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Abstract

The present study investigated the effects of dietary arginine (Arg) supplementation on intestinal structure and functionality in broiler
chickens subjected to coccidial challenge. The present study was a randomised complete block design employing a 3 X 2 factorial arrange-
ment (n 8) with three dietary concentrations of Arg (11-1, 13-3 and 20-2 g/kg) with or without coccidial vaccine challenge (unchallenged
and coccidial challenge). On day 14, birds were orally administered with coccidial vaccine or saline. On day 21, birds were killed to obtain
jejunal tissue and mucosal samples for histological, gene expression and mucosal immunity measurements. Within 7d of the challenge,
there was a decrease in body-weight gain and feed intake, and an increase in the feed:gain ratio (P<<0-05). Jejunal inflammation was evi-
denced by villus damage, crypt dilation and goblet cell depletion. Coccidial challenge increased mucosal secretory IgA concentration and
inflammatory gene (iNOS, IL-18, IL-8 and MyD88) mRNA expression levels (P<0-05), as well as reduced jejunal Mucin-2, IgA and IL-1RI
mRNA expression levels (P<0-05). Increasing Arg concentration (1) increased jejunal villus height (P<<0-05) and linearly increased jejunal
crypt depth (P<0-05); (2) quadratically increased mucosal maltase activity (P<0-05) and linearly decreased mucosal secretory IgG concen-
tration (P<<0-05) within the coccidiosis-challenged groups; and (3) linearly decreased jejunal Toll-like receptor 4 (TLR4) mRNA expression
level (P<0-05) within the coccidiosis-challenged groups. The mRNA expression of mechanistic target of rapamycin (mTOR) complex 1
pathway genes (mTOR and RPS6KB1) and the anti-apoptosis gene Bcl-2 quadratically responded to increasing dietary Arg supplemen-
tation (P<0-05). These results indicate that dietary Arg supplementation attenuates intestinal mucosal disruption in coccidiosis-challenged
chickens probably through suppressing TLR4 and activating mTOR complex 1 pathways.
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Chicken coccidiosis is one of the most widely reported
and economically important parasitic diseases in the poultry
industry”. It is an intestinal disease that results in clinical
and subclinical syndromes such as intestinal
damage, reduced feed efficiency and decreased average
daily gain®®. Coccidiosis has been successfully controlled
for decades using various anticoccidial drugs, while large-
scale and long-term use of anticoccidial drugs has led to the
development of resistance against anticoccidial agentsw .
Owing to the escalating consumer concerns about the use of
chemotherapeutic agents as feed additives”®, nutritional

optimisation of immune function could be considered as a

mucosal

potential strategy to reduce the impact of coccidial infection.

Following coccidial infection, increased mRNA expression
level of inducible NO synthase (iNOS) has been reported((’) .
It has been shown that plasma levels of the ions NO, and
NOj, stable metabolites of NO, are up-regulated during cocci-
dial infection”, while plasma concentration of arginine (Arg)
is reduced by coccidial infection®. Therefore, we presumed
that due to a high level of iNOS expression, coccidial-infected
chickens deplete more Arg than uninfected chickens to limit
the production of NO that plays a critical role in parasite kill-
ing by direct® or indirect (peroxynitrite, ONOO ) actions.

Coccidiosis has been developed as an experimental intesti-
19V Following coccidial infection, a
cytokine

nal infection mode

remarkable up-regulation of pro-inflammatory

Abbreviations: Arg, arginine; Bcl-2, B-cell lymphoma 2; FI, feed intake; iNOS, inducible NO synthase; IL-1RI, IL-1 receptor type I; mTOR, mechanistic target
of rapamycin; MyD88, myeloid differentiation primary response gene 88; Raptor, regulatory-associated protein of mTOR complex 1; RPS6KB1, ribosomal

protein S6 kinase polypeptide 1; sIgA, secretory IgA; sIgG, secretory 1gG; TLR4, Toll-like receptor 4; p70

50k 570 SG kinase.
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such as IL-1B and interferon-y, has been
as

expression,
observed? | which mediate the initiation of inflammation
Inflammation infection,
designed to clear foreign pathogens and to inhibit their detri-
mental effects™®. Local inflammation recruits phagocytic and
non-phagocytic lymphoid cells" to destroy pathogens,
which is important to bird survival. Although the destruction
of pathogens occurs intracellularly, release of cytotoxic mol-
ecules into the extracellular environment can cause tissue
damage(m). In the coccidial infection model, tissue damage

is a defence response against

is evidenced by intestinal epithelial sloughing and villus tip
damage®™. Intestinal mucosal barrier function is regulated by
tight junction and adherens junction’”. IL-18 has been
reported to increase intestinal tight-junction permeability by
the NF-kB-dependent pathway"'®. Increased mucosal barrier
permeability exposes underlying immune cells to pathogens,
further compromising barrier function'”. Coccidial infection
has been reported to increase gut permeability in chickens™® .
Therefore, we presumed that coccidial infection-induced IL-13
production may cause intestinal barrier dysfunction by
increasing intestinal barrier permeability, and further induce
intestinal mucosal disruption. Due to coccidial infection-
induced intestinal mucosal disruption, infected chickens
have lower apparent metabolisable energy, amino acid digest-
ibility and N retention, leading to decreased growth rates*1:2?,

Chicken Toll-like receptor 4 (TLR4) serves as a sentinel by
recognising pathogen-associated molecular patterns and
triggering inflammation via the myeloid differentiation pri-
mary response gene 88 (MyD88)-dependent pathway?'%
Chickens lack the MyD88-independent pathway due to the
absence of Toll/IL-1R-domain-containing adapter-inducing
IFN-B (TRIF)-related adaptor molecule®®. A previous in vitro
study has shown that TLR4 and MyD88 are involved in
chicken Eimeria tenella recognition and subsequent signal

29 Dietary Arg supplementation has been

transduction
shown to reduce lipopolysaccharide-induced pro-inflamma-
tory cytokine expression via the suppression of the TLR4
pathway in our previous stley(24), and reduced expression
of pro-inflammatory cytokines has been associated with the
alleviation of intestinal mucosal disruption in pigs*®”. Thus,
a question arises whether dietary Arg supplementation
has a potential effect in partially alleviating coccidial chal-
lenge-induced intestinal damage and barrier dysfunction by
decreasing the expression levels of pro-inflammatory cytokines.

Mechanistic target of rapamycin (mTOR) complex 1 consists
of mTOR, Raptor (regulatory-associated protein of mTOR
complex 1) and mLST8 (mammalian lethal with Secl3
protein 8)?®. p70 S6 kinase (p70°°) lies downstream of the
mTOR complex 1 signalling pathway, and the activation
of p7056k could enhance ribosome biosynthesis®”. Arg
administration in cell-culture medium can activate the mTOR
signalling pathway®”, which mediates the stimulation of cell
proliferation®” and migration®. Therefore, the question
remains whether dietary Arg supplementation accelerates
the intestinal by enhancing
intestinal cell proliferation and migration, thereby potentially
alleviating intestinal damage and reduction in the growth
performance of chickens.

mucosal renewal process

On the basis of the aforementioned question, the present
study was conducted to test the hypothesis that additional
dietary Arg supplementation higher than those recommended
by the National Research Council®” would have a potential
effect in regulating intestinal structure and functionality, and
mediating intestinal inflammation in coccidiosis-challenged
broiler chickens.

Materials and methods
Birds, feed and experimental design

All animal care and use procedures for the present experiment
were approved by the Purdue University Animal Care and Use
Committee. A total of 288 male Ross broilers (708; Aviagen,
Inc.) aged 1d old were used for the present study. All chick-
ens were housed in electrically heated battery cages (model
no. SB 4T; Alternative Design Manufacturing) in an environ-
mentally controlled room. Battery cage temperature was
maintained at 37 = 1°C for the 1st week and gradually
decreased to 27°C in the 3rd week. The lighting schedule
was 22 h light—2h dark throughout the experiment. Chickens
were weighed and allocated into groups so that the initial
weight of each group was similar. Chickens were provided
ad libitum access to drinking water and feed.

The randomised complete block design consisted of a 3 X 2
factorial arrangement of treatments to evaluate dietary Arg
concentration (11-1, 13-3 and 201 g/kg of Arg, equal to 888,
1064 and 160-8% of the National Research Council rec-
ommendations; analysed concentrations) combined with or
without a coccidiosis vaccine challenge, yielding a total of
six treatment groups. Each treatment consisted of eight
replicate cages, with each replicate containing six birds. The
experimental design has been described in our previous
study®”, in which supplemental dietary Arg (142 and
19-0 g/kg; analysed concentrations) attenuated lipopolysac-
charide-induced inflammation in broiler chickens. The
lowest concentration value of Arg used in the supplemen-
tation was 11-1g/kg. Ingredient formulation, nutrient and
analysed dietary Arg concentrations are presented in Table 1.
A basal diet was initially mixed, and all nutrients (except for
Arg) were formulated to meet or exceed the National Research
Council®” requirements. Final diets were obtained by mixing
984 % of the basal ration with a premix (1-6 %) containing differ-
ent concentrations of Arg and Solka-Floc® (purified cellulose).
Diet analyses for amino acid concentration were conducted using
HPLC at the University of Missouri Agricultural Experiment
Station Chemical Laboratory (Columbia, MO, USA; AOAC
International, 2000; method 982.30 E (a, b, c))(52).

