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ABSTRACT: Decabromodiphenyl ether (BDE-209) is a widely used brominated flame retardant that can easily detach from
materials and enter into feed and foodstuffs, posing a serious risk to human and animal health and food safety of animal origin.
However, the immunotoxic effects of BDE-209 on the avian spleen and the exact mechanism of the toxicity remain unknown.
Therefore, we established an experimental model of BDE-209-exposed chickens and a positive control model of cyclophosphamide-
induced immunosuppression in vivo and treated MDCC-MSB-1 cells and chicken splenic primary lymphocytes with BDE-209 in
vitro. The results showed that BDE-209 treatment caused morphological and structural abnormalities in the chicken spleens.
Mechanistically, indicators related to oxidative stress, endoplasmic reticulum stress (ERS), autophagy, and apoptosis were
significantly altered by BDE-209 exposure in both the spleen and lymphocytes, but the use of the N-acetylcysteine or the 4-
phenylbutyric acid significantly reversed these changes. In addition, BDE-209 exposure decreased the spleen antimicrobial peptide
and immunoglobulin gene expression. In conclusion, the present research revealed that BDE-209 exposure enhanced lymphocyte
autophagy and apoptosis in chicken spleen via the ROS-mediated ERS pathway. This signaling cascade regulatory relationship not
only opens up a new avenue for studying BDE-209 immunotoxicity but also provides important insights into preventing BDE-209
hazards to animal health.
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1. INTRODUCTION
Polybrominated diphenyl ethers (PBDEs) represent a vital
cluster of brominated flame retardants extensively used in
various products for their prominent flame retardant abilities
and cost-effectiveness. As additives in products, PBDEs are
prone to enter various environmental media through
volatilization and exudation pathways due to their lack of
chemical bond binding.1 Decabromodiphenyl ether (BDE-
209) is a congener of PBDEs, and is accountable for roughly
82% of its entire production, acting as the most contaminating
monomer congener of PBDEs found in China.2 BDE-209 has
been found in environmental samples globally, and an
estimated 50% of feed samples for livestock contain BDE-
209 contamination.3 PBDEs were detected at 81.8−695.5 pg
g−1 in the eastern part of Antarctica, with BDE-209 being the
highest detected congener.4 Detection of BDE-209 is the most
highly detected congener of PBDEs in sediments from selected
coastal waters of Japan and Korea.5,6 Ji et al. reported that the
concentration of PBDEs in dust in parts of the Pearl River
Delta in China reached a maximum of 40,236 ng/g, of which
95.1% was BDE-209.7 Meanwhile, studies have reported serum
concentrations of BDE-209 in occupational workers ranging
from 67.4 to 109,000 ng/g lipid weight, suggesting that
humans are also inadvertently ingesting higher levels of BDE-
209.8 According to reports, BDE-209 has a propensity to
accumulate in several organisms through the food chain due to

its low biodegradability and long half-life, causing irreversible
toxic damage to various biological organs. After oral
administration of BDE-209 in male broilers, BDE-209 could
be widely distributed in tissues such as the liver, thymus, lungs,
kidneys, spleen, and testes through intestinal absorption,
leading to systemic multiple organ toxicology exposures.9 Li
et al. demonstrated that BDE-209 diminished both the quality
and quantity of sperm through oxidative stress-induced DNA
damage and apoptosis of testicular cells in mice.10 Exposure to
BDE-209 during pregnancy in mice can cause ERS and
apoptosis in placental tissue.11 Excessive reactive oxygen
species (ROS) and endoplasmic reticulum stress (ERS)
elicited by BDE-209 could result in activating excessive
autophagy, eventually leading to programmed cell death in
HUVEC cells.12 Furthermore, Che et al. demonstrated that
BDE-209 initiated apoptosis by inducing ERS, thereby
disrupting calcium homeostasis in mouse liver.13 Nevertheless,
mechanistic studies on the effects of BDE-209 on the avian
spleen and immune function are still lacking.
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The occurrence of oxidative stress shows that the ability of
oxidation and antioxidation is not balanced, and the damage to
immune function is closely related to its occurrence.
Polystyrene microplastics induce thymus injury in chickens
through oxidative stress, triggering autophagy and apoptosis.14

In addition, exposure to ammonia in broilers induces oxidative
stress and apoptosis, thereby influencing the immune function
of the bursa of fabricius.15 In addition to oxidative stress, ERS
has also been proven to be involved in the regulation of
immune function.16 The endoplasmic reticulum (ER) is a
highly dynamic organelle within cells that plays an important
role in protein folding, modification, and calcium homeostasis
maintenance. Disruption from numerous adverse stimuli both
inside and outside of the cell results in an imbalance of ER
folding capacity, leading to protein misfolding and the
accumulation of unfolded proteins that induce ERS. During
ERS, three types of ER transmembrane proteins (ATF6, IRE1,
and PERK) regulate the associated signal pathways to
commence the adaptive unfolded protein response (UPR).
The UPR could relieve ERS and maintain ER function, but
severe or long-term ERS induces cell “suicide”, usually in the
form of apoptosis. Chronic exposure to copper in pigs has been
reported to cause the induction of apoptosis in splenocytes,
resulting from ERS.17 Co-exposure of molybdenum and
cadmium leads to spleen injury in ducks by activating ERS-
mediated apoptosis.18 Perinatal low-dose BDE-47 exposure can
trigger ERS and induce thyroid cell apoptosis in rats.19

Furthermore, ERS is closely associated with the activation of
autophagy.20 Autophagy is an evolutionarily conservative
catabolism process, which can control cell fate through
different crosstalk signals.21 Scientific researchers have proven
that adverse factors inducing excessive autophagy could
exacerbate tissue damage.22 PERK and GRP78 are important
regulators of autophagy induced by ERS.23 IRE1 protein is also
able to trigger autophagy by regulating the mTOR signaling
pathway.24 Li et al. have shown that exposure to particulate
matter initiates autophagy via induction of ERS, resulting in
damage to the bronchial epithelium.25 Liu et al. demonstrated
that BDE-47 inhibits the early development of porcine
embryos through autophagy mediated by ERS.26 However,
whether the effect of BDE-209 treatment on splenic immune
function is related to ERS-regulated autophagy and apoptosis
has not been elucidated.

