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ABSTRACT

Bisphenol A (BPA), which is used in a variety of consumer-related plastic products, was reported to cause adverse
effects, including disruption of adipocyte differentiation, interference with obesity mechanisms, and impairment
of insulin- and glucose homeostasis. Substitute compounds are increasingly emerging but are not sufficiently
investigated. We aimed to investigate the mode of action of BPA and four of its substitutes during the differ-
entiation of human preadipocytes to adipocytes and their molecular interaction with peroxisome proliferator-
activated receptor y (PPARy), a pivotal regulator of adipogenesis. Binding and effective biological activation
of PPARy were investigated by surface plasmon resonance and reporter gene assay, respectively. Human pre-
adipocytes were continuously exposed to BPA, BPS, BPB, BPF, BPAF, and the PPARy-antagonist GW9662. After
12 days of differentiation, lipid production was quantified via Oil Red O staining, and global protein profiles
were assessed using LC-MS/MS-based proteomics. All tested bisphenols bound to human PPARy with similar
efficacy as the natural ligand 15d-PGJ2 in vitro and provoked an antagonistic effect on PPARy in the reporter
gene assay at non-cytotoxic concentrations. During the differentiation of human preadipocytes, all bisphenols
decreased lipid production. Global proteomics displayed a down-regulation of adipogenesis and metabolic
pathways, similar to GW9662. Interestingly, pro-inflammatory pathways were up-regulated, MCP1 release was
increased, and adiponectin decreased. pAKT/AKT ratios revealed significantly reduced insulin sensitivity by BPA,
BPB, and BPS upon insulin stimulation. Thus, our results show that not only BPA but also its substitutes disrupt
crucial metabolic functions and insulin signaling in adipocytes under low, environmentally relevant concen-
trations. This effect, mediated through inhibition of PPARy, may promote hypertrophy of adipose tissue and
increase the risk of developing metabolic syndrome, including insulin resistance.

1. Introduction

40% of the adult world population were overweight and 13% obese with
some countries reaching overweight rates of up to 70% and obesity rates

The World Health Organization (WHO) reports that in 2016 nearly of nearly 40% (WHO 2020). Besides hypercaloric nutrition and low
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physical activity, it has been suggested that environmental contami-
nants acting as endocrine disruptors play a crucial role in accelerating
the obesity pandemic (Legeay and Faure, 2017; Darbre, 2017). Among
the most discussed obesogenic compounds is bisphenol A (BPA). BPA is a
component in the manufacturing of polycarbonate plastic and epoxy
resin linings of food and drinking cans. Hence, human exposure can
occur on a daily basis, mainly through dietary intake, but also by air and
dust, cosmetics, toys, and skin contact (ANSES 2014). Due to the ubiq-
uitous usage of BPA and, consequently, substantial exposure to it, the
compound is not only present in the environment but has also been
detected in human serum in concentrations ranging from 0.0002 to 66
ng/ml (Legeay and Faure 2017). Unfortunately, BPA exposure is also
associated with reproductive diseases, increased risk of cancer, and
developmental impairment (Acconcia, Pallottini, and Marino 2015). In
recent years, industries started to substitute BPA due to restrictions by
several regulatory authorities (ECHA). These substitute compounds
often include BPA analogs, e.g., Bisphenol AF (BPAF), Bisphenol B
(BPB), Bisphenol F (BPF), and Bisphenol S (BPS). However, similarities
in the chemical properties of BPA and its substitutes suggest that they
also possess endocrine disruptive properties and raise questions about
their suitability as safer substitute compounds.

Over the last two decades, BPA has been repeatedly linked to obesity
and an increased risk for metabolic diseases in studies in vivo, causing
weight gain and impaired glucose tolerance in mice (Miyawaki et al.
2007; Wei et al. 2011; Ding et al. 2014). In vitro, BPA has been shown to
promote adipogenesis and lipid accumulation in human and mouse
adipocytes with alterations in lipid metabolism in pM concentration
ranges (Ohlstein et al. 2014; Masuno et al. 2005; Helies-Toussaint et al.
2014; Martinez et al. 2020). Additionally, many in vivo as well as in
vitro studies have demonstrated altered apolipoprotein and adipokine
expressions upon exposure to BPA, suggesting adipose tissue dysfunc-
tion (Hugo et al. 2008; Ariemma et al. 2016; Wang et al. 2018; Ivry Del
Moral et al. 2016). On the contrary, De Filippis, Li, and Rosen (2018) did
not find an enhancing effect of BPA on adipogenesis but detected
decreased insulin sensitivity and a pro-inflammatory effect, thus
potentially contributing to the development of the metabolic syndrome.

Missing consensus on the impact of BPA and underlying molecular
mechanisms, including the interaction with peroxisome proliferator-
activated receptor y (PPARY)), which plays a pivotal role in the regu-
lation of adipogenesis and adipose tissue functions, still creates
considerable ambiguity in the mode of action in adipose tissue. Ahmed
and Atlas (2016) have demonstrated a link between adipogenesis-
promoting effects of BPA and direct activation of PPARy, that has pre-
viously been identified as a target for metabolic disruption (Le
Magueresse-Battistoni et al. 2017). Contrary to that, others did not
detect PPARy-activation through BPA and argue that the acceleration of
adipogenesis through bisphenols happens through a so far unknown
PPARy-independent pathway (Chamorro-Garcia et al. 2012; Riu et al.
2011).

BPA substitutes are not sufficiently investigated for adverse effects
and obesogenic properties in particular (Thoene et al. 2020). Some
studies found similar differentiation-promoting effects for BPA alterna-
tives BPS, BPB, BPE, and BPF in high concentrations (Wang et al. 2018;
Masuno et al. 2005; Ahmed and Atlas 2016; Boucher, Ahmed, and Atlas
2016).

Therefore, the primary purpose of this paper was to investigate the
possible metabolic disruptive properties of the emerging BPA sub-
stitutes, which are up to date not well studied, and compare them to BPA
for which adverse effects have been described before (Ohlstein et al.
2014; Masuno et al. 2005; Helies-Toussaint et al. 2014; Martinez et al.
2020). We aimed to reveal the molecular mechanisms behind their ef-
fects on humans, in contrast to the more often investigated metabolic
disruptive endpoints like lipid accumulation and PPARy agonism and
commonly used mouse adipocyte cell lines (Ahmed and Atlas 2016;
Masuno et al. 2005). Therefore, we used Omics in addition to classical
endpoints to reveal mechanistic insights in human adipocytes. We
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focused on the involvement of PPARy since it is a master regulator of
adipogenesis, and data on its involvement is lacking for almost all BPA
substitutes.

To unravel their effects on adipogenesis, human preadipocytes
(Simpson-Golabi-Behmel Syndrome (SGBS) cells), derived from subcu-
taneous adipose tissue, were exposed to BPA and its emerging sub-
stitutes BPB, BPF, BPAF, and BPS during the differentiation. To
understand the involvement of PPARy, binding and activation of the
receptor were determined for all bisphenols under consideration of cell
viability. Systemic biological effects of BPA and its substitutes were
analyzed using global proteomics. The release of adipokines, insulin
sensitivity, and oxidative stress parameters were compared, giving in-
sights into adipocyte function.

2. Materials and methods
2.1. Chemicals

All reagents were ACS grade or higher. All solvents used were LC/MS
grade. Acetonitrile (ACN), isopropanol, formic acid (FA), ethanol
(EtOH), methanol (MeOH), 1,4-dithiothreitol (DTT), iodoacetamide
(IAA), and triethylammonium bicarbonate buffer (TEAB, Sigma Aldrich,
Germany) were obtained from Sigma-Aldrich. Ammonium bicarbonate
was purchased from MP Biomedicals. Modified trypsin (sequencing
grade) was obtained from Promega. TMT-10-plex kit, tris-(2-carbox-
yethyl)-phosphine (TCEP), and Pierce 660 nm Protein assay were used
from Thermo Fisher Scientific. Rosiglitazone, BPA, BPAF, BPB, BPS, and
BPF were from Sigma Aldrich, PPARy ligand 15-deoxy-delta-12,14-pros-
taglandin J2 (15d-PGJ2) from Santa Cruz Biotechnology, and PPARy-
inhibitor 2-chloro-5-nitrobenzanilide (GW9662) was from Cayman
Chemicals. Cell culture medium and chemicals DMEM/F12, biotin,
penicillin/streptomycin, cortisol, apo-transferrin, triiodothyronine,
human insulin, dexamethasone, 3-isobutyl-1-methylxanthine, sterile
dimethyl sulfoxide (DMSO), and phosphate-buffered saline (PBS) were
purchased at Sigma Aldrich. Fetal calf serum (FCS) was from Gibco.

