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ABSTRACT: As typical brominated ﬂame retardants (BFRs),
tetrabromobisphenol A (TBBPA) and its derivative TBBPAbis(2,3-dibromopropyl ether) (TBBPA-BDBPE) are ubiquitous in
various environmental compartments. However, the potential
health risk posed by these compounds, especially at environmentally relevant levels, remains unclear. In this study, using adult
male mice, we investigated the toxicity of orally administered
TBBPA and TBBPA-BDBPE at an environmentally relevant dose
(57 nmol/kg body weight). After a single exposure and daily
exposure, we assessed lipid metabolism homeostasis, the transcriptome, and immune cell components in the liver. We found
that the single exposure to TBBPA or TBBPA-BDBPE alone
increased the number of hepatic macrophages, induced alterations
in the levels of lipids, including triacylglycerol and free fatty acids, and caused transcriptome perturbation. The results from the daily
administration groups showed that TBBPA and TBBPA-BDBPE both signiﬁcantly increased the triacylglycerol content; however,
the elevation of hepatic macrophages was observed only in the TBBPA-BDBPE treatment group. This study conﬁrmed that
environmentally relevant levels of TBBPA and TBBPA-BDBPE are toxic to the liver. Our ﬁndings revealed that dysfunction of the
liver is a health concern, following exposure to BFRs, even at very low concentrations. The chronic eﬀects induced by TBBPA and its
derivatives should be further investigated.
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INTRODUCTION
Tetrabromobisphenol A (TBBPA) and its derivative TBBPAbis(2,3-dibromopropyl ether) (TBBPA-BDBPE) are widely
used as alternative ﬂame retardants in consumer products to
replace traditional ﬂame retardants that pose potential risks to
human health.1,2 TBBPA and TBBPA-BDBPE are considered
high-production-volume chemicals by the Organization for
Economic Cooperation and Development (OECD)3,4 and the
United States Environmental Protection Agency (US EPA).5
The worldwide total usage volume of TBBPA was 119,700
metric tons in 2001, and the number has increased in recent
years.6,7 The production and import volume of TBBPABDBPE in the United States reached up to 10,000,000 lb. per
year in 2011.8 TBBPA and TBBPA-BDBPE are used as
reactive or additive ﬂame retardants widely applied to plastics,
textiles, electronic products, building materials, and foams.7−9
The intentional or unintentional release of TBBPA and its
analogues during production processes, daily use, and disposal
of ﬂame retardant product waste has already led to large-scale
environmental contamination. TBBPA and TBBPA-BDBPE
have been frequently detected in various environmental
© 2021 The Authors. Published by
American Chemical Society

matrices, including air, soil, water, sediment, and indoor/
outdoor dust, with concentrations ranging from parts per
billion (ppb) to parts per million (ppm).10−16 Given their
lipophilic property with high octanol−water partition coefﬁcients (LogKow), TBBPA (LogKow = 7.20) and TBBPABDBPE (LogKow = 11.52) readily accumulate in biological
organisms.17 The accumulation of these compounds has been
reported in samples of gull eggs, marine mollusks, marine
ﬁshes, and animal-based foods.18−20 The ubiquitousness of
TBBPA and TBBPA-BDBPE in environmental compartments
and foodstuﬀs indicates that humans can be exposed to these
compounds orally.
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derivative. These ﬁndings support the need for accurate
assessment of toxicity, as emerging alternatives are becoming
widely used.

