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ABSTRACT: Tetrabromobisphenol A (TBBPA), a widely used brominated flame retardant in consumer products, has raised
significant health concerns. However, the long-term metabolic effects of chronic exposure to environmentally relevant TBBPA
concentrations, particularly in the context of modern high-calorie diets, remain poorly understood. Here, we show that C57BL/6]
mice fed a high-fat diet and exposed to 20 or 50 nmol/kg/day TBBPA for 120 days exhibited increased body weight, aggravated fat
accumulation, impaired glucose tolerance, insulin resistance, and dyslipidemia. Mechanistic investigations revealed that TBBPA
exposure led to decreased norepinephrine levels, consequently reducing energy expenditure. It disrupts hepatic insulin signaling and
upregulates G6Pase, thereby increasing the level of liver glucose production. Furthermore, TBBPA enhances hepatic cholesterol
synthesis by elevating protein levels of HMGCR, which is the rate-limiting enzyme in cholesterol biosynthesis. This effect is
mediated through increased expression of USP20, a specific deubiquitinating enzyme for HMGCR. Additionally, TBBPA modestly
enhances fatty acid biosynthesis without significantly affecting lipolysis or fatty acid oxidation. Our research reveals novel molecular
pathways through which environmental TBBPA exposure disrupts metabolic balance, potentially exacerbating obesity-related health
issues. These findings highlight the synergistic effects between environmental pollutants and modern calorie-dense diets on
metabolic health, emphasizing the importance of considering multiple factors in obesity-related disorders.
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1. INTRODUCTION

Tetrabromobisphenol A (TBBPA), a brominated bisphenol A
derivative, inhibits combustion through its bromine atoms,
which scavenge reactive radicals at elevated temperatures,
thereby disrupting flame propagation." These properties have
established TBBPA as the most extensively used brominated
flame retardant, employed in over 70% of electrical and
electronic products worldwide. The increasing consumer

urban outdoor air.””° As a lipophilic brominated flame
retardant, TBBPA exhibits potential health and ecological
risks due to its propensity for bioaccumulation, biomagnifica-
tion, and environmental persistence.7 Recent studies indicate
that TBBPA can enter the human body through multiple
pathways, including dust ingestion, dermal contact, and dietary

demand for printed circuit boards has significantly driven the
demand for TBBPA.”™*

The unbound TBBPA in products can readily leach into the
environment due to its lack of chemical integration with the
polymer matrix." TBBPA has been detected in various
environmental matrices, including rivers, sediments, soil, and
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Figure 1. Effects of TBBPA exposure on metabolic parameters in mice fed a high-fat diet. (A) Schematic representation of the experimental design.
Eight-week-old male CS7BL/6] mice were randomly assigned to treatment groups and fed a high-fat diet (60% calories from fat) containing various
concentrations of TBBPA (n = 6). (B) Food intake throughout the experimental period. (C) Body weight over the course of the experiment. (D
and E) Quantification of whole-body composition showing (D) fat mass and (E) lean mass. (F) Whole-body energy expenditure. (G) Average
energy expenditure during day (07:00—19:00) and night (19:00—07:00). (H) Movement counts as determined by metabolic cages. (I) Average
movement counts during day and night periods. (J) Respiratory exchange ratio (RER). (K) Average RER during day and night cycles. NC
represents the negative control group. T20 and TS50 represent the TBBPA exposure groups at 20 nmol/kg/day and 50 nmol/kg/day, respectively.
Data are presented as mean values (B, F, H, J) or mean + SEM (C—E, G, I, K). Statistical analysis was performed using two-way ANOVA (B, C, F,
H, J) or one-way ANOVA with Tukey’s multiple comparison test (D, E, G, I, K). *p < 0.0S, **p < 0.01, ***p < 0.001 compared to the control
group. ns: not significant.

intake.” For instance, dust samples collected from residences in pathways.'' ™' These hormones play crucial roles in
electronic waste recycling areas have revealed that the mean modulating metabolic homeostasis through complex regulatory
concentrations of TBBPA in indoor and outdoor dust are 3435 mechanisms. Consequently, alterations in the levels or
and 1998 ng/g-dw, respectively. Estimates of daily TBBPA activities of these hormones can lead to significant
exposure ranged from 0.04 to 7.50 ng/kg-bw in adults and 0.31 perturbations in lipid and glucose metabolism, potentially
to 58.54 ng/kg-bw in children.” TBBPA concentrations contributing to the development of metabolic disorders, such
detected in breast milk samples have been reported to reach as obesity, diabetes, and dyslipidemia.'* Research has shown
levels as high as 5124 pg/g lipid weight, with meat and meat that even a single exposure to environmentally relevant levels
products identified as the primary sources of TBBPA intake.'’ of TBBPA is toxic to the liver, causing dysfunction and
While regulatory bodies continue to assess TBBPA’s safety, alterations in triacylglycerol and free fatty acid levels."”
several critical knowledge gaps and controversial points persist Moreover, maternal exposure to TBBPA significantly alters
in understanding its health impacts. First, there is an ongoing the fecal microbiome and gut—liver axis in adult male
debate about the significance of different exposure routes and offspring,'® highlighting the compound’s far-reaching effects.
their relative contributions to human health risks. Second, In vitro experiments have also corroborated these findings,
while acute toxicity studies have demonstrated clear endocrine- demonstrating that exposure to low concentrations of TBBPA
disrupting effects, the mechanisms underlying TBBPA’s impact can increase lipid and vitamin metabolic rates, leading to

on metabolic homeostasis, especially under chronic exposure metabolic disorders in human hepatic cells."”
conditions, remain incompletely understood. The existing in In the current era of industrialization and globalization,
vivo toxicological studies have demonstrated that TBBPA human dietary patterns have shifted toward more energy-
exerts endocrine-disrupting effects, capable of impacting dense, nutrient-poor foods.'® This dietary shift, coupled with
thyroid hormonal, estrogen, insulin, and associated signaling an increasing imbalance of energy intake and expenditure, has
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resulted in a rapid rise in the prevalence of overweight and
obesity among adults and children worldwide.'” Overweight
and obesity often impose additional metabolic stress, causing
metabolic dysregulation and associated health issues, such as
an increased risk of type 2 diabetes, nonalcoholic fatty liver
disease, chronic kidney disease, and cardiovascular diseases.*’

While studies have explored the impact of TBBPA on
glucose and lipid metabolism, the influence of chronic low-
dose TBBPA exposure on these metabolic processes remains
insufficiently characterized. To address this critical intersection
of environmental exposure and metabolic health, our current
study employed C57BL/6] mice as a model system. We aim to
explore the metabolic effects of chronic exposure to environ-
mentally relevant concentrations of TBBPA in the context of
diet-induced obesity. Specifically, we investigate the impact of
TBBPA on glucose and lipid metabolism under conditions of
energy surplus pressure, seeking to elucidate the potential
compounding effects of TBBPA on obesity-related metabolic
dysregulation.

