Biol Trace Elem Res (2018) 184:247-258
https://doi.org/10.1007/s12011-017-1189-6

@ CrossMark

Agaricus blazei Murill Polysaccharides Protect
Against Cadmium-Induced Oxidative Stress and Inflammatory

Damage in Chicken Spleens

Wangiu Xie'? - Ai Lv'? - Ruyue Li'? - Zequn Tang'? - Dexing Ma'? .

Xiaodan Huang'? - Ruili Zhang'?* - Ming Ge'?

Received: 20 August 2017 / Accepted: 8 October 2017 /Published online: 14 October 2017

© Springer Science+Business Media, LLC 2017

Abstract Agaricus blazei Murill polysaccharide (ABP) has
exhibited antioxidant and immunoregulatory activity. The
aim of this study was to investigate the effect of ABP on
cadmium (Cd)-induced antioxidant functions and inflamma-
tory damage in chicken spleens. In this study, groups of 7-day-
old chickens were fed with normal saline (0.2 mL single/day),
CdCl, (140 mg/kg/day), ABP (30 mg/mL, 0.2 mL single/
day), and Cd + ABP (140 mg/kg/day + 0.2 mL ABP).
Spleens were separated on the 20th, 40th, and 60th day for
each group. The Cd contents, expression of melanoma-
associated differentiation gene 5 (MDAS) and its downstream
signaling molecules (interferon promoter-stimulating factor 1
(IPS-1), transcription factors interferon regulatory factor 3
(IRF3), and nuclear factor kappa-light chain-enhancer of acti-
vated B cells (NF-kB)), the content of cytokines (interleukin
13 (IL-1p), interleukin 6 (IL-6), tumor necrosis factor-o
(TNF-«) and beta interferon (IFN-[3)), protein levels of heat
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shock proteins (HSPs), levels of malondialdehyde (MDA),
activities of glutathione peroxidase (GSH-Px) and superoxide
dismutase (SOD), and histopathological changes of spleens
were detected on the 20th, 40th, and 60th day. The results
showed that ABP significantly reduced the accumulation of
Cd in the chicken spleens and reduced the expression of
MDAS, IPS-1, IRF-3, and NF-kB; their downstream inflam-
matory cytokines, IL-1[3, IL-6, TNF-«, and IFN-f3; and the
protein levels of HSPs (HSP60, HSP70, and HSP90) in
spleens. The activities of antioxidant enzymes (SOD and
GSH-Px) significantly increased, and the level of MDA de-
creased in the ABP + Cd group. The results indicate that ABP
has a protective effect on Cd-induced damage in chicken
spleens.
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Introduction

Cd is a common toxic heavy metal in the environment. It
greatly affects the growth and development of plants and can
be absorbed into human and animals bodies via food chains or
environmental exposures, resulting in the occurrence of many
diseases [1, 2]. Cd can damage organs differentially in differ-
ent species. The immune system is one of the targets of Cd.
The spleen is an important peripheral immune organ in the
animal body. It has been suggested that toxic effects such as
morphological changes, oxidative stress, and ion disorder of
the spleen can be induced by Cd among mammals and poultry
[3-5].

The innate immune response is the body’s first line of de-
fense against potentially harmful organisms [6]. Germline-
encoded pattern recognition receptors (PRRs) are appointed
to sense pathogen-associated molecular patterns (PAMPs), ac-
tivate related signaling pathway to resist pathogens, and sub-
sequently induce the production of inflammatory cytokines [7,
8]. PRRs consist of Toll-like receptors (TLRs), nucleotide-
binding oligomerization domain protein-like receptors, and
retinoic acid-inducible gene I-like receptors (RLRs) [9].
Among them, the cytosolic RNA helicase MDAS, belonging
to the RLRs, contains two N-terminal caspase activation and
recruitment domains that serve as signaling domains, includ-
ing a central DExD/H RNA helicase domain that promotes
RNA binding and a C-terminal domain that assists in RNA
ligand recognition and binding specificity [10]. MDAS plays
fundamental roles in interferon responses after viral infection
and acts as intracytoplasmic sensors of double-stranded RNA
(dsRNA) and uncapped 5'-triphosphates on viral RNA. Upon
activation, MDAS5 can activate downstream IRF3 and NF-«kB
to induce pro-inflammatory cytokine genes to produce a series
of inflammatory reactions through interacting with a
mitochondrion-anchored adaptor molecule (IPS-1) [11].
Recent studies demonstrated that Cd induced oxidative
DNA lesions [12]. Oxidative DNA damage adversely affected
DNA transcription and resulted in damage of RNA structure
[13]. We previously showed that high level of MDAS could be
detected in normal chicken spleens. However, no mechanistic
research has been done on whether the Cd-induced damage in
chicken spleens is related to PRR MDAS, the activation of the
MDAS signaling pathway, and the subsequent production of
inflammatory cytokines.