Previous studies have demonstrated the adverse eﬀects of
TBBPA and TBBPA-BDBPE. TBBPA has been indicated to
induce toxic eﬀects, including reproductive toxicity,21 endocrine disruption,22−24 and neurotoxicity.25,26 Since 1999,
TBBPA has been considered a toxic chemical by the Toxics
Release Inventory Program.27 Currently, the biological safety
of TBBPA-BDBPE is unclear due to insuﬃcient toxicity
studies. For instance, no gross pathological eﬀects were
observed in rats and mice after 3 months of oral exposure to
TBBPA-BDBPE at concentrations up to 1000 and 2000 mg/kg
body weight/day.28 However, in vitro estradiol sulfotransferase
(E2SULT) and transthyretin (TTR)-binding assays indicated
that TBBPA-BDBPE exhibited the potential to induce TTR
competition and E2SULT inhibition, with median inhibitory
concentrations (IC50) of 5.2 and 0.27 μM, respectively.29 An in
vitro exposure study demonstrated that TBBPA-BDBPE
exhibited negligible cellular toxicity to rat pheochromocytoma
cells (PC12) at an exposure concentration of 100 μM.25 The
uncertainty regarding the toxicity of TBBPA-BDBPE, a
promising alternative ﬂame retardant, poses barriers to its
usage supervision and release control from the perspective of
protecting human health. The main limitations of studies of
the toxicity of TBBPA analogues are the use of impractical
exposure dosages and the in vitro nature of the studies,
especially when assessing the health risks posed by environmental exposure to humans. Therefore, it is imperative to
determine whether exposure to TBBPA and TBBPA-BDBPE,
even at environmentally relevant levels, can lead to potential
health issues in vivo.
The liver is the main site of the metabolism of small
molecules due to the abundance of enzymes needed for this
process. The accumulation and metabolism of organic
pollutants in the liver can trigger a series of abnormalities in
the liver and severe consequences,30−32 including immune
response and chronic inﬂammatory processes.33 After oral
exposure to TBBPA and TBBPA-BDBPE, these chemicals can
be transported to the liver.34,35 The hepatic toxicity induced by
TBBPA and TBBPA-BDBPE has been previously reported.
However, the results were either based on high exposure
dosage or in vitro cell assays. For instance, by orally
administrating TBBPA to rats (up to 1000 mg/kg), Dunnick
et al. demonstrated that TBBPA could primarily induce
transcriptomic alterations in the liver, which may lead to
carcinogenic processes following long-term exposure to
TBBPA.34 An in vitro exposure study based on chicken
embryonic hepatocytes suggested that TBBPA inhibited cell
viability with a median lethal concentration (LC50) of 40.6 μM
and induced signiﬁcant expression of four genes.36 In the same
study, when hepatocytes were exposed to 300 μM TBBPABDBPE, no inhibition of cell viability was observed, and the
expression of one gene (Cyp1a4) was signiﬁcantly altered at
the mRNA level.36 Overall, it is essential to clarify the in vivo
biological eﬀects of TBBPA and TBBPA-BDBPE in the liver,
especially at environmentally ingestible concentrations, to
better understand their potential adverse eﬀects.
In this study, mice were used as mammalian models. They
were exposed to low dosages of TBBPA or TBBPA-BDBPE via
the oral route. We investigated the in vivo toxicity of TBBPA
and TBBPA-BDBPE by evaluating alterations in myeloid
immune cells in the liver and analyzing the hepatic lipidome
and transcriptome. By combining molecular analysis and
assessment of the response of myeloid cells in the liver, we
revealed the adverse eﬀects induced by TBBPA and its

■

MATERIALS AND METHODS
Animals. Seven to eight week old male speciﬁc pathogenfree (SPF) C57BL/6 mice (21 ± 1 g) were purchased from
Beijing Vital River Laboratory. The mice were housed under
SPF conditions at a temperature of 19−26 °C and humidity of
40−70% on an 11.5-h light/12.5-h dark cycle. The mice were
provided sterilized food and water ad libitum. All materials
used during the exposure procedure were sterilized before
being taken into the housing room. Experiments involving
animals were all approved by the Animal Ethics Committee at
the Research Center for Eco-Environmental Sciences, Chinese
Academy of Sciences, and were performed based on humane
practices.
Exposure Method and Sample Collection. In our
previous study, TBBPA analogues were detected in marine ﬁsh
samples at an average maximum level of 300 μg/kg lipid
weight.19 According to the lipid contents in ﬁsh samples19 and
the molar mass of the compounds, an average maximum
concentration of 57 nmol/kg body weight, which is equivalent
to approximately 30 μg/kg TBBPA and 50 μg/kg TBBPABDBPE in ﬁsh, was calculated. We selected these concentrations to represent environmentally relevant levels of TBBPA
and TBBPA-BDBPE in our study.
Mice were randomly assigned to the treatment and control
groups (5−7 mice per group). In the treatment groups, 57
nmol/kg body weight TBBPA and TBBPA-BDBPE (prepared
in olive oil) were administered to the mice through gavage.
The mice were administered each compound and assessed at
one of three time points: 6 h after single gavage, 24 h after
single gavage, and after daily exposure for 7 consecutive days.
The mice in the three control groups were administered olive
oil only at the same three exposure time points. Three time
points were chosen based on the residue levels of compounds
in the liver and the potential diﬀerence in induced alterations
between single and consecutive exposure.35,37 The mice were
weighed before gavage to ensure that all mice were exposed to
equal doses.
At each time point, the mice were anesthetized, and wholeblood samples were collected from the retro-orbital sinus.
Then, the mice were euthanized through cervical dislocation,
and intact liver samples were collected and temporally stored
in cold phosphate-buﬀered saline (PBS) solution until
subsequent analysis. Serum samples were obtained through
centrifugation of whole blood at room temperature and 4000
rpm for 10 min and then stored at −80 °C until analysis.
Histopathology. A fraction of liver tissue was soaked in
4% (v/v) formaldehyde solution for at least 24 h for
preliminary ﬁxation. The tissue samples were then dehydrated
in graded alcohol solutions (75−100%) and embedded in
paraﬃn. Serial tissue sections (4 μm thick) were obtained.
After dewaxing and hydration in graded alcohol solutions
(100−70%) and deionized water, the liver sections were
stained with hematoxylin and eosin. Then, the stained sections
were visualized by microscopy (CKX53, Olympus).
Aminotransferase Test. Liver function was preliminarily
evaluated by assessing the change in alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels in serum
samples. The tests were performed following the instructions
of commercial kits (from Nanjing Jiancheng Bioengineering
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Figure 1. Heatmap of average lipid concentrations in liver samples from the control groups, TBBPA-exposed groups, and TBBPA-BDBPE-exposed
groups 6 and 24 h after a single administration and after daily exposure for 7 consecutive days. A total of 22 lipid classes belonging to ﬁve categories
were assessed; details are provided in the Supporting Information, Table S1.

