JOURNAL OF ENVIRONMENTAL SCIENCES 148 (2025) 13-26

Available online at www.sciencedirect.com E :

ScienceDirect JOURNAL OF

ENVIRONMENTAL
SCIENCES

www.elsevier.com/locate/jes www.jesc.ac.cn

Research Article

Selenium deficiency exacerbates ROS/ER stress
mediated pyroptosis and ferroptosis induced by
bisphenol A in chickens thymus

Kun Wang', Xu Shi’, Hongjin Lin’, Tong Xu’*, Shiwen Xu»%*

1 College of Veterinary Medicine, Northeast Agricultural University, Harbin 150030, China
2Key Laboratory of the Provincial Education Department of Heilongjiang for Common Animal Disease Prevention

and Treatment, China

ARTICLE INTFO

Article history:

Received 19 October 2023
Revised 10 January 2024
Accepted 10 January 2024
Available online 18 January 2024

Keywords:

Bisphenol A
Selenium deficiency
ROS/ER stress
Pyroptosis
Ferroptosis

Thymic injury

ABSTRACT

Bisphenol A (BPA) is an industrial pollutant that can cause immune impairment. Selenium
acts as an antioxidant, as selenium deficiency often accompanies oxidative stress, resulting
in organ damage. This study is the first to demonstrate that BPA and/or selenium deficiency
induce pyroptosis and ferroptosis-mediated thymic injury in chicken and chicken lym-
phoma cell (MDCC-MSB-1) via oxidative stress-induced endoplasmic reticulum (ER) stress.
We established a broiler chicken model of BPA and/or selenium deficiency exposure and
collected thymus samples as research subjects after 42 days. The results demonstrated that
BPA or selenium deficiency led to a decrease in antioxidant enzyme activities (T-AOC, CAT,
and GSH-Px), accumulation of peroxides (H,0, and MDA), significant upregulation of ER
stress-related markers (GRP78, IER 1, PERK, EIF-2«, ATF4, and CHOP), a significant increase in
iron ion levels, significant upregulation of pyroptosis-related gene (NLRP3, ASC, Caspasel,
GSDMD, IL-18 and IL-18), significantly increase ferroptosis-related genes (TFRC, COX2) and
downregulate GPX4, HO-1, FTH, NADPH. In vitro experiments conducted in MDCC-MSB-1
cells confirmed the results, demonstrating that the addition of antioxidant (NAC), ER stress
inhibitor (TUDCA) and pyroptosis inhibitor (Vx765) alleviated oxidative stress, endoplasmic
reticulum stress, pyroptosis, and ferroptosis. Overall, this study concludes that the com-
bined effects of oxidative stress and ER stress mediate pyroptosis and ferroptosis in chicken

thymus induced by BPA exposure and selenium deficiency.
© 2024 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction

Bisphenol A (BPA) is a commonly encountered organic com-
pound in industrial settings, often utilized in the synthesis
of production such as polycarbonate (PC) and epoxy resins
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(Rochester, 2013). Extensive research has demonstrated the
widespread presence of BPA in our living environment, with
the highest recorded residual concentration in air reach-
ing 2454 pg/m3 (Graziani et al, 2019). Concerningly, nu-
merous studies have indicated that BPA poses a significant
threat to human health primarily through dietary exposure.
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The highest detected residues of BPA have been reported
48 ng/g in peas (Noonan et al., 2011), 30 ng/g in green beans
(Noonan et al, 2011), and 82 ng/g in corn (Yoshida et al,,
2001). However, the greater concern lies in the residues found
in canned foods. Epoxy resins and polyvinyl chloride or-
ganic solvents are commonly used as inner linings in cans
to prevent direct contact between the metal surface and the
food, thereby protecting the cans from corrosion (Cao et al,,
2011). In Canada (Cao et al,, 2010), the highest recorded BPA
residue in canned food reached 534 ng/g, in the United States
(Noonan et al.,, 2011) it was 730 ng/g, and in Japan, this
alarming figure reached a staggering 842 ng/g (Sajiki et al,,
2007). These data surpass the tolerable daily intake of BPA
mentioned in the risk assessment published by the Euro-
pean Food Safety Authority, which is 50 pg/kg. BPA contam-
ination has become an integral part of our daily lives that
cannot be ignored. BPA exhibits neurotoxicity (Ha and Sny-
der, 1999), reproductive toxicity (Mir et al., 2020), hepatotox-
icity (Chen et al., 2022b), and immunotoxicity (Qian et al,,
2023). Furthermore, Qian et al. (2023) study reveals that BPA
exposure can cause immune damage in zebrafish. The re-
search conducted by Rochester et al. (2013) indicates that
exposure to BPA can disrupt signal pathway transduction
and stimulate the activity of inflammasomes in human
bone marrow cells. Another study demonstrates that BPA in-
duces NLRP3/caspasel/GSDMD pathway activation, leading
to pyroptosis in human neuroblastoma cells. Additionally,
Chen et al. (2023) reveals that BPA induces abnormal devel-
opment of mouse fetal hearts by promoting ferroptosis.
Oxidative stress is a pathological process in which the re-
dox balance is disrupted in cells following external stimuli,
leading to cellular damage and death (Geethika et al., 2023).
Extensive research has indicated that oxidative stress can in-
duce apoptosis, necroptosis (Wang et al., 2022b), pyroptosis
(Song et al.,, 2021), and ferroptosis (Han et al., 2022) in cells,
causing tissue damage and impacting biological functions.
Upon disruption of the intracellular redox balance, a signifi-
cant accumulation of difficult-to-clear reactive oxygen species
(ROS) occurs, leading to alterations in protein folding and
triggering endoplasmic reticulum (ER) stress (Tripathi et al.,
2022). Extensive research has demonstrated that an overload
of ROS within cells can induce endoplasmic reticulum stress
(Li et al., 2023; Wang et al., 2022a). Oxidative stress-mediated
ER stress is closely associated with pyroptosis. The research
conducted by Shi et al. demonstrates that particulate mat-
ter exposure regulates ER stress and NLRP3 inflammasome-
mediated pyroptosis in mouse lungs through the Nrf2/HO-
1/NQO1 pathway (Shi et al., 2023). Similarly, the crosstalk be-
tween ER stress and oxidative stress in the hippocampus of
mice can lead to neuronal pyroptosis (Zhang et al., 2020).
Moreover, research has demonstrated the regulatory role of
oxidative stress-mediated ER stress in ferroptosis. Lan et al.’s
research indicates that Saikosaponin A triggers ferroptosis
in hepatocellular carcinoma cells through oxidative stress-
mediated ER stress, stimulated by ATF3 expression (Lan et al.,
2023). Additionally, Ma et al. demonstrate that silica induces
macrophage ferroptosis by modulating oxidative stress/ER
stress in mice. Similarly, Pu et al’s study suggests that a
high-potassium environment in cells can alleviate the occur-

