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Abstract: TBBPS and TCBPA are increasingly used as alternatives to tetrabromobisphenol A (TBBPA) and have been
detected in various environmental samples. Moreover, they have been widely detected in human biological matri-
ces such as blood, milk, et al. In view of this, it is particularly urgent to comprehensively evaluate the toxicological
properties of TBBPS/TCBPA. In this study, in vitro experiments were carried out with cervical cancer cell models and
normal cervical cell models. Comprehensive biochemical experiments were conducted to examine the effects of
TBBPS and TCBPA on cervical cancer cells. Cell proliferation assays with CCK8 and EdU demonstrated that TBBPS
and TCBPA enhance cervical cancer cell proliferation and enhance the expression of proliferation-related molecules.
Subsequent research demonstrated that TBBPS/TCBPA enhance the secretion of inflammatory factors in cervical
cancer cells, influencing cell proliferation. In the cervical epithelial cell model, our study revealed that TBBPS/
TCBPA suppressed the proliferation of normal cervical epithelial cells. Mechanistic studies revealed that TBBPS/
TCBPA treatment enhanced ds-DNA release, thereby activating the cGAS-STING signaling pathway and inhibiting cell
proliferation. This study concludes that TBBPS/TCBPA exhibit dual effects by promoting cervical cancer cell growth
while inhibiting normal cervical cell proliferation, which was mediated through the regulation of the inflammatory
response. This study’s findings will serve as a foundation for evaluating the potential health risks posed by TCBPA/
TBBPS exposure.
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Introduction HPV and HSV. The second category is behav-
ioral risk factors, such as premature sexual
intercourse. The third category is genetic sus-
ceptibility [4, 5]. Recent studies indicate that
environmental factors, including chemical pol-
lutants and radiation, contribute to the develop-
ment of cervical cancer. These risk factors
interact with each other and significantly con-
tribute to cervical cancer development [6, 7].
The theory of environmental carcinogenesis
states that approximately 80%-90% of the

Cervical cancer ranks as the fourth most preva-
lent malignant tumor in women and has the
highest mortality rate among female cancers,
significantly threatening women’s health and
safety, thus earning it the moniker 'female killer
[1]. Epidemiological data indicate that cervical
cancer causes more than one million deaths
each year. Cervical cancer primarily develops at
the cervicovaginal junction. Epidemiological

data show that three main categories of risk
factors affect cervical cancer [2, 3]. The first
category is biological factors, with cervical can-
cer development closely linked to various
pathogens, including viral infections such as

causes of human malignant tumors are attrib-
uted to environmental factors.

At present, numerous environmental factors
implicated in tumorigenesis can be categorized
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into three types by their properties: chemical,
physical, and biological, among which chemi-
cal factors predominate. Tetrabromobisphenol-
type compounds and their derivatives are wide-
ly used brominated flame retardants, exten-
sively utilized in building materials, textiles, and
electronic equipment. Brominated flame retar-
dants (BFRs), including tetrabromobisphenol
compounds, have been commonly detected
in human blood [8]. Tetrabromobisphenol A
(TBBPA) and its derivatives are the predomi-
nant brominated flame retardants in commer-
cial products. However, in recent years, due to
growing toxicological concerns about TBBPA, it
has been gradually banned. Currently, TBBPS
and TCBPA are more widely used. TBBPS and
TCBPA are widely used as alternatives to TBBPA
in flame-retardant applications, added to build-
ing materials, textiles, plastic products, etc.,
to improve the fire-resistance performance of
these materials [9]. The relationship between
TBBPS/TCBPA and cervical cancer remains
unclear, posing an unresolved scientific ques-
tion.

Cervical cancer progression is closely linked
to inflammation. Inflammation caused by viral
infections is an important factor promoting
tumor progression [10]. Infiltrating immune ce-
lIs and the cytokines, chemokines, and growth
factors they secrete significantly promote ma-
lignant phenotypes of cervical cancer. Inflam-
matory factors such as IL-6 and IL-1j3 are signifi-
cantly associated with tumor initiation and pro-
gression [11]. Research indicates that cervical
cancer cells secrete IL-6 and IL-1[3, which pro-
mote the proliferation of cancer cells. Recent
studies indicate that the cGAS-STING signaling
pathway is crucial in detecting cytoplasmic
abnormal DNA accumulation and tumor devel-
opment, and targeting this pathway may miti-
gate tumor progression [12]. The cGAS-STING
signaling pathway influences tumor develop-
ment by mediating inflammation [13].