Coccidial infection and sampling

At 14d of age, chickens in the coccidiosis-challenged groups
were challenged with twenty times the label-recommended
individual commercial dose (1000 doses per bottle of freeze-
dried vaccine) of coccidial vaccine (Coccivac-B; Schering-
Plough Animal Health Corporation) by oral administration,
and the unchallenged groups received the diluent. Coccivac-B
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Table 1. Composition of the experimental diets (g/kg)

Analysed Arg concentration (g/kg)

111 13-3 20-2
Ingredients
Maize 552.5 552.5 5525
Soyabean meal (48 % CP) 55.0 55-0 55-0
Rapeseed meal 150-0 150-0 150-0
Maize gluten meal 155.0 155-0 155.0
Soyabean oil 20-0 20-0 20-0
Limestone 167-0 167-0 167-0
Monocalcium phosphate 156 15-6 156
L-Lys-HCI 86 8-6 8-6
pL-Met 1-6 1-6 1.6
L-Thr 1.4 1.4 1.4
L-Trp 0-1 0-1 0-1
NaCl 4-0 4.0 4.0
Vitamin/trace mineral premix* 3-5 3-5 35
L-Arg 0-0 31 10-2
Solka-Floc® 160 12.9 5.8
Nutrient and energy concentration

ME (MJ/kg)t 128 128 12.8
CPt 233-2 237-2 2491
Cat 10-0 10-0 10-0
Non-phytate Pt 4.5 4.5 4.5
Mett 6-2 6-0 62
Met and Cyst 10.5 10.0 10-3
Lyst 139 141 139
Thrt 89 89 88
Trpt 21 2.0 21
Argt 111 13-3 20-2

CP, crude protein; ME, metabolisable energy.

*Supplied the following per kg complete diet: Cu, 8mg; Zn, 75mg; Fe, 80mg;
Mn, 100 mg; Se, 0-15mg; |, 0-35mg; trans-retinyl acetate, 24 mg; cholecalciferol,
6mg; DL-a-tocopheryl acetate, 7-2mg; menadione, 1-3mg; thiamin, 2mg; ribo-
flavin, 6 mg; cyanocobalamin, 0-025mg; biotin, 0-0325mg; folic acid, 1-25mg;
pantothenic acid, 12 mg; niacin, 50 mg.

1 Calculated value.

1 Analysed concentrations.

contains live, attenuated oocysts of E. tenella, E. acervulina,
E. maxima and E. mivati. In one previous study®®, ten
times the label-recommended individual commercial dose of
Coccivac-B has been used to induce necrotic enteritis. In
our previous studies, twenty-five doses of Coccivac B induced
moderate intestinal damage and inflammatory cytokine
response in the jejunum (compared with the duodenum and
ileum, the jejunum had greater inflammatory response;
SA Adedokun, unpublished results). Therefore, twenty doses
of Coccivac B were used as the challenge level in the present
study. Chickens were weighed by pen at 1, 14 and 21 d of age;
meanwhile, feed intake (FD per pen was recorded to calculate
the feed conversion ratio during the experiment. On day 21,
one bird was randomly selected from each replicate and
euthanised by an overdose of CO, for tissue sampling.

Intestinal morphological analyses

Jejunal segments were collected at the midpoint between the
bile duct entry and Meckel’s diverticulum. Tissue was fixed in
10% buffered formalin and embedded in Tissue Path (Fisher
Scientific). Tissue sections (4 wm) were prepared and stained
with Alcian Blue and periodic acid—Schiff’s reagent as des-
cribed previously®®, with some modifications. Briefly, tissue

sections were hydrated and stained with Alcian Blue
solution (1g Alcian Blue and 100ml of 3% acetic acid,
pH 2-5) for 30 min, and rinsed in tap water for 5min. The
sections were then oxidised in 0-5% periodic acid for
10 min, and rinsed in tap water for 5min. The tissue sections
were placed in Coleman’s Schiff reagent solution (Sigma
Chemical Company) for 10min, and washed in lukewarm
tap water for 5min.

The sections were examined using light microscopy. Villus
height, villus width and crypt depth were measured from
nine villi per bird. Villus height was measured as the distance
from the tip of the villus to the crypt mouth. Crypt depth was
measured from the base of the villi to the submucosa. Villus
width was measured as the average of width at one-third
and two-thirds of the villus. Goblet cell counts were taken
from the same nine villi per section and averaged, and
goblet cell density was calculated as the average of goblet
cell counts per pm of villus length. Thickness of the tunica
muscularis was measured at nine different locations from the
submucosa to the external layer of the intestine.

Mucosal sample analyses

Mucosa was scraped from 10 cm of the jejunum (5 cm proximal to
the Meckel’s diverticulum) and weighed. Mucosal density was
calculated as mucosal weight per cm of jejunum. Mucosal
disaccharidase (maltase and sucrase) activities were determined
as described previously®, with some modifications. Mucosal
secretory IgA (sIgA) and secretory IgG (sIgG) concentrations
were determined by ELISA (Bethyl Laboratories, Inc.) following
the manufacturer’s protocol. Protein content of mucosal
homogenates was measured colorimetrically by a commercially
available kit (Bio-Rad) using bovine serum albumin as the
standard. Specific disaccharidase activity and sIgA/sIgG concen-
trations were expressed as units per g protein.

Total RNA extraction and reverse transcription

Total RNA was extracted from the jejunum using TRIzol
reagent (Invitrogen) following the manufacturer’s protocol.
The concentration of the extracted RNA was determined
using a NanoDrop spectrophotometer (ND-1000; NanoDrop
Products) at an optical density of 260nm, and RNA purity
was verified by measuring absorbance at an optical density
of 260/280. Then, 2 pg of RNA were used for reverse transcrip-
tion using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) following the manufacturer’s protocol.
Synthesised complementary DNA was diluted 1:20 and
stored at —20°C until use.

Real-time quantitative PCR

Expression levels of the following genes were analysed in
the jejunum by real-time quantitative PCR: jejunal mucosal
immunity-related genes — Mucin-2, B-Defensin-8, IgA and
polymeric Ig receptor (pIgR); inflammation-related genes —
iNOS, IL-1B, IL-8, TLR4, MyDS8S8, IL-1 receptor type I (ZL-1RD
and NF-kB; apoptosis-regulatory genes — B-cell lymphoma 2
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(Bcl-2) and Bcl-2-associated X gene (Bax); mTOR complex 1
pathway genes — mTOR, Raptor and ribosomal protein S6
kinase polypeptide 1 (RPS6KBI, encode p70°°%). Primers
were designed based on sequences available from public
databases (Table 2). Amplification and detection were per-
formed using equivalent amounts of total RNA from jejunum
on the Bio-Rad iQ5 detection system (Bio-Rad Laboratories)
and the iQ SYBR Green Supermix (Bio-Rad Laboratories).
The abundance of the housekeeping genes GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), B-actin, RPL-4
(ribosomal protein L4) and HPRT (hypoxanthine phosphor-
ibosyltransferase) in the jejunum was not influenced by the
treatments, whose relative expression stability was determined
using geNorm and the AC; approach(%). GADPH was found to
be the most suitable housekeeping gene for the present study,
as also used in previous chicken coccidial challenge
studies""*?”. Standard curves were generated using the logo
diluted complementary DNA from pooled samples, and

Table 2. Primers used in real-time quantitative PCR

revealed that the amplification efficiency values were consist-
ent between the target genes and the housekeeping genes.
Real-time quantitative PCR were carried out in ninety-six-
well plates at a final volume of 20 pl of the reaction mixture
containing 10 pl iQ SYBR Green Supermix, 0-3 pM of each for-
ward and reverse primer and 6pl complementary DNA.
Samples were subjected to the following protocol for all
genes: 95°C for 5min, forty cycles at 95°C for 10s and 60°C
for 20s, and 72°C for 20s. The samples were then analysed
in triplicate. Relative gene expression data were analysed
using the 2722¢ method®®, and the average AC, value of
the pooled sample served as the calibrator for each sample.