cells, which were incubated in the dark at room temperature
for 20 min. Antibody-bound single cells were centrifuged (400
g, 10 min, 4 °C) and washed twice with staining solution. The
solution containing stained single cells was then ﬁltered
through a 40-μm strainer and transferred to round-bottom
polystyrene tubes. Fluorescent antibody-bound cells were then
analyzed by a FACSAria II Cell Sorter (BD Biosciences), and
data processing was performed using FlowJo V10 software.
Statistical Analysis. The signiﬁcance of the experimental
data was analyzed using IBM SPSS Statistics software (version
20). Diﬀerences and p values between the two groups were
analyzed and calculated using the independent-samples t test
with a conﬁdence interval percentage of 95%. The
experimental results were plotted as the mean value ±
standard deviation (SD). Signiﬁcant diﬀerences between
groups are indicated by the following symbols: “*”, p < 0.05;
“**”, p < 0.01; and “***”, p < 0.001. The asterisks are colorcoded as follows: blue, comparison result between the control
and TBBPA groups; red, comparison result between the
control and TBBPA-BDBPE groups; and black, comparison
result between the TBBPA and TBBPA-BDBPE groups.

Institute), and the results were analyzed with a Varioskan Flash
microplate reader (Thermo Fisher Scientiﬁc).
Lipidomic Analysis. A total of 50 (±10) mg of liver tissue
was collected from each mouse, washed with cold PBS
solution, immediately frozen in liquid nitrogen, and stored at
−80 °C. Lipid extraction was performed according to Bligh
and Dyer’s method with modiﬁcations as described previously.38 Analysis of polar lipids was performed using an Exion
UPLC system coupled with a triple quadrupole/ion trap mass
spectrometer (6500 Plus Qtrap, SCIEX), and separation was
carried out using a Phenomenex Luna 3-μm silica column
(internal diameter 150 × 2.0 mm). Neutral lipids were
quantiﬁed using a modiﬁed version of reversed-phase HPLC/
MRM, and separation was achieved on a Phenomenex KinetexC18 2.6-μm column (i.d. 4.6 × 100 mm). The details of the
analysis have been reported previously.39 A total of 22 lipids
were selected and detected in this study, and details are
provided in Table S1 (Supporting Information).
Transcriptome Sequencing. A total of 650 (±25) mg of
liver tissue was collected from each mouse, and the samples
were washed with PBS and stored in liquid nitrogen for
lipidomic analysis. RNA quality was ﬁrst evaluated with a
Bioanalyzer 2100 instrument. Sequencing libraries were
prepared following the protocol of the Directional RNA
Library Prep Kit (NEB). Then, high-throughput RNA
sequencing was conducted using the Illumina platform with
150-bp paired-end reads. Low-quality sequencing reads were
excluded from the data analysis.
Single-Cell Suspension Preparation. Liver tissues were
ﬁrst dissociated with a speciﬁc kit (liver dissociation kit, mouse,
MACS) according to the manufacturer’s protocol. Then, red
blood cells in the dissociated liver tissues were lysed. Next, the
cell solutions were centrifuged (500 g, 10 min, 4 °C), the
supernatant was discarded, and the remaining cells were
resuspended in PBS twice to thoroughly wash single cells.
Finally, single-cell suspensions of the livers were resuspended
in staining solution (PBS with 1% (v/v) fetal bovine serum)
for subsequent ﬂow cytometry analysis.
Flow Cytometry Analysis. Single liver cells were stained
with ﬂuorescent antibodies (listed in the Supporting
Information, Table S2). Brieﬂy, 106−107 liver cells were
prepared from each sample and resuspended in 50 μL of
staining solution. Fluorescent antibodies were applied to the