rence of ferroptosis by inhibiting oxidative stress/ER stress
(Pu et al., 2022).

As an essential trace element in biological processes, se-
lenium plays an irreplaceable role in the organism through
the circulatory system (Yang et al., 2022), digestive system
(Xiao et al., 2021), urinary system (Chen et al., 2022a), and im-
mune system (Liu et al., 2023b). Mice fed with a low-selenium
diet exhibit a significant decrease in thymus index and an in-
crease in inflammatory levels (Li et al., 2018). The study also
indicates a reduction in G1/G2 phase cells and an increase in
serum IL-2 levels in thymus tissue (Peng et al., 2011). Addition-
ally, Chen et al. (2022a) reveals that selenium deficiency can in-
duce autophagy in chicken kidneys induced by BPA. However,
(1) Whether the exposure of BPA and Se deficiency can induce
chicken thymus injury through oxidative stress and endoplas-
mic reticulum stress. (2) Whether BPA exposure and Se defi-
ciency can induce thymus tissue injury by inducing pyroptosis
and ferroptosis in the thymus lymphocyte. (3) Whether oxida-
tive stress and ER stress mediate pyroptosis and ferroptosis in
the thymus lymphocyte. (4) Whether the combined toxicity of
BPA and selenium deficiency co-exposure is greater than that
of single exposure was unclear. Therefore, our study aims to
investigate the mechanisms of oxidative stress-mediated ER
stress/pyroptosis and ferroptosis induced by combined expo-
sure to BPA and selenium deficiency. To achieve this, we es-
tablished Se deficiency or/and BPA exposure models in broiler
chickens and MDCC-MSB-1 cells. We assess the content of
peroxide MDA and H202, antioxidant enzymes T-AOC, SOD,
and GSH-Px. We also measured the iron ion content in thy-
mus tissues and MDCC-MSB-1 by iron assay kits and free or-
ange staining. The membrane potential of mitochondria was
explored using JC-1 staining. Immunofluorescence was used
to evaluate the levels of pyroptosis in tissue and cellular. Fur-
thermore, we detect the expression of ER stress-related genes
(GRP78, IRE1, PERK, EIF-2«, ATF4, CHOP), ferroptosis-related
genes (GPX4, TRC, HO-1, FTH, COX2, NADPH), and pyroptosis-
related genes (NLRP3, ASC, Caspasel, GSDMD, IL-18, IL-18) at
both the mRNA and protein levels. This research aims to eluci-
date the mechanisms of damage in the broiler chicken thymus
caused by BPA and selenium deficiency exposure and provides
reliable evidence for immune damage caused by BPA and se-
lenium deficiency.

1. Material and method
1.1. Main materials

BPA (Cas:80-05-7, purity>99.0%) was purchased from Mack-
lin reagent company; Na,SeO3 (Cas: GB8254-87, purity>98%)
was purchased from Chengdu Longquan Trace Elements Fac-
tory; RPMI-1640 (Cas: PM150110), Fetal bovine serum (VivaCell,
Shanghai, China) was purchased from Priscilla Reagent Com-
pany; NAC (Sigma, A7250), TUDCA (35807-85-3) was purchased
from sigma Reagent Company; Vx765 (52228) was purchased
from Selleckchem Reagent Company.
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1.2. Animal treatment

The Northeast Agricultural University Ethics Committee
(NEAUEC2023-03,111, China) gave its approval to all exper-
imental methods. Sixty one-day-old chicks were randomly
divided into four groups purchased from Harbin Xinghua
breeder farm (15 chicks per group): Control group (BPA:
0 pg/kg; Selemiun (Se): 0.278 mg/kg), BPA group (BPA: 50 pg/kg;
Se: 0.278 mg/kg), -Se group (BPA: 0 pg/kg; Se: 0.039 mg/kg), and
BPA-Se group (BPA: 50 pg/kg; Se: 0.039 mg/kg). BPA and/or Se
were uniformly mixed into the daily feed. The chicks were pro-
vided with free access to water and feed, and all other growth
conditions were kept constant except for the diet. After 42
days, the chicks were euthanized, and fresh thymus tissues
were collected and stored at —80 °C. Additionally, tissue blocks
measuring 1 cm*1 cm*1 cm were fixed in 4% polyformalde-
hyde for subsequent experiments.