2.2. Surface plasmon resonance (SPR) spectroscopy

SPR is a powerful technique previously used to determine binding
efficacies of a variety of ligands to human PPARy (van Marrewijk et al.
2016; Yu et al. 2004; Shang and Kojetin 2021) and utilized to charac-
terize the binding of xenobiotics (Kratochvil et al. 2018). Binding effi-
cacy can be monitored in real-time and label-free. In order to identify
direct molecular binding interactions between a bisphenol and PPARy,
all five bisphenols were screened on a Biacore T200 instrument (GE
Healthcare, Freiburg, Germany). The surface of an S Series Sensor Chip
CM5 (GEHealthcare) was activated for immobilization with a mixture
containing 50 mM N-hydroxysuccinimide (NHS) and 195.6 mM 1-eth-
yl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC). A re-
combinant human PPARy ligand binding domain (LBD) (Biozol) was
immobilized on the chip surface at 25 °C via amine coupling and using a
protein concentration of 80 ug/ml in 10 mM sodium acetate buffer (pH
4.5) at a flow rate of 5 pl/min according to the manufacture’s protocol,
leading to immobilization of 8959.4 RU. Unreacted NHS-esters were
deactivated by 1 M ethanolamine- HCI (pH 8.5). The signal of an empty
reference flow was subtracted from detected response signals of the cell
containing the PPARy LBD to adjust for unspecific binding to the surface.
Measurements were conducted in triplicate for every analyte with four
start-up buffer-injections at the beginning of each run. Raw relative
responses were normalized to the molecular weight (MW, Supplemen-
tary data 7, Table A.1) of the analyte by RU/MW*100. The signal was
subsequently normalized to the corresponding highest concentration of
the positive control 15d-PGJ2 (endogenous PPARy ligand), which was
included in every run. A sensorgram of the quality control compound
15d-PGJ2 is provided in Supplementary data 7, Fig. A.1) Buffer in-
jections were used as negative control and run in triplicates after start-up
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injections. Raw data and normalized relative responses can be found in
the supplement (Supplementary data 7, Table A.2-A.4). More details on
the experimental procedure are given in our previous paper (Kratochvil
et al. 2018).

2.3. Reporter gene assay

The ability of the bisphenols to biologically activate PPARy was
tested using the GeneBLAzer® PPARy-UAS-bla 293H cell-based reporter
gene assay (Invitrogen). Experiments were conducted as described
previously (Konig et al. 2017). Briefly, agonistic activity or antagonistic
activity in presence of rosiglitazone were quantified in parallel with cell
viability. The PPARy antagonists T0070907 and GW9662 as well as the
compounds BPAF and BPB were dissolved in DMSO, while BPA, BPS,
and BPF were dissolved in MeOH. Rosiglitazone was used as an agonistic
reference compound. T0070907 and GW9662 were used as reference
compounds for PPARy antagonism (T0070907: Supplementary data 7,
Fig. A.2 B). In agonistic mode, cells were incubated with either rosigli-
tazone or the test compounds. In antagonistic mode, cells were incu-
bated with rosiglitazone and the test compounds simultaneously. Cells
were seeded in 384-well plates at 6000 cells/well in 30 ul assay medium
(phenol-red free DMEM, 2% charcoal treated fetal bovine serum, 100 U/
1 penicillin, and 0.1 mg/1 streptomycin) and incubated for 24 h 37 °C
with 5% COg in 95% humidity. 10 pl of assay medium with rosiglitazone
and test compounds in serial or linear dilutions were added and incu-
bated for 22 h at 37 °C with 5% CO» in 95% humidity. The final rosi-
glitazone concentration in the antagonism assays was 5.5 nM to reach
80% of the maximum effect (ECgg). After the addition of 8 ul FRET
detection reagent, including ToxBlazer mixture, blue and green fluo-
rescence signals were read immediately using a 409 nm excitation filter
at 460 nm and 520 nm for potential autofluorescence and again after 2 h
at room temperature. PPARy activation was determined by the ratio of
blue to green FRET fluorescence signal. The signal was converted to %
effect by adjusting unexposed cells that were not treated with chemical
or solvent to 0% activation and the maximum effect by rosiglitazone to
100% activation. It was verified that the solvent concentrations used for
the test compounds did not impact the assay. For this, serial dilutions of
DMSO and MeOH stocks were assayed and found to reduce cell viability
by 10% (IC10) at 5.96% (v/v) (MeOH) and 1.1% (v/v) (DMSO), and a
negligible effect on the GeneBLAzer® assay at the for the test com-
pounds applied solvent concentrations (maximal 0.05% (v/v) for DMSO
and 0.5% (v/v) for MeOH).

When the assay was run in antagonistic mode, a suppression ratio
(SR) was calculated as previously described (Neale et al. 2017; Escher
et al. 2014). A suppression ratio of 1 corresponds to a total inhibition of
the activation of the assay caused by the addition of the agonist rosi-
glitazone. Thus, the SR 0.5, which was determined based on log-logistic
concentration-effect curves, corresponds to a relative 50% reduction of
the activation induced by rosiglitazone. Cell viability was calculated
using cell confluency as described before (Escher et al. 2019). Con-
fluency was detected using an IncuCyte S3 live cell imaging system
(Essen BioScience, Ann Arbor, Michigan, USA). The inhibitory concen-
tration for 10% reduction of cell viability (IC;p) was determined in
GraphPad Prism 8 within the linear range of the concentration-response
curve using the regression slope of % confluency reduction against the
dosed (nominal) concentration. Only compound concentrations below
the IC; were included in the evaluation of PPARy activation. In agonist
mode, experiments for 15d-PGJ2 were carried out in quadruplets and
experiments for the bisphenols in duplets. In antagonist mode, all assay
experiments were carried out in quadruplets.

2.4. SGBS cell culture
After differentiation, human preadipocytes of the Simpson-Golabi-

Behmel syndrome (SGBS) cell strain were previously shown to have
high similarity to differentiated human primary preadipocytes from
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healthy donors with the advantage of being able to differentiate longer
than primary cells (Wabitsch et al. 2001). Therefore, they were used as a
cell culture model system to investigate the cellular mode of action of
BPA and its substitutes during the differentiation process. SGBS cells
were obtained from the laboratory of Prof. Martin Wabitsch and
differentiated as described previously (Wabitsch et al. 2001). In brief,
cells were maintained at 5% CO3 and 37 °C in 95% humidity. Cells of
passage 3 were grown to confluence with DMEM/F12 containing 33 pM
biotin, 17 uM pantothenate, 100 U/1 penicillin, and 0.1 mg/1 strepto-
mycin (basal medium) supplemented with 10% FCS. Differentiation was
started (day 0) after washing cells with PBS and changing to serum-free
basal medium supplemented with 0.1 pM cortisol, 0.01 mg/ml apo-
transferrin, 0.2 nM triiodothyronine and 20 nM human insulin (differ-
entiation medium). Cells were differentiated for 12 days in total. For the
first four days, the differentiation medium was additionally supple-
mented with 2 uM rosiglitazone, 25 nM dexamethasone, and 200 uM 3-
isobutyl-1-methylxanthine.

For treatments with the bisphenols and the PPARy inhibitor
GW9662, differentiation media including rosiglitazone were addition-
ally supplemented with 10 nM, 100 nM, 1 uM, or 10 uM of BPA, BPAF,
BPB, BPF, BPS or GW9662 dissolved in sterile DMSO, to a final and
uniform DMSO amount of 0.01% (v/v) in each treatment from day 0 to
day 12. As an untreated control, differentiation with differentiation
medium including rosiglitazone and containing equivalent amounts of
vehicle solvent DMSO (0.01%, v/v) was used. Cell culture media were
renewed every second day.

2.5. Oil red O staining of SGBS cells

To visualize lipid accumulation, SGBS cells were grown in a 96 well
plate as described in 2.4, and lipids were stained on day 12 of differ-
entiation using Oil Red O (Sigma Aldrich). Cells were preserved with 4%
paraformaldehyde in PBS over night at 4 °C. Prior to staining, a 0.5%
(w/v) stock solution of Oil Red O in isopropanol was diluted 2:3 with
water, mixed, and set aside for 10 min before it was filtered through
Whatman paper. Staining was performed using 0.132 ml/cm? of diluted
Oil Red O (42 pl per well) and incubated for 30 min. The staining so-
lution was removed, and the cells were carefully washed three times
with ddH,0. Microscope images were taken with a 5-fold augmentation.
Differentiation of cells with rosiglitazone and equivalent amounts of
DMSO (0.01% v/v) as the treatments was used as a control. Experiments
were carried out in triplicate.

