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ABSTRACT: Bisphenol A (BPA), an organic compound widely found in food packaging materials, is inevitably
released into the food and beverages. BPA has been confirmed to be hepatotoxic, however, the precise mechanism
remains unclear. In this study, we demonstrated that lysosomal membrane permeabilization (LMP) mediates BPA-
induced liver injury. Further mechanistic investigation revealed that BPA resulted in cathepsin B (CTSB) release and
iron efflux by triggering LMP, ultimately inducing lysosomal-dependent pyroptosis and ferroptosis. Furthermore,
mitochondrial reactive oxygen species (mtROS) were identified as the trigger for BPA-induced LMP. BPA elicited
mtROS overproduction by disrupting mitochondrial quality control, thereby inducing LMP. In conclusion, we
demonstrated that BPA caused CTSB release and lysosomal iron efflux via the mtROS-mediated LMP, which ultimately
resulted in pyroptosis and ferroptosis. Our study revealed that the mtROS/LMP axis may be a common pathway for
lysosomal-dependent pyroptosis and ferroptosis, providing novel mechanistic insights into BPA-induced hepatotoxicity.
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1. Introduction

Bisphenol A (BPA) is a synthetic chemical compound employed as a monomer in the production of
polycarbonate plastics, which are extensively utilized in food and beverage containers, medical devices,
thermal paper, and dental materials packaging ! Industrial emissions and product leaching contribute to the
release of BPA into the environment, resulting in contamination of food, beverages, air, and soil®>3} Research
has indicated that BPA can leach from plastic containers into food or beverages [, particularly under
conditions of elevated temperature or acidity, thereby contributing to food contamination [>°* The widespread
presence of BPA in human biofluids, including urine and blood, has been consistently confirmed by
biomonitoring studies [ As the primary metabolic organ in the body, the liver is vulnerable to BPA-induced
damage ¥ Chronic exposure to BPA has been documented to cause hepatic injury and metabolic dysfunction
1 Nevertheless, the precise mechanisms underlying BPA-induced liver injury remain to be fully elucidated.
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The liver exhibits a high dependence on the lysosomal system to maintain homeostasis ['%!. Lysosomal
dysfunction directly drives hepatic injury by triggering programmed cell death and amplifying inflammation
(11 As early as 1959, Duve proposed the "Suicide Bag Hypothesis," positing that cellular destruction and
death occur when lysosomal hydrolases are released into the cytosol due to instability of the lysosomal
membrane ['2!, Subsequent research has revealed that the underlying mechanisms extend far beyond simple
"suicide", instead constituting a precisely regulated programmed cell death event ['3. Loss of lysosomal
membrane integrity induces LMP, leading to the leakage of lysosomal contents into the cytosol and the
activation of death signaling pathways. This process is defined as Lysosome-dependent cell death (LDCD)
(14 Previous studies have demonstrated that amelioration of lysosomal function alleviates BPA-induced cell
death in C2C12 cells '3, Furthermore, BPA has been shown to induce lysosomal dysfunction in HepG2 cells
(161 which prompted our investigation into the potential role of LDCD in BPA-induced liver injury. While the
initiation is strictly dependent on LMP, LDCD can adopt apoptotic, ferroptotic, or pyroptotic-like features
based on the cellular context and effector molecules 171,

Cathepsins serve as the primary effector molecules in LDCD 8], CTSB can activate the NLRP3
inflammasome. Activated NLRP3 recruits caspase-1, leading to the maturation of IL-1p family cytokines and
gasdermin-D (GSDMD), ultimately triggering pyroptosis. Inhibition of CTSB expression or activity can
suppress pyroptosis ). However, cathepsins are not the sole effector molecules in LDCD. Due to the
substantial storage of iron ions within lysosomes, LMP results in iron efflux, thereby inducing ferroptosis 2!,
Notably, BPA exposure has been reported to significantly increase hepatic iron content ?!l. Meanwhile, Das
et al. reported that pharmacological inhibition of NLRP3 alleviates, but does not completely eliminate, BPA-
induced liver injury 22!, This suggests that BPA may induce both pyroptosis and ferroptosis through LMP,
synergistically driving hepatic injury.

Reactive oxygen species (ROS) constitute a core factor responsible for inducing LMP. The iron-rich
environment within lysosomes renders the lysosomal membrane particularly susceptible to ROS. ROS can
diffuse into lysosomes and undergo the Fenton reaction in the presence of Fe?, generating a substantial
quantity of highly reactive free radicals. These radicals attack the lysosomal membrane, ultimately leading to
LMP 231, Mitochondria serve as the central hub for cellular redox homeostasis. Mitochondrial ROS (mtROS)
generated by damaged mitochondria represent the primary intracellular source of ROS [?*]. Although BPA has
been reported to disrupt mitochondrial function, inducing excessive mtROS production, whether BPA induces
LMP via mitochondria-lysosome crosstalk remains unclear. In this study, we sought to determine whether
BPA-induced liver injury is associated with LDCD and to investigate its underlying mechanisms. Our findings
revealed that BPA triggered mtROS-mediated LMP by disrupting mitochondrial function, which led to CTSB

leakage and iron efflux, ultimately triggering lysosome-dependent pyroptosis and ferroptosis.
2. Materials and methods

2.1 Reagents
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BPA (Cat. no.: B108652) was purchased from Aladdin (Shanghai, China). Mitochondria-targeted
antioxidant agent (Mito-TEMPO) (Cat. no.: HY-WO001187), N-acetylcysteine (NAC, Cat. no.: HY-B0215),
CAO074-methyl ester (CA074-ME, Cat. no.: HY- 100350), Deferoxamine (DFO, Cat. no.: HY-B1625), and
mannose (Cat. no.: HY-N0379) were bought from Med Chem Express (Shanghai, China).

2.2. Animal studies

The mice used in this study were C57BL/6 mice (male, aged 6-8 weeks), obtained from Liaoning
Changsheng Biotechnology Co., Ltd. (Liaoning, China). All animal experiments and protocols were approved
by the Ethical Committee for Animal Experiments of Jilin University (Approval no. SY202405012). Mice
were given 50 and 100 pg/kg bw/day by gavage. The concentrations used in mice were based on previous

24251 The 50 pg/kg bw/day used in mice can be converted from body surface area to a human

studies !
equivalent dose of approximately 4 pg/kg bw/day, which is the provisional acceptable reference dose for BPA
proposed by the European Food Safety Authority in 2015. According to a study in Taiwan[?®], the dietary
concentrations of BPA were 419.26 nug/kg (beef), 6.15 ng/kg (vegetables), 5.10 ug/kg (fruits), 9.78 pg/kg
(eggs), and 4.49 ng/kg (milk), which, based on the weight of an adult of 60 kg, would result in daily exposure
to a dose higher than 4 ug/bw/kg. The mice were assigned to nine groups at random (n = 6): control group,
low-dose BPA (50 pg/kg), high-dose BPA (100 pg/kg), BPA (100 pg/kg) + MCC950 (10 mg/kg), BPA (100
ng/kg) + Mito-TEMPO (1 mg/kg), BPA (100 pg/kg) + NAC (100 mg/kg), BPA (100 pg/kg) + mannose (5
mg/kg), BPA (100 pg/kg) + DFO (100 mg/kg) , and BPA (100 pg/kg) + CA074-ME (10 mg/kg). The control
group was administered saline for a period of 30 consecutive days via gavage, while the administered group
was treated with BPA for the same duration. Additionally, Mito-TEMPO, NAC, mannose, DFO, and CA074-

ME were administered intraperitoneally two weeks prior to the conclusion of the experiment, followed by

anesthesia and liver removal.
2.3. Cell Culture

AMLI12 cells were obtained from the Shanghai Institute of Chinese Academy of Sciences (Shanghai,
China) and cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, Thermo
Fisher, USA) supplemented with 10% fetal bovine serum (Clark Bioscience, USA), 1% insulin-transferrin-
selenium media supplement (Thermo Fisher, USA), 1% penicillin/streptomycin (Thermo Fisher, USA) and
40 ng/mL dexamethasone (Sigma-Aldrich, USA), at conditions of 37 °C and 5% COa2. 114.15 mg BPA was
dissolved in 1 mL DMSO to form a 5 mol/L stock solution. AML12 cells were pretreated with Mito-TEMPO
(50 pmol/L), NAC (10 pmol/L), mannose (10 mmol/L), CA074-ME (10 pmol/L) or DFO (10 umol/L) for 1
h, followed by treatment with 0—400 pmol/L BPA for 24 h.