1.3.  HE staining

Fixed thymus tissue embedded in a formaldehyde solution
was trimmed to obtain a 1.0 cm * 1.0 cm * 0.3 cm thick tis-
sue block. Dehydration was performed using various alcohol
concentrations, followed by clearing in xylene, embedding in
paraffin, and sectioning using a microtome to obtain 5 pm thin
slices. The sections were stained with hematoxylin and eosin,
and the slides were observed under an optical microscope.

1.4.  Transmission electron microscope (TEM)

Fresh thymus tissue was cut into 0.3 cm * 0.3 cm * 0.3 cm
cubes and placed in a 2.5% glutaraldehyde solution (Beyotime)
at 4 °C overnight. After washing with phosphate buffer three
times, the tissue was fixed with 1% osmium tetroxide for 2 hr.
Dehydration was performed using different concentrations of
alcohol, and the tissue was then sectioned into slices smaller
than 80 nm using a microtome. The sections were mounted
on copper grids and stained with uranyl acetate and lead cit-
rate before observation and photography using a TEM (JEOL
GEM-1200ES).

1.5. Cell viability assessment and group culturing

MDCC-MSB-1 cells were cultured in a CO, incubator main-
tained at 37 °C with 5% CO,. The medium was changed ev-
ery 24 hr, and passaging was performed every 48 hr. The Cell
CountingKit-8 (CCK-8) assay was used to measure the viability
of MDCC-MSB-1 cells in response to BPA treatment. A total of
1.0 x 10° cells were seeded in each well of a 96-well plate and
treated with culture medium containing different concentra-
tions of BPA. After 24 hr, 10 pL of CCK-8 reagent was added to
each well, and the plate was incubated at 37 °C for 30 min. The
absorbance of each well was then measured at a wavelength
of 450 nm using an Epoch microplate reader. BPA was diluted
in dimethyl sulfoxide (DMSO) and stored at 4 °C (Wang et al.,
2023b). The concentrations of BPA in the culture medium were
10, 20, 30, 50, 100, 200, 300, and 500 pmol/L, with a DMSO con-
tent of less than 0.1%. Based on the results, a concentration of
50 pmol/L was selected for the subsequent experiments.

The control group was cultured in a basal medium com-
posed of 1640 supplemented with 1% fetal bovine serum (FBS),
10 pg/mL insulin, 5 pg/mL transferrin, and 50 ng/mL Na,SeOs.
The BPA group was cultured in the basal medium supple-
mented with 50 pmol/L BPA. The low selenium group was cul-
tured in a low selenium medium composed of 1640 supple-
mented with 1% FBS, 10 pg/mL insulin, and 5 pg/mL transfer-
rin. The low selenium + BPA group was cultured in the low se-
lenium medium supplemented with 50 pmol/L BPA. The low
selenium + BPA + NAC group was cultured in the low selenium
medium supplemented with 50 pmol/L BPA and 20 pmol/L
NAC. The low selenium + BPA + Vx765 group was cultured in
the low selenium medium supplemented with 50 pmol/L BPA
and 30 pmol/L Vx765. The low selenium + BPA + TUDCA group
was cultured in the low selenium medium supplemented with
50 pmol/L BPA and 300 pmol/L TUDCA.

1.6.  Immunofluorescence staining

To assess the extent of pyroptosis in thymic tissue, we per-
formed dual immunofluorescence staining on thymic tissue
and MDCC-MSB-1 cells. The specific method was referenced
from the article by Professor Xu et al. For primary antibodies,
we used rabbit monoclonal antibodies against NLRP3 (1:200,
Wanlei) and GSDMD (1:200, Bioss bs-14287R). For secondary
antibodies, we used Dlight 594-conjugated anti-rabbit IgG
(1:500) and Dlight 488-conjugated anti-rabbit IgG (1:500, Bio-
dragon). DAPI staining (1:500, Beyotime, China) was used to la-
bel the cell nucleus. Fluorescent images were captured using
a fluorescence microscope, and the fluorescence intensities
of NLRP3 and GSDMD were analyzed using Image J (Lei et al,,
2023).

1.7.  Detection of selenium content in thymus

The selenium content in thymus tissue and feed was mea-
sured using inductively coupled plasma mass spectrometry
(ICP-MS). 1 g thymus tissue was weighed and freeze-dried,
then ground into a fine powder. The powdered samples were
then mixed with 6 mL of nitric acid and subjected to mi-
crowave digestion. After cooling and acid evaporation to 1 mL,
the solution was diluted to a final volume of 50 mL using
deionized water. The selenium content in the prepared sam-
ples was quantitatively analyzed using an ICP-MS instrument
(iCAPQ, Thermo, USA).

