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Abstract

Background The objective of this study was to evaluate the effects of glutamine on the growth performance

and systemic innate immune response in broiler chickens challenged with Salmonella pullorum. A total of 600 one-
day-old Arbor Acres broiler chickens were assigned randomly to 6 dietary treatments with 10 replicates for a 21-day
feeding experiment. The experimental treatments were as follows: the control treatment (birds fed the basal diet),
the GIn1 treatment, and the GIn 2 treatment (birds fed the basal diet supplemented with 0.5%, and 1.0% Glutamine,
respectively). At 3 d of age, half of the birds from each treatment were challenged oral gavage with 2.0x 10 CFU/mL
of S. pullorum suspension (1.0 mL per bird) or an equivalent amount of sterile saline alone, which served as a control.

Results The results showed that S. pullorum infection had adverse effects on the average daily feed intake, average
daily gain, and feed conversion ratio of broiler chickens compared with those of the CON treatment on d 7, decreased
the spleen and bursa of fabricius relative weights (except on d 21), serum immunoglobulin A (IgA),immunoglobulin G
(IgG), and immunoglobulin M (IgM) concentrations, and spleen melanoma differentiation-associated gene 5 (MDA5)
and laboratory of genetics and physiology gene 2 (LGP2) mRNA expression levels, and increased the mRNA expres-
sion levels of spleen Nodinitib-1 (NOD1), Toll-like receptors 2,4 (TLR2, TLR4), DNA-dependent activator of IFN-regula-
tory factors (DAI), mitochondrial antiviral-signaling protein (MAVS), P50, P65, and RelBon d 4,7, 14, and 21.
Supplementation with GIn improved the relative weights of the spleen and bursa of Fabricius (except on d 21),
increased the serum IgA, IgG, and IgM concentrations and the mRNA expression levels of spleen MDAS5 and LGP2,
and decreased the mRNA expression levels of spleen NOD1, TLR2, TLR4, DAI, MAVS, P50, P65, and RelB of S. pullorum-
challenged broiler chickens.

Conclusion These results indicate that GIn might stimulate the systemic innate immune responses of the spleen in
broiler chickens challenged with S. pullorum.
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rate in 2- to 3-week-old chicks, thus causing substan-
tial economic losses in the poultry industry [1, 2].
Recently, a study demonstrated that Salmonella infec-
tion can induce the innate immune antibody response
[3], the cytokine signaling response, and the mRNA
expression of immune cell signaling proteins (such as
Toll-like receptors 2, 4 (TLR2, TLR4)), which signifi-
cantly modulate the susceptibility of broiler chicken
organs to Salmonella [3-5]. Therefore, we focused on
a viable additive that would provide modest protection
for poultry at high risk of being infected with Salmo-
nella, which is likely to become increasingly important
in the future.

Glutamine (Gln) is assumed to be a conditionally
indispensable amino acid, especially in challenging
periods, is an important energy fuel for immune cells,
and usually appears on the list of “immunonutrients”
[6]. There is evidence from animal and clinical stud-
ies that Gln possesses immunoenhancing properties
by influencing the amount and function of T lympho-
cytes, as well as the production of some cytokines by
T cells, tumor growth, and activation of killer cells by
lymphocytes [7, 8]. Extensive in vitro and in vivo stud-
ies on the anti-inflammatory and immune properties
of GIn have shown that Gln significantly decreases
the percentage of heterophils, the ratio of heterophils
to lymphocytes, (interleukin (IL))-8 production, and
p38 mitogen-activated protein kinase protein levels
[9, 10]. Moreover, addition of Gln could also increase
the percentage of lymphocytes, the proliferation of T
and B lymphocytes in peripheral blood, the inhibitor
of nuclear factor kappa B a content, and the nuclear
transcription factor kappa B p50 and p65 expression in
injured rats and stress-treated broiler chickens or pig-
lets [9]. Some studies showed that Gln supplementa-
tion reduced the expression of TLR2, TLR4, myeloid
differentiation factor (MyD) 88, Tumor necrosis factor-
alpha (TNF-a) receptor associated factor 6, and cas-
pase-3 and significantly protected against organ injury
under stress conditions [11-13]. Taken together, these
results highlight the physiological importance of Gln,
which contributes to attenuating the body’s inflam-
matory response by counteracting the nuclear factor
kappa-B (NF-kB) and TLR pathway activation. There-
fore, there is a deficiency in the arterial supply of Gln
to the systemic innate immune response in an attempt
to help body growth demand. However, previous stud-
ies have not yet explored the systemic innate immune
mechanisms involved in Gln protection against Salmo-
nella in poultry. The purpose of this study was to test
the innate immune effects of Gln on the spleen against
Salmonella infection in broiler chickens.
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Methods
Salmonella pullorum, GIn
The S. pullorum serotype used in this study was pur-
chased from the China Veterinary Culture Collection
Center (CVCC 3377 (12/10/2018-11/10/2023), Beijing,
China). Cultures of selected S. pullorum were grown
anaerobically on Brilliant Green Agar at 37 °C for 24 h,
washed, and diluted to 2.0 x 10* colony-forming unit
(CFU)/mL in sterile normal saline. A colony count on
a standard plate confirmed the viable cell count of the
infected S. pullorum strain.

Glutamine (pharmaceutical grade: 99 % purity) was
purchased from Henan Honda Biological Medicine Co.,
Ltd., China, and was used in the basal feed.

Broiler chickens, management, experimental diets

and experimental design

A total of 600 one-day-old Arbor Acres (AA, 51.28 + 0.07 g)
weighed broiler chickens were obtained from a commercial
hatchery (Broiler Breeding Farm of Shigiao Complex Pro-
ductive Co., China), and were randomly assigned to 6 die-
tary treatments with 10 replicates of 10 birds (half male and
half female) per replicate for a 21-day feeding experiment.

This experiment used a 2 X 3 factorial design. There
were 6 dietary treatments: the control treatment (birds
fed the basal diet, CON) and two Gln treatments (birds
fed the basal diet supplemented with 0.5 %, and 1.0 %
Gln, respectively). At 3 d of age, half of the birds from
each treatment were then given oral gavage with 2.0 x
10* CFU/mL of S. pullorum suspension (1.0 mL per bird)
or an equivalent amount of sterile saline alone, which
served as a control. The doses and routes of S. pullorum
administration referred to the previous study [5]. Each
replicate (10 birds) was considered the experimental unit
for dietary treatment and challenge status (oral gavage
with S. pullorum suspension or saline).