As an immune organ, the spleen can regulate various
immune responses and plays a crucial role in maintaining the
body’s immune function. Immune organ stress, apoptosis, and
autophagy are considered to form the foundation for the
development of numerous immune system diseases.27,28

Several studies have shown that exposure to BDE-209 and
its congeners can cause damage to a variety of biological
immune organs by inducing oxidative damage and disturbing
immune homeostasis.29,30 However, whether BDE-209 ex-
posure-induced splenic injury in broilers is associated with
ROS-mediated ERS pathways driving autophagy and apoptosis
is not known. In this study, we established an experimental
model of broiler chickens exposed to different concentrations
of BDE-209 and a positive control model of chicken
immunosuppression in vivo. We observed the occurrence of
ERS, apoptosis, and autophagy in the spleen by hematoxylin-
eosin staining (H&E), transmission electron microscopy
(TEM), terminal deoxynucleotidyl transferase dUTP nick
labeling (TUNEL) staining, and immunofluorescence. The
mRNA and protein expression levels within associated

pathways were determined through qRT-PCR and Western
blot analysis. Concurrently, chicken lymphoma cells and
primary spleen lymphocytes from broilers in vitro were
cultured to investigate the correlation between ERS,
autophagy, and apoptosis when exposed to BDE-209. In
conclusion, the purpose of our study was to elucidate the
mechanisms underlying BDE-209's impact on splenic immu-
notoxicity in broilers. This research provides essential
information for the environmental risk assessment of BDE-
209 and fills in knowledge gaps concerning BDE-209 exposure
and its effects on poultry splenotoxicity.

2. MATERIALS AND METHODS
2.1. Animals and Treatments. 75 Hy-Line white-feathered

chicks (1 day old) were purchased from Xianfeng hatchery (Harbin,
China). BDE-209 powder (>98% purity) was purchased from Macklin
Biotechnology Co., Ltd. Cyclophosphamide (CTX, purity >97%, CAS
number: 6055-19-2) was purchased from Shanghai Yuanye Bio-
technology Co., Ltd. The intragastric working solution was prepared
by dissolving BDE-209 powder in corn oil (Macklin Biotechnology
Co., Ltd., shanghai, China). All animal experiments are conducted in
strict compliance with the applicable regulations of Northeast
Agricultural University’s Experimental Animal Ethics Committee
(NEAUEC202376). Before the experiment, the chicks were fed
adaptively for 7 days under standard laboratory conditions. One week
later, the chicks were randomly divided into five groups: CON group,
L-BDE209 group, M-BDE209 group, H-BDE209 group, and CTX
group. L-BDE209, M-BDE209, and H-BDE209 groups were orally
gavaged with 40 mg/kg/d, 400 mg/kg/d, and 4 g/kg/d of BDE-209,
respectively, while the CON group was orally gavaged with the same
amount of corn oil. Chicks in the CTX group were subjected to
immunosuppression through intramuscular injection of cyclophos-
phamide at a dose of 80 mg/kg/d on days 11 to 13. After 42 days of
exposure, the chickens in the five groups were euthanized, and their
spleen tissues were promptly harvested. A portion of the spleen was
preserved at −80 °C for future study, while the remainder was fixed
with 4% paraformaldehyde or 2.5% glutaraldehyde for follow-up tissue
section and transmission electron microscope observation. The BDE-
209 concentration and CTX injection dose used in our experiment
were determined concerning previous studies.31−33 It has been
reported that the toxicological effects of subchronic ingestion of
environmental pollutants on organisms may not be as significant as
expected, and higher environmental exposure concentrations are more
suitable for toxicological research and judgment.34 Considering the
rapid metabolism of poultry, this experiment used a 10-fold
concentration gradient to study the toxicological effects of poultry.35

2.2. Hematoxylin and Eosin (H&E) Staining. H&E staining was
utilized to evaluate morphological alterations in the spleens of
chickens following exposure to varying doses of BDE-209, and the
methodology was referenced from prior studies.36 Briefly, each group
of chicken spleen tissues needed to go through a series of steps, such
as fixation, embedding, sectioning, dehydration, dewaxing, staining,
and sealing. Finally, a light microscope (Nikon 80i, Nikon
Corporation, Japan) was used to observe the pathological changes.
2.3. TEM Observation. Fresh splenic tissues were divided into

squares of less than 1 mm3 and fixed in a 2.5% glutaraldehyde solution
for at least 48 h. Then, the samples were processed and stained
according to the study by Jiang et al.37 Finally, the ultramicrostructure
of the spleen was observed through TEM (GEM-1200ES, Japan).
2.4. Cell Line and Primary Splenic Lymphocyte Culture and

Treatment. In vitro testing was conducted using the chicken
lymphoma cell line MDCC-MSB-1 cells and chicken primary splenic
lymphocytes. Spleens from 4-week-old broilers were used to extract
primary lymphocytes. The detailed extraction steps and experimental
conditions refer to the introduction of previous studies.38 MDCC-
MSB-1 cells and primary lymphocytes were inoculated into RPMI-
1640 medium (Gibco, Shanghai, China) containing 10% fetal bovine
serum (VivaCell, Shanghai, China) and 1% penicillin-streptomycin
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(Procell Life Science & Technology Co., Ltd., Wuhan, China) and
cultured in a cell incubator containing 5% CO2 at 37 °C. The viability
of MDCC-MSB-1 cells was assessed using the commercial CCK-8 kit
(Saint-Bio, Shanghai) after exposing them to varying concentrations
of BDE-209. In the study of cell injury induced by BDE-209, MDCC-
MSB-1 cells were treated with BDE-209 at 0, 1/4, 1/2, and 3/4 times
the IC50 concentration, respectively. The primary lymphocytes of the
spleen were treated with the same BDE-209 concentration as MDCC-
MSB-1 cells to verify the type of damage. Briefly, both the MDCC-
MSB-1 cell and primary lymphocyte experiments were divided into
four groups: CON group, L-BDE209 (80 μM) group, M-BDE209
(160 μM) group, and H-BDE209 (240 μM) group. N-Acetylcysteine
(NAC, MedChemExpress, America) and 4-phenylbutyricacid (4-PBA,
MedChemExpress, America) are scavengers of ROS and specific
inhibitors of ERS, respectively. In salvage experiments, the altered
ROS and ERS levels play an important role in BDE-209-induced
spleen injury. Before the cells were treated with BDE-209, they were
pretreated with NAC (0.5 mM for 1 h) or 4-PBA (1 mM for 1 h).
Then, cells were cotreated with BDE-209 with NAC (0.5 mM) or 4-
PBA (1 mM) for 24 h.
2.5. Oxidative Stress Analysis. The spleen tissue was ground

into homogenates, centrifuged, and the supernatant was aspirated for
kit detection. Similarly, MDCC-MSB-1 cells were sonicated and
centrifuged to obtain the supernatant. The activity or content of MDA
(A003-1-2), T-AOC (A015-1-2), T-SOD (A001-3-2), CAT (A007-1-
1), GSH (A005-1-2), and GSH-Px (A005-1-2) in the spleen or
MDCC-MSB-1 cells was measured using a commercially available

assay kit (Nanjing Jiancheng Bioengineering Institute, China). A
commercial DCFH-DA fluorescent probe kit (Nanjing Jiancheng
Bioengineering Institute, China) was used to detect intracellular ROS
accumulation.39 Serum-free medium containing the DCFH-DA probe
was added to both MDCC-MSB-1 cells and primary spleen
lymphocytes that had undergone distinct treatments and incubated
in the dark for 30 min under appropriate conditions. Finally, a
fluorescent inverted microscope (Olympus IX53, Japan) was used to
capture images.
2.6. Apoptosis Analysis. 2.6.1. TdT-Mediated dUTP Nick-End

