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ABSTRACT This study was aimed to assess the pro-
tective effects of ~-irradiated Astragalus polysaccha-
rides (IAPS) on the development of small intestine
and intestinal mucosal immunity of immunosuppressed
broilers induced by cyclophosphamide (CPM). A total
of 384 one-day-old broiler chicks with similar initial
weight were randomly assigned into 6 groups: non-
treated group (control), and CPM-treated groups fed ei-
ther a basal diet or the diets containing 900 mg/kg APS,
or 900, 600, 300 mg/kg TAPS, respectively. On days 16,
18, and 20, all broilers except for control group were
intramuscularly injected with 0.5 mL CPM (40 mg/kg
of BW). Broilers in the control group were intramus-
cularly injected with 0.5 mL sterilized saline (0.75%,
wt/vol). This trial was lasted for 21 d. The results re-
vealed that both APS and IAPS treatment elevated the
duodenal IgA-producing cells number and the jejunal
mRNA expression of interleukin-2 (IL-2), interleukin-
10 (IL-10), and interferon vy of CPM-injected broilers

(P < 0.05). The decreased jejunal villus height (VH),
the ratio of VH to crypt depth (V/C), as well as the
intestinal intraepithelial lymphocytes (IELs) and gob-
let cells number in CPM-injected broilers were elevated
by dietary supplementation with 900 mg/kg APS or
900, 600 mg/kg TAPS (P < 0.05). The CPM-induced
decrease in jejunum index, the duodenal VH and the
jejunal IgA-producing cells number were only improved
in the 900 mg/kg IAPS group (P < 0.05). Further-
more, the number of IELs and IgA-producing cells in
duodenum, VH, V/C, the number of goblet cells, and
mRNA expression of IL-2 and IL-10 in jejunum were
higher in the 900 mg/kg IAPS group than those in
the 900 mg/kg APS group (P < 0.05). In summary,
IAPS possessed stronger immunomodulatory effect
than APS at the same supplementation level. There-
fore, gamma irradiation can be used as an alternative
treatment to enhance the immunomodulatory activity

of APS.
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INTRODUCTION

In poultry industry, broiler chickens are exposed to
stressors, infectious diseases, and nutrient deficiencies,
which impair the specific and non-specific immunity
and make organism more sensitive to pathogens, con-
sequently resulting in immunosuppression (Fan et al.,
2013; Cheng et al., 2016). Aside from the damage on
immune function, immunosuppression state also results
in decreased growth performance by reducing BW and
feed conversion (He et al., 2007). Numerous reports
have shown that Chinese herbal medicines and their
effective components can significantly enhance animal
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immune function (Qiu et al., 2007) and intestinal mu-
cosal integrity (Han et al., 2016) with the advantages of
producing fewer side effects, being widely available and
high efficacy (Chen et al., 2014). Astragalus polysac-
charides (APS), as one of the main active ingredients
of Astragalus membranaceus (Fisch.) Bunge (family
Fabaceae), have been reported to exhibit immune en-
hancement both in vivo and in vitro, such as promoting
T and B lymphocytes proliferation (Fan et al., 2012; Li
et al., 2019), increasing the serum IgG, IgM, and IgA
levels (Wu, 2018; Li et al., 2019), as well as improving
the development of immune organs (Li et al., 2009) and
the intestinal mucosal immunity (Li et al., 2018b).
Polysaccharides are large-molecular-weight polymers
with specific spatial structures. Biological activities of
polysaccharides are influenced by molecular weight, gly-
cosidic bond of the main chain and tertiary struc-
ture (Sung et al., 2009). v irradiation is an ionic,
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non-thermal process that uses as a storage and func-
tional modification agent in polymers research and ap-
plication (Methacanon et al., 2011). It is also con-
sidered as one of the physical modification methods
of nature polysaccharides by cleavage of the glyco-
sidic bonds (Hussain et al., 2014). In comparison with
other modification methods, such as acidic hydrolysis
and enzymatic treatments, administration of v irradia-
tion is more reproducible, high-yield, and environment-
friendly (Byun et al., 2008). In a recent in vitro study,
we found that « irradiation modification with a proper
dose (25 kGy) enhanced immunomodulatory activity
of APS (Ren et al. 2018). However, whether the -
irradiated APS (IAPS) can be used as a potential
immune-enhancing agent needs further investigation to
assess its immunomodulatory activity in vivo.
Cyclophosphamide (CPM) is an immunosuppres-
sive agent that reduces immunomodulation-related cy-
tokines and antibodies, consequently impairing both in-
nate immunity and adaptive immunity (Fu et al., 2018).
As the biggest immune organ in the body, intestine is
not only responsible for digestion and absorption of nu-
trients, but also as a barrier as part of the immune sys-
tem (Shao et al., 2013). The intestinal mucosa, which
represent the first line for immune response, are com-
posed of immune cells and molecules irregular through-
out lamina propria and organized lymphatic tissues
(Zhao et al., 2009). We thus hypothesized that IAPS
administration through oral route would influence the
intestinal health of broilers via interaction directly with
the intestinal mucosal immunity. Therefore, the aim of
this study was to assess the protective effects of IAPS
on the development of small intestine and intestinal mu-
cosal immunity of immunosuppressive broilers induced

by CPM.