2.6. DAPI and nile red staining of SGBS cells

To determine the cell viability by DNA content quantification, and
simultaneously quantify the degree of lipid accumulation, 4,6-Diami-
dino-2-Phenylindole, Dihydrochloride (DAPI) and Nile Red staining
were used according to Aldridge et al. (2013). In brief, SGBS cells were
grown in a 96-well plate until day 12 as described in 2.4, and preserved
with 4% paraformaldehyde (Sigma Aldrich) in PBS at 4 °C overnight.
Cells were washed with PBS and background fluorescence was read at Ex
360/Em 480 for DAPI and Ex 485/Em 530 for Nile Red ina 5 x 5 spot
pattern. PBS was removed and 100 pl 0.2% saponin, 1 pg/ml DAPI and 1
pg/ml Nile Red in PBS were added for 15 min. Cells were washed three
times with PBS and the fluorescence was read as before. Experiments
were performed at least in quadruplicate. Average intensities were
calculated after subtracting the background fluorescence for each well.
For quantification of lipid accumulation, the ratio of Nile Red to DAPI
stained cells was calculated. Differentiated SGBS cells with rosiglitazone
and equivalent amounts of DMSO (0.01% v/v) as the treatments was
used as a control.

2.7. Sample preparation for proteomics

SGBS cells were differentiated for 12 days in a 6-well plate in
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quintuplets (dataset of adipocyte differentiation) and quadruplets (dataset
of bisphenol effects). For both datasets, cells were washed with PBS and
harvested from each well using 100 pl lysis buffer with 6 M urea, 2 M
thiourea, and freshly added protease inhibitor in 100 mM ammonium
bicarbonate. The protein concentration was determined using Pierce
660 nm assay (Thermo Fisher Scientific).

Cell lysates of the dataset of adipocyte differentiation were prepared as
described previously (Schmidt et al. 2019). In short, protein separation
was performed by 1-D SDS-PAGE (Biostep, Burkhardtsdorf, Germany).
Gels were stained with Coomassie Brilliant Blue R-250 dye (Thermo
Fisher Scientific). In-gel proteolytic cleavage was conducted using
trypsin and samples were reconstituted in formic acid (0.1%, v/v) for
mass spectrometry (MS) analysis.

For the dataset of bisphenol effects, cell lysates were prepared using
Sera-Mag SP3 beads. The workflow was adjusted based on previous
publications (Hughes et al. 2019; Hughes et al. 2014; Bannuscher et al.
2020). Furthermore, tandem mass tag (TMT)-labeling (TMT-10-plex,
Thermo Fisher Scientific) was used for protein quantification, because
we previously demonstrated that it enables more robust identification of
pathways in a toxicological context (Wang et al. 2020). In brief, for each
sample, 2 pl (=20 pg) SpeedBeads™ magnetic carboxylate modified
particles (SP3 beads, GE Healthcare, Germany) per sample were washed
with 200 pl water, placed on a magnetic rack, and incubated for 2 min.
The supernatant was then discarded, and the washing procedure was
repeated twice. For each sample, 25 ug of proteins were brought to a
volume of 100 pl with 100 mM TEAB, reduced with 5 ul 200 mM TCEP
(87 °C, 30 min, 550 rpm) and alkylated with 5 pl of 375 mM IAA (37 °C,
30 min, 550 rpm, darkness). To force protein binding to the SP3 beads,
each sample was acidified with FA (pH ~ 2), followed by the addition of
ACN (50%, v/v). Afterwards, samples were transferred to the washed
SP3 beads in a 96-well plate, incubated for 8 min and then placed on the
magnetic rack for an additional 2 min. The supernatant was discarded
and beads washed with EtOH (70%, v/v) twice and once with ACN
(100%, v/v). After drying the beads for 15 min, trypsin was added to
each sample (1:50 enzyme to protein ratio, 37 °C, overnight, 550 rpm).
Subsequently, each sample was labeled according to the manufacturer’s
instructions with a protein:label ratio of 1:4 for 1 h followed by
quenching with 1 pl of 5% hydroxylamine for 15 min. ACN (>95%, v/v)
was added to each tube to force peptide binding to the beads. The
mixture was incubated for 8 min and then placed on the magnetic rack
for an additional 2 min. The supernatant was discarded and beads
washed with ACN (100%, v/v) twice. Peptides were eluted in two
fractions. The first fraction was gained using 87% (v/v) ACN and
ammonium formate (pH 10) in water. The second fraction was eluted
using water with DMSO (2%, v/v) and sonication (1 min). The tube was
placed on the magnetic rack and incubated for 2 min. The supernatant
containing the peptides was collected, vacuum-dried, and reconstituted
in FA (0.1%, v/v) for MS analysis.

2.8. Untargeted proteomics

All samples were analyzed on a nano ultra-performance liquid
chromatography (UPLC) system (Ultimate 3000, Thermo Fischer Sci-
entific) coupled on-line to an Orbitrap mass spectrometer (Thermo
Fischer Scientific) equipped with a chip-based ESI source (Nanomate,
Advion,). Peptides (10 ug) were trapped on a C18 column (Acclaim
PepMap 100 C18, nanoViper, 2 pm, 75 pm x 5 cm, Thermo Fisher Sci-
entific, #164535) and separated on a reversed-phase C18 column
(Acclaim PepMap 100 C18, nanoViper, 3 pm, 75 pm x 25 cm, Thermo
Fisher Scientific, #164569).

Samples of the dataset of adipocyte differentiation were analyzed using
MS parameters described previously (Schmidt et al. 2019). MS raw data
were processed using MaxQuant 1.6.2.10, resulting in label free quan-
tification (LFQ) intensities. The database search was performed using
the UniprotKB/Swissprot reference proteome of Homo sapiens (26th of
November 2018) and a false discovery rate (FDR) for peptides and
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proteins of 1%. Oxidation (methionine) and acetylation (protein N-
termini) were used as variable modifications. Carbamidomethylation
(cysteine) was set as fixed modification, and a maximum of two tryptic
missed cleavages was allowed. Proteins with at least two identified
peptides and at least one unique peptide were considered identified, and
proteins were quantified based on the intensities of the top three iden-
tified peptides.

Statistical analysis was carried out in R-3.6.1 using the packages
mixOmics (Rohart et al. 2017), limma (Ritchie et al. 2015), plyr
(Wickham 2011), reshape2 (Wickham 2007), xlsx (Adrian and Cole,
2018), DEP (Zhang et al. 2018), ggsci (Nan 2018), circlize (Gu et al.
2014), calibrate (Jan 2019), ggplot2 (Wickham 2016), readxl (Wickham
and Bryan, 2019), gpcR (Andrej-Nikolai 2018), splitstackshape (Ananda
2019), tidyr (Wickham, 2019), and Tmisc (Stephen 2019). LFQ data
were Log2-transformed, filtered for proteins quantified at least in trip-
licate under at least one treatment, and variance-stabilized. The mean of
each treatment was calculated and used for fold change (FC) calcula-
tions against day 0. This resulted in FCs for 4465 proteins (Supple-
mentary data 1). Significant changes between timepoints and day 0 were
calculated using Student’s t-test with subsequent Benjamini & Hochberg
adjusted (p.adj < 0.05; Supplementary data 2).

Samples of the dataset of bisphenol effects were analyzed using MS
parameters described before, except that we selected the top 15 instead
of the top 10 precursor ions of each MS1 scan for fragmentation here
(Wang et al. 2020). MS raw data were processed using Proteome-
Discoverer 2.4.0.350. The database search was conducted against the
UniprotKB/Swissprot reference proteome of Homo sapiens (06th of
March 2019). The resulting replicate-wise TMT-reporter ion intensity
FCs of bisphenol vs control were used for subsequent analyses. Statistical
analysis was also carried out in R-3.6.1 using the described packages.
Data were Logo-transformed, median-normalized, and filtered for reli-
ably quantified proteins as described for the dataset of adipocyte differ-
entiation. This resulted in FCs for 3372 proteins (Supplementary data 4).
Significant changes between treatments and control were calculated
using Student’s t-tests (p < 0.05; Supplementary data 5).

For both datasets, the Ingenuity Pathway Analysis (IPA; Qiagen,
Germany) tool was used for pathway enrichment analysis with the
definition of “human” as organism, selection of “adipose tissue” and
“adipocytes”, and using significantly altered proteins. Benjamini &
Hochberg adjusted p-values and z-scores were extracted (dataset of
adipocyte differentiation: Supplementary data 3; dataset of bisphenol ef-
fects: Supplementary data 6) and used for visualizations.

