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Abstract

Arsenic (As) as a neurotoxic environmental pollutant has attracted extensive attention. Curcumin (Cur) is a natural antioxidant
that shows an excellent protective effect against arsenic trioxide (ATO)-induced toxicity in many animal organs. However,
the mechanism of Cur against ATO-induced hypothalamic toxicity in ducks has not yet been fully elucidated. Here, ducks
were treated with ATO and/or Cur during 28 days; the results showed that ATO exposure induced growth retardation, messy
feathers, and abnormal posture in ducks. Moreover, ATO caused neuron vacuolar degeneration and disintegration in the
hypothalamus of ducks. Simultaneously, ATO induced blood—brain barrier damage, downregulated the expression of ZO-1,
Occludin, and mediated NF-kB activation, resulting in an increase in inflammatory factors (TLR-4, NF-xB, TNF-a, IL-2,
and IL-6). Furthermore, ATO increased the production of pyroptosis-related factors (Caspase-1, IL-18, IL-1), exacerbating
the inflammatory damage through NLRP3-mediated inflammasome activation. Cur, on the other hand, exerted excellent
inhibitory effects on inflammation and pyroptosis. In summary, our study revealed that ATO triggered inflammation and
pyroptosis by modulating NF-kB/NLRP3 signaling pathways in the hypothalamus of ducks, and Cur can alleviate inflam-
mation and pyroptosis caused by ATO. Therefore, as a plant extract, Cur has the potential to prevent and cure ATO-induced
hypothalamus toxicity.
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Introduction

Arsenic (As) is a ubiquitous metalloid element found in

numer forms in the environment, like trivalen nta-
o Oral intake of ATO-triggered hypothalamic toxicity in ducks. umerous forms . the environment, like trivalent, penta
o ATO cross BBB and lead to inflammation and pyroptosis in valent, and organic compounds [1]. As has been found to
hypothalamic of ducks. accumulate in chicken, rice, vegetables, and fish, which
o Cur alleviated ATOinduced poising in hypothalamic of ducks. induced a potential risk to humans [2]. Arsenic trioxide
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(As,03, ATO) has been linked to neurotoxicity, cardiotox-
icity, and reproductive toxicity in numerous studies [3-5].
In general, toxicologists consider that As can be absorbed
through the intestines and circulatory system, further induc-
ing mitochondrial reactive oxygen species (ROS) genera-
tion in the target organs during the sub-chronic As exposure
[6]. Researchers pointed out that long-term ATO exposure
caused memory loss and movement disorders [7]. There is
no doubt that the hypothalamus is an important organ of the
central nervous system, and its function was influenced by
long-term ATO exposure [8]. In animals, food intake and
metabolism are highly dependent on hypothalamus regula-
tion [9]. In addition, ducks are widely farmed as the potential
protein source in many Asian countries, yet ATO-exposure
induced hypothalamic toxicity inevitably disturbs normal
physiological metabolism of ducks and finally posed a
potential risk to human and animal healthy [10].

Arsenic can cross the blood-brain barrier (BBB) and then
induce neurological diseases [11]. BBB plays an important
role in regulating the movement of molecules and ions
between the blood and the brain [12]. The structure and
function of BBB are highly dependent on the tight junction
proteins (ZO-1 and Occludin) [13]. Our previous study has
also shown that the ATO exposure (8 mg/kg) led to a signifi-
cant decrease in the expression of BBB-related protein [14].
Therefore, they are essential to be detected for evaluating the
hypothalamic toxicity caused by ATO.