MATERIALS AND METHODS
Preparation of IAPS

APS was purchased from Tianjin Sainuo Pharmaceu-
tical Co., Ltd. (Tianjin, China), and the polysaccha-
rides content determined according to Masuko et al.
(2005) was 87.64%. The APS samples were packed in 3
identical polyethylene bags (200 g/bag).

~ irradiation treatment was carried out using a BFT-
IV cobalt-60 source irradiator at an ambient tempera-
ture of 25 + 0.5°C in XiYue Irradiation Technology
Co., Ltd. (Nanjing, China). The irradiation dose in this
study was 25 kGy, with a rate of 4 Gy/s. The source
strength was 2 x 10° Ci. After irradiation, 100 g of
IAPS from each bag were weighed, mixed and stored at
—20°C for animal feeding experiment.

Birds and Experimental Design

The animal protocol for the present study was ap-
proved by the Institutional Animal Care and Use Com-
mittee of Nanjing Agricultural University. A total of
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384 one-day-old Arbor Acres broiler chicks (Shengnong
Co., Ltd., Jiangsu, China) based on similar initial BW
(45.00 £ 0.45 g) were randomly allocated into 6 groups
with 8 cages per group and 8 chickens per cage (100
x 60 x 40 cm). These 6 groups included: 1) control
group, 2) CPM group, 3) APSyy group, 4) IAPSqy
group, 5) IAPSgy group, and 6) TAPS3q group. Broil-
ers in the control group and CPM group were fed with
the basal diets. Birds in the APSQQ(), IAPSg[)(), IAPSG(](),
and TAPS3y, groups were fed with the same basal diets
supplementation with 900 mg/kg APS, and 900, 600, or
300 mg/kg TAPS, respectively. The experiment lasted
for 21 d. On days 16, 18, and 20 of the experiment,
all birds in the control group were pectoral intramuscu-
larly injected with 0.5 mL sterile saline (0.75%, wt/vol),
and the birds in other treatment groups were pectoral
intramuscularly injected with 0.5 mL. CPM (40 mg/kg
of BW) (Yang et al., 2011). The sterile distilled water
was autoclaved at 121°C for 15 min. The solutions were
sterilized by filtration through a 0.22-pm membrane
filter.

All broilers were allowed free access to feed and water
in a temperature-controlled room at Nanjing Kangxin
Poultry Industry Company (Nanjing, China) during the
21-d experiment. The birds were raised under white
light with a light schedule of 23 h light and 1 h dark
(23L:1D; darkness duration, 2300 to 2400 h) from days
0 to 21. The temperature of the experimental room was
set at 33°C at the age of 1 to 4 d and then reduced by 2
or 3°C per week to a final temperature of 26°C. The in-
gredient composition and nutrient levels for the starter
diets are presented in Table 1. The diets were formu-
lated to meet or exceed the nutrient requirements of
the National Research Council (1994) and were devoid
of antibiotics.

Sample Collection

At the age of 21 d, birds were group weighed by
cage for the analysis of the mean BW for each repli-
cation. Then, one bird from each cage with similar
weight close to the average weight of their cage was
selected and weighted. All birds (total 48 birds) were
stunned electrically (50 V, alternating current, 400 Hz
for 5 s each one), and then immediately slaughtered
via exsanguination of the left carotid artery. The duo-
denum (from ventriculus to pancreo-biliary ducts), je-
junum (from pancreo-biliary ducts to yolk stalk) and
ileum (from yolk stalk to ileocecal junction) were col-
lected. For morphological analysis, approximately 1-cm
middle portion of the 3 sections of small intestine were
excised, flushed with cold sterile saline (0.75%, wt/vol)
and fixed in 4% paraformaldehyde at least for 24 h.
Afterwards, the contents of 3 sections of small intes-
tine were individually squeezed out and weighted for
calculated the intestine index according to the formula:
the small intestine index (g/kg) = the weight of small
intestine (g)/BW (kg). After cut open, the mucosa of



6402

Table 1. Ingredient composition and calculated
nutrient levels of the basal diets.

1to21d
Ingredient (%)
Corn 57.61
Soybean meal 31.00
Corn gluten meal 3.29
Soybean oil 3.11
Dicalcium phosphate 2.00
Limestone 1.20
Salt 0.30
-Lysine HCI 0.34
pL-Methionine 0.15
Premix? 1.00
Calculated Nutrient levels (%)
Metabolizable energy (MJ/kg) 12.56
Crude protein 21.00
Calcium 1.00
Total phosphorus 0.70
Available phosphorus 0.46
Lysine 1.20
Methionine 0.50
Methionine + cysteine 0.85

I'The crud protein content was 60%.

