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ABSTRACT

The obesity pandemic is presumed to be accelerated by endocrine disruptors such as phthalate-plasticizers,
which interfere with adipose tissue function. With the restriction of the plasticizer di-(2-ethylhexyl)-phthalate
(DEHP), the search for safe substitutes gained importance. Focusing on the master regulator of adipogenesis and
adipose tissue functionality, the peroxisome proliferator-activated receptor gamma (PPARy), we evaluated 20
alternative plasticizers as well as their metabolites for binding to and activation of PPARy and assessed effects on
adipocyte lipid accumulation. Among several compounds that showed interaction with PPARy, the metabolites
MINCH, MHINP, and OH-MPHP of the plasticizers DINCH, DINP, and DPHP exerted the highest adipogenic
potential in human adipocytes. These metabolites and their parent plasticizers were further analyzed in human
preadipocytes and mature adipocytes using cellular assays and global proteomics. In preadipocytes, the plasti-
cizer metabolites significantly increased lipid accumulation, enhanced leptin and adipsin secretion, and upre-
gulated adipogenesis-associated markers and pathways, in a similar pattern to the PPARy agonist rosiglitazone.
Proteomics of mature adipocytes revealed that both, the plasticizers and their metabolites, induced oxidative
stress, disturbed lipid storage, impaired metabolic homeostasis, and led to proinflammatory and insulin resis-
tance promoting adipokine secretion. In conclusion, the plasticizer metabolites enhanced preadipocyte differ-
entiation, at least partly mediated by PPARy activation and, together with their parent plasticizers, affected the
functionality of mature adipocytes similar to reported effects of a high-fat diet. This highlights the need to further
investigate the currently used plasticizer alternatives for potential associations with obesity and the metabolic
syndrome.

1. Introduction

disease, and certain types of cancer (Abdelaal et al., 2017). While ge-
netic predisposition, a hypercaloric and palatable food environment,
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tissue dysfunction and increase the prevalence of obesity-related co-
morbidities (Abdelaal et al., 2017; Muscogiuri et al., 2017).

Plasticizers are used in plastic products such as polyvinyl chloride
(PVCQ), food and beverage packaging, medical items, children’s toys, and
face masks (Hahladakis et al., 2018; Xie et al., 2022). Unfortunately,
plasticizers can easily migrate from the material to the surrounding
environment or to children handling the plastic product (Benjamin et al.,
2017). In consequence, plasticizers and their metabolites have been
detected in human urine (Silva et al., 2007), blood (Hogberg et al., 2008;
Specht et al., 2014), and breast milk (Hogberg et al., 2008). Besides
impairing fertility, fetal development, immune response, and acceler-
ating cancer development, a recent meta-analysis of epidemiological
evidence has shown that increased exposure to phthalates is consistently
associated with obesity in children and adults (Ribeiro et al., 2020).
Additionally, numerous in vivo studies have demonstrated a direct link
between plasticizer exposure and obesity outcomes (Le Magueresse-
Battistoni et al., 2017). The previously most commonly used plasti-
cizer di-(2-ethylhexyl)-phthalate (DEHP) was observed to cause weight
gain in female mice, alter adipokine concentrations in blood, and impair
insulin tolerance (Hao et al., 2012; Kloting et al., 2015; Schmidt et al.,
2012). As an underlying cause, the endocrine functions of the white
adipose tissue in particular have been proven to be disturbed by
phthalates (Darbre, 2017).

Adipose tissue is recognized as an important endocrine organ that
secrets a multitude of signaling molecules (adipokines) and regulates
energy homeostasis, immune responses, as well as cardiovascular
functions (Rosen and Spiegelman, 2014). The peroxisome-proliferator-
activated receptor y (PPARYy) is highly expressed in adipose tissue and
is considered a key regulator of adipocyte differentiation, as well as lipid
metabolism, inflammation, insulin sensitivity, and glucose homeostasis
(Neels and Grimaldi, 2014). Mechanistically, PPARy controls the
expression of key adipokines such as leptin and adiponectin, which
regulate satiety, inflammation, and insulin sensitivity (Harris, 2014;
Hoffstedt et al., 2004). Many in vitro studies have demonstrated an in-
crease of adipocyte differentiation and lipid accumulation by the DEHP
metabolite mono-(2-ethylhexyl) phthalate (MEHP) in 3T3-L1 mouse
adipocytes (Feige et al., 2007; Hurst and Waxman, 2003; Qi et al., 2019).
Several studies indicate that these adipogenic properties might be
caused by PPARy activation (Feige et al., 2007; Hurst and Waxman,
2003; Kratochvil et al., 2018).

Because of their endocrine disruptive effects, DEHP and other low
molecular weight phthalates were classified as substances of very high
concern (SVHC) in the European Chemicals Regulation REACH by the
European Chemicals Agency (ECHA) (EP 2006; ECHA 2018). In the US,
the Consumer Product Safety Improvement Act of 2008 prohibits the
presence of three phthalates, among them DEHP, in children’s toys ("The
Consumer Product Safety Improvement Act (CPSIA)’). Alternatives
replacing DEHP in consumer-related products are primarily high mo-
lecular weight phthalates diisononyl phthalate (DINP), diisodecyl
phthalate (DIDP), and di(2-propylheptyl) phthalate (DPHP), and some
non-phthalate plasticizers such as 1,2-cyclohexanedioic acid diisononyl
ester (DINCH), dioctyl terephthalate (DOTP/DEHT), and acetyl tributyl
citrate (ATBC) (Nagorka and Koschorreck, 2020; Van Vliet et al., 2011).
Still, missing data on potential adipogenic effects of these compounds
creates a high level of uncertainty on their suitability as safe substitutes.
In addition to that, the underling mode of action of the adipogenic
properties of plasticizers in general is not fully understood due to the
lack of systems biology approaches (Lind et al., 2012; Stahlhut et al.,
2007). Furthermore, while the majority of studies solely investigated the
aspect of adipogenesis promotion by plastic additives in preadipocytes,
there is a need to investigate the impact of these compounds on differ-
entiated, mature adipocytes.

Thus, the primary aim of this study was to analyze the PPARy-
mediated effects of plasticizers and their metabolites in human adipo-
cytes and uncover the underlying mode of action. In contrast to the
frequently used mouse 3T3-L1 cells, and the assessment of only a few
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compounds we screened 20 compounds, including poorly characterized
emerging substitutes, in the human SGBS adipocyte model. We used a
global proteomics approach to reveal detailed mechanistic insights into
the modes of action of the most potent compounds during human pre-
adipocyte differentiation and on mature human adipocytes.

2. Materials and methods

20 plasticizers and their metabolites were purchased from the sup-
pliers listed in Supplement 1, Table S1.