Numerous studies have shown that heavy metal exposure
induced target organ dysfunction [15-17]. Inflammation is
an adaptive response to organ injury caused by a negative
stimulus. When inflammatory stimuli persist, unresolved
inflammation leads to cancer [18]. Inflammation activation
induced the nuclear factor-kB (NF-kB) to enter nucleus
and phosphorylation, mediated the transcription of the pro-
inflammatory factors such as interferon-gamma (IFN-y) and
tumor necrosis factor-alpha (TNF-a) [19, 20]. Furthermore,
pyroptosis is a cell death phenomenon caused by excessive
inflammation, characterizing with the formation of inflam-
masomes, Caspase-1 activation, and the release of inflam-
matory cytokines IL-18 and IL-1p [21]. It should be noted
that the inflammasome is composed of three components: a
sensor (NLRP 3), an adaptor (ASC), and an effector (Cas-
pase-1) [6]. Activation of Caspase-1 can cut gasdermin D
(GSDMD) into a 30-kDa fragment, lock onto the plasma
membrane forming pores, and then cause cell death [22].
Zhong found that ATO (8 mg/kg) can induce inflammation
and pyroptosis in the gut and liver of ducks [6]. The study
has shown that NLRP3-mediated inflammasome activation
leads to pyroptosis and exacerbates inflammation-induced
hepatocyte fibrosis [23]. However, there is no report on
whether ATO can induce inflammation and pyroptosis in
the hypothalamus of ducks.
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Curcumin (Cur) is a kind of polyphenol compound
derived from the rhizome of turmeric that has anti-inflam-
mation properties [24]. As a natural antioxidant, Cur plays
arole in treating metabolic disorders, degenerative diseases,
and multiple malignant diseases [25, 26]. More importantly,
Cur has been shown to have excellent effect against ATO
toxicity [27]. Therefore, Cur may exert a protective effect in
ATO-induced hypothalamus toxicity. Wu and Rao reported
that ATO induced oxidative stress and inflammation in the
brain of ducks, and Cur (400 mg/kg) played a considerable
therapeutic effect [14]. However, the mechanism of ATO
exposure in the hypothalamus of ducks, as well as whether
Cur plays a certain role has not been fully elucidated. Thus,
we designed the experiment based on previous research [28].
The factors of inflammation and pyroptosis were detected to
evaluate the toxicity of ATO exposure on the hypothalamus
of ducks and the protective role of Cur in this process.

Methods and Materials
Animal Treatment and Experimental Design

All the animal procedures and experimental methods in this
research were authorized by the Ethics Committee of South
China Agricultural University (Permit Number: 2020A004).
Twenty-one Sanshui white ducks were purchased by the
Huimin-poultry industry (Guangzhou, China). Ducks were
housed in cages with a 12-h light—dark cycle under appro-
priate conditions (the temperature at 24 +2 °C, humidity at
50% +5%) for 28 days. Libitum access to water and basal
food were provided; the composition of basal food is shown
in Table 1 (supplementary materials). Ducks were randomly
divided into three groups: the control group, the ATO group
(8 mg/kg ATO, BW), and the ATO + Cur group (8 mg/kg
ATO, BW +400 mg/kg Cur). According to previous experi-
ments, all ducks were administered to ATO orally, and Cur
was mixed in the basal diet [6, 29].

Body and Hypothalamus Weight Measurement

Ducks were weighted diurnally, then sacrificed after 28 days,
and hypothalamus of ducks was meticulously dissected,
washed in a PBS buffer to scour off external blood, and
weighted after being dried out with filter paper.

Histological Examination

Hypothalamus tissue specimens were fixed in 4% para-
formaldehyde solution and embedded in paraffin. For histo-
pathological analysis, the paraffin blocks were subsequently
sectioned (5 pm), dewaxed, hydrated, and stained with
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hematoxylin and eosin. All the slices were examined under
optical microscopy (Leica, Germany) in 200 X and 400 X .

Quantitative Real-time PCR Analysis

The Trizol reagent (Takara, Japan) was used to isolate and
extract total RNA from the hypothalamus of ducks, follow-
ing the manufacturer’s instructions. Reverse transcription
of isolated RNA and synthesis of complementary DNA
(cDNA) was performed with the Revert Aid cDNA Synthe-
sis Kit (Takara, Japan). Real-time quantitative PCR was done
on a PCR machine (LightCycler480II; Roche, USA) as per
kit instructions (Roche, Basel, Switzerland), using ChamQ
SYBR Color gPCR Master Mix (Vazyme, China) with veri-
fied gPCR primers for ZO- 1, Occludin, TLR 4, NF-kB, TNF
a, COX-2, IL-2, IL-4, IL-6, NLRP-3, ASC, Caspase-1, IL-
18, IL-1p, and GAPDH. The experimental data were calcu-
lated using the 2724 method, and the housekeeping gene
GAPDH was used as an internal reference for normaliza-
tion for relative quantitation. Specific primer sequences are
exhibited in Table 2 (supplementary materials).