2. MATERIALS AND METHODS

2.1. Chemicals. TBBPA (catalog no. 330396; purity
>97%) was obtained from Sigma (St. Louis, MO, USA).
TBBPA was first dissolved in ethanol and subsequently mixed
into a high-fat diet (HFD, 60% kcal/day from fat, Research
Diets, D12492). The mixture was thoroughly homogenized,
shaped into pellets, and finally dried overnight at 60 °C to
remove ethanol. For the control group, an equal amount of
ethanol was added to the food, followed by the same
treatment. All other reagents used in this study were of
analytical grade.

2.2. Mice Treatment. Male C57BL/6] mice were procured
from the Center for Disease Control of Hubei, China. The
mice were accommodated in colony cages within a pathogen-
free environment, with the temperature maintained at 21-23
°C and relative humidity at 50—60%, while following a 12-h
light/12-h dark cycle. Prior to the commencement of the
study, all mice were provided ad libitum access to a standard
chow diet (Research Diets, D10001). All experimental
procedures involving animals were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Wuhan
University.

Eight-week-old male mice with comparable body weights
were randomly divided into three experimental groups (n = 6
per group): a control group and two TBBPA treatment groups.
At this time (week 8), all mice were switched from a standard
chow diet to an HFD premixed with different concentrations
of TBBPA. Mice were fed ad libitum; thus, TBBPA was
administered orally through their diet. Based on the study by
Yao et al., the environmentally relevant levels of TBBPA were
calculated to be 57 nmol/kg body weight (bw)."* Additionally,
environmental monitoring reveals TBBPA average concen-
trations of 672 pg/kg in surface soils and up to 82.3 pg/kg in
sediments, while human exposure studies have documented
levels of 37.34 pg/kg lipid weight (Iw) in maternal breast milk
and 713 pg/kg lw in infant serum.>! 74 Taking these findings
and the 120-day exposure duration into account, we
established the dosing concentrations as 20 and 50 nmol/kg
bw/day (~68 and 170 ug/kg TBBPA in diet). Body weight
and food intake were recorded weekly after the experiment
commenced. Glucose tolerance tests (GTTs) and insulin
tolerance tests (ITTs) were conducted on days 86 and 94,
respectively. Metabolic rates were assessed on day 100 using a
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comprehensive laboratory animal monitoring system
(CLAMS) developed by Columbus Instruments (Figure 1A).
Measurements of VO, and VCO, were recorded over a 2-day
period, with the initial 24 h serving as an acclimation period.
The analyses were conducted under a 12-h light/12-h dark
cycle at 23 °C. Body composition of mice was measured by
time-domain nuclear magnetic resonance (TD-NMR) with a
Bruker Minispec LESO (Bruker Optics).

Upon completion of the 120-day exposure experiment,
blood samples were obtained from the mice via retro-orbital
collection after a 4 h fasting period to minimize the influence
of food intake on metabolic parameters. Subsequently, the
animals were euthanized by cervical dislocation. Immediately
following euthanasia, organs were harvested, rapidly frozen in
liquid nitrogen, and stored at —80 °C until analysis.

2.3. Immunoblotting. Mice tissues were homogenized in
RIPA lysis buffer (50 mM Tris—HC], pH 8.0, 150 mM NacCl, 2
mM MgCl, 1.5% NP-40, 0.1% SDS, 0.5% sodium deoxy-
cholate) supplemented with protease inhibitors (10 yuM MG-
132, 10 pg/mL leupeptin, 5 ug/mL pepstatin, 25 pg/mL N-
acetyl-leucinal-leucinal-norleucinal, and 1 mM dithiothreitol).
Protein concentration was quantified using a BCA protein
assay kit (Thermo Fisher Scientific). Equivalent amounts of
proteins were separated by SDS-PAGE and transferred to
polyvinylidene difluoride membranes. Membranes were
blocked with 5% nonfat milk in Tris-buffered saline with
Tween 20, followed by overnight incubation with primary
antibodies at 4 °C. After washing, membranes were incubated
with HRP-conjugated secondary antibodies at room temper-
ature for 1 h. Immunoreactive bands were detected using a
Pierce ECL Plus chemiluminescent substrate (Thermo Fisher
Scientific). The antibodies used in this study are listed in Table
S1. The specificity of all antibodies used has been validated
either commercially or in our previous studies. Western blot
band intensities were quantified using Image] software (version
1.53, National Institutes of Health, USA). All target protein
bands were normalized to their corresponding loading control
from the same blot to calculate the relative protein expression
levels.

2.4, Glucose Tolerance and Insulin Tolerance Tests.
Prior to the experiment, the mice were subjected to a fasting
period of 16 h in preparation for the GTT or 4 h for the ITT.
During the GTT, a dose of glucose corresponding to 2 g per kg
of body weight was administered via intraperitoneal injection
to the mice. For the ITT, an intraperitoneal injection of insulin
at a dosage of 0.75 U per kg body weight was administered to
the mice. The concentrations of glucose in tail blood were
monitored at time points of 0, 15, 30, 60, 90, and 120 min
postchallenge using a Onetouch Ultra glucose meter (Johnson
& Johnson).

2.5. Blood and Liver Chemistry. Whole blood samples
were allowed to clot at room temperature for 30 min, followed
by serum separation via centrifugation at 1500g¢ for 10 min.
Hepatic tissues were homogenized in a methanol—chloroform
mixture (2:1, v/v) and subsequently centrifuged to collect
supernatants for lipid extraction. Total cholesterol and
triglyceride concentrations were quantified using commercially
available assay kits, following the manufacturer’s prescribed
protocols (Shanghai Kehua Bioengineering). Free fatty acid
levels were enzymatically determined using the LabAssay
NEFA kit (Wako, 294-63601). Glycerol levels were measured
using an Amplex Red Glycerol Assay Kit (S0223S, Beyotime
Biotechnology). Hepatic glycogen was visualized by periodic
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Figure 2. TBBPA enhances diet-induced glucose dysregulation. (A) Fasting blood glucose levels after 4 h of food deprivation. (B) Fasting serum
insulin concentrations after 4 h of food deprivation. (C) Glucose tolerance test (GTT) performed on day 86 of high-fat diet feeding. (D) Area
under the curve (AUC) analysis of GTT results shown in panel (C). (E) Insulin tolerance test (ITT) conducted on day 94 of HED feeding. (F)
AUC analysis of ITT results shown in panel (E). (G) Hepatic glycogen content measured after 120 days of HFD feeding. (H) Representative
images of periodic acid-Schiff (PAS) staining of liver sections. Scale bars represent 100 ym. NC represents the negative control group. TBBPA-20
and TBBPA-50 represent the TBBPA exposure groups at 20 and SO nmol/kg/day, respectively. Data are presented as mean + SEM (n = 6).
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparison test (B, C, D, F, G). *p < 0.0S, **p < 0.01 compared

to the control group; ns: not significant.