Statistical analysis

Data were analysed using the general linear model procedure
of SAS 9.3 (SAS Institute, Inc.). Data were subjected to two-
way ANOVA in a 2 X 3 factorial arrangement with coccidial

Target genes Primer sequence (5 — 3') Gene Bank ID
Housekeeping gene
GAPDH F: CCTAGGATACACAGAGGACCAGGTT NM_204305
R: GGTGGAGGAATGGCTGTCA
Inflammatory gene
iNOS F: CCTGTACTGAAGGTGGCTATTGG D85422
R: AGGCCTGTGAGAGTGTGCAA
IL-18 F: ACTGGGCATCAAGGGCTA NM_204524
R: GGTAGAAGATGAAGCGGGTC
IL-8 F: GCGGCCCCCACTGCAAGAAT NM_205498
R: TCACAGTGGTGCATCAGAATTGAGC
TLR4 F: AGTCTGAAATTGCTGAGCTCAAAT NM_001030693
R: GCGACGTTAAGCCATGGAAG
MyD88 F: CTGGCATCTTCTGAGTAGT NM_001030962
R: TTCCTTATAGTTCTGGCTTCT
IL-1RI F: TGATTCTCAAGAATTTACATCATACAT M81846
R: CTTCTCCTGCTAAATCATTCCTC
NF-xB F: GTGTGAAGAAACGGGAACTG NM_205129
R: GGCACGGTTGTCATAGATGG
Apoptosis-related gene
Bel-2 F: GCAGGCAGCTTGAAAGAAAC D11382
R: GCTGGCCTTTCATGACTCTC
Bax F: ATCGTCGCCTTCTTCGAGTT XM_422067
R: ATCCCATCCTCCGTTGTCCT
mTOR complex 1 pathway gene
mTOR F: CATGCAATGATGGAGCGTGG XM_417614
R: GCAGCTGCTTTGAGATACGC
Raptor F: GCTGAGACCGCTTCTTGTCT ENSGALG00000006938*
R: GTTCAGCTGGCATGTACGGA
RPS6KB1 F: TGGAAGCCATGGGCTCAAAT NM_001030721
R: GTACAGCCACACCTCCTGAC
Marker of gut immunity
Mucin-2 F: CAGCACCAACTTCTCAGTTC XM_421035
R: TCTGCAGCCACACATTCTTT
B-Defensin-8 F: TGTGGCTGTTGTGTTTTGT NM_001001781
R: CTGCTTAGCTGGTCTGAGG
IgA F: ACCACGGCTCTGACTGTACC S40610
R: CGATGGTCTCCTTCACATCA
plgR F: GGATCTGGAAGCCAGCAAT ENSGALG00000000919*
R: GAGCCAGAGCTTTGCTCAGA

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; F, forward; R, reverse; iNOS, inducible NO synthase; TLR4, Toll-like
receptor 4; MyD88, myeloid differentiation primary response gene 88; IL-1RI, IL-1 receptor type |; Bcl-2, B-cell lymphoma 2
gene; Bax, Bcl-2-associated X gene; mTOR complex 1, mechanistic target of rapamycin complex 1; Raptor, regulatory associ-
ated protein of mMTOR complex 1; RPS6KB1, ribosomal protein S6 kinase polypeptide 1 (70kDa); plgR, polymeric Ig receptor.

* Sequence obtained from Ensembl chicken genome data resources.
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Table 3. Growth performance of broilers fed diets containing arginine (Arg) concentrations at 11-1, 13-3 or 20-2 g/kg with or without coccidial vaccine
challenge from 14 to 21d of age

(Mean values with their standard errors)

Unchallenged group* Coccidiosis-challenged group* P
ltems 11-1g/kg 13-3g/kg 20-2g/kg 11-1g/kg 13-3g/kg 20-2g/kg  SEM CcC Arg CCxArg Lt Qt
BW (g), 14dt 279 310 312 278 296 300 6-0 0-360 0-011 0232 NA NA
BWG (g), 14-21d§ 296|| 339]| 375]| 222]| 263|| 279]| 22 <0-001 <0-001 0-022 NA NA
Fl (g), 14-21d§ 569 606 618 474 492 506 25 0-023 <0-001 0-199 0-134 0-525
FCR, 14-21d§ 1.92 1.78 1.65 213 1.87 1-81 0-07 <0-001 <0-001 0-406 <0-001 0-092

CC, coccidial challenge; L, linear; Q, quadratic; BW, body weight; NA, not assessed; BWG, body-weight gain; Fl, feed intake; FCR, feed conversion ratio.

*Unchallenged group: chickens were orally supplemented with sterile saline (0-9%) at 14d of age; coccidiosis-challenged group: chickens received the same amount of
coccidial vaccine (20 x ; Coccivac-B); means represent eight replicate cages per treatment with six birds per cage.

1 When the interaction was not significant, linear and quadratic polynomial contrasts were performed on the main-effect means across the dietary Arg concentrations (averaged
between the unchallenged and coccidial-challenged treatments); NA means that these contrasts were not assessed when the interaction was significant.

1 Analysed by ANOVA.

§ Analysed by ANCOVA with 14d BW as the covariate.

||When the interaction was significant, linear and quadratic polynomial contrasts were performed on the simple means across the dietary Arg concentrations within the
unchallenged and coccidiosis-challenged groups, respectively; mean values within the unchallenged or coccidiosis-challenged groups with the symbol || have a linear
dose response to Arg concentration (P<0-05); when there was no significant interaction, symbols are not presented.

challenge and dietary Arg concentration as the main effects Results

and their interactions. The initial body weight (14d) was Growth p erformance
significantly affected by dietary Arg concentration; thus, 14d

Data on growth performance are presented in Table 3. The
interaction between coccidial challenge and dietary Arg con-
centration was found to be significant for body-weight gain

body weight was used as a covariate in the model to analyse
growth performance during coccidial challenge (14-21d).

Polynomial contrasts were used to test the linear and quadratic
nature of the response to the analysed dietary Arg concen-
trations. The IML procedure was used to generate the
appropriate contrast coefficients since the Arg levels were
not equally spaced. When interactions were significant, poly-
nomial contrasts were performed on the simple means to
determine the linear and quadratic responses across the
dietary Arg concentrations within the unchallenged and cocci-
diosis-challenged groups, respectively. When interactions were
not significant, polynomial contrasts were performed on the
main-effect means across the dietary Arg concentrations
(averaged between the unchallenged and coccidial-challenged
treatments). Differences with P < 0-05 were considered signi-
ficant, and those with P>0-05 < 0-10 were considered a trend.

(P<0-05), but no significant interaction was observed for FI
and feed conversion ratio (P>0-10). Increasing dietary Arg
concentration linearly increased body-weight gain (P<0-05)
irrespective of the treatments. During the challenge period
(14-21d), coccidial challenge dramatically reduced FI by
17-83% (P<0-05), and significantly increased the feed con-
version ratio (P<0-001) in coccidiosis-challenged chickens.
However, dietary Arg supplementation significantly increased
FI (P<0-00D) and linearly decreased the feed conversion
ratio (P<<0:001) in chickens challenged with coccidiosis.

Histological characteristics

Data on jejunal morphology and goblet cell counts at 7d post-
challenge are presented in Table 4. The interaction between

Table 4. Effect of graded supplementation of arginine (Arg) concentrations (11-1, 13-3 or 20-2 g/kg) on histological measurements from jejunal tissues

in broiler chickens on day 7 after coccidial vaccine challenge
(Mean values with their standard errors)

Unchallenged group* Coccidiosis-challenged group* P

Items 11-1g/kg 13-3g/kg 20-2g/kg 11-1g/kg 13-3g/kg 20-2g/kg SEM cC Arg CCxArg Lt Qt

Villus height (pum) 721 790 765 530 606 635 41.2  <0-001 0-046 0-597 0171 0-242
Villus width (um) 156 152 146 189 195 197 962 <0-001 0-952 0-651 0799 0-815
Crypt depth (um) 104 118 129 145 151 159 8.59 <0-001 0-004 0-572 0-035 0-407
Villus height:crypt depth ratio 6-92 6-70 5.94 365 4.01 4.00 0-61 <0-001 0-291 0-095 0-450 0-965
Muscularis thickness (.m) 59.7 61.7 69-4 752 701 72.0 2-47  0-001 0-302 0-111 0-237 0418
Goblet cell count/villus 148 182 175 50-1 69-0 71.3 22.6 <0-001 0-029 0-669 0-388 0-755
Goblet cell density 0-205 0-230 0-229 0-095 0-114 0-112 0-03 <0-001 0-045 0-935 0-400 0-518

(number/pwm)

CC, coccidial challenge; L, linear; Q, quadratic.

*Unchallenged group: chickens were orally supplemented with sterile saline (0-9 %) at 14 d of age; coccidiosis-challenged group: chickens received the same amount of cocci-
dial vaccine (20x; Coccivac-B); means represent eight replicate cages per treatment with one bird per cage.

1 When the interaction was not significant, linear and quadratic polynomial contrasts were performed on the main-effect means across the dietary Arg concentrations (averaged
between unchallenged and coccidiosis-challenged treatments).
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coccidial challenge and dietary Arg concentration tended to be
significant for the villus height:crypt depth ratio (P=0-10), but
no significant interaction was observed for any other histologi-
cal characteristics (P>0-10). Histological assessment of jejunal
samples from the coccidiosis-challenged groups revealed
severe disruption of the normal architecture of the jejunum,
showing inflammation in the jejunal mucosa. Compared with
the unchallenged groups, jejunal samples from the coccidiosis-
challenged groups were characterised by a lower villus height
and villus height:crypt depth ratio (P<0-05) and a higher villus
width and muscularis thickness (P<<0:05). The inflammatory
process was evidenced by crypt and tunica muscularis dilation,
severe goblet cell depletion, and villus tip damage.

Villus height, villus width and crypt depth. Coccidial chal-
lenge significantly decreased the jejunal villus height and villus
height:crypt depth ratio (P<0-05), while increasing dietary Arg
concentration significantly increased villus height (P<0-05).
Following coccidial challenge, a significant increase was
observed for crypt depth and villus width (P<0-05). Dietary
Arg supplementation linearly increased the crypt depth
(P<0:05).