1.8.  Detection of BPA content in thymus

Take 0.1 g of thymus tissue, grind and homogenize it, cen-
trifuge at 3500 r/min for 10 min, and collect the supernatant.
BPA assay kit for detecting the content of BPA in the thymus
(Chenglin, Beijing).

1.9.  Detection of oxidative stress

Take 0.1 g of fresh thymus tissue from each group of chicken
breasts, add 1 mL of physiological saline for grinding. Each
group of the above-mentioned grouped cells contains 10°
cells. Perform sonication and centrifuge at 4 °C (4000 r/min,
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15 min). Take the supernatant for the determination of ox-
idative stress-related enzyme activity. Use the Thermo Perox-
idase (TP, A045-2-2, Nanjing Jiancheng, USA) method to detect
the total protein concentration (Wang et al., 2023a). Calculate
the activities of antioxidant enzymes such as GSH-PX (A005-
1-2), T-AOC (A015-2-1), and CAT (A007-1-1). Measure the levels
of MDA (A007-1-1) and H202 (A007-1-1) as indicators of lipid
peroxidation and hydrogen peroxide content, respectively.

1.10. Detection of tissue iron content and lactate
dehydrogenase (LDH)

After the aforementioned processing of the thymus tissue
according to 2.9, collect the supernatant. Calculate the iron
content in the thymus tissue (A039-2-1, Nanjing Jiancheng,
China) and measure the activity of lactate dehydrogenase
(LDH) (A020-1-2) based on the total protein concentration in
the supernatant.

1.11. Detection of ROS level

After the aforementioned treatment for 24 hr, the oxidative
stress levels of the cells in each group were assessed using a
ROS assay kit (E11-004-1, Nanjingjiancheng, China) (Li et al,,
2024). The cells were placed under a fluorescence microscope,
and three random fields of view were selected for photogra-
phy. The obtained images were analyzed using Image ] soft-
ware to quantify the fluorescence intensity of the cells in each

group.

1.12.  Detection of cellular mitochondrial function

We used JC-1 as a fluorescent probe and utilized the A¥Ym
Detection Kit (Beyotime Biotechnology) to measure the mito-
chondrial membrane potential of the cells in each group men-
tioned above. A decrease in mitochondrial membrane poten-
tial indicates mitochondrial dysfunction. After the aforemen-
tioned cell treatments, the cells were washed twice with PBS.
Then, 250 nmol/L MitoTracker Green dye was added to each
well and incubated for 30 min. The cells were observed under
a fluorescence microscope, and three random fields of view
were selected for photography. The acquired images were an-
alyzed using Image J software to quantify the fluorescence in-
tensity of the cells in each group.

1.13.
content

FerroOrange staining for the detection of cellular Fe?*

After the aforementioned treatment for 24 hr, the cellular iron
ion content in each group was measured using the FerroOr-
ange detection kit (Tongren F374). The culture medium was
removed, and the cells were washed three times with HBSS
solution. Then, 1 pmol/L FerroOrange working solution was
added to the cells and incubated at 37 °C in a 5% CO, incuba-
tor for 30 min. The cells were observed under a fluorescence
microscope.

1.14. RNA preparation and RT-PCR

Extracting total RNA from 0.1 g of thymus tissue and reverse
transcription of mRNA for cDNA Synthesis using reverse tran-

scription kit. Amplification of cDNA using LineGene9600Plus
Detection System, with Primer Design using Online Primer De-
sign Software (Appendix A Table S1) and preparation of Mas-
ter Mix with SYBR Green fluorescent dye (BSB25L1 B, BioFlux)
(Zhang et al., 2022). g-actin is a stable housekeeping gene.

1.15. Western blot

Collect 0.1 g of thymus tissue from each group or harvest 10°
cells from each group after 24 hr. Add 500 pL of protein lysis
buffer (Beijing Solarbio Science & Technology Co.Ltd., China)
and 5 pL of PMSF protease inhibitor mixture to extract total
cellular proteins. The protein samples from each group were
analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Li et al., 2023). To digest the cellu-
lose membrane, they were incubated overnight with primary
antibodies (Appendix A Table S2), followed by washing with
TBST and incubation with anti-rabbit IgG secondary antibody
at room temperature in the dark for 2 hr. After washing three
times with TBST, the gels were scanned using a gel imaging
system, and the grayscale values of each protein band were
analyzed using Image ] software.

1.16. Date analysis

All experiments were performed in triplicate, and the data ob-
tained were statistically analyzed using GraphPad Prism 9.3.0.
One-way analysis of variance (ANOVA) was used to analyze
the data from all groups on multiple dates, and the results
were presented as mean =+ standard deviation (mean + SD). In-
dependent samples were compared between the two groups.
Different letters represent significant diversity between dif-
ferent groups, with statistical significance (p < 0.05) (Lv et al,,
2023).

2. Results

2.1.  Establish models of BPA and/or low selenium in
vitro/vivo

As shown in Fig. 1A, we observed the morphology of thymus
tissue through HE staining. The control group showed clear
corticomedullary demarcation and well-defined medullary
trabeculae. However, the BPA group displayed disrupted
medullary structure with cell exfoliation (indicated by black
arrows). The -Se group exhibited congestion at the corti-
comedullary junction with red blood cell infiltration (indicated
by arrows). In the BPA-Se group, there was no intact corti-
cal structure, and the medullary architecture was disordered
(highlighted by black arrows). These findings indicate that BPA
exacerbates thymic injury induced by -Se.