All the broiler chickens were weighed and placed in
metal cages (150 cm X 100 cm X 60 ¢cm) in an environ-
mentally controlled room; the broiler chickens were
exposed to ambient temperatures descending from 34 °C
to 22 °C + 1°C for 21 days. Plastic separators were used
to prevent horizontal contamination. There were twenty-
three hours of light on days 1 to 7 and 18 hours on days 8
to 21. The broiler chickens were fed ad libitum, and their
feed intake and body weight were measured. The average
daily feed intake (ADFI), average daily gain (ADG), and
feed conversion ratio (FCR) were calculated. The broiler
chickens were fed standard starter feed (corn—soybean
meal) in mash. The diet was formulated to meet or exceed
the nutrient requirements for broiler chickens as recom-
mended by the National Research Council (NRC, 2018)
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Table 1 Composition of diets in the experiment for broiler chickens being d 1to d 21 (DM basis)

Items, g/kg d1tod 21 Calculated nutrients d1tod 21
Corn 428 DM, % 89.13
Soybean meal (43%, crude protein) 365 CPg/kg 222
Wheat 130 Ca,0/kg 9.7
Soybean oil 17 APg/kg 4.7

Corn gluten meal 20 Lys,g/kg 138

Na chloride 23 Met,g/kg 6.0
Dicalcium phosphate 15 Met+cys,g/kg 8.1

Na bicarbonate 24

Ca carbonate 10.8

DL-Met 2.7

L-Lys 2.2

Premix? 2

Multi-enzyme 0.3

Phytase 03

Mannan oligosaccharides 2

Total 1,000

2 Per kilogram premix of diet: vitamin A, 10,000 IU; vitamin D5, 3,000 IU; vitamin E, 30 IU; vitamin K3, 1.3 mg; vitamin B1, 2.2 mg; vitamin B2, 8 mg; vitamin B3, 40 mg;
choline chloride, 600 mg; D-pantothenate, 10 mg; vitamin B6, 4 mg; biotin, 0.04 mg; folic acid, 1 mg; vitamin B, 0.013 mg; Fe, 80 mg; Cu, 8 mg; Mn, 110 mg; Zn,

65 mg; iodine, 1.1 mg; Se, 0.3 mg

(Table 1). The experimental animal, design and process
were authorized by the guidelines of the Institutional
Animal Care and Use Committee of Henan University of
Science and Technology (approve number: 052-2023).

Sample collection and procedures

On d 1, 7, 14, and 21, each broiler chicken was weighed
after an overnight fast. In addition to weighing feed
and feed residues, the ADFI and FCR were also deter-
mined; on days 4, 7, 14, and 21, the chickens fasted for
12 hours before sampling. We randomly selected 10
broiler chickens from each treatment and immediately
dislocated their cervical vertebrae; the remaining ani-
mals were released to chicken house and raised together
with other non-experimental animals. In order to collect
serum samples (5.0 mL), blood was drawn from the cau-
dal veins of broiler from each replicate with momentary
automatic venous blood sampler, centrifuged for 15 min-
utes at 1,800 g, and then stored at -80°C for future immu-
noglobulin (Ig) tests. In the following step, the broiler
chicken were euthanized, using electrocution followed
by cervical dislocation, and carcasses were aseptically
opened, and the spleen and bursa of fabricius samples
were surgically removed to an ice-cold plate and weighed
to calculate the immune organ indices using the follow-
ing formula: immune organ indices (g/kg) = organ weight
(g) / live body weight (kg). Each chicken’s spleen sample
was dissected into two subsamples, one of which was

stored quickly at -80 °C in order to assess the quality of
the RNA.

Detection of the serum immunoglobulin populations
Enzyme-linked immunosorbent assays (ELISAs) were
performed using Bio-ELISA Toxo- immunoglobulin
(Ig) A, IgM, and IgG kits (BlueGene, Shanghai, Peo-
ple’s Republic of China) according to the manufacturer’s
instructions. The levels of IgA, IgG and IgM were exam-
ined using a commercial immunoassay kit with goat
anti-chicken IgG and IgM (BlueGene, Shanghai, People’s
Republic of China). There was a test limit of 0.1 g/mL for
the assay.

Spleen sample RNA extraction and gRT-PCR analysis

TRIzol reagent (Invitrogen Trading (Shanghai) Co., Ltd,,
China) was used to extract the total RNA from the spleen
samples (2 grams). According to the manufacturer’s rec-
ommendations, the tissues were ground using a homog-
enizer. Reverse transcription was performed by using the
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Carlsbad, CA), according to the manufac-
turer’s protocol. The primer sequences for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), Nodinitib-1
(NOD1), TLR2, TLR4, melanoma differentiation-asso-
ciated gene 5 (MDAS5), DNA-dependent activator of
IFN-regulatory factors (DAI), laboratory of genetics and
physiology gene 2 (LGP2), mitochondrial antiviral-sign-
aling protein (MAVS), P50, P65, and RelB were designed
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Table 2 Gene specific sequences primers used in real-time
quantitative PCR

Target genes Primers and probes sequence (5'— 3')

NOD1 AGGAGCTCTCATCAGCGAAGATCT
GCAGCGTCAGCAGAAGACCATT

TLR2 CCTGGTGTTCGTGTTCATCCTCAT
AGTTGGAGTCCTTCTCACTGTAGG

TLR4 ACGGATGGCTTTGGTTGGGATTA
GATGTAGCTATCTGGTGCTTGGAAT

MDAS5 CAGCGAGTTGCCCTAGCCTCA
AACACCTCCCTTCGCCCGTCT

DAI CACGCGGTTGGTGCTATCATTG
ATACTGCCTTGTGCCTCGAACTG

LGP2 CCAGAATGAGCAGCAGGAC
AATGTTGCACTCAGGGATGT

MAVS CCTGACTCAAACAAGGGAAG
AATCAGAGCGATGCCAACAG

P50 CAGCCAACTGGGAGGTGTAT
GCTGCTTGGAGCTTTCATTC

P65 GTGTGAAGAAACGGGAACTG
GGCACGGTTGTCATAGATGG

RelB GTGCTGTCTGAGCCCATCTTCG
TACGGCGGCGTTCGG

GAPDH GTGGTGGCCATCAATGATCC
ACTTGTGATCAATGGGCACG

with the Primer Premier Software (PREMIER Biosoft
International, USA), according to the known chicken
sequences, as provided in Table 2. Each reaction was run
in duplicate using the SYBR® Green RT-PCR Kit and
SYBR® Green Supermix as the qRT-PCR master mix. The
PCR amplification parameters were: 2 min at 50 °C, 20
min at 95 °C, and 40 cycles for 10 seconds. The absorb-
ance at 260 nm and 280 nm was calculated. In this exper-
iment, the cycle threshold values from the qRT-PCR were
recorded and analyzed with the help of the 7500 Real-
Time PCR software (Applied Biosystems).The relative
fold-change from different parts of the spleen was cal-
culated by the 2—AAct method, normalized to the gene-
specific efficiencies of the abovementioned index, which
is a measure of the gene-specific efficiencies [14].

Statistical analysis

Statistical analyses of all the data were performed by
two-way ANOVA using the GLM procedure of statistical
software SPSS version 21.0 (SPSS Inc., Chicago, IL, USA,
2012) as a 2 X 3 factorial arrangement with the diet and
S. pullorum as the main effects. One-way ANOVA using
Duncan’s multiple range tests was used when the interac-
tion between the main effects was less than 0.10. A dif-
ference between the means at P< 0.05 was considered
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statistically significant. The treatment means for all the
data are presented with their pooled SEM.