Here, we used the Hela cells and SiHa cells as
in vitro models to explore the toxicological eff-
ects of TCBPA/TBBPS. We found that TCBPA/
TBBPS exposure promotes the proliferation of
cervical cancer cells. In contrast, they inhibit
the proliferation of normal cervical epithelial
cells. This study’s findings will serve as a foun-
dation for evaluating the potential health risks
posed by TCBPA/TBBPS exposure.
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Materials and methods
Chemicals and antibodies

DMEM medium, PBS and DMSO were from
Solarbio company (Beijing, China). The following
materials were sourced from Abcam (UK): Anti-
IL-1B, anti-IL-6, anti-TNF«, polyvinylidene fluo-
ride (PVDF), anti-STING, anti-TBK1, and nuclear
factor kappa-B (NF-kB). Bovine serum albumin,
goat anti-rabbit 1gG and DAPI fluorescent dye
were from Solarbio (Beijing, China). The Cell
Counting Kit, trypsin cell digestion solution,
protease inhibitor cocktail, skim milk powder,
EDTA, bovine serum albumin (BSA), fetal bovine
serum (FBS), hematoxylin and eosin, antibody
elution solution, and ECL chemiluminescence
detection kit were sourced from Beyotime
Biotechnology (Shanghai, China).

Cell culture

Hela cells and SiHa cells were purchased from
the National Collection of Authenticated Cell
Cultures. Cells were cultured in DMEM medium
with 10% FBS at 37°C with 5% CO,,.

Quantitative analysis of proinflammatory cyto-
kines by ELISA

Post-treatment, the supernatant from Hela
and SiHa cell cultures was collected into a
centrifuge tube and centrifuged at 1000 RPM
for 20 minutes at 4°C to remove cell debris.
The supernatant was collected and used as
samples, which were incubated in each well
for 90 minutes. Subsequently, the cells were
washed three times, followed by adding 100 pl
of enzyme-conjugated solution to each well for
30 minutes. Following sample washing, 80 ul
of TMB was added to each well and allowed to
react in the dark for approximately 10 minutes.
The reaction was terminated by adding stop
solution to each well, followed by measuring
the absorbance at 450 nm using an ELISA
reader.

Western-blot analyses

Cells were exposed to TBBPS/TCBPA for speci-
fied time intervals. Cell samples were washed
with PBS, scraped into 1.5 ml EP tubes, and
centrifuged at 1500 RPM for 10 minutes at
4°C. An appropriate amount of lysate was
added to the EP tubes, which were then placed
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on ice for 10 minutes. Samples were sonicated
using an ultrasonic cell disruptor (3 seconds
each time). Cell lysates were subjected to SDS-
PAGE analysis. Proteins were electrophoreti-
cally transferred to a PVDF membrane. The
PVDF membrane was blocked with 5% non-fat
dry milk and shaken for 120 minutes. After
washing three times with TBST, the PVDF mem-
brane was incubated with primary antibodies at
4°C overnight. Unbound primary antibodies
were washed off by TBST washes. The mem-
brane was washed with TBST and incubated
with secondary antibodies for 2 hours. Protein
bands were then detected using ECL solution.

Cell viability test (CCK8)

Cell viability was evaluated using the CCK8 kit
according to the manufacturer’s instructions to
determine the effects of TBBPS/TCBPA. Cells
(HeLa and SiHa) were seeded into a 96-well cul-
ture plate. After treating the cells with TBBPS/
TCBPA, CCK8 solution was added. After incuba-
tion for 4 h, the cell samples were tested with a
microplate reader.

Immunofluorescence

After TBBPS/TCBPA stimulation, the cells were
fixed with 4% PFA at room temperature for 0.5
h. After washing, cells were permeabilized and
blocked with 10% normal goat serum for 0.5 h.
After washing, the primary antibodies were
added and incubated at 4°C for 12 h, followed
by incubated with fluorescently labeled second-
ary antibodies for 2 h. Cell samples were
checked by CLSM.

Cell exposure experiment

When the cells reached approximately 70%
confluence, cells were challenged with TBBPS/
TCBPA (0.01 pM-0.1 pM) for 24 h. TBBPS/
TCBPA concentrations were selected based on
previous reports [14, 15].