2.4. HE Staining of Liver

HE slices were made according to our previous study!?”l. Briefly, the liver tissue samples were fixed with

4% formaldehyde and then embedded in paraffin wax. The tissue blocks subsequently were cut into slices,
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which were dried and stained with hematoxylin-eosin. Finally, the samples were observed using an AE31
microscope (Olympus, Tokyo, Japan). Quantitative analysis was conducted on liver sections using Imagel

software, with five randomly selected high-power fields analyzed per mouse (six mice per group).
2.5. Liver function analysis

Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels were quantified in mouse
serum samples using the AST kit (Cat. no.: C010-2-1) and the ALT kit (Cat. no.: C009-2-1), respectively,
supplied by the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The determination of AST and
ALT quantification followed manufacturer protocols. Using a microplate reader (BioTek, Winooski, Vermont,

USA) set to 510 nm, the optical density (OD) of every well was determined.
2.6. Assay for GSH, MDA, and Iron lons Content

As previously mentioned, BPA and inhibitors were administered to mice and AML12 cells. GSH (Cat.
no.: A006-2-1) and MDA (Cat. no.: A003-1-2) kits from the Nanjing Jiancheng Bioengineering Institute were
utilized, and the contents were analyzed following the guidelines included in the kits. Following the

instructions of the kit, the iron ion content was measured (Applygen, China; Cat. no.: E1042).
2.7. Cell viability assay

Methyl Thiazolyl Tetrazolium (MTT) assay. AML12 cells (1 x 10* cells per well) were cultivated in a
96-well plate and exposed to 0—800 wmol/L BPA for 24 h. After that, the wells received 20 pL of MTT (0.5
mg/mL) and the wells were cultured for another 4 h. After removing the supernatant, after adding 150 pL of
DMSO, and absorbance readings at 490 nm were obtained via microplate spectrophotometry.

Lactate dehydrogenase (LDH) assay. The LDH efflux was quantified via ELISA kit (from China Mei
Mian, model MM-43732M2). In 96-well plates, AMLI12 cells (1 x 10* cells per well) were cultivated and
exposed to BPA over 24 h at concentrations ranging from 0-800 pmol/L. The cell supernatant was obtained
using centrifugation (4 °C, 2500 g, 15 min). After that, LDH release was measured according to the

manufacturer instructions.
2.8. Western blotting

RIPA lysis buffer (Beyotime, Shanghai, China) containing PMSF, protease and phosphatase inhibitor
was used to lyse all of the samples. A bicinchoninic acid kit was used to measure the amount of protein
(Beyotime, Shanghai, P0009). To perform immunoblotting, equal volumes of protein lysates (20-40 pg) were
separated via SDS-PAGE and put onto polyvinylidene fluoride membranes. Following that, the membranes
were occluded for 2 h using 5% bovine albumin. Primary antibodies were incubated for the entire night at
4 °C. Secondary antibodies were incubated for 2 h at room temperature following three TBST washes. The
membranes were washed again three times with TBST. Immunocomplexes were detected using ECL plus

(Azure c300).
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Antibodies against NLRP3 (1:2000, Proteintech, 68102-1-Ig), GSDMD (1:6000, Proteintech, 20770-1-
AP), IL-18 (1:8000, Proteintech, 10663-1-AP), and IL-1B (1:4000, Proteintech, 16806-1-AP), caspase 1
(1:6000, Proteintech, 22915-1-AP) , ACSL4 ((1:1000, Affinity, DF12141), GPX4 (1:6000, Abcam,
ab125066) , LAMP1 (1:1000, Affinity, DF4806) , LAMP2 (1:1000, Affinity, DF6719) , CTSB (1:1000,
Affinity, AF5189), VDACI (1:1000, Affinity, AF5478), Parkin (1:2000, Affinity, AF0235), PINK1 (1:1500,
Affinity, DF7742), LC3 (1:4000, Proteintech, 14600-1-AP), p62 (1:8000, Abmart, T55546F), Fis1 (1:6000,
Proteintech, 10956-1-AP), Mfnl (1:6000, Proteintech, 13798-1-AP). HRP-conjugated anti-mouse and anti-

rabbit secondary antibodies were sourced from Proteintech Group in Wuhan, China (1:5000).
2.9. Lipid ROS, mtROS, and ROS detection

AML12 cells were planted onto 24-well plates and preprocessed with the compounds shown above. After
that, AML12 cells were stained for 30 min at 37 °C in the dark using BODIPY TM 581/591 C11 (5 umol/L,
Thermo Fisher, USA), MitoSOX (3 umol/L, Thermo Fisher, USA), or CM-H2DCFDA (5 pmol/L, Thermo
Fisher, USA). The FV31S-SW fluorescent microscope (Olympus, Tokyo, Japan) was used for examination
after three rounds of washing with 1 x PBS.

2.10. JC-1 Staining

As previously shown, AML12 cells were cultivated in 24-well plates and subjected to pretreatment with
the designated compounds. The cells were then incubated at 37 °C for 30 min. without light using 5 pg/mL
JC-1 (Beyotime, Shanghai, China). Following the incubation, cells were examined utilizing a fluorescence

microscope AE31 (Olympus, Tokyo, Japan) after being washed three times with 1x PBS.
2.11. Acridine Orange (AO) Staining

As previously shown, AML12 cells were planted with the designated substances on a laser confocal dish
and preconditioned. Subsequently, AO (10 ug/mL) solution (Solarbio, Beijing, China) was added into cells
and incubated for 30 min at room temperature (RT) out of the light. After three washings with PBS, A

fluorescence microscope AE31 (Olympus, Tokyo, Japan) was used to examine the cells.
2.12. LysoTracker Red Staining

As previously shown, AML12 cells were planted pretreatment with the specified substances on a laser
confocal dish and underwent. The cells next were incubated with 50 nmol/L LysoTracker red (Beyotime,
Shanghai) for 30 min at 37 °C out of the light. After being a thoroughly cleaned, A fluorescence microscope
FV31S-SW (Olympus, Tokyo, Japan) was used to examined the cells.

2.13. Double Immunofluorescence Staining

AML12 cells and tissue samples were pretreated as described above.
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The colocalization of iron ions and lysosomes: with 1 umol/L FerroOrange (MKBio, Shanghai, China)
and 50 nmol/L LysoTracker green, AML12 cells were co-incubated (Beyotime, Shanghai, China) at 37 °C for
30 min out of the light.

The colocalization of CTSB and lysosomes: the cells firstly were incubated with 50 nmol/L LysoTracker
green (Beyotime, Shanghai, China) for 30 min at 37 °C out of the light. After washing, cells were fixed for 30
min at RT using 4% paraformaldehyde. 0.5% Triton X-100 was then used to perforate the cells for 20 min at
RT. Subsequently, blocking was performed using 10% goat serum on samples for 1 h at RT. Primary antibody
CTSB (1:200) was incubated with cells for a whole night at 4 °C. After washing, cells were incubated with
fluorescent secondary antibody for 1 h at RT.

The colocalization of CTSB and NLRP3: the cells and tissue sections were fixed for 30 min at RT using
4% paraformaldehyde. 0.5% Triton X-100 was then used to perforate samples for 20 min at RT. Subsequently,
the samples were blocked with 10% goat serum for 1 h at RT, following by co-incubation with primary
antibodies CTSB (1:200) and NLRP3 (1:150) overnight at 4 °C. After washing, samples were incubated with
anti-rabbit and anti-mouse fluorescent secondary antibodies for 1 h at RT.