Results

Growth performance

The effects of the dietary Gln supplementation on the
growth performance of broiler chickens infected with
S. pullorum are displayed in Table 3. Among the S. pul-
lorum-unchallenged treatments, the Gln treatments
increased the ADG and decreased the ADFI and FCR
compared with the CON treatment, but there were no
differences in the growth performance between the 0.5
% GIn and 1.0 % GIn treatments on d 14 and 21. S. pul-
lorum infection had a negative effect on the daily feed
intake on d 14 and 21. Compared with the S. pullorum
treatment, the Gln treatments significantly improved the
average daily gain and feed conversion ratio of the broiler
chickens on d 7. On day 7, the ADG increased and the
ADFI and FCR decreased in S. pullorum-challenged
broiler chickens. Furthermore, there were stress—diet
interactions on D7 in terms of ADG, ADFI, and FCR for
S. pullorum.

The relative weights of the immune organs

The effects of the dietary Gln supplementation on the
relative weights of the immune organs of broiler chick-
ens infected with S. pullorum are displayed in Table 3. On
d 4, 7, 14, and 21, among the S. pullorum-unchallenged
treatments, the Gln treatments increased the relative
weights of the spleen and bursa of fabricius compared
with the CON treatment, but there were no differences
in the relative weights of the spleen and bursa of fab-
ricius between the 0.5 % Gln and 1.0 % Gln treatments.
S. pullorum infection decreased the relative weights of
the spleen and bursa of fabricius compared with those
of the CON treatment (Table 3). Compared with the S.
pullorum treatment, the Gln treatments had increased
relative weights of the spleen and bursa of fabricius of S.
pullorum-challenged broiler chickens, but there were no
differences in the relative weights of the spleen and bursa
of fabricius between the CON and Gln plus S. pullorum-
challenged treatments. Additionally, there were S. pullo-
rum stress X diet interactions on the relative weights of
the spleen and bursa of fabricius.

IgA, IgG and IgM concentrations in the serum

As shown in Table 4, the Gln treatments increased the
IgA, IgG, and IgM levels in the serum, but there were
no differences in the immunoglobulin concentrations
between the 0.5 % Gln and 1.0 % GlIn treatments. On days
4, 7, 14 and 21, the S. pullorum infection decreased the
serum concentrations of the IgA, IgG, and IgM compared
to the CON treatment. The Gln treatments increased the
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Table 3 Effect of dietary GIn on growth performance and relative weight of immune organ of broiler chickens infected with
Salmonella pullorum

Items® CON? Gln (%)? Scc? GIn? (%) +S. Mean SEM P-values©
pullorum
0.5 1.0 0.5 1.0 Stress Diet Interaction
dlto4
ADFl(g/bird/d) 20.17 20.63 20.69 20.03 20.54 20.12 20.36 0.15 0.013 0.298 0.821
ADG(g/bird/d) 15.40 15.87 15.81 14.84 1533 15.48 1546 0.19 0.011 0.301 0.103
FCR(g/9) 131 1.30 131 135 1.34 1.30 132 0.05 0.008 0.225 0.321
Spleen(g/kg) 9.18 9.74 9.76 6.50 8.90 932 891 1.68 <0.001 0.001 0.001
Bursa of fabricius(g/kg) 10.77 11.25 11.29 9.16 9.90 10.61 1049 1.89 0.005 0.015 0.023
d5to7
ADFI(g/bird/d) 2748 27.05 26.90 2829 27.64 2724 2743 0.22 0.042 0.037 0013
ADG(g/bird/d) 19.77 20.81 20.85 18.86 19.33 19.74 19.89 012 0.039 0.026 0.032
FCR(g/9) 1.39 1.30 1.29 1.50 143 138 1.38 0.04 0.024 0.041 0.037
Spleen(g/kg) 11.36 14.19 14.18 727 10.86 10.90 11.46 1.86 0.003 0.012 0.003
Bursa of fabricius(g/kg) 13.12 15.94 16.07 10.06 12.81 13.42 13.57 2.31 0.005 0.011 0.005
d8to 14
ADFI(g/bird/d) 31.71 30.82 30.78 32.73 3233 30.20 3143 0.85 0.128 0.239 0.765
ADG(g/bird/d) 2157 22.01 21.99 21.39 21.22 21.57 21.63 0.72 0.051 0312 0.684
FCR(g/9) 147 1.40 140 153 1.50 145 1.46 0.07 0112 0.120 0.274
Spleen(g/kg) 16.32 2042 20.56 13.25a 17.93b 17.28 17.63 1.73 0.011 0.047 0.019
Bursa of fabricius(g/kg) 14.54 17.68 17.79 11.04a 14.10b 1444 14.93 1.18 0.019 0.031 0.047
d15to 21
ADFl(g/bird/d) 40.65 45.33 4517 3850 4454 43.52 42.97 0.25 0.215 0.367 0.725
ADG(g/bird/d) 24.64 27.81 27.88 21.88 26.20 2590 25.72 0.54 0.321 0.128 0.864
FCR(g/9) 1.65 1.63 1.62 1.76 1.70 1.68 1.67 0.05 0.147 0.231 0.647
Spleen(g/kg) 2152 23.69 23.70 18.30 2091 2135 21.58 1.21 0.027 0.041 0.049
Bursa of fabricius(g/kg) 15.71 16.94 17.03 15.50 16.50 16.13 16.30 1.12 0.057 0.053 0.067

2 Glutamine per kg standard diet feed: Con, 0% GIn, noninfect control treatment; 0.5%GIn = basal diet supplemented with 0.5% GIn; 1.0%GIn =basal diet
supplemented with 1.0% GIn. Scc = Salmonella pullorum infect control treatment received the basal diet

b ADG Average daily weight gain, ADFI Average daily feed intake, FCR Feed conversion ratio

“The P-values represent the main effect of the diet, the main effect of Salmonella pullorum challenge, and the interaction between the dietary treatments and

Salmonella pullorum challenge

concentrations of the IgA, IgG and IgM in the serum of
the S. pullorum-challenged broiler chickens compared
with those of the S. pullorum-infection treatment on d 4,
7, 14, and 21. However, there were no differences in the
concentrations of serum IgA, IgM, and IgG between the
CON and Gln plus S. pullorum-challenged treatments on
d 4, 7, 14, and 21. Additionally, there were S. pullorum
stress X diet interactions on the concentrations of IgA,
IgG, and IgM in the serum.

mRNA Expression levels of the main pattern recogni-
tion receptors in the spleen

As shown in Table 5, the dietary Gln influenced
the main pattern recognition receptors in the innate
immune-related signaling pathways and the regulation of
broiler chickens infected with S. pullorum. Among the S.
pullorum-unchallenged treatments, the Gln treatments
decreased the NOD1, TLR2, TLR4, DAI, and MAVS

mRNA expression levels, and increased the MDA5 and
LGP2 mRNA expression levels in the spleen compared
with the CON treatment, but there were no differences
in these gene expression levels of the spleen between the
0.5 % Gln and 1.0 % Gln treatments on d 4, 7, 14, and 21.
Compared with those of the CON treatment, S. pullo-
rum infection increased the spleen NOD1, TLR2, TLR4,
DAI, and MAVS mRNA expression levels, and decreased
the spleen MDA5 and LGP2 mRNA expression levels
ond 4, 7, 14, and 21, However, the Gln treatments could
decrease the spleen NOD1, TLR2, TLR4, DAL, and MAVS
mRNA expression levels and increase the spleen MDAS5
and LGP2 mRNA expression levels in the S. pullorum-
challenged broiler chickens treatment on d 4, 7, 14, and
21; and there were no differences in the spleen NODI,
TLR2, TLR4, DAI LGP2, MDAS5, and MAVS between the
CON and GlIn treatments plus S. pullorum-challenged.