Agaricus blazei Murill, a traditional Chinese fungus, pos-
sesses numerous biological properties and various pharmaco-
logical activities, including antioxidant and anti-inflammatory
effects, anticancer activities and immune system enhance-
ment, the modulation of biological homeostasis, and the abil-
ity to counteract diseases and prevent cancer [14, 15].
Polysaccharides are one of the main bioactive constituents of
Agaricus blazei Murill with health functions [16]. Agaricus
blazei Murill polysaccharide (ABP) is one of the most

@ Springer

commonly used mushroom extracts and has been effectively
used as an immune modulator and an antioxidant [17, 18]. It
has been used as a non-prescription remedy in traditional
medicines for cancer, diabetes, hyperlipidaecmia, arterio-
sclerosis, and chronic hepatitis [19]. ABP can strengthen
and modulate the immune system, which displays a reduc-
tion in the ratio of IL-1{3/f-actin and the IL-1[3 level of a
burn wound in rat skin after being fed with ABP [20]. Wu
et al. demonstrated that Agaricus blazei Murill polysaccha-
rides are natural antioxidants and should be used to pro-
duce antioxidants in the food industry [21]. Studies have
also shown that ABP has a protective effect on Cd poison-
ing in chicken peripheral blood lymphocytes caused by
injury [22].

In this study, a chicken-based model for exposure to Cd
following a daily treatment with ABP was created.
Moreover, the Cd content, the histopathological changes,
the expression of HSPs, the levels of antioxidant indices,
the activation of MDAS signaling pathway, and the con-
tents of inflammatory cytokines were examined in chicken
spleens to determine whether ABP supplementation had a
protective effect against the Cd-induced toxic effect in
chicken spleens.

Materials and Methods
Experimental Design

CdCl, (10°® mol/L, Guangfu Technology Co. Ltd., Tianjin,
China) and ABP (30 mg/mL, Department of Veterinary
Medicine, Northeast Agricultural University) selections
were based on our previous work [14]. A total of 80
healthy 7-day-old Hyline egg-laying chickens were ran-
domly divided into four groups of 20 chickens. In Group
I, the chickens were maintained on a basic diet containing
0.2 mL saline every day (the control group). In Group II,
the chickens were fed with a supplemented diet containing
140 mg/kg CdCl, (Cd-treated group). In Group III, the
chickens were administered with a supplemented diet con-
taining 0.2 mL ABP (ABP-treated group). In Group 1V, the
chickens were fed with a supplemented diet containing
140 mg/kg CdCl, and 0.2 mL ABP solution (Cd + ABP-
treated group). The feeding experiment lasted for 60 days.
During the experiment, the animals were given water
freely.

Sampling

Spleens were dissected immediately from five chickens on the
20th, 40th, and 60th day for each group after euthanizing via
an overdose intravenous injection of sodium pentobarbital
(Nembutal, 150 mg/kg; Abbot Labs, USA). Portions of the
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spleen samples were used for the determination of cadmium
content. The other portions of the spleen samples were used
for detections of levels of proteins and mRNAs. Another por-
tion of the spleen samples were used for the ELISA and anti-
oxidant index analyses. The remaining portion of each spleen
specimen fixed in 4% paraformaldehyde solution was routine-
ly processed for histopathological examination.

Cd Content Analysis

The Cd level of a spleen (0.5 g) was determined using induc-
tively coupled plasma mass spectrometry (ICP-MS) (Agilent
7800, Agilent Technologies, Beijing, China) after pretreating
in a graphite digestion system (Polytech ST60, Polytech
Instrument Ltd., Beijing, China). The operating conditions
are shown in Table 1.