Labeling (TUNEL) Staining. TUNEL staining was used to examine
the effects of BDE-209 exposure or CTX treatment on the rate of
apoptosis in the broiler spleen cells. Briefly, 4% paraformaldehyde-
fixed spleen tissue was embedded and sectioned. Tissue sections were
then stained in strict accordance with the instructions of the
commercial kit (Roche, Switzerland). At the same time, 100 μg/L
DAPI (Beyotime Biotechnology, China) was used to stain the nuclei
of all of the cells in the spleen. Finally, fluorescence images were
collected via a fluorescent inverted microscope (Olympus, IX53,
Japan).

2.6.2. Acridine Orange/Ethidium Bromide (AO/EB) Dual Stain-
ing. The operational procedure is executed in strict accordance with
the guidelines provided by the commercial AO/EB staining kit
(Beyotime Biotechnology, China). Briefly, after cells were treated
differently, AO/EB working solution (10 μL/mL) was added for
staining for 5 min.40 Finally, fluorescence images were collected by a
fluorescent inverted microscope (Olympus, IX53, Japan).

Figure 1. BDE-209 exposure-induced splenic injury in chickens. (A) Experimental period chart. (B) Quantification of spleen area in different
treatment groups. (C) Picture of chicken spleen morphology. (D) H&E staining sections of the chicken spleen. Scale bar: 100 μm. (E)
Ultrastructure of chicken spleen lymphocytes. Scale bar: 2 μm. The red frames indicate the cell nucleus. Blue frames indicate autophagic vacuoles.
The green frames indicate ER expansion (magnification 15,000×). The data are expressed as means ± SD. Samples indicated a statistically
significant difference when represented by distinct superscript letters (P < 0.05).
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2.6.3. Hoechst 33342 Staining. MDCC-MSB-1 cells and primary
splenic lymphocytes were seeded in 6-well plates and treated with
different stimulations. Then Hoechst 33342 staining solution
(Beyotime Biotechnology, China) was added to the cells of different
treatment groups, and incubated for 30 min under the condition of
avoiding light at 37 °C.41 Finally, images were collected by a
fluorescent inverted microscope (Olympus, IX53, Japan).
2.7. Immunofluorescence (IF) Staining. In this experiment, the

steps for immunofluorescence double staining of spleen tissue
sections were based on previous studies.42 Briefly, spleen sections
were incubated with primary antibodies for LC3, Beclin-1, GRP78,
and PERK overnight at 4 °C. After washing with TBST, the sections
were incubated with the corresponding fluorescent secondary
antibody for 1 h. DAPI was used to counter-stain cell nuclei before
mounting. In the cell immunofluorescence experiment, the cell culture
plate was first coated with polylysine, and then the MDCC-MSB-1
cell suspension was seeded into a 12-well plate. Cells were fixed with
4% paraformaldehyde after different treatments and then blocked with
a blocking solution for 2 h at 25 °C. The cells were incubated
overnight at 4 °C with primary antibodies against LC3, Beclin-1,
GRP78, and PERK, respectively, and then incubated with fluorescent
secondary antibodies against AbBox Fluor 488 (1:1000, Biodragon,
China) or Dylight 594 (1:1000, Biodragon, China) for 60 min,
respectively. Cell nuclei were stained with DAPI for 5 min, washed
with TBST, and an antifluorescence quenching mounting solution
was added dropwise. Finally, fluorescence images were collected
through a fluorescent inverted microscope (Olympus, IX53, Japan),
and ImageJ software (National Institutes of Health, Bethesda, USA)
was used to quantitatively analyze the fluorescence intensity of each
group.
2.8. RNA Extraction and Real-Time Quantitative PCR (qRT-

PCR). Total RNA was extracted from the chicken spleen, MDCC-

MSB-1 cells, and primary splenic lymphocytes using the TRizol
(BioFlux, USA) method. A commercial reverse transcription kit
(Bioer Technology, China) was used to reverse transcribe the
extracted RNA into cDNA. Then, the Fast SYBR Green Master Mix
kit (Bioer Technology, China) was used to detect the mRNA
expression level. β-actin was used as the internal reference gene, and
the 2−ΔΔCt method was used to process the data statistically. The
primer sequences used in this experiment were designed and
synthesized by Sangon Biotech (Table S1).
2.9. Protein Extraction and Western Blotting. For Western

blot analysis, the total proteins of spleen tissue, MDCC-MSB-1 cells,
and primary spleen lymphocytes were extracted with RIPA lysate
(including the PMSF protease inhibitor). Protein samples were
separated by an SDS-PAGE gel and transferred to the NC membrane.
The NC membrane was placed in a blocking solution containing 5%
skim milk, blocked at room temperature for 2 h, and then incubated
with the corresponding primary antibody at 4 °C overnight (Table
S2). TBST was used to wash the remaining primary antibodies on the
membrane surface and then the NC membrane was incubated with
HRP-labeled secondary antibodies (goat antirabbit or goat antimouse,
Abbkine Biotechnology, Wuhan, China) at 37 °C for 60 min. Images
were collected using an Image QuantLAS4000 digital imaging system,
and ImageJ software (National Institutes of Health, Bethesda, USA)
was used to analyze the gray value of the corresponding protein
bands.
2.10. Statistical Analysis. SPSS 18.0 software (SPASS, IL, USA)

was used to analyze the experimental data and express them as means
± SD. All data were analyzed using a one-way ANOVA, followed by
Tukey’s post hoc test and Student’s t-test. GraphPad Prism 9 software
(GraphPad Software Inc., San Diego, CA) was used for graphing. The
same superscript letter indicates no significant difference (P > 0.05),

Figure 2. BDE-209 exposure-induced oxidative stress in spleen tissues and MDCC-MSB-1 cells. (A) The content of MDA in the spleen. (B−F)
The activity of T-AOC, T-SOD, CAT, GSH, and GSH-Px in the spleen. (G) The effects of different concentrations of BDE-209 on the viability of
MDCC-MSB-1 cells. (H) DCFH-DA staining was used to detect ROS accumulation. Scale bar: 100 μm. (I) The content of MDA in MDCC-MSB-
1 cell. (J−N) The activity of T-AOC, T-SOD, CAT, GSH, and GSH-Px in the MDCC-MSB-1 cell. The data are expressed as means ± SD. Samples
indicated a statistically significant difference when represented by distinct superscript letters (P < 0.05).
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and a different superscript letter indicates a statistically significant
difference between groups (P < 0.05).