2.1. Surface plasmon resonance (SPR) spectroscopy

SPR was previously used to determine binding efficacies of various
ligands to human PPARy (Shang and Kojetin, 2021; van Marrewijk et al.,
2016; Yu et al., 2004), including the binding of xenobiotics (Kratochvil
et al., 2018; Schaffert, Krieg, et al., 2021).

All 20 analytes were screened on a Biacore T200 instrument (GE
Healthcare, Freiburg, Germany) as described previously (Schaffert,
Krieg, et al. 2021). In brief, the surface of an S Series Sensor Chip CM5
(GE Healthcare, Freiburg, Germany) was activated for immobilization
with a mixture containing 50 mM N-hydroxysuccinimide (NHS) and
195.6 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC). A recombinant human PPARy ligand-binding domain
(LBD) (Biozol, Eching, Germany) 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 ul/min ac-
cording to the manufacture’s protocol, leading to immobilization of
8959.4 RU and 9530.4 RU on two sensor chips. Unreacted NHS-esters
were deactivated by 1 M ethanolamine-HCl (pH 8.5). All analyses
were conducted using a buffer containing phosphate-buffered saline
(PBS, GE Healthcare, Freiburg, Germany) and uniform amounts of
DMSO (3%) or MeOH (1%), depending on the solvent in which the
compounds were dissolved. The signal of a chemically inactivated,
empty reference flow cell was subtracted from response signals of the
cell loaded with the PPARy LBD to adjust for unspecific binding to the
surface. Measurements were conducted at least in triplicate for every
analyte. Raw relative responses (Supplement 2) were normalized to the
analyte’s molecular weight (MW, Supplement 1, Table S1) by RU/
MW*100. The signal was subsequently normalized to the corresponding
highest concentration of the endogenous PPARy ligand 15-deoxy-
612,14-prostaglandin J2 (15d-PGJ2), that was used as positive control in
every run (Supplement 3). The mean value derived from three buffer
injections, subsequently to four start-up injections, was used as negative
control.

2.2. Reporter gene assay

The ability of the plasticizers to effectively activate PPARy was tested
using the GeneBLAzer® PPARy-UAS-bla 293HEK cell-based reporter
gene assay (Thermo Fisher Scientific, Waltham, MA, USA). PPARy
activation was quantified in parallel with cell viability as described
previously (Konig et al., 2017; Schaffert, Krieg, et al., 2021). Briefly,
after seeding in 384-well plates at 6000 cells/well using 30 pl assay
medium (phenol-red free DMEM, 2% charcoal treated fetal bovine
serum, 100 U/ 1 penicillin, and 0.1 mg/] streptomycin), cells were
incubated for 24 h at 37 °C with 5% CO2 in 95% humidity. 10 pl assay
medium containing rosiglitazone, which served as a positive control, or
test compounds in serial or linear dilutions were then added and incu-
bated for 22 h at 37 °C with 5% CO2 in 95% humidity. Compounds were
dissolved in DMSO or MeOH. After the addition of 8 pl FRET detection
reagent with ToxBlazer mixture, blue and green fluorescence signals
were read 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
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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 com-
pounds did not impact the assay. For this, serial dilutions of DMSO and
MeOH stocks were assayed and found to reduce cell viability by 10%
(IC1p) at 5.96% (v/v) (MeOH) and 1.1% (v/v) (DMSO). There was no
detectable effect on the reporter gene beta-lactamase activation in the
GeneBLAzer® assay at the applied solvent concentrations (maximum of
0.05% (v/v) for DMSO and 0.5% (v/v) for MeOH).

Cell viability was calculated using cell confluency detected via an
IncuCyte S3 live cell imaging system (Essen BioScience, Ann Arbor,
Michigan, USA) as described before (Escher et al., 2019). The inhibitory
concentration for 10% reduction of cell viability (IC;(¢) was determined
in GraphPad Prism 8, and only compound concentrations below the IC;
were included in the evaluation of PPARy activation. Experiments for
analytes that showed activation were carried out in four independent
replicates. Experiments for analytes that showed no activation were
conducted in duplicates.

2.3. SGBS cell culture

Because of their similarity to differentiated human primary pre-
adipocytes (Wabitsch et al., 2001), differentiated human preadipocytes
of the Simpson-Golabi-Behmel syndrome (SGBS) cell strain were used as
a model system to investigate the cellular mode of action of a variety of
plasticizers in human adipocytes. SGBS cells were obtained from the
laboratory of Prof. Dr. Martin Wabitsch and differentiated according to
the standard protocol as described previously (Wabitsch et al., 2001). In
brief, cells were cultured at 5% CO; and 37 °C in 95% humidity. SGBS
preadipocytes of generation 40 and passage 3 after thawing were grown
to complete confluence with DMEM/F12 containing 33 uM biotin, 17 uM
pantothenate, 100 U/1 penicillin, and 0.1 mg/l streptomycin (basal
medium) supplemented with 10% FCS (Gibco, Carlsbad, CA, USA).
According to the standard differentiation protocol, differentiation of the
confluent cells was initiated (day 0) after 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) with the addition of 2 uM rosiglitazone, 25 nM
dexamethasone, and 200 uM 3-isobutyl-1-methylxanthine for the first
four days.

For investigation of effects on preadipocytes, the positive control was
differentiated using the standard protocol with rosiglitazone. For plas-
ticizer treatments, differentiation was conducted without rosiglitazone
and cells were continuously exposed from day 0 — day 16 to the plasti-
cizers or their metabolites. As for plasticizer treatments, the negative
control was differentiated with rosiglitazone-free medium containing
equivalent amounts of solvent (0.01% MeOH, v/v) for 16 days, resulting
in minimal differentiation. All media were renewed every second day to
mimic continuous exposure.

For investigation of effects in mature adipocytes, SGBS cells were
first differentiated according to the described standard protocol for 12
days using rosiglitazone in the first four days. Obtained mature adipo-
cytes were then exposed to the plasticizers for 8 days with medium
changes every second day. The control contained equivalent amounts of
solvent. All SGBS cell culture experiments were conducted in
quadruplicate.

2.4. DAPI and Nile Red staining

To assess cell viability and simultaneous lipid quantification, SGBS
cells were stained with 4, 6-diamidino-2-phenylindole,dihydrochloride
(DAPI, Sigma-Aldrich, Taufkirchen, Germany), and Nile Red (Sigma-
Aldrich, Taufkirchen, Germany) according to Aldridge et al. (2013).
Briefly, SGBS cells were grown in a 96-well plate as described in 2.4,
preserved with 4% paraformaldehyde (Sigma-Aldrich, Taufkirchen,
Germany) in PBS (Lonza, Basel, Switzerland) for 15 min at room
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temperature. The cells were washed with PBS and background fluores-
cence was read at Ex 360/Em 480 for DAPI and Ex 485/Em 530 for Nile
Red in a 5 x 5 spot pattern. The cells were stained with 100 pl 0.2%
saponin, 1 pg/ml DAPI, and 1 pg/ml Nile Red in PBS for 15 min. After
washing three times with PBS, the fluorescence was read as before.
Experiments were performed in quadruplicate. The background fluo-
rescence was subtracted for each well, and average intensities were
calculated. For cell viability, the ratio of DAPI staining values of treated
cells to the vehicle control was used. To quantify lipid accumulation, the
ratio of Nile Red to DAPI stained cells was calculated, and treatments
were compared to the vehicle control.

