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ABSTRACT This study aimed to investigate the pro-
tective effects of dietary algae-derived polysaccharides
(ADP) from Enteromorpha prolifera against heat stress
(HS)-induced bursa of Fabricius injure in broilers, and to
elucidate the molecular mechanisms underlying the pro-
tective effect. A total of 144 8-week-old male yellow-
feathered broilers were randomly allocated into 3 treat-
ments of 6 replicates each (8 broilers per replicate): ther-
moneutral zone group (TN, fed basal diet); heat stress
group (HS, fed basal diet); heat stress+ ADP group
(HSA, basal diet supplemented with 1,000 mg/kg ADP).
Broilers in TN group were raised at 23.6 £ 1.8°C during
the whole study. Broilers in HS and HSA groups were
exposed to 33.2 £ 1.5°C for 10 h/day. The experimental
period lasted for four weeks. The results showed that HS
and dietary ADP had no significant effects on bursa of
Fabricius index (P > 0.05). HS exposure increased the
apoptosis rate of bursa of Fabricius (P < 0.05), and the
apoptosis rate was reduced by dietary ADP (P < 0.05).
Besides, broilers in HS and HSA groups had a lower glu-
tathione-S transferase (GST) activity and total anti-oxi-
dation capacity (T-AOC), whereas had a higher
malondialdehyde (MDA) levels of bursa of Fabricius
than those in TN group (P < 0.05). HS exposure elevated
the concentration of tumor necrosis factor-o (TNF-«),

interleukin (TL)-18, IL-4, and IL-6, while decreased the
concentration of interferon-y (INF-y) and IL-2 (P <
0.05), and dietary inclusion of ADP reduced the IL-18
level and increased the IL-2 level of bursa of Fabricius (P
< 0.05). Compared with TN group, broilers in HS and
HSA groups had lower relative mRNA expression of
nuclear factor erythroid 2-related factor 2 (N7f2), heme
oxygenase-1 (HO-1) and GSTT1 in bursa of Fabricius (P
< 0.05). Additionally, HS exposure down-regulated the
mRNA expression of inhibitor kappa B alpha (IkBa),
IFN-y, and IL-2, while up-regulated the mRNA expres-
sion of nuclear factor-kappa B (NF-xB) p65, TNF-o, IL-
18, and IL-6 in bursa of Fabricius (P < 0.05). However,
dietary inclusion of ADP up-regulated the mRNA expres-
sion of IkBa and down-regulated the mRNA expression
of NF-«kB p65, TNF-o, and IL-6 in bursa of Fabricius (P
< 0.05). Furthermore, HS exposure increased the relative
protein expression levels of total and nuclear NF-«B p65
(P < 0.05), but dietary ADP supplementation reduced
the relative protein expression levels of total and nuclear
NF-«B p65 in bursa of Fabricius (P < 0.05). Collectively,
dietary ADP ameliorated the impairment of histology,
cell apoptosis and immune balance in bursa of Fabricius
of heat stressed broilers, which is involved in modulation
of NF-«B signaling pathway.
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INTRODUCTION

In modern poultry industry, broiler chickens are
exposed to a variety of stressors, such as environmental
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stress (Li et al., 2019; Liu et al., 2021). Because of the
high productivity, feathers, and lack of skin sweat
glands, broilers are highly sensitive to high ambient tem-
perature, heat stress (HS) induced by high ambient
temperature has been one of the greatest challenges for
broiler production with global warming (Chauhan et al.,
2021; Liu et al., 2019). HS causes a disruption in multi-
ple physiological functions, thus resulting in a degrada-
tion of growth performance (Emami et al., 2021; Guo
et al., 2021a; Hirakawa et al., 2020; Quinteiro-Filho
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et al., 2010). Furthermore, previous studies have demon-
strated that the excessive reactive oxygen species
(ROS) produced during HS has undesirable effects on
the redox and immune balance of immune organs (thy-
mus, spleen, and bursa of Fabricius; Chegini et al., 2018;
Hirakawa et al., 2020; Ohtsu et al., 2015; Quinteiro-
Filho et al., 2010). Bursa of Fabricius is a unique central
immune organ in broilers, which can produce B lympho-
cytes and specific antibodies to complete a specific
immune response, it plays a critical role in maintaining
avian immune functions (Ratcliffe, 2006). Therefore,
research focusing on mitigation of HS-induced
impairment of redox and immune balance in bursa of
Fabricius is beneficial to advocate an appropriate
approach to protect broilers facing high ambient tem-
perature conditions.