2Premix provided per kilogram of diet: vitamin
A, 12,000 1U; vitaminD3, 2500 IU; vitamin E, 20
IU; menadione sodium bisulfate, 1.3 mg; thiamin,
2.2 mg; riboflavin, 8 mg; nicotinamide, 40 mg; calcium
pantothenate, 10 mg; pyridoxine HCIl, 4 mg; biotin,
0.04 mg; folic acid, 1 mg; vitamin B (cobalamin),
0.013 mg; choline chloride, 400 mg; Fe (from ferrous
sulfate), 80 mg; Cu (from copper sulfate), 8 mg; Mn
(from manganese sulfate), 110 mg; Zn (from zinc sul-
fate), 60 mg; I (from calcium iodate), 1.1 mg; Se (from
sodium selenite), 0.3 mg.

jejunum was aseptically scraped from the luminal sur-
face using a clean glass microscope slide, minced, snap-
frozen in liquid nitrogen, and then stored at —80°C for
mRNA extraction.

Histological Observation of Small Intestine

Intestinal samples were dehydrated in a graded
ethanol series (50, 70, 80, 90, 95, and 100% ethanol),
clarified with fresh xylene, and then embedded into
paraffins. About 5 pm intestinal cross sections were
prepared and stained with common haematoxylin-eosin
(HE) staining (Chen et al., 2015) for morphology mea-
surement. The images of stained samples were captured
using an Olympus DP12 CCD digital camera (Olympus
Optical Co. Ltd., Tokyo, Japan) under a light micro-
scope at 40x magnification (Olympus BX41, Olympus
Optical Co. Ltd.). Then, the villus height (VH; from
the tip of the villi to the villi crypt opening) and the
crypt depth (CD; from the base of the crypt to the level
of the crypt opening) were determined by the Image-
Pro Plus 6.0 software (Media Cybernetics, Bethesda,
MD, USA), the ratio of VH to crypt depth (VH/CD)
was then calculated. At least 6 well-oriented, intact
villus-crypt units of intestinal (duodenum, jejunum and
ileum) cross section from one section per chicken were
examined. The average value of the 6 structures per
chicken was used.
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Immunocytes Counts in Small Intestine

Histological sections (5 pum) were prepared using the
same protocol described above. For intraepithelial lym-
phocytes (IELs) counts, tissue slides were stained with
HE method. As for goblet cells, tissue slides were pre-
pared and stained with glycogen periodic acid-Schiff
according to Wang et al. (2009). All sections were ob-
served under a light microscope at 400X amplification
(Scope A1, Carl Zeiss Co. Ltd., Jena, Germany). For
different part of small intestine (duodenum, jejunum
and ileum), the numbers of IELs and goblet cells at
5 different fields of intestinal villi from one section in
each bird were counted for the statistical analysis of the
data, and expressed as number of cells per 100 columnar
epithelial cells.

Measurement of IgA -Producing Cells Using
Immunohistochemistry

Expression of [gA-producing cells in the tissue sam-
ples was performed by immuno-histochemical analysis.
The histological sections (5 pum) were prepared using
the same protocol as described above. The number of
IgA-producing cells was revealed using the avidin-biotin
complex immunohistochemical method. The staining
procedure was based on the methods of Wang et al.
(2009). The mouse anti-chicken IgA monoclonal anti-
body (Cat no. 8330-01; Southern Biotechnology Inc.,
Birmingham, AL) and was diluted to 10 pg/mL with
PBS (0.01 M, pH 7.4). The number of IgA-producing
cells in the intestinal lamina propria was counted using
a light microscope (Scope Al, Carl Zeiss Co. Ltd.) at
200x amplification. Five different fields per section in
each chicken were chosen randomly and analyzed. The
results were expressed as the number of cells/mm?.

RNA Extraction and Real-Time Quantitative
PCR Analysis

The total RNA was extracted from the frozen mu-
cosa samples using the Trizol reagent (Takara Biotech-
nology Co. Ltd., Dalian, China) according to the manu-
facturer’s protocol. Then, total RNA was treated with
DNase I (Takara Biotechnology Co. Ltd.) to remove
DNA and reverse transcribed to cDNA (20 pL reaction
system for maximum use of 500 ng of total RNA) using
a PrimeScript RT master mix kit (Takara Biotechnol-
ogy Co. Ltd.). The reverse-transcription (RT) reactions
were incubated for 15 min at 37°C, followed by 5 s at
85°C to inactivate the RT enzyme. The RT products
(cDNA) were stored at —20°C.

The mRNA expressions of selected genes including
interleukin-2 (IL-2), interleukin-10 (IL-10), lipopolysac-
charide induced TNF factor (LITAF), and interferon
v (IFN-y) were evaluated by the Real-Time Quan-
titative PCR (RT-qPCR). The RT-qPCR mixture
system was performed using the CFX Connect™
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Table 2. Primer sequences used for RT-qPCR analysis.

