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Abstract

Cadmium (Cd), a ubiquitous environmental pollutant, has neurotoxicity to humans and animals. Quercetin (QE), the main
component of flavonoids, has strong antioxidant and anti-inflammatory effects. However, little is reported about the influence
of Cd exposure on necroptosis in the chicken brain and the antagonistic impacts of QE against Cd-induced brain necroptosis. The
aim of this study was to ascertain the alleviative mechanism of QE on Cd-induced necroptosis in the chicken brain. Two hundred
3.5-month-old Isa hens were randomly divided into four groups, control group, QE group, Cd group, and Cd + QE co-
administration group. The histopathological analysis indicated that necrosis features were observed in the Cd-intoxicated chicken
brains. Meanwhile, the expression levels of RIPK 1, RIPK3, and MLKL were elevated and the level of Caspase 8 was reduced in
the Cd group, which further testified Cd triggered the occurrence of necroptosis in the chicken brain. Cd exposure obviously
increased Cd accumulation, ROS generation, and MDA level; weakened the activities of antioxidase (SOD, GPx, and CAT);
enhanced iNOS activity and NO production; promoted the expression of inflammatory factors (NF-kB, TNFx, COX-2, iNOS,
PTGEs, and IL-1f3); and activated HSPs (HSP27, HSP40, HSP60, HSP70, and HSP90). But, these Cd-caused variations were
obviously attenuated in the Cd + QE group. This study indicated that QE had an alleviative effect on Cd-induced necroptosis in
the chicken brain through inhibition ROS/iNOS/NF-kB pathway.
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Introduction

Cadmium (Cd), as a poisonous heavy metal, is a universal
environmental contaminant. Cd exposure poses severe health
risks to animals and humans through the food chain associated
with Cd pollutant. Cd intoxication associates with serious poi-
soning effects of the heart, the kidney, the liver, the lung, and
the immune organs [1, 2]. It has been reported that Cd has the
capability to cross the blood-brain barrier and consequently
accumulate in the brain tissue leading to neurotoxicity [3],
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such as Parkinson’s symptoms, Alzheimer’s disease, schizo-
phrenia, anxiety, depression, learning disabilities, and atten-
tion deficit disorder [4, 5]. In addition, early exposure to Cd
can damage neurogenesis to result in failure of neuronal dif-
ferentiation and axon formation and eventually lead to neuron
death [6, 7]. Even though the mechanism of Cd-induced neu-
rotoxicity is not fully understood, growing researches indicated
that excessive reactive oxygen species (ROS) triggered by Cd
is considered to be a key pathogenic factor [8]. This is well
known that excessive production of ROS can result in oxidative
stress, which further damage tissues and cells via changing
lipid peroxidation and the structure and function of protein or
nucleic acid. In recent years, a variety of medicinal plant ex-
tracts and natural products have been reported as therapeutic
agents to reduce Cd-induced neurotoxicity. Protocatechuic acid
can counteract neurotoxicity caused by Cd through lessening
oxidative stress and restraining inflammation and apoptosis [9].
Elkhadragy et al. [10] discovered that the methanolic extract of
Fragaria ananassa prevents the brain tissue against Cd-
induced neuronal toxicity via enhancing the antioxidant system
and boosting antiapoptotic and anti-inflammatory activities of
the rat brain.
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Necroptosis is a special cell death form differed from apopto-
sis and necrosis. Disequilibrium between the oxidative system
and the oxidation defense system is related to triggering
necroptosis [11]. Necroptosis is regulated by a particular molec-
ular pathway, which involves the proteins receptor-interacting
protein kinase 1 (RIPK1), RIPK3, and mixed linecage kinase
domain-like (MLKL) [12]. In addition, aspartate-specific cyste-
ine protease (Caspase 8) is certified as an extremely important
signal molecule for blocking necroptosis via separating RIPK 1
and RIPK3 [13]. Previous researches showed that cell death
mediated by RIPK1/RIPK3 pathway probably relies on the in-
duction of ROS, which can promote necrosome formation [14,
15]. Han et al. [16] found that oxidative stress led to necroptosis
in the rat lung after hyperoxia exposure. Lots of ROS can also
induce an inflammatory response and promote the secretion of a
variety of inflammatory cytokines, for instance, nuclear factor-
kappa B (NF-kB), inducible nitric oxide synthase (iNOS), tumor
necrosis factor-o¢ (TNF-ox), cyclooxygenase-2 (COX-2), inter-
leukin 1-beta (IL-1f3), and prostaglandin E synthase (PTGEs),
which in turn further maintain the induction between oxidative
stress and inflammation [17, 18]. The NF-«B pathway exerts a
key role in the inflammatory reaction via regulating the expres-
sion of inflammatory cytokines [19]. TNF-« is an important
downstream cytokine in NF-kB inflammatory pathway, and
NF-kB activation can promote the expression and release of
TNF-o. It was reported that TNF-« also has been considered
to be a vital initiator of necroptosis [20]. TNF-o mediated the
occurrence of necroptosis in bronchial epithelial cells [21].
The high expression of NF-kB and TNF-« resulted from lead
exposure participated in inducing the necroptosis in the chick-
en spleen [22]. iNOS, as another downstream inflammatory
cytokine of NF-kB, can synthesize nitric oxide (NO) and ex-
cessive NO helps to trigger the infiltration of inflammatory
cells which release numerous proinflammatory mediators
[23]. A high level of NO also can participate in multiple path-
ological processes and evoke various inflammatory diseases
[24]. Cd can incur oxidative stress and enhance the expression
of inflammation-related genes including iNOS, TNF-«,
NF-kB, COX-2, and PTGEs in the breast muscles of the
chicken [25]. Guo et al. [26] indicated that Cd exposure in-
creased iNOS activities, induced cardiac inflammation, and
upregulated inflammation factor expression in the cardiac tis-
sue. Cd addition is reported to motivate ROS overproduction
triggering oxidative stress and ultimately cause necroptosis in
chicken peripheral blood lymphocytes [27]. As a highly con-
served protein family, heat shock proteins (HSPs), could re-
spond to environmental stress [28]. Wang et al. [29] found that
the expression levels of HSP60, HSP70, and HSP90 were
dramatically enhanced during selenium deficiency-mediated
necroptosis in tracheal epithelial cells, which showed that
HSPs participated in the emergence and developing process
of necroptosis. Zhang et al. [30] also indicated that HSP27,
HSP40, HSP60, HSP70, and HSP90 mRNA and protein