Nutritional intervention is considered an effective
strategy to relieve the deleterious consequences of HS
on organ health of broilers (Chauhan et al., 2021). Now-
adays, there has been great interest in application of
phytochemicals, including natural polysaccharides as
functional additives in broilers, which may be potential
effective stress-alleviating agents due to their various
biological activities (Awais et al., 2018). Sohail et al.
(2013) reported that dietary mannan-oligosaccharide
supplementation improved the relative weight of
immune organs in heat-stressed broilers. Also, the natu-
ral polysaccharides from Atractylodes were reported to
alleviate the splenic inflammatory response which
induced by HS in broiler chickens (Xu et al., 2014,
2017a). Enteromorpha prolifera (EP), a kind of natural
wild green algae, which widely distributed in various sea
(Zhong et al., 2020). EP contains abundant polysacchar-
ides, which have been confirmed to exhibit multiple bio-
logical functions, such as anti-tumor, anti-oxidation,
anti-inflammatory, and anti-viral properties (Shi et al.,
2017, 2020; Wei et al., 2014). Recently, the algae-derived
polysaccharides (ADP) from EP have been shown to
improve the antioxidant capacity and immunity in
aquatic animals (Zhou et al., 2020) and mice (Guo et al.,
2020a). Also, we conducted a series of studies to evaluate
different roles of dietary ADP in various parameters of
poultry. It has been shown that ADP supplementation
could improve antioxidant performance in laying hens
(Guo et al., 2020b), enhance intestinal barrier function
in broilers (Liu et al., 2020a), and mitigate aflatoxin B,
(AFB,)-induced oxidative stress and apoptosis of bursa
of Fabricius via regulating nuclear factor erythroid 2-
related factor 2 (Nrf2) /heme oxygenase-1 (HO-1) sig-
naling pathway in broilers (Guo et al., 2021b). However,
there are extremely limited studies concerning the effects
of ADP in heat-stressed broilers, especially the data on
whether ADP supplementation can ameliorate the
adverse effects of HS on bursa of Fabricius are lacking.

Based on the beneficial effects of ADP, we hypothe-
sized that the impairment of antioxidant capacity and
immune function in broilers’ bursa of Fabricius caused
by HS may be ameliorated by ADP supplementation.
Thus, the current study was conducted to investigate
the protective effect of dietary ADP on bursa of

Fabricius in broilers, and to elucidate the molecular
mechanisms underlying the amelioration effect.

MATERIALS AND METHODS
Experimental Design, Birds, and Diet

A total of 144 eight-week-old male broilers (Chinese
local yellow-feathered broiler breed, Huaixiang chickens)
with average initial body weight 682.59 4+ 7.38 g were
obtained from a local hatchery (Maoming, Guangdong,
China). The age of broilers is selected based on the fact
that broilers are more susceptible to HS during the grow-
ing and finishing stages, especially the finishing stages
due to the higher body weight and productivity (Saeed
et al., 2019). The broilers were randomly allocated to 3
treatments: thermoneutral zone group (TN, fed basal
diet); heat stress group (HS, fed basal diet); heat
stress + ADP group (HSA, basal diet supplemented
with 1,000 mg/kg ADP), each of treatment contains 6
replications and 8 broilers/replication. The experimental
period lasted for four weeks. Broilers in TN group were
raised at 23.6 = 1.8°C during the whole study. Broilers
in HS and HSA groups were exposed to 33.2 £ 1.5°C for
10 h/day from 8:00 am to 18:00 pm, the temperature of
rest time is consistent with TN group. Relative humidity
was controlled at 55% to 75% among all groups during
the entire experimental period. The temperature and rel-
ative humidity from various position in the chicken
house were measured six times one day, and the ultimate
temperature and relative humidity are average data
from the daily records. The ADP were extracted from
EP and provided by Qingdao Haida Biotechnology Co.,
Ltd. (Qingdao, Shandong, China), the extraction
method, chemical composition etc. detailed information
as described previously (Liu et al., 2020a). The supple-
mental doses of ADP were chosen on the basis of our
previous studies which reported that dietary supplemen-
tation of 1000-2500 mg/kg ADP had protective effects
on organs in poultry (Guo et al., 2021b; Liu et al.,
2020a). The mash form basal diet were formulated to
meet or exceed requirements suggested by the Chinese
Chicken Feeding Standard (MAPRC, 2004; NY/T33-
2004). The ingredient composition and nutrient content
of basal diet are presented in Table 1. Continuous artifi-
cial light was used to illuminate the interior space for
the whole period. The broilers with ad libitum access to
feed and water. The animal study in the present experi-
ment was reviewed and approved by Animal Care Com-
mittee, Guangdong Ocean University (Zhanjiang,
Guangdong, China).

Sample Collection

At the end of the feeding trial, 6 broilers (one bird
from each replication) were randomly selected from each
treatment. Broilers were individually weighed, eutha-
nized, and collected for bursa of Fabricius. The bursa of
Fabricius samples were weighed, and then they were put
into 10% neutral-buffered formalin for histological and
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Table 1. Basal diet composition (as-fed basis).

Item Contents (%)

Ingredients
Corn 60.84
Soybean meal 32.11
Wheat bran 2.16
Soybean oil 2.00
Limestone 1.28
CaHPO, 1.26
pr-Methionine 0.15
Vitamin premix™ 0.10
Mineral premix’ 0.10
Total ) 100.00

Nutrient levels®
ME (MJ /kg) 11.94
Crude protein (%) 18.22
Ca (%) 0.98
Met, (%) 0.32
Cystine (%) 0.31
Lys (%) 0.90
Total phosphorus (%) 0.51

“Premix provided per kilogram of diet: 5,000 IU of vitamin A,
1000 IU of vitamin D3, 10 IU of vitamin E, 0.5 mg of vitamin Kg,
3 mg of thiamin, 7.5 mg of riboflavin, 4.5 mg of vitamin Bg, 10 ug
of vitamin By, 25 mg of niacin, 0.55 mg of folic acid, 0.2 mg of bio-
tin, 500 mg of choline, and 10.5 mg of pantothenic acid.