■

RESULTS AND DISCUSSION
Hepatic Histopathology and Serum Enzyme Analysis.
Exposure to TBBPA or TBBPA-BDBPE induced neither a
signiﬁcant histopathological change in the liver (Supporting
Information, Figure S1) nor alterations in the levels of hepatic
enzymes, including ALT and AST, in the serum (Supporting
Information, Figure S2). It has been reported that daily oral
exposure to TBBPA (ranging from the level of mg/kg to g/kg
body weight) during the prenatal and postnatal periods of mice
induces histopathological injury of the liver.40 High concentrations of TBBPA-BDBPE (up to 1 g/kg body weight) lead to
an elevated concentration of ALT in rat serum following oral
exposure.28 Unlike the results of these studies, our histopathological examination and analysis of hepatic enzyme levels
suggested no obvious damage to the liver at environmentally
relevant levels of TBBPA (30 μg/kg) and TBBPA-BDBPE (50
μg/kg), which were much lower than those used in the
previous studies.
Lipid Level Alterations in the Liver. Although there was
no apparent alteration in hepatic pathology or functional
enzyme levels, there may have been other perturbations in liver
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Figure 2. Lipids that were signiﬁcantly changed in the liver in the groups analyzed 6 (A) and 24 h (B) after a single oral exposure and after 7 d (C)
of daily exposure to TBBPA or TBBPA-BDBPE compared with the corresponding control group at the level of p < 0.05. Bubbles with a solid
diamond represent lipids changed at the level of p < 0.05 and |Log2(fold change)| > 1 (fold change, FC). Log2(FC) was calculated by comparing
the average concentrations of lipids in the treatment groups with those in the corresponding control group. Each bubble represents a lipid species.
Diﬀerences in the sizes of the bubbles indicate diﬀerences in p values, and the darker bubbles represent several lipid bubbles with similar Log2(FC)
values overlapping each other.

homeostasis. TBBPA and TBBPA-BDBPE are highly lipophilic
compounds.17,19 Thus, in vivo exposure to these compounds
may lead to lipid alterations.41 In the liver, the perturbation of
lipid metabolism is a possible cause of next-step adverse
phenomena, such as inﬂammation, nonalcoholic fatty liver
disease (NAFLD), and nonalcoholic steatohepatitis
(NASH).42 To assess the potential eﬀects of these compounds
on the liver, we compared the alterations in the hepatic
lipidome induced by TBBPA and TBBPA-BDBPE. Using a
lipidomic approach, we compared the alterations in 22 lipid
classes belonging to 5 lipid categories, including cholesterols
and their derivatives, glycerolipids, lipid mediators, glycerophospholipids, and sphingolipids (the lipid names are shown
in the Supporting Information, Table S1).
The detected alterations in lipid content suggested that
environmentally relevant dose of TBBPA and TBBPA-BDBPE
could induce perturbations in lipid metabolism in the liver
(Figure 1). Generally, treatment with TBBPA and TBBPABDBPE resulted in changes in all ﬁve lipid categories following
single and repeated exposure. Alterations in diﬀerent classes of

lipids were observed in the two diﬀerent treatment groups. The
changes in lipid content detected at the three time points were
diﬀerent. According to the signiﬁcantly changed lipids (p <
0.05), the underlying eﬀects of TBBPA and TBBPA-BDBPE
on lipid homeostasis in the liver were further explored.
Figure 2 shows the change in lipid levels at a signiﬁcance
level of 0.05 (p < 0.05). In general, both TBBPA and TBBPABDBPE induced signiﬁcant changes in hepatic lipid levels, and
TBBPA-BDBPE induced more alterations in lipid levels than
TBBPA within 6 h and after 7 d following exposure (Figure 2).
Within 24 h after a single exposure, most of the changes
involved glycerophospholipids and sphingolipids (Figure
2A,B). Following repeated exposure, the number of changed
glycerophospholipids and sphingolipids decreased and that of
changed glycerolipids increased (Figure 2C) compared with
the results from the single-exposure groups (Figure 2A,B).
Sphingolipids and glycerophospholipids are essential components of cellular membranes and are important in the
regulation of cellular progression, immune response, and other
processes.42,43 For instance, interactions between sphingolipids
8194
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Figure 3. Signiﬁcantly represented GO terms in the liver after a single or daily oral exposure to TBBPA and TBBPA-BDBPE. (A) Number of
signiﬁcantly represented GO terms related to biological processes, cellular components, and molecular functions. (B) Number of GO terms
signiﬁcantly enriched in the TBBPA- and/or TBBPA-BDBPE-exposed groups. (C) Change in the expression of Lpin1, presented as the fold change
(relative to controls); “***” indicates p value < 0.001; asterisks in blue represent the comparison result between the control and TBBPA groups,
and asterisks in red represent the comparison result between the control and TBBPA-BDBPE groups.