3. RESULTS
3.1. BDE-209 Exposure Induces Splenic Injury and

Reduces Immune Function in Chickens. The specific
experimental period and technical process are listed in Figure
1A. The spleen area of the M-BDE209, H-BDE209, and CTX
groups was significantly lower than that of the CON group
(Figure 1B,C). The pathological damage of spleen tissue
induced by BDE-209 and CTX was evaluated by H&E staining
(Figure 1D). Pathological observation revealed that the spleen
shape of broiler chickens in the control group was within
normal, featuring distinct boundaries between white and red
pulp, closely aligned lymphocytes, and no obvious abnormal-
ities in the splenic corpuscles and arteries. The damage types in
both the BDE-209 and CTX groups shared similarities. They
all exhibited a degree of white pulp and red pulp mixing,
leading to unclear boundaries, reduced lymphocyte counts
with loose organization, and loosely arranged tissue around the
splenic artery. TEM results demonstrate that the nuclear
chromatin of the cells in the CON group was uniform with

complete cell membranes and nuclear membranes, and the ER
had normal morphology and clear structure. The group with
CTX exhibited nuclear pyknosis, chromatin condensation,
expansion of the ER lumen, an elevated count of
autophagosomes, and the existence of apoptotic bodies. The
type of injury in the BDE-209 group resembled that of the
CTX group, exhibiting varying degrees of expansion in the ER
lumen, increased instances of autophagosomes, and cell
apoptosis (Figure 1E). CTX treatment significantly down-
regulated the levels of antimicrobial peptides and immunoglo-
bulin mRNA in the spleen. The middle and high doses of
BDE-209 exposure were similar to those of CTX treatment,
and the mRNA expression of the above indexes in the spleen
was downregulated in varying degrees (Figure S1).
3.2. BDE-209 Exposure-Induced Oxidative Stress in

Spleen and MDCC-MSB-1 Cells. We first examined the
production of antioxidants and superoxide in the spleen tissue
during BDE-209 treatment. As shown in Figure 2A−F, the
MDA content of the BDE-209 exposure group and CTX group
increased significantly, while BDE-209 and CTX treatment
could significantly inhibit the activity of major antioxidant
enzymes (T-AOC, T-SOD, CAT, GSH, and GSH-Px).

Figure 3. BDE-209 exposure-induced ERS in spleen and MDCC-MSB-1 cells. (A) Immunofluorescence of GRP78 (red) and PERK (green)
proteins in spleen tissue. Scale bars: 200 μm. (B) Relative fluorescence intensity of GRP78 in spleen. (C) Relative fluorescence intensity of PERK
in spleen. (D) Representative immunofluorescence images of the GRP78 protein in MDCC-MSB-1 cells. Scale bars: 50 μm. (E) Relative
fluorescence intensity of GRP78 in MDCC-MSB-1 cells. (F) Representative immunofluorescence images of the PERK protein in MDCC-MSB-1
cells. Scale bars: 50 μm. (G) Relative fluorescence intensity of PERK in MDCC-MSB-1 cells. (H) Heat map of mRNA clustering of ERS-related
genes in the spleen. (I,J) Western blot analysis of the levels of ERS-related proteins (ATF6, eIF2α, CHOP, ATF4, and GRP78) in chicken spleen.
(K) Heat map of mRNA clustering of ERS-related genes in MDCC-MSB-1 cells. (L,M) Western blot analysis of the levels of ERS-related proteins
(ATF6, eIF2α, CHOP, ATF4, and GRP78) in MDCC-MSB-1 cells. The data are expressed as means ± SD. Samples indicated a statistically
significant difference when represented by distinct superscript letters (P < 0.05).
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Interestingly, with the increase of the BDE-209 concentration,
the changes of the above indicators were further aggravated.
To further evaluate the effect of BDE-209 on lymphocytes in
vitro, we treated cells with different concentrations of BDE-
209. The survival rate of MDCC-MSB-1 cells decreased in a
dose-dependent manner as the concentration of BDE-209
exposure increased. The IC50 of MDCC-MSB-1 cells after
exposure to a medium containing BDE-209 for 24 h was 320.5
μM (Figure 2G). In vitro experiments show that the BDE-209
treatment can increase ROS production. In particular, the
increase of ROS fluorescence intensity is overall dependent on
the increase of BDE-209 exposure dose (Figure 2H). Similar to
the in vivo findings, the content of MDA significantly increased
in the BDE-209 exposure group, whereas the activity levels of
antioxidant enzymes (T-AOC, T-SOD, CAT, GSH, and GSH-
Px) markedly decreased (Figure 2I−N).
3.3. BDE-209 Exposure-Induced ERS in Spleen and

MDCC-MSB-1 Cells. Based on the clues suggested by the
results of TEM, both BDE-209 and CTX treatment could
cause spleen ER swelling. Therefore, we measured the markers
related to ERS in the spleen and MDCC-MSB-1 cells. As
shown in Figure 3A−C, the spleen immunofluorescence
double staining results showed that the fluorescence intensity

of the GRP78 (red) and PERK (green) proteins in the spleen
increased significantly after CTX treatment. Similarly, with the
increase of BDE-209 exposure concentration, the fluorescence
intensity of GRP78 (green) and PERK (red) proteins in spleen
tissue was significantly higher than in the CON group. The
immunofluorescence assay conducted on MDCC-MSB-1 cells
demonstrated that exposure to BDE-209 led to a notable
increase in the fluorescence intensity of GRP78 (green) and
PERK (red) proteins in a dose-dependent way (Figure 3D−
G). qRT-PCR results showed that exposure to BDE-209 or
CTX treatment significantly increased the mRNA levels of
ERS-related genes (GRP78, CHOP, ATF6, ATF4, PERK,
IRE1, and eIF2α) in spleen or MDCC-MSB-1 cells (Figure
3H,K). Western blotting results showed that the levels of ERS-
related proteins were significantly higher in the CTX group
than in the CON group. Similarly, BDE-209 treatment also
increased the protein expression levels of GRP78, ATF6,
ATF4, CHOP, and eIF2α in spleen and MDCC-MSB-1 cells in
a dose-dependent manner (Figure 3I,J,L,M).
3.4. BDE-209 Exposure-Induced Autophagy in Spleen

and MDCC-MSB-1 Cells. To investigate the impact of BDE-
209 or CTX treatment on the autophagy of spleen or MDCC-
MSB-1 cells, we initially examined the markers of spleen

