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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Decabromodiphenyl ether (BDE-209) 
induced pyroptosis and inflammation in 
chicken cardiovascular endothelial cells. 

• Inhibiting ERS revealed that BDE-209 
causes vascular toxicity through the 
ERS-TXNIP-NLRP3 pathway. 

• Nano-selenium can mitigate vascular 
injury and vasculitic response by BDE- 
209.  
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A B S T R A C T   

Decabromodiphenyl ether (BDE-209) is one of the most widely used flame retardants that can infect domestic 
and wildlife through contaminated feed. Nano‑selenium (Nano-Se) has the advantage of enhancing the anti- 
oxidation of cells. Nonetheless, it remains uncertain whether Nano-Se can alleviate vascular Endothelial cells 
damage caused by BDE-209 exposure in chickens. Therefore, we established a model with 60 1-day-old chickens, 
and administered BDE-209 intragastric at a ratio of 400 mg/kg bw/d, and mixed Nano-Se intervention at a ratio 
of 1 mg/kg in the feed. The results showed that BDE-209 could induce histopathological and ultrastructural 
changes. Additionally, exposure to BDE-209 led to cardiovascular endoplasmic reticulum stress (ERS), oxidative 
stress and thioredoxin-interacting protein (TXNIP)-pyrin domain-containing protein 3 (NLRP3) pathway acti
vation, ultimately resulting in pyroptosis. Using the ERS inhibitor 4-PBA in Chicken arterial endothelial cells 
(PAECs) can significantly reverse these changes. The addition of Nano-Se can enhance the body’s antioxidant 
capacity, inhibit the activation of NLRP3 inflammasome, and reduce cellular pyroptosis. These results suggest 
that Nano-Se can alleviate the pyroptosis of cardiovascular endothelial cells induced by BDE-209 through ERS- 
TXNIP-NLRP3 pathway. This study provides new insights into the toxicity of BDE-209 in the cardiovascular 
system and the therapeutic effects of Nano-Se.   

1. Introduction 

Polybrominated diphenyl ethers (PBDEs) are among the most widely 
used flame retardants and are incorporated into various textiles, poly
urethane foams, electronic circuits and other material products (de Wit, 
2002). Decabromodiphenyl ether (BDE-209) is a commercial form of 
PBDEs that is still heavily used in the global market. Moreover, during 
the production, usage, handling, or disposal processes, a substantial 
amount of BDE-209 is released into the environment (Wan et al., 2022). 
And due to their prolonged half-life and unstable chemical bonding 
properties, PBDEs persist in the air, soil and waters (Yu et al., 2016). The 
results of the multi-pathway exposure showed that the dietary pathway 
was still the primary exposure pathway for accumulating the PBDEs 
(approximately 65 % of the total exposure), the air was the second- 
largest exposure pathway (Wang et al., 2021a). Additionally, in 
chicken feed contaminated with PBDEs, the concentration of BDE-209 
was found to be 80 %, surpassing other similar compounds (Wang 
et al., 2019). BDE-209 is accumulated significantly in terrestrial avian 
species, and residues of BDE-209 in poultry tissues and organs accu
mulate in the human body through the food chain (Chen and Hale, 
2010). Over the past century, there has been an exponential increase of 
approximately 30-fold in the total amount of PBDEs found in human 
blood, tissues and milk (Hites, 2004). According to reports, the median 
concentration of BDE-209 in the blood of the general global population 
is 2.81 ng/g lw. In occupational groups, the maximum value reaches 
521 ng/g lw, exceeding 180 times (Meng et al., 2021). Some animal 
experiments and human studies indicate that BDE-209 can cause dam
age to liver, kidney, testicles, mammary gland and other organs (Zhu 
et al., 2019; Li et al., 2014; Li et al., 2021; He et al., 2018). Additionally, 
it must be noted that persistent exposure to PBDEs in the circulatory 
system is associated with various cardiovascular diseases, such as hy
pertension, atherosclerosis and stroke (Lind et al., 2012). Xing’s (Xing 
et al., 2018) research indicates that low concentrations of BDE-47 have 
adverse effects on early vascular development in zebrafish. Recent 
studies indicate that exposure to BDE-209 can induce oxidative stress 
(OS) and inflammatory responses in SD rats, leading to endothelial 
dysfunction and vascular damage (Jing et al., 2019). Although there are 
reports on the vascular toxicity of BDE-209, the specific mechanisms of 
its toxic damage to the chicken cardiovascular system are currently 
unclear and require further investigation. Our previous research in
dicates that BDE-209 can accumulate in various organs of poultry (Yang 
et al., 2022a; Zhang et al., 2023; Dong et al., 2023). Poultry products are 
also major meat products consumed by humans (Maharjan et al., 2021), 
and BDE-209 has potential toxic effects on humans, especially con
cerning the cardiovascular system (Zhi et al., 2018). Therefore, we 
investigated the cardiovascular toxicity of BDE-209 in chickens, aiming 
to elucidate its impact on the cardiovascular system of poultry. This 
experiment not only provides insights into the cardiovascular damage 

caused by BDE-209 in poultry but also serves as a reference for 
comparative medicine. 

Endoplasmic reticulum (ER) is an organelle involved in protein 
synthesis, modification and folding in eukaryotic cells (Hetz et al., 
2013). When protein homeostasis is out of equilibrium, cells restore 
balance by activating an unfolded protein response (UPR) (Li et al., 
2020). But misfolded proteins accumulate in the ER leading to ER stress 
(ERS) (Chen et al., 2019). The homeostasis of the ER is closely related to 
normal cardiovascular function. ERS is both a cause and a consequence 
of various cardiovascular diseases (CVDs), including ischemic heart 
disease, hypertension, stroke, etc., creating a vicious cycle for these 
conditions (Ren et al., 2021). Some studies have indicated that BDE-209 
can promote ERS. BDE-209 can promote apoptosis of mouse liver cells 
through ERS and mitochondrial dysfunction (Chen et al., 2022). The 
activation of the ERS-mediated Protein kinase RNA-like kinase (PERK) 
signaling pathway played a role in BDE-209-induced placental injury 
(Zhao et al., 2022). However, it is currently unclear whether ERS is 
associated with the chickens cardiovascular damage caused by BDE-209. 