Pathological Lesions

The spleen tissue samples obtained at necropsy were fixed in
4% paraformaldehyde solution, and a routine technology of
paraffin section was used to prepare pathological sections,
followed by staining with hematoxylin and eosin (H&E) using
a light microscope (Leica, German).

Evaluation of Oxidative Stress Markers

Spleen samples were homogenized in physiological saline on
ice and centrifuged at 12,000 rpm in 4 °C for 10 min. The
supernatants were then collected for the analysis of antioxida-
tion activity. The concentrations of malondialdehyde (MDA),
superoxide dismutase (SOD), and glutathione peroxidase
(GSH-Px) were measured at 532, 550, and at 412 nm, respec-
tively, using kits following the manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute, China).

Western Blotting Analysis
The expressions of MDAS and HSPs in spleens were mea-

sured using the Western blotting method. First, the spleen
(0.2 g) was cut into pieces at 4 °C in a 600 pL RIPA tissue

Table 1 ICP-MS operating conditions
Parameter Cd

Tuning Nebulizer gas flow (L/min) 0.96
Auxiliary gas flow (L/min) 14
Plasma gas flow (L/min) 18
ICP RF power 1400

Timing Sweeps/reading 30
Readings/replicate 1
Number of replicates 3

lysis buffer (Beyotime Institute of Biotechnology, China) con-
taining a mixture of protease inhibitors. The homogenates
were centrifuged at 12,000g at 4 °C for 10 min. Resulting
supernatants were mixed with an equal amount of 2x SDS
buffer and placed in boiling water for 10 min. Samples were
analyzed under reducing conditions on 8% SDS-PAGE elec-
trophoresis. The protein bands were transferred (15 V for 2 h)
onto NC membranes by using a Trans-Blot SD (Bio-Rad,
USA). Membranes were blocked (60 min) with skimmed milk
in TBST. Blots were then probed with the primary rabbit an-
tibodies anti-HSP60, anti-HSP70, and anti-HSP90 (1:1200
[20]); primary mouse monoclonal anti-chicken MDAS anti-
body (1:1000 [22]); or mouse monoclonal anti-beta-actin an-
tibody (1:1000, Beyotime Institute of Biotechnology,
Shanghai, China), and then incubated with secondary antibod-
ies horseradish peroxidase-conjugated goat anti-rabbit IgG
(1:5000, ZSGB-BIO, China) or goat anti-mouse IgG
(1:5000, ZSGB-BIO, China). Blots were revealed using the
chemiluminescence Western blotting substrate (ECL, Tanon,
China). The band intensities were quantified using ECL ac-
companying ImagelJ software. The MDAS or HSP (HSP60,
HSP70, and HSP90) expression levels were expressed as the
ratio of the IntDen of MDAS or HSPs to the IntDen of 3-actin.

Quantitative Real-Time Polymerase Chain Reaction

The mRNA expression levels of MDAS, IPS-1, IRF3, and
NF-kB in spleens were evaluated by quantitative real-time
polymerase chain reaction (qQRT-PCR).

First, the appropriate amount of chicken spleen tissue was
taken into the mortar and then poured into liquid nitrogen
immediately. Then, spleen samples were grinded to homoge-
nates after the liquid nitrogen evaporated. Afterwards, the ho-
mogenates were added to 1 mL lysate RL (BioTeke, Beijing,
China) and then grinded to homogenates for RNA extraction.
Total RNA was isolated from spleens using an RNA-pure
Total RNA Fast Isolation Kit (BioTeke, Beijing, China). The
concentration of the total RNA was determined using Thermo
Nano Drop 2000 (Thermo Fisher Scientific Inc., Waltham,
USA). The complementary DNA was then synthesized.
Primers for the amplification of genes MDAS, IPS-1, IRF3,
and NF-kB were designed using Primer 5.0 software. The
primer sequences (Invitrogen Biotechnology Co., Ltd.,
Shanghai, China) and GenBank accession numbers are shown
in Table 2. Gene expression levels of MDAS, IPS-1, IRF3,
and NF-kB genes in spleens were assessed by qRT-PCR by
using Power SYBR Real-time PCR Premixture (BioTeke,
China). The PCR cycles for each reaction were as follows:
denaturation at 95 °C for 2 min and 40 cycles of 95 °C for
20 s, 60 °C for 20 s, and a final cycle for 30 s at 72 °C
(following the manufacturer’s instructions). All reactions were
carried out using the Light Cycler 480 qRT-PCR machine
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Table 2 Gene-specific primers