Western Blotting Analysis

Total protein in the hypothalamus was extracted via the Total
Protein Extraction Kit (Beyotime, China). The protein con-
centration was calculated using an enhanced BCA Protein
Assay Kit (Vazyme, China). After that, equal amounts of
extracted protein were resolved by 12.5% SDS—polyacryla-
mide gel electrophoresis (SDS-PAGE), transferred to a
PVDF membrane, and blocked with 5% skim milk, followed
by being incubated with primary antibodies at 4 °C over-
night. The information on primary antibodies are shown in
Table 3 (supplementary materials). After being washed with
tris-buffered saline tween (TBST) in the thermostat oscilla-
tor, the membranes were incubated with the suitable second-
ary antibodies for 1 h at 37 °C. The integrated density of
immunoreactive bands was determined by ImageJ software
(National Institutes of Health, Washington, DC, USA).

Statistical Analysis

The results were collected from at least four independ-
ent experiments, and all the data were expressed as
mean =+ standard deviation (SD). Statistics were performed
using Microsoft Excel 2016. SPSS25.0 (SPSS Inc., Chi-
cago, IL, USA) was used to one-way analysis of variance
(ANOVA) and least-significant difference (LSD) was used
to analyze the significances of intergroup differences. All the
bar groups were drawn by GraphPad Prism8.0 (GraphPad
Inc., LaJolla, CA, USA), and P-values <(0.05 were consid-
ered significant.

Results
Body and Hypothalamus Weight in Ducks

The weight of the body and hypothalamus in each group is
shown in Fig. 1(A and B). Compared with the control group,
the body weight decreased significantly after ATO exposure
(P <0.01), but the hypothalamus quality after ATO exposure
decreased with insignificance. However, when compared to
the ATO group, the ATO + Cur group’s body and hypothala-
mus weights were much higher (P <0.01 or P <0.001).

Histological Alterations in Hypothalamus Tissues

Hematoxylin and eosin (H&E) stains were used to examine
the histopathological alterations in hypothalamus tissues of
ducks. The hypothalamus in the Con group showed the struc-
ture with regular cellular morphology (Fig. 2). The ATO
group showed an increase in the number of disintegrated
neurons (black arrows) and microglial cells (red arrows) at
200 x . More neuron vacuolar degeneration (yellow arrows)
and red cells (green arrows) were found in 400 X . However,
in the ATO + Cur group, the damage caused by ATO was
significantly alleviated compared with the ATO group.

The Protein and mRNA Change of the Blood-Brain
Barrier in the Hypothalamus

The mRNA of BBB-related were detected by qPCR. As
shown in Fig. 3(A), the mRNA expression level of Occlu-
din and ZO-1 are downregulated with insignificance after
ATO exposure compared with the control group (P> 0.05).
But in the ATO + Cur group, the above mRNA expression
was significantly upregulated (P <0.05). The expression of
BBB-related protein is shown in Fig. 3(B and C). In the ATO
group, the protein levels of Occludin and ZO-1 were reduced
(P<0.05). But after being treated with Cur, the protein level
of Occludin increased markedly (P <0.01). Therefore, Cur
(400 mg/kg) has a certain protective effect against ATO
(8 mg/kg)-induced BBB degradation.

The Change of Inflammation-Related Factors
in Hypothalamus of Ducks

To confirm whether Cur can alleviate ATO-induced
inflammatory damage in the hypothalamus of ducks, we
detected mRNA and protein expression related to the
TLR-4/NF-kB pathway. As described in Fig. 4(A and B),
the mRNA expression levels of TLR-4, NF-kB, TNF-a,
COX-2, IL-2, and IL-6 were upregulated prominently in
the ATO group compared with the control group (P <0.01,
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Fig. 1 The effects of ATO and/

it

or Cur on the body weight, A 2000 1 B 0.6= ##

hypothalamic weight, and
hypothalamic appearance of
ducks. (A) Bodyweight. (B)
Hypothalamus weight. (C)
Hypothalamic appearance. Data
are presented as mean +SD
(n=6). “*” indicates a signifi-
cant difference from the control
group (*P<0.05, **P<0.01,
and ***P <0.001). “*” indicates
a significant difference from

the ATO group (*P<0.05,

#p <0.01, and. P <0.001).
The same scheme also applies
to the remaining figures C
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Fig.2 The histopathological
change of hypothalamus after
ATO exposure and Cur treat-
ment in the ducks. The black
arrows indicate neurons; red
arrows indicate microglia cells;
green arrows indicate red cells;
yellow arrows indicate neu-
ron vacuolar degeneration
(bar=20 pm)