Pyroptosis is a pro-inflammatory mode of programmed cell death. It 
is characterized by the rapid rupture of the cell’s plasma membrane, 
leading to the release of cellular contents and pro-inflammatory medi
ators (Li et al., 2023a). It plays a crucial role in the pathogenesis of 
various CVDs, such as human aortic endothelial cells (HAECs) and 
vascular smooth muscle cells (Pan et al., 2018). Its classical pathway is 
characterized by pyrin domain-containing protein 3 (NLRP3) inflam
masome and caspase-1 activation, cell swelling and rupture, and release 
of IL-1β and IL-18 (Fang et al., 2020). NLRP3 inflammatorome stands as 
the most distinct inflammatory multiprotein complex in cells (Shao 
et al., 2015). It consists of NLRP3, apoptosis associated speck-like pro
tein (ASC), and Pro-caspase-1. Activated Caspase-1 can recognize inac
tive pro-IL-1β and pro-IL-18 and convert them into mature inflammatory 
cytokines. It can also cleave members of the Gasdermin protein family, 
such as Gasdermin-D (GSDMD), leading to oligomerization of the final 
product GSDMD-N and mediating the formation of membrane pores 
(Sutterwala et al., 2006). ERS intersects with various inflammatory 
pathways, notably NLRP3 inflammasome (Ji et al., 2019). ERS can 
induce the generation of reactive oxygen species (ROS), leading to the 
dissociation of thioredoxin-interacting protein (TXNIP) from thio
redoxin (TRX), thereby triggering the activation of the NLRP3 inflam
masome (Oslowski et al., 2012; Lerner et al., 2012). Increasing evidence 
confirms that TXNIP promotes exacerbation of inflammatory responses 
through NLRP3 inflammasome-dependent mechanisms (Li et al., 2019). 
In preeclampsia, TXNIP is believed to play a crucial signaling role in 
linking ERS to the activation of the NLRP3 inflammasome, resulting in 
placental dysfunction (Yang et al., 2020). It is noteworthy that exposure 
to BDE-47 can activate ROS and the NLRP3 inflammasome, as well as the 
p38 MAPK pathway, in cochlear hair cells, leading to inflammatory 
responses and causing hearing damage (Tang et al., 2021). Similarly, 
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Jing’s (Jing et al., 2023) research indicates that induction of pyroptosis 
and activation of NLRP3 inflammasomes in J774A.1 macrophage by 
Polybrominated diphenyl ether quinone (PBDEQ). However, whether 
BDE-209 can induce pyroptosis and inflammation in chicken cardio
vascular tissue through the ERS-TXNIP-NLRP3 pathway remains 
uncertain. 

Selenium (Se) is one of the essential trace elements for the human 
body with robust antioxidant capabilities (Cao et al., 2018). It serves a 
beneficial role in human and animal growth, neurobiology, reproduc
tion and other aspects (Sun et al., 2023). Se is present in a range of 
selenoproteins, including key antioxidant enzymes expressed in endo
thelial cells (ECs), such as glutathione peroxidase and TRX reductase 
(Zheng et al., 2020). Therefore, vascular tissues are particularly sensi
tive to selenium deficiency (Chi et al., 2021), which can disrupt the 
homeostasis of vascular ECs (Cao et al., 2018). In recent years, nano
technology has gained significant attention, and nano‑selenium (Nano- 
Se), with its capacity to reduce toxicity and substantially enhance 
bioavailability, has emerged as a noteworthy development (Ge et al., 
2022). Nano-Se has been widely used in various oxidative and inflam
matory conditions, such as cancer and diabetes (Ge et al., 2021). 
Research has indicated that adding Nano-Se to chicken diets can 
enhance meat quality, improve immune function, and boost the anti
oxidant potential of chickens (Cai et al., 2012). Furthermore, Se has 
been found to mitigate renal OS and NLRP3 inflammasome damage 
induced by lead exposure (Huang et al., 2021). Therefore, the above 
studies emphasize that Nano-Se is expected to be a potential therapeutic 
agent for cardiovascular damage caused by BDE-209. Nevertheless, it is 
currently unclear whether Nano-Se can mitigate cardiovascular damage 
caused by BDE-209 and the specific underlying mechanisms. 

In this study, the aim is to investigate the molecular mechanisms of 
BDE-209-induced vascular injury based on ERS and pyroptosis, and to 
explore whether Nano-Se can mitigate the vascular toxicity induced by 
BDE-209. Firstly, we conducted in vivo studies to investigate whether 
BDE-209 induces ERS and pyroptosis, and whether Nano-Se has inhib
itory effects. Subsequently, cell experiments were performed to deter
mine the specific molecular mechanisms. The use of ERS inhibitors was 
employed for intervention to elucidate the cellular pyroptosis mecha
nism induced by BDE-209. The in vivo and in vitro experiments 
demonstrate that BDE-209 exposure induces cardiovascular endothelial 
pyroptosis in chickens through the ERS-TXNIP-NLRP3 pathway. Addi
tionally, it is clarified that Nano-Se alleviates cardiovascular damage 
induced by BDE-209 exposure by enhancing antioxidant capacity. This 
study provides a new perspective on the mechanism of cardiovascular 
damage caused by BDE-209 exposure and theoretical and experimental 
evidence for the mitigation of BDE-209 vascular toxicity by Nano-Se. 

2. Materials and methods 

All the methods used in this study were approved by Animal Care and 
Use Committee of Northeast Agricultural University (SRM-11). 

2.1. Experimental animals and exposure protocol 

A total of 60 healthy 1-day-old Hylanbai chickens were randomly 
allocated into four groups, each group had three replicates, each 
including five chickens: Control group, BDE-209 group, Nano-Se group 
and BDE-209 + Nano-Se group. The basic diet was provided using Dawei 
Chicken Pellet Feed 510 (Harbin, China). In the year 2000, the National 
Academy of Sciences in the US recommended an oral reference dose 
(RfD) of 4 mg/kg bw/d for commercial products containing BDE-209 
(Goodman, 2009). At the same time, we also found that exposure of 
chickens to 400 mg/kg bw/d of BDE-209 can cause damage to the spleen 
(Cheng et al., 2022), kidneys (Sun et al., 2021), and liver (Yang et al., 
2023). In earlier publications from our laboratory, Zhang (Zhang et al., 
2023) demonstrated that exposure to 400 mg/kg bw/d of BDE-209 in
duces intestinal barrier damage and dysbiosis of the gut microbiota. 