used in the real-time quantitative Primer name Primer sequence Primer length (bp)
chain reaction
MDAS Forward TCAGGAGGAGGACGACCACGAT 22
Reverse TTCCCACGACTCTCAATAACAG 22
IPS-1 Forward TGCAGGGAGGCCATACACCAGTG 23
Reverse TCCACCTCCCAAGGTGACCCGTG 23
IRF-3 Forward CTCTCTGACTCTTTCAACCTCTTCG 25
Reverse TGCTGCCTGCTCCTGTGG 18
NF-«kB Forward TCTGAACAGCAAGTCATCCATAACG 25
Reverse AAGGAAGTGAGGTTGAGGAGTCG 23
{3-actin Forward ATTGCTGCGCTCGTTGTT 18
Reverse CTTTTGCTCTGGGCTTCA 18

(Roche Applied Science, China). All data from the qRT-PCR
experiments were analyzed by the 22" method [23].

ELISA Analysis

The contents of IL-1[3, IL-6, TNF-«, and IFN-f3 in spleens
were evaluated by ELISA. The spleen supernatants were col-
lected by the method described above. The concentrations of
IL-1p3, IL-6, TNF-«, and IFN-3 were measured using ELISA
kits following the manufacturer’s instructions (Elabscience
Biotechnology Co., Ltd.).

Statistical Analyses

All statistical analysis was performed using the Statistical
Package for the Social Sciences (SPSS) 18.0 software package
(SPSS Inc., Chicago, IL, USA) and GraphPad Prism 5.01
(GraphPad Inc., La Jolla, CA, USA). Differences between
means were assessed by using one-way analyses of variance
(ANOVAs). All data exhibited a normal distribution and
passed equal variance testing.

Result
The Cd Content of Chicken Spleens

As shown in Fig. 1, the Cd content in the Cd group was
significantly higher than that in the other groups (P < 0.01).
The content of Cd in the Cd + ABP group was significantly
lower than that in the Cd group (P < 0.01) but was significant-
ly higher than that in the control group (P < 0.01). Cd con-
centration was significantly lower in the ABP group than in
the Cd group (P < 0.01). As the duration of Cd poisoning
increased, the relative content of Cd in spleen tissue also
increased.
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Histopathology of the Spleen

The spleen tissues for pathological sections in this paper were
collected at 60 days. As shown in Fig. 2, the chicken spleens
in the control group (Fig. 2a) and the ABP group (Fig. 2¢)
displayed the normal architecture. The red pulp and white
pulp of the spleens showed clear boundaries and a high quan-
tity of well-arranged lymphocytes were uniformly distributed
in the red pulp and white pulp of the spleen. Exposure to Cd
poisoning (Fig. 2b) caused some histological changes to
spleen structure. The chicken spleens in the Cd group were
characterized by unclear boundaries between the red pulp and
white pulp, reduced and loosely arranged lymphocytes, and
many erythrocytes full of red pulp. However, in the Cd + ABP
group (Fig. 2d), splenic lymphocytes also appeared in a rela-
tively loose arrangement, but the number of spleen lympho-
cytes exhibited was significantly higher in comparison to that
in the Cd group.

= ABP
@ Cd+ABP

& Control
&= Cd

10000

Cc

1000

100

10

Spleen Cadmium Content (ug/Kg)

Fig. 1 Effects of Cd, ABP, and ABP + Cd treatment on Cd content in
chicken spleens. The values in the control group were used as the
reference values. Bars with different capital letters were statistically
significantly different between the groups (P < 0.01). Bars with
different small letters were statistically significantly different between
the groups (P < 0.05). Bars with same letters indicate no significant
differences (P > 0.05)
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Fig. 2 Effects of Cd, ABP, and ABP + Cd treatment on the histological
analysis on day 60 in chicken spleens. a Control group (HE, 40x); the red
pulp (RP) and white pulp (WP) of the spleen showed clear boundaries. b
Cd poisoning group (HE, 40x); unclear boundaries between the red pulp
and white pulp were shown, lymphocytes showed reduced and arranged
relatively loose arrangement (black arrow), and many erythrocytes were

