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Abstract
Resistant starch (RS) has received increased attention due to its potential health benefits. This studywas aimed to investigate the effects of dietary
corn RS on immunological characteristics of broilers. A total of 320 broiler chicks were randomly allocated to five dietary treatments: normal
corn–soyabean (NC) diet group, corn starch diet group, 4 %, 8 % and 12 % RS diet groups. This trial lasted for 42 d. The relative weights of spleen,
thymus and bursa, the concentrations of nitric oxide (NO) and IL-4 in plasma at 21 d of age, as well as the activities of total nitric oxide synthase
(TNOS) and inducible nitric oxide synthase (iNOS) in plasma at 21 and 42 d of age showed positive linear responses (P< 0·05) to the increasing
dietary RS level.Meanwhile, comparedwith the birds from theNC group at 21 d of age, birds fed 4 %RS, 8 %RS and 12 %RS diets exhibited higher
(P< 0·05) relative weight of bursa and concentrations of NO and interferon-γ in plasma. Birds fed 4 % RS and 8 % RS diets showed higher
(P< 0·05) number of IgA-producing cells in the jejunum. While compared with birds from the NC group at 42 d of age, birds fed 12 % RS diet
showed higher (P< 0·05) relative weight of spleen and activities of TNOS and iNOS in plasma. These findings suggested that dietary corn RS
supplementation can improve immune function in broilers.
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Intestinal tract is an important organ not only responsible for the
digestion and absorption of nutrients, but also constitutes a physi-
cal and immunological protective barrier to the body health(1,2). It
is well known that gastrointestinal mucosa is the largest immune
system in the body(3). Gut-associated lymphoid tissue, immune
cells and cytokines are all important components of the mucosal
immune system, which resist the invasion of ingested infectious
agents and maintain intestinal homeostasis(4,5).

The impact of diet on animal health has long been a topic of
research. Some dietary nutritional components, including pro-
teins, fatty acids and carbohydrates, etc., have been fully studied
regarding their effects on immune status of some domestic ani-
mals(6–8). Starch is a main source of carbohydrates in animal
diets, and it is generally classified into rapidly digestible starch
(digested within 20 min), slowly digestible starch (digested
between 20 min and 120 min) and resistant starch (RS, undi-
gested after 120 min) based on the rate of starch hydrolysis in
vitro(9). RS is defined as the fraction of starch that is resistant
to digestion by host amylases in the upper digestive tract and
transits intact to the large bowel, where it is fermented by gut

microbiota(10). One of the most important chemical features of
RS is that high amylose molecules content, which contributes
to the indigestibility(11). The fermentation of RS in hindgut will
alter microbiota composition and enhance the production of
SCFA, which have multiple beneficial effects on health(12,13).
Thus, the nutritional effects of RS have been notably recognised.

Several studies have provided conclusive evidence of RS in
regulating both mucosal and systemic immunity. 5 % potato
RS can alter cecal immunological tolerance in pigs to enhance
mucosal immunity by increasing the regulatory T cells number
and IL-6 mRNA expression in the caecum(7). Corn RS can also
improve the colonic immunity of pigs by increasing the abun-
dance of anti-inflammatory cytokine IL-10(14). In addition, a
metabolomics study has shown that rice RS promoted systemic
immunity by decreasing serum TNF-α levels compared with the
rice digestible starch(15). For poultry, our previous studies have
found that feeding broilers with higher concentrations of RS
can alter the microbial composition and diversity andmodulated
the metabolic pathways of microbial metabolism in caecum, but
retard the growth performance(16,17). Whether these changes will
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further alter the immune status remains unclear. Based on the
results of our previous studies, we hypothesised that RS could
elevate the immune function of broiler chickens. Therefore,
the objective of this study was to assess the effects of graded lev-
els corn RS on mucosal immune and systemic immunological
characteristics in broilers.

Experimental methods

Ethics approval

All experimental protocols and procedures involving birds were
conducted in accordance with the guidelines established by the
Institutional Animal Care and Use. This study was approved by
the Animal Care and Use Committee of Nanjing Agricultural
University (permit number: GB14925, NJAU-CAST-2011-093).