triacylglycerol (TAG) levels was observed in the two treatment
groups (Figure 2C). Furthermore, a signiﬁcant decrease in PE
content was observed upon treatment with TBBPA-BDBPE
(Figure 2C).
Alterations in Cer, phosphatidylcholine (PC), PE, FFA, and
TAG levels have been demonstrated to be indicators of hepatic
injury risk.42 In the current study, both TBBPA and TBBPABDBPE showed the potential to induce elevation of Cer levels
within 24 h (Figure 2A,B). Cer has been reported to be a
lipotoxic intermediate associated with NAFLD, NASH, and
insulin resistance.47 An increase in Cer levels in the liver could
lead to stimulation of the release of extracellular vesicles
containing Cer and a macrophage activator (sphingosine-1phosphate), thus driving further liver injury.48
An imbalance in the levels of PCs and PEs may induce the
disruption of membrane integrity.42 A decreased ratio of PC/
PE in the liver is associated with NAFLD.49 In the present
study, although the concentrations of PC and PE were
signiﬁcantly altered (Figure 2B,C), the hepatic PC/PE ratios in
the two treatment groups were consistent with those in the
control group (shown in the Supporting Information, Figure
S4), suggesting that TBBPA and TBBPA-BDBPE may
contribute to only mild membrane damage in the liver.
In this study, an elevation in FFA levels was detected from 6
h to 7 d, and an increase in TAG levels was detected at 24 h
and 7 d (Figure 2). Within 6 h after administration, TBBPA

and glycerophospholipids play a critical role in membrane
homeostasis and lipid metabolism.44 Glycerolipids are also
important signaling molecules for maintaining cellular lipid
storage and energy homeostasis.45 The levels of these
functionally crucial lipids were signiﬁcantly altered by exposure
to TBBPA and TBBPA-BDBPE at low dosages, indicating that
these compounds may impair the cell membrane and cause
lipid metabolism dysfunction in the liver.
The signiﬁcantly altered lipids were further screened
according to the criteria of p < 0.05 and |Log2(FC)| > 1
(compared with controls),46 which are shown as bubbles with
solid diamonds in Figure 2 (details shown in the Supporting
Information, Figure S3). At 6 h, TBBPA increased the
concentrations of free fatty acids (FFAs), lyso-phosphatidylinositols (LPIs), and ceramides (Cers) and decreased the levels
of phosphatidic acids (PAs) (Figure 2A). TBBPA-BDBPE
induced increases in the levels of LPIs, lyso-PAs (LPAs), and
lyso-phosphatidylserines (LPSs), but decreased the concentrations of phosphatidylglycerols (PGs) and glucosylceramides
(GluCers) (Figure 2A). At 24 h, the levels of glycerophospholipids were decreased in the two treatment groups
compared with the control group (Figure 2B). TBBPA
exposure resulted in a decrease in PG and lyso-bisphosphatidic
acid (LBPA) levels (Figure 2B), while TBBPA-BDBPE led to a
decline in phosphatidylethanolamine (PE), cardiolipin (CL),
and LBPA levels (Figure 2B). At 7 d, a signiﬁcant increase in
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Figure 4. Diﬀerences in the number of mature myeloid cells in the liver in the control group and the TBBPA and TBBPA-BDBPE treatment groups
6 and 24 h after a single exposure and 7 d after daily exposure. (A) Gating strategy for myeloid cells in the liver. (B) Variation in the number of
mature myeloid cells in the liver based on ﬂow cytometry analysis. Neu, Mono, MG1, and MG2 indicate neutrophils, monocytes, CD11bhiF4/80int
hepatic macrophages, and CD11bintF4/80hi hepatic macrophages, respectively. The values presented in the bar graphs are the means ± SDs; “*”
indicates p < 0.05, and “**” indicates p < 0.01; asterisks in blue, red, and black represent the comparison result between the control and TBBPA
groups, the control and TBBPA-BDBPE groups, and the TBBPA and TBBPA-BDBPE groups, respectively.