levels were drastically enhanced in chicken lymphocytes un-
dergoing lead-induced necroptosis.

Quercetin (QE), one of natural flavonoid compounds, is
widely distributed in vegetables and fruits. It was reported that
QE possesses antioxidative, anti-inflammatory, antimicrobial,
antiviral, antitumor, antihypertensive, and hypolipidemic
properties [31]. QE can play protective roles against many
exogenetic toxicity substances, such as alcohol, hydrogen per-
oxide, bisphenol A, acrylamide, and heavy metal. Yang et al.
[32] indicated that QE administration lessened oxidative stress
and inflammatory reaction, thereby ameliorating renal func-
tion. QE exerts its antioxidant potential to relieve neurotoxic-
ity triggered by Cd via declining ROS production and regu-
lating mitochondrial integrity and mitogen-activated protein
kinase (MAPK) signaling [33]. Nna et al. [34] reported that
QE antagonized Cd-triggered oxidative stress in the uterus
and ovary of a female rat. QE also was demonstrated to obvi-
ously alleviate oligodendrocytes necroptosis after spinal cord
injury in rats [35]. Although many studies have researched the
attenuation effect of QE against hazardous substances, but
whether QE can protect the chicken brain against the
necroptosis induced by Cd and the alleviative mechanism of
QE on Cd-caused necroptosis in the brain are unknown. In the
current study, we administrated to add Cd or/and QE in the
diet of chicken for 60 days, then detected Cd concentration,
histopathological changes, ROS production, and the status of
oxidative stress, NO level, and iNOS activity. We also evalu-
ated the expression levels of necroptosis markers, inflamma-
tory cytokines, and HSPs in the chicken brain. The objective
of this study was to elucidate the mechanism about the
alleviative effect of QE on Cd-induced necroptosis in the
chicken brain.

Material and Methods
Animals and Experimental Design

All procedures used in our experiment were approved by the
Institutional Animal Care and Use Committee of Northeast
Agricultural University. Two hundred 3.5-month-old Isa hens
were randomly divided into four groups (n = 50 per group).
Group I (control) was fed a basal diet, group II (QE-
administrated group) was fed with the basal diet added 500
mg/kg QE, group III (Cd-exposed group) was fed the basal
diet added with 150 mg/kg CdCl,, and group IV (Cd/QE co-
treated group) was fed with the basal diet added with 150
mg/kg CdCl, + 500 mg/kg QE. All animals lived in a normal
diet condition. On the 60th day of this experiment, the
chickens were euthanized. The brain tissues were separated
and partially fixated in 10% formalin. The remaining was
stored at — 80 °C for other analysis.
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Estimation of Cd Concentrations in the Brain