EdU assay for cell proliferation

EdU incorporation assays were performed to
assess the effects of TBBPS/TCBPA on cell
proliferation. Cervical cancer cells were seeded
in a 96-well cell culture plate and exposed to
TBBPS/TCBPA. After washing, cells were incu-
bated with EdU solution at 37°C for 120 min-
utes according to the EdU kit protocol. The cell
samples were analyzed using a laser confocal
microscope (Olympus, FV3000).
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ROS detection

The cells (HeLa and SiHa) were challenged with
TBBPS/TCBPA. Cells were then incubated with
DCFH-DA probes at 37°C for 0.5 h. After wash-
ing, The cells were then examined using a laser
confocal microscope (FV3000).

Detection of Mitochondrial Membrane
Potential (MMP)

To analyze the effects of TBBPS/TCBPA on
MMP, the cells were challenged with TBBPS/
TCBPA for 24 h. After washing, the cells were
stained with TMRE, the samples were detected
with CLSM.

Pl staining

After the cells were exposed to TBBPS/TCBPA,
cells were stained with the Pl. The samples
were detected with CLSM.

MitoSOX dyeing

To study the effect of TBBPS/TCBPA on mito-
chondrial ROS, the cells were exposed to
TBBPS/TCBPA for 24 h. After washing, MitoSOX
solution was added at 37°C and incubated
for 10 min in the dark. After washing, the
cell samples were observed using a confocal
microscope.

ELISA assays

ELISA assays for IL-13 and IL-6 were performed
using commercial kits. Reagents were equili-
brated to room temperature for 30 minutes.
Test samples and standards were incubated
on the ELISA plate at 37°C for 1 hour. After
washing, biotin-labeled antibodies were added
and incubated at 37°C for 1 hour. Wells were
washed three times, incubated with Strep-
tavidin-HRP at 37°C for 30 minutes, washed
again, and developed with substrate solution.
Absorbance was measured at 450 nm using a
microplate reader.

Statistical analysis

The relevant data were collated and analyz-
ed for significant differences using GraphPad
Prism 8. A one-way ANOVA was employed to
compare data across multiple groups, while
a ttest assessed differences between two
groups. P<0.05 represented a significant differ-
ence and was statistically significant.
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Figure 1. Investigation of TBBPS and TCBPA on cervical cancer cell proliferation. A. Assessment of TCBPA/TBBPS
impact on cervical cancer cell proliferation using CCK8 assay. B. Analysis of the effects of TCBPA/TBBPS on cell
proliferation by EdU. C. Impact of TCBPA/TBBPS on cell proliferation marker expression. A p-value less than 0.05

denotes a statistically significant difference.

Results

Impact of TBBPS/TCBPA on cervical cancer
cell activity

CCK8 assays were conducted to assess the
impact of TBBPS/TCBPA on cervical cancer cell
viability. TBBPS and TCBPA were tested at con-
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centrations of 0.01, 0.05, 0.1, 1, 5, and 10 yM,
selected based on reported environmental
exposure levels. The findings indicated that low
concentrations of TCBPA (0.01-0.1 uM) enhan-
ced the proliferation of HeLa and SiHa cells
compared to the control group. However, when
the concentration of TBBPS/TCBPA exceeded
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Figure 2. Impact of TBBPS/TCBPA on inflammatory factor expression. A. IL.-6 and IL-13 expression was measured
using ELISA. B. Indirect immunofluorescence was used to analyze IL.-6 and IL-13 expression. C. Western blot analysis
of inflammatory factor expression. D. Impact of TBBPS/TCBPA on NF-kB Expression. A p-value less than 0.05 signi-

fies a statistically significant difference.

5 uM, the proliferative capacity of cervical can-
cer cells was significantly inhibited (Figure 1A).
Based on these results, we selected 0.01,
0.05, and 0.1 uM (TCBPA and TBBPS) as the
concentration range for subsequent experi-
ments. We used the EdU assay to validate the
proliferative effects of TBBPS/TCBPA on cervi-
cal cancer cells. The experimental findings con-
firmed that the TBBPS/TCBPA-treated group
exhibited significantly more EdU-positive cells
compared to the negative control (NC) group,
further indicating that TCBPA stimulates cervi-
cal cancer cell proliferation (Figure 1B). We
subsequently evaluated the impact of TBBPS/
TCBPA on cell-cycle proteins and proliferation
markers. Our findings indicate that TBBPS/
TCBPA significantly upregulates CyclinD1 and
Ki67 expression levels, suggesting a potential
role in enhancing cell proliferation by promot-
ing cell-cycle progression (Figure 1C).