Tunica muscularis thickness and goblet cell counts.
Compared with the unchallenged groups, the tunica mus-
cularis was found to be significantly thicker (P<<0-05) in the
coccidiosis-challenged groups. A dramatic reduction was
observed for goblet cell counts (per villus) and goblet cell
density (per pwm of villus height) (P<0-001) in the coccidio-
sis-challenged groups compared with the unchallenged
groups. Increasing dietary Arg concentration significantly
increased goblet cell counts and goblet cell density (P<0:05).

Mucosal density (per cm of jejunum) and
disaccharidase (maltase and sucrase) activities

As shown in Table 5, the interaction between coccidial
challenge and dietary Arg concentration was significant for

mucosal maltase and sucrase activities (P<0-05), but no signi-
ficant interaction was observed for mucosal density (P>0-10).
Dietary Arg supplementation linearly increased maltase
activity in the unchallenged groups (P<0-05), and quadrati-
cally increased maltase activity in the coccidiosis-challenged
groups (P<0:05), with the activity peaking at the intermediate
dose of Arg supplementation (13-3 g/kg) and decreasing at the
highest dose of Arg supplementation (20-2 g/kg). Within the
coccidiosis-challenged groups, sucrase activity quadratically
responded to increasing dietary Arg concentration (P<0-05)
that peaked at the intermediate dose of Arg supplementation
(13-3g/kg) and decreased at the highest dose of Arg sup-
plementation (20-2 g/kg); however, within the unchallenged
groups, no linear or quadratic trend was observed. Coccidial
challenge significantly reduced mucosal density in the cocci-
diosis-challenged groups (P<0-001), but increasing dietary
Arg concentration density
(P<005).

linearly increased mucosal

Mucosal secretory IgG and secretory IgA concentrations

The data on the concentrations of jejunal mucosal sIgG and
sIgA are presented in Table 5. There was a significant
interaction between coccidial challenge and dietary Arg con-
centration for mucosal sIgG concentration (P<0-05), but no
significant interaction was observed for mucosal sIgA concen-
tration. Chickens in the coccidiosis-challenged groups had
linear reductions in sIgG concentration with increasing Arg
concentration, but no linear or quadratic trend existed
across the dietary Arg concentrations for chickens in the
unchallenged groups. The coccidiosis-challenged groups
showed higher mucosal sIgA concentration (P<0-05) than
the unchallenged groups. Dietary Arg supplementation signi-
ficantly influenced mucosal sIgA concentration (P<0-05),
but no linear or quadratic trend was observed.

Table 5. Effects of graded supplementation of arginine (Arg) concentrations (11-1, 13-3 or 20-2g/kg) on jejunal mucosal density, disaccharidase
activity, secretory IgG (slgG) and secretory IgA (sIgA) concentrations in broiler chickens on day 7 after coccidial vaccine challenge

(Mean values with their standard errors)

Unchallenged group*

Coccidiosis-challenged group* P

13-3g/kg 20-2g/kg SEM CcC

Arg CCxArg Lt Qt

Items 11-1g/kg 13-3g/kg 20-2g/kg 11-1g/kg
Mucosal density (g/cm)$ 0-526 0-684 0-694 0-486
Maltase (unit/g)§ 218-4|l 2905 353.0 32281
Sucrase (unit/g)§ 8.97 10.79 11.80  11.641
slgG (mg/g)** 2-66 1.77 2-84 4.09||
slgA (mg/g)** 6-55 7-21 4.47  11.31

0-489 0-544 0-039 <0-001 0-085 0-197 0-037 0-259
40701 36:-169 58-8 <0-001 0-018 0-026 NA NA
15237  11.099 0-84 0011 0-027 0-036 NA NA

3-83| 2.90]| 0-34 <0.001 0-310 0-037 NA NA
1728 9-21 1.85 <0.001 0-037 0-151 0-214 0-100

CC, coccidial challenge; L, linear; Q, quadratic; NA, not assessed.

*Unchallenged group: chickens were orally supplemented with sterile saline (0-9 %) at 14 d of age; coccidiosis-challenged group: chickens received the same amount of cocci-
dial vaccine (20x; Coccivac-B); means represent eight replicate cages per treatment with one bird per cage.

1 When the interaction was not significant, linear and quadratic polynomial contrasts were performed on the main-effect means across the dietary Arg concentrations (averaged
between the unchallenged and coccidiosis-challenged treatments); NA means that these contrasts were not assessed when the interaction was significant.

1 Based on per cm of jejunum.

§ Based on per g of mucosal protein; one unit of maltase or sucrase activity is equal to 1 pumol of glucose hydrolysed per min, respectively.

| When the interaction was significant, linear and quadratic polynomial contrasts were performed on the simple means across the dietary Arg concentrations within the unchal-
lenged and coccidiosis-challenged groups, respectively; mean values within the unchallenged or coccidiosis-challenged groups with the symbol || have a linear dose
response to Arg concentration (P<0-05); when there was no significant interaction, symbols are not presented.

9 When the interaction was significant, linear and quadratic polynomial contrasts were performed on the simple means across the dietary Arg concentrations within the unchal-
lenged and coccidiosis-challenged groups, respectively; mean values within the unchallenged or coccidiosis-challenged groups with the symbol | have a quadratic dose
response to Arg concentration (P<0-05); when there was no significant interaction, symbols are not presented.

**Based on per g of mucosal protein.
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Table 6. Effects of graded supplementation of arginine (Arg) concentrations (11-1, 13-3 or 20-2g/kg) on the relative mRNA expression of jejunal
mucosal immunity-related genes in broiler chickens on day 7 after coccidial vaccine challenge

(Mean values with their standard errors)

Unchallenged group* Coccidiosis-challenged group* P
Items 11-1g/kg 13-3g/kg 20-2g/kg 11-1g/kg 13-3g/kg  20-2g/kg SEM CcC Arg CCxArg Lt Qt
Mucin-2 2.091 3882 2.955 0-462 0-572 0-649 0588 <0-001 0-173 0-264 0-597  0.251
B-Defensin-8 1.95 291 1.24 12.98 20-20 17.77 348 <0-001 0-494 0-726 0-950 0-663
19A 2.020 2214 1.923 0-550 0-544 0-541 0-339 <0-001 0.943 0-945 0-782 0-924
plgR 0-859 1.477 1.085 1.203 1.270 0-878 0-097 0-855 0-034 0-136 0-890 0-133

CC, coccidial challenge; L, linear; Q, quadratic.

*Unchallenged group: chickens were orally supplemented with sterile saline (0-9 %) at 14 d of age; coccidiosis-challenged group: chickens received the same amount of cocci-
dial vaccine (20x; Coccivac-B); means represent eight replicate cages per treatment with one bird per cage.
1 When the interaction was not significant, linear and quadratic polynomial contrasts were performed on the main-effect means across the dietary Arg concentrations (averaged

between the unchallenged and coccidiosis-challenged treatments).

Gene expression data

Jejunal mucosal immunity-related gene expression. As
shown in Table 6, no significant interactions between
coccidial challenge and dietary Arg concentration were
observed for any mucosal immunity-related gene expression
(P>0-10). Coccidial challenge significantly decreased the
mRNA expression levels of jejunal Mucin-2 and IgA
(P<0-05), and significantly increased the mRNA expression
levels of jejunal B-Defensin-8 (P<0-05). Dietary Arg sup-
plementation significantly influenced the mRNA expression
levels of plgR (P<0:05), but no linear or quadratic trend was
observed.

Inflammation-related gene expression. As
Table 7, there was a significant interaction between coccidial

shown in

challenge and dietary Arg concentration for the mRNA
expression of jejunal TLR4 (P<<0-05), and the interaction
tended to be significant for the mRNA expression of
jejunal MyD88 (P=0-10), but no significant interaction was
observed for the mRNA expression of jejunal NF-kB
(P>0-10). Within the coccidiosis-challenged groups, increasing

dietary Arg concentration linearly decreased the mRNA
expression level of TLR4 (P<0:05); however, within the
unchallenged groups, no significant linear or quadratic trend
was observed (P>0-10). Coccidial challenge significantly
increased the mRNA expression levels of jejunal pro-
inflammatory cytokine (ZZ-1f), chemokine (IL-8), iNOS and
MyDS88 in the coccidiosis-challenged groups (P<<0-05), and
significantly decreased the mRNA expression level of IL-1RI
(P<0:05). Dietary Arg supplementation linearly increased
the mRNA expression level of jejunal IZ-7RI (P<0-05), and
tended to decrease the mRNA expression levels of jejunal
IL-1B (P=0-090) and MyD88 (P=0-078). No differences were
observed in the mRNA expression of NF-kB (P>0-01).
Apoptosis-regulatory gene expression. As
Table 8, no significant interactions between coccidial chal-
lenge and dietary Arg concentration were observed for
apoptosis-regulatory gene expression (P>0-10). Coccidial
challenge tended to down-regulate the mRNA expression of
the anti-apoptosis gene Bcl-2 in the jejunum (P=0-066). The
mRNA expression of jejunal Bcl-2 quadratically responded
(P<0:05) to increasing Arg supplementation, which peaked

shown in

Table 7. Effect of graded supplementation of arginine (Arg) concentrations (11-1, 13-3 or 20-2g/kg) on the relative mRNA expression of jejunal
inflammation-related genes in broiler chickens on day 7 after coccidial vaccine challenge