BDE-209 (McLean Biochemical Co. LTD., Shanghai, China) was dis
solved in corn oil and given 400 mg/kg by body weight gavage. Refer
ring to Ge (Ge et al., 2021)’s research, Nano-Se (Jialong Nano Industry 
Co. LTD., Yantai, China) was incorporated into the feed at a ratio of 1 
mg/kg. At the conclusion of the 42-day gavage period, all groups were 
euthanized and cardiovascular tissue was immediately collected. A 
portion of the samples was immersed in 4 % paraformaldehyde for 
subsequent experiments, while the other part was placed in liquid ni
trogen for >1 h, and then stored in the refrigerator at − 80 ◦C. 

2.2. Cell culture and processing 

Chicken arterial endothelial cells (PAECs) was derived from Animal 
Physiology research group of Northeast Agricultural University. 
RPMI1640 medium (Gibco, Shanghai, China) containing 10 % fetal 
bovine serum and 2 % chicken serum was prepared in advance for the 
culture of PAECs and placed in a humid incubator containing 5 % CO2 at 
37 ◦C. To assess the toxic effects of BDE-209 on PAECs, the Cell Counting 
Kit (CCK-8) reagent (BioSharp, Hefei, China) was employed. Various 
concentrations of BDE-209, including 50 μmol/L, 100 μmol/L, 200 
μmol/L, 300 μmol/L and 400 μmol/L, were used. A 96-well plate was 
utilized, with each well containing 100 μL of cell suspension (1 × 106 

cells/mL). Following a 12-h exposure to various concentrations of the 
BDE-209 solution, the medium was replaced with fresh medium con
taining 10 % CCK-8 working solution. The cells were subsequently 
incubated for 30 min, and the absorbance was measured at 450 nm using 
a microplate reader from TECAN in Switzerland. Similarly, CCK-8 cell 
viability assay was also performed to determine the effects of Nano-Se 
and 4-PBA (MedChemExpress, Shanghai, China) on cell activity. 
Finally, 5 experimental groups were set up in this study: NC group 
(normal control group), BDE-209 group (BDE-209:100 μmol/L), and 
BDE-209 + Nano-Se group (BDE-209:100 μmol/L, Nano-Se: 4 μmol/L), 
BDE-209 + 4-PBA group (BDE-209:100 μmol/L, 4-PBA: 0.5 mmol/L), 
BDE-209 + 4-PBA + Nano-Se (BDE-209:100 μmol/L, Nano-Se: 4 μmol/L, 
4-PBA: 0.5 mmol/L). 

2.3. Hematoxylin and eosin (H&E) staining 

The preserved cardiovascular tissues were processed following the 
method outlined by Cai et al. (2021): they underwent dehydration using 
a series of ethanol gradients, followed by embedding in paraffin. Sub
sequently, 5 μm thick sections were sliced. These sections were then 
subjected to dewaxing and hydration processes. H&E staining was 
executed, and the samples were observed and photographed using an 
optical microscope from Nikon, Japan. 

2.4. Electron microscopy 

According to Zhang et al.’s (2021) method, the samples underwent 
sequential treatments with PBS, gradient ethanol, and tert-butanol. 
After the drying and application of a metalizing film, microscopic im
ages of the chicken cardiovascular tissue were acquired using a scanning 
electron microscope (SEM) (Hitachi Limited SU8010, Japan). According 
to Zheng et al. (2021a), the specimens were initially fixed using 
glutaraldehyde and 1 % osmic acid. Subsequently, they were subjected 
to sequential treatments with PBS, gradient ethanol, acetone, and an 
embedding solution. The samples were then sliced and observed using a 
transmission electron microscope (TEM) (Hitachi Limited H-7650, 
Japan). 

2.5. ROS staining 

The intracellular level of ROS was assessed using a test kit from 
Beyotime (Shanghai, China). According to Cai et al.’s (2023) method, 
Cells from each group were incubated in a 2,7-neneneba dichloro
fluorescein diacetate (DCFH-DA) medium (10 μM/mL) at 37 ◦C for 30 
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min. Then, the culture medium was sucked, the cells were repeatedly 
blown with PBS, and the cell suspension was collected into a 1.5 mL 
centrifuge tube. 1000 rpm/min, 5 min, after absorbing the supernatant, 
PBS was added to re-suspend the cells for determination. Subsequently, 
the cells were rinsed and visualized under a fluorescence microscope 
(Thermo Fisher Scientific, USA). The fluorescence signals indicative of 
ROS were then quantified utilizing Image J software. 

2.6. Detection of antioxidant function 

Accurately weigh 0.1 g of cardiovascular tissue, add 0.9 mL of 
normal saline, and homogenate and the homogenate was made by High 
speed low temperature tissue grinding machine (KZ-III-F) (Servicebio, 
Wuhan, China). Then centrifuge 2500 r/min for 10 min and take the 
supernatant to be measured. PAECs cells were cultured to 90 %, diges
ted, centrifuged, the supernatant was discarded, leaving the cell layer, 
and PBS was added to make homogenate with Ultrasonic homogenizer 
(JY92-IIN) (Scientz, Ningbo, China), to be tested. The homogenate 
protein concentration was determined by total protein quantitative 
assay kit (JianCheng Bioengineering, Nanjing, China). The total anti
oxidant capacity (T-AOC), malondialdehyde (MDA), superoxide dis
mutase (SOD), and catalase (CAT) levels in both cardiovascular tissues 
and PAECs were quantitatively assessed following the instructions pro
vided by the Nanjing JianCheng Bioengineering Institute kit. 

2.7. Pyroptotic cell staining 

After PAECs were treated with BDE-209, Nano-Se and 4-PBA, 
Hoechst and PI/Annexin V-FITC mixed staining was performed ac
cording to Miao et al. (2022). The Hoechst staining solution (Beyotime 
Biotechnology Co., LTD., Shanghai, China) was incubated at an ice bath 
temperature for 30 min, then washed with PBS, and subsequently 
incubated with a mixture of PI and Annexin V-FITC (Sevin Innovation 
Biotechnology Co., LTD., Beijing, China) for 20 min. Finally, fluores
cence microscopy (Thermo Fisher Scientific, USA). was employed to 
evaluate the extent of pyroptosis damage. 