Animals, experimental design and sample collection

In all, 320 newly hatched male broilers (Arbor Acres) were pur-
chased from a commercial hatchery (Hewei Agricultural
Development Co. Ltd). Chicks were weighed and randomly
assigned to five treatment groups, each group had eight repli-
cates (one replicate/cage) with eight broilers per replicate.
The five dietary treatment groups are as follows: (1) NC, a basic
normal corn–soyabean diet; (2) CS, a basic diet supplementation
with 20 % corn starch; (3) 4 % RS, (4) 8 % RS and (5) 12 % RS, the
diet supplementation with 40 g/kg, 80 g/kg and 120 g/kg RS (Hi-
Maize® 260, type II RS, 60 % purity; Ingredion Inc.), respectively.
The ingredients and nutrient levels of all diets were formulated to
meet the NRC (1994) nutrient requirements of broiler(18) chick-
ens (Table 1). Birds were allowed free access to feed and water
in a temperature-controlled room at Nanjing Kangxin Poultry
Industry. The room temperature was kept at 33°C for the first
week, and then was reduced by 3°C each week until the final
temperature was around 26°C. Birds were exposed to light for
23 h/d throughout the whole experimental period. The feeding
trial lasted 42 d, the number of dead birds in each cage and the
corresponding weight were recorded during the trial.

At 21 and 42 d of age, one bird from each experimental unit
was selected for sample collection, the cage was used as the
experimental unit. The body weight of the selected birds is close
to the averageweight of the birds in the experimental unit. About
10 ml blood samples from the jugular vein were collected and
centrifuged to separate plasma. Then these birds were electri-
cally stunned (50 V, alternating current; 400 Hz for 5 s each
one) and killed via exsanguination. After the birds were dis-
sected, the thymic lobes, spleen and bursa were removed and
weighed. About 1 cm of the middle portion of jejunum segments
were excised, washed in saline solution (0·75 % NaCl) and fixed
in buffered formalin. The jejunal mucosawas gently scraped, fro-
zen in liquid N2 and stored at –80°C for further analysis.

Lymphoid organ index

The thymus, spleen and bursa index were determined as
described by Li et al. (2018)(19). Before the birds were slaugh-
tered, the live weight of the birds was recorded. And the thymus,
spleen and bursa of the slaughtered birds were removed and

weighed separately and recorded. Then the equation for calcu-
lating the lymphoid organ index is as follows: lymphoid organ
index (g/kg·body weight) = the weight of immune organ (g)/
body weight (kg).

Intraepithelial lymphocyte counts in jejunum

Intestinal samplesweredehydrated in a gradedethanol series, clari-
fiedwithfreshxyleneandthenembeddedintoparaffins.About5μm
cross-sectionswere cut for hematoxylin–eosin staining. All sections
were observed under a light microscope at 400× amplification
(Scope A1, Carl Zeiss Co. Ltd.), and the microscopic images were
analysed by Image-Pro Plus 6.0 software (Media Cybernetics).
The density of intraepithelial lymphocytes (IEL) was defined as
the intraepithelial lymphocyte count/100 enterocytes (n/100 enter-
ocytes). Data were presented as the mean of eight villis from one
intestinal cross-section per chicken was used.

IgA-producing cells immunohistochemistry

The histological sections (5 μm) were prepared using the same
protocol as described above. Immunostaining was performed
by incubating tissue sections with mouse anti-chicken mono-
clonal antibody (Cat no. 8330-01; Southernbiotech), followed
by the use of a diaminobenzidine staining kit (Cat no. K5007;
Angle Gene Bioengineering). After immunohistochemical stain-
ing, the number of IgA-producing cells in the intestinal lamina
propria was counted using a light microscope (Axio Scope A1,
Carl Zeiss) at 400× amplification. Four different fields per section
in each chicken were analysed. The results were expressed as the
number of IgA positive cells/mm2.

Analysis of NO, IL-2, IL-4 and IFN-γ concentration, NOS
and iNOS activities in plasma

The concentration of nitric oxide (NO) (catalogue no. A013-2-1),
IL-2 (catalogue no. H003), IL-4 (catalogue no. H005) and inter-
feron (IFN)-γ (catalogue no. H025) and the activities of total nitric
oxide synthase (TNOS) and inducible nitric oxide synthase
(iNOS) (catalogue no. A014-1-2) in plasma were determined
with the corresponding commercial diagnostic kits (Nanjing
Jiancheng Bioengineering Institute) according to the manufac-
turer’s instructions.

For the determination of NO concentration, add 160 μl of
double-distilled water, sodium nitrite standard solution (20
μmol/l) and plasma into 96-well plate, then add 80 μl of chrom-
ogen reagent and left for 15 min, then the optical density (OD) at
550 nmwas determined. TheNO concentrationswere calculated
according to OD values.