(Mean values with their standard errors)

Unchallenged group* Coccidiosis-challenged group* P
Items 11.1g/kg 13-3g/kg 20-2g/kg 11-1g/kg 13-3g/kg 20-2g/kg SEM CcC Arg CCxArg Lt Qt
Inflammatory markers
iNOS 0-687 0-679 0-538 1-100 1-060 0-763 0-092 0-030 0-370 0-866 0-163 0-961
IL-1B 0-652 0-579 0-557 1.621 1.137 1.051 0171 <0-001 0-090 0-345 0-277 0-283
IL-8 0-218 0-521 0-401 0-918 1.218 1-040 0-161 <0-001 0232 0-981 0971 0-321
IL-1RI 0-648 0-883 1.030 0-444 0-658 0-757 0-083 0-021 0-019  0-955 0-011 0-226
TLR4 pathway
TLR4 0-142 0-183 0-122 0-950% 0-669% 0-567% 0-140 <0-001 0-045 0-034 NA NA
MyD88 0-221 0-260 0-219 1-508 0-924 0-984 0219 <0-001 0-078  0-096 0-421 0-341
NF-xkB 0-702 1.202 0-869 0-721 0-644 1-145 0-098 0-897 0-227  0-417 0296 0-177

CC, coccidial challenge; L, linear; Q, quadratic; iNOS, inducible NO synthase; IL-1RI, IL-1 receptor type I; TLR4, Toll-like receptor 4; NA, not assessed; MyD88, myeloid differ-
entiation primary response gene 88.

*Unchallenged group: chickens were orally supplemented with sterile saline (0-9 %) at 14 d of age; coccidiosis-challenged group: chickens received the same amount of cocci-
dial vaccine (20x; Coccivac-B); means represent eight replicate cages per treatment with one bird per cage.

1 When the interaction was not significant, linear and quadratic polynomial contrasts were performed on the main-effect means across the dietary Arg concentrations (averaged
between the unchallenged and coccidiosis-challenged treatments); NA means that these contrasts were not assessed when the interaction was significant.

1 When the interaction was significant, linear and quadratic polynomial contrasts were performed on the simple means across the dietary Arg concentrations within the unchal-
lenged and coccidiosis-challenged groups, respectively; mean values within the unchallenged or coccidiosis-challenged groups with the symbol f have a linear dose
response to Arg concentration (P<0-05); when there was no significant interaction, symbols are not presented.
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Table 8. Effect of graded supplementation of arginine (Arg) concentrations (11-1, 13-3 or 20-2g/kg) on the relative mRNA expression of jejunal
apoptosis-regulatory genes and mechanistic target of rapamycin (mnTOR) complex 1 pathway genes in broiler chickens on day 7 after coccidial vaccine
challenge

(Mean values with their standard errors)

Unchallenged group* Coccidiosis-challenged group* P

Items 11-1g/kg 13-3g/kg 20-2g/kg 11-1g/kg 13-3g/kg 20-2g/kg SEM CC Arg CCxArg Lt Qt
Apoptosis
Bcl-2 1-055 1.935 0-907 0-940 1-155 0-876 0-164 0-066 0-024 0-202 0-315 0-016
Bax 0-956 0-914 0-812 1-162 0-807 0-827 0-056 0-797 0486 0-371 0-393 0-866
mTOR complex 1 pathway
mTOR 0-952 1.733 1.010 0-638 1-094 0-727 0-158  0-001 0-001 0-509 0-856 0-001
RPS6KB1 0-854 1.607 1.079 0-712 1172 0-814 0-133 0-067 0-028 0-880 0-905 0-006
Raptor 1.-895¢  4-386% 2.820% 0-440 0-420 0-580 0-658 <0-001 0-006 0-005 NA NA

CC, coccidial challenge; L, linear; Q, quadratic; Bcl-2, B-cell lymphoma 2 gene; Bax, Bcl-2-associated X gene; RPS6KB1, ribosomal protein S6 kinase polypeptide 1 (70kDa);
Raptor, regulatory-associated protein of mTOR complex 1; NA, not assessed.

*Unchallenged group: chickens were orally supplemented with sterile saline (0-9 %) at 14 d of age; coccidiosis-challenged group: chickens received the same amount of cocci-
dial vaccine (20x; Coccivac-B); means represent eight replicate cages per treatment with one bird per cage.

1 When the interaction was not significant, linear and quadratic polynomial contrasts were performed on the main-effect means across the dietary Arg concentrations (averaged
between the unchallenged and coccidiosis-challenged treatments); NA means that these contrasts were not assessed when the interaction was significant.

1 When the interaction was significant, linear and quadratic polynomial contrasts were performed on the simple means across the dietary Arg concentrations within the unchal-
lenged and coccidiosis-challenged groups, respectively; mean values within the unchallenged or coccidiosis-challenged groups with the symbol 1 have a quadratic dose

response to Arg concentration (P<0-05); when there was no significant interaction, symbols are not presented.

at the intermediate dose of Arg supplementation (13-3 g/kg)
and decreased at the highest level of Arg supplementation
(20-2g/kg). No significant difference was observed in the
mRNA expression of Bax (P>0-10).

Mechanistic target of rapamycin complex 1 pathway gene
expression. As shown in Table 8, the interaction between
coccidial challenge and dietary Arg concentration was signifi-
cant for the mRNA expression of Raptor (P<0:05), but no
significant interactions were observed for the mRNA expression
of mTOR and RPS6KB1 (P>0-10). The mRNA expression of
Raptor responded quadratically within the unchallenged
groups (P<0:05), which peaked at the intermediate dose of
Arg supplementation (133 g/kg) and decreased at the highest
dose of Arg supplementation (20-2g/kg);
significant linear or quadratic trend was observed within the
coccidiosis-challenged groups (P>0-10). Coccidial challenge
significantly decreased the mRNA expression level of jejunal
mTOR (P=0-001), and tended to decrease the mRNA
expression level of RPS6KB1 (P=0-067). The mRNA expression
of jejunal mTOR and RPSGKBI1 quadratically responded to
increasing Arg concentration (P<<0-05), peaking at the
intermediate dose of Arg supplementation (13-3 g/kg).

however, no

Discussion

Coccidiosis is an economically important disease in the poul-
try industry, and the economic loss caused by this disease is
due to the reduction in growth performance and the cost
involved in treatment and prevention”. In the present
study, coccidial challenge remarkably increased the mRNA
expression levels of /Z-18 and IL-8 that were involved in
jejunal inflammation. Inflammation is an essential part of the
innate immune system, and involved in the recruitment of
phagocytic cells to phagocytise and destroy infectious
agents, clearing of cellular debris from the site of damage,
and secretion of chemicals that attract other cell types to
produce new tissue>*”. During coccidial infection, survival

followed by the growth performance of chickens becomes a
priority. Therefore, jejunal inflammation plays an important
role in the survival of chickens via processing and clearing
of the pathogen with subsequent tissue repair. In the present
study, challenge-induced
severe mucosal disruption that was characterised by a
decreased villus:crypt ratio, which in turn caused a reduction
in growth performance.

Intestinal mucins are secreted by goblet cells and serve as a
barrier to protect the epithelial cell layer from direct contact
with bacteria®®. In the present study, coccidial challenge
caused severe depletion of goblet cells and reduction in the
mRNA expression level of jejunal Mucin-2, with a concomitant
20% reduction in mucosal density, indicating that coccidial
challenge caused mucosal barrier dysfunction. The reduction
in goblet cell counts and mRNA expression level of Mucin-2
probably degraded the protective mucin layer, thereby expos-
ing jejunal epithelial cells to bacteria/coccidial oocysts that
induced villus damage observed in the present study. Further
inflammatory responses, explained in part by a higher
expression level of IZ-183, have the potential to increase jejunal
tight-junction permeability®.

The availability of Arg in the microenvironment (at the
tumour site or sites of infection) has been reported to regulate
the cell-cycle progression of T cells via the regulation of cyclin
D3 and cyclin-dependent kinase 4“"*?. However, it is not yet
clear whether Arg has a direct effect on goblet cells or enter-
ocyte replication and/or a role in directing cell fate by a similar
mechanism. Due partly to increased goblet cell counts,
mucosal density linearly increased with increasing Arg
concentration, indicating that dietary Arg supplementation
may have partially protected the integrity of the intestinal
mucosal barrier.

Chicken maltase is mainly produced in the upper half of the
villus“?; thus, the reduction in mucosal maltase activity in the
present study was due to coccidial challenge-induced damage
to the upper villus. Various mechanisms have been related to

coccidial inflammation caused
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the alterations in mucosal disaccharidase activities, including
changes in gene expression within enterocytes and changes
in the rates of maturation in enterocytes after infection®.
In the present study, dietary Arg supplementation linearly
increased the crypt depth, plausibly increasing the replicating
pool of enterocytes to replace the damaged enterocytes, but
no trend was observed in jejunal villus height. Additionally,
Arg supplementation concomitantly increased mucosal mal-
tase activity. Therefore, the regulatory effect of dietary Arg
supplementation on mucosal maltase activity was either via
the direct regulation of maltase gene expression and/or
through the regulation of villus growth. In the present study,
sucrase activity responded quadratically with increasing diet-
ary Arg concentration within the coccidiosis-challenged
groups, but its cause remains unclear.