To verify the success of the model establishment, we tested
the levels of BPA and Se in the chicken thymus as shown in
Fig. 1B. In the BPA group, the BPA content in the thymus was
1.74 pg/L, significantly higher than the Control group and -Se
group (p < 0.05). However, in the BPA-Se group, the BPA con-
tent in the thymus was 3.24 ng/L, significantly higher than the
BPA group (p < 0.05). In Fig. 1C, the -Se group had a selenium
content of 0.080 mg/kg, significantly lower than the Control
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Fig. 1 - Results of HE staining, selenium content and BPA levels in thymus, and the effect of BPA on MDCC-MSB-1 cell

viability. (A) The results of the HE staining showed varying degrees of thymic tissue damage in different groups. The black
arrows indicate the extent of thymic injury observed in the samples Scale bar: 50 pm and 100 pm. (B) BPA content (pg/L) in
chicken thymus of each group (n = 3). (C) Se content (mg/kg) in chicken thymus of each group (n = 3). (D) Viability of
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pmol/L, 300 pmol/L, 500 pmol/L) (n = 3). Note: The same letter represents no significant difference between groups (p >
0.05), while different letters represent significant differences between groups (p < 0.05), ns: Represent there was no
significant differences compared to the control group (p > 0.05), *: Represent significant differences compared to the control
group (p < 0.05), ***: The BPA concentration was chosen for subsequent experiments and has significant differences
compared to the control group (p < 0.01), ****: Represent significant differences compared to the control group (p < 0.001).

MDCC-MSB-1: Chicken lymphoma cells.

group (p < 0.05). Interestingly, in the BPA-Se group, the thymus
selenium content was 0.051 mg/kg, significantly lower than
the -Se group (p < 0.05). These results indicate that low se-
lenium exacerbates the accumulation of BPA in the thymus,
and simultaneously, BPA interferes with the uptake of trace
elements in the thymus.

In vitro model establishment, the CCK8 assay was used to
assess the toxicity of BPA on MDCC-MSB-1 cells. According to
Prism calculations, the IC50 of BPA is 285.1 pmol/L (with a 95%
confidence interval of 238.6 pmol/L to 350.2 pmol/L). As shown
in Fig. 1D, at a BPA concentration of 50 pmol/L, the cell viability
was measured to be 80.87%. This concentration was used for
the next step of the experiment.

2.2.  BPA exacerbates selenium deficiency-induced
oxidative stress in chicken thymus

Oxidative stress results from an imbalance in the redox sys-
tem caused by an increase in intracellular ROS and a decrease

in antioxidant enzyme activity, leading to the promotion of
disease occurrence and development. Firstly, we measured the
levels of ROS through the activities of antioxidant enzymes
and the peroxide in the chicken thymus homogenate. The
results demonstrated that in Fig. 2A, compared to the con-
trol group, both the BPA and Se groups exhibited significantly
reduced activities of antioxidant enzymes (T-AOC, CAT, and
GSH-Px) and significantly increased levels of ROS (MDA and
H,0,) (p < 0.05). Meanwhile, the co-treated group showed sig-
nificantly more pronounced changes compared to the individ-
ually exposed group (p < 0.05). Similar results were observed
in the in vitro model (Fig. 2B).

Additionally, the DCFH-DA staining of MDCC-MSB-1 cells,
as shown in Fig. 2C-D, revealed that the intracellular fluores-
cence intensity increased significantly in both the BPA and -
Se individually exposed groups when compared to the Con-
trol group. Furthermore, the co-exposure group exhibited a
more significant increase in intracellular fluorescence inten-
sity compared to the individually exposed groups. Moreover,
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Fig. 2 - Determination of antioxidant enzymes viability and peroxides content in chicken thymus tissues and MDCC-MSB-1,
and determination of ROS level in MDCC-MSB-1: (A) Quantitative analysis of antioxidant enzymes (T-AOC, CAT, GSH-Px) and
peroxides (MDA, H,0,) in homogenates of chicken thymus tissues (n = 3). (B) Measurement of antioxidant enzymes (T-AOC,
CAT, GSH-Px) and peroxides (MDA, H,0,) in MDCC-MSB-1 cells (n = 3). (C) Fluorescence images of intracellular reactive
oxygen species (ROS) detected using DCFH-DA probe in different groups (Control, NAC, BPA, -Se, BPA-Se, BPA-Se+NAC) of
MDCGC-MSB-1. (D) Quantification of fluorescence intensity in each group of cells (n = 3). Note: The same letter represents no
significant difference between groups (p > 0.05), while different letters represent significant differences between groups (p
< 0.05). MDCC-MSB-1: Chicken lymphoma cells; T-AOC: Total antioxidant capacity; CAT: Catalase; GSH-Px: Glutathione
peroxidase; MDA: Malonic dialdehyde; H,0,: Hydrogen peroxide; ROS: Reactive oxygen species.

the addition of N-acetylcysteine (NAC) significantly reduced
the fluorescence levels in the BPA-Se co-exposure group,
Therefore, for the subsequent experiments, NAC was used as
an antioxidant.