The co-localization of LC3 and Mito-Tracker Red: AML12 cells were cultivated in specialized confocal
dishes and subjected to the aforementioned treatment regimen. The cells were washed thrice with Phosphate
Buffered Saline (PBS) and 1 pmol/L Mito-Tracker Red was co-cultured with the cells for 30 minutes at 37 °C
under conditions that provided light protection. Subsequently, the cells were subjected to the same treatment
regimen as previously described. Subsequently, the cells were subjected to an overnight incubation with an
LC3 antibody (1:150) at 4 °C. Following the washing step, the cells were subjected to an incubation with a
fluorescent secondary antibody at RT for a period of one hour. Subsequently, the nuclei were labeled with 10
ug/mL DAPI for a duration of 20 minutes.

Following a thorough washing, a laser confocal microscope (Olympus, Tokyo, Japan) was used to

examine each sample.
2.14 Lysosomal Protein Isolation

After the corresponding processing was carried out, AML12 cells were collected and extracted according
to the following steps. Briefly, cells were harvested and washed twice with ice-cold phosphate-buffered saline
(PBS), followed by resuspension in lysosome isolation buffer containing protease inhibitor cocktail. The cell
suspension was homogenized on ice using a Dounce homogenizer until approximately 80%—90% of cells were
disrupted, as monitored by microscopy.

The homogenate was first centrifuged at 1,000 r/min for 10 min at 4 °C to remove nuclei and cell debris.
The resulting supernatant was then centrifuged at 20,000 r/min for 20 min at 4 °C to obtain the crude lysosomal
fraction. The pellet containing lysosomes was resuspended in lysosome extraction buffer to collect the

lysosomal protein fraction, while the supernatant represented the cytosolic protein fraction.
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Protein concentrations were determined using a BCA protein assay kit. Equal amounts of proteins from
lysosomal and cytosolic fractions were subjected to Western blot analysis to detect CTSB distribution.Using

V-ATPase subunit B as the internal control (28],
2.15. Transmission Electron Microscopy (TEM)

AMLI12 cells were collected after the indicated treatments and fixed in 2.5% glutaraldehyde at 4 °C
overnight. The samples were post-fixed with 1% osmium tetroxide, dehydrated through a graded ethanol
series, and embedded in epoxy resin. Ultrathin sections (60 nm -80 nm) were prepared using an ultramicrotome
and stained with uranyl acetate and lead citrate. The sections were observed under a transmission electron
microscope. Ultrastructural changes related to pyroptosis and ferroptosis, particularly mitochondrial

morphology and plasma membrane integrity, were examined.
2.16. Statistical analysis

The data obtained were shown as mean =+ standard deviation (SD), and the trials were carried out three
times or more. The statistical analysis was carried out utilizing the Graph Pad Prism V9.5.0 software (San
Diego, CA). The comparisons were analyzed using either One-way ANOVA or t-test, with a significance level

of P < 0.05 considered indicative of a statistical difference.
3. Results
3.1 BPA caused liver injury in mice

In order to examine the impact of BPA on the liver of mice, mice were treated with BPA (50 and 100
ng/kg) for 30 days (Fig. 1A). BPA increased the liver ratio to body weight in mice (Fig. 1B). AST and ALT
are low in the blood and more abundant in the liver cells. Damage to the liver cells results in AST and ALT
flowing into the blood, suggesting liver damage. As shown in Fig. 1C and D, the mice treated with BPA
showed markedly higher serum AST and ALT levels. HE staining of the liver is a commonly used test for
liver histopathology. The mice liver in the BPA-treated group showed irregularities in hepatic lobules,
inflammatory infiltrates, and nuclear shrinkage (Fig. 1E). Quantitative analysis further demonstrated that BPA
exposure significantly increased the vacuole area ratio and inflammatory infiltration area ratio compared with

the control group (Fig. 1F). These results indicated that BPA induced liver injury in mice.
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Fig. 1. BPA caused liver injury in mice. (A) Schematic timeline of C57BL/6 mice receiving daily gavage for 30 days. (B)
Index of liver to body weight. (C, D) AST and ALT contents were measured by kits. (E, F) HE staining of liver tissues and
corresponding quantitative analysis (scale bar, 500 um). *P < 0.05, **P < 0.01.

3.2. LMP mediated BPA-driven liver injury

To assess the potential of BPA to induce lysosomal damage, we conducted a detection of lysosomal
membrane protein LAMP1, LAMP2, and lysosomal CTSB. Our findings revealed that BPA exposure
significantly diminished LAMP1 and LAMP?2 protein levels while concurrently increasing CTSB expression
in vivo (Fig. 2A). AMLI2 cells were treated with BPA for 24 h, and cytotoxicity was quantified through the
MTT assay. The findings indicated a decline in cell viability with an increase in the dosage of BPA employed
(Fig. 2B). BPA was observed to induce a significant level of cell death at a concentration of 100 umol/L. LDH
assay was performed to further assess the cytotoxicity of BPA. Similar to the MTT results, BPA at
concentrations above 100 pmol/L. decreased cell viability (Fig. 2C). Consequently, the subsequent
experiments were conducted using a range of BPA concentrations between 0 and 400 umol/L (0, 100, 200,
400 umol/L). Consistent with in vivo results, BPA markedly decreased the protein levels of LAMP1 and
LAMP2 and increased CTSB expression (Fig. 2D).

Furthermore, we utilized AO dye, a lysosome-specific metachromatic fluorescent probe capable of
traversing living cell membranes, to further evaluate lysosomal function. In healthy lysosomes, AO emits a
distinctive red fluorescence. However, upon the enhancement of lysosomal membrane permeability, AO

permeates into the cytoplasm, manifesting as green fluorescence. We observed a gradual attenuation of red
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fluorescence intensity of AO with increasing BPA dose (Fig. 2E). Next, we employed LysoTracker Red, a

fluorescent marker specific to lysosomes, for staining AML12 cells. As shown in Fig. 2F, AML12 cells

exhibited a noticeably weakened red fluorescence after BPA treatment in a dose-dependent manner. The data

indicated that BPA induced LMP. To further determine whether BPA induced true LMP rather than general

lysosomal dysfunction, the distribution of CTSB in lysosomal and cytosolic fractions was examined. As

shown in Fig. 2G and H, BPA treatment markedly altered the intracellular localization of CTSB in AML12

cells. Specifically, CTSB levels in the lysosomal fraction were significantly decreased, whereas CTSB

expression in the cytosolic fraction was markedly increased in a dose-dependent manner following BPA

exposure. These results indicated that BPA promoted the release of CTSB from lysosomes into the cytoplasm,

providing direct evidence for LMP rather than merely lysosomal dysfunction.
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We subsequently investigated the role of LMP in BPA-driven liver injury. Mannose, a lysosomal
membrane stabilizer, is phosphorylated intracellularly into mannose-6-phosphate, which promotes the
glycosylation of lysosomal membrane proteins, thereby enhancing lysosomal membrane stability!*). To
evaluate the potential effect of mannose itself, a mannose-only treatment group was included in the animal
experiments. As shown in Fig. 3A, BPA exposure markedly altered the expression of lysosomal-associated
proteins, as evidenced by decreased LAMP1 and LAMP2 levels and increased CTSB expression. Treatment
with the lysosomal membrane stabilizer mannose effectively restored the aberrant expression of these proteins
induced by BPA, indicating attenuation of BPA-triggered LMP. Notably, the mannose-only group showed
comparable protein expression levels to those of the control group. Consistently, BPA treatment significantly
increased the liver index and serum ALT and AST levels, whereas mannose administration markedly
suppressed these elevations (Fig. 3B-D). Importantly, no significant differences were observed between the
control and mannose-only groups. Histopathological examination further revealed that BPA exposure caused
evident hepatic cord disarrangement and inflammatory cell infiltration, whereas mannose treatment alleviated
these pathological changes (Fig. 3E). The liver morphology of the mannose-only group was comparable to
that of the control group. Mannose treatment significantly reduced both the vacuole area ratio and
inflammatory infiltration area ratio induced by BPA (Fig. 3F). Collectively, these results indicated that LMP
was a critical mediator of BPA-induced liver injury, while mannose exerted a protective effect by stabilizing

lysosomal membranes.
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Fig. 3. LMP mediated BPA-driven liver injury. (A) Western blot analysis of LAMP1, LAMP2 and CTSB protein
expression. (B) Index of liver to body weight. (C, D) AST and ALT contents were measured by kits. (E, F) HE staining of
liver tissues and corresponding quantitative analysis (scale bar, 500 pm). "P < 0.05, “P < 0.01.
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3.3. BPA induced NLRP3-dependent pyroptosis in mice liver and AML12 cells