acid-Schiff (PAS) staining (a kit from Pinuofei Biotechnology
Co., following the manufacturer’s protocol) and quantified
using the Liver/Muscle Glycogen Assay Kit (A043-1-1,
Nanjing Jiancheng Bioengineering Institute). Total bile acids
were quantified using the TBA Kit (Shanghai Kehua
Bioengineering Co.) Serum insulin concentrations were
assessed using a mouse-specific insulin immunoassay kit
(EZassay, MS100). Serum aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) activities were measured
in accordance with the manufacturer’s instructions (NJJCBIO,
C009-2-1 for ALT, C010-2-1 for AST). Quantification of
serum thyroxine (T,), adrenaline, and noradrenaline levels was
performed using enzyme-linked immunosorbent assay
(ELISA) kits (Cloud Clone; CEA452Ge for T4, CEA858Ge
for adrenaline, CEA907Ge for noradrenaline).

2.6. Quantitative PCR. Total RNA extraction from
homogenized hepatic tissue was performed using Trizol
Reagent (Invitrogen, 15596026), adhering strictly to the
manufacturer’s prescribed protocols. To eliminate potential
genomic DNA contamination, the extracted total RNA was
subjected to digestion with RNase-free DNase I (Promega,
M6101). Subsequently, cDNA synthesis was carried out using
2 pg of total RNA from each sample, employing M-MLV
Reverse Transcriptase (Promega, M1701) for the reverse
transcription process. Quantitative PCR (qPCR) analyses were
performed using Hieff gPCR SYBR Green Master Mix (Yeasen
Biotech, 11203ES), and the amplification profiles were
assessed using a Bio-Rad CFX96. RNA expression levels
were calculated by using the AACt method. Primer sequences
are listed in Table S2.

2.7. Statistical Analysis. Statistical analyses were carried
out using GraphPad Prism 8 (GraphPad Software, Inc.). Data
were first tested for normality using the Shapiro—Wilk test and
homogeneity of variance using Levene’s test. Data failing either
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test underwent logarithmic transformation, followed by
reassessment of both normality and variance homogeneity.
Once these assumptions were confirmed, differences were
analyzed using one-way or two-way ANOVA, as specified in
the figure legends. A P value less than 0.05 was deemed to
indicate statistical significance.

3. RESULTS AND DISCUSSION

3.1. TBBPA Exposure Alters Body Weight Gain and
Energy Metabolism in Mice. Variations in body weight are
widely recognized as a critical indicator for evaluating energy
Among groups with comparable food
consumption levels, an upward trend increase in body weight
was observed in the 20 nmol/kg/day treatment group, while a
statistically significant increase was noted in the 50 nmol/kg/
day treatment group compared to the control (Figure 1B,C).
This observation suggests that TBBPA acts as an “obesogen”.”
Specifically, mice exposed to S50 nmol/kg/day TBBPA
exhibited an approximately 12.1% increase in body weight
relative to the control group (Figure 1C). Multiple studies
have established that a mere 5% gain in body mass significantly
elevates various metabolic and cardiovascular risks.””** To
further characterize these changes, we conducted detailed body
composition analyses. The results revealed that mice in the 50
nmol/kg/day TBBPA group exhibited a significant increase in
fat mass compared with the control group, while lean mass
remained comparable among all groups with no statistically
significant differences (Figure 1D,E). These findings suggest
that the observed increase in body weight was primarily
attributed to the accumulation of fat mass rather than changes
in lean mass. Our investigation reveals that long-term TBBPA
exposure may have potentially severe health ramifications.

balance status.?*
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Figure 3. TBBPA exposure impairs hepatic insulin signaling and gluconeogenesis. (A) Schematic representation of insulin signaling pathway in the
liver. PM represents the plasma membrane. Arrows indicate activation and perpendicular lines indicate suppression. (B) Representative
immunoblots showing insulin signaling pathway proteins in tissue lysates from liver. Arrows indicate the bands corresponding to p-S6K. (C)
Quantification of proteins related to insulin signaling pathway. (D) Immunoblots of proteins related to insulin degradation and glucose metabolism.
(E, F) Quantification of immunoblots shown in panel (D). (G) Representative immunoblots showing insulin signaling pathway proteins in tissue
lysates from skeletal muscle, and (H) white adipose tissue (WAT). (I) Quantification of immunoblots shown in panel (G, H). NC represents the

negative control group. Data are presented as mean +

SEM (n = 6). Statistical analysis was performed using one-way ANOVA with Tukey’s

multiple comparisons test (C, E, F, I). *P < 0.05, **P < 0.01, ns: not significant.

To further investigate the metabolic implications of TBBPA
exposure, we employed metabolic cages to evaluate alterations
in energy expenditure (EE), locomotor activity, and respiratory
exchange ratio (RER) in mice. Notably, our results
demonstrated a significant decrease in EE among TBBPA-
exposed mice across both diurnal and nocturnal periods
(Figure 1F,G). Meanwhile, motion monitoring data indicated
that TBBPA exposure did not significantly affect the mice’s
physical activity levels (Figure 1H,I). Energy expenditure
encompasses four components: basal metabolic rate (BMR),
the thermic effect of physical activity (TEPA), the thermic
effect of food (TEF), and adaptive thermogenesis, with BMR
being the most significant contributor, accounting for 60—75%
of total energy expenditure.”” Given the consistent housing
conditions and physical activity levels maintained across all
groups, it is reasonable to infer that TEPA, TEF, and adaptive
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thermogenesis remained comparable between the control and
exposed groups. Consequently, the reduced EE observed in
TBBPA-exposed mice may be primarily attributed to
alterations in the BMR.

Moreover, mice exposed to TBBPA exhibited significantly
lower RER compared with the control group (Figure 1],K).
The control mice demonstrated an RER of 0.72, which is
consistent with the high-fat diet they were fed. In contrast,
both TBBPA-exposed groups showed RER values below 0.7.
This observation suggests that the TBBPA-exposed mice may
have experienced elevated levels of gluconeogenesis.” In
summary, these findings indicate that TBBPA may act as a
metabolic disruptor, potentially leading to changes in energy
homeostasis and glucose metabolism.

3.2. TBBPA Exposure Impairs Glucose Homeostasis
and Insulin Sensitivity. Following 120 days of TBBPA
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exposure, mice in the treated groups exhibited elevated fasting
blood glucose and insulin levels compared with the control
group (Figure 2A,B). These findings collectively indicate that
chronic exposure to TBBPA may induce a decrease in insulin
sensitivity. To elucidate the impact of TBBPA exposure on
glucose homeostasis, GTT and ITT were performed to
evaluate glucose handling capacity and insulin sensitivity,
respectively. GTT results revealed that mice exposed to
TBBPA at doses of 20 and 50 nmol/kg/day exhibited a
significantly more pronounced increase in blood glucose levels
following intraperitoneal glucose administration (Figure
2C,D). Consistent with these findings, ITT results demon-
strated that TBBPA exposure induced insulin resistance
(Figure 2E,F). Our findings also align with previous studies
that have linked exposure to bisphenols with insulin resistance
and type 2 diabetes.”'