MS data have been deposited to the ProteomeXchange Consortium
via the PRIDE (Perez-Riverol et al. 2019) partner repository with the
dataset identifier PXD023266 for the dataset of adipocyte differentiation
and the identifier PXD023227 for the dataset of bisphenol effects.

2.9. pAKT/AKT western blot

Differentiating SGBS cells were exposed to 1 uM of BPA, BPAF, BPB,
BPF, BPS, GW9662, or 0.01% (v/v) DMSO as a control, as described in
2.4. On the 12th day of differentiation, the supernatant was removed
and replaced with serum- and insulin-free basal medium containing 1
uM bisphenol, GW9662, or 0.01% (v/v) DMSO. Cells were incubated
overnight and then treated with 100 nM insulin or an equal amount of
ddH50 as an unstimulated control for 10 min. Cells were washed with
PBS and harvested with lysis buffer containing 150 mM NacCl, 1% (v/v)
Triton X-100, 50 mM Tris HCI pH 7,4, 0.5% (v/v) sodium deoxycholate,
0.1% sodium dodecyl sulfate (w/v), 32% HCl (w/v) in ddH20 and 1x
cOmplete Roche protease inhibitor (Sigma Aldrich, Germany). After 1 h
incubation on ice, lysates were centrifuged for 15 min at 4 °C and
16000xg. Protein concentration was determined by BCA-Assay (Pierce).
Total protein lysates (20 pg total protein per lane) were separated on
12% SDS-PAGE and transferred onto a nitrocellulose membrane using
the tank blot method (BioRad, California, USA). Membranes were
incubated in 3% BSA blocking buffer for 1 h, followed by incubation
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with primary antibody overnight at 6 °C (dilution 1,/1000). The
following primary antibodies were used: p-ACTIN (A1978, Thermo
Fisher Scientific), phospho-AKT (pAKT) Ser473 (#4060, Cell Signaling
Technologies), and AKT (#4691, Cell Signaling Technologies). Immu-
noblots were washed with TBS-T (0.02% Tween20 in Tris-buffered sa-
line) and incubated with HRP-coupled secondary anti-rabbit (#7074,
Cell Signaling Technologies) or anti-mouse (#7076, Cell Signaling
Technologies) antibody for 1 h at room temperature (dilution 1,/2000).
Chemiluminescence signal was detected using the G:BOX Chemi XX-9
system with GeneSys software (Syngene, Cambridge, UK). Quantifica-
tion was performed using GeneTools software (Syngene).

2.10. Measurement of adipokines and cytokines

SGBS cell culture supernatants of 1 pM bisphenol and 1 uM GW9662
treatments were used to quantify the release of 13 adipokines and cy-
tokines, using a bead-based multiplex assay (LEGENDplex™ Human
Adipokine Panel, BioLegend, San Diego, CA, USA). Experiments were
carried out in quintuplets. Supernatants were diluted 1:5 with assay
buffer and analyzed in a flow cytometer FACS Calibur (BD Biosciences)
according to the manufacturer’s protocol, resulting in median fluores-
cence intensities (MFI) for each replicate. MFIs were interpolated using
the build-in Prism GraphPad standard curve Asymmetric Sigmoidal,
5PL. Additionally, Adipsin, Leptin and MCP1 concentrations in the cell
culture supernatants were determined using DuoSet ELISA kits from
R&D Systems (Minneapolis, USA) according to the manufacturer’s in-
structions. Adipokine concentrations were normalized to the protein
amount in the cell lysate of the according well determined by BCA-Assay
(Pierce).
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2.11. DCFDA assay for reactive oxygen species (ROS) measurement

To analyze intracellular ROS levels, SGBS cells were seeded into a 96-
well plate and differentiated until day 12 under the exposure of
bisphenols as described in 2.5. ROS were quantified using DCFDA
Cellular ROS Detection Assay (Abcam) according to the manufacturer’s
protocol. Treatments were performed in quadruplets and undyed cells
were used as blank.

2.12. Statistical analysis

With the exception of the proteomics data evaluation, all other data
were expressed as means + standard deviation (SD) and analyzed via
one-way or two-way ANOVA, including Dunnett’s or Fishers LSD post-
hoc tests or t-tests using GraphPad Prism 8 Software (La Jolla, CA, USA).

3. Results
3.1. PPARy binding and effects on activation

PPARy regulates key functions of the adipose tissue, including adi-
pogenesis, lipid metabolism, and inflammation (Lefterova et al. 2014).
To determine whether the bisphenols act through an interaction with it,
binding and subsequent activation of PPARy were analyzed. SPR was
used to test the relative binding strength of BPA and its analogs to the
human recombinant PPARy LBD. Although SPR is a fast and reliable
method for determining protein-ligand interactions, its sensitivity is
rather low, creating the need to test higher concentrations (Yuk et al.
2006). All bisphenols displayed significant binding to PPARy compared

SPR: BPB ...

*kkk

Kkdek

o-—* ' ; T T T
6.2512.5 25 50 100 200 400
Concentration / yM

= 15d-PGJ2
@ Bisphenols

*okdk

sk

Normalized
relative response / %

Fig. 1. Binding of bisphenols to human PPARy. (A) SPR measurement: Relative binding responses for BPA, BPAF, BPB, BPF, and BPS normalized to the molecular
weight, with the natural PPARy ligand 15d-PGJ2 serving as the positive control. (B) Comparison of relative normalized responses at an analyte concentration of 50
uM. All plots show mean =+ SD. Statistically significant differences against negative controls (running buffer injections) are indicated by asterisks (* p < 0.05, ** p <

0.01, *** p < 0.001, **** p < 0.0001).
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to the negative control (Fig. 1 A). Most BPA substitutes bound with at
least similar, for BPB even higher, affinity to PPARy as BPA (Fig. 1 A).
Although high uM concentrations are not environmentally relevant,
these were tested in order to reach a saturation of the binding signal.
Nonetheless, a saturation could not be reached for up to the maximal
applied dose of 400 pM. It has to be noticed that other compounds from
the group of plastic additives, which were analyzed in parallel, did not
exhibit binding to PPARy LBD (data not shown). Thus, we consider the
obtained results definite.

Since 50 uM was the lowest concentration to yield significant binding
signals for all bisphenols, relative responses at this concentration were
compared (Fig. 1 B) and revealed the following affinity order (strongest

PPARy-antagonism: BPA

PPARy-antagonism: BPAF
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to weakest binding efficacy is presented as follows): 15d-PGJ2 > BPB >
BPA > BPF > BPS > BPAF.

To investigate if the observed binding of bisphenols to PPARy results
in its activation, the cell-based GeneBLAzer® assay was performed. The
quality control compound rosiglitazone exhibited consistent activation
of PPARy and resulted in an ECs( of 2.3 nM, while having no toxic effects
under the tested concentrations (Supplementary data 7, Fig. A.2 A). 15d-
PGJ2 activated PPARy with an ECsp of 650 nM and exhibited no
decrease in cell viability up to 1 uM (Supplementary data 7, Fig. A.3).
The bisphenols provoked a 10% decrease in cell viability (IC1() that was
within the predictions for baseline cell viability decrease (toxic ratio <
10), except BPS, which was outside the applicability domain of the
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Fig. 2. Concentration-response curves of PPARy-antagonism by bisphenols and the PPARy inhibitor GW9662 in the PPARy-UAS-bla 293H cell-based reporter gene
assay. Inhibition of PPARy activation, expressed as % of maximum effect that was induced by the positive control rosiglitazone starting at concentrations corre-
sponding to ECg of rosiglitazone (blue symbols, left y-axis) and cell viability relative to unexposed control cells (white symbols, right y-axis) are displayed against the
analyte concentration range. Displayed for each analyte are the complete concentration-response curves. The vertical dotted line shows the 10% decrease in cell
viability (IC;0) that was used as a concentration cut-off, below which the reporter gene activity was evaluated. Below them are the suppression ratios indicating the
suppression of the maximum rosiglitazone effect against the Logl0 compound concentration, the compound concentration at a suppression ratio (SR) of 0.5
(ECSRO.5), and the ratio of IC10/ECSRO.5. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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predictive model due to its high hydrophilicity (Table A.5). Activation of
PPARy was not detected under concentrations below the IC;o for
bisphenol treatments (Supplementary data 7, Fig. A.3). Notably, BPB
activated PPARy only at concentrations above the IC;o (Supplementary
data 7, Fig. A.3), which might be a result of the cytotoxicity burst
(Escher et al. 2020). The PPARy GeneBLAzer® cell line has a relatively
high background signal of PPARy activation, which might be due to fatty
acid ligands present in the medium. Interestingly, this effect, which was
set to 0%, was suppressed in a concentration-dependent fashion by BPA,
BPB, BPF, and BPS (but not BPAF), indicating an antagonistic effect
(Supplementary data 7, Fig. A.3). The antagonistic inhibition of PPARy
was confirmed by co-incubation of the compounds with rosiglitazone
starting at ECgp (Fig. 2). According to the concentration at a 50%
reduction of the activation induced by rosiglitazone (ECgros), the
investigated compounds can be described by their antagonistic strength
from low to high as BPS, BPF, BPA, BPB and GW9662 (Fig. 2). Notably,
while GW9662 decreased rosiglitazone at low nM concentrations, the
bisphenols revealed their antagonistic properties in a low to mid pM
range. Additionally, BPAF exhibited an IC;¢ of 4.9 uM (Supplementary
data 7, Table A.5), which was below the potential SR 0.5 (ratio IC;¢/
ECsro.5: 0.48) (Fig. 2), and thus did not allow conclusions on an
antagonistic effect. For the other compounds, the IC1¢/ECgsgg 5 ratio was
above 1, indicating that the observed inhibition is not induced by a
decrease in cell viability.