Genes! Primer sequence (5'-3") Amplicon size (bp) Genbank number
IL-2 F: GCTAATGACTACAGCTTATGGAGCA 187 NM 000594
R: TGGGTCTCAGTTGGTGTGTAGAG
1L-10 F: GCGCTTCTACACAGATGAGGT 179 NM 0010,0,4414.2
R: CGAACGTCTCCTTGATCTGC
LITAF F: AGACCAGATGGGAAGGGAATGAA 219 XM 01,529,4125.1
R: GAAGAGGCCACCACACGACAG
IFN-y F: ATGTAGCTGACGGTGGACCT 193 NM 205,149.1
R: ACGCCATCAGGAAGGTTGTT
[B-actin F: ATCCGGACCCTCCATTGTC 120 NM 205,518.1
R: AGCCATGCCAATCTCGTCTT

'IL-2, interleukin-2; IL-10, interleukin-10; LITAF, lipopolysaccharide induced TNF factor; IFN-y, Interferon .

Table 3. Effect of APS and TAPS on the BW and intestine index of CPM immunosuppressed broilers.

Treatments!
Items COIItrOl CPI\I APSQOO IAPSQQO IAPS@UO IAPS300 SEI\/I P value
BW (kg/bird) 0.726" 0.663" 0.688*P 0.692*P 0.687*P 0.672" 0.006 0.047
Duodenum index (g/kg - BW) 8.04 7.30 7.36 7.7 7.65 7.34 0.099 0.188
Jejunum index (g/kg - BW) 14.65 13.02° 13.65%P 14.16* 13.70%P 13.57%P 0.152 0.036
Tleum index (g/kg - BW) 10.29 9.72 10.20 10.24 10.22 9.98 0.182 0.953

abDifferent letters in the mean value of the same row indicate a significant difference (P < 0.05). The results are represented as the mean value 4

SEM (n = 8).

!Control, broilers were fed a basal diet and injected with saline; CPM, CPM-injected broilers were fed a basal diet; APSggo, IAPSgg0, IAPSg00,
and TAPS30, CPM-injected broilers were fed a basal diet containing 900 mg/kg APS, and 900, 600, or 300 mg/kg IAPS, respectively; CPM,
cyclophosphamide; APS, Astragalus polysaccharides; IAPS, %°Co ~-ray irradiated APS.

Real-Time PCR Detection System (Bio-Rad Laborato-
ries, Inc., Hercules, CA, USA) with SYBR Premix Ex
Taq kits (Takara Biotechnology Co. Ltd.). The reaction
volume was 20 uL, containing 10 uL of SYBR Premix
Ex Taq II (2x), 0.4 L of ROX Reference Dye II (50% ),
0.4 pL of a forward primer (10 uM), 0.4 uL of a reverse
primer (10 uM), 1 pL of ¢cDNA, and 7.8 uL sterilized
double-distilled water. The pairs of specific primers for
target genes and the housekeeping gene are presented in
Table 2 and were synthesized by Invitrogen (Invitrogen
Life Technologies, Shanghai, China). The thermal cy-
cling conditions were used as follows: 95°C for 5 min; 40
cycles at 95°C for 10 s, 60°C for 30 s, 72°C for 30 s; and
72°C for 5 min. The cycle threshold (Ct) values were
normalized to the expression level of S-actin. All sam-
ples were run in triplicate, and the expression of target
gene relative to S-actin was calculated using the 2-24Ct
method as previously described (Livak and Schmittgen,
2001).

Statistical Analysis

Data were analyzed by one-way analysis of variance
(ANOVA) using SPSS statistical software (Version 20.0
for windows, SPSS Inc., Chicago, IL, USA). Differences
among treatments were examined using Duncan’s mul-
tiple range tests. Unless otherwise stated, all results
were presented by mean values and the standard error
of the mean (SEM). Differences were considered signif-
icant as P < 0.05.

RESULTS

BW and Intestine Index

CPM stimulation decreased the BW and jejunum
index of 21-d broilers compared to the control group
(P < 0.05; Table 3). Both APS and IAPS treatments
had no effect on the BW of 21-d broilers compared with
the CPM group (P > 0.05). IAPSy treatment elevated
the jejunum index compared with the CPM treatment
(TAPSggo: 14.16 g/kg - BW; CPM: 13.02 g/kg - BW;
P < 0.05). No differences were observed in relative
weight of the duodenum and ileum among all treat-
ments (P > 0.05).