"Premix provided per kilogram of diet: 60 mg of Zn, 80 mg of
Mn, 80 mg of Fe, 3.75 mg of Cu, 0.35 mg of I, and 0.15 mg of Se.

¥Except for metabolic energy (ME), others are measured values.

apoptosis analysis, and put into the liquid nitrogen and
stored at —80°C for molecular analysis.

Bursa of Fabricius Index, Histological and
Apoptosis Analysis

The bursa of Fabricius index was calculated as the fol-
lowing formula (Rajput et al., 2019):

Bursa of Fabricius index
= (bursa of Fabricius weight|[g]/live body weight[g])

x 100%.

For histological analysis, bursa of Fabricius were
sampled and fixed in 10% neutral-buffered formalin for
48 h. Subsequently, the samples were embedded in par-
affin, cut for 5 um sections, and stained with hematox-
ylin and eosin (H & E) as described in previous study
(Gao et al., 2018). The slides were observed with an
inverted optical microscope (SDPTOP, GD-30RFL,
Guangzhou, China) under 200 x (10 x ocular lens mul-
tiplied 20 x objective lens) and 400 x magnification
(10 x ocular lens multiplied 40 x objective lens). The
image was collected by TCapture Imaging Application
4.3 software, and all the parameters were consistent
throughout the process.

Cell apoptosis of bursa of Fabricius was detected by
paraffin section TUNEL method (Luo et al., 2018).
TUNEL assay Kit (Roche, 11684817910, Switzerland)
was used according to the manufacturer’s instructions.
Other major reagents were DAPI (Servicebio, G1012,
Wuhan, China), Antifade Mounting Medium

(Servicebio, G1401, Wuhan, China). Using the fluores-
cence microscope (Nikon Eclipse, C1, Japan) to observe
sections and collect images (Nikon, DS-U3). The nuclei
stained by DAPI were blue under UV excitation, the
Roche assay kit was labeled with FITC fluorescein, and
the positive apoptotic nuclei were green.

Antioxidant Parameters

For determination of antioxidant parameters, pre-
processing of the bursa of Fabricius samples were
prepared as previously described (Rajput et al., 2019).
The activities of the total superoxide dismutase (T-
SOD), glutathione peroxidase (GSH-Px), catalase
(CAT), glutathione-S transferase (GST), the total
anti-oxidation capacity (T-AOC) and malondialdehyde
(MDA) levels were measured by using commercial kits
(Jiancheng Bioengineering Institute, Nanjing, Jiangsu,
China) according to the manufacturer’s instructions.
The detailed information of the kits are as follows: T-
AOC assay kit, ABTS method, 96T, A015-2-1. T-SOD
assay kit, WST-1 method, 96T, A001-1. GSH-Px assay
kit, Colorimetric method, 100T, A005. CAT assay kit,
Visible light method, A007-1. GSH-ST assay kit, Colori-
metric method, 100T, A004. MDA assay kit, Colorimet-
ric method, 400T, A003-1.

ELISA for Cytokines Concentration
Determination

The concentrations of tumor necrosis factor-a (TNF-
«), interferon-y (IFN-y), interleukin (IL)-18, IL-2, TL-
4, 1L-6, and IL-10 in bursa of Fabricius samples were
determined by commercially chicken cytokines ELISA
kits (eBioscience CO., Ltd., CA) according to the manu-
facturer’s instructions. The control recombinant chicken
cytokine sample was diluted over the recommended
detection range to generate a standard curve for each
assay, and the linearity was calculated using FExcel
with R? = 0.99. Sample concentrations were interpolated
from the standard curve.

Quantitative real-time PCR Analysis

Total RNA was extracted from bursa of Fabricius
samples based on the manufacturer’s instructions of
RNA extraction kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). The integrity and quality of
total RNA were estimated by 1% agarose gel electropho-
resis and the 260/280 nm absorbance ratio (ideal ratio
being within 1.8 and 2.0). Total RNA level was investi-
gated at 260 nm using a spectrophotometer (NanoDrop
2000, Thermo Fisher Scientific Inc., Waltham, MA).
Afterwards, total RNA of each bursa of Fabricius sam-
ple was used to reverse transcription of cDNA according
to the protocol of RT reagent kit (TaKaRa Biotechnol-
ogy Co., Ltd).

The B-actin gene was used as an internal control to
verify the successful reverse transcription and to
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Table 2. Primers used for quantitative real-time PCR.

Target genes  Primer Primary sequence (5'—3') Accession no.