Wu et al. BMIC Veterinary Research (2023) 19:275 Page 6 of 11
Table 4 Effect of dietary GIn on the antibodies levels in the serum of broiler chickens infected with Salmonella pullorum
Items® CON? Gln (%)? Scc? GIn? (%) +S. Mean SEM P-values©
pullorum
0.5 1.0 0.5 1.0 Stress Diet Interaction
d4
IgG(mg/mL) 2.01 223 2.30 1.74 192 1.97 2.03 0.12 0.023 0.025 <0.001
IgM(ug/mL) 600.6 737.0 7352 4514 584.6 589.9 516.5 209 0.035 0.051 0.042
IgA(mg/mL) 1.24 1.41 146 1.07 1.20 1.21 1.09 0.06 0.013 0.031 0.011
d7z
1gG(mg/mL) 3.58 4.70 4.68 233 344 3.55 3.71 0.17 0.038 0.022 0.012
IgM(ug/mL) 642.3 779.6 783.6 479.5 628.1 628.7 656.9 139 0.018 0.040 0.045
IgA(mg/mL) 135 1.46 1.50 1.16 1.26 132 134 0.07 0.029 0.021 0.044
d14
IgG(mg/mL) 3.95 4.62 4.67 3.13 3.86 393 4.02 0.15 0.013 0.037 0.018
IgM(ug/mL) 5014 596.1 5959 397.1 484.1 486.3 5102 113 0.031 0.021 0.031
IgA(mg/mL) 140 1.54 1.55 1.21 1.34 1.39 141 0.05 0.017 0.089 0.044
d21
lgG(mg/mL) 444 4.82 481 3.97 430 441 446 017 0.037 0.041 <0.001
IgM(ug/mL) 5788 611.1 6153 4135 565.5 581.1 560.9 15.1 0.029 0.039 0.037
IgA(mg/mL) 1.55 1.74 1.73 1.29 146 147 1.54 0.07 0.028 0.037 0.012

2 Glutamine per kg standard diet feed: Con, 0% GIn, noninfect control treatment; 0.5%GIn = basal diet supplemented with 0.5% GIn; 1.0%GIn = basal diet
supplemented with 1.0% GIn. Scc=Salmonella pullorum infect control treatment received the basal diet

® IgG Immunoglobulin G, IgM Immunoglobulin M, IgA Immunoglobulin A

“The P-values represent the main effect of the diet, the main effect of Salmonella pullorum challenge, and the interaction between the dietary treatments and

Salmonella pullorum challenge

Additionally, there were S. pullorum stress X diet inter-
actions on the mRNA expression levels of the spleen
NOD1, TLR2, TLR4, DAL and MAVS.

mRNA Expression levels of the transcription factors

in the spleen

As shown in Table 6, the dietary Gln affected the tran-
scription factors that relate to the innate immune-related
signaling pathways in broiler chickens infected with S.
pullorum. Among the S. pullorum-unchallenged treat-
ments, the Gln treatments decreased the mRNA expres-
sion levels of P50, P65, and RelB in the spleen compared
with the CON treatment, but the treatments with 0.5 %
Gln or 1.0 % GIn showed no differences in the transcrip-
tion factors mRNA expression levels in spleen on day 4,
7, 14, and 21. Compared with the CON treatment, the S.
pullorum-infection treatment showed increased mRNA
expression levels of P50, P65, and RelB in the spleen on d
4,7, 14, and 21. Compared with the S. pullorum-infected
treatment, the spleen mRNA expression levels of P50,
P65, and RelB in the Gln treatments plus S. pullorum-
challenged broiler chickens were lower than those in the
S. pullorum-infected treatment; there were no differences
in the mRNA expression levels of P50 and P65, and RelB
between the CON and Gln treatments plus S. pullorum-
challenged on d 4, 7, 14, and 21. Additionally, there were

S. pullorum stress X diet interactions on the mRNA
expression levels of P50, P65, and RelB.

Discussion

There is a significant negative effect on broiler chicken
growth performance, intestinal flora colonization, and
gut health caused by Salmonella [5, 15]. The present
study found that Salmonella decreased the growth per-
formance of broiler chickens on d 7 and had no effect on
it during other experimental periods. Infections could be
prevented, however, by activating the immune response
system. Moreover, S. pullorum infections in broiler
chickens are extremely serious in their first 7 days of life,
according to previous studies [13, 16]. In young birds, S.
pullorum can colonize the gut and cause systemic or sep-
ticemic diseases and reduces growth. There was a slight
difference between the results of our experiment and
those of others [17], which may be a result of the age of
the chicks at challenge, strain variations, challenge dos-
ages, and animal management [5].

However, the Gln supplementation improved the ADG,
ADFI, and FCR in the S. pullorum-challenged broiler
chickens on day 7, suggesting that Gln might exert a pro-
tective effect, which was similar to the result of Fasina
et al. [18]. These improvements are probably attributed
to improved digestive system structure and function,



Wu et al. BMC Veterinary Research (2023) 19:275 Page 7 of 11

Table 5 Effect of dietary GIn on main pattern recognition receptors in innate immune related signaling pathways and regulation of
broiler chickens infected with Salmonella pullorum