TBBPS/TCBPA induced production of IL-6/IL-
1B through activation of NF-kB

Research indicates that inflammatory factors
like IL-6 and IL-13 contribute to the initiation
and progression of cervical cancer [16]. Pre-
vious studies have shown that TCBPA/TBBPS
induce tumor cells to secrete inflammatory
factors. We initially examined the impact of
TBBPS/TCBPA on inflammatory factor secre-
tion in cervical cancer. These findings indicated
that TBBPS/TCBPA enhanced the expression
of inflammatory factors, leading to a significant
increase in IL-6 and IL-1B secretion levels
(Figure 2A). Further indirect immunofluores-
cence (Figure 2B) and Western blot (Figure 2C)
also showed similar results. On this basis, we
detected the activation level of NF-kB. The find-
ings indicated a significant increase in NF-kB
activation levels following TBBPS/TCBPA treat-
ment (Figure 2D).

TBBPS/TCBPA induce NF-kB activation via the
CGAS-STING pathway

Previous studies have shown that TBBPS/
TCBPA can activate NF-kB. Therefore, a critical
question is how TBBPS/TCBPA activate NF-kB
in cervical cancer cells. Previous work has
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shown that TBBPS/TCBPA can promote the pro-
duction of dsDNA, which can induce an innate
immune response. Building on these findings,
we first analyzed the expression of inflamma-
somes. The findings indicated that TBBPS/
TCBPA did not significantly elevate AIM2 and
NLRP1 expression levels (Figure 3A). Conse-
quently, we also examined the cGAS-STING sig-
naling pathway, a nucleic acid-sensing pathway.
Treatment with TBBPS/TCBPA activated the
CcGAS-STING/IRF3 signaling pathway (Figure
3B). To verify the necessity of cGAS-STING in
NF-kB activation, we employed a cGAS inhibi-
tor. The findings indicated notable suppression
of NF-kB activation (Figure 3C). Simultaneously,
IL-6 and IL-1B levels decreased significantly
(Figure 3D). Moreover, cell proliferation was sig-
nificantly attenuated (Figure 3E).

TBBPS/TCBPA activate the cGAS-STING sig-
naling pathway by triggering the release of
mitochondrial-derived ds-DNA

The study investigates whether TBBPS/TCBPA,
functioning as a DAMP molecule, triggers the
CGAS-STING signaling pathway by facilitating
dsDNA release. Therefore, we detected the
levels of dsDNA. Treatment with TBBPS/TCBPA
led to a significant increase in dsDNA levels
(Figure 4A). Next, do these dsDNA molecules
come from mitochondria or the nucleus? Theo-
retically, both sources are possible. Therefore,
we inhibited mitochondrial DNA replication
using ethidium bromide (EtBR) (Figure 4B). The
findings indicated a significant reduction in
cytoplasmic dsDNA levels following TBBPS/
TCBPA treatment, suggesting that dsDNA pri-
marily originates from mitochondria rather than
the nucleus. Further colocalization experiments
showed that dsDNA mainly originates from
mitochondria (Figure 4C). TBBPS/TCBPA indu-
ce the release of dsDNA from mitochondria into
the cytoplasm, activating cGAS-STING and sub-
sequently the NF-kB signaling pathway.

Impact of TBBPS/TCBPA on cervical epithelial
cell activity

CCK8 assays were conducted to evaluate the
impact of TBBPS/TCBPA on the proliferation of

Am J Cancer Res 2025;15(7):3003-3016
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Figure 3. TBBPS/TCBPA activate NF-kB via the cGAS-STING signaling pathway. A. Evaluation of AIM2 and NLRP1
expression levels following TBBPS/TCBPA treatment. B. TBBPS/TCBPA treatment activated the cGAS-STING/IRF3
signaling pathway. C. NF-kB activation occurred via the cGAS-STING signaling pathway. D. The cGAS inhibitor de-
creased the expressions of IL-6 and IL-1p3. E. The cell-proliferation ability was weakened by using the cGAS inhibitor.
A P-value less than 0.05 denotes a statistically significant difference.