Intestinal Morphology

As shown in Table 4, CPM stimulation reduced the
VH and V/C, and increased the CD both in the duo-
denum and jejunum compared with the control group,
respectively (P < 001) APSgoo, IAPSgoo, and IAPSgOO
treatments increased the VH and V/C in jejunum and
decreased the CD in duodenum compared to the CPM
group (P < 0.05). The birds in TAPSgy, group showed
higher VH and V/C of the duodenum and lower CD
of the jejunum than those in the CPM group (P <
0.05). Moreover, the VH and V/C of jejunum in the
TAPSgyyy group were higher than those in the APSg
group (VH: 1332.43 pum 1256.59 pm; V/C: 5.20 vs. 4.81;
P < 0.05). Supplementation with APS or TAPS had no
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Table 4. Effect of APS and TAPS on the intestine morphology of CPM immunosuppressed broilers.

Treatments?
Ttems! Control CPM APSgp0 TAPSg00 TAPSg00 TAPS300 SEM P value
Duodenum
VH (pm) 1879.99 1724.85° 1761.52"-¢ 1809.72" 1786.02"° 1743.55¢ 10.92 <0.001
CD (um) 175.65¢ 209.86" 186.28-¢ 182.76%¢ 184.65¢ 204.68%" 3.420 0.016
v/C 10.78* 8.63° 9.20"¢ 9.68" 9.35":¢ 9.02":¢ 0.136 <0.001
Jejunum
VH (pm) 1357.03" 1180.53¢ 1256.59° 1332.43" 1330.08" 1219.94° 10.77 <0.001
CD (pm) 247.50° 270.10* 262.23%¢ 253.38-¢ 257.06%¢ 267.72%P 2.217 0.018
v/C 5.31% 4.41° 4.81° 5.20 5.16* 4.44¢ 0.069 <0.001
Tleum
VH (pm) 900.19 808.24 851.00 868.68 858.75 831.89 9.593 0.101
CD (pm) 174.35 183.99 181.22 176.72 181.03 182.81 1.225 0.170
v/C 5.18* 4.41° 4.67° 4,84 4.82%P 4.61° 0.069 0.024

*<Different letters in the mean value of the same row indicate a significant difference (P < 0.05). The results are represented as the mean value +

SEM (n = 8).

'VH, villus height; CD, crypt depth; V/D, the ratio of villus height to crypt depth.

2Control, broilers were fed a basal diet and injected with saline; CPM, CPM-injected broilers were fed a basal diet; APSgg, IAPSg0, IAPSs00,
and IAPS300, CPM-injected broilers were fed a basal diet containing 900 mg/kg APS, and 900, 600, or 300 mg/kg IAPS, respectively; CPM,
cyclophosphamide; APS, Astragalus polysaccharides; IAPS, 9°Co ~-ray irradiated APS.

effect on ileum morphology compared to the CPM
group (P > 0.05).

The Number of IELs in Intestine

In sections of the small intestine samples, the IELs
dispersed as single cells within the epithelial cell
layer that surrounds the intestinal lumen in the basal
region of the epithelium in duodenum and jejunum
(Figure 1A). The number of IELs in the duodenum,
jejunum and ileum were decreased in CPM group than
those in the control group (P < 0.05; Figure 1B, C
and D). Compared with the CPM treatment, APSgg,
TAPSyy, and IAPSg treatments increased the number
of IELs in all the 3 sections of intestine (P < 0.05;
Figure 1B, C and D). In addition, the number of IELs
in the duodenum was higher in TAPSgy, treatment
than that in the APSg treatment (IAPSgg: 25.67,/100
epithelial cells; APSgp: 22.98/100 epithelial cells;
P < 0.05; Figure 1B).

The Number of Goblet Cells in Intestine

Goblet cells were mainly distributed among columnar
cells and presented a typical goblet shape (Figure 2A).
Compared with the control group, the CPM treatment
decreased the number of goblet cells in the duodenum,
jejunum and ileum (P < 0.05; Figure 2B, C, and D).
Compared with the CPM group, birds in the APSgy,
TAPSyy, and TAPS4g groups showed higher number of
goblet cells both in the jejunum and ileum (P < 0.05;
Figure 2C and D). The number of goblet cells in the
duodenum was higher in APSgy, and TAPSgy groups
than that in the CPM group (P < 0.05; Figure 2B).
Furthermore, IAPSyy treatment increased the number
of jejunal goblet cells compared to the APSyy, treat-
ment (P < 0.05).

The Number of IgA-Producing Cells in
Intestine

The IgA-producing cell, which was recognized as a
nucleus surrounded by a ring of yellow-brown cyto-
plasm, mainly distributed in the area of the mucosal
lamina propria of the intestine (Figure 3A). Compared
with the control group, CPM stimulation decreased
the number of IgA-producing cells in all 3 sections
of small intestine (P < 0.05; Figure 3B, C and D).
Dietary addition with APS at 900 mg/kg or TAPS
at all dosage increased the number of IgA-producing
cells in the duodenum compared with the CPM treat-
ment (P < 0.05; Figure 3A and B). The number of
IgA-producing cells in ileum was higher in APSgy
and TAPSgy groups than that in the CPM group
(P < 0.05; Figure 3D). The number of jejunal IgA-
producing cells was only elevated in the TAPSq
group in comparison to the CPM treatment (TIAPSg:
303.05/mm?; CPM: 213.32/mm?; P < 0.05; Figure 3C).
Moreover, the number of IgA-producing cells in duo-
denum was higher in the TAPSgy group than that
in the APSQ()() group (IAPSQ()[)33163/1’I11112, APSg()()i
287.11/mm?; P < 0.05; Figure 3A).