2.3. BPA exacerbates ER stress and apoptosis induced by
selenium deficiency in chicken thymus tissue

Aberrant overexpression of NLRP3 and GSDMD proteins serves
as markers for pyroptosis, thus we examined the expres-
sion levels of these two proteins from different perspectives.
Compared to the Control group, the fluorescence intensity of
NLRP3 (in red) and GSDMD (in green) significantly increased

in the BPA or -Se individually exposed groups (Fig. 3A-B) (p
< 0.05). Furthermore, the fluorescence intensity in the co-
exposure group showed a significant increase compared to the
individually exposed groups (p < 0.05). The activity of lactate
dehydrogenase (LDH), a soluble marker of pyroptosis, was as-
sessed in the homogenate of chicken thymus tissues using an
LDH assay kit. The results (Fig. 3C) revealed that, compared to
the Control group, the LDH activity increased significantly in
the individually exposed groups (p < 0.05). Additionally, in the
co-exposure group, LDH activity showed a significant increase
compared to the individually exposed groups (p < 0.05). From
both mRNA (Fig. 3G) and protein (Fig. 3E) perspectives, the ex-
pression of pyroptosis-related genes (NLRP3, ASC, Caspase-1,
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GSDMD, IL-18, and IL-1p) significantly increased in the BPA or
groups (p < 0.05). Furthermore, in the co-exposure group, the
expression of these genes showed a significant increase com-
pared to the individually exposed groups (p < 0.05).

ER stress refers to the inhibition of protein folding within
the cell, leading to protein accumulation or abnormal folding,
which is widely present in cellular pathological conditions. As
shown in the figures, compared to the Control group, the ex-
pression of ER-related genes (GRP78, IER1, PERK, EIF-2¢, ATF4,
and CHOP) significantly increased in the BPA or -Se groups in
the mRNA (Fig. 3F) and protein (Fig. 3D) levels (p < 0.05). Fur-
thermore, in the co-exposure group, the expression of these
genes showed a significant increase compared to the individ-
ually exposed groups (p < 0.05).

2.4.  BPA aggravates selenium deficiency-induced
pyroptosis in MDCC-MSB-1 cells through ROS/ER stress

To investigate the relationship among oxidative stress, ER
stress, and pyroptosis, we employed MDCC-MSB-1 cells as the
experimental model. Immunofluorescence results (Fig. 4A-B)
revealed that compared to the Control group, the fluorescence
intensity of NLRP3 and GSDMD significantly increased in the
groups exposed to BPA or -Se alone (p < 0.05). Moreover, the
co-exposure group exhibited a significant increase in fluores-
cence intensity compared to the single-exposure groups (p <
0.05). Compared to the Control group, the groups exposed to
BPA or -Se alone showed significant upregulation of ER stress-
related genes (GRP78, IER1, PERK, EIF-2«, ATF4, and CHOP and
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MDCC-MSB-1: Chicken lymphoma cells.

pyroptosis-related genes (NLRP3, ASC, Caspasel, GSDMD, IL-
18, and IL-1B) at both mRNA and protein levels (p < 0.05). Ad-
ditionally, compared to the single-exposure groups, the co-
exposure group exhibited a significant elevation of the related
genes at both mRNA (Fig. 4E-H) and protein levels (Fig. 4C-D)
(p < 0.05).

To investigate the crosstalk between oxidative stress, ER
stress, and apoptosis. For this purpose, we established three
treatment groups: the BPA-Se+TUDCA group, BPA-Se+Vx765
group, and BPA-Se+NAC group. Detect the expression of ER
stress-related genes and pyroptosis-related genes at different
levels in each group. Treatment with the ER stress inhibitor

(TUDCA) and the pyroptosis inhibitor (Vx765) remarkably re-
duced the fluorescence intensity induced by joint exposure to
BPA and Se deficiency (p < 0.05). Meanwhile, the results re-
vealed that both NAC and TUDCA treatments significantly al-
leviated the upregulation of ER stress and pyroptosis-related
genes induced by combined exposure in mRNA (Fig. 5C-G)
and protein levels (Fig. 5H-K) (p < 0.05). VX765 treatment.
On the other hand, effectively mitigated the upregulation of
pyroptosis-related genes (p < 0.05) induced by combined ex-
posure but did not alleviate changes in ER stress-related genes
in the mRNA (Fig. 5C-E) and protein levels (Fig. S5H-I) (p <
0.05). These findings indicate that BPA in conjunction with
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Se induces pyroptosis in MDCC-MSB-1 cells through oxidative tion, normal mitochondrial morphology, and well-defined mi-
stress/ER stress pathway (Fig. 5C). tochondrial membranes and cristae. In the BPA group, mito-
chondrial morphology appeared normal; however, there were
some vacuoles observed in the intercristal spaces, although
the changes were not significantly different from the Control
group. In the -Se group, mitochondrial morphology was ab-
normal, with widespread vacuolization and extensive cristae
wrinkling. In the BPA-Se group, mitochondria exhibited circu-
lar shrinkage (as indicated by the arrows in the figure), signif-
icant cristae alterations, and vacuolization. These results col-
lectively suggest that both BPA exposure and selenium defi-
ciency induce damage to the chicken thymus. Meanwhile, the
Fe?* content results showed that BPA and Se significantly up-