For the determination of TNOS and iNOS activities, 30 μl
plasma was added to the assay tube, followed by 100 μl of dou-
ble-distilled water, 200 μl of reagent I, 10 μl of reagent II and 100
μl of reagent III, respectively, followed by a water bath at 37°C
for 15 min. Then 100 μl of reagent IV and 2000 μl of reagent V
were added. The blank assay tube was replaced with 30 μl of
double-distilled water instead of plasma, and the rest of the
reagents added were the same as the assay tube. Zeroing with
distilled water, the OD value was measured at 530 nm. TNOS
and iNOS activities were calculated according to OD values.
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For the determination of IL-2, IL-4 and IFN-γ concentration,
take 50 μl of the standard solutions and plasma samples into
the microtiter plate, then add 50 μl of biotin antigen and react
at 37°C for 30 min. Wash the sample wells and standard wells,
then add 50°C avidin–horseradish peroxidase (HRP) and react
at 37°C for 30 min. Wash the sample wells and standard wells
again and add 50 μl of chromogen A and chromogen B, respec-
tively. React for 10 min protected from light, and finally add 50 μl
of termination solution. The OD value was measured at 450 nm.
Calculate the regression equation of the standard curve based on
the standard concentrations and OD values, and then use the
regression equation and the sample OD values to calculate
the sample concentrations.

RNA extraction and real-time PCR analysis

Total RNA was extracted from the jejunal mucosa samples using
Trizol reagent (Takara Biotechnology Co. Ltd.). The purity and
quantity of the RNA were measured with a Nanodrop
ND-1000 spectrophotometer (Thermo Scientific). Total RNA
was RT to cDNA using a PrimeScript RT Master Mix kit
(Takara Biotechnology). The RT reactions were incubated for
15 min at 37°C, followed by 5 s at 85°C. The RT products
(cDNA) were stored at −20°C.

Real-time quantitative PCR (RT-qPCR) was carried out in opti-
cal 96-well plates on an QuanStudio6 RT-qPCR detection system
(Applied Biosystems) using SYBR Premix Ex Taq kits (Takara
Biotechnology). The amplification was performed in a total vol-
ume of 20 μl, containing 10 μl of SYBR Premix Ex Taq, 0·4 μl of
each primer (10 μM), 0·4 μl of ROX Reference Dye II, 2 μl of
cDNA and 6·8 μl of sterilised doubled-distilledwater. The follow-
ing cycling conditions were used: 95°C for 30 s, followed by 40
cycles of denaturation at 95°C for 5 s and anneal at 60°C for 30 s
and the collection of the fluorescence signal at 60°C. The pairs of
specific primers for target genes were presented in Table 2. The
expression of target gene relative to 18S rRNA were calculated
using the 2−ΔΔCT method(20).

Statistical analysis

The sample size was calculated using data (plasma IgG concen-
tration) from a previous study. The study compared the effects of
a prebiotic xylo-oligosaccharide and flavomycin on immune
function of broilers and found that the plasma IgG concentration
was 2·03, 2·19 and 2·45 mg/ml, and SD was 0·16, 0·13 and 0·21,
respectively(21). Accordingly, using the PASS 15.0 software, it was
determined that a sample size of n=6 would allow the power of
80 % at the level of significance of 5 %. By considering a dropout,

Table 1. Ingredient composition and nutrient contents of experimental diets, on an as-fed basis

Items

Starter (days 1–21)* Grower (days 22–42)*

NC CS 4% RS 8% RS 12% RS NC CS 4% RS 8% RS 12% RS

% % % % % % % % % %

Ingredients
Corn 57·00 36·50 36·50 36·50 36·50 61·30 38·00 38·00 38·00 38·00
Soyabean meal (44% crude protein) 31·50 28·15 28·15 28·15 28·15 25·00 24·50 24·50 24·50 24·50
Corn gluten meal (63·5% crude protein) 3·40 8·15 8·15 8·15 8·15 4·60 8·00 8·00 8·00 8·00
Corn starch – 20·00 13·33 6·67 – – 20·00 13·33 6·67 –
Hi-Maize 260® (60% resistant starch) – – 6·67 13·33 20·00 – – 6·67 13·33 20·00
Soyabean oil 3·10 2·20 2·20 2·20 2·20 4·10 4·50 4·50 4·50 4·50
Limestone 1·20 1·20 1·20 1·20 1·20 1·40 1·30 1·30 1·30 1·30
Dicalcium phosphate 2·00 2·00 2·00 2·00 2·00 1·70 1·47 1·47 1·47 1·47
L-Lysine 0·34 0·34 0·34 0·34 0·34 0·30 0·30 0·30 0·30 0·30
DL-Methionine 0·15 0·15 0·15 0·15 0·15 0·08 0·07 0·07 0·07 0·07
Salt 0·30 0·30 0·30 0·30 0·30 0·30 0·30 0·30 0·30 0·30
Zeolite powder 0·01 0·01 0·01 0·01 0·01 0·22 0·56 0·56 0·56 0·56
Premix† 1·00 1·00 1·00 1·00 1·00 1·00 1·00 1·00 1·00 1·00