Thus, although SPR revealed that binding of the bisphenols to PPARy
is possible, the reporter gene assay results did not confirm a subsequent
activation of PPARy but rather suggested an antagonistic effect of the
bisphenols.

3.2. SGBS cell viability

To analyze the biological effects induced by bisphenols in a cellular
system, we used the human preadipocyte cell line SGBS. For determining
the viability of SGBS cells under bisphenol exposure, the quantification
of DAPI-stained DNA was performed. SGBS cells were differentiated for
12 days, with the addition of bisphenols in seven concentrations,
ranging from 10 nM to 100 uM (Fig. 3 A, B). BPAF induced the highest

180
160 -= BPA
, 140+ BPS
2 120+ BPB
2 100 BPF
e}
_g 80 18 rrressciinzresiinnianenias] —— BPAF
T 60 - GW
O 404
20 ¢
0 ——— e b
1x10®  1x107  1x10®  1x105  1x104
Concentration / M
B BPF BPS GW BPA BPB BPAF

IC,, 119.4 M 760puM 556 uM 443 pM 201 uM 8.9 M

Fig. 3. Effect of bisphenols and GW9662 on the viability of SGBS cells. SGBS
preadipocytes were differentiated using rosiglitazone for 12 days with the
addition of bisphenols in concentrations ranging from 10 nM to 100 uM. Cell
viability of a treatment was determined relative to the control, which was
differentiated with rosiglitazone and 0.01% DMSO (A) Concentration-response
curves of DAPI-stained cells on day 12. DAPI fluorescence ratios to the control
are plotted in %. (B) Concentrations that induced 20% of cell viability reduction
(ICy), derived from the concentration-response curves.
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decrease in cell viability, with an ICy( of 8.9 uM (Fig. 3 B). From low to
high, the potential to decrease cell viability can be summerized as BPF <
BPS < GW < BPA < BPB < BPAF. Similar results were observed using a
lactate dehydrogenase (LDH) assay (Supplementary data 7, Fig. A.4).
Due to the high toxicity of BPAF at 10 uM, results obtained with BPAF at
this concentration need to be interpreted with caution.

3.3. Lipid quantification of bisphenol exposed SGBS cells

As for the determination of cell viabilities, biological effects of
bisphenols on adipogenesis were assessed by exposure of SGBS pre-
adipocytes to bisphenols for 12 days during differentiation with rosi-
glitazone (Fig. 4 A). The control was differentiated with rosiglitazone
and contained 0.01% DMSO (Fig. 4 A). The PPARy inhibitor GW9662
served as a reference for adipogenesis inhibition (Fig. 4 A). To determine
the degree of adipocyte differentiation, lipid accumulation was visual-
ized and quantified by Oil Red O staining as well as Nile Red staining
normalized to DNA content staining with DAPI. SGBS preadipocytes
were treated with 10 nM — 10 uM, of bisphenols since this concentration
range did not substantially decrease cell viability, except 10 uM BPAF
(Fig. 3). The amount of accumulated lipids was significantly lower at all
concentrations tested for the different bisphenols and the well-
established PPARy-inhibitor GW9662 compared to the control using
Oil Red O staining (Fig. 4 B, C). Similar results were observed using Nile
Red staining normalized to the DNA content, although less significantly
(Fig. 4 D). In contrast to GW9662, no pronounced concen-
tration-response effect could be detected for any of the bisphenols
(Fig. 4 C, D). Notably, the described low cell viability for 10 uM BPAF
could be observed in the microscope image as well (Fig. 4 B) and is re-
flected by the substantial decrease of lipid accumulation (Fig. 4 C, D).

3.4. Proteomics

Next, we aimed to investigate the mode of action of the bisphenols
during adipogenesis using global proteomics. To narrow down an
appropriate time point at which SGBS cells could reach full differenti-
ation, we first investigated a timeline of unexposed SGBS preadipocyte
differentiation. SGBS preadipocytes were differentiated into adipocytes
for 12 days, with samples taken at different time points (at 6 h and days
1, 2, 4, 8, and 12).

We reliably quantified 4465 proteins in at least three of five repli-
cates. The number of significantly altered proteins (p.adj < 0.05)
steadily increased during the time course of differentiation (Fig. 5 A).
Furthermore, a principal component analysis (PCA) indicated two
separated groups: preadipocytes (day O to day 4) and differentiated
adipocytes (day 8 and day 12) (Fig. 5 B). Ingenuity Pathway Analysis
(IPA) revealed increased enrichment of pathways involved in lipid
metabolism, energy production, and lipid storage during adipogenesis of
SGBS cells (Fig. 5 C). Additionally, pathways assigned to immune or
oxidative stress response and early protein synthesis were down-
regulated in differentiated adipocytes. The changes were most sub-
stantial on day 12 of differentiation (Fig. 5 C). As a result, 12 days of
differentiation were chosen as an appropriate time point to test the effect
of BPA and its substitutes on adipogenesis.

Consequently, we treated SGBS cells for 12 days with BPA, BPAF,
BPB, BPF, BPS, or PPARy-antagonist GW9662. SGBS cells differentiated
in the presence of the same amount of DMSO were used as an untreated
control, and cells treated with GW9662 were used as a control for an
adipogenesis-inhibiting effect mediated by PPARy-inhibition (Fig. 4 A).
FCs of protein abundances relative to the control were calculated,
resulting in 3372 proteins, which were reliably quantified in three of
four replicates. For the bisphenol treatments, 14% to 41% of the quan-
tified proteins were significantly altered compared to the untreated
control, except for 10 uM BPAF, which yielded 61% differentially
abundant proteins, possibly due to its huge impact on cell viability at
this concentration (Fig. 6 A). Treatment with GW9662 resulted in 35%
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Fig. 4. Lipid accumulation of 12 days-differentiated SGBS cells under bisphenol treatments. (A) Overview of the experimental setup for the investigation of bisphenol
effects on SGBS cell differentiation and, thus, adipogenesis. (B) Microscopy pictures of Oil Red O stained SGBS cells. Lipids were stained with Oil Red O and appear in
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mean + SD. Statistically significant differences against the control are indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

to 57% altered proteins in a concentration-dependent way (Fig. 6 A).
Significantly enriched pathways were identified using Ingenuity
Pathway Analysis (IPA) based on significantly (p < 0.05) affected pro-
teins (Fig. 6 A). Pathways that were up-regulated in a time dependent
manner during SGBS adipogenesis (Fig. 5 C) and other metabolism- and
adipogenesis-related pathways were down-regulated by all bisphenol
treatments (Fig. 6 B). This down-regulation appeared to be more
prominent for BPF, BPB, and GW9662. Immune-related pathways such
as Chemokine Signaling, Role of PKR Interferon Induction and Antiviral
Response, and IL-8 Signaling were found to be up-regulated by the
bisphenols as well as by GW9662. Additionally, pro-inflammatory
pathways like CXCR4 Signaling, NF-xB Activation by Viruses, and JAK/
Stat Signaling were activated by BPAF, BPB, BPF, and the two highest
concentrations of BPA but were not augmented by GW9662 (Fig. 6 B).
Interestingly, GW9662, BPAF, BPB, and BPF seemed to upregulate
pathways involved in ECM remodeling and cytoskeleton signaling in

contrast to BPA and BPS, which showed a down-regulation of those
pathways for three of the four concentrations (Fig. 6 B). A complete
heatmap of all significantly enriched pathways can be found in the
supplementary information (Supplementary data 7, Fig. A.5).