normal cervical cells (Ect1/EGE7). TBBPS and
TCBPA were tested at concentrations ranging
from 0.01 to 10 uM (0.01, 0.05, 0.1, 0.5, 1, 5,
and 10 uM). The findings indicated that TBBPS/
TCBPA suppressed cervical epithelial cell prolif-
eration compared with the control group. In
contrast, TBBPS exhibited a stronger inhibitory
effect than TCBPA (Figure 5A). TBBPS and
TCBPA inhibited the proliferation of normal
cervical epithelial cells in the EAU experiment
(Figure 5B). We subsequently assessed the
impact of TBBPS/TCBPA on cell-cycle regulato-
ry proteins and proliferation markers. Our
data indicated that TBBPS/TCBPA significantly
down-regulated the expression levels of Cyclin
D1 and Ki67, as shown in Figure 5C.

TBBPS/TCBPA trigger pyroptosis via the cGAS-
STING-NLRP3 signaling pathway

The above-mentioned experiments showed
that TBBPS/TCBPA led to the inhibition of the
proliferation of cervical epithelial cells. Through
Pl and Sytox staining, we found that TBBPS/
TCBPA induced the death of cervical cells
(Figure 6A). This also indicates that this cell-
death mode is inflammatory death. To deter-
mine the specific form of death, we used inhibi-
tors of pyroptosis, apoptosis, and programmed
necrosis. The findings indicated that the cell
pyroptosis inhibitor effectively prevented cell
death, unlike other inhibitors (Figure 6B).

Next, we continued to explore the molecular
mechanism by which TBBPS/TCBPA induce cell
pyroptosis. Subsequent research demonstrat-
ed that TBBPS/TCBPA activated the cGAS-
STING pathway (Figure 6C). Research indicates
that cGAS-STING can trigger NLRP3-mediated
cell pyroptosis. Therefore, we further evaluated
the expression levels of NLRP3, ASC, GSDMD,
and Caspase 1. The findings indicated an over-
all increase in their expression levels (Figure
6D). A cGAS-STING inhibitor was employed to
determine if TCBPA/TBBPA activate NLRP3
through the cGAS-STING pathway. The findings
indicated that the cGAS-STING inhibitor suc-
cessfully suppressed NLRP3-mediated pyrop-
tosis (Figure 6E). The data suggest that TBBPS/
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TCBPA trigger cell pyroptosis via the cGAS-
STING-NLRP3 signaling pathway.

Discussion

TBBPS and TCBPA have been increasingly used
as alternatives to TBBPA in industrial applica-
tions in recent years. Currently, due to TBBPA’s
potential endocrine-disrupting effects and neu-
rotoxicity, it has been restricted for use in many
countries. Consequently, TBBPS and TCBPA, as
TBBPA's alternatives, have gradually become
the main components of flame retardants
and plastic additives. However, with the wide-
spread application of TBBPS and TCBPA, envi-
ronmental contamination issues have gradually
emerged. Research indicates that TBBPS and
TCBPA are commonly found in diverse environ-
mental media, including water, soil, and indoor
dust, as well as biological samples such as
human blood and milk [17]. The environmental
persistence and bioaccumulation of TBBPS
and TCBPA facilitate their entry into the human
body via the food chain, potentially threaten-
ing human health. Therefore, comprehensive-
ly evaluating the toxicological properties of
TBBPS and TCBPA, especially their effects on
human health, has become an important
research direction in the field of environmental
health.

In this study, we primarily assessed the effects
of TBBPS and TCBPA on cervical cancer.
Additionally, we evaluated their effects on cer-
vical cells and reported significant findings. The
study revealed that TBBPS and TCBPA signifi-
cantly enhance cervical cancer cell prolifera-
tion and upregulate the expression of various
proliferation-related molecules. This finding is
consistent with recent studies on the cancer-
promoting effects of brominated flame retar-
dants. TBBPA has been shown to enhance the
invasion and migration of endometrial cancer
cells, potentially through mechanisms involving
EMT [18]. The current work shows that TBBPS
and TCBPA can induce cervical cancer cells to
secrete inflammatory factors, thereby promot-
ing cell proliferation. This phenomenon aligns
with the role of inflammatory factors in the cer-
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Figure 4. TBBPS/TCBPA activate cGAS-STING by inducing the release of mitochondrial-derived ds-DNA. A. TBBPS/
TCBPA treatment significantly elevated ds-DNA levels. B. EtBR removes mitochondrial DNA. C. Co-localization analy-
sis of ds-DNA and mitochondria. A p-value less than 0.05 signifies a statistically significant difference.

vical cancer microenvironment. Consequen-
tly, TBBPS and TCBPA might promote cervical
cancer progression by modulating the inflam-
matory response and tumor immune micro-
environment.