Figure 4. BDE-209 exposure triggers autophagy in spleen and MDCC-MSB-1 cells. (A) Immunofluorescence of LC3 (red) and Beclin-1 (green)
proteins in spleen tissue. Scale bar: 200 μm. (B) Relative fluorescence intensity of LC3 in the spleen. (C) Relative fluorescence intensity of Beclin-1
in the spleen. (D) Representative immunofluorescence images of the LC3 protein in MDCC-MSB-1 cells. Scale bar: 50 μm. (E) Relative
fluorescence intensity of LC3 in MDCC-MSB-1 cells. (F) Representative immunofluorescence images of the Beclin-1 protein in MDCC-MSB-1
cells. Scale bar: 50 μm. (G) Relative fluorescence intensity of Beclin-1 in MDCC-MSB-1 cells. (H) Heat map of mRNA clustering of autophagy-
related genes in spleen. (I,J) Western blot analysis of the expression of autophagy-related proteins (Beclin-1, P62, ATG5, and LC3) in chicken
spleen. (K) Heat map of mRNA clustering of autophagy-related genes in MDCC-MSB-1 cells. (L,M) Western blot analysis of the expression of
autophagy-related proteins (Beclin-1, P62, ATG5, and LC3) in MDCC-MSB-1 cells. The data are expressed as means ± SD. Samples indicated a
statistically significant difference when represented by distinct superscript letters (P < 0.05).
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autophagy (LC3 and Beclin-1) through immunofluorescence
double staining. As illustrated in Figure 4A−C, the ratio of
LC3-positive cells (red) and Beclin-1-positive cells (green) in
the spleen of the CTX group was notably higher compared
with the CON group. Interestingly, the ratio of LC3-positive
cells (red) and Beclin-1-positive cells (green) in spleen tissue
increased significantly with the BDE-209 treatment concen-
tration compared with the CON group. The immunofluor-
escence results of MDCC-MSB-1 cells in vitro showed that
BDE-209 exposure significantly increased the fluorescence
intensity of LC3 (red) and Beclin-1 (green) proteins in a dose-
dependent manner (Figure 4D−G). The results of the mRNA
cluster heat map showed that BDE-209 exposure or CTX
treatment could significantly upregulate the mRNA level of
autophagy-related genes (Beclin-1, ATG5, and LC3) in spleen
or MDCC-MSB-1 cells, while downregulate the mRNA level of
P62 (Figure 4H,K). Western blotting results demonstrated that
the levels of Beclin-1, ATG5, and LC3 proteins were
significantly upregulated in the CTX group compared with
the CON group. In contrast, the level of P62 protein was
downregulated. Similarly, BDE-209 exposure also dose-
dependently increased the levels of Beclin-1, ATG5, and
LC3 in the spleen (Figure 4I,J) and MDCC-MSB-1 cells
(Figure 4L,M), in contrast to the significant downregulation of
p62 protein levels.
3.5. BDE-209 Exposure-Induced Apoptosis in Spleen

and MDCC-MSB-1 Cells. The level of apoptosis could not be
completely revealed by observing the ultrastructure of the
spleen. Therefore, we first used TUNEL staining to evaluate

the effect of BDE-209 or CTX treatment on spleen apoptosis
in chickens. Compared with the CON group, CTX treatment
could significantly increase the ratio of TUNEL-positive cells
(green). Similarly, the ratio of TUNEL-positive cells (green) in
the spleen increased with a BDE-209 exposure dose (Figure
5A). The results of Hoechst 33342 staining showed that the
number of nuclear brightly stained cells increased with the
increase in BDE-209 exposure concentration compared with
the CON group (Figure 5B). Next, AO/EB staining was used
to observe the effect of BDE-209 on MDCC-MSB-1 cells. As
shown in the fluorescence image of Figure 5C, the normal cells
are bright green, and the apoptotic cells are orange. BDE-209
treatment could increase the ratio of apoptotic MDCC-MSB-1
cells in a dose-dependent manner. The results of the mRNA
clustering heat map of different treatment groups showed that
compared with the CON group, the mRNA levels of
proapoptotic genes Bax, Caspase-3, and Caspase-9 were
significantly upregulated by BDE-209 or CTX, while the
mRNA levels of antiapoptotic gene Bcl-2 were inhibited by
BDE-209 or CTX (Figure 5D,E). Western blotting showed the
same trend at the protein expression level, with either BDE-
209 exposure or CTX treatment downregulating the levels of
Bcl-2 protein and instead upregulating the levels of Bax,
Caspase-3, and Caspase-9 in chicken spleen (Figure 5F,G) or
MDCC-MSB-1 cells (Figure 5H,I).
3.6. NAC-Alleviated ERS, Autophagy, and Apoptosis

Induced by BDE-209 Exposure in MDCC-MSB-1 Cells. To
determine the role of ROS in BDE-209-induced MDCC-MSB-
1 cell damage, we added the ROS scavenger NAC to stimulate

Figure 5. BDE-209 exposure-induced apoptosis in the spleen and MDCC-MSB-1 cells. (A) TUNEL staining was used to detect the apoptosis rate
of spleen cells in each group. Scale bar: 200 μm. (B) Hoechst 33342 staining to detect apoptosis in MDCC-MSB-1 cells. (C) AO/EB staining to
detect apoptosis in MDCC-MSB-1 cells. (D) Heat map of mRNA clustering of apoptosis-related genes in spleen. (E) Heat map of mRNA
clustering of apoptosis-related genes in MDCC-MSB-1 cells. (F,G) Western blot analysis of the levels of apoptosis-related proteins (Bax, Caspase-3,
Caspase-9, and Bcl-2) in chicken spleen. (H,I) Western blot analysis of the levels of apoptosis-related proteins (Bax, Caspase-3, Caspase-9, and Bcl-
2) in MDCC-MSB-1 cells. The data are expressed as means ± SD. Samples indicated a statistically significant difference when represented by
distinct superscript letters (P < 0.05).
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cells in the process of BDE-209 treatment. As shown in Figure
6A, the level of ROS fluorescence in the BDE-209 + NAC
group was significantly reduced compared to the BDE-209
group. In addition, the fluorescence intensity of GRP78
(Figure 6B,D) and PERK (Figure 6C,E) proteins in the BDE-
209 + NAC group was significantly lower than that in the
BDE-209 treatment group alone. The mRNA clustering heat
map and Western blot results demonstrate significantly lower
mRNA levels of PERK, eIF2α, ATF6, CHOP, GRP78, ATF4,
and IRE1 (Figure 6F) and lower protein levels of eIF2α,