The Cd content in the brains of chicken was examined by
using the inductively coupled plasma mass spectrometry
(ICP-MS, iCAPQ, Thermo, USA). The standard parameters
of an instrument in our experiment are shown in Table 1. Each
sample (1 g) was dissolved in 5 ml nitric acid (65%) and 2 ml
hydrogen peroxide (30%) and then diluted to 10 ml final vol-
ume with deionized water. All sample solutions were limpid.
The samples were dissolved in a microwave system according
to the following conditions: 1 800 W and 100 °C for 3 min, 1
800 W and 150 °C for 10 min, and 1 800 W and 180 °C for 45
min. The same method was used for blank digestion. Before
ICP-MS determination, all digested samples were diluted to a
final volume of 50 ml with ultrapure water and fully mixed.

Histological Observation of Brain Tissue

Some brain tissues were fixed for at least 24 h with 10%
neutral formalin. Then, the brain tissues were dehydrated with
an increasing concentration of alcohol following embedded
by paraffin. Sections about 5-pum thickness were obtained,
stained with hematoxylin and eosin (H&E), and then observed
using a light microscope (XDS-1B, Olympus, Japan).

Determination of Oxidative Stress Indexes

A ROS assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) was used to measure the production of ROS
in the chicken brain. A single-cell suspension of the chicken
brain was prepared by enzymatic digestion. The isolated cells
were suspended with PBS and inoculated in the black 96-well
plate. ROS were determined by the conversion of nonfluores-
cent dye chloromethyl-2,7-dichloro fluorescindiacetate (DCF-
DA). DCF-DA was added into the cells and incubated for 30
min. Then, the fluorescence was quantified as RFU at 485 nm
excitation wavelength and 525 nm emission wavelength by
using a Cytation 5 fluorescence spectrophotometer.

Table 1 Instrumental

parameters for the ICP- Parameters

MS
Frequency (MHz) 27.12
Reflect power (kW) 1.55
Sampling depth (mm) 5.0
Torch-H (mm) 0.01
Torch-V (mm) -0.39
Carrier gas (L/min) 1.05
Nebulizer pump (rpm) 40
S/C temperature (°C) 2.7
Oxide ions (156/140) <2.0%
Doubly charged (70/140) <3.0%
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The homogenates of the chicken brain tissue were prepared
in ice bath circumstances. The content of malondialdehyde
(MDA), the activities of superoxide dismutase (SOD), gluta-
thione peroxidase (GPx), and catalase (CAT) were measured
in the light of the instructions of the determination kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China).

Assay of NO Production and iNOS Activity

NO production and iNOS activity were detected by using NO
and iNOS determination kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

Real-time Quantitative PCR Analysis of Genes on
mRNA Levels

The total RNA from the chicken brain tissues was extracted
with Trizol reagent, and then, cDNA was synthesized by re-
verse transcription reaction on the basis of the manufacturer’s
instructions (Roche, Shanghai, China). The sequences of all
the primers used in this analysis were shown in Table 2. qRT-
PCR was carried using the Light Cycler® 480 System (Roche,
Basel, Switzerland) and Fast Universal SYBR Green Master
Mix (Roche, Basel, Switzerland) to assess the mRNA expres-
sion levels of genes. The internal reference gene is {3-actin.
The mRNA relative abundance of the target genes was calcu-
lated using the 22T method.