This study discovered that, unlike their enhanc-
ing effects on cervical cancer cells, TBBPS and
TCBPA inhibit the proliferation of normal cervi-
cal epithelial cells. The dual effect may be
associated with the DNA-damaging effects of
TBBPS and TCBPA on cells. Our study demon-
strates that TBBPS and TCBPA treatments pro-
mote dsDNA release, activating the cGAS-
STING pathway and subsequently inhibiting cell
proliferation. This is similar to the toxic mecha-
nism of bisphenol-type compounds (BPs). BPA
has been shown to suppress normal human
cell proliferation and trigger apoptosis through
DNA damage and oxidative stress. The inhibi-
tory effects of TBBPS and TCBPA on normal
cells may be linked to their endocrine-disrupt-
ing effects. BPs can disrupt endogenous hor-
mone synthesis and metabolism, thereby im-
pacting cellular functions [19]. Thus, TBBPS
and TCBPA may damage normal cervical cells
through various mechanisms.

This study demonstrates that TBBPS and
TCBPA can exert dual effects on cervical cancer
and normal cervical cells through activa-
tion of the cGAS-STING signaling pathway. The
CGAS-STING pathway is crucial in immune
responses and DNA repair [20, 21]. Our work
found that treatment with TBBPS and TCBPA
induced the release of dsDNA, which in turn
activated the cGAS-STING pathway, ultimately
resulting in the inhibition of cell proliferation in
the normal cervical cell model. However, this is
also understandable due to their effects on
inflammatory factors. In the cervical cancer cell
model, TBBPS and TCBPA promote cell prolif-
eration by modulating inflammatory factor
expression, which in turn influences tumor pro-
liferation and metastasis.

This study shows that TBBPS and TCBPA can
induce oxidative stress by disrupting cellular
metabolic homeostasis. In liver cells, exposure
to TBBPS and TCBPA can significantly increase
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markers associated with oxidative stress [22].
Qiao et al.s research shows that TCBPA can
induce oxidative stress in vascular endothelial
cells and disrupt the cellular redox balance
system [23]. Future research should investi-
gate the molecular mechanisms of TBBPS and
TCBPA, as well as their toxicological differences
compared with TBBPA.

While HPV is the primary driver of cervical can-
cer, growing evidence suggests that environ-
mental chemicals may act as cofactors in HPV-
mediated carcinogenesis. Some environmental
factors are known to disrupt immune surveil-
lance against HPV [24]. Here, we hypothesize
that TCBPA/TBBPS and HPV may have a syner-
gistic effect on the initiation and progression of
cervical cancer. Notably, this is just a hypothe-
sis, and a series of experiments will be needed
to confirm it.

Additionally, we found no evidence that TCBPA/
TBBPS induce pyroptosis in cervical cancer
cells. We hypothesize two possible explana-
tions: First, cervical cancer cells may express
very low basal levels of pyroptosis-executing
molecules such as Caspasel (4) and GSDMD
compared to normal cervical epithelial cells;
Second, TCBPA/TBBPS might inhibit pyroptotic
responses in cervical cancer cells through
unknown pathways.

Conclusion

The novelty of this study lies in identifying the
dual impact of TBBPS and TCBPA on both cervi-
cal cancer and normal cervical cells, elucidat-
ing the molecular mechanism by which they
regulate cell proliferation via the cGAS-STING
signaling pathway. This discovery not only pro-
vides a scientific basis for assessing the po-
tential health risks of exposure to these com-
pounds but also offers insights for developing
intervention strategies against their toxicity.
This study presents a novel perspective on
the link between environmental pollutants
and cancer progression. Therefore, investigat-
ing the toxicological properties and molecular
mechanisms of TBBPS and TCBPA is crucial for
protecting human health and environmental
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Figure 6. TBBPS/TCBPA triggers pyroptosis via the cGAS-STING-NLRP3 signaling pathway. A. TBBPS/TCBPA induced
cell death through Pl and Sytox staining. B. Inhibition of cell pyroptosis blocked cell pyroptosis. C. TBBPS/TCBPA
activated the cGAS-STING signaling pathway in the epithelial cell model. D. Impact of TBBPS/TCBPA on NLRP3, ASC,
GSDMD, and Caspase 1 expression levels. E. Pyroptosis mediated by NLRP3 occurs via the cGAS-STING signaling
pathway. A p-value less than 0.05 signifies a statistically significant difference.