Eﬀects on Gene Expression in the Liver. Based on
transcriptomic analysis, we assessed the possible alterations in
gene expression proﬁling induced by TBBPA or TBBPABDBPE. Diﬀerentially expressed genes (DEGs) were identiﬁed
according to the criteria of |Log2(FC)| > 1 (compared with
controls), p value < 0.05, and false discovery rate-adjusted p
value (known as q-value) < 0.05. In brief, at the 6 h, 24 h, and
7 d time points, there were 11, 43, and 27 DEGs, respectively,
in the TBBPA-treated groups and 6, 79, and 63 DEGs,
respectively, in the TBBPA-BDBPE-treated groups (Supporting Information, Figure S5). Information on the DEGs
represented by the Venn diagram is shown in the Supporting
Information, Figure S6.
Figure 3 shows the results of gene ontology (GO)
enrichment analysis across groups. At 6 h, 24 h, and 7 d, the
total number of signiﬁcantly enriched GO terms in the liver
was 47, 1, and 51, respectively, following TBBPA exposure and
78, 22, and 97, respectively, following TBBPA-BDBPE
exposure (Figure 3A). At 6 h, 24 h, and 7 d, 9, 0, and 24
GO terms were simultaneously enriched in the two treatment
groups, respectively (Figure 3B). The names of the
signiﬁcantly enriched GO terms in the liver after exposure to
TBBPA and TBBPA-BDBPE are provided in Tables S3 to S8
(Supporting Information). The signiﬁcantly enriched GO
terms were diﬀerent between the two treatment groups
(Supporting Information, Tables S3 to S8). GO terms involved
in metabolic regulation, lipid metabolism, and immune
response were predominantly enriched in the liver in the
TBBPA-BDBPE treatment groups at 6 h, 24 h, and 7 d
(Supporting Information, Figure S7).
Lpin1 encodes the protein lipin-1, which is an enzyme
necessary for the synthesis of diacylglycerol, the critical