Western Blot Analysis

Western blot was used to measure the protein expression.
Total proteins were extracted from the chicken brains, and
under reducing conditions were separated using SDS-
polyacrylamide gel electrophoresis on 12% gel. Then, we
transferred the protein bands to the nitrocellulose membrane
by using a pot transfer (200 mA) fulfilling Tris-glycine buffer
containing 20% methanol at 4 °C for 2 h. Afterwards, the
membranes blocking were performed with 5% skim milk at
37 °C for 2 h, followed by incubating at 4 °C with diluted
primary antibodies including NF-kB (1:500), COX-2 (1:500),
TNF-« (1:500), iNOS (1:1000), MLKL (1:1000), RIPK1
(1:1500), RIPK3 (1:1500), HSP70 (1:500), HSP90 (1:500),
and f3-actin (1:1000) for a night. Next day, we incubated the
membrane at room temperature using peroxidase-conjugated
secondary antibodies against rabbit IgG (1:5000, Santa Cruz,
USA) for 1 h. The protein signal was measured using X-ray
films (TransGen Biotech Co., Beijing, China) by using an
ECL kit (Kangweishiji Biotechnology, Beijing, China). In
our experiment, [3-actin was used as the internal reference
protein, the ratios of the optical density of each protein to that
of -actin denoted the relative expression levels of above
target proteins.
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Table 2  The primer sequences used in the present study
Target gene Primer Sequence (5'-3')
IL-13 Forward:5"-TCTTCTACCGCCTGGACAGC-3’
Reverse:5-TAGGTGGCGATGTTGACCTG-3'
NF-«B Forward: 5'“TCAACGCAGGACCTAAAGACAT-3'
Reverse: 5-GCAGATAGCCAAGTTCAGGATG-3’
TNF-a Forward:5'-GCCCTTCCTGTAACCAGATG-3'
Reverse:5-ACACGACAGCCAAGTCAACG-3'
iNOS Forward:5'-CCTGGGTTTCAGAAGTGGC-3’
Reverse:5-CCTGGAGGTCCTGGAAGAGT-3'
COX-2 Forward:5"-TGTCCTTTCACTGCTTTCCAT-3'
Reverse:5-TTCCATTGCTGTGTTTGAGGT-3’
PTGEs Forward:5'-GTTCCTGTCATTCGCCTTCTAC-3'
Reverse:5-CGCATCCTCTGGGTTAGCA-3'
MLKL Forward:5'-CACCGATACCAGGAGCCAGT-3’
Reverse:5-AGCCAGCAAGTCCACGATCT-3'
RIPK1 Forward:5"-TGCCTTCTGTTCCTCACTGG-3'
Reverse:5-CCTGCGTAGGTATTGCAGCTT-3'
RIPK3 Forward:5'-ACATCCTTCGCTCACAGCAA-3’
Reverse:5-ACCTGTGCTGCCTTCTCTCC-3’
Caspase 8 Forward:5'-CCGATTCTCTGGGCAACTGT-3'
Reverse:5-ATCCACATGTGTCCCGTTCC-3’
HSP27 Forward:5'-ACACGAGGAGAAACAGGATGAG-3'
Reverse:5-ACTGGATGGCTGGCTTGG-3'
HSP40 Forward:5'-GGGCATTCAACAGCATAGA-3’
Reverse:5-TTCACATCCCCAAGTTTAGG-3'
HSP60 Forward:5'-AGCCAAAGGGCAGAAATG-3’
Reverse:5-TACAGCAACAACCTGAAGACC-3'
HSP70 Forward:5'-CGGGCAAGTTTGACCTAA-3’
Reverse:5-TTGGCTCCCACCCTATCTCT-3’
HSP90 Forward:5'-TCCTGTCCTGGCTTTAGTTT-3’
Reverse:5-GTGCCCACGCTGTGCTTAC-3’
[3-actin Forward:5'-CCGCTCTATGAAGGCTACGC-3’

Reverse:5-CTCTCGGCTGTGGTGGTGAA-3'

Statistical Analysis

All datas in our study were expressed as the mean + standard
deviation. Statistical analysis of obtained datas was performed
utilizing SPSS for Windows (version21; SPSS Inc., Chicago,
IL, USA). One-way ANOVA with Tukey’s correction was
used where appropriate. Samples with different superscripted
letters represent statistically significant differences (P < 0.05).

Results
Cd Concentrations
To evaluate the effect of QE on Cd accumulation in the brain

tissue of chickens, we detected the Cd content of the brains.
The results showed that after adding Cd or/and QE to the diet

for 60 days, the content of Cd in the brain of each group was
significantly different (Fig. 1). Compared with the control and
QE group, Cd content in the Cd group rose markedly (P <
0.05). But, the change was alleviated by the co-treatment of
QE and Cd. Cd content in the Cd/QE combined treatment
group was evidently lower than that in the Cd group (P <
0.05), and significantly higher than that in the control group
and QE group (P < 0.05).

Histological Analysis

To ascertain whether QE can attenuate the brain injury induced
by Cd, we assessed the pathological variations of the brain
tissue with HE staining. The results showed that the control
and QE group displayed normal structure and regular morphol-
ogy of the brain tissue. The cellularity of neurons and glial cells
was complete and healthy (Fig. 2a, b). Compared with the
control group, the brain tissue of the Cd group showed obvious
morphological damages. The morphology of neurons and glial
cells was irregular. The necrocytosis and vacuolization of cells
were frequently observed. The cell nucleus was dissolved and
fragmented. Moreover, there was serious inflammatory cell
infiltration in Cd-induced brain tissue (Fig. 2¢). QE can signif-
icantly alleviate the pathological changes of the brain caused by
Cd. The Cd/QE combined treatment group displayed the ma-
jority of neurons and glial cells were healthy. The necrotic
neurons were infrequently discovered. In addition, only a small
number of neurons remained damaged with inflammatory cell
infiltration (Fig. 2d).