Calculated nutrient levels
Metabolisable energy (MJ/kg) 12·52 12·50 – – – 13·00 13·12 – – –
Crude protein 21·33 21·00 21·00 21·00 21·00 19·49 19·40 19·40 19·40 19·40
Ca 1·00 1·00 1·00 1·00 1·00 0·98 0·89 0·89 0·89 0·89
Available phosphorus 0·46 0·45 0·45 0·45 0·45 0·40 0·35 0·35 0·35 0·35
Lysine 1·21 1·12 1·12 1·12 1·12 1·04 1·00 1·00 1·00 1·00
Methionine 0·50 0·51 0·51 0·51 0·51 0·41 0·41 0·41 0·41 0·41
Methionine þ cysteine 0·86 0·85 0·85 0·85 0·85 0·75 0·72 0·72 0·72 0·72
Arginine 1·27 1·18 1·18 1·18 1·18 1·11 1·06 1·06 1·06 1·06
Threonine 0·83 0·81 0·81 0·81 0·81 0·75 0·74 0·74 0·74 0·74

Measured nutrient levels
Crude protein 20·91 20·40 20·61 20·39 20·64 18·85 18·72 18·37 18·63 18·61
Starch 51·25 51·23 51·34 52·30 52·01 52·22 52·53 51·84 51·37 52·59
Resistant starch 3·03 4·18 7·33 11·02 14·16 3·27 4·26 7·39 11·48 14·78

NC, normal corn–soyabean; CS, corn starch; RS, resistant starch.
* NC, a basic normal corn–soyabean diet; CS, the diet contains 20% corn starch; 4%RS, 8%RSand 12%RS, the diets contains 4%, 8%and 12%corn RS by replacing corn starch
of CS diet with 6.67%, 13.3%, and 20% Hi-Maize® 260 (type II RS, 60% purity), respectively.

† Premix provided per kilogram of diet: trans-retinyl acetate, 30 mg; cholecalciferol, 0.075 mg; DL-α-tocopherol acetate, 30 mg; menadione, 1.3 mg; thiamine, 2.2 mg; riboflavin, 8.0
mg; nicotinamide, 40mg; choline, 400mg; pantothenic acid (D-Ca pantothenate), 15mg; pyridoxineHCl, 4mg; biotin, 0.04mg; folic acid, 1mg; cobalamin, 0.013mg; Fe, 80mg; Cu,
8.0 mg; Mn, 110 mg; Zn, 60 mg; I, 1.1 mg; SE, 0.3 mg.
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the required sample size was n=8. The mortality data were ana-
lysed using Kruskal–Wallis of nonparametric test using SPSS soft-
ware (Version 20.0, SPSS Inc.). Other data were analysed using
one-way ANOVA and checked for normal distribution and
homogeneity of variance using the Shapiro–Wilk tests. The effect
of graded levels dietary RS was determined by orthogonal poly-
nomial contrasts. The model included linear and quadratic con-
trasts for effects of supplemental RS. P< 0·05 was considered
statistically significant. The results are presented as means with
their standard errors (SE). The cage (replicate) was the sampling
unit and the experimental unit. A total of eight replicate were
used per treatment (n=8).

Results

Growth performance and mortality

In our previous study(16), the birds fed RS diets had lower
(P< 0·05) average daily gain, average daily feed intake and gain
to feed ratio (G/F) than those receiving the control diet. As
shown in Fig. 1, feeding RS diets did not have a significant effect
(P> 0·05) on mortality in the five treatment groups.

Lymphoid organ development

Birds fed RS-treated diets linearly increased (P< 0·05) the relative
weights of spleen, thymus and bursa at 21 d of age (Table 3).
Meanwhile, the relative weight of spleen in 8 % RS group and
the relative weight of bursa in groups of 4 % RS, 8 % RS and
12% RS were higher (P< 0·05) than those of NC group at 21 d
of age. The relative weight of spleen in groups of CS, 4 % RS,
8 % RS and 12% RSwere higher (P< 0·05) than those of NC group
at 42 d of age.