Items® CON? Gln (%)? Scc? GIn? (%) +S. Mean SEM P-values©
pullorum
0.5 1.0 0.5 1.0 Stress Diet Interaction
d4
NOD1 0.99 0.75 0.76 1.21 1.07 1.00 0.96 0.14 0.013 0.029 0.021
TLR2 0.78 0.50 047 1.20 093 0.80 0.78 0.10 0011 0.031 0.013
TLR4 0.51 0.30 0.28 0.81 0.60 0.50 0.50 0.15 0.008 0.025 0.021
MDAS .11 0.85 0.88 0.85 1.10 1.12 0.99 0.16 <0.001 0.001 0.011
DAl 1.00 037 038 1.88 1.14 1.10 0.99 0.12 0.005 0.015 0.023
LGP2 1.07 0.74 0.73 0.77 0.99 1.04 0.89 0.14 0.017 0.034 0.033
MAVS 0.27 0.10 0.08 0.77 037 0.30 032 0.12 0.024 0.017 0.037
d7
NOD1 1.08 0.79 0.78 149 .1 1.05 1.05 0.15 0.015 0.021 0.012
TLR2 0.84 0.58 0.59 131 1.04 0.96 0.89 0.13 0.017 0.027 0.014
TLR4 0.57 0.38 0.39 0.90 0.68 0.59 0.59 012 0.014 0.019 0.027
MDAS5 1.20 092 097 091 1.13 1.19 1.05 0.14 0.021 0.041 0.020
DAl 1.07 042 041 197 1.21 117 1.04 0.17 0.019 0.021 0.027
LGP2 1.1 0.81 0.80 0.81 1.06 1.10 715 0.15 0.030 0014 0.017
MAVS 0.28 012 (AN 0.81 039 0.32 034 0.16 0.023 0.009 0.014
di4
NOD1 1.19 0.82 084 1.58 1.21 1.20 1.14 0.11 0.004 0011 0.014
TLR2 0.87 0.63 0.60 1.39 1.10 1.04 0.94 0.12 0.041 0.031 0.043
TLR4 0.61 041 046 0.99 0.74 0.65 0.64 0.17 0.023 0.047 0.027
MDAS5 1.28 0.99 0.99 0.97 1.24 1.28 113 0.13 0.029 0.035 0.040
DAl 112 0.50 0.51 2.04 1.30 1.24 0.92 0.18 0.030 0.024 0.017
LGP2 1.19 0.87 0.89 0.86 1.09 1.16 1.01 0.16 0.043 0.028 0.027
MAVS 0.31 0.19 0.20 0.88 042 0.37 0.40 0.15 0.018 0.018 0.025
d21
NOD1 1.27 0.86 0.87 1.76 133 1.28 1.23 0.14 0.017 0.029 0.019
TLR2 0.93 0.69 0.67 143 117 1.18 1.01 0.10 0.028 0.009 0.041
TLR4 0.69 047 0.50 1.05 0.78 0.71 0.70 0.17 0.020 0018 0.011
MDAS5 1.54 1.04 1.09 1.01 1.49 142 1.26 0.16 0.028 0.041 0.018
DAI 1.20 0.58 0.56 218 1.55 1.30 1.23 0.18 0018 0.034 0.017
LGP2 1.28 093 0.84 0.82 1.20 1.22 1.05 0.12 0.008 0.042 0.027
MAVS 037 0.24 022 094 0.50 043 045 0.14 0019 0.027 0.024

2 Glutamine per kg standard diet feed: Con, 0% GIn, noninfect control treatment; 0.5%GIn = basal diet supplemented with 0.5% GIn; 1.0%GIn = basal diet
supplemented with 1.0% GIn. Scc=Salmonella pullorum infect control treatment received the basal diet

b NOD1 Nodinitib-1, TLR2 Toll-like receptors 2, TLR4 Toll-like receptors 2, MDA5 Melanoma differentiation-associated gene, DA DNA-dependent activator of IFN-
regulatory factors, LGP2 Laboratory of genetics and physiology gene 2, MAVS Mitochondrial antiviral-signaling protein

“The P-values represent the main effect of the diet, the main effect of Salmonella pullorum challenge, and the interaction between the dietary treatments and
Salmonella pullorum challenge

intestinal enzyme activity, immunity and antioxidant
capacity [19-21]. Gln, a critical gut-trophic nutrient, is
a major metabolic fuel for enterocytes and has a posi-
tive impact on gain performance in weaned pigs [22],
broiler chickens [23], and red drums [24]. According
to these studies, Gln may improve the growth perfor-
mance of broiler chickens under stress conditions, which
could be attributed to its growth-enhancing properties

and digestion of nutrients, and improvement in appar-
ent nitrogen retention, all occurring during the process
of developing the digestive organs. On the other hand,
it has been reported that Gln did not improve broiler
chicken ADG during stress situations [25]. The difference
in results could be directly related to the concentration
of Gln, the rearing period [25], as well as the levels and
sources of stress.
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Table 6 Effect of dietary GIn on the transcriptional factors in innate immune related signaling pathways and regulation of broiler

chickens infected with Salmonella pullorum

Items® CON? Gln (%)? Scc? GIn? (%) +S. Mean SEM P-values®
pullorum
0.5 1.0 0.5 1.0 Stress Diet Interaction
d4
P50 0.71 0.31 0.30 1.69 1.00 091 0.82 0.12 0.019 0.041 0014
P65 1.01 0.28 0.27 225 1.10 1.06 1.16 0.17 0.031 0.045 0011
RelB 0.99 0.17 0.15 2.28 113 1.04 0.96 0.15 0.035 0.021 0.034
d7
P50 0.83 031 032 1.88 1.08 0.96 0.90 0.13 0.025 0.027 0.017
P65 1.10 0.29 0.28 242 1.22 1.18 1.08 017 0.017 0.040 0.030
RelB 1.02 017 0.16 242 1.20 1.1 1.01 0.11 0.033 0.029 0.027
d14
P50 091 033 033 2.07 1.17 1.04 0.80 0.12 0.032 0.026 0.020
P65 1.18 031 0.30 2.51 1.28 1.22 1.13 0.14 0.031 0.045 0.027
RelB 1.10 0.19 0.21 257 127 1.16 1.08 0.15 0.028 0.023 0.012
d21
P50 097 0.36 0.39 216 1.24 1.12 1.04 0.16 0.023 0.023 0.031
P65 1.25 034 033 278 1.36 1.28 1.22 0.14 0.019 0.021 0.0415
RelB 1.15 0.22 0.24 262 1.34 1.22 113 0.13 0.034 0.028 0.029

2 Glutamine per kg standard diet feed: Con, 0% GIn, noninfect control treatment; 0.5%GIn = basal diet supplemented with 0.5% GIn; 1.0%GIn =basal diet
supplemented with 1.0% GIn. Scc=Salmonella pullorum infect control treatment received the basal diet

b The P-values represent the main effect of the diet, the main effect of Salmonella pullorum challenge, and the interaction between the dietary treatments and

Salmonella pullorum challenge

The spleen and bursa of fabricius are the central and
peripheral immune organs of broiler chickens; in addition
to producing B and T lymphocytes, they contain a large
number of lymphocytes [26]. The size of these immune
organs can indicate poultry’s immune status [27]. In our
study, we observed similar results to those observed by
Zuami et al. [28]; Salmonella enterica subsp. enterica
serovar typhimurium inoculated into broiler chickens
may cause stress. However, earlier studies showed that
Salmonella enteritidisinfection had no significant effect
on immune organ indices in broiler chickens [29, 30].
Broiler chickens are known to suffer from immunosup-
pression because of the variation in the weights of their
immune organs [23]. Moreover, spleen and bursa index
were significantly decreased by S. pullorum infection in
the period 1-4 days of age, although the challenge was
done the 3rd day of age, the result may be related to the
acute stress reaction.

In our present experimental results, Gln increased
the relative weights of the spleen and bursa of fabricius,
findings that were similar to those of a previous study
by Szabo et al. [31]. In these studies, Gln was found to
be effective in counteracting Salmonella infection and
improving the immune organ indices of broiler chick-
ens, which could facilitate the colonization of beneficial
bacteria within the gut. Consequently, broiler chicken

growth performance is improved due to improved
intestinal health. These effects on the immune organs
of broiler chickens could be attributed to the beneficial
effect of Gln; T and B lymphocyte development and mat-
uration, as well as the diversification of specific antibod-
ies, may ultimately be responsible [32]. Based on a total,
differential, and proliferating peripheral blood T and B
lymphocyte count in the broiler chickens in our study,
these results were confirmed.