The Levels of Oxidative Stress Biomarkers

To ascertain the effect of QE on Cd-induced oxidative stress in
the chicken brain, we measured ROS production, MDA con-
tent, and antioxidase activities. The production of ROS and
MDA content in the chicken brain induced by Cd or/and QE
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Fig. 1 Effect of QE and Cd on Cd contents in the chicken brains. Each
value represents the mean + SD of 10 individuals. The different lowercase
letters at the top of the bars represent significant statistical differences (P <
0.05) between different groups
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Fig.2 Effect of QE and Cd on the
histological changes in the
chicken brains. These pictures are
at x400 magnification. a The
brains of the control group. b The
brains of QE group. ¢ The brains
of the Cd group. d The brains of
the Cd/QE co-treated group. The
red arrows show necrosis, and the
black arrows show inflammatory
cell infiltration
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Fig. 3 Effect of QE and Cd on oxidative stress indicators in the chicken
brains. a Effect of QE and Cd on ROS production in the brain. b Effect of
QE and Cd on MDA content in the brain. ¢ Effect of QE and Cd on SOD
activity in the brain. d Effect of QE and Cd on GPx activity in the brain. e
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Effect of QE and Cd on CAT activity in the brain. Each value represents
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of the bars represent significant statistical differences (P < 0.05) between
different groups
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treatment were shown in Fig. 3a, b. Compared to the control
group and QE group, the levels of ROS and MDA in the brain
tissue of the Cd exposure group were dramatically increased
(P <0.05). However, the levels of ROS and MDA in the Cd +
QE group were evidently lower than those in the Cd group (P
< 0.05), but they did not restore to the levels of the control
group and QE group (P < 0.05).

The activities of SOD, GPx, and CAT in the brain from
chicken treated by Cd or/and QE were shown in Fig. 3c—e.
SOD, GPx, and CAT activities in the brain of the Cd-induced
chickens were dramatically lower than the levels in the control
group and QE group (P < 0.05). Compared to the Cd group,
QE addition in the diet of Cd-induced chickens evidently el-
evated the activities of SOD, GPx, and CAT (P < 0.05), but
QE addition did not recover these antioxidant activities to the
levels in the control and QE group (P < 0.05). Compared with
other groups, QE administration alone could remarkably in-
crease the activities of SOD, GPx, and CAT in the brain tissue
(P <0.05).

The Levels of Inflammatory Relevant Factors

To elucidate the influence of QE on the iNOS/NF-kB signal
pathway induced by Cd exposure, we measured NO contents,
iNOS activities, and the expression of major inflammatory cy-
tokines in iNOS/NF-kB pathway in the brains. As presented in
Fig. 4a, b, NO levels and iNOS activities in the Cd-poisoned
brain tissue were prominently higher than those levels in the
control group and QE group (P < 0.05). Compared with the Cd
group, QE/Cd combined treatment could alleviate the above
changes (P < 0.05), but could not recover to the levels of the
control group and QE group (P < 0.05).

The mRNA and protein expression of the major inflamma-
tory cytokines were exhibited in Fig. 4c, d. Compared to the
control group and QE group, Cd significantly increased the
mRNA expression of NF-kB, TNF-«, COX-2, PTGEs, iNOS,
IL-183, and the protein levels of NF-kB, TNF-«, COX-2, and
iNOS in the Cd-induced chicken brains (P < 0.05). The ex-
pression levels of those inflammatory cytokines in Cd and QE
co-administrated chicken brains were evidently lower than the
levels of the Cd group and apparently higher than the levels of
the control and QE group (P < 0.05).

The Expression of HSPs

To discover the impact of QE on HSPs in the chicken brains
after Cd exposure, we examined the mRNA and protein levels
of HSPs. As shown in Fig. 5, the mRNA levels of HSP27,
HSP40, HSP60, HSP70, and HSP90 and the protein levels of
HSP70 and HSP90 in the Cd group were dramatically improved
compared with the control group and QE group (P < 0.05). Cd/
QE co-administration significantly inhibited the mRNA expres-
sion of HSP27, Hsp40, HSP60, HSP70, and Hsp90, and the

protein expression of HSP70 and HSP90 compared with the
Cd group (P < 0.05), but did not recover to the mRNA and
protein levels of the control group and QE group (P < 0.05).