In the liver, excess glucose is stored as glycogen, serving as a
crucial energy reserve. To evaluate the impact of TBBPA
exposure on hepatic glycogen content, we employed periodic
acid-Schiff (PAS) staining along with biochemical analysis. Our
findings revealed that exposure to TBBPA did not result in any
significant alterations in the glycogen levels within the liver
tissue of the mice (Figure 2G,H).

3.3. TBBPA Exposure Impairs Insulin Signaling and
Induces Hepatic Gluconeogenesis. To delineate the
underlying molecular mechanisms of glucose metabolic
perturbations, we conducted an in-depth examination of the
insulin signaling cascade. Insulin initiates its physiological
effects by binding to the insulin receptor (InsR), which triggers
a series of phosphorylation events, including the autophos-
phorylation of InsR and the subsequent activation of a complex
network of downstream signaling proteins (Figure 3A). We
assessed the phosphorylation status of key proteins in the
hepatic insulin signaling pathway. TBBPA exposure did not
alter the phosphorylation of InsR or phosphoinositide 3-kinase
(PI3K); however, it resulted in a significant reduction in the
phosphorylation levels of protein kinase B (AKT) and
ribosomal protein S6 kinase (S6K) (Figure 3B,C). This
suggests a substantial impairment of insulin signal trans-
duction. Moreover, our findings revealed that TBBPA exposure
did not modulate the protein expression of InsR, Insulin
Receptor Substrate (IRS), and hepatic insulin clearance-
associated proteins, such as carcinoembryonic antigen-related
cell adhesion molecule 1 (CEACAMI) and insulin-degrading
enzyme (IDE) (Figure 3D,E). This selective modulation
implies a potential mechanism by which TBBPA attenuates
hepatic insulin sensitivity without altering the insulin clearance
kinetics. It is known that insulin signaling and its regulation
constitute a highly intricate and complex process, involving
numerous interconnected molecular pathways and feedback
mechanisms.”® Therefore, the precise molecular targets of
TBBPA within this complex network remain to be fully
elucidated. Future studies should employ advanced techniques,
such as phosphoproteomics and interactomics, to comprehen-
sively map the disruption points within the insulin signaling
network caused by TBBPA exposure.

Given the crucial role of the insulin signaling pathway in
suppressing hepatic gluconeogenesis, we further investigated
the expression of key gluconeogenic enzymes. Quantitative
analysis of pyruvate carboxylase (PC), phosphoenolpyruvate
carboxykinase (PEPCK), fructose-1,6-bisphosphatase 1-
(FBP1), and glucose-6-phosphatase (G6Pase) protein ex-
pression revealed a dose-dependent significant increase in
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Go6Pase levels, the rate-limiting enzyme in gluconeogenesis, in
the livers of TBBPA-exposed mice (Figure 3D,F). The liver
plays a central role in whole-body glucose homeostasis by
maintaining a delicate balance between glucose production and
storage in the form of glycogen. Approximately 90% of
endogenous glucose production is attributed to hepatic glucose
production. Enhanced hepatic glucose production is a hallmark
of insulin resistance and type 2 diabetes.*® This upregulation of
G6Pase suggests a potential mechanism by which TBBPA
exposure may contribute to hyperglycemia and insulin
resistance.

The insulin signaling pathway also plays a role in regulating
glycogen synthesis. Activated AKT phosphorylates glycogen
synthase kinase3f (GSK3f), thereby regulating glycogen
synthesis. Glycogen synthase 2 (GYS2) is a liver-restricted
rate-limiting enzyme in glycogen synthesis. Our results
demonstrate that mice exposed to TBBPA exhibited a
significant decrease in the phosphorylation levels of GSK34
in the liver, accompanied by a marked reduction in GYS2
protein expression (Figure 3B,C,D,F). However, we did not
detect any changes in hepatic glycogen levels in the TBBPA-
exposed group (Figure 2G,H). It is crucial to recognize that
glycogen metabolism is a highly complex process that is
regulated by multiple factors. The synthesis and utilization of
glycogen are influenced by a variety of regulatory mechanisms,
particularly under high-fat diet conditions.”* Further studies
will be required to comprehensively understand the impact of
TBBPA on this metabolic pathway and to clarify how these
molecular changes might affect glycogen dynamics in the
context of metabolic disruption.

To further investigate the tissue-specific effects of TBBPA
on insulin signaling, we examined the phosphorylation status of
key signaling proteins in skeletal muscle and white adipose
tissue (WAT). Intriguingly, TBBPA exposure elicited distinct
tissue-specific responses in the insulin signaling cascade. In
skeletal muscle, we observed a significant reduction in PI3K
phosphorylation, accompanied by a paradoxical increase in
AKT phosphorylation at Ser473 and decreased S6K
phosphorylation (Figure 3G). In contrast, WAT exhibited a
different response pattern with unchanged AKT phosphor-
ylation levels but significantly elevated S6K phosphorylation
(Figure 3H,I).

These tissue-specific alterations in insulin signaling compo-
nents reveal a complex and heterogeneous response to TBBPA
exposure across metabolically active tissues. The opposing
effects on AKT phosphorylation between the liver (decreased)
and muscle (increased) highlight the tissue-specific nature of
TBBPA’s impact on insulin signal transduction. The enhanced
AKT phosphorylation in muscle, despite reduced PI3K
activation, suggests the involvement of alternative regulatory
mechanisms or compensatory pathways. Meanwhile, the
elevated level of S6K phosphorylation in WAT, coupled with
unchanged AKT activation, indicates potential AKT-independ-
ent regulation of S6K in adipose tissue. In addition, Castro et
al. have demonstrated TBBPA’s ability to dysregulate multiple
receptor tyrosine kinases (RTKs), including EGFR, FGFR, and
IGF1R, along with their downstream MAPK signaling in
reproductive tissues,” our findings reveal that TBBPA’s effects
on RTK signaling networks extend to metabolic regulation
with remarkable tissue specificity. These findings underscore
the complexity of metabolic regulation and suggest that
TBBPA’s effects on glucose homeostasis likely result from
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Figure 4. TBBPA treatment leads to disruptions in lipid homeostasis and endocrine function. (A) Serum total cholesterol. (B) Serum triglycerides.
(C) Serum nonesterified fatty acids. (D) Hepatic levels of total cholesterol. (E) Hepatic levels of cholesteryl ester. (E) Hepatic levels of free
cholesterol. (G) Hepatic levels of lathosterol. (H) Hepatic levels of triglycerides. (I) Representative images of liver sections stained with
hematoxylin and eosin (H&E), Oil Red O, and Picrosirius Red (PR). Scale bars, 100 gm. (J) Serum concentrations of thyroxine. (K) Serum
concentrations of norepinephrine. (L) Serum concentrations of adrenaline. (M) Aspartate aminotransferase (AST) levels in serum. (N) Alanine
aminotransferase (ALT) levels in serum. (O) Relative mRNA expression of inflammatory markers in liver tissue. (P) Serum concentrations of
TNFa. (Q) Relative mRNA expression of ER stress markers in liver tissue. NC represents the negative control group. Data are presented as mean
+ SEM (n = 6). Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparison test (A—H, J—Q). *P < 0.0S, **P <

0.01, ***P < 0.001. ns: not significant.

the integrated response of multiple tissues, each with distinct
molecular alterations in the insulin signaling pathway.