2.5. Adipokine ELISAs

Adipokines leptin, adipsin, adiponectin, and CC-chemokine ligand 2
(CCL2/MCP-1) were quantified in SGBS cell culture supernatants using
DuoSet ELISA kits from R&D Systems (Minneapolis, MN, USA) according
to the manufacturer’s instructions. To account for differences in cell
number, adipokine levels were normalized to DAPL

2.6. Statistical analysis

With the exception of the proteomics data, all data are described as
means + standard deviation (SD) and analyzed by one-way ANOVA,
either correcting for multiple testing by Dunnett’s posthoc tests or un-
corrected as Fisher’s LSD posthoc tests using the GraphPad 8 software
(GraphPad Software Inc., La Jolla, CA, USA).

2.7. Proteomics sample preparation

After growth and treatment in 12-well plates, SGBS cells were
washed once with 3 ml ice-cold PBS and harvested with lysis buffer
containing 150 mM NacCl, 1% Triton X-100, 50 mM Tris HCI pH 7.4,
0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate in ddH0
supplemented with complete Roche protease inhibitor (Sigma-Aldrich,
Taufkirchen, Germany). Lysates were incubated for 1 h on ice and
centrifuged for 15 min at 4 °C and 16,000 x g. Protein concentration was
determined by Pierce BCA assay (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions.

Samples were prepared by single-pot solid-phase-enhanced sample
preparation (SP3) in combination with a tandem mass tag (TMT) la-
beling strategy (TMT-16-plex for the dataset of the preadipocytes and
TMT-10-plex for the dataset of mature adipocytes) for protein quanti-
fication because we previously demonstrated this allows to robustly
identify pathways in a toxicological context (Bannuscher et al., 2020;
Hughes et al., 2014; Hughes et al., 2019; Wang, Karkossa, et al. 2020).
Samples were prepared as described before (Schaffert, Arnold, et al.
2021), except that 15 uM protein per sample was used and acidification
for binding to the magnetic beads was not applied.

2.8. Proteomics using LC-MS/MS

Obtained peptides were separated using an Ultimate 3000 nano
ultra-performance liquid chromatography system (Thermo Fisher Sci-
entific, Waltham, MA, USA) as described before (Wang, Karkossa, et al.
2020). Samples were first trapped on an Acclaim PepMap 100 C18
column, nanoViper, 2 pm, 75 pm x 5 cm column (Thermo Fisher Sci-
entific, Waltham, MA, USA) and subsequently separated on an analytical
reverse-phase column Acclaim PepMap 100 C18, nanoViper, 3 pm, 75
pm x 25 cm column (Thermo Fisher Scientific, Waltham, MA, USA)
using a non-linear gradient of a hydrophilic solution (0.1% FA in HyO, v/
v) and a hydrophobic solution (80% ACN, 0.1% FA in H,0, v/v) at a flow
rate of 0.3 pl/min. The separated peptides were injected into a Q
Exactive HF Hybrid Quadrupole Orbitrap mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with a TriVersa Nano-
Mate system (Advion, Ithaca, NY USA). The samples were analyzed
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using mass spectrometry parameters as previously described, except for
selecting the top 15 precursor ions of each MS1 scan for fragmentation
(Wang, Karkossa, et al. 2020). Raw data were processed using Proteome
Discoverer (2.5.0.400, Thermo Fisher Scientific, Waltham, MA, USA).
The database search was performed using the UniprotKB/Swissprot
reference proteome of Homo sapiens (3 May 2020). The analysis resul-
ted in replicate-wise TMT-reporter ion intensity fold changes (FCs) of
treatment vs. vehicle control (preadipocyte dataset: Supplement 4;
mature adipocyte dataset: Supplement 5) which were used for subse-
quent analyses. Mass spectrometry data were deposited to the Proteo-
meXchange Consortium via the PRIDE (Perez-Riverol et al., 2019)
partner repository with the dataset identifier PXD031041 and https://
doi.org/10.6019/PXD031041 for the preadipocyte dataset and identi-
fier PXD030843 and https://doi.org/10.6019/PXD030843 for the
mature adipocyte dataset.

2.9. Analysis of proteomics data

MS data were statistically analyzed with R v3.6.1 using the packages
plyr (Wickham, 2011), reshape2 (Wickham, 2007), xlsx (Dragulescu,
2020), DEP (Zhang et al., 2018), ggsci (Xiao, 2018), circlize (Gu et al.,
2014), calibrate (Graffelman, 2005), ggplot2 (Wickham, 2016), readxl
(Wickham, 2019b), gpcR (Spiess A., 2018), splitstackshape (Mahto,
2019), tidyr (Wickham, 2019a), and Tmisc (Turner, 2019). Protein FCs
were first log2-transformed and then filtered for proteins quantified in at
least three of four replicates. Significantly altered proteins between
treatments and control were calculated with Student’s t-tests (pre-
adipocyte dataset: Supplement 6; the mature adipocyte dataset: Sup-
plement 7).

Significantly changed proteins (p < 0.05) were matched to pathways
using Ingenuity Pathway Analysis software (IPA, QIAGEN Bioinfor-
matics, Hilden, Germany). Parameters such as “human”, “adipocytes”,
“adipose tissue”, and “3T3L1 cell line” were defined. Pathways were
considered significantly enriched with Benjamini and Hochberg-
adjusted p-value < 0.05 (preadipocyte dataset: Supplement 8; mature
adipocyte dataset: Supplement 9). Given z-scores represent activation
(z-score > 0) or inhibition (z-score < 0) of the pathway. Furthermore,
upstream regulators (Supplement 10), as well as diseases and functions
(Supplement 11), were extracted from IPA for the preadipocyte dataset.