The Expression of Necroptosis Markers

To illustrate the effect of QE on the necroptosis signaling path-
way in the chicken brain after Cd exposure, the mRNA and
protein expressions of brain necroptosis-related factors in
chickens were detected. As shown in Fig. 6. The mRNA level
and protein expression of MLKL, RIPK1, and RIPK3 in the
chicken brain exposed to Cd were distinctly higher than those
levels in the control group and QE group (P < 0.05). However,
compared with the Cd group, Cd and QE co-administration
could obviously decrease the mRNA and protein levels of
MLKL, RIPK1, and RIPK3 (P < 0.05). Conversely, Cd mark-
edly reduced the mRNA expression of Caspase 8 compared
with the control group and QE group (P < 0.05), whereas QE
and Cd co-administration could dramatically elevate the expres-
sion of Caspase 8 mRNA compared to the Cd group (P < 0.05).

Discussion

Cd is a toxic heavy metal that widely distributes in environment.
The brain is one of the target organs influenced by Cd [25]. The
neurotoxicity resulted from Cd exposure is closely related with
disturbances in brain redox state, neurotransmitters, neurodegen-
eration, neuroinflammation, and neuronal death [36]. QE has
long been used as antioxidant and antiinflammatory agent to
protect the liver and kidney from exogenous stimuli-induced
damages [37, 38]. However, the neuroprotective effects of QE
are complicated and still remain unclear. In our study, we found
that dietary exposure to Cd can cause necrotic injury in the
chicken brain tissue. Cd induced ROS overproduction and
targeted iNOS/NF-«kB pathway to activate RIPK3/MLKL,
thereby leading to necroptosis, and the HSPs involved in this
pathological process. Furthermore, we also firstly found that QE
can exert ameliorative roles on Cd-triggered necroptosis in the
chicken brain by inhibition ROS/INOS/NF-«B pathway.

Cd can pass the blood-brain barrier, assemble in the brain
tissue, and then induce toxicity in the nervous tissue. A few
studies manifested the poisonous effects and probable toxic
mechanisms of Cd exposure on the brain [7, 39]. In our study,
we discovered that the Cd-exposed chicken brains have higher
Cd content than normal chickens. But QE and Cd co-fed
chickens markedly decreased brain Cd level. It indicated that
the residual Cd in the chicken brain likely causes the neuro-
toxicity and QE is a potentially antidotal substance against
Cd-induced toxicity on the chicken brain. Moreover, our his-
topathological results displayed that Cd administration in-
duced serious morphological alterations of the brain tissue,
including irregular cell morphology, unnormal cell nucleus,
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Fig. 4 Effect of QE and Cd on NO content, iNOS activity, and the
expression of genes related to iNOS/NF-«kB pathway in chicken brains.
a Effect of QE and Cd on NO content in the brains. b Effect of QE and Cd
on iNOS activity in the brains. ¢ Effect of QE and Cd on the mRNA
expression of IL-1{3, NF-kB, TNF-a, COX-2, PTGEs, and iNOS in the

and neuronal cell necrosis. Necroptosis is a special manner of
cell death, which frequently occurs in multiple pathophysio-
logical processes and commonly exhibits morphological fea-
tures of necrosis [40]. It was well known that necroptosis is
mainly regulated by MLKL, RIPK1, and RIPK3 when
Caspase 8 is inhibited. Once necroptosis was triggered,
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the top of the bars represent significant statistical differences (P < 0.05)
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RIPK1 and RIPK3 interact via the RIPK homotypic interac-
tion motifs (RHIMS) to activate RIPK3, which in turn could
recruit and phosphorylate MLKL to play corresponding
necroptosis effects. Inhibition of Caspase 8 induces RIPK1
and RIPK3 to form necrosomes, which lead to the autophos-
phorylation of RIPK1 and RIPK3, and finally result in the
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statistical differences (P < 0.05) between different groups



The Alleviative Effects of Quercetin on Cadmium-Induced Necroptosis via Inhibition ROS/iINOS/NF-kB Pathway... 1591

a b

3 Control
@ G
= cd
3 Cd+QE

Relative mRNA level
7

Relative protein level
P
o

o
o
ri

0.0-
Caspase 8 RIPK1

RIPK1 RIPK3 MLKL

Fig. 6 Effect of QE and Cd on the expression of necroptosis-related
factors in the chicken brains. a Effect of QE and Cd on the mRNA levels
of RIPK1, RIPK3, MLKL, and Caspase 8 in the chicken brains. b Effect
of QE and Cd on the protein levels of RIPK1, RIPK3, and MLKL in the