NLRP3-dependent pyroptosis is a key downstream death pathway triggered by LMP. Thus, we next
investigated the effects of BPA on pyroptosis in hepatocytes. Compared to the control group, BPA caused a
notable rise in the levels of protein expression of NLRP3, GSDMD-N, caspase 1, IL-18 and IL-1 in mice
liver (Fig. 4A). The pyroptosis-related proteins were also examined in BPA-treated AML12 cells. In line with
in vivo findings, BPA significantly increased the expression levels of pyroptosis-related proteins (Fig. 4B).
Activated NLRP3 inflammasome is the upstream signal for the classical pathway of pyroptosis. We found that
BPA resulted in stronger immunofluorescence of NLRP3 in liver sections and AMLI12 cells (Fig. 4C, D and
Fig.S1A, B). To further examine the ultrastructural changes associated with pyroptosis, TEM was performed.
As shown in Fig. 4E, hepatocytes in the control group displayed intact cellular morphology with continuous
plasma membranes and normal organelle structures. In contrast, hepatocytes from the BPA-treated group
exhibited evident cell swelling and pore formation. These morphological alterations were consistent with the
characteristic ultrastructural features of pyroptosis. Concurrently, the NLRP3 inhibitor MCC950 was utilized,
and the experimental findings demonstrated that MCC950 significantly curtailed the BPA-induced increase
in NLRP3, caspase-1, GSDMD, IL-18, and IL-18 protein levels (Fig. 5A). Consistent with the outcomes of
the in vivo experiments, the in vitro experiments yielded analogous results (Fig. 5B). These results suggested
that BPA-induced activation of NLRP3 mediated pyroptosis. The results demonstrated that BPA induced
hepatocytes NLRP3-dependent pyroptosis in vivo and in vitro.
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Fig. 4. BPA induced hepatocytes pyroptosis in vivo and in vitro. (A, B) Western blot analysis of NLRP3, GSDMD-N,
cleaved-caspase 1, IL-1pB, and IL-18 protein expression. (C, D) Immunofluorescence staining for NLRP3 in mice and cells

(E) TEM was used to observe ultrastructural features of pyroptosis, red arrows indicate plasma membrane rupture. ‘P <
0.05, P < 0.01.
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Fig. 5. BPA induced hepatocytes NLRP3-dependent pyroptosis in vivo and in vitro. (A, B) Western blot analysis of NLRP3,
GSDMD-N, cleaved-caspase 1, IL-1p, and IL-18 protein expression. ‘P <0.05, P < 0.01.
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3.4. LMP-mediated CTSB leakage was involved in BPA-induced pyroptosis
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To investigate the role of LMP in BPA-induced pyroptosis, we evaluated pyroptosis after administration
of mannose. We found that mannose significantly inhibited the upregulation of NLRP3, GSDMD-N, caspase-
1, IL-18 and IL-1p proteins compared with BPA group in vivo and in vitro (Fig. 6A and 7A). CTSB is a major
upstream signal for activation of the NLRP3 inflammasome. Thus, we next explored the efficacy of CTSB on
BPA-induced pyroptosis. According to Fig. 6B, CTSB inhibitor CA074-ME markedly ameliorated the BPA-
induced increase in pyroptosis-related proteins. We obtained similar results in our in vitro experiments (Fig.
7B). Furthermore, immunofluorescence colocalization of CTSB and NLRP3 showed that BPA increased the
colocalization of CTSB and NLRP3 and the expression levels of NLRP3. Notably, similar inhibitory effects
on these results were observed for mannose and CA074-ME (Fig. 6C and 7C), which suggested that LMP-
mediated CTSB leakage activated NLRP3 inflammasome. Our results demonstrated that BPA induced
NLRP3-dependent pyroptosis through LMP-mediated CTSB leakage.
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Fig. 6. LMP-mediated CTSB leakage was involved in BPA-induced pyroptosis in mice. (A-B) Quantitative study and
protein expression profile for NLRP3, GSDMD, cleaved-caspase 1, IL-1p, and IL-18. (C) CTSB and NLRP3 colocalization
was seen. P <0.05, P < 0.01.
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Fig. 7. LMP-mediated CTSB leakage was involved in BPA-induced pyroptosis in AML12 cells. (A-B) Quantitative study
and protein expression profile for NLRP3, GSDMD, cleaved-caspase 1, IL-1pB, and IL-18. (C) CTSB and NLRP3
colocalization was seen. 'P < 0.05, P < 0.01.

3.5. BPA induced hepatocytes ferroptosis in mice and AML12 cells

Subsequently, we investigated whether BPA triggered ferroptosis in hepatocytes. Crucially, two essential
upstream regulators of ferroptosis are GPX4 and ACSL4. Our findings demonstrated that BPA exerted a dose-
dependent inhibitory effect on the expression of the GPX4 protein, while concurrently encouraging the
expression of ACSL4 protein (Fig. 8A). In comparison to the control group, a decrease in liver GSH levels
was observed in BPA group, concomitant with a marked elevation in MDA and iron ion contents (Fig. 8B-
D). These findings collectively suggested that BPA caused ferroptosis in the livers of mice. We next assessed
the potential of BPA to induce ferroptosis in AML12 cells. In line with our in vivo findings, we found that
BPA reduced the expression of GPX4 and elevated the expression of ACSL4 (Fig. 8E). Meanwhile, BPA
treatment led to a dose-dependent decrease in GSH levels and an increase in MDA levels and intracellular
iron concentrations (Fig. 8F-H). As shown in the lipid ROS staining images (Fig. 8I), there was an excessive
production of lipid ROS in AMLI12 cells after BPA treatment. To determine whether BPA exposure also
induced ferroptosis, ultrastructural changes in mitochondria were further analyzed by TEM. As shown in Fig.
8J, mitochondria in hepatocytes from the control group exhibited normal morphology with well-defined

cristac and intact membranes. However, BPA-treated hepatocytes displayed pronounced mitochondrial
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abnormalities, including mitochondrial shrinkage, increased membrane density, and reduced or vanished
cristae. These mitochondrial alterations were widely recognized as the hallmark ultrastructural features of

ferroptosis. The above results indicated that BPA caused mice and AML12 cells to undergo ferroptosis.
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Fig. 8. BPA induced hepatocytes ferroptosis in vivo and in vitro. (A) Quantitative study and protein expression profiles for
GPX4 and ACSL4. (B-D) GSH, MDA and liver iron ion amount contained were calculated using kits. (E) Quantitative
study and protein expression profiles for GPX4 and ACSL4. (F-H) GSH, MDA and AML12 cells iron ion amount contained
were calculated using kits. (I) Lipid ROS can be detected with BODIPY TM 581/591 C11. (J) TEM was used to observe
ultrastructural features of ferroptosis, red arrows indicate mitochondrial shrinkage, yellow arrows indicate reduced or
vanished cristae, and blue arrows indicate increased mitochondrial membrane density. "P < 0.05, “P < 0.01.