The Protein Expression of Hsp60, Hsp70, and Hsp90

As shown in Fig. 3, the protein expression of HSPs were
examined on day 60 using the methods described previously.
The levels of HSPs (HSP60, HSP70, and HSP90) were mark-
edly elevated after the Cd treatment (P < 0.01). However, the
ABP treatment effectively prevents Cd-induced high levels of
HSPs (HSP60, HSP70, and HSP90) in chickens (P < 0.01).
The levels of HSPs (HSP60, HSP70, and HSP90) in the ABP
group, without exception, showed no significant difference
from those in the control group (P > 0.05).

The Antioxidant Levels

As shown in Fig. 4a, b, the activities of SOD and GSH-Px
were significantly higher in the ABP groups on days 20, 40,
and 60 (P < 0.01). The activities of SOD and GSH-Px in the
Cd group were significantly lower (P < 0.01). However, there
was a significant difference in the SOD and GSH-Px levels
between the Cd + ABP group and the Cd group (P < 0.01),
with the Cd + ABP group having significantly higher values.
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full of the red pulp. ¢ ABP group (HE, 40%); clear boundaries between the
red pulp (RP) and white pulp (WP) were shown. d Cd + ABP group (HE,
40x) splenic lymphocytes showed a relatively loose arrangement, but the
number of spleen lymphocytes exhibited was significantly higher in
comparison to the Cd group

As shown in Fig. 4c, MDA content was significantly
higher in the Cd group compared to the control group
(P < 0.01) and the ABP group (P < 0.01). However, Cd ex-
posure in combination with ABP sharply up-regulated the
content of MDA (P < 0.01). Additionally, MDA content was
significantly lower in the ABP group compared with the con-
trol group at days 20 and 40 (P < 0.05), and there was a
significant down-regulation on day 60 (P < 0.01) in the ABP
group compared to the control group.

The Expression of MDAS

As shown in Fig. 5, Cd exposure up-regulated the mRNA
(Fig. 5a) and protein (Fig. 5b) levels of MDAS in a time-
dependent manner in the chicken spleens. A higher MDAS
level was observed under chronic Cd exposure alone
(P < 0.01) or in combination with ABP (P < 0.01) compared
with the control. MDAS levels were lower in the combined
group compared with the single Cd-exposed group (P < 0.01).
ABP given alone did not affect the mRNA and protein levels
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Fig. 3 Effects of Cd, ABP, and ABP + Cd treatment on protein
expression of HSP60, HSP70, and HSP90 levels on day 60 in chicken
spleens. The values in the control group were used as the reference values.
Bars with different capital letters were statistically significantly different
between the groups (P < 0.01). Bars with different small letters were
statistically significantly different between the groups (P < 0.05). Bars
with same letters indicate no significant differences (P > 0.05)

of MDAS5 (P > 0.05). The relative expression of Cd in spleen
tissue increased with the duration of Cd exposure.

The mRNA Expression of IPS-1, IRF3, and NF-«B

To identify the effect of ABP on Cd-induced downstream
targets of the MDAS signal transduction pathway, we exam-
ined the mRNA expression of convergence protein IPS-1
(Fig. 6a) and transcription factors IRF3 (Fig. 6b) and NF-kB
(Fig. 6¢). When compared with the control, Cd treatment sig-
nificantly up-regulated the expression of IPS-1, IRF3, and
NF-kB (P < 0.01). In addition, treatment with ABP signifi-
cantly lowered the expression of IPS-1, IRF3, and NF-«kB in
spleens when compared with the Cd groups (P < 0.01).
However, no significant differences were detected between
the ABP group and the control group (P > 0.05). As the du-
ration of Cd poisoning increased, the mRNA expression of
IPS-1, IRF3, and NF-kB in spleens also increased.
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The Contents of IL-1f3, IL-6, TNF-«, and IFN-f3

To further demonstrate the effect of ABP on the Cd-induced
MDAS signal transduction pathway, levels of inflammatory
cytokines were examined using the methods described previ-
ously. The IL-13 (Fig. 7a), IL-6 (Fig. 7b), TNF-« (Fig. 7c),
and IFN-3 (Fig. 7d) levels were significantly higher in the
groups treated with Cd than in the control group (P < 0.01).
Levels of the four inflammatory cytokines were significantly
lower in the groups treated with ABP than in the Cd group
(P <0.01). The expression of the four inflammatory cytokines
in the ABP group was slightly higher than that in the control
group, but there were no significant differences (P > 0.05).