2.5.  BPA aggravates low selenium to induce thymocyte
ferroptosis through oxidative stress and ER stress

Ferroptosis, characterized by cellular iron overload and mito-
chondrial dysfunction, is widely observed in various immun-
odeficiency diseases and mitochondrial shrinkage is a mor-
phological feature of ferroptosis (Han et al., 2022). Observa-
tion of chicken thymus damage through transmission elec-
tron microscopy (TEM) as shown in Fig. 6A: In the Control
group, the thymus tissue exhibited intact structural organiza-
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regulated (p < 0.05) the Fe?* content in the tissues compared
to the single exposures, and co-exposure further increased (p
< 0.05) the Fe?* content (Fig. 6B).

Furthermore, we examined the expression of ferroptosis-
related genes. In vivo, compared to the Control group, expo-
sure to BPA or Se deficiency led to a significant increase in
the mRNA and protein levels of TFRC and COX-2, while mRNA
(Fig. 6C) and protein (Fig. 6D) levels of FTH, HO-1, GPX4, and
NADPH showed significant reductions(p < 0.05).

On the other hand, similar results were obtained in vitro.
We examined the mitochondrial membrane potential and iron
ion content in cells from different groups. The results (Fig. 7A-
B) showed a significant increase in green fluorescence and a
decrease in red fluorescence in the BPA and -Se groups com-
pared to the Control group (p < 0.05). The combined treatment
group exhibited further enhancement of fluorescence inten-
sity (p < 0.05). FerroOrange staining results indicated a signif-
icant increase in red fluorescence in the BPA and -Se groups
compared to the Control group (p < 0.05), and the combined
exposure group showed even higher (p < 0.05) red fluores-
cence compared to the individually exposed groups (Fig. 7C-
D) Additionally, the expression of ferroptosis-related genes
at both mRNA (Fig. 7G) and protein (Fig. 7E) levels in MDCC-
MSB-1 cells yielded consistent results with those observed
in vivo. Interestingly, to explore the crosstalk among oxida-
tive stress, ER stress, and ferroptosis, we established BPA-
Se+TUDCA and BPA-Se+NAC treatment groups. The results
demonstrated that NAC and TUDCA treatments significantly
alleviated the alterations in ER stress-related and ferroptosis-

related genes both in mRNA (Fig. 7H) and protein (Fig. 7F) lev-
els induced by combined exposure (p < 0.05). These findings
indicate that BPA combined with low-Se induces ferroptosis
in MDCC-MSB-1 cells through oxidative stress and ER stress
pathway (Fig. 7I).

3. Discussion

The thymus is an essential central immune organ in organ-
isms, and research has revealed that it is one of the tar-
get organs for the toxic effects of BPA (Dagher et al., 2021).
BPA has been found to induce cellular autophagy (Park et al,,
2023) and apoptosis (Sabry et al., 2023), as well as decrease
cytokine secretion in cells. Selenium deficiency can lead to
pathological changes in the immune organs of chickens, ac-
companied by reduced levels of IL-18, IL-2, and TNF in serum
(Zhang et al., 2012), as well as impaired immune function
(Qiu et al., 2022). This study investigated the detrimental ef-
fects of BPA and/or selenium deficiency on the thymus of
broiler chickens. The results revealed that exposure to BPA
or selenium deficiency led to a significant increase in the lev-
els of MDA and H,0,. There was also a significant decrease in
antioxidant enzyme activity (T-AOC, SOD, and GSH-Px), while
LDH activity in serum significantly increased. Furthermore,
there was a significant increase in free iron ion levels, ac-
companied by thymic mitochondrial shrinkage and a decrease
in mitochondrial membrane potential. The expression of ER
stress-related genes (GRP78, IRE1, Perk, EIF-2«, ATF4, CHOP),
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pyroptosis-related genes (NLRP3, ASC, Caspasel, GSDMD, IL-
18,1L-1p), and ferroptosis-related genes (TFRC, COX-2) showed
a significant upregulation, whereas the expression of GPX4,
HO-1, COX-2, and NADPH was downregulated. Moreover, the
combined exposure group exhibited more pronounced effects
on the aforementioned changes compared to the individual
treatment groups.

Oxidative stress refers to the imbalance in the body’s re-
dox system, where an excess of ROS in tissues or cells leads
to pathological damage. It is characterized by an overload
of peroxides and a decline in antioxidant enzyme activity.
Zhang et al. demonstrated that Pb-exposure induces an ex-
cessive generation of ROS in porcine testicular interstitial cells
(Zhangetal., 2023). Additionally, the study by Chen et al. (2023)
revealed that exposure to di(2-ethylhexyl) phthalate and mi-
croplastics led to the accumulation of peroxides (MDA, H,0,)