3.6. LMP-mediated iron ion efflux was involved in BPA-induced ferroptosis

To investigate whether LMP was involved in BPA-induced ferroptosis, we administered mannose in
mice and AML12 cells. We found that mannose significantly inhibited lysosomal iron efflux compared with
BPA group in AMLI2 cells (Fig. 9A). Mannose markedly ameliorated the decreased GPX4 protein level and

increased ACSL4 expression caused by BPA in mice liver (Fig. 9B). Meanwhile, mannose significantly
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mitigated the BPA-induced alterations, including decreased GSH levels, elevated MDA levels, increased
intracellular iron ion concentration (Fig. 9C-E). We also observed similar results in vitro (Fig. 9F-I).
Furthermore, the excessive production of lipid ROS caused by BPA also was mitigated by mannose in AML12
cells (Fig. 9J). These data suggested that lysosomal iron efflux may contribute to BPA-induced ferroptosis.
To further verify the role of lysosomal iron efflux on BPA-induced ferroptosis, we examined ferroptosis after
administration of iron chelator DFO. As expected, DFO obviously alleviated abnormal changes in BPA-
induced ferroptosis-related indicators both in vivo and in vitro (Fig. 9B-J). Collectively, our results

demonstrated that BPA induced ferroptosis through LMP-mediated lysosomal iron efflux.
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Fig. 9. LMP-mediated iron ion efflux was involved in BPA-induced ferroptosis. (A) LysoTracker green and FerroOrange
colocalization staining. (B) Quantitative study and protein expression profile for GPX4, ACSL4. (C-E) GSH, MDA and
liver iron ion amount contained were calculated using kits. (F) Quantitative study and protein expression profile for GPX4,
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detected with BODIPY TM 581/591 C11. P < 0.05, "P < 0.01.
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3.7. BPA caused mitochondrial damage and mtROS overproduction

Mitochondrial quality control is of paramount importance in sustaining mitochondrial homeostasis and
functionality. Hence, we conducted an assessment of mitochondrial function subsequent to the administration
of BPA. Mitochondrial fission/fusion dynamics and mitophagy play a pivotal role in mitochondrial quality
contro'®”. We explored the changes of mitochondrial fission/fusion-related proteins Mfnl and Fisl,
mitophagy-related proteins PINK1, Parkin, LC3 and p62 and mitochondrial functional protein VDACI1 both
in vivo and in vitro. The results showed that BPA dose-dependently increased the expression levels of LC3,
p62, Mfnl and VDACI, and decreased the protein levels of Fisl, PINK1, and Parkin (Fig. 10A, B and Fig.
S1A, B). Utilizing JC-1 staining, we observed reduced red-green fluorescence ratios in BPA-treated AML12
cells (Fig. 10C and Fig. S2C), suggesting that BPA caused a reduction in mitochondrial membrane potential
(MMP). To further verify the effect of BPA on mitophagy, the colocalization of LC3 with mitochondria was
analyzed by immunofluorescence using LC3 staining and Mito-tracker labeling. As shown in Fig. 10D and
Fig. S2D, a certain degree of LC3-mitochondria colocalization was observed in the control group, while BPA
treatment significantly decreased the colocalization signals, suggesting reduced recruitment of LC3 to
damaged mitochondria and impaired mitophagy. Mitochondrial dysfunction leads to mtROS
overproduction®!l. We found that BPA treatment induced an excessive generation of mtROS and ROS in
AMLI12 cells, and mtROS scavenger Mito-TEMPO and ROS scavenger NAC attenuated these effects (Fig.
10E and F). Our results demonstrated that BPA caused mitochondrial damage and mtROS overproduction
through disrupting mitochondrial fission/fusion dynamics and inhibiting mitophagy.
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Fig. 10. BPA caused mitochondrial damage and mtROS overproduction. (A) Quantitative study and protein expression
profile for Fis1, Mfn1, and VDACI. (B) Quantitative study and protein expression profile for Parkin, PINK1, LC3 and p62.
(C) JC-1 was utilized to monitor the MMP (scale bar, 100 um). (D) LC3 and Mito-tracker colocalization was seen (scale
bar, 50 um). (E) MitoSOX was used to detect mtROS (scale bar, 100 um). (F) CM-H2DCFDA was utilized to detect ROS
(scale bar, 100 pm). ‘P < 0.05, P < 0.01.

3.8. mtROS mediated BPA-induced LMP and subsequent CTSB leakage and iron efflux

Next, we examined the role of mtROS in BPA-induced LMP. Our results showed that Mito-TEMPO and
NAC reduced the BPA-caused decline in LAMP1 and LAMP?2 protein levels, as well as the elevation in CTSB
protein levels both in vivo and in vitro (Fig. 11A and B). Concurrently, Mito-TEMPO and NAC treatments
reduced the BPA-induced reduction in the red-green fluorescence ratio of AO staining (Fig. 11C and Fig.
S3A) and enhanced the fluorescence intensity of LysoTracker Red (Fig. 11D and Fig. S3B). These
observations firmly demonstrated that mtROS mediated BPA-induced LMP. To ascertain whether the BPA-
induced LMP led to CTSB leakage, we conducted CTSB and LysoTracker green colocalization in AML12
cells. The findings demonstrated that BPA dramatically decreased the colocalization of CTSB and lysosomes
(Fig. 11E, and Fig. S3C), indicating that BPA caused CTSB leakage from lysosomes. Meanwhile, the iron ion
probe FerroOrange and LysoTracker green colocalization was conducted to examine the iron efflux from
lysosomes. As shown in Fig. 11F and Fig. S3D, BPA diminished the colocalization of iron and lysosomes,
while simultaneously augmenting the fluorescence intensity of FerroOrange, suggesting that iron efflux from
lysosomes to the cytoplasm in the course of BPA-induced LMP. Mito-TEMPO and NAC effectively mitigated
BPA-induced CTSB leakage and iron efflux (Fig. 11E and F). Taken together, our findings suggested that
mtROS mediated BPA-induced LMP and subsequent CTSB leakage and iron efflux.
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Fig. 11. mtROS mediated BPA-induced LMP and subsequent CTSB leakage and iron efflux. (A, B) Quantitative study and
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3.9. mtROS was involved in BPA-induced hepatocytes pyroptosis and ferroptosis

To investigate the effects of mtROS on BPA-triggered hepatocytes pyroptosis and ferroptosis, we
examined pyroptosis and ferroptosis after administration of Mito-TEMPO and NAC. As shown in Fig. 12A
and B, both Mito-TEMPO and NAC efficiently mitigated the elevated levels of NLRP3, GSDMD-N, caspase-
1, IL-18 and IL-1p caused by BPA in vivo and in vitro. Meanwhile, Mito-TEMPO and NAC alleviated the
BPA-induced reduction in GPX4 protein level and increase in ACSL4 protein level in mice liver (Fig. 13A).
In comparison to the liver of BPA group, Mito-TEMPO and NAC markedly recovered the aberrant levels of
GSH, MDA, and iron ion content (Fig. 13B-D). The in vitro results also validated these effects (Fig. 13E-H).
Furthermore, Mito-TEMPO and NAC significantly inhibited BPA-induced lipid ROS overproduction in
AML12 cells (Fig. 131). These findings collectively confirmed that mtROS was implicated in BPA-induced

hepatocytes pyroptosis and ferroptosis.
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Fig. 12. mtROS was involved in BPA-induced hepatocytes pyroptosis. (A, B) Western blot analysis of NLRP3, GSDMD-N,
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Fig. 13. mtROS was involved in BPA-induced hepatocytes ferroptosis. (A) Quantitative study and protein expression
profiles for GPX4 and ACSL4. (B-D) GSH, MDA and liver iron ion amount contained were calculated using kits. (E)
Quantitative study and protein expression profiles for GPX4 and ACSL4. (F-H) GSH, MDA and AML12 cells iron ion
amount contained were calculated using kits. (I) Lipid ROS was detected with BODIPY TM 581/591 C11 (scale bar, 100
pm). ‘P <0.05, P < 0.01.
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4. Discussion

Although previous studies have investigated BPA-induced liver injury, the doses employed were
excessively high (exceeding 50 mg/kg)*?l. BPA can migrate from food packaging materials into food, which
represents a major route of human exposurel****, Quantitative migration data indicated BPA levels ranging
from 0.25 nmol/L to 1000 nmol/L across food types, with canned foods reaching mean values of 134.57 pug/kg
(59.17ug/kg -223.25 pg/kg) and consumer practices such as in-package heating further elevating exposure!®1.
This range overlaps substantially with concentrations known to induce cellular effects, as even 1 nmol/L -100

36 In the present study, we demonstrated that mice

nmol/L. BPA disrupts mitochondrial function in vitro
exposed to environmentally relevant doses of BPA (50 pg/kg bw/day) for 30 days developed significant liver
injury. Further investigations revealed that BPA induced lysosome-dependent pyroptosis and ferroptosis in
hepatocytes. Mechanistically, BPA induced mtROS overproduction through destroying mitochondria.
Subsequently, mtROS-mediated LMP facilitated the CTSB leakage and iron efflux, which led to NLRP3
inflammasome activation and iron ion accumulation, ultimately triggering pyroptosis and ferroptosis.

