.0062) 66 0.757 0.9947

)
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Table S8: Post hoc pairwise comparisons of the different treatment groups of the mammalian target of
rapamycin protein abundance data.

Contrast Estimate SE Cl DF t P
value value
2.008,1.774) 69 -0.193 >0.9999
2.654,1.232) 69 -1.144 0.9444
2.843,0.939) 69 -1.574 0.7640
1.519,2.492) 69 0.759 0.9946
2.452,1.330) 69 -0.928 0.9823
2.967,0.815) 69 -1.779 0.6363
3.623,0.159) 69 -2.864 0.0963
2.537,1.348) 69 -0.956 0.9790
2.726,1.056) 69 -1.380 0.8630
1.402,2.609) 69 0.941 0.9808
)
)
)
)
)
)
)
)
)

MB NP Ctr — MB LP Citr -0.117 0.605
MB NP Ctr — WB NP Ctr -0.711 0.621
MB NP Ctr —WB LP Ctr -0.952 0.605
MB NP Ctr — MB NP But 0.487 0.642
MB NP Ctr — MB LP But -0.561 0.605
MB NP Ctr — WB NP But -1.076 0.605
MB NP Ctr — WB LP But -1.732 0.605
MB LP Ctr— WB NP Ctr -0.594 0.621
MB LP Ctr—WB LP Ctr -0.835 0.605
MB LP Ctr — MB NP But 0.604 0.642
MB LP Ctr — MB LP But -0.444 0.605
MB LP Ctr — WB NP But -0.959 0.605
MB LP Ctr—WB LP But -1.615 0.605 (-3.506, 0.275

(-

(-

(-

(-

(-

(-

(-

(-

(-

(-

(-2.335, 1.446 69 -0.735 0.9956

(-

(-
WB NP Ctr —WB LP Ctr -0.241 0.621 (-2.183, 1.702

(-

(-

(-

(-

(-

(-

(-

(-

(-

(-

(-

(-

(-

69 -1.585 0.7572
69 -2.671 0.1495
69 -0.388 0.9999
69 1.823 0.6071
69 0.241 >0.9999
69 -0.587 0.9989
69 -1.643 0.7227
69 2.243 0.3402

2.850, 0.932

WB NP Ctr — MB NP But 1.198 0.657 (-0.856, 3.252
WB NP Ctr — MB LP But 0.150 0.621 (-1.793, 2.092
WB NP Ctr —WB NP But -0.365 0.621 (-2.307, 1.578
WB NP Ctr —WB LP But -1.021 0.621 (-2.964, 0.921
WB LP Ctr — MB NP But 1.439 0.642 (-0.567, 3.444
WB LP Ctr — MB LP But 0.391 0.605 (-1.500,2.281) 69 0.646 0.9980
WB LP Ctr — WB NP But -0.124 0.605 (-2.015,1.767) 69 -0.205 >0.9999
WB LP Ctr —WB LP But -0.780 0.605 (-2.671,1.110) 69 -1.290 0.8995
MB NP But — MB LP But -1.048 0.642 (-3.054,0.957) 69 -1.634 0.7284
MB NP But —WB NP But -1.563 0.642 (-3.568, 0.443 69 -2.436 0.2411

MB NP But —WB LP But -2.219 0.642 (-4.225,-0.214) 69 -3.459 0.0199*
MB LP But —WB NP But -0.515 0.605 (-2.405,1.376) 69 -0.851 0.9893
MB LP But —WB LP But -1.171 0.605 (-3.062,0.720) 69 -1.936 0.5318
WB NP But —WB LP But -0.656 0.605 (-2.547,1.234) 69 -1.085 0.9579

MB: Maize-based diet; WB: Wheat-based diet completed with NSP-degrading xylanase and glucanase
enzymes; NP: “Normal protein” group with dietary crude protein content adequate to the rearing phase
(22.7%, 21.4% and 19.1% crude protein in starter, grower and finisher diets); LP: “Low protein” group
with reduced crude protein content (19.1%, 18.0% and 16.0% crude protein, respectively), supplemented
with limiting amino acids; But: Sodium butyrate supplementation of the diet (1.5 g/kg diet); Ctr: Control
group without sodium butyrate supplementation. The calculated difference of the estimated marginal
means of the treatment groups compared (Contrast) can be found in the column Estimate, alongside
with its standard error and confidence interval (columns SE and Cl, respectively). Degrees of freedom
(DF), t value and P values can be found in their corresponding columns. Asterisk (*) indicates statistically
significant differences (P < 0.05). Pairwise comparisons were performed by the emmeans package of
the R statistical programming environment (v4.0.3), P values and confidence intervals were adjusted
with the Tukey method.

)
)
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