Collectively, these findings provide evidence that TBBPA
exposure disrupts glucose homeostasis through impairment of
insulin signaling and dysregulation of hepatic glucose
production.

3.4. TBBPA Exposure Induces Alterations in Lipid
Metabolism and Hormonal Balance. To explore whether
TBBPA exposure affects lipid metabolism, comprehensive
biochemical analyses were conducted on serum and hepatic
samples. Mice subjected to 50 nmol/kg/day TBBPA exhibited
a marked elevation in serum total cholesterol (TC) and
triglyceride (TG) concentrations (Figure 4A,B). Intriguingly,
circulating nonesterified fatty acid (NEFA) levels displayed a
declining trend, with a statistically significant reduction
observed in the cohort exposed to 20 nmol/kg/day TBBPA
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(Figure 4C). While hepatic TC and free cholesterol content
remained unperturbed following TBBPA exposure, we
observed significantly elevated levels of cholesteryl ester
(CE) in mice exposed to 50 nmol/kg/day TBBPA. Addition-
ally, a marked increase in hepatic lathosterol, a key
intermediate metabolite in the cholesterol biosynthetic path-
way, was detected in the same treatment group. The
concurrent elevation of both lathosterol and CE levels provides
compelling evidence of enhanced cholesterol biosynthesis and
subsequent esterification in response to TBBPA exposure
(Figure 4D—G). Notably, hepatic TG concentrations demon-
strated a dose-dependent, significant increase (Figure 4H),
suggesting  TBBPA-induced perturbations in hepatic lipid
metabolism. Hepatic histological analysis using hematoxylin
and eosin (H&E) staining and Oil Red O (ORO) staining
revealed increased lipid accumulation in the livers of mice
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Figure S. TBBPA promotes hepatic cholesterol synthesis via the USP20-HMGCR pathway. (A) Schematic representation of hepatic cholesterol
metabolism pathways. PM represents the plasma membrane. (B) Immunoblots of proteins associated with cholesterol synthesis in liver lysates. (C)
Quantification of immunoblots presented in panel (B). (D) Relative mRNA expression levels of genes involved in cholesterol biosynthesis in liver
tissue. (E) Schematic representation of HMGCR protein stability regulation. HMGCR undergoes ubiquitination facilitated by the E3 ubiquitin
ligases Gp78 or RNF145, in coordination with Insig, marking it for proteasomal degradation. USP20 acts as an HMGCR-specific deubiquitinating
enzyme, stabilizing HMGCR by reversing its ubiquitination. (F) Immunoblots showing HMGCR ubiquitination- and deubiquitination-associated
proteins in liver lysates. (G) Quantification of immunoblots presented in panel (F). (H) Immunoblots of cholesterol efflux-related proteins in liver
lysates. (I) Quantification of immunoblots presented in panel (H). (J) Total bile acid concentrations in serum samples. (K) Total bile acid levels in
liver tissue homogenates. NC represents the negative control group. Data are presented as mean = SEM (n = 6). Statistical analysis was performed
using one-way ANOVA with Tukey’s multiple comparison test (C, G, I-K). *p < 0.05, **p < 0.01, ***p < 0.001. ns: not significant.

exposed to TBBPA (Figure 4I). Our assessment of hepatic
fibrosis using Picrosirius Red staining, which specifically
highlights collagen fibers, showed no significant increase in
fibrosis levels in mouse liver following long-term TBBPA
exposure (Figure 41).

We further examined alterations in key hormones implicated
in glucose and lipid homeostasis. Serum thyroid hormone (T,)
concentrations exhibited no statistically significant differences
between the TBBPA-exposed and control cohorts (Figure 4J).
While previous studies in aquatic models have demonstrated
TBBPA’s potential to disrupt thyroid hormone homeostasis,
notably affecting T; and T, levels and their receptor expression
patterns,”’12
ations in serum T, levels following chronic TBBPA exposure in

our investigation revealed no significant alter-

mice. This apparent discrepancy might reflect species-specific
responses to TBBPA or differences in exposure conditions,
suggesting that TBBPA’s metabolic effects in mammals may
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operate through mechanisms distinct from direct thyroid
hormone disruption.

Interestingly, TBBPA exposure resulted in a significant
reduction in circulating norepinephrine levels, while adrenaline
concentrations remained unaffected (Figure 4K,L). Norepi-
nephrine plays a pivotal role in modulating BMR, thereby
enhancing oxygen consumption.”” The observed decrease in
norepinephrine levels could potentially lead to a reduced EE, a
finding that aligns with our metabolic cage study observations
(Figure 1F,G). In addition, norepinephrine is also a critical
regulator of lipid metabolism, primarily acting through p-
adrenergic receptors to stimulate lipolysis in the adipose tissue.
In adipose tissue, this signaling cascade operates via cAMP-
PKA activation, leading to the phosphorylation of hormone-
sensitive lipase (HSL) and adipose triglyceride lipase (ATGL),
which are essential enzymes for triglyceride breakdown.*® The
reduced norepinephrine levels observed in our study likely
attenuate this lipolytic pathway, contributing to increased lipid
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accumulation. Moreover, f-adrenergic signaling plays a crucial
role in brown and beige adipose tissue activation and
thermogenesis, processes intimately linked to lipid oxidation
and energy expenditure.””*® Consequently, the TBBPA-
induced decrease in norepinephrine levels may impair BAT
thermogenic capacity, further disrupting systemic lipid homeo-
stasis. This is supported by our observations of increased body
fat percentage, reduced energy expenditure, and increased
hepatic lipid accumulation.