Relative mRNA Expression of IL-2, IL-10,
LITAF, and IFN-y in Jejunum

Figure 4 shows the relative mRNA expression of some
key cytokines in the jejunum. The mRNA expression
of IL-2, IL-10, and IFN-vy were downregulated after
CPM injected (P < 0.05; Figure 4A, B, and D). Di-
etary addition with APS at 900 mg/kg or TAPS at
all dosage upregulated the mRNA expression of IL-2,
IL-10, and IFN-y compared with the CPM treatment
(P < 0.05; Figure 4A, B and D), whereas no difference
was observed on LITAF mRNA expression among all
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Figure 1. Effect of APS and IAPS on the number of intraepithelial lymphocytes (IELs) in intestine of CPM immunosuppressed broilers. The
results are represented as the mean value + SE of each treatment (n = 8). Means without a common letter significantly differ (P < 0.05).
Control, broilers were fed a basal diet and injection with saline; CPM, CPM-injected broilers were fed a basal diet; APSoo0, IAPSg0, TAPSs00, and
TAPS300, CPM-injected broilers were fed a basal diet containing 900 mg/kg APS, and 900, 600, or 300 mg/kg IAPS, respectively. APS, Astragalus
polysaccharides; IAPS, 9°Co ~-ray irradiated APS; CPM, cyclophosphamide.

treatments (P > 0.05; Figure 4C). In addition, the
mRNA expression of IL-2 and [IL-10 were higher
in TAPSgy group than those in the APSgyy group
(P < 0.05; Figure 4A and B).

DISCUSSION

Poultry immunosuppression leads to the damage of
immune system, reduced growth performance, even in-
creased mortality rate (Fussell, 1998). CPM shows an
adverse effect on the intestinal mucosal barrier by short-
ening the intestinal villi, reducing lymphocytes counts,
and disrupting the intestinal flora, which results in
intestinal epithelial damage and immunosuppression
(Wang et al., 2013; Fu et al., 2018). Small intestine
has a frequent contact with viruses, bacteria, and other

exogenous matters, and the surface mucosa of the in-
testine plays a critical role in preventing the invasion
of harmful substances (Huang et al., 2017). The sys-
tematic immune system could be modulated by initi-
ating the intestinal mucosal immune system (Li et al.,
2018a). Therefore, protection of small intestinal mucosa
is important to the relief of immunosuppressive status.
In this study, we investigated the protective effects of
TIAPS on the development and the immunity of intes-
tine mucosa of immunosuppressed broilers induced by
CPM.

In general, the development of digestive organs is
associated with the digestive and absorptive ability
of nutrients, thus affecting the developmental status
of broilers. Small intestine is one of the most impor-
tant digestive organs, and small intestinal mucosa with
normal structure is necessary for optimal growth as
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Figure 2. Effect of APS and IAPS on the number of goblet cells in intestine of CPM immunosuppressed broilers. The results are represented
as the mean value &+ SE of each treatment (n = 8). Means without a common letter significantly differ (P < 0.05). Control, broilers were fed a
basal diet and injection with saline; CPM, CPM-injected broilers were fed a basal diet; APSggy, ITAPSgg0, TAPSg00, and TAPS309, CPM-injected
broilers were fed a basal diet containing 900 mg/kg APS, and 900, 600, or 300 mg/kg IAPS, respectively. APS, Astragalus polysaccharides; IAPS,

0Co ~-ray irradiated APS; CPM, cyclophosphamide.

well as nutrient digestion and absorption (Gao et al.,
2018). In the current study, broilers administration with
CPM at 40 mg/kg of BW showed lower BW and the
relative weight of jejunum of 21-d broilers. The di-
rect reason may be due to the reduced VH and V/H,
and the increased CD of jejunum and duodenum. VH,
CD, and V/C are measured as an indicator of the
gut health and the development of intestine of broil-
ers (Shao et al., 2013). Lower VH leads to reductions in
the villus surface area, thereby resulting in the decrease
of the absorptive ability (Khambualai et al., 2009). De-
creased intestinal V/C represents a lower number of
mature and functional enterocytes (Cairo et al., 2018).
The observations of our study suggested that CPM in-
duced damages to the small intestinal mucosa, which
likely impaired the mucosal barrier and the develop-
ment of intestine. It is reported that oral administra-