Previous studies showed that the activation of the TLR4
signalling pathway triggered 1gG“*> and B-defensin®*®
responses. In the present study, the activation of TLR4 by
coccidial challenge triggered an increase in mucosal sIgG con-
centration and jejunal B-Defensin-8 mRNA expression. Dietary
Arg supplementation linearly reduced the mRNA expression
level of TLR4 in the coccidiosis-challenged groups, which is
consistent with our previous study using a lipopolysaccharide
challenge model®”. The suppression of the TLR4 signalling
pathway decreased mucosal sIgG concentration; however,
no difference was observed for B-Defensin-8, whose level
was high in the jejunum of broiler chickens ™.

sIgA is generated by the cooperation of two types of cells:
plasma cells secrete dimeric IgA and epithelial cells transport
IgA into the lumen™. The transport of IgA is mediated by
plgR. iNOS plays a role in the regulation of IgA class-switch
recombination, and adoptive transfer of iNOS' dendritic
cells restored IgA secretion in iINOS™'~ mice". Thus, the
increase in mucosal sIgA concentration by coccidial challenge
in the present study was probably mediated by the activation
of iNOS. Chicken NF-kB was involved in the activation of
iNOS expression in macrophages®”, but no difference was
observed in the present study. Dietary Arg supplementation
has been reported to increase mucosal sIgA concentration in
rats”? and intestinal IgA-secreting cell numbers in piglets®?.
In the present study, mucosal sIgA concentration and jejunal
PIgR mRNA expression showed a similar changing trend
with dietary Arg concentration. Thus, the regulatory effect of
Arg supplementation on mucosal sIgA concentration may be
mediated by the regulation of either IgA secretion and/or
IgA transportation. Intriguingly, pre-treatment with citrulline
also enhanced mucosal sIgA production 653
suggesting that NO may participate in the regulation of sIgA
secretion.

in  mice

Cytokine and chemokine responses play a crucial role in
immune defence against infection®®. Following coccidial
challenge, strong increases in pro-inflammatory cytokines,
such as IL-1B, were observed in the present study. The effects
of IL-1B are mediated by IL-1RI®®. A previous study has
shown that IL-1 synergises with IL-23 to act as an upstream
regulator of the pro-inflammatory cytokine IL-17, whose
production is significantly lower in IL-1RT”’" mice than in
wild-type mice®®. Interestingly, coccidial challenge decreased

the mRNA expression level of IZ-1RI in the present study.
Following E. tenella infection, chicken IL-77 mRNA expression
has been shown to be down-regulated in the caecum®”.
Similar findings were observed in our unpublished results.
Therefore, it is possible that the suppression of IL-1RI follow-
ing coccidial challenge may have decreased the mRNA
expression level of [Z-17. IL-1RI is highly expressed in
regulatory T cells®; thus, the decrease in the mRNA
expression level of IL-1RI in the present study may be due
to coccidial challenge-induced regulatory T-cell depletion.
Meanwhile, increasing dietary Arg concentration linearly
increased the mRNA expression level of IZ-1RI, which may
be associated with attenuated mucosal barrier dysfunction.

Coccivac-B contains the three most common pathogenic
Eimeria species(w): E. tenella; E. acervulina;, E. maxima. Pre-
vious studies have reported that 7LR4 expression is activated
by E. tenella infection®®” but reduced by E. acervulina
infection®®, and MyDS88 expression is activated by
E. maxima and E. tenella infection?®?*°Y In the present
study, mRNA expression levels of 7ZLR4 and MyDS88 were nota-
bly increased by coccidial challenge, indicating that the
inflammatory response was probably triggered by the TLR4/
MyDS88 signalling pathway, which is consistent with previous
study®. Meanwhile, dietary Arg supplementation linearly
reduced the mRNA expression level of TLR4 in the coccidiosis-
challenged groups, and tended to reduce the mRNA
expression levels of MyD88 and IL-1f3, suggesting that Arg
supplementation may have a potential inhibitory effect on
coccidial challenge-induced inflammation via the suppression
of the TLR4 signalling pathway. An attenuated inflammatory
response in pigs has been reported to be associated with
the mitigation of lipopolysaccharide-induced intestinal mor-
phology impairment®. Therefore, the suppression of the
TLR4 pathway in the present study may partially contribute
to the mitigation of jejunal villus impairment. Chicken TLR4
is capable of recognising foreign pathogens and triggering
the inflammatory cascade to protect against infection. TLR4-
deficient mice have been shown to be defective in their ability
to clear the virus®®. Thus, the suppression of the TLR4
pathway by dietary Arg supplementation may potentially
compromise host defence against infection.

Apoptosis, the process of programmed cell death, is critical
for development and protection against pathogens(64)
E. acervulina-infected chickens, dynamic apoptosis has been
observed in duodenal villi®”. Increased production of NO
after induction of iNOS has been reported to induce apoptosis
in rat parenchymal cells®®. In the present study, coccidial
challenge increased the mRNA expression level of iNOS that
may have altered jejunal apoptosis. Enhanced apoptosis has
been reported to induce the exfoliation of epithelial cells
in the chicken caecum®”. Thus, jejunal mucosal disruption
observed in the present study may partially be due to coccidial
challenge-induced apoptosis. However, apoptosis is also
essential for chickens to rid the body of infected cells,
which is an auto-defensive response of chickens for survival.
Bcl-2 has been shown to prevent apoptosis by blocking cyto-
% while Bax has been proven to induce
In the present study, compared with the

. In

chrome c¢ release
apoptosis(@).
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lowest (11-1 g/kg) and the highest (20-2 g/kg) dose of Arg sup-
plementation, supplemental Arg near the requirement level
(13-:3g/kg) increased the mRNA expression level of jejunal
Bcl-2, but no difference was observed for Bax mRNA
expression. Arg as a source of NO has been reported to inhibit
apoptosis in Nb2 lymphoma cells by a Bcl-2-mediated
pathway’”, and the blockade of the Arg/NO pathway
increased apoptotic cell death in rats”’". Thus, dietary Arg
supplementation may have a potential inhibitory effect on
coccidial-induced apoptosis via a NO-dependent, Bcl-2-
mediated pathway.

NO, synthesised from Arg as well as citrulline, is endowed
with the unique property of initiating and preventing
apoptosis”?. Low-dose NO (0-1 mM-S-nitroso-N-acety1-N-DL-
penicillamine, SNAP) administration as a pre-treatment can
prevent mouse macrophage-like cells from apoptosis by the
cooperation of heat shock proteins and DnaJ homologue,
while high-dose NO administration (1-5mM-SNAP) has been
established to 7 Immune-modulating
nutrients can be helpful as well as harmful if used inappropri-
ately”?. Dietary Arg supplementation has been reported to
increase plasma NO levels in chickens”™. In view of the pro-
motional effect of high-dose NO administration on apoptosis,
caution should be exercised when supplementing a high dose
of Arg to prevent coccidial challenge-induced apoptosis.

Due to jejunal mucosal disruption, coccidiosis-challenged
chickens showed lower mRNA expression level of mTOR.
Amino acids have been shown to activate mTOR complex 1
via Ca*t/CaM signalling to hVps34 in Hela cells grown in
Dulbecco’s modified Eagle’s medium (Sigma)(‘m) . In the present
study, dietary Arg supplementation quadratically activated
mTOR and RPS6KB1 mRNA expression, and quadratically
increased Raptor mRNA expression in the unchallenged
groups. These results indicated that the mTOR complex 1
pathway is sensitive to dietary Arg supplementation in chick-
ens. A similar finding has been reported in cultured chicken
hepatocytes, in which the mTOR/p70°%* pathway is activated
by 1-leucine administration””. mTOR complex 1 has been
reported to regulate CD8" T-cell differentiation”®. Dietary
Arg supplementation has been reported to increase the per-
centage of circulating CD8" T cells”®. Thus, the up-regulation
of the percentage of CD8" T cells by dietary Arg supplemen-
tation was probably through the activation of the mTOR
complex 1 pathway.

initiate apoptosis

In chicken intestinal mucosa, a continuous renewal process
occurs as enterocytes proliferate within the crypt and along
the villus, and migrate along the crypt—villus axis5 Diet-
ary Arg supplementation has been reported to increase jejunal
villus height and crypt depth in pigs(sn. Similar findings were
observed in the present study. Arg administration activated the
mTOR/p70°°* signalling pathway in rats, which is essential to
intestinal cell migration and may play a role in intestinal
repair®. In the present study, dietary Arg supplementation
activated the mTOR complex 1 pathway, by which Arg accel-
erated enterocyte migration and the mucosal renewal process,
and further enhanced jejunal mucosal recovery that was evidenced
by increased villus height and crypt depth. The observed
increase in villus height with Arg supplementation represents

an augmentation in the surface area available for nutrient
absorption, which enhances the feed efficiency of chickens
with increasing Arg concentration. Thus, the partial mitigation
of jejunal mucosal disruption observed in the present study
may also be due to the enhancement of the jejunal mucosal
renewal process by Arg supplementation via the activation of
the mTOR complex 1 pathway.