To evaluate potential TBBPA-induced hepatotoxicity, we
measured serum activities of aspartate aminotransferase (AST)
and alanine aminotransferase (ALT), which are established
markers of liver injury. No elevation of AST or ALT levels was
observed in TBBPA-exposed mice (Figure 4M,N). Addition-
ally, the expression of inflammatory genes in the liver,
including Cluster of Differentiation 68 (CD68), Arginasel
(Argl), Tumor Necrosis Factor a (TNF-a), Mannose
Receptor C-Type 2 (Mrc2), and Adhesion G Protein-Coupled
Receptor E1 (F4/80), and serum TNF-a levels did not differ
significantly between groups (Figure 4O,P). Given that
endoplasmic reticulum (ER) stress can contribute to insulin
resistance,”” we examined the expression of canonical ER stress
marker genes, including spliced X-box binding protein 1
(Xbp1s), total X-box binding protein 1 (XbpIt), and binding
immunoglobulin protein (Bip). Notably, these markers showed
no significant alterations, indicating that TBBPA exposure did
not induce ER stress (Figure 4Q). Collectively, these findings
suggest that chronic exposure to environmentally relevant
TBBPA levels does not precipitate overt hepatocellular damage
or inflammatory responses.

3.5. TBBPA Exposure Enhances Hepatic Cholesterol
Synthesis. To understand the mechanisms responsible for the
observed elevation in serum TC following TBBPA exposure,
we focused our investigation on the liver, the primary organ
orchestrating cholesterol metabolism.** Hepatic cholesterol
homeostasis is maintained through a delicate balance among
cholesterol uptake, de novo cholesterol synthesis, and efflux
pathways (Figure SA). Initially, we assessed the expression of
low-density lipoprotein receptor (LDLR) in the liver. LDLR is
a major determinant of plasma cholesterol levels, mediating the
uptake of LDL-cholesterol (LDL-C) from the circulation. Our
results revealed no significant differences in hepatic LDLR
protein levels between control and TBBPA-exposed groups,
suggesting that variations in hepatic cholesterol uptake are
unlikely to account for the observed differences in serum TC
levels (Figure SB,C). Subsequently, we conducted a
comprehensive analysis of gene and protein expression profiles
for key enzymes in the cholesterol biosynthesis pathway in
murine hepatic tissue. Quantitative RT-PCR analysis revealed a
significant 1.4-fold and 1.8-fold upregulation of 3-hydroxy-3-
methylglutaryl-CoA reductase (Hmgcr) expression in the livers
of mice exposed to 20 and 50 nmol/kg/day TBBPA (Figure
SD). Notably, Western blot analysis demonstrated an even
more pronounced increase in HMGCR protein levels, with 6.2-
fold and 9.8-fold elevations observed in the 20 and SO nmol/
kg/day TBBPA exposure groups, respectively (Figure SB,C).
The expression levels of farnesyl-diphosphate farnesyltransfer-
ase 1 (Fdftl), lanosterol synthase (Lss), and 24-dehydrocho-
lesterol reductase (Dhcr24) exhibited a significant decrease of
approximately 15—30% in the TBBPA-20 group, while
remaining unaltered in the TBBPA-S0 group (Figure SD).
However, the protein expression of DHCR24 and LSS showed
no significant changes in either TBBPA-exposed mice group
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(Figure SB,C). The protein expression of FDFT1 showed a
significant dose-dependent increase. These findings suggest
that TBBPA may enhance hepatic cholesterol synthesis
primarily by modulating the expression of HMGCR and
FDFT1, with the regulatory effects predominantly occurring at
the post-transcriptional level.

HMGCR is a rate-limiting enzyme in cholesterol biosyn-
thesis. The regulation of HMGCR protein stability primarily
involves ubiquitination and deubiquitination modifications
(Figure SE).*” We examined the expression of proteins
associated with HMGCR ubiquitination in the liver, including
Glycoprotein 78 (Gp78), Ring Finger Protein 145 (RNF145),
and Insulin-Induced Gene (Insig), as well as the deubiquitinat-
ing enzyme Ubiquitin Specific Peptidase 20 (USP20).*
Intriguingly, only USP20 exhibited a significant increase in
the level of protein expression (Figure SF,G). USP20 is known
to stabilize HMGCR through deubiquitination, preventing its
proteasomal degradation. This mechanism may account for the
observed increase in HMGCR protein expression in our study.
Moreover, our observations revealed a notable increase in
FDFT1 protein expression. Despite this finding, the current
understanding of the regulatory mechanisms underlying
FDFT1 protein expression remains limited. Future inves-
tigations are necessary to elucidate the precise pathways
through which TBBPA influences the observed increase in
FDFT1 protein levels. In sum, these findings suggest that
TBBPA enhances cholesterol synthesis by increasing USP20
protein levels, which in turn stabilizes the HMGCR protein.
Furthermore, our findings have significant therapeutic
implications in the context of cardiovascular health. Given
that cardiovascular disease remains the leading cause of
mortality worldwide, and elevated cholesterol levels are a
primary risk factor with a well-established causal relationship to
cardiovascular events,*’ the TBBPA-induced upregulation of
cholesterol synthesis warrants particular attention. Clinical
evidence has demonstrated that targeting cholesterol synthesis
through HMGCR inhibition can reduce cardiovascular events
by 22—24% for each millimole per liter reduction in LDL-C.**
Based on these established relationships, our findings suggest
that inhibiting HMGCR enzyme activity via statins, or
targeting USP20, either through the existing inhibitor
GSK2643943A or siRNA-mediated knockdown, could poten-
tially serve as a novel intervention strategy to mitigate TBBPA-
induced cholesterol synthesis.**

Acyl-CoA:cholesterol acyltransferase (ACAT) is a pivotal
enzyme responsible for converting free cholesterol into CEs,
which are subsequently stored in intracellular lipid droplets.**
We observed a dose-dependent increase in hepatic ACAT
(ACAT?2) protein levels in mice exposed to TBBPA (Figure
SH,I). Previous studies have demonstrated that elevated
cholesterol and fatty acid levels trigger cellular reactive oxygen
species (ROS) production, leading to Cys277 oxidation and
subsequent ACAT?2 protein stabilization.”> Moreover, in-
creased ACAT2 expression has been shown to enhance CE
secretion via apoB-containing lipoproteins.** Our findings
reveal that TBBPA-exposed mice exhibited elevated hepatic
TG, CE, and cholesterol synthesis, accompanied by increased
serum TC and TG levels, while their hepatic TC and free
cholesterol levels remained unchanged. Based on these
observations, we propose a mechanistic model, wherein
enhanced hepatic cholesterol synthesis promotes ACAT2
stabilization and potentially amplifies lipid accumulation
(Figure 4I). Simultaneously, elevated ACAT?2 levels facilitate

https://doi.org/10.1021/acs.est.4c12616
Environ. Sci. Technol. 2025, 59, 4330—4343


pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c12616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