Discussion

With the development of economy and technology, heavy
metal pollution, which can pollute agricultural soils and veg-
etables and is one of the most severe ecological problems
worldwide, has become progressively worse. Unlike organic
substances, heavy metals are essentially non-biodegradable
and therefore accumulate in the environment and the animal
body [24]. The toxicity mechanism of heavy metal lead (Pb)
may be described as increasing the oxidative stress, promoting
apoptosis and activating the NF-kB pathway [25, 26]. The
toxicity mechanism of Cd has also been reported in many
kinds of cell and animal experiments [27, 28]. However, the
mechanism of Cd damage to the spleens is not entirely clear.
Great efforts have been made to prevent the adverse effects of
Cd [29, 30]. The beneficial effects of ABP have extended to
every organism and every organ. Within the past few years,
the beneficial effects of ABP in improving oxidation function
in the rats [31] and regulating inflammatory damage in the
spleen cells of BALB/c mice [32] and in human monocytes
and vein endothelial cells in vitro [33] have been widely re-
ported. Recently, in many systems, ABP has been successfully
used to reduce oxidative stress caused by excessive Cd expo-
sure in chickens [14, 34]. In this study, we examined the effect
of supplemented ABP on Cd-induced oxidative stress and
inflammatory damage in chicken spleens. The protective ef-
fect of ABP after Cd poisoning could be explained by three
mechanisms. First, ABP ameliorated the accumulation of Cd
and Cd-induced structural damage in chicken spleens, as
reflected by changes in histology. Second, ABP mitigated
Cd-induced oxidative damage. For example, ABP reduced
MDA level and enhanced antioxidant enzyme activities under
Cd stress [14]. Finally, ABP mitigated Cd-induced inflamma-
tory response. For example, Liu et al. suggested that the ad-
ministration of ABP clearly inhibited Cd-induced levels of
inflammatory cytokines on chicken PBLs [34]. However, the
protective effects of ABP are not simply associated with the
direct scavenging of free radicals or increasing the expression
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Fig. 4 Effects of Cd, ABP, and ABP + Cd treatment on antioxidant
activities of SOD and GSH-Px and MDA content on days 20, 40, and
60 in chicken spleens. The values in the control group were used as the
reference values. Bars with different capital letters were statistically

and activity of antioxidant enzymes and reducing inflamma-
tory activities of cytokines but also involve other mechanisms.

Cd is a heavy metal that is toxic to many organs, including
the immune system, which is also a target system for Cd
toxicity [35]. In this study, a chicken-based model for expo-
sure to Cd following treatment with ABP was created. We
detected that the Cd content of chicken spleens in the ABP
group was significantly lower than that in the Cd group. ABP
treatment effectively reserved Cd-induced histology charac-
terized by unclear boundaries between the red pulp and white
pulp, lymphocyte reduction, and dispersed lymphocytes.
HSPs are a family of stress-inducible proteins that help to
preserve cellular homeostasis by preventing protein aggrega-
tion and apoptosis [36]. The synthesis of constitutive forms of
HSPs is significantly up-regulated by a variety of stressful
factors, including heat shock, heavy metals, and oxidative
radicals [37]. As stress response proteins, HSPs act as a
“danger signal” to immune cells and promote immune re-
sponses [38]. Other studies have shown that increased heat
shock response tried to protect chicken brain tissues from
tissue damage caused by oxidative stress [39]. It was previ-
ously reported that exposure to heavy metals such as Cd raised