2.8. Immunofluorescence (IF) 

PAECs were treated with BDE-209, Nano-Se and 4-PBA. Subse
quently, they were fixed in 4 % paraformaldehyde overnight at 4 ◦C. The 
next day, they were washed with TBSTx for 15 min and then incubated 
with TBSTx containing 5 % bovine serum albumin (BSA, BioFroxx, 
Germany) for 60 min. Primary antibodies, including TXNIP (1:2000, 
ABclon Biotech, China) and GSDMD (1:2000, ABclon Biotech, China), 
were incubated overnight at 4 ◦C. After washing, fluorescent secondary 
antibodies were applied, consisting of Alexa Fluor 488-conjugated sheep 
anti-rabbit IgG (1:1000, Biodragon, China) and DyLight 594-conjugated 
sheep anti-rabbit IgG (1:1000, Biodragon, China). Following another 
round of washing, nuclear staining was performed using DAPI, and 
fluorescence images were captured using a fluorescence microscope 
(Thermo Fisher Scientific, USA). 

2.9. Determination of mRNA content by qRT-PCR 

Total RNA was extracted from chicken cardiovascular tissue and 
PAECs using Trizol reagent (BioFlux, USA) (Cui et al., 2023). Subse
quently, cDNA was synthesized from 2 to 5 μg of total RNA using Su
perscript II reverse transcriptase (Bloar Technology, China). qRT-PCR 
was carried out using the Light Cycler®480 System (BIOER, China). In 
this study, ERS-related genes (glucose regulatory protein 78 (GRP78), 
inositol need enzyme 1(IRE1), activated transcription factor 6 (ATF6), 
C/EBP homologous protein (CHOP) and PERK), TXNIP and pyroptosis 
related genes (Caspase-1, ASC, NLRP3, IL-18 and IL-1β) were detected. 
The primer sequence of qRT-PCR was designed and synthesized by 
Shanghai Engineering, with β-actin serving as the internal control. The 

primers used are listed in Table 1. 

2.10. Determination of protein content by western blot (WB) 

Total proteins of chicken cardiovascular tissues and PAECs were 
extracted with 10 μL phenylmethane sulfonyl fluoride (PMSF) (Trans
Gern Biotech, China) and 100 μL the RIPA Lysis Buffer (TransGern 
Biotech, China). After mixing completely on ice for 30 min, centrifuge at 
4 ◦C, 12,000 rpm for 10 min. The supernatant was taken after centri
fugation, and the protein concentration was determined with the BCA 
protein determination kit (Solarbio, China). SDS was then added pro
portionally to the supernatant (sample: SDS = 4:1) and the sample was 
boiled for 10 min. The 12–15 % sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis (SDS-PAGE) was used, and the pro
tein bands were then transferred to a polyvinylidene fluoride (PVDF) 
film in a TRIS-Glycine buffer. Then it is enclosed in a 37 ◦C shaker with 5 
% skim milk for 2 h. The antibodies were proportioning to dilute GRP78 
(1:1500 Wanlei Biotechnology, China), IRE1 (1:1500), ATF6 (1:1000), 
PERK (1:1200), CHOP (1:8000 Immunoway, China), TXNIP (1:1000 
ABMART Biotechnology), GSDMD (1:1000), Caspase-1 (1:500 Wanlei 
Biotechnology, China), ASC (1:500), NLRP3 (1:1500) and β-actin (1:500 
Abways Technology, China), and then the membranes were tested 
overnight at 4 ◦C. Then rabbit IgG secondary antibody (1:10,000, 
Immunoway, China) was incubated for 120 min. Image J software was 
applied to quantify the final exposure images, with β-actin used as the 
internal reference. 

2.11. Statistical analysis 

To ensure the accuracy of the experimental data, three independent 
experiments were conducted. Data processing was performed using 
GraphPad Prism (version 8.0; GraphPad software) to process the data. 
All data adopt t-test or one-way analysis of variance (ANOVA), obeyed 
normal distribution, and passed equal variance test. Quantitative data 
are expressed as mean ± standard deviation. A level of p < 0.05 was 
considered statistically significant, and the different letters indicate 
significant differences (p < 0.05) between two groups. 

3. Results 

3.1. Histopathological changes after exposure to BDE-209 and treatment 
with Nano-Se 

In order to investigate the protective effect of Nano-Se on chicken 
cardiovascular tissues, we examined cardiovascular tissues treated with 
BDE-209 and Nano-Se using H&E staining. Firstly, pathological changes 
of chicken aorta were observed. It was found that, compared with the 
control group, the BDE-209 group displayed distinct inflammatory cell 
infiltration consisting of lymphocytes and monocytes within the intima. 
The intimal surface was irregular and protruding, and the elastic fibers 
were damaged. The outer membrane exhibited hyperplasia of a 
considerable amount of collagen fibers, leading to thickening of the 
vessel wall. Partial fractures were evident in both the internal and 
external elastic fibers, and scar tissue had formed (Fig. 1A). Conversely, 
compared with BDE-209 group, the symptoms of BDE-209 + Nano-Se 
group were alleviated, the internal and external elastic fiber fractures 
were reduced, and inflammatory cells were present. There was no sig
nificant difference between Nano-Se group and Control group. 

Observations through SEM revealed distinct cellular characteristics 
under the microscope. Cells in the Control group and the Nano-Se group 
exhibited clear contours, a flat surface, and visible surface villi. In 
contrast, the BDE-209 group displayed disordered surface cells, unclear 
cell morphology, widened cell gaps, vanished surface villi, and an un
even surface. When compared with the BDE-209 group, the symptoms of 
the BDE-209 + Nano-Se group were reduced; although some cells 
retained an unclear shape, cell spacing was diminished, and cell 
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adhesion was observed on the surface (Fig. 1B). Furthermore, TEM 
showed that the Control group displayed elliptical or circular nuclei, 
normal chromatin distribution, and typical mitochondrial morphology 
and arrangement. In the BDE-209 group, cell membrane perforations 
disrupted membrane integrity, resulting in chromatin and contents 
overflowing and a fragmented appearance. Intracellular prominences 
and cytoplasmic debris were evident, signifying cell damage and 
pyroptosis induced by BDE-209. The addition of Nano-Se improved cell 
damage (Fig. 1C). 