A B c
35— (nmol /kg/day) 0O 20 50
ns 2.0 * ns
28] 1 12 3 45 6 7 8 9 kDa e [ ns
—~ ns — ns
\g — Y[ R ——10 15— ns ,YT ns -
£ 21 . 50 5. ns ~ r =
= e HSL E—EEE-.—Q_N g :1:& ™/ ‘ 'E
g 55 1.0
$ 1y o ACCT bt bt o ot o o ot e 250 ¥ S
(=]
o . £
% 7 8 : FASN s g = s s s s g o5 %é’o_sﬁ
scD1 — 37
o
~ 0.0
- —— s — ) J U J J J
RGAT oo ATGL  HSL  ACC!1 FASN SCD1 DGATI
CHC o s sy sy s gy o g g
D FA biosynthesis E FA Oxidation F PPAR Pathway
4- 2.0 ns 459
— ns ns
ns ns ns " ns o R ns sy — ns
3+ . 15 =ops T ns
2 ns o« ® s 00 T s P 0X 830 ns = T e
@ ns he — X ns < . ; .m . - ¢ 8 ‘ -
< T ns b4 LI - . . Z ns
20 B T T B0 @& st dte @ld 4 VR TR nsoom ’
E olns w4 . ™, ns s E g [ . B EE. |7 . .
o [T T H LT 2 : ‘Hill B - 215" R
Fi e B L ae® rod 8t Bog SR 2. i o il
I et el B . D - B * D 1 o',
R LR R Tl A B
: e
T T T T T T T 0 T T T T T T T 0.0 T T T T
Acc1 Fasn Scd1 Acs Elovié Dgat1 Dgat2 Cptla Acox Mcad Hadha Acsl1 Acadl Acads Hmgcs2 Scarb1 Mogat1 Lpl
G H ne
TBBPA (20 nmol /kg /day)
TBBPA O 20 50
(nmol /kgiday) ‘0 TBBPA (50 nmol /kg /day)
12 3 4 56 7 8 g kDa 2.0+
ACLY 150 ns ns . ns
N N G — — —— —
i —-100 ¢ 154 Tns ns ns [ — hs
MTTP ¥ o v e o v o e = 100 2 0 — ns i ns 1
NPC e s o 100 &8 o [
S 5 BT
NPC2.-.----~::15 £3
i - o O
- =5 -75 © = 0.5+
n-SREBP1-c a
- | 2
CHC 2 a2 0.0 T T T T T
bedad ol Lo b hadad BT ACLY MTTP  NPC1 NPC2 n-SREBP1<

Figure 6. TBBPA exposure modulates hepatic lipid metabolism in mice liver. (A) Glycogen level in liver. (B) Immunoblots of proteins related to
lipolysis and fatty acid synthesis in liver tissue. (C) Quantification of immunoblots presented in panel (B). (D) Relative mRNA expression levels of
genes involved in hepatic fatty acid biosynthesis. (E) Relative mRNA expression levels of genes associated with hepatic fatty acid oxidation. (F)
Relative mRNA levels of PPAR-regulated genes. (G) Representative immunoblots showing ACLY, MTTP, NPC1, NPC2, and nuclear SREBP-1C
protein levels. (H) Quantification of immunoblots presented in panel (G). Data are presented as mean + SEM (n = 6). Statistical analysis was
performed using one-way ANOVA with Tukey’s multiple comparison test (C—F, H). *p < 0.05, **p < 0.01. ns: not significant.

increased lipid secretion from the liver, resulting in elevated
serum lipid levels without corresponding changes in hepatic
free cholesterol content.

To exclude the possibility that TBBPA-induced hyper-
cholesterolemia results from impaired cholesterol efflux, we
examined the expression of Liver X Receptor (LXR) pathway
genes and the expression of key proteins involved in
cholesterol efflux, specifically Asialoglycoprotein Receptor 1
(ASGR1), LXRa, ATP-binding Cassette Transporter Al
(ABCAL), and Cholesterol 7 Alpha-Hydroxylase (CYP7A1).
ASGR1 is known to regulate the stability of LXRa, which in
turn enhances the expression of ABCAl and ATP-binding
Cassette Subfamily G Member 5/8 (ABCGS/GS8). These
transporters are critical for the transport of cholesterol to high-
density lipoprotein and its excretion into bile."”” CYP7AI acts
as the rate-limiting enzyme in the synthesis of bile acids, a
major pathway for cholesterol elimination.”” Our analysis
revealed no significant differences in the hepatic expression of
these proteins between control and TBBPA-exposed mice
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(Figure SH, part I). Consistent with these findings, serum total
bile acid (TBA) and liver TBA levels remained unaltered
following TBBPA exposure (Figure 5J,K). Thus, these findings
suggest that TBBPA exposure does not impair hepatic
cholesterol efflux or bile acid synthesis.

3.6. Impact of TBBPA on Hepatic Lipid Metabolic
Processes. To delineate the mechanisms underlying TBBPA’s
effects on hepatic fatty acid metabolism, we investigated several
core processes, such as lipolysis, triglyceride synthesis, fatty
acid biosynthesis, and oxidation. No differences in hepatic
glycerol levels (Figure 6A) or the expression of key lipolytic
enzymes, hormone-sensitive lipase (HSL) and adipose
triglyceride lipase (ATGL) (Figure 6B,C), were observed
between the control and TBBPA-exposed groups, suggesting
that TBBPA exposure does not interfere with lipolysis.

Subsequently, we examined the expression of genes and
proteins associated with triglyceride synthesis and fatty acid
biosynthesis in the livers of mice. Expressions of Acetyl-CoA
Carboxylase 1 (Accl), Fatty Acid Synthase (Fasn), Stearoyl-
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CoA Desaturase (Scd), Acyl-CoA Synthetase (Acs), Diacylgly-
cerol O-acyltransferase 1 (Dgatl), and Dgat2 mRNA remained
unchanged significantly (Figure 6D). However, the expression
levels of Elongation of Very Long Chain Fatty Acid Protein 6
(Elovl6) mRNA were significantly increased in the group
treated with SO nmol/kg/day TBBPA (Figure 6D). Protein
expression analysis revealed that only Fatty Acid Synthase
(FASN) exhibited a slight increase, whereas ACC1, SCD, and
DGAT1 showed no significant changes (Figure 6D,E). These
findings suggest that TBBPA may modestly enhance lipid
synthesis potentially through indirect regulatory mechanisms.
Additionally, we examined the expression profiles of genes
associated with fatty acid oxidation, including Carnitine
palmitoyltransferase 1A (Cptla), Acyl-CoA oxidase (Acox),
Medium-Chain acyl-CoA dehydrogenase (Mcad), Hydroxyac-
yl-CoA dehydrogenase trifunctional multienzyme complex
subunit alpha (Hadha), Acyl-CoA synthetase long-chain family
member 1 (Acsll), Acyl-CoA dehydrogenase long chain
(Acadl), and Acyl-CoA dehydrogenase short chain (Acads).
While the mRNA expression levels of Cptla, Acsll, Acadl, and
Acads were downregulated significantly in the 20 nmol/kg/day
TBBPA exposure group, the expression of all investigated
genes remained unaltered significantly in response to 50 nmol/
kg/day TBBPA exposure.