in mouse liver cells, along with a significant decrease in an-
tioxidant enzyme activity (T-AOC, MDA, and GSH). Further-
more, in poultry farming, Wang et al. found that lipopolysac-
charide (LPS) exposure led to oxidative stress and the overpro-
duction of oxygen-free radicals in chicken lungs (Wang et al.,
2021). In our study, we also observed oxidative stress char-
acterized by a significant increase in the levels of peroxides
(MDA, H,0,), a significant decrease in antioxidant enzyme ac-
tivity (T-AOC, SOD, GSH-Px), and a significant increase in intra-
cellular ROS levels in the thymus and MDCC-MSB-1 cells un-
der BPA exposure and selenium deficiency. Numerous studies
have shown that oxidative stress can induce ER stress (Liet al.,
2023; Liu et al., 2022; Xia et al., 2023). Evidence from gill tissue
of carp, chicken heart, and human ischemia-reperfusion in-
jury models has demonstrated that oxidative stress leads to
ER stress, manifested by a significant upregulation of genes
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such as GRP78, IRE1, and EIF2«. Similarly, our study found that
BPA or selenium deficiency exposure led to a significant in-
crease in the transcription and protein levels of ER stress-
related genes (GRP78, IRE1, Perk, EIF-2«, ATF4, CHOP) in broiler
chicken thymus tissue. Furthermore, compared to the individ-
ual treatment groups, the combined exposure group exhibited
further elevation of the gene levels. Consistent results were
obtained from in vitro experiments, where the addition of NAC
significantly alleviated the changes in these genes, suggest-
ing that oxidative stress regulates ER stress. This viewpoint is
supported by Zhu et al. (2023). Taken together, these findings
suggest that both BPA and selenium deficiency exposure can
induce ER stress in broiler chicken thymus tissue through ox-
idative stress.

Ferroptosis is a novel form of cell death characterized
by abnormal iron metabolism leading to intracellular ac-
cumulation of ROS and iron-dependent non-apoptotic cell
demise (Guo et al., 2023). Extensive studies have indicated
(Adham et al.,, 2020; Ba et al., 2022; Zhou et al., 2022) that
thymic tissue undergoing iron death exhibits intracellular iron
overload, increased peroxide levels, and significant alterations
in iron death-related genes such as FTH. Our findings also re-
vealed mitochondrial atrophy, a significant rise in Fe’* lev-
els, decreased mitochondrial membrane potential, Fe?t accu-
mulation, and a synergistic enhancement of these changes in
tissues exposed to BPA or low selenium. Moreover, transfer-
rin levels were significantly upregulated at the transcriptional
and protein levels, triggering COX-2-mediated inflammation,
while the expression of GPX4, HO-1, FTH, and NADPH were sig-
nificantly decreased. Co-exposure to the aforementioned fac-
tors further intensified these alterations. Silica exposure was
shown to induce iron death in mouse macrophages through
ROS/ER stress (Ma et al., 2023). In a rat cardiac arrest model, ox-
idative stress/ER stress led to myocardial iron death (Ye et al.,
2023). Similarly, our study demonstrated that BPA or low se-
lenium exposure induced oxidative stress/ER stress and iron
death in chicken thymic tissue and cells. Interestingly, the ad-
dition of NAC or TUDCA significantly alleviated the changes
in ferroptosis-related genes in vitro. These results suggest
that BPA combined with low selenium induces ferroptosis in
chicken thymus through oxidative stress/ER stress.

The oxidative stress/ER stress pathway is involved in the
regulation of pyroptosis. Many toxins can induce pyroptosis in
multiple organs. For example, LPS exposure induces pyropto-
sis in pig spleen and thymus (Liu et al., 2023a), while aflatoxin
exposure leads to pyroptosis and autophagy in pig thymus
(Mocchegiani et al., 1998). Similarly, our study found that BPA
or low selenium exposure caused a significant upregulation of
pyroptosis-related genes (NLRP3, ASC, Caspasel, GSDMD, IL-
18, IL-1p8) at the mRNA and protein levels in chicken thymic
tissue and cells. Additionally, LDH activity significantly in-
creases in the tissue, and these changes are more pronounced
in co-exposed conditions. Research has demonstrated that
isoproterenol exposure induces cardiac myocyte pyroptosis in
rats through oxidative stress/ER stress. Leptin induces pyrop-
tosis in lung cancer cells through oxidative stress/ER stress
(Baral and Park, 2021). The aforementioned experiments have
shown that BPA and/or selenium deficiency induce ER stress
through oxidative stress. Subsequent in vitro experiments
with the addition of NAC or TUDCA were conducted to inves-

tigate the effects of ROS and ER stress on pyroptosis. It was
found that ROS/ER stress is involved in the regulation of py-
roptosis induced by BPA and/or selenium deficiency. Interest-
ingly, the addition of Vx-765 significantly alleviates pyroptosis
but does not alleviate ER stress, indicating that the influence
of the ER on pyroptosis is unidirectional. These results suggest
that BPA combined with low selenium induces pyroptosis in
chicken thymus through oxidative stress/ER stress.

In summary, BPA combined with low selenium induces ox-
idative stress/ER stress in chicken thymic tissue, leading to py-
roptosis and ferroptosis. In vitro experiments further demon-
strated that the addition of NAC and TUDCA significantly alle-
viated pyroptosis and ferroptosis by inhibiting oxidative stress
and ER stress, respectively.

4, Conclusion

In conclusion, BPA combined with low selenium activates py-
roptosis and ferroptosis through oxidative stress/ER stress.
This study elucidates the toxic mechanisms of BPA and low se-
lenium on chicken thymus and provides insights for research
on the toxicity of environmental pollutants and deficiency of
trace elements.
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