3.2. Effects of BDE-209 exposure and Nano-Se treatment on the survival 
rate of PAECs 

To further substantiate the hypothesis that the mechanism of BDE- 
209-induced cardiovascular tissue injury might be related to the 
TXNIP-NLRP3 pathway through ERS, we conducted in vitro experiments 
using cultured PAECs. Subsequently, we prepared solutions of BDE-209 
(Fig. 3D), Nano-Se(Fig. 3E) and 4-PBA (Fig. 3F) with varying concen
tration gradients. The outcomes revealed a decrease in cell survival rate 
with increasing BDE-209 concentration. In this experiment, the survival 
rate of cells treated with 100 mg/ml of BDE-209 was approximately 80 
%. While lower concentrations of Nano-Se appeared to enhance cell 
growth, the cell survival rate declined when concentrations exceeded 4 
μmol/L. For this study, cells treated with 4 μmol/L of Nano-Se were 
selected. As the concentration of 4-PBA increased, the cell survival rate 
decreased, with the final selected concentration being 0.5 mmol/L, 
resulting in a survival rate of about 95 %. 

3.3. Effects of BDE-209 and Nano-Se treatments on the antioxidant 
capacity of cardiovascular tissue in chickens and PAECs 

PAECs treated with BDE-209, Nano-Se, and 4-PBA were subjected to 
DCFH-DA staining to validate intracellular ROS production. The find
ings revealed that PAECs treated with BDE-209 exhibited elevated ROS 
production, whereas Nano-Se and 4-PBA were effective in reducing ROS 
production (Fig. 2A) (P < 0.05). The levels of T-AOC, MDA, SOD, and 
CAT in chicken cardiovascular tissue and PAECs were analyzed to assess 
their antioxidant capacity. The outcomes indicated a decrease in T-AOC, 
SOD, and CAT levels, coupled with an increase in MDA levels. In sum
mary, BDE-209 exposure led to the induction of OS in both chicken 
cardiovascular tissue and PAEC cells, while Nano-Se and 4-PBA 

demonstrated the ability to effectively mitigate BDE-209-induced OS 
(Fig. 2B-C) (P < 0.05). 

3.4. Nano-Se inhibited the expression of PAECs ERS gene and protein in 
chicken cardiovascular endothelial tissue induced by BDE-209 

We examined mRNA expression of the ERS-related genes GRP78, 
IRE1, ATF6, PERK, and CHOP in tissues and PAECs. The qRT-PCR results 
showed that, compared with the Control group, the expressions of 
GRP78, IRE1,ATF6, CHOP and PERK were increased by 172.33 %, 
161.83 %, 153.51 %, 272.22 % and 149.05 %, respectively, in the BDE- 
209 group. While the expression levels in the BDE-209 + Nano-Se group 
were lower than those in the BDE-209 group but higher than those in the 
control group (Fig. 3A) (P < 0.05). The same trend was observed at the 
protein level (Fig. 3B-C). After adding 4-PBA to PAECs, the mRNA 
expression of target gene in each group was detected again. The results 
showed that compared with NC group, the expressions of GRP78, IRE1, 
ATF6, CHOP and PERK in BDE-209 group were increased by 4.47, 5.06, 
1.83, 6.04 and 3.50 folds, respectively. Compared with the BDE-209 
group, the gene expression in the BDE-209 + 4-PBA group and BDE- 
209 + Nano-Se group was decreased, and the decreased expression in 
the BDE-209 + 4-PBA + Nano-Se group was the largest, but higher than 
that in the Control group (Fig. 3D) (P < 0.05). The same trend was 
observed at the protein level (Fig. 3E-F). 

3.5. Nano-Se inhibited BDE-209-induced expression of TXNIP genes and 
proteins in chicken cardiovascular endothelial tissue and PAECs 

The mRNA expression of BDE-209 group in chicken vascular tissues 
was significantly higher than that of Control group (Fig. 4A) (P < 0.05). 
Compared with the Control group, TXNIP protein expression in BDE-209 
group was significantly increased, and TXNIP protein expression was 
decreased in BDE-209 + Nano-Se group, but higher than that in the 
Control group (Fig. 4B-C). After adding 4-PBA to PAECs, the expression 
trend of TXNIP mRNA in BDE-209 group was the same as in tissues. 
Compared with the BDE-209 group, the gene expression levels of the 
BDE-209 + Nano-Se group and BDE-209 + 4-PBA group were decreased, 
and the TXNIP gene expression levels in the BDE-209 + 4-PBA + Nano- 
Se group were also significantly decreased, but higher than that in NC 
group (Fig. 4D) (P < 0.05). The same trend was observed at the protein 
level (Fig. 4E-F). 

Table 1 
The primers used in the present study.  

Gene Gene numbers Primer sequence (5′ → 3′) Primer lengths (bp) Product lengths (bp) 

β-actin NM_205518.2 Forward: CCAGCCATGTATGTAGCCATCCAG 
Reverse: AACACCATCACCAGAGTCCATCAC 

24 
24 

90 

GRP78 XM_040648980.2 Forward: CCTCCTGCTCCTCGTGGTGTC 
Reverse: TTGTTCCCAGTGCCTTTGTCTTCAG 

21 
25 

101 

IRE1 XM_015294255.4 Forward: CGCCCAAAGCATCAAACCATTCTG 
Reverse: CACTCTGTTGGCATCGTCATCTCC 

24 
24 

127 

CHOP XM_040693765.2 Forward: TGAGCTGGATGAGACACTGAATGC 
Reverse: CGCTTCCGCTTTGTCCTCTGC 

24 
21 

150 

ATF6 XM_052665883.1 Forward: TGCAGCTCCCAGATGTCTCCTATC 
Reverse: TGACGCCCACAATCGGTTTCTTC 

24 
23 

100 

PERK XM_040671515.2 Forward: GGGCGAGGATGTTGTCTTAGTTGG 
Reverse: GCCGAGCAGATGTACTTCACCTTC 

24 
24 

90 

TXNIP XM_040690680.2 Forward: ATCAACGCCGACTTCGAGAACAC 
Reverse: CATGCCCGAGATGATGTGGTTACC 

23 
24 

150 

Caspase-1 XM_015295935.4 Forward: TCGGATGGCTGGAGATGTGTAGAG 
Reverse: GAGACAGTGTCAGGCGTGGAAG 