Given the pivotal role of the peroxisome proliferator-
activated receptor (PPAR) signaling pathway in lipid
metabolism regulation, and the possibility that TBBPA may
act as a PPAR ligand,48 we investigated whether PPARs serve
as molecular targets of TBBPA. To this end, we examined the
expression profiles of PPAR-regulated genes, including 3-
Hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs2), Scav-
enger receptor class B, member 1 (Scarbl), Monoacylglycerol
O-acyltransferase 1 (Mogatl), and Lipoprotein lipase (Lpl).
Analysis revealed no significant alterations in the expression
levels of these target genes between the TBBPA-exposed and
control groups (Figure 6F). These findings suggest that
TBBPA-mediated perturbations in lipid metabolism likely
occur through PPAR-independent mechanisms.

To gain deeper insights into the impact of TBBPA on
hepatic lipid metabolic regulation, we examined the expression
of key proteins involved in glucose-lipid metabolism and lipid
transport. ATP citrate lyase (ACLY), a crucial metabolic hub
enzyme that links glucose metabolism to lipid synthesis,*’
showed no significant changes in expression following TBBPA
exposure. We further investigated the expression of proteins
essential for lipid transport, including microsomal triglyceride
transfer protein (MTTP), Niemann-Pick type C1 (NPC1),
and Niemann-Pick type C2 (NPC2).° While MTTP and
NPC1 expression remained unchanged, NPC2 expression was
significantly decreased in the 50 nmol/kg/day TBBPA
exposure group. Additionally, we assessed the nuclear form
of SREBP-1C (n-SREBP-1C), a master regulator of lipogenic
gene expression, and found no significant differences between
the exposed and control groups (Figure 6G,H).

ACLY catalyzes the conversion of citrate to acetyl-CoA,
providing essential substrates for de novo lipogenesis and
cholesterol biosynthesis.*” The unchanged expression of ACLY
suggests that TBBPA’s effects on metabolic homeostasis may
not primarily operate through alterations in the citrate-
dependent lipogenic pathway. Similarly, the maintained
expression of n-SREBP-1C indicates that TBBPA exposure
does not significantly alter the canonical lipogenic transcrip-
tional program. However, the selective reduction in NPC2
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expression, without concurrent changes in MTTP or NPCl,
points to a specific vulnerability in the intracellular cholesterol
trafficking pathways. NPC2 plays a crucial role in facilitating
cholesterol transport from late endosomes/lysosomes to other
cellular compartments, and its downregulation might contrib-
ute to altered cellular cholesterol distribution and subsequent
metabolic dysfunction.’® This selective effect on NPC2
suggests that TBBPA might primarily impact specific aspects
of intracellular lipid trafficking rather than causing a broad
disruption of lipid metabolic pathways.

Taken together, our data demonstrate that TBBPA exposure
may selectively influence hepatic lipid metabolism by
enhancing fatty acid biosynthesis without affecting lipolysis
or fatty acid oxidation. This selective modulation of lipid
metabolic pathways may contribute to the observed alterations
in hepatic lipid profiles. It is important to note, however, that
the regulatory effect of TBBPA on fatty acid biosynthesis
appears to be relatively modest. This observation suggests that
alternative regulatory mechanisms may be involved in
mediating TBBPA’s effects on hepatic lipid metabolism.

Our findings reveal a previously unrecognized mechanism
underlying TBBPA-induced dyslipidemia, centered on post-
transcriptional regulation of cholesterol synthesis through
USP20-mediated HMGCR stabilization. While previous
studies have demonstrated TBBPA’s ability to disrupt hepatic
lipid homeostasis through Ras signaling activation and AMPK
modulation at environmentally relevant doses,>'” our results
extend this understanding by identifying specific molecular
targets in the cholesterol biosynthetic pathway. The selective
modulation we observed, characterized by enhanced HMGCR
and FDFT1 protein expression without corresponding tran-
scriptional changes, suggests a complex regulatory network
distinct from previously reported mechanisms. Furthermore,
our observation of modest changes in lipogenic enzymes
coupled with tissue-specific insulin signaling perturbations
raises important questions about the integrated metabolic
response to TBBPA exposure, particularly in the context of
previous findings showing TBBPA’s effects on gut—liver axis
and microbiome composition.'® These results not only provide
mechanistic insights into TBBPA-induced metabolic disruption
but also suggest potential therapeutic strategies targeting
USP20 and HMGCR to mitigate these effects.

The prevalence of obesity has increased at an alarming rate;
however, its etiology remains elusive.”! Notably, available data
do not support the notion that higher energy consumption is a
driving factor in the obesity epidemic.’” In 2002, researchers
began to investigate the role of environmental compounds in
the obesity epidemic.”*** The potential contribution of
environmental chemicals to obesity has been increasingly
reported, with more than 15 chemical substances now
identified as capable of inducing weight gain and altering
glucose and lipid metabolism.> For instance, bisphenol A has
been shown to cause ectopic fat accumulation and glucose
intolerance.”®”” Monobenzyl phthalate (MBzP), mono-(2-
ethyl-S-hydroxyhexyl) phthalate (MEHHP), mono-(2-ethyl-S-
oxohexyl) phthalate (MEOHP), and monoethyl phthalate
(MEP) have been associated with increased waist circum-
ference, while monobutyl phthalate (MBP), MBzP, and MEP
may reduce insulin sensitivity.”® Our findings further
corroborate that TBBPA can promote the development of
obesity. This complex interplay between environmental factors
and metabolic processes underscores the multifaceted nature
of obesity etiology and highlights the need for a comprehensive
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approach to understanding and addressing this global health
challenge.

4. ENVIRONMENTAL IMPLICATIONS

Obesity-related metabolic disorders have emerged as a major
global public health challenge, characterized by high prevalence
rates, rapid growth, and far-reaching impacts. These conditions
not only affect a vast population but also exhibit an
accelerating spread, placing immense strain on healthcare
systems worldwide. The influence of environmental pollutants
on obesity has garnered increasing attention in recent years.
Our research demonstrates that under conditions of high-
energy dietary intake, environmental doses of TBBPA can
further disrupt energy homeostasis through multiple mecha-
nisms. TBBPA appears to interfere with the endocrine system,
leading to a reduction in the BMR and an acceleration of
insulin resistance development. Moreover, our findings reveal
that TBBPA promotes cholesterol synthesis via the USP20-
HMGCR pathway. Collectively, these effects significantly
increase the risk of type 2 diabetes, fatty liver disease, and
atherosclerosis. This study underscores the complex interplay
among environmental pollutants, dietary factors, and metabolic
health, highlighting the need for a multifaceted approach to
address the growing obesity epidemic and its associated
disorders.
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