Nrf2 Forward TGTGTGTGATTCAACCCGACT NM_ 205117.1
Reverse TTAATGGAAGCCGCACCACT

HO-1 Forward TTGGCAAGAAGCATCCAGA NM _ 205344.1
Reverse =~ TCCATCTCAAGGGCATTCA

SOD1 Forward TTGTCTGATGGAGA TCATGGCTTC NM_ 205064.1
Reverse ~TGCTTGCCTTCAGGATTAAAGTGAG

SOD2 Forward CAGATAGCAGCCTGTGCAAATCA NM_204211.1
Reverse =~ GCATGTTCCCATACATCGATTCC

GPz1 Forward GACCAACCCGCAGTACATCA NM 001277853.1
Reverse GAGGTGCGGGCTTTCCTTTA

GPz3 Forward CCTGCAGTACCTCGAACTGA NM 001163232
Reverse ~CTTCAGTGCAGGGAGGATCT

CAT1 Forward ACCAAGTACTGCAAGGCGAAAGT XM 015277937.2
Reverse ~ ACCCAGATTCTCCAGCAACAGTG

GSTT1 Forward GACGGAGACTTCACCCTAGCAGA NM _ 205365.1
Reverse TGATGGGTACCAGTGGTCAGGA

GSTO1 Forward CATGATGTGGCCCTGGTTTG NM_001277375.1
Reverse ~ CAGTGCTGGAGCTTTGGAGTATGA

GSTAS Forward TTGGATAAGGCCGCAAACAGATA NM _001001777.1
Reverse ~ TTTCCAGTAAATGCACGTCTGCTC

Ik Bo Forward GGCAGATGTGAACAAGGTGA NM_ 001001472.2
Reverse ~TATCTGCAGGTCAGCTGTGG

NF-«xB p65 Forward GTGTGAAGAAACGGGAACTG NM 205129
Reverse GGCACGGTTGTCATAGATGG

TNF-o Forward GCCTATGCCAACAAGTACACCT NM  204267.1
Reverse ~ GCCAAGTCAACGCTCCTG

IFN-y Forward CTTCCTGATGGCGTGAAGA NM_ 205149.1
Reverse ~ GAGGATCCACCAGCTTCTGT

IL-18 Forward CGCCGCTACCAGAGGGACTT NM  204524.1
Reverse ~ CCGGACCCAGTTGACCCCAT

1L-2 Forward ATCTTTGGCTGTATTTCGGTAG NM_ 204153.1
Reverse TCCTGGGTCTCAGTTGGTG

I1L-4 Forward CTCCTCACTGCCCACCCT NM _001007079.1
Reverse =~ CATCTTGACGCAGGAAACCT

IL-6 Forward GATCCGGCAGATGGTGATAA NM_ 204628.1
Reverse ~ AGGATGAGGTGCATGGTGAT

IL-10 Forward GCTCTCCTTCCACCGAAACC NM 001004414.2
Reverse ~GGAGCAAAGCCATCAAGCAG

B-actin Forward TCAGGGTGTGATGGTTGGTATG NM_ 205518.1
Reverse TGTTCAATGGGGTACTTCAGGG

calibrate the cDNA template. The specific primers are
described in Table 2, they were designed using Primer
Express 3.0 software (Applied Biosystems, Foster City,
CA) and obtained from Sangon Biotech Co., Ltd.
(Shanghai, China). The qPCR reactions was performed
with a CFX-96 Real-Time PCR Detection System (Bio-
Rad). It was carried out in a total volume of 20 uL,
including 10 uL SYBR Premix Ex Taq II (Tli RNaseH
Plus), 2 uL ¢cDNA template, 1 puL of each primer (for-
ward and reverse primers), and 6 uL. DEPC treated
water. DEPC treated water for the replacement of
cDNA template was used as a negative control. The
PCR program was as follows: 95°C for 30 s, followed by
40 cycles of 95°C for 10 s, 30 s under 60°C, and 72°C for
15 s. Each sample was tested in triplicate. The relative
mRNA expression levels were calculated using the
278C% method as previously described (Livak and
Schmittgen, 2001).

Western Blot Analyses

The western blot method was conducted to detect the
protein expression levels of bursa of Fabricius. The total

protein, nuclear protein and cytoplasmic protein was
extracted from bursa of Fabricius tissues and the pro-
tein concentration was determined using the BCA pro-
tein assay kit (Servicebio Technology, Wuhan, China).
And then the protein was assessed by SDS-polyacryl-
amide gel electrophoresis under reducing conditions on
10% gels. Subsequently, it was transferred to nitrocellu-
lose membranes using a tank transfer at 200 mA in
Tris-glycine buffer containing 20% methanol for 90 min
at 4°C, and then put the membranes in 5% skim milk
for block at 37°C 1 h. The membranes were consistently
incubated overnight at 4°C with diluted primary anti-
body that a rabbit polyclonal antibody against nuclear
factor-kappa B (NF-«B) p65 (GB11997, 65 kDa, Serv-
icebio, Wuhan, China). The diluted concentration of
primary antibody was 1:1000. The HRP-labeled goat
anti-rabbit IgG  (1:3000, Servicebio Technology,
Wuhan, China) was used as the secondary antibody.
The B-actin content was analyzed as the loading control
with rabbit IgG (1:3000) polyclonal antibodies. The
proteins bands detected and analyzed using Alpha
Imager (Alpha Innotech, CA). The relative protein
expression levels were calculated as target protein/
B-actin.
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Statistical Analysis

All data were analyzed using general linear model
(GLM) procedure of SAS 9.4 (SAS, 2013. SAS Institute
Inc., Cary, NC) for a completely randomized design.
Replicates were the experimental units. Data were
expressed as means. Differences among means were
tested using Tukey’s test. P-value < 0.05 was considered
to be statistically significant.