safety. Building on previous findings, this study
further delineates the dual impact of TBBPS
and TCBPA on cervical cancer and normal cervi-
cal cells, highlighting their regulation of cell pro-
liferation via the cGAS-STING signaling path-
way. These findings provide critical evidence for
assessing the potential health risks of expo-
sure to TBBPS and TCBPA and establish a theo-
retical basis for developing intervention strate-
gies against their toxicity.

Disclosure of conflict of interest
None.
Abbreviations

TBBPA, tetrabromobisphenol A; BFRs, Bro-
minated flame retardants; PVDF, polyvinylidene
fluoride.

Address correspondence to: Abdah Md Akim, De-
partment of Biomedical Sciences, Faculty of Me-
dicine and Health Sciences, Universiti Putra Mala-
ysia, 43400 UPM Serdang, Selangor, Malaysia.
E-mail: abdah@upm.edu.my; Zhihai Jin, Handan
First Hospital, Congtai District, Handan, Hebei,
China; Department of Community Health, Faculty of
Medicine and Health Sciences, University Putra
Malaysia, 43400 Serdang, Selangor, Malaysia.
E-mail: jin13363017099@163.com

References

[1] Walboomers JM, Jacobs MV, Manos MM,
Bosch FX, Kummer JA, Shah KV, Snijders PJ,
Peto J, Meijer CJ and Munoz N. Human papil-
lomavirus is a necessary cause of invasive cer-
vical cancer worldwide. J Pathol 1999; 189:
12-19.

[2] SungH, Ferlay J, Siegel RL, Laversanne M, So-
erjomataram |, Jemal A and Bray F. Global Can-
cer Statistics 2020: GLOBOCAN estimates of
incidence and mortality worldwide for 36 can-
cers in 185 countries. CA Cancer J Clin 2021;
71: 209-249.

[3] LeiJ, Ploner A, Elfstrom KM, Wang J, Roth A,
Fang F, Sundstrém K, Dillner J and Sparén P.
HPV vaccination and the risk of invasive cervi-
cal cancer. N Engl J Med 2020; 383: 1340-
1348.

3015

(4]

(5]

(6]

(7]

(8]

)

(11]

[12]

Fontham ETH, Wolf AMD, Church TR, Etzioni R,
Flowers CR, Herzig A, Guerra CE, Oeffinger KC,
Shih YT, Walter LC, Kim JJ, Andrews KS, DeSan-
tis CE, Fedewa SA, Manassaram-Baptiste D,
Saslow D, Wender RC and Smith RA. Cervical
cancer screening for individuals at average
risk: 2020 guideline update from the American
cancer society. CA Cancer J Clin 2020; 70:
321-346.

Louie KS, de Sanjose S, Diaz M, Castellsagué
X, Herrero R, Meijer CJ, Shah K, Franceschi S,
Munoz N and Bosch FX; International Agency
for Research on Cancer Multicenter Cervical
Cancer Study Group. Early age at first sexual
intercourse and early pregnancy are risk fac-
tors for cervical cancer in developing coun-
tries. Br J Cancer 2009; 100: 1191-1197.

Au WW, Abdou-Salama S, Sierra-Torres CH and
Al-Hendy A. Environmental risk factors for pre-
vention and molecular intervention of cervical
cancer. Int J Hyg Environ Health 2007; 210:
671-678.

Qi J, Li M, Wang L, Hu Y, Liu W, Long Z, Zhou Z,
Yin P and Zhou M. National and subnational
trends in cancer burden in China, 2005-20: an
analysis of national mortality surveillance
data. Lancet Public Health 2023; 8: €943-
e955.

Cheng V and Volz DC. Halogenated bisphenol a
analogues induce PPARy-independent toxicity
within human hepatocellular carcinoma cells.
Curr Res Toxicol 2022; 3: 100079.