tion of APS could significantly decrease duodenum CD
and increase the jejunum VH and V/D of chickens
(Li et al., 2018b). Similar to previous study, we found
that APSgyy, IAPSggo and IAPS3( treatments increased
the VH and V/C in the jejunum and decreased the
CD of duodenum compared to the CPM group, sug-
gesting both APS and IAPS could restore part of the
villus loss or damage associated with CPM. As we ex-
pected, CPM-induced decreases in the BW and the rel-
ative weight of jejunum were improved by addition of
IAPS at 900 mg/kg. Moreover, the VH and V/C of the
jejunum in the IAPSgy group were higher than those
in the APSgqo group, indicating that IAPS had a bet-
ter effect on the intestinal development than APS. The
reason was probably due to the v irradiation resulted in
the decrease in molecular weight and viscosity, and the
increase in solubility of APS (Ren et al., 2018), thereby
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Figure 3. Effect of APS and IAPS on the number of IgA-producing cells in intestine of CPM immunosuppressed broilers. The results are
represented as the mean value + SE of each treatment (n = 8). Means without a common letter significantly differ (P < 0.05). Control, broilers
were fed a basal diet and injection with saline; CPM, CPM-injected broilers were fed a basal diet; APSgg, TAPSg0, IAPSg0, and TAPS3p0, CPM-
injected broilers were fed a basal diet containing 900 mg/kg APS, and 900, 600, or 300 mg/kg IAPS, respectively. APS, Astragalus polysaccharides;

IAPS, %Co y-ray irradiated APS; CPM, cyclophosphamide.

improving the biological activity of polysaccharides in
the small intestine.

Immunocompetent cells provide the first contact with
exogenous pathogens or antigens, which are the impor-
tant structure in intestinal mucosal barrier (Wu et al.,
2018). As one type of the immunocompetent cells of
the intestinal mucosal barrier, IELs are located between
intestinal epithelial cells in the epithelium above the
basement membrane, which can offer effective protec-
tion against virus (Sun et al., 2013). Stimulation of
IELs is characterized by secretion of cytokines (such as
IL-2, IL-10, and IFN-v) for immune defense and lead
to the promotion of cellular immune mechanisms (Qiu
and Yang, 2013). Goblet cells are highly polarized se-
cretory cells that typically scattered among columnar
cells. These specialized epithelial cells play an impor-
tant role in regulating the intestinal immune functions

by synthesizing and releasing mucins (Chen et al.,
2015). Goblet cells depletion results in mucous layers
defective, which ultimately lead to increased bacterial
adhesion to the surface epithelium and the enhanced
susceptibility to intestinal pathogenic microbes (Shao
et al., 2013). Therefore, the number of immunocompe-
tent cells in intestine is a great indicator to evaluate the
status of immune function in local intestinal mucosa.
The current study demonstrated CPM treatment ob-
viously reduced the number of IELs and goblet cells in
all 3 sections of small intestinal mucosa, which prob-
ably result in the reduction of the intestinal immune
function. These results are agreement with our obser-
vation on intestinal morphology, in which a reduced VH
was found after CPM treatment. Similar result was re-
ported by Wang et al. (2013), who found that injection
of CPM significantly decreased the number of IELs and
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Figure 4. Effect of APS and IAPS on the mRNA expression of IL-2 (A), IL-10 (B), LITAF (C) and IFN-y (D) in jejunum of CPM immunosup-
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APS, Astragalus polysaccharides; IAPS, %Co ~-ray irradiated APS; CPM, cyclophosphamide; IL-2, interleukin-2; IL-10, interleukin-10; LITAF,

lipopolysaccharide induced TNF factor; IFN-v, Interferon ~.

goblet cells in the jejunum of mice. Administration of
APS is helpful to elevate the number of jejunal IELs
(Wang et al., 2015). In this study, APSgp, TAPSg,
and IAPS;3y, treatments significantly increased intesti-
nal IELs number of the immunosuppressive broilers,
suggesting that both APS and IAPS could promote
the intestinal mucosal immune response by improv-
ing the maturation and proliferation of IELs. Not only
IELs, the CPM-induced decrease of intestinal goblet
cells number was significantly elevated by dietary sup-
plementation with 900 mg/kg APS, or 900, 600 mg/kg
IAPS. More importantly, birds in the TAPSgy group
showed higher jejunal goblet cells counts and duodenal
IELs counts compared with the APSgyy group, indicat-
ing that the protective effect of IAPS was superior to
APS. According to the report of Schols et al. (2009), the
mucosal immune response is initiated by polysaccha-
rides absorption through M cells, which are present in
Peyer’s patches. Especially, the permeability of macro-
molecules across the M cell was size dependent, and
whenever it is small, it can pass easier (Liang et al.,
2001). Our previous study found that the molecular

weight of TAPS was significantly lower than APS, and
the number of small fragments increased after « irradi-
ation (Ren et al., 2018). Thereby, IAPS could penetrate
the barrier through M cells more easily and stimulate
the mucosal immune response.