24 
22 

104 

ASC NM_001040467.1 Forward: ACAACAAGTCGGAGCAGTACATCG 
Reverse: CAGCCACCTCATACGCCTTCTTC 

24 
23 

108 

NLRP3 NM_001348947.2 Forward: GCTCCTTGCGTGCTCTAAGACC 
Reverse: TTGTGCTTCCAGATGCCGTCAG 

22 
22 

150 

IL-18 XM_015297948.4 Forward: CAAAGTGCCAGTGAACCCCAGAC 
Reverse: ACAGAGAGGGTCACAGCCAGTC 

23 
22 

86 

IL-1β XM_046931582.1 Forward: CTTCATCTTCTACCGCCTGGACAG 
Reverse: CTGGTCGGGTTGGTTGGTGATG 

24 
22 

133  

Y. Jiang et al.                                                                                                                                                                                                                                    



Science of the Total Environment 915 (2024) 170129

6

3.6. Nano-Se inhibits BDE-209 induced pyroptosis of chicken vascular 
tissue and PAECs 

The mRNA expression levels of Caspase-1, ASC, NLRP3, IL-18 and IL- 
1β were detected by qRT-PCR. The results showed that the expression 
levels of all genes in BDE-209 group were higher than those in Control 
group. The level of related genes in BDE-209 + Nano-Se group was lower 

than that in BDE-209 group, but higher than that in Control group. The 
addition of Nano-Se alleviates this trend. (Fig. 5E) (P < 0.05). The results 
for proteins showed the same trend as for tissues (Fig. 5F-G). 

We then investigated whether pyroptosis occurs in PAECs after 
exposure to BDE-209. PAECs were treated by Hoechst, PI and Annexin V- 
FITC mixed staining. The results showed that BDE-209 exposure pro
moted the swelling of the cell membrane and a large number of bubbles 

Fig. 1. Histopathological analysis of chicken cardiovascular tissue. A Hematoxylin and Eosin staining. Below is the extension of the red box in the above fig. B 
scanning electron microscope. C The vascular tissue was observed using a transmission electron microscope. Below is the extension of the red box in the above figure. 
(a) control group, (b) Decabromodiphenyl ether (BDE-209) group, (c) Nano‑selenium (Nano-Se) group and (d) BDE-209 + Nano-Se group. D–F The Cell Counting 
Kit-8 assay to assess the cell viability of Chicken arterial endothelial cells (PAECs) following treatment with various concentrations of BDE-209, 4-PBA and Nano-Se 
for 12 h. 
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appeared on the membrane surface, which was a significant morpho
logical change of pyroptosis of cells, and Nano-Se treatment reduced 
pyroptosis of cells (Fig. 5A). We performed anti-TXNIP and anti-GSDMD 
double IF staining (Fig. 5B) and performed quantitative analysis. The 
results showed that after exposure to BDE-209, PAECs significantly up- 
regulated the expression of TXNIP and GSDMD, and after addition of 
Nano-Se, PAECs down-regulated the expression of TXNIP and GSDMD 
(Fig. 5C-D) (P < 0.05). The experiment showed that Nano-Se could 
reduce pyroptosis induced by BDE-209. 

After adding 4-PBA to PAECs, the mRNA expression levels of genes in 
BDE-209 group showed the same change trend as those in tissues, and 
were significantly increased (Fig. 5H) (P < 0.05). Compared with the 
BDE-209 group, the gene expression in both the BDE-209 + 4-PBA group 

and the BDE-209 +Nano-Se group decreased, and the expression level in 
the BDE-209 + 4-PBA + Nano-Se group decreased to the lowest level, 
but was higher than that in NC group. The results for proteins showed 
the same trend as for tissues (Fig. 5I-J). 

4. Discussion 

BDE-209 is a ubiquitous pollutant in the environment (de Wit, 2002). 
Studies indicate the detection of residues of BDE-209 and similar com
ponents in 50 % of poultry feed (Zheng et al., 2015). BDE-209 further 
accumulates through the food chain, having significant implications for 
both human health and poultry farming (Chen and Hale, 2010). Previ
ous studies have indicated that certain low-brominated congeners of 

Fig. 2. A Quantification of reactive oxygen species fluorescence in PAECs. B-C total antioxidant capacity (T-AOC), malondialdehyde (MDA), superoxide dismutase 
(SOD), and catalase (CAT) are detected to evaluate the effects of BDE-209 and Nano-Se treatment on the antioxidant capacity of chicken cardiovascular tissue 
and PAECs. 
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Fig. 3. Effects of BDE-209 exposure and Nano-Se intervention on endoplasmic reticulum stress (ERS) in chicken vascular tissue and PAECs. A-D ERS-related mRNA 
expression in chicken vascular tissues and PAECs. B-C ERS-related protein levels in chicken cardiovascular tissue. E-F ERS-related protein levels in PAECs. 