The number of intraepithelial lymphocytes in jejunum

Birds from 8 % RS group exhibited higher (P< 0·05) number of
jejunal IEL compared with those in NC and 4 % RS groups at 21 d
of age (Fig. 2). There is no observable difference (P> 0·05) in
jejunal IEL number of birds among all groups at 42 d of age.

The density of IgA-producing cells in jejunum

In comparison with the NC group, higher (P< 0·05) density of
jejunal IgA-producing cells were presented in birds treated with
CS, 4 % RS and 8 % RS diets at 21 d of age (Fig. 3). No significant
difference (P> 0·05) in density of IgA-producing cells among all
groups at 42 d of age.

Plasma NO concentration, TNOS and iNOS activities

Birds fed RS diets linearly increased (P< 0·05) the NO concen-
tration of plasma at 21 d of age and the TNOS and iNOS activities
of plasma at 21 and 42 d of age (Table 4). Meanwhile, the plasma
NO concentration in birds from the 4 % RS, 8 % RS and 12 % RS
groupswere higher (P< 0·05) than that in theNC group at 21 d of
age. The activities of plasma TNOS and iNOS in broilers from
12 % RS groupwere higher (P< 0·05) than those in the NC group
at 42 d of age.

The concentrations of IFN-γ, IL-2 and IL-4 in plasma

Dietary RS supplementation linearly increased (P< 0·05) plasma
IL-4 content of bird at 21 d of age and plasma IL-2 content at 42 d
of age (Table 5). Moreover, compared with the NC group, birds
fed the RS supplementation diets showed higher (P< 0·05)
plasma IFN-γ content and birds consumed the 8 % RS diets also
exhibited higher (P< 0·05) plasma IL-4 content at 21 d of age
(P< 0·05).

The mRNA expressions of cytokines in jejunal mucosa

The broiler jejunal mRNA expressions of the IL-6 at 21 d and IL-8
at 42 d in RS-treated groups were linearly down-regulated
(P< 0·05), while the mRNA expressions of IL-6, IL-10 and
TNF-α at 21 d as well as IL-10 at 42 d in RS-treated groups were

Table 2. Primer sequences for real-time quantitative PCR analysis

Genes GenBank numbers Primer sequences (5 0→3 0) Product sizes (bp)

IL-6 XM 015281283·2 Forward: ACGGCAGCTCTCGGTGTCTC 115
Reverse: CGTCCTCCTCCGTCACCTTGG

IL-8 NM 205 498·1 Forward:GCTGCTCTGTCGCAAGGTAGG 126
Reverse: ACATCTTGAATGGATTTAGGGTGG

IL-10 XM 025143715·1 Forward:CAGCACCAGTCATCAGCAGAGC 94
Reverse: GCAGGTGAAGAAGCGGTGACAG

TNF-α XM 015294125·2 Forward:CTCAGGACAGCCTATGCCAACAAG 178
Reverse:GCCACCACACGACAGCCAAG

NC CS 4%RS

Kruskal–Wallis, P = 0·777

8%RS 12%RS
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Fig. 1. Mortality of broilers fed diets supplemented with graded levels of corn
resistant starch (RS). NC, a basic normal corn–soyabean diet; CS, a corn–soya-
bean–based diet supplementation with 20% corn starch (CS); 4% RS, 8% RS,
and 12% RS, the corn–soyabean–based diets supplementation with 4, 8, and
12% corn RS, respectively.
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quadratically up-regulated (P< 0·05). In comparison with the
NC group, the broiler jejumal IL-10 mRNA expression in 4 %
RS group and the TNF-αmRNA expression in 8 % RS group were
higher (P< 0·05) at 21 d of age (Fig. 4). Meanwhile, the mRNA
expressions of IL-8 and IL-10 in 4 % RS group were also higher
(P< 0·05) than those in the control group at 42 d of age.