Taken together, all studied bisphenols appeared to down-regulate
metabolism-related pathways while up-regulating pro-inflammatory
pathways similar to GW9662. These effects were observed starting at a
compound concentration of 10 nM. BPA and BPS had a unique effect,
with slightly less decreased metabolism-related pathways and a counter
modulation of cytoskeleton-associated pathways compared to the other
compounds.

Since our interaction studies revealed PPARy-binding in an antago-
nistic manner, proteins induced by target genes of PPARy which include
common adipogenesis markers were investigated in more detail (Fig. 7)
(Desvergne and Wahli 1999). GW9662 showed a substantial
concentration-dependent decrease of PPARy targets at the protein level
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compared to the unexposed control (Fig. 7). The bisphenols displayed a
lesser but still decreased abundance of those proteins, with BPB showing
the strongest effect, followed by BPF and BPAF (Fig. 7). PPARy targets
and adipogenesis markers fatty acid-binding protein 4 (FABP4),
glycerol-3-phosphate dehydrogenase 1 (GPD1), lipoprotein lipase (LPL),
and apolipoprotein E (APOE) were strongly down-regulated by
GW9662, but also by BPB, BPF, BPAF starting at 10 nM, and, although
lesser, by most concentrations of BPS and BPA (Fig. 7). Interestingly,
some PPARy targets like hormone-sensitive lipase (LIPE), Patatin-like
phospholipase domain-containing protein 2 (PNPLA2), and CD36 were
significantly increased upon treatment with BPA or BPS and to some
extend also after exposure with BPB, BPF, and BPAF (Fig. 7). Adipo-
nectin (ADIPOQ) appeared to be significantly decreased through
GW9662 and BPB but partly increased by the other bisphenols (Fig. 7).
Retinol binding protein 4 (RBP4) was overall barely changed by the
bisphenols, but increased by GW9662. Nonetheless, intracellular adi-
pokine levels of adiponectin and RBP4 do not necessarily allow con-
clusions about their release.

NRF2-mediated Oxidative Stress Response was slightly elevated at
some concentrations of BPA, BPAF, BPB, and BPF (Fig. 6 B). The tran-
scription factor Nuclear Factor Erythroid 2-related Factor 2 (NRF2) is
activated in the first level of the oxidative stress response and regulates
the expression of antioxidant genes including CAT, SOD1, and SOD2
(Vnukov et al. 2017). Taking a closer look at the protein level, catalase
(CAT), superoxide dismutase 1 (SOD1), and superoxide dismutase 2
(SOD2) were mostly significantly decreased after bisphenol and
GW9662 treatments (Fig. 7). The highest concentration of BPAF showed
a notable decrease of PPARy targets, CAT and SOD1, but highly
increased SOD2 levels (Fig. 7). These changes, observed for 10 uM BPAF
but not for the lower concentrations, can be attributed to its high toxicity
(Fig. 3).

Overall, bisphenol and GW9662 treatments exhibited a decrease of
PPARy targets as well as ROS marker proteins.

3.5. Validation of proteomics results

Proteomic analysis revealed dysfunction of adipocytes upon
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bisphenol treatment, including potential PPARy-inhibition and a pro-
inflammatory state. These effects are, in general, associated with
decreased insulin sensitivity (Dubuisson et al. 2011). Thus, insulin
sensitivity was estimated using the relative expression ratio of pAKT/
AKT after incubation with insulin. Insulin-responsive AKT signaling is a
well-established marker for insulin sensitivity and is central to a func-
tioning glucose uptake, which may result in insulin resistance when
impaired (Manning and Toker 2017; Lo et al. 2013; Tindall et al. 2021).
Decreased insulin sensitivity is indicated by a decreased ratio of pAKT/
AKT after incubation with insulin. A concentration of 1 uM of BPA, BPB,
BPS, and GW9662 exhibited significantly reduced ratios of pAKT/AKT
upon insulin stimulation compared to the control (Fig. 8 A). 1 uM BPF
provoked a decreased ratio, which was, however, not significant (Fig. 8
A). BPAF, on the other hand, exhibited significantly increased pAKT/
AKT. Western blot images can be found in the supplement (Supple-
mentary data 7, Fig. A.6). These data confirm an impaired insulin re-
ceptor signaling when adipocytes were exposed to BPA, BPB, BPF, or
BPS.

Due to the altered adipokine level in the proteomics data, we eval-
uated the effects of the bisphenol treatments on the release of adipokines
using 1 pM of compound. The signals of nine out of thirteen tested
adipokines and cytokines were below the LegendPlex assay’s detection
limit. However, the quantification of adipokines and cytokines in the
supernatant (Fig. 8 C) revealed significantly decreased adiponectin
concentrations in all treatments except BPA, which was decreased only
as a trend (Fig. 8 C). MCP1 concentrations were significantly increased
in BPA, BPB, BPF, and GW9662 treatments, while BPS and BPAF showed
at least a trend towards increased levels (Fig. 8 C). GW9662 displayed
the most substantial differences in adipokine expression compared to the
control (Fig. 8 C). RBP4 and adipsin were quantified but not significantly
different from the control in bisphenol treatments (Fig. 8 C). Leptin,
which was found to be below the limit of detection using the LegendPlex
assay, was additionally assessed by ELISA at doses of 10 nM and 1 uM
(Fig. 8 D). Significantly increased levels were detected for all treatments
except BPB at 10 nM. 1 uM of BPB lead to a slight decrease in leptin,
while 1 uM of BPF and GW9662 also increased leptin levels significantly
(Fig. 8 D).
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Fig. 8. Effects of bisphenol treatments on insulin signaling, as indicated by the ratio of pAKT/AKT, secreted adiponectin, and MCP1, as well as intracellular ROS
levels. SGBS cells were exposed to bisphenols or GW9662 (GW) for 12 days during differentiation. (A) Relative pAKT(ser473)/AKT ratio of untreated cells (control)
and cells treated with 1 uM of bisphenols or GW9662 determined by western blot analysis. Cells were incubated for 10 min with H,0O (Co) or 100 nM insulin (Insulin).
Significant changes between control and treatment after insulin incubation were determined. (B) ROS levels were measured after SGBS cell incubation with 20 pM
DCFDA for 45 min. (C) Concentrations of adipokines adiponectin, MCP1, adipsin, and RBP4 in SGBS cell supernatants after 12 days exposure with 1 uM bisphenols or
GW9662 obtained via LegendPlex assay. (D) Leptin concentrations in SGBS cell supernatant after 12 days of exposure to 10 nM or 1 uM bisphenols or GW9662
obtained via ELISA. Significant changes are labeled with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

It was previously reported that BPA induces oxidative stress in
various tissues and cell lines (Eid et al., 2015; Veiga-Lopez et al., 2015;
Xin et al., 2014). However, the decrease of oxidative stress response-
associated proteins (Fig. 7) does not suggest a similar effect in our ex-
periments. To verify that the observed effects were not linked to elevated
ROS levels, ROS were quantified on day 12 of differentiation. Thereby,
BPA and its analogs did not increase cellular ROS levels after a chronic
exposition compared with the control, reaching merely 80% of the
control’s ROS capacity (Fig. 8 C). Treatment with GW9662 resulted in
the lowest ROS levels, with a concentration-dependent decrease of 30%
— 1% (Fig. 8 C)), which reflects the observed down-regulation of
metabolic processes (Fig. 6) since a main source of ROS is the oxidative
phosphorylation (Li et al. 2013).

In summary, all treatments except BPAF turned the cells less sensi-
tive to insulin. Adiponectin levels were significantly reduced in all
treatments except BPA, and MCP1 was significantly increased in BPA,
BPB, BPF, and GW9662 treatments, suggesting a pro-inflammatory ef-
fect and again, an impaired insulin sensitivity. ROS levels were
decreased in response to bisphenol treatments compared to the control,
thus contradicting the previously described induction of oxidative stress
but being in line with the down-regulation of metabolic processes, which
was observed based on the changes within the proteome (Fig. 6).

So far, the compounds (bisphenols or inhibitor) were applied during
the 12 days of differentiation to unravel their effects on adipogenesis. To
investigate the effects bisphenols have on mature adipocytes, 12 days
differentiated adipocytes were exposed to 1 uM of bisphenol or GIW9662
for 3 days after differentiation, and their effects on cell viability, insulin
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sensitivity, and adipokine release were determined (Supplementary data
7, Fig. A.7). BPA, BPS, and BPAF revealed reduced pAKT/AKT, indi-
cating impairment of insulin signaling (Supplementary data 7, Figs. A.7
and A.8). Nonetheless, the compounds had no effect on adipogenesis or
cell viability, even after 8 days of exposure (Supplementary data 7,
Fig. A.7). Of the assessed adipokines, i.e. leptin, adipsin, and MCP1, only
MCP1 showed an increase upon GW9662 exposure and a decrease
through BPA and BPS (Supplementary data 7, Fig. A.7). This suggests
that bisphenols also impair insulin sensitivity when exposed to differ-
entiated adipocytes, highlighting the potential of not only BPA, but also
its substitutes to affect human health.