RESULTS

Bursa of Fabricius Index, Histological and
Apoptosis Analysis

Results of bursa of Fabricius index, histological and
apoptosis rate are illustrated in Figure 1. There was no
significant difference in bursa of Fabricius index between
the treatments (Figure 1B, P> 0.05). Histological analy-
sis of the bursa of Fabricius showed that there were no
pathological alterations in TN group. In the HS group,
there were inflammatory cells infiltrated, destroyed cell
structure, and cell death and necrosis. In contrast, com-
pared with HS group, the morphology of the bursa of
Fabricius, including infiltration of inflammatory cells,
cell structure destroyed and cell necrosis were improved

200x

400x

and restored by dietary supplementation of ADP
(Figure 1A). Apoptotic results showed that broilers in
TN group had lower apoptosis rate than those in HS and
HSA groups (Figure 1C, D, P < 0.05), and compared
with HS group, dietary supplementation of ADP
reduced the apoptosis rate (P < 0.05).

Antioxidant Capacity

As presented in Table 3, broilers in HS and HSA
groups had lower GST activity and T-AOC, whereas
had higher MDA levels than those in TN group (P <
0.05). Meanwhile, the activities of T-SOD, GSH-Px and
CAT were not affected by HS exposure and dietary
ADP supplementation (P> 0.05).

Concentration of Cytokines

As shown in Table 4, HS exposure elevated the con-
centration of TNF-«, IL-18, IL-4, and IL-6, whereas
decreased the concentration of INF-y and IL-2 in bursa
of Fabricius compared with TN group (P < 0.05). Com-
pared with HS group, dietary inclusion of ADP reduced
the IL-18 level and increased the IL-2 level (P < 0.05).
In addition, there were no significant differences in
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Figure 1. Effects of dietary algae-derived polysaccharides (ADP) on histological changes (A), bursa of Fabricius index (B) and cell apoptosis
(C, D) of bursa of Fabricius in broilers under heat stress. TN, thermoneutral zone group (23.6 & 1.8 °C); HS, heat stress group (33.2 & 1.5 °C for 10
h/day); HSA, heat stress + ADP group (supplemented with 1000 mg/kg ADP). All data were expressed as means + SEM (n = 6). **Different super-
script letters indicate significant differences (P < 0.05). The scar bar for histological changes (A) is 50 wm of 200 x and 25 um of 400 x, and the scar

bar for cell apoptosis (C, 200 x) is 100 pm.
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Table 3. Effects of dietary algae-derived polysaccharides (ADP)
on antioxidant capacity of bursa of Fabricius in broilers under heat
stress.

Items TN HS HSA SEM  P-value
T-SOD, U/mg protein 350.87  345.08 371.98 10.29  0.293
GSH-Px, U/mg protein 39.43 32.90 37.41 510  0.595
CAT, U/mg protein 1.91 1.83 1.75 0.12  0.573
GST, U/mg protein 30.76"  22.80°  23.62° 1.38  0.003
T-AOC, mmol/mg protein ~ 42.34"  32.05” 28.68" 1.51  0.001
MDA, nmol/mg protein 1.45" 2.01° 1.78"  0.10 0.011

TN, thermoneutral zone group (23.6 £ 1.8°C); HS, heat stress group
(33.2 £ 1.5°C for 10 h/day); HSA, heat stress + ADP group (supplemented
with 1,000 mg/kg ADP); SEM, standard error of mean; T-SOD, total
superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase;
GST, glutathione-S transferase; T-AOC, total anti-oxidation capacity;
MDA, malondialdehyde.

bDjfferent superscript letters indicate significant differences (P < 0.05).

Table 4. Effects of dietary algae-derived polysaccharides
(ADP) on cytokines concentration of bursa of Fabricius in
broilers under heat stress.

Ttems TN HS HSA SEM  P-value
TNF-a, pg/mg protein  168.55"  221.14* 195.25"  9.72  0.010
INF-y, pg/mg protein ~ 367.52* 325.98" 345.53"" 11.89  0.092
IL-18, pg/mg protein  374.81° 427.25% 381.28" 1219  0.025
IL-2, ng/mg protein 3.50" 2.54" 3.29% 0.23  0.031
IL-4, ng/mg protein 108.37° 141.73* 115.13"> 878  0.042
IL-6, pg/mg protein 97.23> 139.70* 124.11"" 10.24  0.041
IL-10, ng/mg protein 241.68  262.56  249.53 9.91  0.359

TN, thermoneutral zone group (23.6 £ 1.8°C); HS, heat stress group
(33.2 £ 1.5°C for 10 h/day); HSA, heat stress + ADP group (supple-
mented with 1,000 mg/kg ADP); SEM, standard error of mean; TNF-«,
tumor necrosis factor-o, IFN-y, interferon-y, IL, interleukin.