Discussion

The immune-promoting effects of RS on humans and mammals
have been widely recognised, but little is known about avian
species. In the present study, we have confirmed our hypothesis
that RS could elevate the immune function of broiler chickens.
We showed that dietary supplementation with RS can improve

Table 3. Immune organ index of broilers fed diets supplemented with graded levels of corn resistant starch (RS)
(Mean values with their standard errors of the mean, n=8)

Items

Treatments*

SEM

P-value

NC CS 4% RS 8% RS 12% RS ANOVA Linear† Quadratic†

21 d
Spleen (g/kg·BW) 1·02bc 0·98b,c 0·91c 1·21a 1·13a,b 0·03 0·001 0·002 0·936
Thymus (g/kg·BW) 2·41 1·97 2·38 2·50 2·51 0·07 0·076 – –
Bursa (g/kg·BW) 2·16c 2·46b,c 2·84a,b 2·87a,b 3·03a 0·07 0·001 0·009 0·453

42 d
Spleen (g/kg·BW) 1·16b 1·45a 1·58a 1·60a 1·63a 0·05 0·008 0·219 0·619
Thymus (g/kg·BW) 1·36 1·42 1·53 1·57 1·78 0·09 0·705 – –
Bursa (g/kg·BW) 1·27 1·38 1·25 1·29 1·41 0·06 0·893 – –

NC, normal corn–soyabean; CS, corn starch; RS, resistant starch; BW, body weight.
* NC, a basic normal corn–soyabean diet; CS, a corn–soyabean–based diet supplementation with 20% CS; 4% RS, 8% RS, and 12% RS, the corn–soyabean–based diets sup-
plementation with 4, 8, and 12% corn RS, respectively.

† Orthogonal polynomial contrast was used to determine linear and quadratic effects of increasing concentrations of resistant starch in CS and RS diets.
a,b,cMeans in a row without a common superscript letter significantly differ (P< 0·05).

Fig. 2. (a) Morphological observation of intraepithelial lymphocytes in jejunum of broilers based on hematoxylin–eosin staining. (b) Intraepithelial lymphocytes density in
jejunum of broilers fed diets supplemented with graded levels of corn resistant starch. The results are represented as the mean value ± SE (n=8). Means without a
common letter significantly differ (P< 0·05). NC, a basic normal corn–soyabean diet; CS, a corn–soyabean–based diet supplementation with 20% corn starch
(CS); 4% RS, 8% RS, and 12% RS, the corn–soyabean–based diets supplementation with 4, 8, and 12% corn resistant starch (RS), respectively.
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mucosal immune and systemic immune function, which evi-
denced by the increased density of immune cells IEL and IgA-
producing cells, and the relative weight of spleen and bursa,
as well as the increased concentrations of plasma NO and cyto-
kines. These results can provide a theoretical basis for the
rational use of RS in poultry diets

Our previous study has demonstrated that dietary supple-
mentation with RS significantly reduced average daily gain, aver-
age daily feed intake and G/F(16), but it had no effect onmortality
in this study. These results indicated that RS may have a benefi-
cial effect on the immune function of broilers. A possible mecha-
nism for the reduction of average daily feed intake and average
daily gain by RS is that the RS supplementation can reduce the
proportion of rapidly digestible starch in diets, which would
affect the energy metabolism of broilers. And RS has also been
proved to promote the secretion of glucagon-like peptide-1
(GLP-1) and peptide tyrosine tyrosine (PYY), which have an
appetite suppressing effect and may contribute to the reduction
of average daily feed intake and average daily gain(22,23).
However, RS can be used by hindgut microorganisms to ferment
and produce the metabolite, SCFA, which is known to regulate
the production, transport and function of innate and adaptive
immune cells(24). And we have reported that RS does increase
the production of SCFA in broiler caecum(25). This leads us to
believe that RS may have the effect of improving immune char-
acteristics of broilers.

The body immune system includes three major components,
the immune organs, immune cells and immunologically active
substances(26). In poultry, thymus and bursa of Fabricius are cen-
tral lymphoid organs, and spleen is the peripheral lymphoid
organ(27). These immunological organs are responsible for the
immune cells production, maturation, storage and release, and
their weight is often as a measure of the body’s immune capac-
ity(27,28). The thymus is where the lymphocyte progenitor cells
develop into T cell subpopulations(29). The bursa of Fabricius
is a central lymphoid organ unique to poultry, also the place
where B lymphocytes occur, differentiate and mature(29,30). In
this experiment, birds fed RS significantly elevated the relative
weight of bursa, and also had an increasing trend for the relative
weight thymus at 21 d of age. These might be an initial positive
signal for the immunity improvement of the chicks. But for the
42-d-old birds, there was no difference in the relative weight
of thymus and bursa in all treatment groups. One possible reason
may be thymus and bursa are essential in neonatal life(31,32).
Then thymus will start to degenerate after growing up(33).
Meanwhile, we also found that birds fed RS diet increased the
relative weight of the spleen. For poultry, the spleen is a more
important peripheral immune organ than that in mammals
because of the poorer development of lymphatic vessels and
nodes(27). In some pathological conditions, avian immune
organs may degenerate and decrease in weight(34,35). Whereas
prebiotic supplementation has the effect of increasing theweight