The role of lysosomal dysfunction in liver injury has garnered significant attention. However, previous
research has primarily focused on the accumulation of harmful metabolites resulting from autophagic
impairment®®”), with limited investigation into the driving role of LMP. During LMP, the lysosomal membrane
ruptures, followed by the shedding of LAMP1 and LAMP2 from the membrane into the cytosol and their
subsequent degradation by cytosolic proteases, leading to decreased protein expression levels. Consequently,
the expression levels of LAMP1 and LAMP2 serve as core indicators for assessing LMP. We found that BPA
significantly reduced the expression of LAMP1 and LAMP2 both in vivo and in vitro, indicating BPA induced
LMP in hepatocytes. In this study, administration of mannose rescued BPA-induced LMP and significantly
alleviated BPA-induced liver injury, demonstrating that LMP was a pivotal event in BPA-driven liver injury.

LMP-driven liver injury depends on LDCD, triggered by the release of lysosomal contents into the

1381, Indeed, the molecular mechanisms underlying LDCD are complex, while directly initiated by

cytoso
LMP, its downstream cascades frequently intersect with other programmed cell death pathways!'”!. Unlike
other lysosomal hydrolases whose activity is strictly dependent on an acidic environment, CTSB retains
catalytic activity in the neutral cytosol™). Cytosolic CTSB can directly interact with the leucine-rich repeat
(LRR) domain of NLRP3, activating the NLRP3 inflammasome and subsequent pyroptosis*?l. Our results
demonstrated that BPA promoted CTSB expression in hepatocytes and activated NLRP3-dependent
pyroptosis. Both mannose and the CTSB inhibitor CA074-ME alleviated BPA-induced pyroptosis, indicating
that BPA induced hepatocytes pyroptosis through LMP-mediated CTSB leakage. In addition to cathepsins,
lysosomes serve as significant reservoirs of iron ions. Iron ions accumulate within lysosomes during the
degradation of iron-containing proteins (e.g., ferritin) and damaged organelles (e.g., dysfunctional
mitochondria)*!l. In this study, BPA induced lysosomal iron efflux and triggered ferroptosis. Both mannose

and the iron chelator DFO mitigated BPA-induced ferroptosis, demonstrating that BPA induced hepatocytes
ferroptosis via LMP-mediated iron efflux. Persson et al. reported that pulmonary allografts induce LMP and
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cell death in pulmonary macrophages concomitant with increased iron content, although the precise
mechanisms were not explored“?. Our findings may provide a reliable mechanistic explanation for this
phenomenon. LMP-mediated lysosomal iron efflux caused intracellular iron overload, leading to strong
Fenton reactions and subsequent lipid peroxidation, ultimately inducing ferroptosis. Substantial evidence has
confirmed the existence of synergistic interactions among multiple cell death modalities within a single
pathological insult**!, Our study revealed that LMP-mediated CTSB leakage and lysosomal iron efflux
triggered pyroptosis and ferroptosis, respectively, synergistically driving BPA-induced hepatic injury.

The catalase deficiency and iron-rich environment render the lysosomal membrane susceptible to ROS
damagel®”. Our results showed that BPA led to an excess of mtROS and ROS in AMLI12 cells. Moreover,
mtROS inhibitor Mito-TEMPO and ROS scavenger NAC exhibited similar mitigating effects on BPA-induced
LMP, suggesting that mtROS mediated BPA-induced LMP. Mitochondrial quality control is a cellular
endogenous protective program to maintain mitochondrial homeostasis and function, in which mitochondrial
fission/fusion dynamics and mitophagy are critical®®. Impaired mitochondrial quality control caused
dysfunction within the mitochondria and mtROS excessive production*). Mfnl and Fisl are central
components in the regulation of mitochondrial fusion and fission, respectively. Our study showed that BPA
decreased the level of Mfnl protein and increased the expression of Fisl protein, suggesting that BPA
disrupted mitochondrial dynamics in hepatocytes. Consistent with our research, Yao et al. have reported that
BPA induce colonic mitochondrial dynamics disorder. Mitophagy is a metabolic process that removes
damaged mitochondria, and the PINK 1/Parkin pathway is the predominant mechanism!**!. VDAC], an outer
mitochondrial membrane protein, is a mitochondrial substrate for Parkin. Impaired mitophagy results in the
inability to remove damaged mitochondria, leading to the accumulation of VDAC1®. We found that BPA
inhibited mitophagy as evidenced by the decreased levels of PINK1 and Parkin proteins and increased
abundance of VDACI. Our results showed that BPA led to mitochondrial dysfunction and mtROS
overproduction by disrupting mitochondrial dynamics and inhibiting mitophagy. The triggering role of mtROS
in pyroptosis and ferroptosis has been previously documented. In this study, both Mito-TEMPO and NAC
similarly suppressed BPA-induced pyroptosis and ferroptosis. Distinct from prior research, our findings
demonstrated that mtROS-mediated LMP served as a shared upstream pathway for pyroptosis and ferroptosis
induction by BPA. Intriguingly, the pyroptosis executioner protein GSDMD-N has been reported to form
pores in the mitochondrial outer membrane, exacerbating mitochondrial impairment and mtROS generation.
This implied a potential feedback circuit between mitochondrial damage and pyroptosis, which will be the
focus for our future investigations.

In this study, AML12 hepatocytes were used for in vitro experiments, which are genetically consistent
with the C57BL/6 mouse strain. This ensured mechanistic findings on BPA-induced mitochondrial and
lysosomal effects were aligned between in vitro and in vivo systems. However, as a murine cell line, AML12
may not fully capture human-specific differences in BPA metabolism and cellular pathways. Therefore,

extrapolation to human hepatocytes should be made with caution, and future studies using human-derived
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hepatocyte models would be valuable for translational validation. Furthermore, while the once-daily oral
gavage regimen employed in this study represents a standard approach in toxicological research, it differs
from the continuous, multi-route exposure patterns experienced by humans. Human exposure typically occurs
through diet, dermal contact, and inhalation, resulting in sustained low-level presence rather than the peak
concentrations following a single bolus dose. Therefore, future studies should focus on simulating real-world
exposure scenarios, such as through dietary admixture or administration in drinking water, to further validate
our findings at environmentally relevant concentrations.

In conclusion, our results showed that BPA induced lysosome-dependent pyroptosis and ferroptosis via
signal crosstalk between mitochondria and lysosomes in hepatocytes. mtROS overproduction caused by
mitochondrial dysfunction subsequently led to LMP, which mediated the CTSB leakage and iron efflux,
eventually inducing pyroptosis and ferroptosis. Our study indicated that lysosomes acted as the hub linking
pyroptosis and ferroptosis. The mtROS/LMP axis may represent a potential shared pathway for pyroptosis
and ferroptosis, providing a mechanistic framework for BPA-induced hepatotoxicity and novel insights into

the intricate crosstalk between cell death modalities.
Declaration of competing interest

The authors declare that there are no conflicts of interest.
Data availability

Data will be made available on request.
Funding

This study was financed by National Key Research and Development Program of China
(2023YFD1800903).

Supporting Information

Supporting data, including the effects of BPA on mitochondrial autophagy and mitochondrial fusion-

fission proteins in the livers of mice, as well as quantitative immunofluorescence analysis, etc.

References

[1] L Cimmino, F. Fiory, G. Perruolo, C. Miele, F. Beguinot, P. Formisano, F. Oriente, Potential Mechanisms of Bisphenol A
(BPA) Contributing to Human Disease, Int. J. Mol. Sci. 21 (2020) 5761. https://doi.org/10.3390/ijms21165761.