Jia J, Zhu Q, Liu N, Liao C and Jiang G. Occur-
rence of and human exposure to TBBPA and its
derivatives in indoor dust in China. Chinese
Science Bulletin 2019; 64: 3467-3477.
Muhammad SB, Hassan F, Bhowmik KK, Millat
MS, Sarwar MS, Aziz MA, Barek MA, Sarowar
Uddin M, Ferdous M and Safiqul Islam M. De-
tection of association of IL1B, IL4R, and IL6
gene polymorphisms with cervical cancer in
the Bangladeshi women by tetra-primer ARMS-
PCR method. Int Immunopharmacol 2021; 90:
107131.

Schindler S, Netto E, Deminco F, Figueiredo
CA, de Andrade CM, Alves AR and Brites C. De-
tection of cytokines in cervicovaginal lavage in
HIV-infected women and its association with
high-risk human papillomavirus. Front Immu-
nol 2024; 15: 1416204.

Zheng J, Mo J, Zhu T, Zhuo W, Yi Y, Hu S, Yin J,
Zhang W, Zhou H and Liu Z. Comprehensive

Am J Cancer Res 2025;15(7):3003-3016



[13]

[14]

[15]

[16]

(17]

(18]

3016

TBBPS/TCBPA dual effects on cervical cells via cGAS-STING

elaboration of the cGAS-STING signaling axis in
cancer development and immunotherapy. Mol
Cancer 2020; 19: 133.

Decout A, Katz JD, Venkatraman S and Ablass-
er A. The cGAS-STING pathway as a therapeu-
tic target in inflammatory diseases. Nat Rev
Immunol 2021; 21: 548-569.

Liu AF, Qu GB, Yu M, Liu YW, Shi JB and lJiang
GB. Tetrabromobisphenol-A/S and nine novel
analogs in biological samples from the Chi-
nese Bohai Sea: implications for trophic trans-
fer. Environ Sci Technol 2016; 50: 4203-4211.
Zhu Q, Jia J, Wang Y, Zhang K, Zhang H, Liao C
and Jiang G. Spatial distribution of parabens,
triclocarban, triclosan, bisphenols, and tetra-
bromobisphenol A and its alternatives in mu-
nicipal sewage sludges in China. Sci Total Envi-
ron 2019; 679: 61-69.

Paradkar PH, Joshi JV, Mertia PN, Agashe SV
and Vaidya RA. Role of cytokines in genesis,
progression and prognosis of cervical cancer.
Asian Pac J Cancer Prev 2014; 15: 3851-3864.
Zhou H, Yin N and Faiola F. Tetrabromobisphe-
nol A (TBBPA): a controversial environmental
pollutant. J Environ Sci (China) 2020; 97: 54-
66.

Shen Z, Li M, Zhu H and Song T. TBP activates
DCBLD1 transcription to promote cell cycle
progression in cervical cancer. Funct Integr Ge-
nomics 2024; 24: 221.

(19]

[20]

[22]

(23]

(24]

Oral D, Balci A, Chao MW and Erkekoglu P.
Toxic effects of tetrabromobisphenol A: focus
on endocrine disruption. J Environ Pathol Toxi-
col Oncol 2021; 40: 1-23.

Motwani M, Pesiridis S and Fitzgerald KA. DNA
sensing by the cGAS-STING pathway in health
and disease. Nat Rev Genet 2019; 20: 657-
674.

Hopfner KP and Hornung V. Molecular mecha-
nisms and cellular functions of cGAS-STING
signalling. Nat Rev Mol Cell Biol 2020; 21:
501-521.

Zhang Y, Wang X, Chen C, An J, Shang Y, Li H,
Xia H, Yu J, Wang C, Liu Y and Guo S. Regula-
tion of TBBPA-induced oxidative stress on mi-
tochondrial apoptosis in LO2 cells through the
Nrf2 signaling pathway. Chemosphere 2019;
226: 463-471.

Qiao H, Yang B, Lv X and Liu Y. Exposure to
TCBPA stimulates the growth of arterial smooth
muscle cells through the activation of the
ROS/NF-kB/NLRP3 signaling pathway. Toxicol-
ogy 2024; 503: 153759.

Balaji H, Demers I, Wuerdemann N, Schrijnder
J, Kremer B, Klussmann JP, Huebbers CU and
Speel EM. Causes and consequences of HPV
integration in head and neck squamous cell
carcinomas: state of the art. Cancers (Basel)
2021; 13: 4089.

Am J Cancer Res 2025;15(7):3003-3016