P <0.001), but the mRNA expression level of I-kB was
decreased (P <0.001). However, an opposite result was
found in the ATO + Cur group, the expression of TLR-4,
NF-kB, TNF-a, COX-2, IL-2, and IL-6 were decreased
(P<0.01, P<0.001), but then I-kB was upregulated
compared with the control group (P <0.01). In relevance
to the western blot assay of the TLR-4/NF kB signaling
pathway (Fig. 4C and D), protein expression of TLR-4,
P-NF-kB/NF-xB, P-I-kB/I-kB, TNF-a were upregulated in
the ATO group compared with the control group (P <0.05,
P <0.01), but after they were downregulated after Cur
supplementation compared to the ATO group (P <0.01,
P <0.001).

@ Springer

The Change of Pyroptosis-Related Factors
in Hypothalamus of Ducks

The expression of pyroptosis-related mRNA and protein
(NLRP 3, ASC, GSDMD, Caspase-1, IL-18, IL-1p) are
shown in Fig. 5(A). Compared with the control group, the
pyroptosis-related mRNA and protein were upregulated in
the ATO group (P<0.05, P<0.01, P<0.001), whereas
CUR treatment significantly decreased the related mRNA
expression (NLRP3, Caspase-1. IL-18) (P <0.05, P<0.01).
Protein expression in the ATO group were upregulated
compared to the control group (P <0.05) (Fig. 5B and C).
Notwithstanding, after treatment with Cur, they were
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Fig.3 The expression of the blood-brain barrier (BBB)-related
mRNA and protein. (A) BBB-related mRNA expression. (B—C) The
expression of the BBB-related protein

downregulated compared to the ATO group except NLRP3
(P<0.05, P<0.01).

Discussion

ATO is a neurotoxic environmental pollutant that induced
neuronal oxidative stress, apoptosis, and inflammation
in animals [8, 30]. Cur as a natural antioxidant have
been found alleviated arsenic poising in animals [27].
However, ducks are very sensitive to arsenic poisoning,
and hypothalamus plays an important role in regulating
duck metabolism. It is a good measure to prevent arse-
nic poisoning by adding Cur in basal food to relieve the
hypothalamic toxicity induced by arsenic. Our previous
experiment confirmed that Cur (400 mg/kg) could allevi-
ate ATO (8 mg/kg) induced neurotoxicity, nephrotoxicity,

and skeletal muscle toxicity in ducks [14, 28, 29]. In this
study, Cur mixed in the basal food does alleviate oral
ATO-induced inflammation and pyroptosis in the hypo-
thalamus of ducks. It demonstrated that the bioactivity of
Cur is enough to protect against ATO poisoning. Although
the doses of arsenic in this experiment (8 mg/kg) were
much higher than reported, the following reasons should
be considered. On one hand, ducks ingested arsenic orally
once a day, accompanied by 24 h of arsenic metabolism;
on the other hand, higher than average doses of arsenic
were used, which can better simulate environmental expo-
sure in areas with severe arsenic pollution [31, 32].

Body weight and organ coefficients are commonly used
to evaluate toxicology experiments [33]. In this research,
we found that ATO (8 mg/kg) can inhibit weight gain and
organ development in ducks. However, Cur (400 mg/kg)
alleviated ATO-induced duck body weight and hypotha-
lamic developmental disorders. Interestingly, Cur seems to
boost duck appetite and feed conversion efficiency, resulting
in considerable weight gain in the Cur group. This may be
another effect of Cur added to ducks, which can significantly
increase weight gain and this result has also been found in
other articles [28]. Otherwise, we also found that ducks in
the ATO group had messy feathers and abnormal posture,
but no obvious abnormalities in ducks after being treated
with Cur. While the potential differences in the images of
the hypothalamus are difficult to perceive, they may exist
at the molecular level. Numerous studies found that heavy
metals (cadmium and molybdenum) can cause changes in
the number of neurons, microglia, and neuronal vacuolar
degeneration in the hypothalamus of ducks [10]. Meanwhile,
after the treatment with antioxidants, the morphological
changes caused by exogenous stimuli have been significantly
alleviated in the hypothalamus of hens [34]. In this study,
ATO-intoxicated animals proved to exist more disintegrated
neurons and neuron vacuolar degeneration, while those were
relieved after the Cur therapy. These results are consistent
with the previous studies mentioned above. This indicates
that our model is acceptable to explore Cur’s preventive
impact against ATO-induced hypothalamus toxicity.