[2] Y.Q. Huang, C.K.C. Wong, J.S. Zheng, H. Bouwman, R. Barra, B. Wahlstrom, L. Neretin, M.H. Wong, Bisphenol A (BPA)
in China: A review of sources, environmental levels, and potential human health impacts, Environ. Int. 42 (2012) 91-99.
https://doi.org/10.1016/j.envint.2011.04.010.

[3] P. Fu, K. Kawamura, Ubiquity of bisphenol A in the atmosphere, Environmental Pollution 158 (2010) 3138-3143.
https://doi.org/10.1016/j.envpol.2010.06.040.

[4] G.K. Deshwal, N.R. Panjagari, Review on metal packaging: materials, forms, food applications, safety and recyclability, J.
Food Sci. Technol. 57 (2020) 2377-2392. https://doi.org/10.1007/S13197-019-04172-Z/FIGURES/S.



Y L. Chen et al. / Food Science and Human Wellness 17 (2028)

[5] C.Bach, X. Dauchy, M.C. Chagnon, S. Etienne, Chemical compounds and toxicological assessments of drinking water stored
in polyethylene terephthalate (PET) bottles: A source of controversy reviewed, Water Res. 46 (2012).
https://doi.org/10.1016/j.watres.2011.11.062.

[6] R. Proshad, T. Kormoker, Md.S. Islam, M.A. Haque, Md.M. Rahman, Md.M.R. Mithu, Toxic effects of plastic on human
health and environment : A consequences of health risk assessment in Bangladesh, International Journal of Health 6 (2017).
https://doi.org/10.14419/ijh.v6i1.8655.

[7] L.Niu,J. Jia, H. Yang, S. Liu, H. Wang, Y. Yan, Q. Li, Q. Dong, H. Zhang, G. Zhao, J. Dai, G. Yuan, Y. Pan, Bisphenol A:
Unveiling Its Role in Glioma Progression and Tumor Growth, Int. J. Mol. Sci. 25 (2024).

[8] X.Zhang, R. Liu, Advances in BPA-induced Oxidative Stress and Related Effects and Mechanisms in Liver, 1991-2017, Mini-
Reviews in Medicinal Chemistry 20 (2020) 432—443. https://doi.org/10.2174/1389557518666180912105345.

[9] F. Sun, Y. Huang, H. Chen, J. Huang, L. Zhang, S. Wei, F. Liu, D. Chen, W. Huang, BPA and its alternatives BPF and BPAF
exaggerate hepatic lipid metabolism disorders in male mice fed a high fat diet, Science of The Total Environment 867 (2023)
161521. https://doi.org/10.1016/j.scitotenv.2023.161521.

[10] T. Yang, X. Zhu, M. Long, L. Hui, X. Yuan, Z. Sun, L. Zhang, Q. Xia, P. Wan, Phase i safety and tolerability dose escalation
study of microencapsulated hepatocyte intraperitoneal transplantation therapy in adult patients with liver failure: A study
protocol, BMJ Open 15 (2025).

[11] V. Varadharajan, I. Ramachandiran, W.J. Massey, R. Jain, R. Banerjee, A.J. Horak, M.R. McMullen, E. Huang, A. Bellar,
S.W. Lorkowski, K. Gulshan, R.N. Helsley, I. James, V. Pathak, J. Dasarathy, N. Welch, S. Dasarathy, D. Streem, O. Reizes,
D.S. Allende, J.D. Smith, J. Simcox, L.E. Nagy, J.M. Brown, Membrane-bound O-acyltransferase 7 (MBOAT?7) shapes
lysosomal lipid homeostasis and function to control alcohol-associated liver injury, Elife 12 (2024).
https://doi.org/10.7554/ELIFE.92243.

[12] C. De Duve, T. De Barsy, B. Poole, A. Trouet, P. Tulkens, F. Van Hoof, Lysosomotropic agents, Biochem. Pharmacol. 23
(1974).

[13] F. Rizzollo, S. More, P. Vangheluwe, P. Agostinis, The lysosome as a master regulator of iron metabolism, Trends Biochem.
Sci. 46 (2021) 960-975. https://doi.org/10.1016/j.tibs.2021.07.003.

[14] D. Zhong, R. Wang, H. Zhang, M. Wang, X. Zhang, H. Chen, Induction of lysosomal exocytosis and biogenesis via TRPML1
activation for the treatment of uranium-induced nephrotoxicity, Nat. Commun. 14 (2023).

[15]1 Y. Liu, Y. Yao, W. Tao, F. Liu, S. Yang, A. Zhao, D. Song, X. Li, Coenzyme Q10 ameliorates BPA-induced apoptosis by
regulating  autophagy-related  lysosomal  pathways, Ecotoxicol.  Environ.  Saf. 221  (2021)  112450.
https://doi.org/10.1016/j.ecoenv.2021.112450.

[16] K. Gill, E. Bindal, P. Garg, D. Kumar, R. Bhattacharyya, D. Banerjee, Exposure of Bisphenols (BPA, BPB and BPC) in HepG2
Cells Results in Lysosomal Dysfunction and Lipid Accumulation, Cell Biol. Int. 49 (2025) 709-722.

[17] D. Tang, R. Kang, T. Vanden Berghe, P. Vandenabeele, G. Kroemer, The molecular machinery of regulated cell death, Cell
Res. 29 (2019) 347-364.

[18] R.J. Pagliero, D.S. D’Astolfo, D. Lelieveld, R.D. Pratiwi, S. Aits, M. Jaattela, N.I. Martin, J. Klumperman, D.A. Egan,
Discovery of Small Molecules That Induce Lysosomal Cell Death in Cancer Cell Lines Using an Image-Based Screening
Platform, Assay Drug Dev. Technol. 14 (2016) 489-510.

[19] Y. Luo, T. Chang, S. Huang, J. Xiang, S. Tang, H. Shen, Protective Effects and Mechanisms of Esculetin against H202-
Induced Oxidative Stress, Apoptosis, and Pyroptosis in Human Hepatoma HepG2 Cells, Molecules 29 (2024).

[20] L. Zhu, J. Hu, X. Wu, J. Zhang, X. Xu, X. Huang, B. Tian, C.X. Zhao, Y. Du, L. Wu, Programmed enhancement of endogenous
iron-mediated lysosomal membrane permeabilization for tumor ferroptosis/pyroptosis dual-induction, Nature Communications
16 (2025).

[21] W. Cui, H. Zhou, J. Zhang, J. Zhang, D. Wu, Y. Rong, F. Liu, J. Liu, H. Liu, B. Wei, Y. Tang, X. Liao, X. Xu, Hepatoprotective
effect of Artemisia Argyi essential oil on bisphenol A-induced hepatotoxicity via inhibition of ferroptosis in mice, Environ.
Toxicol. 38 (2023) 2416-2428. https://doi.org/10.1002/TOX.23877.



Y L. Chen et al. / Food Science and Human Wellness 17 (2028)

[22] S. Das, U. Mukherjee, S. Biswas, S. Banerjee, S. Karmakar, S. Maitra, Unravelling bisphenol A-induced hepatotoxicity:
Insights into oxidative stress, inflammation, and energy dysregulation, Environmental Pollution 362 (2024).
https://doi.org/10.1016/j.envpol.2024.124922.

[23] S. Ma, X. Fu, L. Liu, Y. Liu, H. Feng, H. Jiang, X. Liu, R. Liu, Z. Liang, M. Li, Z. Tian, B. Hu, Y. Bai, B. Liang, X. Liu, Iron-
Dependent Autophagic Cell Death Induced by Radiation in MDA-MB-231 Breast Cancer Cells, Front. Cell Dev. Biol. 9 (2021).

[24] L. Bao, C. Zhao, L. Feng, Y. Zhao, S. Duan, M. Qiu, K. Wu, N. Zhang, X. Hu, Y. Fu, Ferritinophagy is involved in Bisphenol
A-induced ferroptosis of renal tubular epithelial cells through the activation of the AMPK-mTOR-ULK1 pathway, Food and
Chemical Toxicology 163 (2022). https://doi.org/10.1016/;.fct.2022.112909.