Cytokines, mainly secreted by T lymphocytes, exert
pleiotropic effects on cell-mediated immune response
(Wu et al., 2015). CPM is known to suppress the im-
mune response by decreasing the level of cytokines (eg.
IFN-v, IL-6) of broilers (Fan et al., 2013). Our data
shows that the mRNA expression of IL-2, IL-10 and
IFN-y in jejunum were significantly downregulated in
the CPM-treated birds, which demonstrated that the
cell-regulated immune response in the intestinal mucosa
could be impaired by CPM stimulation. IL-2 is mainly
produced by IELs in intestinal epithelia, which induces
the proliferation and differentiation of T cells, B cells, as
well as NK cells (Qiu and Yang, 2013). IF'N-y secreted
by T helper (Th) 1 cells plays a great role in native and
acquired immunity against the invasion of virus and
intracellular bacteria (Wu et al., 2018). It is reported
that the expression of cytokines (eg. interleukin-6,
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IFN-7) can be induced by APS (Wei et al., 2016). In this
study, the higher IL-2 and IFN-y mRNA expression in
jejunum of APS and IAPS groups as compared to the
CPM group, indicating that both APS and TAPS could
improve the cell-mediated immunity in intestine mu-
cosa through the activation of innate immune response
mechanisms moderately. The authors also noted that
the mRNA expression of anti-inflammatory cytokines
IL-10 in jejunum was also significantly upregulated by
administration of APS and TAPS treatments compared
to the CPM group. High level of IL-10 mRNA ex-
pression may promote B lymphocyte proliferation and
antibody synthesis and the stimulation of humoral im-
mune mechanisms in the gut-associated lymphoid tis-
sue (Jarosz et al., 2017). Upregulation of both inflam-
matory and anti-inflammatory cytokines in the APSgq
and TAPSgy groups might be explained by the im-
munological balance effects between Thl and Th2 cy-
tokines and ensure homeostasis of the organism and
protects it against an excessive immune response. It
should be emphasized that the mRNA expression of
IL-2 and IL-10 in the TAPSgyy group was higher than
that in APSggg group, which indicated that IAPS has a
stronger immunostimulatory effect than APS. Accord-
ing to the result of Li et al. (2018b), oral administra-
tion of APS can be recognized by immune receptor of
toll-like receptor 4 (TLR4) acting as a specific anti-
gen and then the immune system will be activated and
moderately induce the expression of cytokines. Previ-
ous study reported by Methacanon et al. (2011) found
that polysaccharides with smaller molecules have bet-
ter chance in binding to more receptors. Based on the
results of the aforementioned literatures and our previ-
ous study (Ren et al., 2018), it is speculated that the
IAPS with lower molecular weight and higher solubility
relative to APS may be conducive to form more biolog-
ically active polysaccharides, and consequently activat-
ing TLR4 to induce the mRNA expression of cytokines.
On the other hand, the higher IELs counts in broilers
treated with 900 mg/kg TAPS as compared to the broil-
ers treated with 900 mg/kg IAPS can also contribute
to upregulate mRNA expression of IL-2 and IL-10.
The secretory IgA (sIgA) has been considered to
serve as a major antibody isotype in intestinal mucosal
immunity that can prevent pathogens and toxins from
invading epithelial surface and maintain the homeosta-
sis of intestine (Mantis et al., 2011). The IgA-producing
cells are the main component of intestinal mucosal hu-
moral immunity contributing to sIgA production, which
are mainly distributed in the intestinal lamina propria
(Zhai et al., 2011). In this study, the number of IgA-
producing cells in small intestine was lower in the CPM
group than that in the control group, suggesting that
CPM had adverse effect on the intestinal mucosal im-
munity. Dietary supplementation with 900 mg/kg APS
or TAPS at 900, 600, 300 mg/kg increased the num-
ber of IgA-producing cells in duodenum, indicating that
both APS and IAPS are beneficial for regulating the
intestinal immune response. APS had no effect on the
number of jejunal IgA-producing cells of CPM-injected
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broilers, whereas a considerable increase was found be-
tween TAPSqg group and CPM group. Furthermore, the
number of duodenal IgA-producing cells was higher in
TAPSgyy group than that in the APSgyy group, suggest-
ing that TAPS was more efficacious on promoting in-
testinal mucosal humoral immunity than APS.

In conclusion, the present study demonstrated that
dietary supplementation with 900 mg/kg APS or IAPS
at 900, 600 mg/kg IAPS showed protective and repar-
ative effects to alleviate CPM-induced damages of
the intestinal mucosa by promoting the intestinal
morphology, increasing the number of immunocompe-
tent cells and upregulating the mRNA expression of
some cytokines in jejunal mucosa. Furthermore, IAPS
possessed a more effective immunoregulatory activ-
ity than APS in immunosuppressed broilers. There-
fore, gamma irradiation can be used as an alternative
treatment to enhance the immunomodulatory activity

of APS.
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