but not TBBPA-BDBPE induced alterations in FFA and TAG
levels (Figure 2A). After daily repeated exposure for 7 d, both
TBBPA and TBBPA-BDBPE triggered signiﬁcant accumulation of TAG (Figure 2C).
The accumulation of hepatic TAGs indicates the disruption
of homeostasis in the inﬂux and disposal of fatty acids in the
liver.50 The inﬂux of fatty acids in the liver involves uptake
from the plasma and de novo synthesis, while disposal involves
intracellular oxidation and incorporation in TAGs, which are
then secreted into the plasma in the form of very-low-density
lipoprotein.51 Therefore, when the inﬂux rate exceeds the rate
of removal of hepatic fatty acids, abnormal elevation of hepatic
TAG in the liver occurs. The accumulation of fatty acids in the
liver induces hepatic oxidative stress and liver damage.52
Hepatic TAGs are nonlipotoxic, and their accumulation may
serve as a protective response to the dysfunction of fatty acid
metabolism instead of as a mediator of the acceleration of
further liver damage.53 Therefore, TAG could act as a
biomarker of the metabolic status of fatty acids in the liver.52
It has been reported that the accumulation of TAG in either
cells or mouse liver could be induced by bisphenol analogues
and other BFRs. Liu et al. observed a signiﬁcant increase in the
TAG level in human hepatoma HepG2 cells after in vitro
exposure to bisphenol AP or tetramethylbisphenol A.54 When
exposing to 1 mg/kg BDE-47 (one of polybrominated diphenyl
ethers) or low-dose (50 and 500 μg/kg) bisphenol A,
accumulation of TAG in the mouse liver was signiﬁcantly
determined.55,56 In the current study, the increase in the TAG
level observed at 24 h and 7 d suggested the accumulation of
lipotoxic fatty acids, and the actual eﬀect on the hepatic lipid
metabolism induced by the administration of environmentally
relevant concentrations of both TBBPA and TBBPA-BDBPE.
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precursor of TAG.57 Lpin1 also appears to be a transcriptional
coactivator that modulates fatty acid oxidation.57 The
upregulation of hepatic Lpin1 expression results in an increase
in lipin-1 expression, which can elevate TAG synthesis or fatty
acid oxidation. Within 24 h, in both the TBBPA- and TBBPABDBPE-exposed groups, the upregulation of the Lpin1
expression (Figure 3C) was in accordance with the increase
in TAG levels (Figure 2B), indicating the linkage between
alterations in Lpin1 expression and TAG levels in the liver. In
contrast to the result of a single exposure, the expression of
Lpin1 in the liver returned to a level similar to that in the
control group following daily exposure for 7 consecutive days
(Figure 3C). However, the increase in TAG levels was still
detectable at 7 d (Figure 2C), suggesting that the perturbation
in lipid metabolism was sustained upon repeated exposure and
that the increase in TAG may have been aﬀected by the
previous upregulation of the Lpin1 expression. As an alteration
in the Lpin1 expression in the liver was not observed at 7 d,
this gene may not have been the sustained cause of the increase
in TAG levels throughout repeated exposure. Previous studies
aiming at bisphenol analogues and other BFRs have reported
that changes in the expression of genes involved in lipogenesis,
lipid traﬃcking, lipid β-oxidation, and nuclear receptors
mechanistically resulted in the alteration of lipid metabolism
(including TAG accumulation) in the liver.54−56,58 In our
study, by exposure to environmentally relevant dose of TBBPA
or TBBPA-BDBPE, we determined the upregulated expression
of Lpin1, encoding a necessary protein in the synthesis of
TAG.45
Alterations in Macrophage Populations in the Liver.
In addition to playing an important role in the metabolism of
exogenous chemicals,59 the liver is also an important organ in
immune surveillance.60 Biotransformation and excretion of
pollutants in the liver may lead to potential disruption of
immune homeostasis.32 In the liver, macrophages, the most
abundant and important type of immune cells, can be divided
into subsets, that is, CD11bhighF4/80intermediate or low monocytederived macrophages (CD11bhiF4/80int/lo MoMFs) and liverresident CD11b intermediate or low F4/80 high Kupﬀer cells
(CD11bint/loF4/80hi KCs).61,62 These cells are closely involved
in pathogenic processes, such as processes related to lipid
metabolic disorders.63 Therefore, we further analyzed the
distribution of myeloid cells, especially macrophage subsets, in
the liver.
The gating strategy of myeloid cells in the liver is shown in
Figure 4A.61,62,64 Six hours after a single exposure, there were
no changes in the four cell subsets, including neutrophils,
monocytes, CD11bhiF4/80int hepatic macrophages, and
CD11bintF4/80hi hepatic macrophages (Figure 4B, 6 h). At
24 h, both TBBPA and TBBPA-BDBPE induced a signiﬁcant
increase in the number of CD11bintF4/80hi macrophage subset
(Figure 4B, 24 h). After daily exposure for 7 consecutive days,
a signiﬁcant increase in the number of CD11bintF4/80hi
macrophages in the liver was maintained in the TBBPABDBPE-treated group (Figure 4B, 7 d), while in the TBBPA
treatment group, there was no signiﬁcant change in the
CD11bintF4/80hi subset compared with the control group.
Given the diﬀerence in physicochemical characteristics (such
as lipophilic property) between TBBPA and TBBPA-BDBPE,
their distinctions in metabolic kinetic and the intermolecular
interaction may result in diﬀerent eﬀects on the liver.
The CD11bhiF4/80int (MG1) and CD11bintF4/80hi (MG2)
subsets in the present study were considered MoMFs and KCs,
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respectively.61,62 KCs account for nearly one-third of nonparenchymal hepatic cells. These cells originate from local
embryonic progenitors and are self-renewable.60,65 In addition,
KCs can be generated from circulating monocytes, which ﬁrst
diﬀerentiate into MoMFs and then convert to KCs.66,67 Figure
4B shows that in the treatment groups, monocytes and
CD11bhiF4/80int MoMFs were maintained at the levels
observed in the control groups, suggesting that the elevation
of the CD11bintF4/80hi KC number could be predominantly
attributed to self-proliferation rather than the recruitment and
diﬀerentiation of circulating monocytes in the present study.
KCs play an irreplaceable role in liver innate immunity,
actively participating in defense responses to dangerous
stimuli, including inﬂammation, infection, and toxins.68,69
During innate inﬂammatory regulation and immunosurveillance, proliferation of KCs can be stimulated by proinﬂammatory signals.70 KCs can be activated by recognition of
danger-associated molecular patterns (DAMPs, danger signals)
released from the abnormal microenvironment or damaged
tissue, promoting the recruitment and diﬀerentiation of
circulating monocytes in the liver.67,71 A previous study
demonstrated that an increase in the number of KCs is the
initial response during hepatic inﬂammation.72 However, an
increase in the KC number in the liver is also involved in the
exacerbation of hepatic metabolic diseases. For instance,
during the development of lipid metabolic syndromes, such
as toxic lipid accumulation, NAFLD, and NASH, in the liver,
hepatocytes can release extracellular vesicles enriched in toxic
lipids and macrophage activators. These agents can activate
KCs and MoMFs, leading to macrophage-mediated inﬂammation and further aggravation of liver injury.43,48,73,74
In the current study, 6 h after exposure to TBBPA and
TBBPA-BDBPE, hepatic lipid abnormalities appeared in the
liver (Figure 2A); these changes occurred earlier than the
increase in the number of CD11bintF4/80hi KCs, which was
observed at 24 h (Figure 4B, 24 h). This observation suggested
that the increase in the CD11bintF4/80hi KC number may be
associated with lipid disorders in the liver. Signiﬁcant increases
in the levels of metabolic syndrome-associated lipids, such as
Cers and FFAs, were observed in this study (Figure 2);
overload of these lipids triggers liver damage, promoting the
activation of CD11bintF4/80hi KCs and the release of
inﬂammatory cytokines, potentially resulting in further
hepatocyte injury.48 It was proposed that KCs may play a
role in regulating FFA/TAG-associated metabolism in the
liver. KCs primarily sense the accumulation of FFAs and
secrete inﬂammatory factors that act on hepatocytes, leading to
the synthesis of TAG.75 In summary, oral exposure to
environmentally relevant levels of TBBPA and TBBPABDBPE led to both lipid disorders and an increase in the
CD11bintF4/80hi KC number in the liver. Proliferation of
CD11bintF4/80hi KCs was speculated to be an inﬂammatory
response to lipid abnormalities, leading to potentially longterm alterations in the liver.
Abnormal expansion of KC populations may be accompanied by the increased expression of proinﬂammatory
cytokines. For instance, an increase in the number of TNFα-producing KCs promotes the inﬁltration of circulating
monocytes and further triggers the development of NASH.74
In murine macrophages (RAW 264.7), exposure to environmentally relevant concentrations of TBBPA stimulated
upregulation of the expression of IL-1β, IL-6, and TNF-α,
which are strongly associated with inﬂammatory progression.76
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adverse eﬀects of TBBPA and TBBPA-BDBPE. These ﬁndings
indicate that attention should be given to the adverse eﬀects
induced by BFRs in realistic scenarios in the future.