Using R v3.4.0, normalized and filtered protein Logy(FCs) were
subjected to Weighted Gene Correlation Analysis (WGCNA) (Langfelder
and Horvath 2008, 2012). Networks with 7 modules (preadipocytes
dataset) and 6 modules (mature adipocytes dataset) were created
applying the default parameters with the following exceptions: soft
power threshold: 7, minimum module size: 50, maximum module size:
200, deep split: 1, merge cut height: 0.1. Modules were correlated to
traits using Pearson correlation and Student asymptotic p-values. The
trait matrices included compounds, time points, and concentrations
(preadipocyte dataset: Supplement 12; mature adipocyte dataset: Sup-
plement 13). For module-trait combinations which were of further in-
terest, key drivers were obtained with gene significance and module
membership > 0.7 (preadipocyte dataset: Supplement 14; mature
adipocyte dataset: Supplement 15) and top 10 key drivers were selected
based on summed absolute gene significance and module membership
(preadipocyte dataset: Supplement 16; mature adipocyte dataset: Sup-
plement 17). KEGG enrichment for identified key drivers was performed
with Cytoscape (v3.9.0) using ClueGo (v2.5.5) and a minimum cluster
size of 3 genes, minimum 3% genes per term, pathway network con-
nectivity of 0.4, and otherwise default settings.

3. Results
3.1. Screening for PPARy interactions and induction of adipogenesis

The transcription factor PPARy plays a pivotal role in the regulation
of adipocyte function and preadipocyte differentiation (Lefterova et al.,
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2014). To identify potential endocrine disruptors acting through direct
interaction with PPARy, we determined molecular binding of 20 plas-
ticizers and selected metabolites to PPARy by Surface Plasmon Reso-
nance Spectroscopy (SPR). We investigated compounds used as DEHP
substitutes, including high molecular weight phthalates (DINP, DIDP,
DPHP) and non-phthalate plasticizers (DINCH, ATBC, DOTP) (Nagorka
and Koschorreck, 2020; Van Vliet et al., 2011). Plasticizers are rapidly
metabolized (Frederiksen et al., 2007) and their metabolites were shown
be more bioactive, thus, investigating biological effects of plasticizer
metabolites is of vital importance. Similar to the naturally occurring
PPARy agonist 15d-PGJ2, several compounds showed significant bind-
ing to the human recombinant PPARy LBD in a concentration-dependent
manner, including parent plasticizers and metabolites (Fig. 1). Raw and
normalized binding signals can be found in Supplement 2.

Subsequent biological activation of PPARy was quantified by re-
porter gene activation in the cell-based GeneBLAzer® assay and the EC;¢
(concentration at 10% of the maximum effect) was derived from the
concentration-effect curves (Supplement 1, Table S2). Only compound
concentrations below the IC;o (concentration at 10% reduction of cell
viability) were included in the evaluation of PPARy activation. The
PPARYy agonist rosiglitazone served as a positive reference and displayed
a consistent activation signal (Supplement 1, Fig. S1). 15d-PGJ2 acti-
vated PPARy at an ECy( of 65 nM. Several of the plasticizers and their
metabolites induced activation of PPARy with EC values in the range
of 1 uM - 10 uM (Fig. 1). MINCH slightly activated PPARYy in the reporter
gene assay, but an EC;g could not be derived due to its low IC;¢ (Sup-
plement 1, Fig. S2). For BBP, MBeP, and MBuP, an IC;, was observed,
which was clearly above the EC;o (Supplement 1, Table S2). Dose-
response curves for each activating compound (Fig. S2) and not acti-
vating compound (Fig. S3) can be found in Supplement 1. Not all com-
pounds that bound to PPARy, as revealed by SPR, facilitated PPARy-
activation and vice versa (Fig. 1).

Since differentiation of preadipocytes and lipid accumulation are
primary outcomes of PPARy activation (Lefterova et al., 2014), the
impact of plasticizers on lipid accumulation was determined in SGBS
cells. SGBS cells are a human preadipocyte cell strain derived from
subcutaneous white adipose tissue of an infant with Simpson-Golabi-
Behmel syndrome (SGBS) and show high similarity to human pre-
adipocytes in primary culture with the benefit of a longer-lasting dif-
ferentiation capacity (Fischer-Posovszky et al., 2008; Wabitsch et al.,
2001). Lipid accumulation was quantified and normalized to DNA
content to account for changes in cell number. A significant increase in
lipid accumulation was observed for the metabolites MHINP, MCINP,
OH-MPHP, MBeP, MINCH, OH-MINCH, and the plasticizer DIDP
(Fig. 1). All compounds that induced lipid accumulation did also acti-
vate PPARy in the reporter gene assay, with the exception of DIDP
(Fig. 1).

In summary, several plasticizers and their metabolites were able to
bind to PPARy, to activate it, and to increase lipid accumulation, and
thus, potentially are triggering adipogenesis in human preadipocytes.
Nevertheless, there are disparities between binding, activation, and in-
duction of lipid accumulation in some cases.

3.2. Investigation of adverse effects of the three most potent plasticizer
metabolites and their parent plasticizers in human adipocytes

Of the 20 compounds studied, MINCH, MHINP, and OH-MPHP
(metabolites of DINCH, DINP, and DPHP) exhibited the highest in-
crease in lipid accumulation and, thus, adipogenic potential. Therefore,
these metabolites were selected together with their parent plasticizers to
further analyze the underlying mode of action (Fig. 2).

Adverse effects on SGBS preadipocytes during differentiation and
mature SGBS adipocytes were examined. Preadipocytes were exposed to
the compounds for up to 16 days. Standard SGBS differentiation with the
synthetic PPARy agonist rosiglitazone was used as a reference for the
induction of adipogenesis and vehicle treated cells (0.01% MeOH, v/v)
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were used as a negative control.

To study the effects on mature adipocytes, differentiated SGBS cells
were treated with the plasticizers and their metabolites for 8 days. To
mimic continuous exposure, cell culture media were changed every
other day. Cell viability, lipid accumulation, adipokine levels, and pro-
teomic analyses were performed to assess potential adverse effects.

3.2.1. Adbverse effects during preadipocyte differentiation
To determine the viability of SGBS cells exposed to the selected
plasticizers or their metabolites, we quantified DNA content with DAPI

on the last day of exposure (day 16). Among the six compounds, only
MINCH showed a decrease in cell viability to ultimately 0% at 100 uM,
after a peak maximum of 25 uM (Fig. 3A). DNA content tended to in-
crease for the other compounds, indicating a proliferation effect.