2 Different superscript letters indicate significant differences (P <
0.05).

TNF-a, INF-y, IL-4 and IL-6 contents between the HSA
and TN groups (P> 0.05).

Relative mRNA Expression of Nrf2 Signaling
Pathway-Related Genes

The relative mRNA expression of Nrf2 signaling path-
way related genes, including Nrf2, HO-1, SOD1, SOD2,
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GPzl1, GPz3, CAT1, GSTTI1, GSTO1, and GSTAS3, are
depicted in Figure 2. Compared with TN group, broilers
in HS and HSA groups had lower relative mRNA expres-
sion levels of Nrf2, HO-1, and GSTT! (P < 0.05). HS
exposure and dietary ADP had no significant effect on
the relative mRNA expression levels of SOD1, SOD2,
GPzx1, GPz3, CAT1, GSTO1,and GSTAS81 (P> 0.05).

Relative mRNA Expression of NF-xB
Signaling Pathway-Related Genes

As indicated in Figure 3, compared with TN group,
HS exposure down-regulated the mRNA expression of
inhibitor kappa B alpha (IkBx), IFN-y, and IL-2,
whereas up-regulated the mRNA expression of NF-«xB
p65, TNF-w, IL-18, and IL-6 (P < 0.05). However, die-
tary inclusion of ADP up-regulated the mRNA expres-
sion of Ik Ba and down-regulated the mRNA expression
of NF-«B p65, TNF-«, and IL-6 in broilers under HS
condition (P < 0.05).

Protein Expression of NF-«xB p65

The effects of HS and dietary ADP on total, nuclear
and cytoplasmic protein expression of NF-«kB p65 are
presented in Figure 4. Broilers in HS group had higher
relative protein expression levels of total and nuclear
NF-«B p65 than those in TN group (P < 0.05). Dietary
ADP supplementation reduced relative protein expres-
sion levels of total and nuclear NF-«B p65 in broilers
exposed to HS (P < 0.05).

DISCUSSION

With global warming, HS has been one of the greatest
concerns in broiler production. It has been suggested
that HS could reduce the relative organ weight and
impair the histology and function of lymphatic organs in
broilers (Chauhan et al., 2021). Unfortunately, our
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Figure 2. Effects of dietary algae-derived polysaccharides (ADP) on relative mRNA expression of Nrf2 pathway related genes of bursa of Fabricius
in broilers under heat stress. TN, thermoneutral zone group (23.6 &+ 1.8°C); HS, heat stress group (33.2 £ 1.5°C for 10 h/day); HSA, heat stress + ADP
group (supplemented with 1,000 mg/kg ADP); Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; SOD, superoxide dismutase;
GPx, glutathione peroxidase; CAT, catalase; GSTT, glutathione S-transferase theta; GSTO, glutathione S-transferase omega; GSTA, glutathione S-
transferase alpha. All data were expressed as means + SEM (n = 6). *"Different superscript letters indicate significant differences (P < 0.05).
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Figure 3. Effects of dietary algae-derived polysaccharides (ADP) on relative mRNA expression of NF-xB pathway related genes of bursa of Fab-
ricius in broilers under heat stress. TN, thermoneutral zone group (23.6 + 1.8°C); HS, heat stress group (33.2 £ 1.5°C for 10 h/day); HSA, heat
stress + ADP group (supplemented with 1,000 mg/kg ADP). IkBe, inhibitor kappa B alpha; NF-«B p65, nuclear factor-kappa B p65; TNF-a, tumor
necrosis factor-o, IFN-y, interferon-y, IL, interleukin. All data were expressed as means = SEM (n = 6). abDifferent superscript letters indicate signif-

icant differences (P < 0.05).

study failed to obtain a significant difference in bursa of
Fabricius index among TN, HS, and HSA groups. Simi-
larly, Hosseini-Vashan and Raei-Moghadam (2019)
found that HS had no significant effects on relative bur-
sal weight in broilers. On the contrary, other studies
demonstrated that HS reduced the relative bursal
weight (Chegini et al., 2018; Hirakawa et al., 2020; Liu
et al., 2014) and this impairment could be alleviated by
dietary mannan-oligosaccharide (Sohail et al., 2013).
The extent and duration of HS, broiler strain, growth
stages, and the type of polysaccharides could help to
explain these inconsistencies. In addition, the present
findings indicated that HS resulted in a histological
damage of bursa of Fabricius. Consistent with our study,
Chen et al. (2016) suggested that 6 weeks HS exposure
markedly reduced follicle area and wider follicular space
of broilers” bursa of Fabricius. Hirakawa et al. (2020)
also stated that HS caused limited synthesis of lympho-
cytes along with histopathological changes of bursa of
Fabricius in broilers. Another important finding
obtained from our study was the increase in apoptosis

Total-p65| . S —

Nuclear-p65

Cyto-p65 | e mm— s—

TN HS HSA

(target protein/p-actin)