ATF6, CHOP, GRP78, and ATF4 (Figure 6G,H) in the BDE-
209+NAC group compared to the BDE-209 group. Similarly,
the fluorescence intensity of the LC3 (Figure 6I,K) and Beclin-
1 (Figure 6J,L) proteins in the group treated with BDE-209 +
NAC were significantly lower compared to the group treated
with BDE-209 alone. Compared to the BDE-209 group, the
mRNA levels of LC3, ATG5, and ATG7 in the BDE-209 +
NAC group were significantly decreased, and the mRNA
expression level of P62 was increased (Figure 6M). At the
same time, the change in protein levels detected by Western

Figure 6. NAC inhibited BDE-209-induced ERS, autophagy, and apoptosis in MDCC-MSB-1 cells. (A) ROS production in MDCC-MSB-1 cells
was detected by the DCFH-DA probe. Scale bar: 200 μm. (B,C) Typical images of immunofluorescence of GRP78 and PERK proteins in MDCC-
MSB-1 cells. Scale bar: 50 μm. (D,E) Quantification of the relative fluorescence intensity of GRP78 and PERK proteins. (F) Cluster heat map of
mRNA expression changes of ERS-related genes in MDCC-MSB-1 cells after NAC or/and BDE-209 exposure. (G,H) Western blot analysis of
ERS-related proteins (ATF6, eIF2α, CHOP, ATF4, and GRP78) in MDCC-MSB-1 cells after NAC or/and BDE-209 exposure. (I,J) Typical
images of immunofluorescence of LC3 and Beclin-1 proteins in MDCC-MSB-1 cells. Scale bar: 50 μm. (K,L) Quantification of the relative
fluorescence intensity of LC3 and Beclin-1 proteins. (M) Cluster heat map of mRNA expression changes of autophagy-related genes in MDCC-
MSB-1 cells after NAC or/and BDE-209 exposure. (N,O) Western blot analysis of autophagy-related proteins in MDCC-MSB-1 cells after NAC
or/and BDE-209 exposure. (P) Hoechst 33342 staining. Scale bar: 200 μm. (Q) AO/EB staining. Scale bar: 100 μm. (R) Cluster heat map of
mRNA expression changes of apoptosis-related genes in MDCC-MSB-1 cells after NAC or/and BDE-209 exposure. (S,T) Western blot analysis of
apoptosis-related proteins in MDCC-MSB-1 cells after NAC or/and BDE-209 exposure. (U) Schematic diagram of grouping of MDCC-MSB-1
cells treated with NAC or/and BDE-209. The data are expressed as means ± SD. Samples indicated a statistically significant difference when
represented by distinct superscript letters (P < 0.05).
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blotting was similar to that of mRNA (Figure 6N,O).
Compared with the BDE-209 group, NAC treatment
decreased the levels of autophagy-related proteins (ATG5,
ATG7, and LC3II/I) induced by BDE-209, and increased the
levels of P62 protein. In addition, the results of Hoechst 33342
staining (Figure 6P) and AO/EB staining (Figure 6Q) showed
that the numbers of apoptosis in the BDE-209 + NAC group
were significantly lower than those in the BDE-209 group.
Compared with the BDE-209 group, the mRNA (Figure 6R)
and protein (Figure 6S,T) levels of proapoptotic markers (Bax,
Caspasse-3, and Caspase-9) in the BDE-209 + NAC group

were significantly lower, while the mRNA and protein levels of
antiapoptotic index Bcl-2 were significantly increased in BDE-
209 + NAC group.
3.7. 4-PBA-Alleviated ERS, Autophagy, and Apopto-

sis Induced by BDE-209 Exposure in MDCC-MSB-1 Cells.
To demonstrate the critical role of ERS in regulating BDE-209-
induced autophagy and apoptosis in MDCC-MSB-1 cells, we
used 4-PBA, which is a potent ERS inhibitor. Immunofluor-
escence results showed that the fluorescence intensity of
GRP78 (Figure 7A,C) and PERK (Figure 7B,D) proteins in
the BDE-209 + 4-PBA group were significantly lower than

Figure 7. 4-PBA inhibited BDE-209-induced ERS, autophagy, and apoptosis in MDCC-MSB-1 cells. (A,B) Typical images of immunofluorescence
of GRP78 and PERK proteins in MDCC-MSB-1 cells. Scale bar: 50 μm. (C,D) Quantification of the relative fluorescence intensity of GRP78 and
PERK proteins. (E) Cluster heat map of mRNA expression changes of ERS-related genes in MDCC-MSB-1 cells after 4-PBA or/and BDE-209
exposure. (F,G) Western blot analysis of ERS-related proteins in MDCC-MSB-1 cells after 4-PBA or/and BDE-209 exposure. (H,I) Typical images
of immunofluorescence of LC3 and Beclin-1 proteins in MDCC-MSB-1 cells. Scale bar: 50 μm. (J,K) Quantification of the relative fluorescence
intensity of LC3 and Beclin-1 proteins. (L) Cluster heat map of mRNA expression changes of autophagy-related genes in MDCC-MSB-1 cells after
4-PBA or/and BDE-209 exposure. (M,N) Western blot analysis of autophagy-related proteins in MDCC-MSB-1 cells after 4-PBA or/and BDE-209
exposure. (O) Hoechst 33342 staining. Scale bar: 200 μm. (P) AO/EB staining. Scale bar: 100 μm. (Q) Cluster heat map of mRNA expression
changes of apoptosis-related genes in MDCC-MSB-1 cells after 4-PBA or/and BDE-209 exposure. (R,S) Western blot analysis of apoptosis-related
proteins in MDCC-MSB-1 cells after 4-PBA or/and BDE-209 exposure. (T) Schematic diagram of the grouping of MDCC-MSB-1 cells treated
with 4-PBA or/and BDE-209. The data are expressed as means ± SD. Samples indicated a statistically significant difference when represented by
distinct superscript letters (P < 0.05).
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those in the BDE-209 group. The heat map of mRNA related
to ERS demonstrated that PERK, eIF2α, ATF6, CHOP,
GRP78, ATF4, and IRE1 mRNA levels in the BDE-209 + 4-
PBA group were significantly lower than those observed in the
BDE-209 group (Figure 7E). Subsequently, the detection of
ERS-related protein levels showed that BDE-209 could
significantly increase the levels of GRP78, eIF2 α, ATF4,
ATF6, and CHOP, and most protein levels were recovered
after 4-PBA treatment (Figure 7F,G). Similarly, the fluo-
rescence intensities of LC3 (Figure 7H,J) and Beclin-1 (Figure
7I,K) proteins in the BDE-209 + 4-PBA group were
significantly lower than those in the BDE-209 treatment
group alone. The cluster heat map of autophagy-related mRNA
showed that compared with the BDE-209 group, the mRNA
levels of LC3, ATG5, and ATG7 in the BDE-209 + 4-PBA
group were significantly decreased and the mRNA levels of
P62 were increased (Figure 7L). The results of autophagy-
associated protein level detection showed that compared with
the BDE-209 group, 4-PBA treatment decreased the expression
of ATG5, ATG7, and LC3II/I induced by BDE-209, and
increased the expression of P62 protein (Figure 7M,N). Next,
we evaluated the effect of 4-PBA on BDE-209-induced
apoptosis. The results of Hoechst 33342 staining and AO/
EB staining showed that the numbers of apoptosis in the BDE-
209 + 4-PBA group were significantly lower than those in the
BDE-209 group (Figure 7O,P). Compared with the BDE-209
group, the mRNA level of proapoptotic markers (Bax, Caspase-
3, and Caspase-9) was significantly decreased, while the mRNA
level of antiapoptotic marker Bcl-2 was significantly increased
in the BDE-209 + 4-PBA group (Figure 7Q). Interestingly, the