Lipid accumulation was examined for the selected candidates in a
broader concentration range, starting at 10 nM, which represents the
concentration for plasticizers found in human blood (Specht et al.,
2014). In addition to the PPARy agonist rosiglitazone, the metabolites
also showed a significant and concentration-dependent increase in lipid
accumulation, with MINCH showing the most substantial effects at 10



A. Schaffert et al.

Environment International 164 (2022) 107279

A B 500-,..; DINCH MINCH DINP MHINP DPHP OH-MPHP
250 — .
— H [<]
g ¢ Rosi SE 400-]
€ 200-| -= DINCH 58 i b
298 sa .
£ MINCH 238 300 o .
2 5 150 3%
-g = DINP 3> % **
-9 o2 200 ok .
8 o 100+ MHINP 2o
Rg & —= DPHP =8 100
o= [
5 om0 1NN AN 1] RANANN nanarrl g
[
‘-Oﬁ—{ 0- LN R N N B B B
- . 2 AT SR OSSOSO ST Sy
& 001 0.1 1 10 100 »\\\&"(\ @\‘?@?ﬁ;‘%ﬁ%ﬁ RN N @0\\?\%%:)%03%0\} ,\c\\?\e‘?@\;ege‘} ,\QQ\Q\Q?@%Q%QQ ,@\?9?@393@\’
» concentration / uM o )
I © concentration
C leptin adipsin MCP-1
5 10nM 10 M 3+ 10nM 10 uM 2.0 10nM 10 uM
= ! : - : T
< _ i < _ i <
Se | Sg i S5 15
Sz ‘ 2€ ,] R RS
38 38 38 L
32 Le ; No jodT .
£ g2 . £ w
s g8 1 . T T b es '
58 32 3 2 054 wxx
ks kS ﬁ 2 Ij
L e e A A [ R e A e
S £ R EE R EEREERES & S P EPE LI DL
002\\@(’@% FEEEN T TEEGE S T I TS
[§ o [§ S

Fig. 3. Effect of selected plasticizers and their metabolites on cell viability, lipid accumulation, and adipokine release. Preadipocytes were exposed to the
compounds for 16 days during differentiation. The positive control rosiglitazone was applied during the first four days of differentiation according to the standard
differentiation protocol. Furthermore, vehicle controls containing equivalent amounts of vehicle solvent were used. (A) Viability of cells relative to the vehicle
control was measured by DAPI staining of DNA at day 16. (B) Lipid accumulation relative to the vehicle control were quantified via Nile Red staining at day 16 and
normalized to DAPI staining. (C) Levels of adipokines leptin, adipsin, and MCP-1 in cell supernatants relative to the vehicle control at day 16. Significant changes are
indicated with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001, n = 4). PRINT IN COLOR. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

uM, followed by MHINP and OH-MPHP, which slightly increased lipid
accumulation at 10 pM and significantly at 25 uM (Fig. 3B). 50 uM
MINCH induced lipid accumulation less intensely, probably due to
cytotoxic effects. The parent compounds showed no significant effects
on lipid accumulation up to a concentration of 100 pM. Notably, MINCH
and MHINP showed a similarly effective increase of lipid accumulation
in SGBS cells as the DEHP metabolite MEHP which is reported to induce
lipid accumulation in 3T3-L1 cells (Feige et al., 2007; Hurst and Wax-
man, 2003; Qi et al., 2019) (Supplement 1, Fig. S4).

Since a pronounced effect on lipid accumulation was observed at 10
uM for the metabolites, without affecting cell viability, this concentra-
tion was chosen as the effective concentration for subsequent analyses
and proteomics experiments. In addition, the concentration of 10 nM
was included, representing the plasticizer levels found in human blood
(Specht et al., 2014).

Adipocytes communicate in an autocrine, paracrine and endocrine
manner with surrounding tissues and other organs by releasing adipo-
kines (Rosen and Spiegelman, 2014). Plastic additives have previously
been associated with altered secretion of adipokines, contributing to
adipose tissue dysfunction (Schaffert, Krieg, et al. 2021; Schaedlich
et al., 2018). To test whether the compounds lead to altered adipokine
secretion patterns, levels of leptin, adipsin, and CC-chemokine ligand 2
(CCL2/MCP-1) were quantified in the cell culture supernatant of SGBS
preadipocytes chronically exposed to 10 nM or 10 pM plasticizers for 16
days. Compared to the control, leptin secretion was significantly
increased by rosiglitazone and to a higher degree by the 10 uM con-
centrations of all three metabolites, which is in line with an induction of
adipocyte differentiation and lipid accumulation demonstrated for these
candidates (Fig. 3C, Fig. 3B). In addition, both concentrations of DINCH
and DINP as well as 10 uM MHINP significantly increased adipsin levels,
while 10 uM DPHP resulted in a slight decrease (Fig. 3C). MCP-1 was
decreased by rosiglitazone and in part by the compound treatments
(Fig. 3C).

In summary, of the selected candidates, only MINCH affected cell
viability in the tested range of 10 nM to 100 uM during differentiation of
human preadipocytes, beginning at a concentration of 50 uM. The me-
tabolites MINCH, MHINP, and OH-MPHP increased lipid accumulation

concentration-dependently, starting at 10 uM. This was in part reflected
by an induction of leptin and adipsin secretion as well as decrease in
MCP-1. The concentration of 10 nM, which represents the plasticizer
levels found in blood, and the high-effect concentration of 10 uM were
selected for further evaluation of adipokine levels revealing an impair-
ment of adipokine secretion.

3.2.2. Proteomic analysis of preadipocytes during differentiation

To gain insights into the molecular mode of action of the selected
plasticizers and their metabolites on human preadipocytes, LC-MS/MS-
based global proteomics was performed.

SGBS preadipocytes were continuously exposed to 10 nM and 10 uM
of the plasticizers DINCH, DINP, and DPHP or their metabolites MINCH,
MHINP, OH-MPHP for up to 16 days (Fig. 2). For each time point, the
compound treatments were compared with a vehicle solvent control
(0.01% MeOH, v/v) (Fig. 2). Treatment with the potent PPARy agonist
rosiglitazone served as a positive control. The resulting fold changes
(FCs) allowed identification of the primarily plasticizer-induced adipo-
genic effects.

In total, 2765 proteins were reliably quantified in three of four
replicates. The number of significantly (p < 0.05) altered proteins was
highest for the positive control rosiglitazone and increased markedly on
day 8 of differentiation (Fig. 4A). Cells treated with 10 uM of plasticizer
metabolites showed a significant and time-dependent increase in the
number of altered proteins, while the other treatments showed fewer
changes.

Enrichment analyses were conducted using IPA. The 10 most
affected IPA canonical pathways of every treatment showed major
changes for rosiglitazone, including upregulation of a variety of meta-
bolic processes, such as Oxidative Phosphorylation, TCA Cycle, Fatty
Acid p-oxidation, and amino acid degradation processes (Fig. 4B).
Extracellular matrix (ECM) and proliferation-associated pathways were
strongly downregulated by rosiglitazone, starting at day 8 of differen-
tiation. From day 1 to day 4, ECM- and proliferation-associated path-
ways were slightly upregulated by rosiglitazone and 10 uM of plasticizer
metabolites. Overall, MHINP and MINCH showed high similarities to
rosiglitazone based on pathway regulation. They also upregulated
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metabolic pathways, especially TCA Cycle and Fatty Acid p-oxidation,
but downregulated pathways associated with the ECM and proliferation
from day 8 on. The parent compounds also displayed upregulation of
metabolic pathways like TCA Cycle and Fatty Acid f-oxidation but
showed an upregulation of proliferation-related pathways, except for 10
uM DINP which indicated downregulation of these pathways (Fig. 4B).
10 nM and 10 uM OH-MPHP induced fewer changes than MHINP and
MINCH, but also showed downregulation of ECM- and proliferation-
associated pathways.