Antibodies are major glycoprotein molecules pro-
duced by B lymphocytes, which are also called immuno-
globulin. The immune system relies on them to combat
bacterial and viral infections. Thus, we investigated the
effects of Salmonella challenge on the Igs in the serum
of the broiler chickens. Our present results verified that
Salmonella broiler chickens experienced decreased con-
centrations of serum IgA, IgG, and IgM, especially for
the serum immunoglobulin of broilers on d 4. The result
shows the view that the Igs are clearly involved in the
development of the serum immune response to Salmo-
nella and are critical for protecting lymphocytes against
toxins, viruses, and bacterial infections [33, 34]. Moreo-
ver, the rapid changes in the immunoglobulin content of
animal body in a short time could also lead to acute stress
reaction. In the present study, we found that Gln could
increase the Ig concentrations (IgA, IgG, and IgM) in the
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serum. The mechanism of Gln's immunity-protecting
properties may be partly due to the peripheral immune
cell depletion [35]. To gain a thorough understanding of
Gln’s potential applications in feeding practices, addi-
tional studies are needed.

Nodinitib-1, TLR2, TLR4, DAI, LGP2, MDAS5, and
MAVS are important innate immune receptors that are
directly or indirectly activated by inflammatory factors,
such as IL-6, IL-12, TNFa, IFNa, and IFNp. Some stud-
ies have demonstrated that increased mRNA expression
levels of NOD1, TLR 2, and TLR 4 are associated with
proinflammatory responses induced by stress in animal
models, providing a novel link between innate immu-
nity and stress-induced inflammation [36, 37]. DAL a
cytosolic DNA sensor, can also activate NF-«kB, lead-
ing to inflammatory cytokine activation [38]. MAVS, an
adaptor protein, may mediate the immunoregulation
signaling pathway [39] and can trigger the activation of
type I IEN [40] and NF-«B [41] responses with the con-
sequent production of inflammatory cytokines. In the
present study, the expression levels of NOD1, TLR2,
TLR4, DAI, and MAVS were increased in spleen tissues
in the Salmonella-infected broiler chickens, suggest-
ing, that the chicken molecule like NOD1, TLR2, TLR4,
DAI and MAVS are involved in the regulation of intra-
cellular inflammatory immune responses by modulating
its differentiation [42]. Our results were similar to those
observed in the above mentioned experimental results,
which the potential mechanisms may be due to the result
of strong stress. Moreover, these results also support
the hypothesis that the NOD1, TLR2, TLR4, DAI, and
MAVS signaling pathways are the important regulators of
monocyte activation by mediating the release of interleu-
kins during S. pullorum infection in vivo. On the other
hand, the variation characters of our results are differ-
ent at various time intervals, which may be related to the
stress intensity, stress duration, and the age of broilers.

Moreover, MDA5 and LGP2 are cytoplasmic proteins,
members of the RIG-I-like receptor family, that are posi-
tive regulators of viral recognition and subsequent anti-
viral responses and are involved in the recognition of
virus-specific components by innate immune cells (such
as TLRs and NOD-like receptors) [43, 44]. In the pre-
sent study, the expression levels of the spleen MDA5 and
LGP2 were decreased, and the TLR2 and TLR4 expres-
sion levels correlated with pathological injury in splenic
tissue, suggesting that MDA5 and LGP2 may play impor-
tant roles in the physiological stress response of splenic
tissue in the S. pullorum-infected broiler chickens.

Glutamine is considered a conditionally indispen-
sable amino acid in metabolic stress situations and
plays an important role in improving various func-
tions, as a source of cellular and immunologic energy, in
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maintaining the integrity and function of various organs
(such as intestine, liver, and spleen), and in tissue repair
[45]. Studies suggest that Gln inhibits inflamed intes-
tines, livers, and spleens by modulating proinflamma-
tory cytokines and antigens via regulation of the TLR
and NOD signaling pathways. There is evidence that S.
pullorum stimulates lymphocytes to produce proinflam-
matory cytokines and antigens, thereby contributing to
inflammation [46]. Therefore, in our current experiment,
GIn supplementation reduced the mRNA expression lev-
els of the spleen NOD1, TLR2, TLR4, DAL, and MAVS
and increased the mRNA expression levels of the spleen
MDAS5 and LGP2 on d 4, 7, 14, and 21 following the S.
pullorum challenge. Based on these results, the main
source of energy for spleen cells appeared to be the die-
tary Gln; in addition to stimulating nucleic acid synthesis,
it may also provide energy to mononuclear cells, such as
T lymphocytes. In broiler chickens infected with S. pul-
lorum, this could provide a proliferative signal that alle-
viates spleen damage by promoting cell proliferation and
inhibiting cell apoptosis.

P50, Rel A (also known as p65), and Rel B are the
related transcription factors of the NF-kB family [47]
that enable the activation of the target gene NF-xB
expression and result from the regulation and func-
tion of an immune response [48]. Some studies have
shown that NF-«xB activity is induced during various
physiological stress conditions [49, 50], resulting in the
activation of the transcription factors P50, P65, and Rel
B, ultimately leading to cell death. Here, we also found
optimal activation of P50, P65, and Rel B in the spleen
during S. pullorum infection. A previous study reported
that Salmonella activated NF-«B, raising the possibility
that S. pullorum stress may intensify the P50, P65, and
RelB contributions to NF-«B activity [51]; the present
results also verified the above specific candidates of rec-
ognition pattern receptors. The innate immune system
expresses a wide variety of recognition pattern recep-
tors and transcription factors that mediate pathogen
recognition, leading to production of proinflammatory
cytokines, pathogen uptake and destruction, antigen
processing and presentation, and initiation of the adap-
tive immune responses, which causes NF-«kB activation.
NF-«B activation is followed by the degradation of the
transcription factors P50, p65, and RelB. Therefore, we
speculate that P50, P65, and RelB signal transduction
was attenuated, which caused the NF-kB activation to
be inhibited by the complex and, ultimately, the retro-
gression of the inflammatory response to spleen injury.
As previously described, GIn can inhibit the expression
of NF-kB to regulate the inflammatory response [52].
Our data confirmed that Gln can inhibit P50, P65, and
RelB expression in the spleen, which is associated with
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the significant inhibition of NF-«B activation in spleen
tissue. Finally, the effect of GIn on the transcription fac-
tors led to concomitant attenuation of the inflamma-
tory cytokine expression in the spleen. These results
may provide the first indication of a mechanistic expla-
nation for the anti-inflammatory effects of Gln in the
spleen.

Conclusions

Taken together, our results indicated that S. pullo-
rum affects the innate immune response by decreas-
ing the spleen and bursa of fabricius relative weights,
serum immunoglobulins concentrations, and the
spleen MDA5 and LGP2 mRNA expression levels, and
increasing the mRNA expression levels of the spleen
NOD1, TLR2, TLR4, DAI, MAVS, P50, P65, and RelB
of chickens, consequently increasing the susceptibil-
ity of the host to infection. However, dietary supple-
mentation with Gln may benefit the cell-mediated
host immune responses by activating the main pattern
recognition receptor-dependent signaling pathways
during S. pullorum infection. This important finding
suggests the need for further evaluation of Gln sup-
plementation to support innate as well as lymphocyte
cell-mediated immunity in S. pullorum-infected broiler
chickens.