expression at the protein level was similar to that at the mRNA
level. Compared with the BDE-209 group, the BDE-209 + 4-
PBA group could significantly upregulate the expression of Bax,
Caspase-3, and Caspase-9 and decrease the levels of Bcl-2
protein at the protein level (Figure 7R,S).
3.8. Effects of BDE-209 Exposure on ERS, Autophagy,

and Apoptosis of Primary Chicken Spleen Lympho-
cytes. The primary lymphocytes of the chicken spleen were
used to further verify whether oxidative stress, ERS, autophagy,
and apoptosis were the prerequisite factors for BDE-209-
induced spleen damage in chickens. First of all, we used a
DCFH-DA fluorescent probe to detect the level of intracellular
ROS. Compared with the CON group, the BDE-209 exposure
group induced an increase in the level of ROS in splenic
primary lymphocytes in a dose-dependent manner (Figure
8A). qRT-PCR was used to detect the levels of ERS-related
index mRNA in primary lymphocytes of a chicken spleen
treated with BDE-209 (Figure 8B). The results showed that
the mRNA levels of ATF4, IRE1, GRP78, eIF2α, ATF6,
CHOP, and PERK were gradually upregulated with the
increase of BDE-209 exposure. In addition, compared to the
CON group, the protein levels of CHOP, ATF4, ATF6,
GRP78, and eIF2α in spleen primary lymphocytes were
significantly increased in a dose-dependent manner (Figure
8C,D). The results of autophagy-related indexes showed that
the mRNA expression levels of LC3, Beclin-1, ATG7, and
ATG5 in the BDE-209 group were higher than those in the
CON group, while the mRNA level of P62 was significantly
downregulated (Figure 8E). Similarly, the protein levels of
LC3 II/I, Beclin-1, and ATG5 increased, while the protein

Figure 8. BDE-209 exposure induces oxidative stress, ERS, autophagy, and apoptosis in primary lymphocytes of the chicken spleen. (A) Detection
of the ROS level in primary lymphocytes of the chicken spleen after BDE-209 treatment by DCFH-DA staining. Scale bar: 200 μm. (B) Cluster
heat map of mRNA expression changes of ERS-related genes in primary lymphocytes of the chicken spleen after BDE-209 exposure. (C,D) Western
blot analysis of ERS-related proteins in primary lymphocytes of the chicken spleen after BDE-209 exposure. (E) Cluster heat map of mRNA
expression changes of autophagy-related genes in primary lymphocytes of the chicken spleen after BDE-209 exposure. (F,G) Western blot analysis
of autophagy stress-related proteins in primary lymphocytes of the chicken spleen after BDE-209 exposure. (H) Hoechst 33342 staining. Scale bar:
100 μm. (I) AO/EB staining. Scale bar: 100 μm. (J) Cluster heat map of mRNA expression changes of apoptosis-related genes in primary
lymphocytes of the chicken spleen after BDE-209 exposure. (K,L) Western blot analyses of apoptosis-related proteins in primary lymphocytes of
the chicken spleen after BDE-209 exposure. The data are expressed as means ± SD. Samples indicated a statistically significant difference when
represented by distinct superscript letters (P < 0.05).
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levels of P62 decreased significantly in the BDE-209-treated
group (Figure 8F,G). Hoechst 33342 and AO/EB staining
results showed that BDE-209 significantly increased the
number of apoptotic cells in a dose-dependent manner (Figure
8H,I). In addition, compared with the CON group, the mRNA
levels of Bax, Caspase-3, and Caspase-9 in BDE-209-treated
group were significantly upregulated by BDE-209, while the
mRNA levels of Bcl-2 was inhibited by BDE-209 (Figure 8J).
Western blotting showed similar results at the protein level.
BDE-209 exposure decreased the expression of Bcl-2 protein in
primary lymphocytes of the chicken spleen while significantly
increasing the protein expression of Bax, Caspase-3, and
Caspase-9 (Figure 8K,L).

4. DISCUSSION
Exposure to environmental pollutants can easily harm the
immune system. After BDE-209 is absorbed into the body, it
can not only accumulate in tissues with blood circulation but
also form low-bromine compounds through debromination
metabolism, thus showing stronger toxic effects.31,43 In
addition, BDE-209 induces cytotoxicity by altering cell
membrane parameters and interfering with the cell membrane
ligand−receptor network homeostasis. Feng et al. have found
that exposure to BDE-209 during pregnancy and lactation can
damage the immune function of rats.44 Exposure to BDE-209
caused pathological damage to the spleen and altered humoral
and cellular immunity indices in mice.45 In this experiment, the
BDE-209 exposure model was first utilized to compare with
the immunosuppressive positive drug model induced by
intramuscular injection of CTX, which demonstrated that
BDE-209 exposure could induce spleen damage and suppress
immune function in chickens. Second, the regulatory
mechanism of BDE-209-induced splenic injury was further
investigated by MDCC-MSB-1 cells and the chicken spleen
primary lymphocyte BDE-209 exposure model. The results
showed that BDE-209 exposure induced increased ROS
production, ER swelling, and increased autophagy and
apoptosis in chicken lymphocytes. In addition, the use of
ROS scavenger (NAC) and ERS inhibitor (4-PBA) signifi-
cantly reduced the occurrence of ERS, autophagy, and
apoptosis in lymphocytes.