[25] W. He, Z. Gao, S. Liu, L. Tan, Y. Wu, J. Liu, Z. Zheng, W. Fan, Y. Luo, Z. Chen, S. Song, G protein-coupled estrogen receptor
activation by bisphenol-A disrupts lipid metabolism and induces ferroptosis in the liver, Environmental Pollution 334 (2023).
https://doi.org/10.1016/j.envpol.2023.122211.

[26] S. Zhou, M. Han, Y. Ren, X. Yang, L. Duan, Y. Zeng, J. Li, Dibutyl phthalate aggravated asthma-like symptoms through
oxidative stress and increasing calcitonin gene-related peptide release, Ecotoxicol. Environ. Saf. 199 (2020) 110740.
https://doi.org/10.1016/J. ECOENV.2020.110740.

[27] M. Liu, J. Lu, J. Hu, Y. Chen, X. Deng, J. Wang, S. Zhang, J. Guo, W. Li, S. Guan, Sodium sulfite triggered hepatic apoptosis,
necroptosis, and pyroptosis by inducing mitochondrial damage in mice and AML-12 cells, J. Hazard. Mater. 467 (2024)
133719. https://doi.org/10.1016/j.jhazmat.2024.133719.

[28] X. Yao, M. Gao, J. Lu, X. Deng, S. Guan, Aflatoxin Bl Induces Pyroptosis and Apoptosis in Renal Cells by Mediating
Mitophagy Dysfunction and Mitochondrial Pore Formation, J. Agric. Food Chem. 73 (2025) 25268-25284.
https://doi.org/10.1021/acs.jafc.5¢07992.

[29] B. Mondal, T. Dutta, A. Padhy, S. Das, S. Sen Gupta, Lysosome-Targeting Strategy Using Polypeptides and Chimeric
Molecules, ACS Omega 7 (2022) 5-16.

[30] Y. Cen, G. Lou, J. Qi, M. Zheng, Y. Liu, A new perspective on mesenchymal stem cell-based therapy for liver diseases:
restoring mitochondrial function, Cell Communication and Signaling 21 (2023) 214. https://doi.org/10.1186/s12964-023-
01230-0.

[31] A. V. Fedorov, M.A. Chelombitko, D.A. Chernyavskij, I.I. Galkin, O.Yu. Pletjushkina, T. V. Vasilieva, R.A. Zinovkin, B. V.
Chernyak, Mitochondria-Targeted Antioxidant SkQ1 Prevents the Development of Experimental Colitis in Mice and
Impairment of the Barrier Function of the Intestinal Epithelium, Cells 11 (2022) 3441. https://doi.org/10.3390/cells11213441.

[32] R. Liu, B. Liu, L. Tian, X. Jiang, X. Li, D. Cai, J. Sun, W. Bai, Y. Jin, Exposure to Bisphenol A Caused Hepatoxicity and
Intestinal Flora Disorder in Rats, Int. J. Mol. Sci. 23 (2022).

[33] T. Geens, D. Aerts, C. Berthot, J.P. Bourguignon, L. Goeyens, P. Lecomte, G. Maghuin-Rogister, A.M. Pironnet, L. Pussemier,
M.L. Scippo, J. Van Loco, A. Covaci, A review of dietary and non-dietary exposure to bisphenol-A, Food and Chemical
Toxicology 50 (2012) 3725-3740. https://doi.org/10.1016/j.fct.2012.07.059.

[34] X.L. Cao, J. Corriveau, S. Popovic, Bisphenol a in canned food products from canadian markets, J. Food Prot. 73 (2010) 1085—
1089. https://doi.org/10.4315/0362-028X-73.6.1085.

[35] X.L. Cao, J. Corriveau, S. Popovic, Bisphenol A in Canned Food Products from Canadian Markets, J. Food Prot. 73 (2010)
1085-1089. https://doi.org/10.4315/0362-028X-73.6.1085.

[36] L.N. Vandenberg, S. Ehrlich, S.M. Belcher, N. Ben-Jonathan, D.C. Dolinoy, E.R. Hugo, P.A. Hunt, R.R. Newbold, B.S. Rubin,
K.S. Saili, A.M. Soto, H.-S. Wang, F.S. vom Saal, Low dose effects of bisphenol A, Endocrine Disruptors 1 (2013) ¢26490.
https://doi.org/10.4161/end0.26490.

[37] M.R. Bryan, A.B. Bowman, Manganese and the Insulin-IGF Signaling Network in Huntington’s Disease and Other
Neurodegenerative Disorders, Adv. Neurobiol. 18 (2017) 113-142.

[38] Y. Chen, X. Li, M. Yang, S.B. Liu, Research progress on morphology and mechanism of programmed cell death, Cell Death
Dis. 15 (2024).

[39] M.L. Hernandez, M. Marone, K.M. Gorse, A.D. Lafrenaye, Cathepsin B Relocalization in Late Membrane Disrupted Neurons
Following Diffuse Brain Injury in Rats, ASN Neuro 14 (2022).



Y L. Chen et al. / Food Science and Human Wellness 17 (2028)

[40] W. Hou, X. Wei, J. Liang, P. Fang, C. Ma, Q. Zhang, Y. Gao, HMGBI1-Induced Hepatocyte Pyroptosis Expanding
Inflammatory Responses Contributes to the Pathogenesis of Acute-on-Chronic Liver Failure (ACLF), J. Inflamm. Res. 14
(2021) 7295-7313.

[41] S.H. Diaw, C. Ganos, S. Zittel, K. Plotze-Martin, L. Kulikovskaja, M. Vos, A. Westenberger, A. Rakovic, K. Lohmann, M.
Dulovic-Mahlow, Mutant WDR45 Leads to Altered Ferritinophagy and Ferroptosis in B-Propeller Protein-Associated
Neurodegeneration, Int. J. Mol. Sci. 23 (2022).

[42] H.L. Persson, L.K. Vainikka, M. Sege, U. Wennerstrom, S. Dam-Larsen, J. Persson, Leaky lysosomes in lung transplant
macrophages: azithromycin prevents oxidative damage, Respir. Res. 13 (2012) 83. https://doi.org/10.1186/1465-9921-13-83.

[43] Y. Zhao, Q. Wang, J. Zhu, J. Cai, X. Feng, Q. Song, H. Jiang, W. Ren, Y. He, P. Wang, D. Feng, J. Yu, Y. Liu, Q. Wu, J.
Siriporn, Z. Cai, Identification of KW-2449 as a dual inhibitor of ferroptosis and necroptosis reveals that autophagy is a
targetable pathway for necroptosis inhibitors to prevent ferroptosis, Cell Death Dis. 15 (2024).

[44] L. Zheng, P. Hou, J. Jing, M. Zhou, L. Wang, L. Wu, J. Zhu, L. Yi, M. Mi, Pterostilbene Attenuates High-Intensity Swimming
Exercise-Induced Glucose Absorption Dysfunction Associated with the Inhibition of NLRP3 Inflammasome-Induced IECs
Pyroptosis, Nutrients 15 (2023) 2036. https://doi.org/10.3390/nu15092036.

[45] Y. Zhong, R. Jin, R. Luo, J. Liu, L. Ren, Y. Zhang, Z. Shan, X. Peng, Diosgenin Targets CaMKK2 to Alleviate Type II Diabetic
Nephropathy through Improving Autophagy, Mitophagy and Mitochondrial Dynamics, Nutrients 15 (2023) 3554.
https://doi.org/10.3390/nu15163554.

[46] H. Bai, F. Yang, W. Jiang, A. Hu, H. Chang, Y. Zhang, L. Jiang, S. Lin, Z. Lu, C. Zhang, H. Cao, Molybdenum and cadmium
co-induce mitophagy and mitochondrial dysfunction via ROS-mediated PINK1/Parkin pathway in Hepal-6 cells, Ecotoxicol.
Environ. Saf. 224 (2021) 112618. https://doi.org/10.1016/j.ecoenv.2021.112618.