BBB maintains the exchange of substances between the
brain and blood vessels and prevents harmful substances
from entering the central nervous system (CNS) [35]. Our
experiments found that the mRNA and proteins of ZO-1 and
Occludin were downregulated in the ATO group, indicating
that ATO can cross the BBB and cause neurotoxicity. The
reason may be that ATO induced ROS accumulation and
further led to endothelial cell permeability increase [36].
However, these phenomena were significantly altered after
treatment with Cur, suggesting that Cur may attenuate ATO-
induced BBB damage through some potential mechanism.
This phenomenon may be attributed to Cur’s exceptional
capacity to scavenge ROS [37].
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Fig.4 The expression of inflammation-related mRNA and protein. (A-B) Inflammation-related mRNA expression. (C-D) The expression of the

inflammation-related protein

ATO can induce inflammation, which is accompanied by
the activation of NF-kB and targeted phosphorylation, and
subsequently induces the expression of inflammatory factors,
such as IFN-y, TNF-a, COX-2, IL-2, and IL-6 [38]. It is worth
noting that targeting Toll-like receptor 4 (TLR-4) could induce
neuroinflammation through the overproduction of inflamma-
tory mediators [39]. Furthermore, IL-4, an important anti-
inflammatory cytokine, plays an essential role in regulating
the inflammatory response [40]. Our studies are in line with
previous findings [41]. Cur can play an excellent role in the
anti-inflammatory process; a study reported that Cur might
alleviate lipopolysaccharide (LPS)-induced inflammation by
modulating the NF-«xB signaling pathway [42]. As mentioned
above, we found similar results. It suggested that Cur sup-
plementation can mitigate ATO-induced inflammation via
the regulation of the NF-kB signaling pathway in the hypo-
thalamus of duck. The potential mechanism may be that Cur
alleviates ROS generation caused by ATO and further inhibits
NF-kB-mediated inflammation activation [43].

Chen et al. found that activation of the NF-kB induced
NLRP3-mediated inflammasome formation, which aggra-
vated LPS-induced BBB damage and pyroptosis [44]. The
research found that NLRP3, GSDMD, and Caspase-1
were upregulated in inflammatory bowel disease (IBD)
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[45]. Additionally, IL-18 and IL-1p will initiate inflam-
matory signaling cascades and then induce neuronal
injury in the CNS [46]. In this work, we found the activa-
tion of NLRP3 and the increased expression of GSDMD,
Caspase-1, ASC, IL-18, and IL-1p in the hypothalamus
of ducks in the ATO group. These results implied that
ATO induced pyroptosis in the hypothalamic of ducks.
Yu found out that Cur alleviated doxorubicin-induced
pyroptosis by inhibiting NLRP3 in animals [46]. In the
ATO + Cur group, pyroptosis induced by the NLRP3
pathway was inhibited, suggesting that Cur possessed an
excellent role in combating ATO-induced pyroptosis.

Although this study proves that oral ATO can activate
the NF-xB/NLRP-3 pathway and induce inflammation
and pyroptosis in the hypothalamus of ducks, some major
limitations should be addressed. Firstly, many scientists
have noticed that natural arsenic exposure routes include
skin contact, inhalation, and oral ingestion [48]. Secondly,
although the high doses of ATO were exposed to duck-
lings, 28 days may not be long enough to observe obvious
toxic effects [49]. Thirdly, it is meaningful to investigate
different concentrations and the time of As-induced toxic-
ity in ducks. Therefore, there is more to explore the effects
of arsenic exposure on animals.
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Conclusion

Taken together, this experiment revealed the protective
mechanism of Cur against ATO-induced hypothalamic
toxicity in the ducks. Specifically, Cur can counteract
ATO-induced BBB damage and NF-kB/NLRP3 activa-
tion and further alleviate hypothalamic toxicity in ducks.
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