Furthermore, transcriptional upstream regulators, which may be
linked to the given protein abundance changes and biological processes,
as well as associated diseases and functions were found enriched via IPA
(Fig. 4C). Enriched upstream regulators for rosiglitazone induced dif-
ferentiation included PPARG (PPARy) itself as well as PPARGC1A
(peroxisome proliferator-activated receptor gamma coactivator 1-
alpha), LIPE (hormone-sensitive lipase), and LEP (leptin), which are
PPARy coactivators or target genes (Fig. 4C). SCD (stearoyl-CoA desa-
turase) is involved in the production of unsaturated fatty acids, and the
downregulation of Wnt signaling, whose decrease is necessary for
adipocyte differentiation (Sinner et al., 2012; Wang et al., 2005).
MINCH showed significant enrichment for PPARGC1A, PPARG, and
LIPE at 10 uM and to a far lesser extent at 10 nM. 10 uM MHINP revealed
significant enrichment for PPARGC1A and SCD but was below signifi-
cance for PPARG and LEP. The 10 nM concentration of MHINP seemed
to slightly impact SCD, PPARGC1A, and LEP.

Enrichment of IPA diseases and functions revealed mechanisms
associated with lipid production and fat tissue expansion for 10 uM
MINCH and MHINP (Fig. 4C). Notably, for some of these mechanisms
there was a trend for rosiglitazone as well that did not reach
significance.

To gain deeper insights into the compounds’ modes of action and
identify proteins that are central players of the induced effects (key
drivers), a weighted gene correlation network analysis (WGCNA) was
performed. Using the Logy(FC)s obtained by proteomic analysis, co-

abundant proteins were clustered into seven modules labeled by colors
and correlated with compound treatments (Supplement 1, Fig. S5).
Modules green and yellow showed the highest and most significant
correlations and were, hence, used for further analysis. In the green
module, 10 uM MINCH and MHINP as well as rosiglitazone showed the
highest significance with positive correlation, followed by lower corre-
lation induced by 10 uM of OH-MPHP, DPHP, and 10 nM DPHP
(Fig. 5A). 10 nM of the metabolites led to a significant negative corre-
lation with the green module, whereas DINP and 10 nM of DINCH
seemed to have no significant impact on this module.

For the yellow module, the 10 uM concentration of MINCH, MHINP,
and rosiglitazone showed a highly negative correlation (Fig. 5A). 10 uM
of DPHP, OH-MPHP, DINCH, and DINP displayed a slight but significant
negative correlation with the yellow module, while 10 nM of DINP and
MHINP showed a slight positive correlation to this module, and the
other treatments caused no changes.

Next, proteins driving the observed correlations (key drivers), being
highly relevant for the induced effects, were determined based on gene
significances and module memberships (Fig. 5B, cutoff 0.7). This
comparably stringent cutoff led to the identification of key drivers for
only the most highly correlated treatments: rosiglitazone and 10 pM of
metabolites. The key drivers were subjected to KEGG enrichment to
identify associated biological functions. The green module contained
key drivers involved in metabolism, such as the citrate cycle, fatty acid
production, and PPAR signaling (Fig. 5C). The yellow module was
dominated by proteins related to cytoskeleton and extracellular matrix
(Fig. 5D).

The top 10 key drivers based on summed module membership and
gene significance were determined next for the green and the yellow
module for each treatment (Fig. 5E). The candidates of the green module
showed a substantial increase in abundance over time for rosiglitazone
and similarly for 10 uM MINCH and MHINP. For 10 uM of OH-MPHP,
only some key drivers, such as FABP4, FASN, ACYL, FABP5, and
GPD1, were increased during differentiation. The top 10 key drivers
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Fig. 5. WGCNA of proteomics data from SGBS preadipocytes exposed to selected plasticizers. (A) Correlation between selected modules of co-abundant
proteins and treatments indicated by color. The significance of the correlation is indicated with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). (B) Key
drivers of a module were obtained using a stringent 0.7 cutoff for gene significance and module membership and resulted in key drivers for only rosiglitazone and the
metabolites at 10 pM (MINCH 10 pM displayed as example). Selection is marked by the grey area. The top 10 key drivers are labeled as green points. (C) KEGG
enrichment for the key drivers from the green module. (D) KEGG enrichment for key drivers from the yellow module. (E) Heatmap of combined top 10 key drivers per
treatment based on summed module membership and gene significance. Significant changes are labeled with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001, n = 4).
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such as DPP4, COL1A1, COL1A2, COL3Al, FLNA, and FLNB of the
yellow module showed a decrease over time, which again was strongest
for rosiglitazone, 10 yM MINCH, and 10 yM MHINP, and only slightly
decreased for some candidates involved in remodeling of the cytoskel-
eton (e.g. DPYSL2, DPP4, ANXA4, and CALD1) upon treatment with 10
uM OH-MPHP. The changes were most pronounced starting at day 8 of
differentiation (Fig. 5E). Interestingly, some key drivers showed similar
changes for the parent plasticizers (Supplement 1, Fig. S7). The green
module key drivers PLIN1, FABP4, FABP5, and FASN were predomi-
nantly increased for both plasticizer concentrations and the abundance
of those key drivers was remarkably higher in 10 nM plasticizer treat-
ments compared to 10 nM metabolite treatments, which showed only
very slight changes (Supplement 1, Fig. S7). KEGG enrichment of key
drivers revealed involvement of PPAR signaling as a driving mechanism
(Fig. 5C). Upon closer inspection of common PPAR targets (PPARgene
Database’), increased abundances for both, PPARy- and PPARa-targets,

were observed in treatments with the plasticizer metabolites as well as
with rosiglitazone (Supplement 1, Fig. S6).

In summary, the plasticizer metabolites at 10 pM highly increased
metabolism and pathways associated with adipogenesis while down-
regulating pathways associated with the ECM, both via related upstream
regulators, reflecting the induction of adipocyte differentiation similar
to rosiglitazone.

3.2.3. Adbverse effects on mature adipocytes

Besides understanding plasticizer effects during the differentiation of
preadipocytes, assessing effects on mature adipocytes is essential for
evaluating impacts on preexisting adipose tissue. Therefore, SGBS adi-
pocytes were differentiated according to the standard differentiation
protocol, which includes exposure to rosiglitazone from day 0 to day 4
resulting in mature adipocytes on day 12 (Fig. 2). These differentiated,
mature adipocytes were exposed to the plasticizers or their metabolites



A. Schaffert et al.

from day 12 to day 20 and analyzed on the last day. Interestingly, lipid
content was mostly decreased by DINCH, MINCH, DPHP, and OH-MPHP
(Fig. 6A). It was unchanged by DINP and MHINP, with a slight increase
for 1 uM MHINP. In accordance with the results obtained in SGBS pre-
adipocytes (Fig. 3A), only 100 uM of MINCH led to a decrease in cell
viability of >20% (Supplement 1, Fig. S8).