Relative protein expression

Ea TN

Total-p65

rate of bursa of Fabricius in HS group, which is similar
to the results of previous studies (Chen et al., 2016; Xu
et al., 2017a,b). The reason why the disruption of histol-
ogy and the cell apoptosis occurs may be due to the
excessive generation of ROS when broilers under HS
condition. The ROS causes oxidative stress and inflam-
matory response, which adversely affect the tissue struc-
ture and cell physiology (Vandana et al, 2021).
However, the specific reason need to be further clarified.
It is interesting to note that dietary inclusion of ADP
ameliorated the histological damage and cell apoptosis
of bursa of Fabricius which induced by HS in this study.
In fact, available literature has revealed the positive
effects of phytochemicals on lymphatic organs of broilers
under HS (Awad et al., 2021; He et al., 2019). Mean-
while, earlier studies demonstrated that dietary supple-
mentation  with  natural polysaccharides from
Atractylodes could alleviate the splenic histological
injure and cell apoptosis of broilers subjected to HS (Xu
et al., 2017a; Xu et al., 2014; 2017b; Xu and Tian, 2015).
Our recent study also found that dietary ADP mitigated

=3 HS HSA

Nuclear-p65 Cyto-p65

Figure 4. Effects of dietary algae-derived polysaccharides (ADP) on relative protein expression of NF-«B p65 of bursa of Fabricius in broilers
under heat stress. TN, thermoneutral zone group (23.6 & 1.8°C); HS, heat stress group (33.2 & 1.5°C for 10 h/day); HSA, heat stress + ADP group
(supplemented with 1,000 mg/kg ADP). Total-p65, total protein expression of NF-xB p65; Nuclear-p65, protein expression of NF-«B p65 in nucleus;
Cyto-p65, protein expression of NF-«B p65 in cytoplasm. All data were expressed as means £ SEM (n = 6). abDjfferent superscript letters indicate

significant differences (P < 0.05).
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AFB;-induced impairment of histology and apoptosis of
bursa of Fabricius in broilers (Guo et al., 2021b).
Although the mode of action of ADP in protection of
histology and apoptosis of broilers’ bursa of Fabricius
under HS conditions is not well elucidated, it could be
speculated that the beneficial effects of ADP might be
attributed to the anti-oxidative and anti-inflammatory
activities (Liu et al., 2020b; Zhong et al., 2020; Zhao et
al., 2021), but the specific reason, especially the molecu-
lar mechanism, needed to be further explored.

The current results showed that HS triggered oxida-
tive stress in bursa of Fabricius and is associated with
reduction in gene expression of Nrf2, HO-1, and
GSSTTI, and the GST activity and T-AOC, indicators
of the antioxidant defense system, but elevation of MDA
level, a biomarker of lipid peroxidation (Banerjee et al.,
1999). Nrf2 is an important cytoprotective transcription
factor that are involved in inhibition of oxidative stress
through modulating the expression of several antioxidant
and phase II detoxifying enzymes, such as HO-1, SOD,
CAT, GST, GSH-Px (Itoh et al., 1997; Yamamoto et al.,
2008). In normal physiological conditions, Nrf2 is found
in the cytoplasm bound with Kelch ECH associating pro-
tein 1 (Keapl) (Itoh et al., 1999). Under HS conditions,
excessive ROS disrupts the cellular redox balance, indu-
ces oxidative stress and leads to Nrf2 is released from
Keapl and rapidly translocate into the nucleus, where it
binds to the antioxidant response element (ARE) and
induce transcription of antioxidative genes (Sahin,
2015). Numerous studies reported that chronic HS inhib-
ited the expression of Nrf2 and antioxidant enzyme
genes, which may be due to the dysregulation of the anti-
oxidant system of broilers under long-term HS conditions
(Arain et al., 2018; Sahin et al., 2013; 2016), this is in
agreement with the present study. Furthermore, some
exciting findings have been observed, in which heat-
stressed broilers fed phytochemicals, including polyphe-
nols, polysaccharides and flavonoid compounds etc.,
exhibited a better antioxidant capacity as proved by
enhanced the antioxidant enzymes activities (SOD,
GSH-Px, GST, CAT) and modulated Nrf2 signaling
pathway (Awad et al., 2021; Cheng et al., 2019; Liu
et al., 2014; Sahin et al., 2013; 2016; Sandner et al., 2020;
Zhang et al., 2018a), and quite a few studies have already
confirmed that dietary natural polysaccharides exerted
anti-oxidative effects in broiler chickens (Hu et al., 2017;
Long et al., 2020; Zhang et al., 2018b; 2021; Zhou
et al., 2019). In recent literature, Guo et al. (2020a)
and Guo et al. (2021b) have illustrated that the ADP
could act as free radical scavenger to improve antioxi-
dant enzymes activity and is related to the activation
of Nrf2 signaling pathway in animals. However, incon-
sistent with the literature, the present findings failed to
ascertain that the ADP could be used as a modifier of
Nrf2 related antioxidant pathway in response to HS in
broilers’ bursa of Fabricius. The possible reason is that
the HS caused serious impairment of antioxidant
enzyme system, which could not be improved just by
dietary inclusion of ADP. The combined use of ADP
and other natural antioxidants may be effective to

against HS-induced oxidative stress of broilers, which is
worth to investigate in future studies.