KC-related monocyte inﬁltration is also involved in the
progression of local tissue injury and systemic inﬂammatory
response syndrome.67 Therefore, the signiﬁcant increase in the
number of CD11bintF4/80hi KCs observed in this study may
lead to elevation of the inﬁltration of proinﬂammatory myeloid
cells and subsequent hepatic damage. Studies have proven that
KC depletion can induce the recruitment and diﬀerentiation of
monocytes and then restore macrophage homeostasis in the
liver through MoMFs or monocyte-derived KCs.61,66,77
However, few studies have demonstrated the role of
abnormalities in KCs in hepatic immune homeostasis. Because
there were no signiﬁcant changes in the numbers of
CD11bhiF4/80int MoMFs and monocytes, it was speculated
that the increase in the CD11bintF4/80hi KC number induced
by TBBPA and TBBPA-BDBPE resulted from self-renewal
rather than monocyte diﬀerentiation. This phenomenon raises
questions regarding the renewal ability of KCs when abnormal
elevation of the liver-resident KC number is maintained.
Environmental Implication. TBBPA and TBBPABDBPE are commonly found at low levels in the environment,
especially in the locations where they are accessible to
humans.11 Additionally, TBBPA and TBBPA-BDBPE are
degraded or transformed into derivatives during various
environmental processes.15,78,79 Given that the skeletal
structure of the identiﬁed derivatives is similar to that of
TBBPA and TBBPA-BDBPE, similar toxicity may occur. For
instance, TBBPA-BAE, which has the same central structure as
TBBPA and TBBPA-BDBPE, was previously identiﬁed as a
neurotoxicant in sediment samples.80 In daily life, humans are
concomitantly exposed to complex mixtures of environmental
contaminants.81 Considering the eﬀects of simultaneous
exposure to TBBPA and its derivatives and other environmental metabolites,82 the adverse eﬀects of TBBPA and
TBBPA-BDBPE observed in this study could be strengthened
at an even lower dose than that used in this study. Hence, to
evaluate the actual health risk posed by environmental
contaminants, analysis of both environmentally relevant
doses and exposure to a mixture of chemicals is essential.
Previously, numerous studies have reported that a high dose
of TBBPA is capable of inducing severe toxicity83−86 and that
TBBPA-BDBPE is not as toxic as TBBPA.36,87 In the present
study, we demonstrated that oral exposure to environmentally
relevant levels of TBBPA and TBBPA-BDBPE could induce
signiﬁcant alterations in genomic expression and lipid
metabolism, which were strongly associated with hepatic
injury and metabolic diseases. We ﬁrst demonstrated that a
signiﬁcant increase in the CD11bintF4/80hi hepatic macrophage number and lipid disorders in the liver could be induced
by a low dose of TBBPA and TBBPA-BDBPE, indicating that
they pose real risks to the liver. Additionally, increased
CD11bintF4/80hi hepatic macrophages were observed under
daily exposure to TBBPA-BDBPE, indicating that attention
should be given to TBBPA-BDBPE due to its widespread
distribution. Aside from immune cells, signiﬁcant alterations in
lipid contents in the liver through consecutive administration
of TBBPA and TBBPA-BDBPE further indicated the nonnegligible health risk posed by long-term exposure to
environmentally residual TBBPA analogues.
In summary, we comprehensively investigated the eﬀects of
oral exposure to environmentally relevant levels of TBBPA and
TBBPA-BDBPE in the mammalian liver. Based on analysis of
the lipidome and transcriptome and characterization of typical
immune cells in the liver, our results demonstrated the in vivo
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