Secretion of adipokines leptin, MCP-1, and adipsin was significantly
increased by all 10 uM treatments and in tendency for the 10 nM
treatments (Fig. 6B). Adiponectin secretion was significantly decreased
by all treatments (Fig. 6B).

To summarize, chronic exposure of mature adipocytes to the selected
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plasticizers or their metabolites for 8 days decreased lipid content for
four of six compounds while not having a relevant impact on cell
viability with the exception of 100 uM MINCH. Furthermore, all com-
pounds significantly induced secretion of the adipokines leptin, MCP-1,
and adipsin, while decreasing adiponectin release.

3.2.4. Proteomic analysis of exposed mature adipocytes

To gain insights into the mode of action of the plasticizers in mature
adipocytes, as well as the source of the observed effects, proteomic
analysis was conducted on day 20.

The compounds induced substantial changes in the numbers of
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Fig. 6. Effect of selected plasticizers and their metabolites on lipid accumulation and adipokine release in mature adipocytes. Mature SGBS adipocytes were
exposed to the compounds for 8 days starting from day 12 after differentiation start. (A) Lipid accumulation relative to undifferentiated vehicle control was
quantified on day 20 and normalized to DAPI staining of DNA content. (B) Levels of adipokines leptin, MCP-1, adiponectin, and adipsin relative to the vehicle control
in cell supernatants on day 20. Significant changes are labeled with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001, n = 4).
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significantly altered proteins compared to the vehicle control (0.01%
MeOH v/v), which were stronger for the higher concentration of 10 pM
(Fig. 7A). The top 10 affected signaling pathways unraveled using IPA
included ECM and cytoskeleton-related pathways, which were upregu-
lated by all the compounds compared to the control (Fig. 7B). Metabolic
pathways including Oxidative Phosphorylation, TCA Cycle, Fatty Acid
p-oxidation, and amino acid degradation pathways were downregulated
by all the compounds. Interestingly, the top 10 regulated pathways also
included NRF2-mediated Oxidative Stress Response and Ferroptosis
Signaling Pathway, which were upregulated by the compounds. In
general, the differences between low and high concentrations were
higher than the differences between the compounds, which showed
similar effects overall (Fig. 7A, B).

Enrichment of IPA diseases and functions revealed mechanisms
associated with lipolysis for most of the plasticizer and metabolite
treatments (Fig. 7C).

To analyze the underlying cause of the observed plasticizer effects in
detail, a WGCNA was again performed according to the analysis during
adipogenesis. Using Logy(FC)s of treatment vs. vehicle control, six
modules were obtained that were correlated to the compound treat-
ments (Supplement 1, Fig. S9). The modules turquoise and blue dis-
played the strongest correlation and significance (Fig. 8A). From those
modules, key drivers were selected using a 0.7 cutoff of module
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membership and gene significance (Fig. 8B). A KEGG enrichment of
these key drivers revealed mostly metabolic pathways for the blue
module, including Oxidative Phosphorylation, TCA Cycle, fatty acid
synthesis processes, amino acid degradation, and PPAR signaling
(Fig. 8C). Accordingly, we observed a decrease of PPARy targets by all
plasticizer and metabolite treatments (Supplement 1, Fig. S10). For the
turquoise module, most enriched proteins belonged to the ECM or focal
adhesion processes, which are macromolecular assemblies linked to the
ECM (Fig. 8C). Additionally, the turquoise module contained proteins of
Glutathione metabolism, including glutathione peroxidases and gluta-
mine synthesis (PKM, GLS), which is a precursor of glutathione (Fig. 8C).
As before, also the top 10 key drivers based on summed module mem-
bership and gene significance were considered. The top 10 key drivers
unraveled for the different treatments in the blue module were down-
regulated upon all treatment but appeared to be stronger downregulated
for the high concentration (Fig. 8E). The combined top 10 key drivers of
the turquoise module were generally upregulated for all compounds,
and, again, this effect was more pronounced for the high concentration
(Fig. 8E).

Since KEGG enrichment of the blue module revealed Glutathione
Metabolism (Fig. 8C) and the top 10 regulated pathways included NRF2-
mediated Oxidative Stress Response as well as Ferroptosis Signaling
(Fig. 7B), proteins involved in oxidative stress and lipid peroxidation
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were further examined. Glutathione peroxidases GPX1, GPX4, and GPX8
were upregulated by all treatments at 10 nM and even more at 10 pM
(Fig. 8E). Glutathione reductase (GSR) and Glutathione S-transferase
omega-1 (GSTO1) were also primarily upregulated in all treatments, and
Cytosol aminopeptidase (LAP3) was upregulated at 10 uM of all
treatments.

In summary, proteomic analysis of mature adipocytes exposed to the
selected plasticizers and their metabolites revealed an upregulation of
ECM and cytoskeleton remodeling pathways, a downregulation of
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metabolism-related pathways, and significant enrichment of lipolysis.
Identified key drivers included glutathione-dependent antioxidants
associated with lipid peroxidation, which were increased in all
treatments.
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4. Discussion

4.1. Plasticizer metabolites act through activation of PPARy in human
adipocytes

Two processes enable the expansion of adipose tissue: The differen-
tiation of new adipocytes from adipocyte progenitor cells (hyperplasia)
and an increase in size of existing differentiated adipocytes due to
increased lipid accumulation (hypertrophy) (Rosen and Spiegelman,
2014). While both mechanisms contribute to the development of
obesity, especially the latter is associated with adipose tissue dysfunc-
tion and metabolic diseases.