Fig. 4. Effects of BDE-209 exposure and Nano-Se intervention on thioredoxin-interacting protein (TXNIP) expression in chicken vascular tissues and PAECs. A,D 
Expression of TXNIP mRNA in chicken cardiovascular tissue and PAECs. B–C TXNIP protein levels in chicken cardiovascular tissue. D-E TXNIP protein levels 
in PAECs. 
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Fig. 5. Nano-Se inhibits the pyroptosis of chicken vascular tissue and PAECs induced by BDE-209. A Hoechst and PI /Annexin V-FITC mixed staining. B Immu
nofluorescence staining for anti-TXNIP and anti-Gasdermin-D (GSDMD) C-D TXNIP and GSDMD gene fluorescence quantitative analysis. E The mRNA express levels 
of pyroptosis related genes in chicken cardiovascular tissue. F-G Expression of pyroptosis related gene protein in chicken cardiovascular tissue. (H) mRNA expression 
of pyroptosis related genes in PAECs. I-J protein expression pyroptosis related gene in PAECs. 
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PBDEs are statistically correlated with certain markers of CVDs or their 
risk factors (Zhi et al., 2019). Zhong et al. (2019) found that exposure of 
zebrafish to BDE-99 hinders brain vascular growth and disrupts the 
formation of the blood-brain barrier by inhibiting the VEGF/VEGFR2 
signaling pathway. Damage and dysfunction of vascular integrity may 
cause a series of CVDs (Yamagata, 2017). Several studies have high
lighted the vascular toxicity of BDE-209, particularly its vascular 
toxicity leading to conditions like atherosclerosis and elevated blood 
lipids, etc. Zhi et al. (2018) and Zhi et al. (2019) found that BDE-209 not 
only enhances oxLDL-induced macrophage foam cell formation through 
increased Toll-like receptor 4 -dependent lipid uptake, but also stimu
lates the upregulation of intercellular adhesion molecule-1 expression, 
promoting monocyte adhesion to HAEC. Both mechanisms contribute to 
atherosclerosis development. While there have been studies on the 
cardiovascular effects of BDE-209, however, there is a lack of systematic 
research on the toxic mechanisms of BDE-209 on chicken vascular 
endothelium. A recent study indicated that exposure to BDE-209 induces 
OS and inflammatory responses in SD rats, leading to morphological and 
ultrastructural changes in the abdominal aorta (Jing et al., 2019). In this 
experiment, using 60 chickens as experimental subjects, a model of 
exposure to BDE-209 and Nano-Se intervention was established, 
yielding similar results. It was observed significant inflammatory cell 
infiltration among the ECs due to BDE-209 exposure. SEM revealed 
disordered surface cells in the BDE-209 group, with unclear cell 
morphology and disappearance of surface villi. In contrast, the symp
toms were alleviated in the BDE-209 + Nano-Se group. Further inves
tigation into the ultrastructural changes of vascular tissue following 
BDE-209 exposure revealed disrupted cell membrane integrity, leading 
to the overflow and fragmentation of chromatin and cellular contents. 
These findings suggest that BDE-209 induces vascular tissue damage and 
pyroptosis, while Nano-Se can alleviate its toxic effects. Nano-Se ex
hibits antioxidant and anti-inflammatory effects, making it a viable 
option for prevention and alleviation of harmful toxic effects (Sun et al., 
2023). Zheng et al. (2020) indicate that Nano-Se can effectively inhibit 
homocysteine (Hcy)-induced mitochondrial oxidative damage and cell 
apoptosis in rats with hyperhomocysteinemia, both in vitro and in vivo. 
This helps alleviate Hcy-mediated vascular ECs damage and dysfunc
tion. Thus, Se is regarded as a potential therapeutic approach for con
ditions like acute kidney injury, cardiac injury, microglial activation, 
and atherosclerosis (Han et al., 2021). Our research findings furnish 
direct evidence regarding BDE-209-induced vascular endothelial injury 
and inflammatory responses in chickens. These discoveries establish a 
theoretical foundation for delving deeper into the cardiovascular 
toxicity mechanisms of BDE-209, providing crucial insights for subse
quent investigations. 

ER homeostasis is crucial for maintaining the function and survival 
of vascular ECs, as well as the overall health of the body. ERS is 
considered to contribute to various CVDs (Ren et al., 2021). The chronic 
activation of ERS and the UPR pathway in ECs leads to increased OS and 
inflammation, often culminating in cell death (Lenna et al., 2014). An 
excessive protein load in the ER can trigger the dissociation of GRP78 
from the UPR sensors, activating a complex network of three signaling 
pathways triggered by the ATF6, IRE1, and PERK sensors (Ding et al., 
2023; Ayaub et al., 2016). Therefore, the activation of the aforemen
tioned indicators is widely considered a hallmark of ERS. Hou et al. 
(2019) found that exposure to BDE-209 led to the upregulation of ERS 
markers GRP78 and IRE1α levels in HAECs, resulting in autophagy and 
apoptosis. Previous research has suggested that Nano-Se may alleviate 
granulosa cell apoptosis and mitigate the decrease in egg production 
induced by Hg by inhibiting the ERS pathway (Ma et al., 2022). In this 
study, we observed an upregulation of ERS markers in chicken vascular 
endothelium exposed to BDE-209. The above findings indicate that 
exposure to BDE-209 may induce ERS in chicken blood vessels, while 
supplementation with Nano-Se can restore this capability and alleviate 
ERS. This finding provide compelling evidence that exposure to BDE- 
209 induces vascular endothelial ERS in chickens, and that Nano-Se 

can mitigate its toxic effects. 
Under ERS, the UPR response can also generate ROS that lead to cell 

death and inflammation (Ochoa et al., 2018; Li et al., 2023b). When 
there is an excess production of ROS in the body, it can lead to OS due to 
an imbalance between ROS generation and clearance (Sun et al., 2021). 
Previous studies have found that oxalate-induced kidney injury is 
associated with OS caused by ERS (Ming et al., 2022). Multiple studies 
have indicated that exposure to BDE-209 reduces antioxidant capacity 
(Liu et al., 2021). BDE-209 induced ferroptosis by creating OS in chicken 
brain (Dong et al., 2023). Moreover, the relationship between ERS and 
OS is bidirectional. ROS could regulate UPR signaling by reversible 
modifications. ERS can also regulate intracellular ROS levels (Jing et al., 
2022). Research suggests that decabromodiphenyl ethane (DBDPE) ex
erts toxic effects on the liver in rats by inducing OS and ERS, and it may 
even trigger cell apoptosis (Jing et al., 2022). In rats with hypothy
roidism, Nano-Se increases CAT and SOD, as well as thiol content. It 
reduces MDA levels in the heart and aortic tissues, exerting a protective 
effect on the cardiovascular system (Rastegar Moghaddam et al., 2022). 
The detoxifying properties of Nano-Se have the potential to enhance 
overall antioxidant capacity, diminish the generation of ROS, and even 
facilitate the clearance of ROS (Sun et al., 2023). Our results are 
consistent with these studies, in addition, BDE-209 decreased the levels 
of T-AOC, SOD, and CAT in chicken ECs, while simultaneously 
increasing the level of MDA. Combined with ROS staining, the results 
indicated a decrease in overall antioxidant capacity caused by BDE-209 
exposure. Nano-Se intervention showed a partial recovery of antioxidant 
capacity. Similarly, the addition of 4-PBA to inhibit ERS led to a resto
ration of PAECs’ antioxidant capacity, and the combination of Nano-Se 
and 4-PBA further enhanced the material’s antioxidant ability. Based on 
the above research, we found that the cardiovascular damage caused by 
BDE-209 involves the participation of ERS, accompanied by OS. Nano-Se 
may counteract this oxidative damage. 