As we known, HS leads to oxidative stress is usually
accompanied by activation of inflammation pathway,
which ultimately causes impairment in tissues of broilers
(Sahin, 2015). During HS exposure, NF-«B plays an
active role in inflammatory response of chickens (Goel
et al., 2021; Lan et al., 2017). The NF-«B p65 bound
with I«Be in the cytoplasm under normal physiological
conditions, while environmental stressors result in
changes in cell signaling transduction and induce IkBe
degradation, which in turn activate NF-«B p65 and
enhance its expression in the nucleus, thus regulating
the expression of downstream inflammatory cytokines
(Baldwin Jr, 1996; Chi et al., 2019; Goel et al., 2021).
The cytokines are related to T-helper (Th) cells, and the
Thl cells mainly secrete I1-2 and IFN-y, Th2 cells
mainly secrete IL-18, IL-4, IL-6, and IL-10 (Romagnani,
2000). The importance functions of Th1l/Th2 balance in
maintaining cellular and humoral immune responses
have been suggested, and emerging researches suggested
that harsh environment exposure induced inflammatory
response and injuries in multiple tissues of broiler chick-
ens through activating NF-«B signaling pathway and
disturbing the balance of Th1/Th2 (Han et al., 2020; Hu
et al., 2018; Zhao et al., 2020). Meanwhile, TNF-« plays
a crucial role in exerting variety of biologic effects, which
is secreted by activated macrophages and considered to
be an efficient pro-inflammatory cytokine (Wu et al.,
2015). In the present study, the data indicating that HS
exposure altered the cytokines expression, induced an
imbalance of Th1/Th2 and involved in the activation of
NF-«B signaling pathway in broilers’ bursa of Fabricius.
In accordance with our study, Xu et al. (2014) suggested
that HS induced higher levels of TNF-a and IL-4, but
lower levels of IFN-y and IL-2 in the spleen of broilers.
He et al. (2019) demonstrated that HS caused altera-
tions in inflammatory cytokines expression and resulted
in an imbalance of Th1l/Th2 via activating the NF-«B
signaling pathway of broilers. Another recent study con-
ducted by Siddiqui et al. (2020), who also reported that
chronic HS changed the mRNA expression of cytokines
in the jejunum of broilers. Interestingly, the present
study showed that dietary ADP effectively mitigated
the imbalance of Th1l/Th2 and decreased TNF-« levels
by suppressing the degradation of IxBa and nuclear
translocation of NF-xB p65 in heat-stressed broilers.
Similarly, the ADP from EP has been suggested to
enhance the immune response in fishes (Zhou et al.,
2020) and mice (Wei et al., 2014) by modulating NF-«B
signaling pathway. Also, support data for our observa-
tions come from other natural polysaccharides have
been reported. Liu et al. (2015) showed that dietary
inclusion of Astragalus polysaccharides reduced the
mRNA abundances of IL-18, and IL-6 through inhibit-
ing the expression of NF-kB p65 in jejunal mucosa of
broilers after lipopolysaccharide challenge. Hu et al.
(2017) found that Agaricus blazei polysaccharides atten-
uated cadmium-induced inflammatory response in
chicken livers by down-regulating the mRNA expression
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Figure 5. Proposed mechanism of algae-derived polysaccharides (ADP) alleviates heat stress (HS)-induced bursa of Fabricius injure via modu-
lating NF-«B signaling pathway in broilers. I«kBe, inhibitor kappa B alpha; NF-«B p65, nuclear factor-kappa B p65; TNF-«, tumor necrosis factor-

a, IFN-y, interferon-y, IL, interleukin; Th, T-helper cells.

levels of TNF-«, IL-18, and IL-6. The results obtained
by Li et al. (2019), who demonstrated that dietary
y-irradiated Astragalus polysaccharides improved the
mRNA expression of IL-2 and IFN-y in jejunum of
immunosuppressed broilers. In model animal research,
Dong et al. (2019) and Farag et al. (2019) also suggested
that Astragalus polysaccharides showed an amelioration
effect on inflammation and was associated with the sup-
pression of IkBa degradation and nuclear translocation
of NF-«B p65 in mice. Coupled with the histological and
apoptotic findings, dietary ADP modulated the NF-«B
signaling pathway and ameliorated HS-mediated
immune impairment in bursa of Fabricius could contrib-
ute to the improvement of histology and cell apoptosis
in this study. However, further molecular and mechanis-
tic studies are also needed to scrutinize the underlying
mechanism of ADP behind the regulation of NF-«B sig-
naling pathway, such as the non-coding RNA regulatory
mechanism.

CONCLUSION

Together, dietary algae-derived polysaccharides from
Enteromorpha prolifera efficiently prevented the heat

stress-induced impairment of histology and apoptosis of
bursa of Fabricius via attenuating the Th1/Th2 imbal-
ance and suppressing the activation of NF-«B signaling
pathway in broilers (Figure 5). These findings provide a
concrete rationale and molecular basis for application of
algae-derived polysaccharides to protect the immune
organs of broilers facing heat stress conditions.
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