Acknowledgements
We would like to thank Xiao Meng Liu, Dou Dou Zhu, Ao Ren and Zhi Bin
Zhang for skillful technical assistance with this research.

Authors’ contributions

QW. and CW, methodology, L.Z and J.L; software,ZX. and N.H,; formal analy-
sis, B.C,; resources, Y.M,; writing-original draft preparation, Q.W.,; writing-review
and editing, Y.M. and Y,W; pro-ject administration, QW. All authors have read
and agreed to the published version of the manuscript.

Funding
The present study was funded by the National Natural Science Foundation of
China (Grant No. 31601971). We thank 3160197 1for its financial support.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate

All animal experiments were approved by Henan University of Science and
Technology Animal Care and Use Committee (approval number 2022-094),
and conducted according to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. The study was carried out in compliance
with the ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Page 10 of 11

Received: 14 November 2022 Accepted: 30 November 2023
Published online: 16 December 2023

References

1. ElmiVA, Moradi S, Ghazi S, Rahimi M. Effects of Lactobacillus acidophilus
and natural antibacterials on growth performance and Salmonella colo-
nization in broiler chickens challenged with Salmonella enteritidis. Livest
Sci. 2020;233:1-10.

2. Eric A, Jorge E. Immune response to Salmonella: location, location, loca-
tion. Immunity. 2002;16(3):325-8.

3. Andrew NH, Gopinath S, Nicolau M, Khasanova A, Finck R, Monack D,
Nolan GP. Coordinate actions of innate immune responses oppose those
of the adaptive immune system duing Salmonella infection of mice. Sci
Signal. 2016;9(410):1-13.

4. Cervantes-Barragan L, Gil-Cruz C, Pastelin-Palacios R, Lang KS, Isibasi A,
Ludewig B, Lépez-Macias C, Lépez-Macias C. TLR2 and TLR4 signaling
shapes specific antibody responses to Salmonella typhi antigens. Eur J
Immunol. 2009;39(1):126-35.

5. WuQJ, Zheng XC, Wang T, Zhang TY. Effects of oridonin on immune
cells, Th1/Th2 balance and the expression of BLys in the spleens of
broiler chickens challenged with Salmonella pullorum. Res Vet Sci.
2018;119:262-7.

6. Yeh SL, Lai YN, Shang HF, Lin MT, Chen WJ. Effects of glutamine supple-
mentation on innate immune response in rats with gut-derived sepsis. Br
JNutr. 2004;91(3):423-9.

7. Kew S, Wells SM, Yagoob P, Wallace FA, Miles EA, Calder PC. Dietary
glutamine enhances murine T-lymphocyte responsiveness. J Nutr.
1999;129(8):1524-31.

8. Wells SM, Kew S, Yagoob P, Wallace FA, Calder PC. Dietary glutamine
enhances cytokine production by murine macrophages. Nutr.
1999;15(11-12):881-4.

9. Fillmann H, Nelson KA, Beatriz SM, Susana L, Norma MG, Javier G, Tundon
MJ. Glutamine inhibits over-expression of pro-inflammatory genes and
down-regulates the nuclear factor kappaB pathway in an experimental
model of colitis in the rat. Toxicol. 2007;236(3):217-26.

10. Chang WK, Yang KD, Chuang H, Jan JT, Shaio MF. Glutamine Protects
Activated Human T Cells from Apoptosis by Up-Regulating Glutathione
and Bcl-2 Levels. Clin Immunol. 2002;104:151-60.

11. Kessel A, Toubi E, Pavlotzky E, Mogilner J, Coran AG, Lurie M, Karry R,
Sukhotnik I. Treatment with glutamine is associated with downregulation
of Toll-like receptor-4 and myeloid differentiation factor 88 expression
and decrease in intestinal mucosal injury caused by lipopolysaccharide
endotoxaemia in a rat. Clin Exp Immunol. 2008;151(2):341-7.

12. Sukhotnik I, Yulia P Coran AG, Janna P, Jacob B, Mogilner JG, et al. Glu-
tamine attenuates the inhibitory effect of methotrexate on TLR signaling
during intestinal chemotherapy-induced mucositis in a rat. Nutr Metab.
2014;,11:17.

13. Zhou W, Li W, Zheng XH, Rong X, Huang LG. Glutamine down-
regulates TLR-2 and TLR-4 expression and protects intestinal tract in
preterm neonatal rats with necrotizing enterocolitis. J Pediatr Surg.
2014;49(7):1057-63.

14. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods.
2001;25(4):402-8.

15. Kamel NF, Hady MM, Ragaa NM, Mohamed FF. Effect of nucleotides on
growth performance, gut health, and some immunological param-
eters of broiler chicken exposed to high stocking density. Livest Sci.
2021;253:1-10.

16. Wu QJ, Zheng XC,Wang T, Zhang TY. Effect of dietary oridonin supple-
mentation on growth perfor mance, gut health, and immune response of
broilers infected with Salmonella pullorum. Irish Vet J. 2018;71:16-21.

17. Bohez L, Gantois |, Ducatelle R, Pasmans F, Dewulf J, Haesebrouck F,
Immerseel FV. The Salmonella pathogenicity island 2 regulator ssrA
promotes reproductive tract but not intestinal colonization in chickens.
Vet Microbiol. 2008;126(1-3):216-24.

18. Fasina YO, Bowers JB, Hess JB, McKee SR. Effect of dietary glutamine
supplementation on Salmonella colonization in the ceca of young broiler
chicks. Poult Sci. 2010;89(5):1042-8.



Wu et al. BMC Veterinary Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

39.

(2023) 19:275

Wu QJ, Jiao Cg, Liu ZH, Cheng BY, Liao JH, Zhu DD, Ma Y, Li YX, Li W. Effect
of glutamine on the growth performance, digestive enzyme activity,
absorption function, and mRNA expression of intestinal transporters in
heat-stressed chickens. Res Vet Sci. 2021;134:51-7.

Dai ZL, Li XL, Xi PB, Zhang J, Wu G, Zhu WY. L-glutamine regulates amino
acid utilization by intestinal bacteria. Amino Acids. 2013;45:501-12.
Olubodun JO, Zulkifli I, Soleimani AF, Hair-Bejo M, Azhar K. Glutamine
and glutamic acid supplementation enhances performance of broiler
chickens under the hot and humid tropical condition. Ital J Anim Sci.
2014;13:723-7.

ZouTD, Deng CX, Wang ZR, Ye YL, You JM. Dietary alanyl-glutamine
improves growth performance of weaned piglets through maintain-

ing intestinal morphology and digestion-absorption function. Animal.
2019;13(9):1826-33.

Wu QJ, Zhu DD, Wang DD, Zhang BB, Ren A, Zhang ZB. Effects of dietary
supple-mentation with glutamine on the lymphocyte proliferation and
intestinal immune gene expression in broiler chickens infected with
Salmonella Enteritidis. Res Vet Sci. 2021;139:18-24.