The essence of oxidative stress is an imbalance between the
generation of ROS and the neutralizing capacity of the
antioxidant enzymes. Exposure to environmental pollutants
can result in oxidative stress-induced damage in multiple
organs throughout the body. Yang et al. demonstrated that
exposure to BDE-209 led to a decrease in SOD and CAT
activities, as well as an increase in ROS and MDA levels in
broiler liver tissue.46 BDE-209 disrupts the balance between
oxidation and antioxidant systems in the mouse colon and
ileum by elevating levels of MDA and ROS and reducing
antioxidant enzyme activity.47 Similar to the results of previous
studies, we found that BDE-209 exposure increased the MDA
content and decreased antioxidant enzyme activity in chicken
spleen and MDCC-MSB-1 cells. BDE-209 increased the level
of production of ROS in MDCC-MSB-1 cells and splenic
primary lymphocytes, and NAC treatment could significantly
reduce the level of production of ROS in MDCC-MSB-1.
Therefore, our results indicate that BDE-209 exposure can
induce oxidative stress in the chicken spleen and increase ROS
production in lymphocytes.

The ER plays a significant role in the immune response. The
initiation and maintenance of an optimal immune response

require efficient protein synthesis, folding, modification, and
leukocyte transport, all of which require the ER to participate
in coordination. Previous studies have reported that potent
zinc activates immunogenic cell death through ROS-mediated
ERS.48 NH3 exposure-induced splenic injury in pigs has also
been elucidated about oxidative stress-mediated ERS.49 In this
study, TEM showed that BDE-209 exposure could cause
swelling of the ER in the chicken spleen. In addition, BDE-209
exposure significantly upregulated the expression levels of ERS-
related markers in the spleen and lymphocytes. This may be
due to the fact that BDE-209 exposure triggers ROS
overaccumulation increasing the number of misfolded proteins
in the ER, which in turn leads to the occurrence of ERS and
impairment of organelle function.50 Similarly, both the
brominated flame retardants BDE-47 and DBDPE were able
to upregulate the expression of ERS-related marker genes in
cells by inducing ROS accumulation.51,52 Thus, it is speculated
that ERS could be a shared biological impact of diverse
brominated flame retardants. Interestingly, NAC or 4-PBA
treatment significantly reduced the upward trend of ERS-
related genes. This further confirms that BDE-209 exposure
triggers ERS in the spleen via the ROS pathway.

There is a complex link between ERS and autophagy.
Autophagy will be activated when the amount of misfolded or
unfolded proteins in the cell exceeds the ability of enzymes to
degrade them. In this study, TEM observations revealed that
exposure to BDE-209 increased the proportion of autophago-
somes. In addition, BDE-209 treatment altered the expression
levels of intracellular autophagy-related factors LC3, P62,
ATG5, ATG7, and Beclin-1 genes. These results suggest that
exposure to BDE-209 activates autophagy in the spleen and
lymphocytes. In addition to detecting changes in autophagy-
related metrics, we also evaluated the relationship between
ERS and autophagy in the presence of BDE-209. It has been
shown that PERK and its downstream factors ATF4 and
CHOP can stimulate autophagy and degrade proteins to
counter ERS-induced cytotoxicity.53 In contrast, IRE1 was
shown to inhibit the activation of autophagy in the ERS state.24

In the study presented here, BDE-209 exposure significantly
increased the gene expression levels of PERK, ATF4, CHOP,
and IRE1. NAC and 4-PBA pretreatment not only significantly
inhibited ERS levels but also significantly inhibited the increase
in autophagy. This suggests that ERS may be the upstream
mechanism of BDE-209-induced autophagy rather than
inhibition, which may be due to the dominant role of the
PERK pathway in autophagy regulation.23 Li et al. demon-
strated that GRP78 and Beclin-1 proteins play important roles
in ERS-induced autophagy.54 Activated ATF6 protein regulates
the expression of downstream autophagy-related genes during
ERS, leading to the activation of the autophagy pathway, which
triggers hepatic steatosis.55 In our study, BDE-209 exposure
significantly increased the expression levels of GRP78, Beclin-
1, and ATF6, which may also be an important factor in the
increase in autophagy induced by BDE-209 exposure.
Furthermore, previous studies reported that BDE-209 exposure
induced autophagy in HUVEC cells via the ERS pathway,
which is consistent with our results.12 Thus, our results suggest
that BDE-209 treatment can activate cellular autophagy via the
ROS-mediated ERS pathway.

ERS has been shown to be involved in the regulation of
programmed cell death and plays an important role in the
development of various diseases or injuries. As an adaptive
mechanism, mild ERS helps to restore ER homeostasis to
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promote cell survival. However, excessive ERS can lead to
apoptosis.54 In this study, TEM results showed nuclear
membrane crumpling, increased electron density, incomplete
mitochondrial cristae, and the presence of apoptotic vesicles in
the BDE-209 group. BDE-209 exposure significantly upregu-
lated the expression levels of apoptosis-related genes. The
above results were also validated in the previously reported
results of PBDE-induced apoptosis and injury of immune
cells.56 In addition to detecting changes in apoptosis-related
indicators, we also evaluated the relationship between ERS and
apoptosis. Interestingly, treatment with either NAC or 4-PBA
significantly alleviated apoptosis. The possible reason for this is
that Bax and Bcl-2 can be involved in sensing ER homeostasis,
and ERS occurs when the expression of Bax and Bcl-2 is
interfered with and apoptosis is induced. The other reason is
that after BDE-209 exposure, PERK, IRE1, and ATF6 receptor
factors are activated in lymphocytes, which segregate from
GRP78. IRE1α can induce apoptosis by promoting the
activation of the relevant signaling pathways, and PERK can
increase the translation of ATF4 or ATF6 by phosphorylating
eIF2α, which can activate the transcription of CHOP genes to
promote cellular apoptosis.57 In conclusion, the results of this
study suggest that BDE-209 exposure can induce apoptosis
through the ROS-mediated ERS pathway.

Autophagy, as a cellular self-protection mechanism, plays an
important role in regulating cell survival and death. The
crosstalk between autophagy and apoptosis has also been
elucidated in several studies. During myogenic differentiation,
increased apoptosis activates autophagy, which is enhanced to
prevent excessive apoptosis and maintain cell stability.58

Cr(VI) exposure can induce crosstalk between apoptosis and
autophagy in A549 cells by triggering ERS.59 Undeniably,
given the complexity of the molecular interactions, further
experiments are needed to determine the specific modes of
regulation between autophagy and apoptosis under BDE-209
exposure. In conclusion, the present results of this study
indicate that BDE-209 treatment can activate autophagy and
apoptosis in the chicken spleen and lymphocytes via the ROS-
mediated ERS pathway. These results not only partially
revealed the toxicological mechanism of BDE-209-induced
splenic injury in avian species but also provided new references
for further studies on the toxicity mechanism of BDE-209 on
avian immune organs as well as the protection of ecological
environment and animal health.
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