C
39 €3 Control &3 ABP
e Cd € Cd+ABP
]
g Cd
s Be
S Aa
)
2
3
T
>

significantly different between the groups (P < 0.01). Bars with
different small letters were statistically significantly different between
the groups (P < 0.05). Bars with same letters indicate no significant
differences (P > 0.05)

the expression levels of Hsp60 and HSP90 [40, 41]. However,
Hu et al. indicated that ABP could serve as immune regulators
under Cd stress, which inhibited the expression of HSPs in
chicken livers [14]. These results were consistent with our
findings that ABP treatment effectively prevented Cd-
induced high levels of HSPs (HSP60, HSP70, and HSP90)
in chicken spleens. One possible explanation is that ABP pro-
moted the metabolism of Cd, resulting in the alleviation of Cd-
induced stress, and decreased the levels of HSPs in spleens.
Other research showed that the cellular oxidative stress in-
duced by Cd is most likely mediated by the disruption of
redox homeostasis and causes oxidative DNA damage [42,
43]. As a consequence, one of the ABP extracts has
antigenotoxic, antimutagenic, and antioxidative properties
[44-46] that may protect against DNA damage. These vast
amounts of evidence confirm that ABP has protective effects
on Cd, by preventing the triggering of a range of adverse
physiological and pathological effects in spleens. However,
the exact mechanism requires further studied.

As a stressor, heavy metals such as Cd can upset the bal-
ance of the oxidant/antioxidant system by affecting the regu-
lation of enzymatic oxidation, protein oxidation, and lipid
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Fig. 5 Effects of Cd, ABP, and ABP + Cd treatment on mRNA and
protein expression of MDAS level on days 20, 40, and 60 in chicken
spleens. The values in the control group were used as the reference
values. Bars with different capital letters were statistically significantly
different between the groups (P < 0.01). Bars with different small letters
were statistically significantly different between the groups (P < 0.05).
Bars with same letters indicate no significant differences (P > 0.05)

peroxidation activities, and can cause tissue damage [47].
Some studies have reported that Cd accumulation in the body
results in a decrease in antioxidant enzyme activities and an
increase in MDA level in both plasma and tissues [48]. MDA
is an oxidized lipid metabolite and can be used to measure the
level of oxidative stress in an organism [9]. GSH-Px and SOD
are active in antioxidant defense systems [21]. SOD catalyzes
the dismutation of free superoxide anion radicals into hydro-
gen peroxide and GSH-Px coverts hydrogen peroxide into
water and disulfide glutathione, protecting tissues from oxida-
tive damage [49]. Hence, their levels were estimated in chick-
en spleens to assess the burden of oxidative stress after treating
spleens with ABP, Cd, and a combination. Previous studies
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prove the enzyme activity of SOD, GSH-Px, and CAT in rat
liver, kidney, heart, and serum after heavy metal poisoning
[34]. Recent research has found that ABP can protect the liver
against oxidative damage in rats and is an efficient antioxidant
agent against carbon tetrachloride-induced liver injury [31].
Our results showed that excessive Cd intake induced lower
GSH-Px and SOD activities, but a higher level of MDA in a
time-dependent manner. However, there was an extremely
significant increase in SOD and GSH-Px levels but a signifi-
cant reduction in MDA content in the Cd + ABP group in
comparison with the Cd group, which indicated that ABP
can protect the spleen against oxidative damage in chickens.
Howeyver, further studies are needed to address whether other
mechanisms play roles in mitigating Cd-induced oxidative
damage.

Metals such as Cd can damage numerous biochemical
pathways, even at low concentrations [52]. Lee et al. indicated
that metals induced many types of protein kinases via the
signal transduction within cells, including critical kinases
mitogen-activated protein kinases (MAPKs), phos-
phatidylinositol 3-kinase (PI3K)/Akt pathway, and Rous sar-
coma oncogene cellular homolog (Src) [53]. It was previously
reported that oxidative stress could trigger several types of
physical or pathological signal cascades, such as the inflam-
mation response and cytokine responses, and ROS act directly
or as signaling molecules in innate immune responses [54].
Oxidative stress triggers a range of physiological and patho-
logical responses either as a result of cellular damage or
through specific signaling molecules [55]. Therefore, in the
present study, Cd is likely to produce oxidative damage by
triggering specific signaling molecules. The MDAS gene is
the member of the RLR family of innate immune responses.
Lv et al. suggested that ABP protected against oxidative stress
via the MDAS signaling pathway and indicated that the ex-
pression of MDAS proteins in PBLs was negatively correlated
with GSH-Px and SOD and positively correlated with MDA
[22]. These results were consistent with our findings that the
ABP treatment effectively prevented Cd-induced high levels
of MDA, MDAS, IPS-1, NF-kB, and IRF-3 and significantly
prevented Cd-induced down-regulation of SOD and GSH-Px
in chicken spleens. This indicates that ABP has the capacity to
protect against the Cd-induced oxidative stress through
MDAS signaling pathway.