TXNIP directly interacts with the key antioxidant protein TRX, 
inhibiting its antioxidant function and expression (Choi and Park, 2023). 
It is also associated with endothelial dysfunction and the development of 
atherosclerosis, and has emerged as a crucial pathological regulatory 
factor in CVDs (Oslowski et al., 2012; Lerner et al., 2012). Additionally, 
TXNIP is considered a crucial link between ERS and NLRP3 inflamma
some activation (Oslowski et al., 2012). ERS interact with inflammatory 
mediators, triggering downstream pathways. ERS is a key inducer in the 
process of pyroptosis (Li et al., 2020). When cells experience irreversible 
ERS, TXNIP is rapidly upregulated, leading to the activation of the 
NLRP3 inflammasome (Lerner et al., 2012). The study by Bao et al. 
(2022) showed that IRE1α/TXNIP/NLRP3 inflammasome mediated by 
ERS plays a role in the process of liver fibrosis in diabetic mice. Xu et al. 
(2019) found that Apelin-13, through binding to APJ, alleviates early 
brain injury in an AMPK-dependent manner by inhibiting ERS-related 
TXNIP/NLRP3 inflammasome activation and OS in rats. ROS induce 
the dissociation of TXNIP from TRX, allowing its binding to NLRP3. 
Deficiency of TXNIP impairs the activation of the NLRP3 inflammasome 
and subsequent secretion of IL-1β, thereby inhibiting inflammatory re
sponses (Zhou et al., 2010). The study has indicated that BDE-47 induces 
the accumulation of ROS and the expression of TXNIP, subsequently 
activating the NLRP3 inflammasome and promoting the secretion of 
mature IL-1β (Shan et al., 2018). The results of this study showed that 
BDE-209 up-regulated TXNIP expression, while Nano-Se inhibits its 
upregulation. In summary, these research findings suggest that TXNIP 
could be a potential target for BDE-209-induced vascular pyroptosis, and 
the decreased expression of TXNIP after the addition of Nano-Se may be 
through the induction of ERS. 

Pyroptosis is a regulated pro-inflammatory form of cell death. When 
ECs are stimulated by exogenous substances or endogenous mediators, it 
can lead to OS, ERS, mitochondrial dysfunction, and immune activation. 
These effects may activate common signaling pathways that exacerbate 
endothelial dysfunction, potentially triggering the activation of the 
NLRP3 inflammasome (Bai et al., 2020). However, it is currently unclear 
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whether pyroptosis is associated with vascular damage induced by BDE- 
209 exposure. In recent years, several studies have reported that PBDEs 
can induce pyroptosis. In J774A.1 macrophages, exposure to PBDEQ 
induces both canonical NLRP3 inflammasome and non-canonical NLRP1 
inflammasome responses, as well as pyroptosis through ROS generation 
and mitochondrial dysfunction (Yang et al., 2022b; Wang et al., 2021b). 
Zheng et al. (2021b) discovered that DBDPE may damage ECs through 
NLRP3 inflammasome-mediated endothelial dysfunction. However, it is 
currently unclear whether pyroptosis is associated with vascular damage 
induced by BDE-209 exposure. Our results indicate that exposure to 
BDE-209 and Nano-Se, Hoechst and Annexin V-FITC/PI staining results, 
as well as IF staining, revealed increased expression of TXNIP and 
GSDMD. Additionally, the expression levels of ASC, Caspase-1, GSDMD, 
IL-1β, and IL-18 were significantly elevated. These results showed that 
BDE-209 induced pyroptosis and that pyroptosis was alleviated after the 
addition of Nano-Se. Nano-Se can directly or indirectly inhibit the ac
tivity of the NLRP3 inflammasome (Wang et al., 2022). Se supplemen
tation may mitigate inflammation by downregulating some pro- 
inflammatory genes, including NLRP3, thereby improving the antioxi
dant defense against atherosclerosis (Roshanravan et al., 2022). There
fore, we hypothesize that BDE-209 induces vascular endothelial injury 
through the ERS-TXNIP-NLRP3 pathway. 

To verify whether BDE-209 induces pyroptosis through the ERS- 
TXNIP-NLRP3 pathway, this study introduced 4-PBA into the PAECs 
BDE-209 exposure model. The results showed that 4-PBA inhibited the 
expression of ERS-related genes such as ATF6, IRE1, and PERK, and 
decreased ROS levels. Furthermore, the combined use of Nano-Se and 4- 
PBA exhibited a more pronounced inhibitory effect on ERS, indicating 
that Nano-Se enhanced the suppression of ERS. Moreover, inhibition of 
ERS activity led to a decrease in the expression of TXNIP and NLRP3 and 
reduced pyroptosis. The reason for this might be the inhibition of ERS, 
leading to a reduction in ROS generation, preventing the separation of 
TXNIP from TRX, and subsequently, the activation of the NLRP3 
inflammasome. In conclusion, these findings suggest that the interven
tion of Nano-Se in BDE-209-induced pyroptosis occurs through the ERS- 
TXNIP-NLRP3 pathway. 

However, there are certain limitations in our study as well. The 
specific pathways through which BDE-209 modulates ER remain un
clear. Additionally, further research is needed to explore the relation
ship between BDE-209-induced ERS and OS. To address these gaps, our 
future efforts will involve targeted interventions within the ERS and OS 
process using a variety of approaches. These will enable us to conduct in- 
depth investigations into the intricate regulatory interplay between ERS 
and pyroptosis, ultimately providing a deeper understanding of the toxic 
mechanisms underlying BDE-209-induced effects. 

5. Conclusion 

The results of this study indicate that BDE-209 exposure can induce 
vascular endothelial injury in chickens by promoting ERS, OS, and 
pyroptosis. The mechanism underlying this effect might involve the 
disruption of ER homeostasis by BDE-209, leading to exacerbated OS, 
activation of TXNIP-NLRP3 inflammasome, and subsequent initiation of 
pyroptosis. Nano-Se, as a potential mitigator, effectively reducing the 
adverse impacts of BDE-209 on the cardiovascular system. These find
ings provide novel insights into the cardiovascular toxicity of BDE-209 
and offer empirical support for strategies to alleviate its toxic effects. 
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