Cheng Z. Effects of dietary arginine and glutamine on growth perfor-
mance, immune responses and intestinal structure of red drum. Sciae-
nops ocellatus Aquaculture. 2011,319:247-52.

Shakeri M, Zulkifli I, Oskoueian E, Shakeri M, Oskoueian A, Ebrahimi M.
Response to dietary supplementation of glutamine in broiler chickens
subjected to transportation stress. J Faculty Veter Med. 2016;42:122-31.
Weppner WA, Adkison LR. Preparative fractionation of T and B lympho-
cytes of the Syrian golden hamster with soybean agglutinin. Immunol
Commun. 1980;9(8):759-68.

Kataranovski M, Jankovic S, Kataranovski D, Stosic J, Bogojevic D. Gender
differences in acute cadmium-induced systemic inflammation in rats.
Biomed Environ Sci. 2009;22(1):1-7.

Zuami VDLM, Olga VP, Avalos H, Ascencio F, Nuno K, Villarruel-Lopez

A. Effect of a synbiotic mix on lymphoid organs of broilers infected

with Salmonella typhimurium and clostridium perfringens. Animals.
2020;10:886-99.

Arafat N, Eladl A, Mahgoub H, El-Shafei RA. Effect of infectious bursal
disease (IBD) vaccine on Salmonella Enteritidis infected chickens. Vaccine.
2017,35:3682-9.

Arafat N, Abd EI Rahman S, Naguib D, El-Shafei RA, Abdo W, Eladl AH.
Co-infection of Salmonella enteritidis with HON2 avian influenza virus in
chickens. Avian Pathol. 2020;49(5):496-506.

Szabo J, Andrasofszky E, Tuboly T, Bersenyi A, Weisz A, Hetenyi N, Hullar 1.
Effect of arginine or glutamine supplementation on production, organ
weights, interferon gamma, interleukin 6 and antibody titre of broilers.
Acta Vet Hung. 2014;62(3):348-61.

ZuamiVla M, Olga VP, Hugo A, Felipe A, Karla N, Angélica VL. Effect of a
synbiotic mix on lymphoid organs of broilers infected with samonella
typhi-murium and clostridium perfringens. Animals. 2020;10(5):886.
Schroeder HWJr, Cavacini L. Structure and function of immunoglobulins.
J Allergy Clin Immunol. 2010;125(2 Suppl 2):41-52.

Wieland WH, Orzaez D, Lammers A, Parmentier H, Verstegen M, Schots A.
A functional polymeric immunoglobulin receptor in chicken (Gallus gal-
lus) indicates ancient role of secretory IgA in mucosal immunity. Biochem
J.2004;380(3):669-76.

Dphil PY, Calder PC. Glutamine requirement of proliferating T lympho-
cytes. Nutr. 1997;13(7-8):646-51.

Keestra-Gounder AM, Byndloss MX, Seyffert N, Young BM, Chavez-Arroyo
A, Tsai AY, Cevallos SA, Winter MG, Pham OH, Tiffany CR, de Jong MF,
Kerrinnes T, Ravindran R, Luciw PA, McSorley SJ, Baumler AJ, Tsolis RM.
NOD1 and NOD2 signalling links ER stress with inflammation. Nature.
2016;532(7599):394-7.

Mandat SAL, Bonnard A, Barreau F, Aigrain Y, Peuchmaur M. Expression of
TLR-2, TLR-4, NOD2 and pNF-kappaB in a neonatal rat model of necrotiz-
ing enterocolitis. PLoS ONE. 2007;2(10): e1102.

Hayashi T, Nishitsuji H, Takamori A, Hasegawa A, Masuda T, Kannagi

M. DNA-dependent activator of IFN-regulatory factors enhances

the transcription of HIV-1 through NF-kB. Microbes Infection.
2010;12(12-13):937-47.

Meylan E, Curran J, Hofmann K, Moradpour D, Binder M, Bartenschlager R,
Tschopp J. Cardif is an adaptor protein in the RIG-I antiviral pathway and
is targeted by hepatitis C virus. Nature. 2005;437(7062):1167-72.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 11 of 11

Navarro L, David M. p38-dependent activation of interferon regulatory
factor 3 by lipopolysaccharide. J Biol Chem. 1999;274(50):35535-8.
Medzhitov R, Preston-Hurlburt P, Janeway CAJr. A human homologue

of the Drosophila Toll protein signals activation of adaptive immunity.
Nature. 1997;388(6640):394-7.

Kasimsetty SG, Hawkes A, Barekatain K, Soo E, Welch AK, Mckay DB. TLR2
and NODs1 and 2 cooperate in inflammatory responses associated with
renal ischemia reperfusion injury. Transpl Imunol. 2020;58:101260-7.
Moresco EMY, Bruce B. LGP2: Positive about viral sensing. PNAS.
2010;107(4):1261-2.

Loo YM, Gale M Jr.Immune signaling by RIG-I-like receptors. Immunity.
2011,34(5):680-92.

Pérez-Barcena J, Regueiro V, Marsé P, Raurich JM, Rodriguez A, Ibénez J,
Mateos AGDL, Bengoechea JA. Glutamine as a modulator of the immune
system of critical care patients: effect on toll-like receptor expression.
Nutr. 2008;24(6):522-7.

Audisio MC, Oliver G, Apella MC. Protective effect of enterococcus fae-
cium J96, a potential probiotic strain, on chicks infected with Salmonella
pullorum. J Food Protect. 2000;10:1333-7.

Gilmore TD. Introduction to NF-kappa B: players, pathways, perspectives.
Oncogene. 2006;25(51):6680-4.

Hayden MS, West AP, Ghosh S. NF-kB and the immune response. Onco-
gene. 2006;25(51):6758-80.

Deng J, Lu PD, Zhang Y, Scheuner D, Kaufman RJ, Randal J, Sonen-

berg N. Translational repression mediates activation of nuclear factor
kappa B by phosphorylated translation initiation factor 2. Mol Cell Biol.
2004;24(23):10161-8.

Pahl HL, Baeuerle PA. A novel signal transduction pathway from the
endoplasmic reticulum to the nucleus is mediated by transcription factor
NF-kappa B. Embo J. 1995;14(11):2580-8.

Yang FF, Sheng XM, Huang XX, Zhang Y. Interactions between Salmonella
and host macrophages-dissecting NF-kB signaling pathway responses.
Microb Pathogenesis. 2021;154: 104846.

LiuY, Lu JH, Zhang WF, Li SS, Qu LQ. Influence of glutamine on the expres-
sion of HSP70 and NF-kB. Int J Ophthalmology. 2010;10:1662-4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Effect of glutamine on the systemic innate immune response in broiler chickens challenged with Salmonella pullorum
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Methods
	Salmonella pullorum, Gln
	Broiler chickens, management, experimental diets and experimental design
	Sample collection and procedures
	Detection of the serum immunoglobulin populations
	Spleen sample RNA extraction and qRT-PCR analysis
	Statistical analysis

	Results
	Growth performance
	The relative weights of the immune organs
	IgA, IgG and IgM concentrations in the serum
	mRNA Expression levels of the transcription factors in the spleen

	Discussion
	Conclusions
	Acknowledgements
	References