Fig. 3. (a) The immunohistochemical assessment of IgA-producing cells in jejunum. (b) Number of IgA-producing cells in jejunum of broilers fed diets supplemented with
graded levels of corn resistant starch (RS). The results are represented as themean value ± SE (n=8). Means without a common letter significantly differ (P< 0·05). NC, a
basic normal corn–soyabean diet; CS, a corn–soyabean–based diet supplementation with 20% corn starch (CS); 4% RS, 8% RS, and 12% RS, the corn–soyabean–
based diets supplementation with 4, 8, and 12% corn RS, respectively.
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of the lymphoid organs and improve other immunological
indicators. For example, dietary supplementation with oligochi-
tosan can increase the relative weight of bursa and thymus, and
there was also an increasing trend in the relative weight of
spleen. Meanwhile, serum concentrations of IgG, IgA and IgM
were also increased(36). Similar results were obtained for RS in
our study. These results suggest that RS can promote the devel-
opment of lymphoid organs and may futher modulate the
immune function of broilers.

The intestinal mucosa separates internal from external envi-
ronment, preventing the invasion of potentially harmful substan-
ces. The IEL constitute a population of cells dwelling
interspersed in intestinal epithelial cells and represent a unique
immunological compartment in the intestines(37). We thus mea-
sured the lymphocyte density in jejunal epithelium. Our results
showed that 8 % RS treatment significantly improved the jejunal
IEL density of birds at 21 d of age compared with birds in the NC
and 4 % RS groups, suggesting that RS can promote the develop-
ment of IEL in the early stage of broilers. An increased number of
intestinal immune cells implies the improvement of mucosal
immune function. Secreted sIgA promote the clearance of
antigens and pathogenic microorganisms from the intestinal
lumen by blocking their access to epithelial receptors,

entrapping them in mucus(38). In the current study, the density
of jejunal IgA-producing cells were higher in groups of 4 % RS
and 8 % RS than those in the NC group at 21 d of age. The trend
of the results of the effect of RS on IgA-producing cells is consis-
tent with that of RS on IEL, indicating that RS enhances mucosal
immunity in broiler chickens by increasing the density of
immune cells.

Cytokines is mainly secreted by T cells and can be used as a
measure of immune response ability of the body(39). The helper T
cells of the body are divided into Th1 and Th2 subgroups. Th1
subgroup mainly mediates cellular immunity and inflammatory
response and secretes cytokines such as IL-2 and IFN-γ, which
are important for antiviral and antibacterial immunities. Th2 sub-
group mainly mediates humoral immunity and secretes IL-4 etc.,
which is responsible for the immunity of extracellular patho-
gens(40). All RS diet treatments increased plasma IFN-γ concen-
tration, and 8 % RS treatment also increased plasma IL-4
concentration of broilers at 21 d of age compared with the
NC, CS and 4 % RS groups. These results demonstrated that both
cellular and humoral immunity were elevated when broilers
were fed RS diets. In addition, 4 % RS up-regulated the mRNA
expression pro-inflammatory cytokines IL-8 and TNF-α in jeju-
num mucosa. Meanwhile, the mRNA expression of anti-

Table 5. Plasma interferon (IFN)-γ, IL-2 and IL-4 concentrations of broilers fed diets supplemented with graded levels of corn resistant starch
(Mean values with their standard errors of the mean, n=8)

Items

Treatments*

SEM

P-value

NC CS 4% RS 8% RS 12% RS ANOVA Linear† Quadratic†

21 d
IFN-γ (ng/l) 147·44b 223·57a 199·74a 225·30a 230·63a 8·58 0·007 0·482 0·385
IL-2 (ng/l) 22·02 27·49 28·26 29·54 34·29 2·22 0·634 – –
IL-4 (ng/l) 94·99b,c 87·99c 92·30b,c 129·08a 118·51a,b 4·67 0·011 0·007 0·640

42 d
IFN-γ (ng/l) 180·23 164·55 181·49 190·74 205·41 6·67 0·421 – –
IL-2 (ng/l) 27·40a,b 20·55b 20·57b 36·77a 29·91a,b 1·94 0·024 0·012 0·715
IL-4 (ng/l) 86·86 65·66 85·54 90·69 82·35 3·92 0·283 – –

NC, normal corn–soyabean; CS, corn starch; RS, resistant starch; IFN, interferon.
* NC, a basic normal corn–soyabean diet; CS, a corn–soyabean–based diet supplementation with 20% CS; 4% RS, 8% RS, and 12% RS, the corn–soyabean–based diets sup-
plementation with 4, 8, and 12% corn RS, respectively.