4. Discussion

BPA, a commonly used plastic additive with previously reported
obesogenic properties, is increasingly substituted by analogs, creating
the necessity to evaluate their obesogenic properties compared to BPA
(Ji and Choi 2013). Although miscellaneous effects of BPA on adipocyte
function were described, the majority of studies observed an
adipogenesis-promoting effect (Ohlstein et al. 2014; Masuno et al. 2005;
Helies-Toussaint et al. 2014; Martinez et al. 2020). Moreover, some
studies point to similar obesogenic properties for BPA alternatives:
Masuno et al. (2005) analyzed metabolic disruptive effects of BPA-
related chemicals in murine preadipocytes and found eight analogs to
increase adipocyte differentiation and triglyceride accumulation com-
parable to BPA’s effect. Others confirmed adipogenesis induction
through BPS in human adipocytes (Boucher, Ahmed, and Atlas 2016)
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and accelerated fat deposition in zebrafish in vivo (Wang et al. 2018).
More recently, Martinez et al. (2020) reported higher obesogenic
properties for BPS and BPF compared to BPA, including increased lipid
production and differentiation of murine adipocytes, as well as an in-
crease of PPARy and FABP4 expression by BPS. Although they confirmed
sufficient cell viability, environmentally relevant concentrations, which
were in median 6.50 ng/ml (28.5 nM) in the serum of 97.5% of partic-
ipants in a recent study (Yang et al. 2020), are 1000-fold lower than the
used concentration of 32 uM.

PPARy, which plays a pivotal role in regulating adipogenesis and
lipid metabolism (Lefterova et al. 2014; Tontonoz et al. 1994), is a
relevant target for the obesogenic disruption caused by various envi-
ronmental contaminants (Masuno et al. 2005). The activation of PPARy
was previously reported as a possible cause for the adipogenesis-
promoting effects of BPA (Ahmed and Atlas 2016). To test this hy-
pothesis for distinct BPA analogs, their molecular interactions with
PPARy were investigated in the present study. While we could confirm
the binding of BPA to PPARy, BPB exhibited an even higher binding
affinity, and the other analogs showed a significant binding signal as
well. Interestingly, binding of the PPARy-antagonist GW9662 was
demonstrated via SPR before (Yu et al. 2004).

Contrary to expectations, the reporter gene assay revealed a
concentration-dependent decrease of the background signal indicating
an antagonistic effect on PPARy. By the parallel application of the
agonist rosiglitazone and the bisphenols antagonistic properties were
revealed for all bisphenols except BPAF at low to mid pM concentrations
that did not decrease cell viability. Previously, PPARy activation
through BPA was observed in a mid to high uM concentration range
(Ahmed and Atlas 2016). However, such concentrations were reported
to induce cytotoxic effects (Ohlstein et al. 2014), being in line with our
SGBS cell viability assays and the IC; values obtained in the reporter
gene assay PPARy-UAS-bla. Thus, PPARy activation in other studies may
be affected by a cell viability decrease resulting from the applied com-
pound concentrations (Escher et al. 2020), similar to what we observed
at high concentrations of BPB. In accordance with that, Chamorro-
Garcia et al. (2012) did not observe any activation of PPARy through
BPA in their transient transfection assays using a lower concentration
range as well. Contrary to our results, they did not observe a PPARy-
antagonism, which may be due to the difference in cell line or their high
background concentrations of the agonist rosiglitazone (Chamorro-
Garcia et al. 2012; Neale and Leusch 2015).

Notably, the LDH assay was highly affected by the different differ-
entiation levels and, thus, metabolic rates of the adipocytes, which
required normalization to the lowest compound concentration (10 nM).
This limitation was not shared by the method of cell viability determi-
nation via quantitative DAPI staining of the DNA content, making it
more reliable for cell viability assessment in adipocytes. Additionally,
coupled with simultaneous Nile Red staining of lipids, we agree with
Aldridge et al. (2013) that this method allows for a less subjective
quantification of lipid accumulation compared to Oil Red O staining
alone.

The observed binding to PPARy and the concentration-dependent
inhibition of the receptor emphasize an antagonistic effect, which was,
to our knowledge, not described for BPA and its analogs before in this
detail. Importantly, PPARy-inhibition contradicts adipogenesis-
promoting effects of BPA and its analogs and instead suggests an
inhibiting effect on adipogenesis. This adipogenesis inhibition is sup-
ported by our results, which show a decrease in lipid accumulation,
adipogenesis, metabolism-related pathways, and adipogenesis markers
like FABP4, LPL, and APOE (Moseti, Regassa, and Kim 2016) on the
proteome level for all tested bisphenols, starting at 10 nM. Furthermore,
these findings are in good agreement with De Filippis, Li, and Rosen
(2018), who exposed human and mouse adipocytes to BPA over 7 days,
with cell culture medium changes every 2 days, and did not observe
changes in lipid accumulation and mRNA levels of adipogenesis markers
at low concentrations (1-10 nM), but a decrease of those at 100 nM.
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Overall, bisphenol-treated cells exhibited decreased adipogenesis
similar to the PPARy-antagonist GW9662 here, although to a lesser
extent, indicating that they may act through similar mechanisms.
Important adipogenesis marker and direct PPARy targets include FABP4,
GPD1, LPL, ACYL, and APOE (Nakachi et al. 2008; Sledzinski et al. 2013;
Akiyama et al. 2002), which are strongly down-regulated by GW9662,
but also by BPB, BPF, BPAF, and most concentrations of BPS and BPA.
From this data, we conclude that PPARy inhibition is at least one of the
central adverse effects caused by BPA and its substitutes in human ad-
ipocytes. Interestingly, a few PPARy targets appear to be unchanged or
increased in certain concentrations, particularly for BPA and BPS, sug-
gesting more complex mechanisms. Thus, ligand-specific cofactors of the
PPARy-complex and DNA response elements may be investigated further
to fully understand these results. Additionally, investigation of BPA and
BPS interaction with further interaction partners in the cell may be of
interest. Moreover, only GW9662 presented concentration-dependent
effects, which can be explained by the fact that endocrine disruptors,
and in particular BPA, are known to have non-monotonic response
curves (Vandenberg 2014).

Interestingly, while PPARy-antagonism was only detected at uM-
concentrations, a decrease of direct PPARy targets was shown at the
lowest tested concentration of 10 nM via proteomic analysis for all BPB,
BPF, and BPAF. These results indicate that an inhibitory effect may be
reached by environmentally relevant concentrations if the cells are
continuously exposed to the bisphenols over a longer time span.

A discrepancy between the adipogenesis-promoting effects of other
studies and the adipogenesis-inhibiting effects of our findings can likely
be explained by the differences in the experimental setup and tested cell
strain. Other authors have used a one-time exposure at the beginning of
differentiation, as well as concentrations in a uM range, while we used a
more physiologic set up with chronic exposure in a nM to low uM range
(Martinez et al. 2020; Ohlstein et al. 2014; Masuno et al. 2005; Helies-
Toussaint et al. 2014). After reviewing a variety of studies, Legeay and
Faure concluded that BPA induces adipocyte differentiation in a pM
concentration range and adipocyte dysfunction, including a pro-
inflammatory effect with a subsequent decrease in insulin sensitivity
in a nM concentration range (Legeay and Faure 2017). In our opinion, it
is essential to test continuous long-term exposures and include nM
concentrations, which represent physiological conditions more closely
(Yang et al. 2020). Nonetheless, the influence of a species- and cell
strain-specific effect cannot be ruled out, as demonstrated by Chamorro-
Garcia et al. (2012), who reported that while BPA promoted adipo-
genesis in murine adipocytes, it failed to induce this process in human
mesenchymal stem cells at low concentrations of 1 nM - 1 pM. Since
SGBS cells were extracted from the subcutaneous adipose tissue of an
infant (Wabitsch et al. 2001), and different adipose tissue depots were
shown to have different functionalities (Iacobini et al. 2019; Zwick et al.
2018; Tchkonia et al. 2002), our findings might give information on how
this kind of tissue responds to bisphenol exposure.