In conclusion, the present study showed that the effects of
dietary Arg supplementation on the partial alleviation of jeju-
nal mucosal disruption were exhibited as a potential inhibitory
effect on inflammation through the suppression of the TLR4
pathway, and an enhancement of the jejunal mucosal renewal
process via the activation of the mTOR complex 1 pathway.

Acknowledgements

The authors thank Sunday A. Adedokun, Bertrand Grenier,
Qian Zhang, Xi Chen and Kolapo Ajuwon for their assistance.

The present study was partially supported by China Scholar-
ship Council. The funder had no role in the design and
analysis of the study and in the writing of this article. Mention
of trade names or commercial products in this publication is
solely for the purpose of providing specific information and
does not imply recommendation or endorsement by the US
Department of Agriculture. US Department of Agriculture is
an equal opportunity employer.

The authors’ contributions are as follows: J. T. conducted
the animal trial, performed the sample analyses and wrote
the manuscript; S. L. assisted with all data analyses; T. J. A.
contributed to the study design, conduct of the study and
preparation of the manuscript; Y. G. and S. D. E. contributed
to the experimental design and preparation of the manuscript.

None of the authors has any conflicts of interest to declare.

References

1. Swaggerty CL, Genovese KJ, He H, et al. (2011) Broiler bree-
ders with an efficient innate immune response are more
resistant to Eimeria tenella. Poult Sci 90, 1014—1019.

2. Matthews JO & Southern LL (2000) The effect of dietary
betaine in Eimeria acervulina-infected chicks. Poult Sci 79,
60-65.

3. Witlock D & Ruff M (1977) Comparison of the intestinal
surface damage caused by Eimeria mivati, E. necatrix,
E. maxima, E. brunetti, and E. acervulina by scanning elec-
tron microscopy. J Parasitol 63, 193—199.

4. Peek HW & Landman WJM (2011) Coccidiosis in poultry:

anticoccidial products, vaccines and other prevention strat-

egies. Vet Quart 31, 143—161.

Cox CM & Dalloul RA (2010) Beta-glucans as immunomodu-

lators in poultry: use and potential applications. Avian Biol

Res 3, 171-178.

6. Laurent F, Mancassola R, Lacroix S, et al. (2001) Analysis of
chicken mucosal immune response to Eimeria tenella and
Eimeria maxima infection by quantitative reverse transcrip-
tion-PCR. Infect Immun 69, 2527-2534.

7. Allen P (1997) Nitric oxide production during Eimeria
tenella infections in chickens. Poult Sci 76, 810—813.

8. Allen P & Fetterer R (2000) Effect of Eimeria acervulina
infections on plasma vr-arginine. Poult Sci 79, 1414—1417.

N

ssaud Ans1anun abpruquie) Ag auljuo paystiand 9781007 LS L LL000S/£L0L 0L/BI0 10p//:sd1y


https://doi.org/10.1017/S0007114514001846

o

British Journal of Nutrition

1108

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

J. Tan et al.

Vespa GN, Cunha FQ & Silva JS (1994) Nitric oxide is
involved in control of Trypanosoma cruzi-induced parasite-
mia and directly Kills the parasite in vitro. Infect Immun 62,
5177-5182.

Alvarez MN, Peluffo G, Piacenza L, et al. (2011) Intraphago-
somal peroxynitrite as a macrophage-derived cytotoxin
against internalized Trypanosoma cruzi: consequences for
oxidative killing and role of microbial peroxiredoxins in
infectivity. J Biol Chem 286, 6627—6640.

Adams C, Vahl H & Veldman A (1996) Interaction between
nutrition and Eimeria acervulina infection in broiler
chickens: development of an experimental infection
model. BrJ Nutr 75, 867-873.

Hong YH, Lillehoj HS, Lillehoj EP, et al. (2006) Changes in
immune-related gene expression and intestinal lymphocyte
subpopulations following Eimeria maxima infection of
chickens. Vet Immunol Immunopathol 114, 259-272.
Dinarello CA (2000) Proinflammatory cytokines. Chest 118,
503-508.

Wyss-Coray T & Mucke L (2002) Inflammation in neurode-
generative disease — a double-edged sword. Neuron 35,
419-432.

Khatri M, Palmquist JM, Cha RM, et al. (2005) Infection and
activation of bursal macrophages by virulent infectious
bursal disease virus. Virus Res 113, 44—50.

Smith JA (1994) Neutrophils, host defense, and inflam-
mation: a double-edged sword. J Leukoc Biol 56, 672—686.
Bruewer M, Luegering A, Kucharzik T, et al. (2003) Pro-
inflammatory cytokines disrupt epithelial barrier function
by apoptosis-independent mechanisms. J Immunol 171,
6164-6172.

Al-Sadi R, Ye D, Dokladny K, et al. (2008) Mechanism of
IL-1B-induced increase in intestinal epithelial tight junction
permeability. J Immunol 180, 5653—5661.

Rose ME, Long P & Bradley J (1975) Immune responses to
infections with coccidia in chickens: gut hypersensitivity.
Parasitology 71, 357-368.

Persia M, Young E, Utterback P, et al. (2006) Effects of dietary
ingredients and Eimeria acervulina infection on chick per-
formance, apparent metabolizable energy, and amino acid
digestibility. Poult Sci 85, 48—55.

Temperley N, Berlin S, Paton I, et al. (2008) Evolution of the
chicken Toll-like receptor gene family: a story of gene gain
and gene loss. BUC Genomiics 9, 62.

Keestra AM & van Putten JPM (2008) Unique properties of
the chicken TLR4/MD-2 complex: selective lipopolysacchar-
ide activation of the MyD88-dependent pathway. J Immunol
181, 4354—4302.

Zhou Z, Wang Z, Cao L, et al. (2013) Upregulation of chicken
TLR4, TLR15 and MyD88 in heterophils and monocyte-
derived macrophages stimulated with Eimeria tenella
in vitro. Exp Parasitol 133, 427—433.

Tan J, Liu S, Guo Y, et al. (2014) Dietary L-arginine
supplementation  attenuates lipopolysaccharide-induced
inflammatory response in broiler chickens. Br J Nutr 111,
1394-1404.

Liu Y, Huang J, Hou Y, et al. (2008) Dietary arginine
supplementation alleviates intestinal mucosal disruption
induced by Escherichia coli lipopolysaccharide in weaned
pigs. BrJ Nutr 100, 552—5060.

Pearce LR, Huang X, Boudeau J, et al. (2007) Identification of
Protor as a novel Rictor-binding component of mTOR
complex-2. Biochem J 405, 513—522.

Christie GR, Hajduch E, Hundal HS, et al. (2002) Intracellular
sensing of amino acids in Xenopus laevis oocytes stimulates

28.

29.

30.

31.
32.

33.

34.

35.

30.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

p70 S6 kinase in a target of rapamycin-dependent manner.
J Biol Chem 277, 9952-9957.

Kong X, Tan B, Yin Y, et al. (2012) L-Arginine stimulates the
mTOR signaling pathway and protein synthesis in porcine
trophectoderm cells. J Nutr Biochem 23, 1178—1183.
Murakami M, Ichisaka T, Maeda M, et al. (2004) mTOR is
essential for growth and proliferation in early mouse
embryos and embryonic stem cells. Mol Cell Biol 24,
6710-6718.

Rhoads JM, Niu X, Odle J, et al. (2006) Role of mTOR signal-
ing in intestinal cell migration. Am J Physiol Gastrointest
Liver Physiol 291, G510-G517.

NRC (1994) Nutrient Requirements of Poultry, 9th ed.
Washington, DC: National Academy Press.

AOAC (2000) Official Methods of Analysis, 17th ed. Arlington,
VA: AOAC.

Smyth JA & Martin TG (2010) Disease producing capability
of netB positive isolates of C. perfringens recovered from
normal chickens and a cow, and netB positive and negative
isolates from chickens with necrotic enteritis. Vet Microbiol
146, 76-84.

Horn NL, Donkin SS, Applegate TJ, et al. (2009) Intestinal
mucin dynamics: response of broiler chicks and White
Pekin ducklings to dietary threonine. Poult Sci 88,
1906-1914.

Dahlgvist A (1964) Method for assay of intestinal disacchar-
idases. Anal Biochem 7, 18—25.

Silver N, Best S, Jiang J, et al. (2006) Selection of housekeep-
ing genes for gene expression studies in human reticulocytes
using real-time PCR. BMC Mol Biol 7, 33.

Adedokun S, Ajuwon K, Romero L, et al. (2012) Ileal
endogenous amino acid losses: response of broiler chickens
to fiber and mild coccidial vaccine challenge. Poult Sci 91,
899-907.

Livak KJ & Schmittgen TD (2001) Analysis of relative gene
expression data using real-time quantitative PCR and the
27AACT method. Methods 25, 402—408.

Dee KC, Puleo DA & Bizios R (2003) Inflammation and infec-
tion. In An Introduction to Tissue— Biomaterial Interactions,
pp- 89—108. New York: John Wiley & Sons, Inc.

Johansson ME, Phillipson M, Petersson J, et al. (2008) The
inner of the two Muc2 mucin-dependent mucus layers in
colon is devoid of bacteria. Proc Natl Acad Sci U S A 105,
15064-150069.