emergence of necroptosis [41]. Cd was testified to induce the
necroptosis of the chicken liver in which Cd evidently pro-
moted the expression of RIPK 1, RIPK3, and MLKL and dra-
matically reduced the expression of Caspase 8 [42]. Cd expo-
sure triggered the necroptosis of rainbow trout cell lines [43].
In the current study, we also found a notable decrease in the
mRNA level of caspase 8 and obvious increases in the mRNA
and protein expression levels of the key signal moleculars
(RIPK1, RIPK3, MLKL) from Cd-intoxicated chicken brain,
which indicated that dietary exposure to Cd can induce brain
necroptosis in chickens by activating RIPK3/MLKL pathway
and inhibiting the expression of Caspase 8. QE was reported
to alleviate RIPK3/MLKL-mediated necroptosis of oligoden-
drocytes after spinal cord injury in rats [35]. Our histopatho-
logical results showed that the majority of nerve cells in brain
tissues from Cd and QE co-treated chickens were normal and
healthy. QE administration markedly decreased the incidence
ofnecrocytosis in the chicken brain. Meanwhile, QE treatment
evidently reduced the mRNA and protein expression levels of
RIPK1, RIPK3, and MLKL, but Caspase 8 evidently elevated
in the brain of Cd-exposed chicken. It manifested QE had an
antagonistic effect against Cd-evoked necroptosis in the
chicken brain.

ROS play a vital role in cell signal and regulation of cell
physiological function. Oxidative stress triggered by excessive
ROS can injure tissues and cells. ROS participate in the devel-
opment of oxidative stress induced by Cd, which can cause
lipid peroxidation and inhibit antioxidase activities [44].
Zhang et al. [45] reported that ROS contributes to elicit
paraquat-caused necroptosis in the mice heart, and the in-
creased expressions of RIPK1, RIPK3, and MLKL were ac-
companied by overgeneration of ROS in cardiac tissues.
Oxidative stress is one of the mechanisms of neurotoxicity
caused by Cd [46]. It has been reported that Cd can cause the
decrease of total anti-oxidation capacity and the upregulation of
MDA in the rat brain [36]. Cd exposure elevated the levels of
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chicken brains. Each value represents the mean + SD of 10 individuals.
The different lowercase letters at the top of the bars represent significant
statistical differences (P < 0.05) between different groups

MDA in the cortical tissue of the rat brain, but the activity and
mRNA expression of antioxidant enzymes showed remarkable
decreases [9]. Oxidative stress is also believed as the promoter
for necroptosis. Han et al. [16] showed that oxidative stress can
induce the activation of necroptosis in hyperoxic acute lung
damage. Wang et al. [47] manifested that Cd-triggered liver
necroptosis is closely related to oxidative stress and MAPK
pathway activation. Cd administration elevated ROS level
and reduced antioxidase activities, which cause the death of
hepatocytes mainly through the necrosis pathway [48]. In the
present study, Cd evidently also increased the levels of ROS
and MDA, and inhibited the activities of antioxidant enzymes
in the chicken brain. We presumed that Cd exposure led to
oxidative stress induced by a large amount of ROS in the
chicken brain, which is helpful to trigger the necroptosis of
the brain tissue. iINOS/NF-kB pathway implements an impor-
tant effect in regulating the inflammatory response [49]. Zhang
et al. [50] showed that selenium deficiency induced inflamma-
tory response in the pig brain via iNOS/NF-kB pathway. iNOS
is an important downstream mediator of inflammation, which is
induced by a variety of cytokines or exogenous stimuli to syn-
thesize excessive NO [51]. NO is a vital signal molecule and its
levels could be regarded as a biomarker to estimate the influ-
ence of toxins and also reflect the inflammation state [52].
Excessive NO also contributes to pathological processes of
many diseases. Cd was reported that it could trigger inflamma-
tion in chicken splenic lymphocytes and increase iNOS activity
and NO production [53]. Wang et al. [54] revealed that Cd
evidently enhanced iNOS activity, NO production, inflamma-
tory factors, and HSP expression in the chicken liver. NF-«kB is
an important nuclear transcription factor in inflammatory sig-
naling pathway. As a downstream cytokine of NF-«B pathway,
iNOS expression could be motivated by NF-«kB in the choroid
plexus cells following meningitis [55]. When exogenous sub-
stances stimulate or injure the cells, activated NF-kB could
promote and regulate the expression of inflammatory cytokines
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(such as iNOS and TNF-«), which further contribute to pro-
inflammatory responses [52]. It has been reported that exces-
sive ROS can activate pro-inflammatory signaling pathway and
prompt the release of inflammatory mediators [56]. Dietary
exposure to Cd obviously increased the mRNA and protein
expression of inflammation-related genes (NF-kB, TNF-«,
COX-2, PTGEs, and IL-1f3) in the hen liver [57]. Cd caused
rat pancreatitis coupled with overexpression of iNOS, NF-«kB,
IL-6, and TNF-« and pathological changes [58]. Interestingly,
inflammation also can promote the occurrence of necroptosis.
Yang et al. [59] indicated that inflammation caused cardiomyo-
cyte necroptosis. Atrazine, a common pesticide pollutant, pro-
moted the expression of TNF-« and further motivated NF-«B
inflammatory pathway, thereby causing lymphocyte
necroptosis [60]. Gallic acid-induced TNF-« signaling-
mediated necroptosis in activated hepatic stellate cells [61]. In
our study, histopathological observation results showed that
inflammatory intracellular infiltration existed in the brain tissue
suffering Cd exposure. Moreover, the content of NO, iNOS
activities, and the expression of inflammatory cytokines
(NF-kB, iNOS, TNF-«, COX-2, IL-1$3, and PTGE) in
NF-kB pathway were all increased in Cd-intoxicated brains,
which illustrated that the upregulation of NO-iINOS system
may take part in the process of brain necroptosis and Cd could
activate iNOS/NF-kB pathway to promote the brain
necroptosis in chicken.