In animals, the induction of the expression of cytokines by
environmental chemicals was considered as an inflammation re-
sponse, which is a key mediator of the host response against
microbial pathogens [53, 56]. Fengping Xu et al. proved that
Cd significantly increased the expression of IL-1[3, TNF-«,
and other cytokines in chicken spleen lymphocytes [57].
However, Bernardshaw et al. indicated that ABP modulated the
immune system by decreasing the expression of IL-2, IL-4, and
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reference values. Bars with different capital letters were statistically

IFN-y by peripheral blood mononuclear cells [33]. In this study,
Cd significantly increased mRNA levels of IL-1(3, IL-6, TNF-«,
and IFN-3. However, four inflammatory cytokines were signif-
icantly lower in the groups treated with ABP than in the Cd
group, suggesting that ABP could protect against Cd-induced
inflammatory injury in chicken spleens. However, further studies
are needed to address whether other mechanisms are important
for ABP to protect against Cd-induced inflammatory injury.

Cd is a potent immunotoxicant that has been reported to affect
the immunocytes and immune organs both in humans and in
rodents [58]. Research indicates that Cd exposure dramatically
enhances the mRNA level of TNF-« via the master inflamma-
tory regulator NF-kB in the brain, ovary, and liver of zebrafish
[59, 60]. NF-«kB is widely distributed in biological organisms;
participates in the regulation of multiple genes, inflammatory
responses, and immune responses; and is essential in priming
inflammasome activation for the production of cytokines such
as TNF-«, IL-6, and pro-IL-1f3 [61, 62]. Research indicates that
the MDAS gene could interact with IPS-1 to activate the down-
stream gene IRF3 and NF-«kB and influence the production of
type I interferon and inflammatory cytokines [11]. In this study,
Cd treatment significantly up-regulated the expression of MDAS,

Cc
3. E= Control &= ABP
&= Cd D Cd+ABP Cc
Dd

Relative expression levels of NF-x B

significantly different between the groups (P < 0.01). Bars with
different small letters were statistically significantly different between
the groups (P < 0.05). Bars with same letters indicate no significant
differences (P > 0.05)

IPS-1, IRF3, and NF-kB, indicating that Cd could activate the
MDAS signaling pathway in chicken spleens. Research suggests
that the transcription factors IRF and NF-«B are translocated to
the nucleus to stimulate expression of interferon (IFN) and pro-
inflammatory cytokines [63, 64], which was consistent with our
results that Cd promoted the expression of inflammatory factors
by the activation of transcription factors IRF3 and NF-kB. It
indicated that IRF3 and NF-«kB are key transcription factors that
regulate the expression of IFN-{3 and downstream effectors of
MDAS. 1t is also suggested that Cd could induce inflammatory
injury in chicken spleens by the activation of the MDAS signal-
ing pathway. Presently, there are few reports about the effect of
ABP on MDAS and its signal transduction pathways. Cheng
et al. indicated that Toll-like receptors (TLRs) might be receptors
of ABP and suggested that ABP had anti-inflammatory effects
by down-regulating various transcription factors (JNK, ERK,
and p38) in MAPK signaling pathways [65]. Both MDAS and
TLR4 belong to the natural pattern recognition receptors. In this
study, we showed that ABP could significantly inhibit the Cd-
induced mRNA expression of IPS-1, NF-«xB, and IRF-3 and
decrease the expression of cytokines in chicken spleens. As a
consequence, we demonstrate that ABP plays a protective role
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against Cd-induced inflammatory injury in chicken spleens via
the MDAS signaling pathway.

Conclusion

Our data provide an important insight into the pathway in-
volved in the effects of ABP on Cd-induced immunopatholo-
gy. ABP can protect against Cd-induced oxidative stress and
pro-inflammatory cytokine expression in chicken spleens, and
the MDAS signaling pathway plays a major role in this
process.
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