† Orthogonal polynomial contrast was used to determine linear and quadratic effects of increasing concentrations of resistant starch in CS and RS diets.
a,b,cMeans in a row without a common superscript letter significantly differ (P< 0·05).

Table 4. Plasma NO concentration, TNOS and iNOS activities of broilers fed diets supplemented with graded levels of corn resistant starch
(Mean values with their standard errors of the mean, n=8)

Items

Treatments*

SEM

P-value

NC CS 4% RS 8% RS 12% RS ANOVA Linear† Quadratic†

21 d
NO (μmol/l) 3·42b 3·28b 6·06a 5·64a 6·26a 0·04 0·013 0·021 0·225
TNOS (U/ml) 33·11a,b 29·36b 30·95b 31·00b 35·92a 0·70 0·007 0·001 0·210
iNOS (U/ml) 16·92 14·81 16·01 16·22 17·15 0·29 0·121 – –

42 d
NO (μmol/l) 11·33 8·46 10·5 11·56 11·9 0·55 0·255 – –
TNOS (U/ml) 28·24b 29·16b 28·12b 27·58b 33·82a 0·57 <0·001 0·005 0·003
iNOS (U/ml) 14·65b 14·87b 14·59b 16·92b 19·86a 0·49 <0·001 <0·001 0·085

NC, normal corn–soyabean; CS, corn starch; RS, resistant starch.
* NC, a basic normal corn–soyabean diet; CS, a corn–soyabean–based diet supplementation with 20% CS; 4% RS, 8% RS, and 12% RS, the corn–soyabean–based diets sup-
plementation with 4, 8, and 12% corn RS, respectively.

† Orthogonal polynomial contrast was used to determine linear and quadratic effects of increasing concentrations of resistant starch in CS and RS diets.
a,bMeans in a row without a common superscript letter significantly differ (P< 0·05).
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inflammatory cytokines IL-10 was also up-regulated in 4 % RS
group compared with the NC and 12 % RS treatments. The
up-regulation of both pro-inflammatory and anti-inflammatory
cytokines in the 4 % RS group might create a new state of
immunological balance.

NO is a kind of small molecular substance synthesised by
NOS with extensive functions and unique properties in biol-
ogy. NO not only acts as the nervous system signaling mol-
ecule, but also plays an important role in the immune
defense(41). When the organism is induced by cytokines or
infected by bacteria, viruses and parasites, the iNOS existing
in macrophages will catalyse the release of NO(42). In this

study, dietary RS supplementation increased the plasma NO
concentration of birds at 21 d of age, and bird in 12 % RS group
showed the highest plasma TNOS and iNOS activities at 42 d of
age. There is an increasing evidence that NO is essential for
the regulation of the inflammatory response(43). Therefore,
the increased plasma NO concentration and iNOS activity
may have the ability to relieve the underlying inflammation
in the chicken body.

In summary, the present study investigated the effect of
dietary corn RS on broiler immunological characteristics. Our
results revealed that dietary corn RS supplementation canmodu-
late mucosal and systemic immune function in broiler chickens

Fig. 4. Relative mRNA expressions of (a) IL-6, (b) IL-8, (c) IL-10 and (d) TNF-α in jejunum of broilers fed diets supplemented with graded levels of corn resistant starch
(RS). The results are represented as the mean value ± SE (n=8). Means without a common letter significantly differ (P< 0·05). NC, a basic normal corn–soyabean diet;
CS, a corn–soyabean–based diet supplementation with 20% corn starch (CS); 4%RS, 8%RS, and 12%RS, the corn–soyabean–based diets supplementation with 4,
8, and 12% corn RS, respectively.
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by increasing jejunal immune cells IEL and IgA-producing cells
density and cytokines mRNA expression, as well as elevating the
relative weight of lymphoid organs and plasma NO concentra-
tion during the starter growth period. These alterations may
enrich the nutritional theory of starch research in broiler
chickens.
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