QE is usually used as an effective antioxidant and inflam-
matory inhibitor. In the recent reports, QE can protect both
goat sperm and preimplantation embryos against Cd-induced
oxidative stress [62]. QE relieves Cd-induced hepatotoxicity
and nephrotoxicity via enhancing the antioxidant defense sys-
tem [63]. Ma et al. [37] showed that QE administration prom-
inently restrained the inflammatory response in the mice livers
caused by carbon tetrachloride through evidently reducing the
protein expression of pro-inflammatory markers (NF-kBp65,
iNOS, IL-13, COX-2) and NO production in the livers. QE
inhibited lipopolysaccharide-induced NO release and the
mRNA and protein expressions of iNOS, COX-2, TNF-«,
IL-1, and IL-6 [64]. QE antagonized manganese-triggered ox-
idative stress and neuroinflammation [65]. In the current
study, QE administration was found to significantly reduce
ROS and MDA levels and dramatically elevate antioxidant
enzyme activities in the chick brains exposed to Cd. QE also
could reduce iNOS activity and succedent NO generation in
Cd-exposed chicken brain. Furthermore, the mRNA or protein
expression levels of inflammatory cytokines associated with
NF-kB signal pathway in the brain of chickens fed with Cd
were decreased by QE administration. So we speculated QE
maybe attenuated Cd-induced necroptosis in the chicken brain
by inhibiting ROS/INOS/NF-«kB pathway, through which QE
restrained ROS overproduction triggered by Cd and oxidative
stress, and alleviated Cd-caused inflammatory response. HSPs
can induct stimuli and activate necroptosis and inflammatory
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reaction. HSP70 can significantly irritate the secretion of
TNF-« and IL-1f3 in head kidney leukocytes of grass carp
[66]. HSP 90 regulates the stability of MLKL and RIPK3
and is also requisite for TNF-induced necroptosis [67]. It has
been reported that lead exposure-induced necroptosis in the
chicken spleen was coupled with high expression levels of
HSP27, HSP40, HSP60, HSP70, and HSP90 [22]. Wang
et al. [29] found that selenium deficiency-mediated
necroptosis gave rise to the upregulation of HSP expression.
QE, as a HSP repressor, could efficiently restrain the expres-
sion of HSP27, HSP70, and HSP90 in human breast cancer
cells [68]. QE played an obvious inhibiting effect on the whole
expression of HSPs in human hepatocellular carcinoma [69].
Our results displayed that Cd could remarkably promote the
mRNA expression of HSP27, HSP40, HSP60, HSP70, and
HSP90 and the protein expression of HSP70 and HSP90 in
the chicken brain, while QE/Cd combined treatment could
reduce the expression levels. These results elucidated that
HSPs maybe participated in Cd-caused necroptosis; mean-
while, we inferred that QE may inhibit HSPs’ activation to
help attenuate Cd-induced necroptosis.

In conclusion, our present investigation demonstrated that
Cd exposure could promote ROS overgeneration to trigger
oxidative stress, activate iNOS and NF-«kB pathway, and in-
crease the expression HSPs, which led to the necroptosis of the
brain tissue in chicken. Furthermore, QE exerted alleviative
roles against Cd-induced necroptosis through inhibiting ROS/
iNOS/NF-kB pathway in the chicken brain. Our discovery will
offer new ideas for further elucidating the detoxification effect
of QE on neurotoxicity in birds induced by heavy metals.
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