Rodriguez PC, Quiceno DG & Ochoa AC (2007) L-Arginine
availability regulates T-lymphocyte cell-cycle progression.
Blood 109, 1568—1573.

Zea AH, Rodriguez PC, Culotta KS, et al. (2004) L-Arginine
modulates CD3{ expression and T cell function in activated
human T lymphocytes. Cell Immunol 232, 21-31.

Uni Z, Platin R & Sklan D (1998) Cell proliferation in chicken
intestinal epithelium occurs both in the crypt and along the
villus. J Comp Physiol B 168, 241-247.
Solaymani-Mohammadi S & Singer SM (2011) Host immunity
and pathogen strain contribute to intestinal disaccharidase
impairment following gut infection. J Immunol 187,
3769-3775.

Yang R, Murillo FM, Delannoy M]J, et al. (2005) B Lympho-
cyte activation by human papillomavirus-like particles
directly induces Ig class switch recombination via TLR4-
MyD88. J Immunol 174, 7912-7919.

Vora P, Youdim A, Thomas LS, et al. (2004) B-Defensin-2
expression is regulated by TLR signaling in intestinal
epithelial cells. J Immunol 173, 5398—5405.

Hong YH, Song W, Lee SH, et al. (2012) Differential gene
expression profiles of B-defensins in the crop, intestine,

ssaud Ans1anun abpruquie) Ag auljuo paystiand 9781007 LS L LL000S/£L0L 0L/BI0 10p//:sd1y


https://doi.org/10.1017/S0007114514001846

o

British Journal of Nutrition

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Arginine reduces intestinal mucosal damage

and spleen using a necrotic enteritis model in 2 commercial
broiler chicken lines. Poult Sci 91, 1081-1088.

Johansen FE & Kaetzel CS (2011) Regulation of the poly-
meric immunoglobulin receptor and IgA transport: new
advances in environmental factors that stimulate pIgR
expression and its role in mucosal immunity. Mucosal
Immunol 4, 598—602.

Tezuka H, Abe Y, Iwata M, et al. (2007) Regulation of
IgA production by naturally occurring TNF/iNOS-producing
dendritic cells. Nature 448, 929—933.

Dil N & Qureshi MA (2002) Involvement of lipopolysacchar-
ide related receptors and nuclear factor kappa B in differen-
tial expression of inducible nitric oxide synthase in chicken
macrophages from different genetic backgrounds. Vet
Immunol Immunopathol 88, 149—161.

Shang HF, Wang YY, Lai YN, et al. (2004) Effects of arginine
supplementation on mucosal immunity in rats with septic
peritonitis. Clin Nutr 23, 561-569.

Zhu H, Liu Y, Xie X, et al. (2013) Effect of 1-arginine on intes-
tinal mucosal immune barrier function in weaned pigs after
Escherichia coli LPS challenge. Innate Immun 19, 242-252.
Batista MA, Nicoli JR, Santos Martins F, et al. (2012) Pretreat-
ment with citrulline improves gut barrier after intestinal
obstruction in mice. JPEN ] Parenter Enteral Nutr 36, 69—76.
Withanage G, Wigley P, Kaiser P, et al. (2005) Cytokine and
chemokine responses associated with clearance of a primary
Salmonella enterica serovar Typhimurium infection in the
chicken and in protective immunity to rechallenge. Infect
Immun 73, 5173-5182.

O'Neill LA & Dinarello CA (2000) The IL-1 receptor/Toll-like
receptor superfamily: crucial receptors for inflammation and
host defense. Immunol Today 21, 206—209.

Sutton C, Brereton C, Keogh B, et al. (2006) A crucial role for
interleukin (IL)-1 in the induction of IL-17-producing T cells
that mediate autoimmune encephalomyelitis. J Exp Med 203,
1685-1691.

Kim WH, Jeong J, Park AR, et al. (2012) Chicken IL-17F:
identification and comparative expression analysis in
Eimeria-infected chickens. Dev Comp Immunol 38,
401-409.

Li L, Kim J & Boussiotis VA (2010) IL-1B-mediated signals
preferentially drive conversion of regulatory T cells but not
conventional T cells into IL-17-producing cells. J Immunol
185, 4148-4153.

Sun X, Pang W, Jia T, et al. (2009) Prevalence of Eimeria
species in broilers with subclinical signs from fifty farms.
Avian Dis 53, 301-305.

Zhang L, Liu R, Ma L, et al. (2012) Eimeria tenella:
expression profiling of Toll-like receptors and associated
cytokines in the cecum of infected day-old and three-week
old SPF chickens. Exp Parasitol 130, 442—448.

Zhou Z, Hu S, Wang Z, et al. (2013) Expression of chicken
Toll-like receptors and signal adaptors in spleen and
cecum of young chickens infected with Eimeria tenella.
J Integr Agric 13, 904-910.

Kim DK, Lillehoj H, Min W, et a/. (2011) Comparative micro-
array analysis of intestinal lymphocytes following Eimeria
acervulina, E. maxima, or E. tenella infection in the
chicken. PLoS ONE 6, e27712.

63.

64.

65.

66.

67.

68.

9.

70.

71.

72.

73.

74.

75.

70.

77.

78.

79.

80.

81.

1109

Kurt-Jones EA, Popova L, Kwinn L, et al. (2000) Pattern
recognition receptors TLR4 and CD14 mediate response to
respiratory syncytial virus. Nat Immunol 1, 398—401.
Adams JM & Cory S (1998) The Bcl-2 protein family: arbiters
of cell survival. Science 281, 1322—1326.

Major P, Toth S, Goldova M, et al. (2011) Dynamic of
apoptosis of cells in duodenal villi infected with Eimeria
acervulina in broiler chickens. Biologia 66, 696—700.
Arstall MA, Sawyer DB, Fukazawa R, et al. (1999) Cytokine-
mediated apoptosis in cardiac myocytes the role of inducible
nitric oxide synthase induction and peroxynitrite generation.
Circ Res 85, 829—840.

Takeuchi T, Kitagawa H, Imagawa T, et al. (1999) Apoptosis
of villous epithelial cells and follicle-associated epithelial
cells in chicken cecum. J Vet Med Sci 61, 149—154.

Yang J, Liu X, Bhalla K, et al. (1997) Prevention of apoptosis
by Bcl-2: release of cytochrome ¢ from mitochondria
blocked. Science 275, 1129-1132.

Finucane DM, Bossy-Wetzel E, Waterhouse NJ, et al. (1999)
Bax-induced caspase activation and apoptosis via
cytochrome ¢ release from mitochondria is inhibitable by
Bel-xL. J Biol Chem 274, 2225-2233.

Dodd F, Limoges M, Boudreau R, et al. (2000) 1-Arginine
inhibits apoptosis via a NO-dependent mechanism in Nb2
lymphoma cells. J Cell Biochem 77, 624—634.

Yagnik GP, Takahashi Y, Tsoulfas G, et al. (2002) Blockade
of the r-arginine/NO synthase pathway worsens hepatic
apoptosis and liver transplant preservation injury. Hepatol-
ogy 36, 573-581.

Brune B, von Knethen A & Sandau KB (1999) Nitric oxide
(NO): an effector of apoptosis. Cell Death Differ 6, 969—-975.
Gotoh T, Terada K & Mori M (2001) Hsp70—DnaJ chaperone
pairs prevent nitric oxide-mediated apoptosis in RAW 264.7
macrophages. Cell Death Differ 8, 357—300.

Klasing K (2007) Nutrition and the immune system. Br Poult
Sci 48, 525-537.

Khajali F, Tahmasebi M, Hassanpour H, et al. (2011) Effects
of supplementation of canola meal-based diets with arginine
on performance, plasma nitric oxide, and carcass character-
istics of broiler chickens grown at high altitude. Poulit Sci 90,
2287-2294.

Gulati P, Gaspers LD, Dann SG, et al. (2008) Amino acids
activate mTOR complex 1 via Ca®*'/CaM signaling to
hVps34. Cell Metab 7, 456—465.

Lee MY, Jo SD, Lee JH, et al. (2008) 1-leucine increases [PHI-
thymidine incorporation in chicken hepatocytes: involve-
ment of the PKC, PI3K/Akt, ERK1/2, and mTOR signaling
pathways. J Cell Biochem 105, 1410-1419.

Araki K, Turner AP, Shaffer VO, et al. (2009) mTOR regulates
memory CD8 T-cell differentiation. Nature 460, 108—112.
Abdukalykova ST, Zhao X & Ruiz-Feria CA (2008) Arginine
and vitamin E modulate the subpopulations of T lympho-
cytes in broiler chickens. Poult Sci 87, 50—55.

Uni Z, Geyra A, Ben-Hur H, et al. (2000) Small intestinal
development in the young chick: crypt formation and enter-
ocyte proliferation and migration. Br Poult Sci 41, 544—551.
Wu X, Ruan Z, Gao Y, et al. (2010) Dietary supplementation
with r-arginine or N-carbamylglutamate enhances intestinal
growth and heat shock protein-70 expression in weanling
pigs fed a corn-and soybean meal-based diet. Amino Acids
39, 831-839.

ssaud Ans1anun abpruquie) Ag auljuo paystiand 9781007 LS L LL000S/£L0L 0L/BI0 10p//:sd1y


https://doi.org/10.1017/S0007114514001846