BPA has been reported to induce pro-inflammatory effects, such as
the release of the pro-inflammatory factors interleukin 6 (IL-6) and
interferon y (IFN-y) together with the activation of JNK/Stat3/NFx-B
pathways (Valentino et al. 2013; Ariemma et al. 2016). Consistent with
that, immune-related pathways were up-regulated in the here investi-
gated bisphenol treatments, including JAK/Stat Signaling, NFx-B Acti-
vation by Viruses, and Role of PKR Interferon Induction and Antiviral
Response. The bisphenols exhibited more substantial pro-inflammatory
effects than GW9662, which is known to increase inflammation by
blocking the anti-inflammatory properties of PPARy (Dubuisson et al.
2011). This may indicate the pro-inflammatory state being a conse-
quence of PPARy-inhibition by the bisphenols, which might be even
intensified via PPARy-independent mechanisms.

Another consequence of PPARy-inhibition is decreased insulin
sensitivity, which is reflected by a reduced ratio of pAKT/AKT through
GW9662 compared to the control (Dubuisson et al. 2011). BPA, BPB,
BPS, and, to a lesser extent, BPF showed the same reduced insulin
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signaling. Exposure of mature SGBS adipocytes to BPA, BPS, and BPAF
also resulted in a decrease of pAKT, suggesting a similar reducing effect
on insulin sensitivity even in already differentiated adipocytes. Previous
studies have also reported the suppression of insulin signaling and
subsequent reduction of glucose uptake through BPA (Valentino et al.
2013; Alonso-Magdalena et al. 2010). Recently, Martinez et al. (2020)
investigated pAKT/AKT after BPA, BPS, and BPF treatment but did not
observe significant changes. Unlike our study, they used a one-time
exposure at the beginning of differentiation, which suggests the neces-
sity of a physiologically relevant, continuous, long-term exposure
(Martinez et al. 2020).

Thus, we suggest that BPA and some of its analogs decrease insulin
sensitivity in human adipocytes, possibly mediated by PPARy-inhibi-
tion. This may similarly affect other tissues than the adipose tissue since
PPARy can be found in various cell types. Other cell types, as well as in
vivo effects, need to be investigated further. Suppressed insulin signaling
may further increase the inflammatory state through abolished insulin-
mediated inhibition of Nfk-B and Egr-1 expression (Sun, Li, and Gao
2014). Impaired insulin signaling could be a supporting factor for the
observed bisphenol-induced pro-inflammatory effects.

Moreover, altered secretion of adipokines is linked to insulin resis-
tance (Ziemke and Mantzoros 2010). In particular, adiponectin, a known
PPARy target gene, has anti-inflammatory and anti-diabetic properties
(Cnop et al. 2003; Straub and Scherer 2019). Therefore, it was described
to be less abundant in patients with obesity and co-morbidities, such as
type 2 diabetes and cardiovascular diseases (Ziemke and Mantzoros
2010). Adiponectin was found to be decreased by bisphenol treatments,
as confirmed by proteomics and quantification in cell culture superna-
tants. Additionally, adiponectin was reported to enhance adipocyte
differentiation (Fu et al. 2005). Thus, reduced adiponectin may affect
adipogenesis, as observed in bisphenol treatments. Hugo et al. (2008)
have described a significant decrease of adiponectin release in human
adipocytes under environmentally relevant BPA concentrations, which
was not estrogen receptor-mediated, suggesting the involvement of
other nuclear receptors. We propose here a PPARy inhibition-mediated
suppression of adiponectin release by BPA and its analogs. Nonethe-
less, we cannot exclude the interference of other nuclear receptors,
which have not been investigated in this study.

Another adipokine connected to the pathogenesis of obesity and
related diseases is the pro-inflammatory adipokine MCP1, also known as
CC-chemokine ligand 2 (CCL2) (Sell and Eckel 2007). It mediates
macrophage infiltration into the adipose tissue, leading to chronic
inflammation and promoting systemic insulin resistance (Sartipy and
Loskutoff 2003). Thus, MCP1 increase in the SGBS supernatant after
bisphenol treatment may accelerate an inflammatory state of adipose
tissue. MCP1 expression is insulin-responsive; therefore, the observed
MCP1 increase in the SGBS supernatant after bisphenol treatment may
be connected to impaired insulin signaling (Sartipy and Loskutoff 2003).
GW9662 shows the most significant effect on adiponectin and MCP1
release, which can be attributed to the antagonistic effect towards
PPARy.

Moreover, it was previously reported that leptin blood levels posi-
tively correlate with insulin resistance independently of an obesity
phenotype (Zuo et al. 2013). Leptin modulates adipocyte metabolism by
inhibiting lipid accumulation and reducing insulin sensitivity (Harris
2014). This suggests that the detected elevation of leptin levels in
bisphenol-treated adipocytes during differentiation may be linked to the
overserved reduction of insulin sensitivity, potentially contributing to
insulin resistance in adipose tissue.

Other studies have repeatedly shown that BPA induces oxidative
stress in different tissues, and Song et al. (2014) proposed a link between
BPA-induced insulin resistance and oxidative stress in rats (Eid, Eissa,
and El-Ghor 2015; Xin et al. 2014; Veiga-Lopez et al. 2015). To inves-
tigate this connection in our human cell system, oxidative stress-
associated proteins of the assessed proteome were considered, and
relative ROS levels of bisphenol treatments were compared. Oxidative
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stress response-associated proteins CAT, SOD1, and SOD2 were overall
decreased in bisphenol and GW9662 treatments compared to the con-
trol, except 10 uM BPAF and 10 uM BPB. BPAF and BPB showed the
highest toxicity among the BPA analogs, explaining the divergent in-
crease in SOD2 abundance as a response to apoptotic stress. To verify
that bisphenols do not induce oxidative stress in SGBS cells, intracellular
ROS levels were quantified on day 12 of treatment. Consistent with the
changes on the protein level, ROS appeared to be decreased upon
bisphenol and GW9662 treatments compared to the control, presumably
caused by the varying differentiation level and being in line with
decreased metabolic processes. Thus, oxidative stress is most certainly
not the explanation for the observed adipogenesis-inhibiting effects of
BPA and its analogs.

In summary, our findings indicate that BPA and its substitutes
inhibited adipogenesis of human preadipocytes, induced an
inflammatory-like state in adipocytes and impaired insulin signaling, as
well as adipokine secretion (Fig. 9). At least to some degree, these effects
may be mediated by PPARy inhibition and occurred at environmentally
relevant concentrations of 10 nM.

Notably, the adipose tissue of obese and overweight individuals was
reported to have decreased expression of adipogenesis markers, such as
FABP4 and adiponectin, impaired insulin signaling, and increased
expression of ECM remodeling (Matulewicz et al. 2017; Yang et al.
2004). These reports are in line with our findings and suggest that BPA
and its substitutes may prevent a healthy expansion of the subcutaneous
adipose tissue, which is, next to the visceral adipose tissue, the most
important storage site for excess calories (Longo et al. 2019). By
inhibiting the differentiation of preadipocytes, BPA and its substitutes
may promote a hypertrophic expansion of the adipose tissue, resulting in
chronic inflammation, insulin resistance, and adipocyte dysfunction
(Longo et al. 2019).

Hammarstedt et al. (2018) describe that a limited expansion and
storage capacity of the subcutaneous adipose tissue resulting from hy-
pertrophy is strongly associated with obesity-associated metabolic
complications. Besides its relevance in obese individuals, a hypertrophic
adipose tissue can also cause type 2 diabetes in lean subjects (Acosta
et al. 2016; Henninger et al. 2014).

5. Conclusion

BPA and its substitutes BPAF, BPB, BPF, and BPS inhibited adipo-
genesis of human preadipocytes, promoted an inflammatory state, led to
dysregulation of adiponectin and MCP1 release, and decreased insulin
sensitivity. Thus, the investigated substitutes have at least similar
metabolic disruptive properties as BPA and may promote a hypertrophic
dysfunction of adipose tissue. This effect, in turn, may contribute to a
persistently increased risk of developing the metabolic syndrome. The
fact that these effects were observed in a human cell culture system and
under a physiologically relevant chronic exposure, including environ-
mentally realistic concentrations, renders these findings highly relevant
for a reasonable obesogenic evaluation of BPA and its substitute com-
pounds. Therefore, we urge colleagues to study the substitutes’ effects in
relevant in vitro, ex vivo, and in vivo systems and regulatory entities not to
classify them as safe alternatives.
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Fig. 9. Proposed bisphenol mode of action in SGBS cells. Through their antagonistic effect on PPARy, BPA and its substitutes led to decreased adipogenesis and
adiponectin levels, as well as increased MCP1 and leptin release. Consequently, adipocytes entered a chronic inflammation-like state and subsequently reduced
insulin signaling. Ultimately, these dysfunctions could promote hypertrophy of adipocytes, leading to insulin resistance and development of the metabolic syndrome.
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