Preadipocyte differentiation into mature, lipid-storing adipocytes is
primarily regulated by the transcription factor PPARy (Rosen et al.,
1999). Using SPR and the cell-based GeneBLAzer® PPARy bioassay, we
previously demonstrated that DEHP itself does not interact with PPARy,
while its metabolites MEHP and MEOHP bind and activate it (Kratochvil
et al.,, 2018). Using this setup, we now screened 20 plasticizers for
PPARy interactions. We found several plasticizers being able to bind to
the PPARy LBD. Most of the binders were metabolites, with the excep-
tion of DIBP and BBP (Fig. 1). The DINCH metabolite MINCH showed the
strongest binding to PPARy, comparable to the efficacy of the natural
ligand 15d-PGJ2. Not all PPARy-binding compounds were able to acti-
vate it in the bioassay, possibly because they are not capable of passing
the cell membrane or inducing a conformational change that results in
activation. Antagonistic effects may be possible but we did not observe a
suppression of basal PPARy activity (Supplement 1, Fig. S3), nor did we
test the compounds in the presence of e.g. rosiglitazone. Counterintui-
tively, some compounds did not bind but activated PPARy, suggesting
that not all possible interactions can be identified using SPR. As the
PPARy LBD is immobilized on the surface of the sensor chip, flexibility is
limited, which may prevent some PPARy-ligand interactions. Addition-
ally, some compounds that activated PPARy but had no adipogenic ef-
fect in SGBS cells may be not potent enough at the applied
concentrations or induce insufficient conformational changes, recruit-
ment of transcriptional cofactors, and subsequent binding of ligand-
specific PPAR response elements (PPREs) on the DNA.

Nonetheless, all compounds that induced adipogenesis and lipid
accumulation in human SGBS preadipocytes also activated PPARy in the
reporter gene assay, with the exception of DIDP and MINCH (Fig. 1). For
MINCH, activation of PPARy, as well as PPAR«, was previously shown
by Engel et al. (2018) at pM-concentrations. While we used the
commercially available PPARy-UAS-bla HEK293 cell assay, they trans-
fected HEK293 cells with a PPARy plasmid (Engel et al., 2018), which
may lead to different results. Additionally, Campioli et al. (2015) have
observed induction of adipogenesis and lipid accumulation in rat adi-
pocytes by MINCH that could be blocked by a PPARa-antagonist and to a
lesser extent using a PPARy-antagonist. Therefore, they suspected
MINCH as a potent PPARa agonist, but did not rule out an interaction
with PPARy. PPARa agonists have also been reported to induce lipid
accumulation and adipogenesis in SGBS cells, although to a lesser extent
than rosiglitazone (Arnesen et al., 2019). PPARB/S, on the other hand,
mostly regulates fatty acid oxidation and is not able to independently
induce adipogenesis (Brun et al., 1996). A reliable measure of PPAR
activity is the comparison of PPAR-specific targets, directly regulated by
the transcription factors. Both, the plasticizer metabolites and the
PPARy-specific agonist rosiglitazone increased PPARy- and PPARa-tar-
gets in SGBS cells (Supplement 1, Fig. S6), suggesting synergistic activity
of the two receptors. Moreover, given the structural similarities of the
two PPAR isoforms and that PPAR ligands can often activate more than
one isoform, it is possible that the plasticizer metabolites interact with
both, PPARy and PPARa. Thus, while we demonstrated the interaction of
several compounds with PPARy, including MHINP, OH-MPHP, and
possibly MINCH, a potential interaction with PPARa may be investi-
gated in further studies. Moreover, interactions with other nuclear re-
ceptors, which have not been investigated here, cannot be excluded.
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Taken together, we found several compounds to interact with PPARy
with a subsequent induction of lipid accumulation in human pre-
adipocytes for some of them. MINCH, MHINP, and OH-MPHP exerted
the highest adipogenic potential and for MHINP and OH-MPHP we were
able to clearly demonstrate direct binding and activation of PPARy as an
underlying mechanism.

4.2. Plasticizer metabolites induce adipogenesis similar to rosiglitazone

Investigations of adipogenic properties of plasticizers have previ-
ously been primarily conducted in murine 3 T3-L1 cells and were mostly
focused on the DEHP metabolite MEHP. While the parent plasticizer
DEHP appears to have no significant effect on adipogenesis, MEHP in-
creases lipid accumulation and adipogenesis via PPARy-activation in
3T3-L1 cells (Feige et al., 2007; Hao et al., 2012; Hurst and Waxman,
2003; Qi et al., 2019). Moreover, Feige et al. (2007) observed a similar
selective activation of PPARy target genes and the recruitment of spe-
cific PPARy coactivators as for rosiglitazone.

Our findings suggest comparable adipogenic properties for the me-
tabolites of the emerging DEHP substitutes DINCH, DINP, and DPHP. We
demonstrated that MINCH, MHINP, and OH-MPHP induce adipocyte
differentiation, with the DINCH-metabolite MINCH having the highest
potency (Fig. 1, Fig. 3B). Its potency is similar to the DEHP metabolite
MEHP which showed an increase in lipid accumulation and adipo-
genesis, described for other cell lines, also in our SGBS cells (Supplement
1, Fig. S4). The induction of lipid accumulation by the plasticizer me-
tabolites and rosiglitazone was reflected by enhanced ECM remodeling
in order to increase lipid storage capacities at the beginning of differ-
entiation (Fig. 4B) (Mariman and Wang, 2010). In accordance with the
literature, an adipogenesis-promoting effect in rat and mouse adipocytes
was previously observed for the DINCH-metabolite MINCH (Campioli
et al., 2015).

Nonetheless, proteomics analysis revealed that also the parent
compounds cause an increase of the identified key drivers, which are key
adipogenesis markers such as FABP4, FASN, PLIN1, and ACYL (Sup-
plement 1, Fig. S7) (Moseti et al., 2016). The increase was apparent for
both concentrations, with the lower concentration showing a higher
increase of adipogenesis markers by the parent compounds than the
metabolites, suggesting more than a metabolite-induced effect after
metabolization in the cells. Since the parent compounds showed neither
binding nor activation of PPARY, their subtle effect on the induction of
adipogenesis-marker increase seems to be regulated otherwise.

Interestingly, the plasticizer metabolites enhanced cell viability in a
concentration-dependent manner (Fig. 3A), which was also observed in
rosiglitazone-differentiated cells (Fig. 3A), suggesting a proliferative
effect. Preadipocytes, including SGBS cells (Felicidade et al., 2018),
undergo so-called “mitotic clonal expansion” (MCE) at the onset of
differentiation, in which growth-arrested preadipocytes re-enter the cell
cycle and complete approximately two rounds of proliferation before
entering a transcriptional cascade that eventually leads to mature adi-
pocytes (Merkestein et al., 2015). The fat mass- and obesity-associated
(FTO) gene which affects early adipogenesis by regulating MCE, is
located downstream of PPARy and can be induced by PPARy agonists
(Zhang et al., 2015). Thus, the observed proliferative effect of the me-
tabolites above 10 uM and rosiglitazone (Fig. 3A) may indicate an in-
duction of MCE mediated by PPARy activation.

Moreover, adipokine secretion was impaired by the plasticizers and
their metabolites (Fig. 3C). Due to the increased adipogenesis, secretion
of the PPARYy target leptin was increased by 10 pM of MINCH, MHINP,
and OH-MPHP, even higher than by rosiglitazone. While leptin levels
correlate with the body fat mass, it functions as a negative feedback
signal of energy homeostasis (Harris, 2014). Nonetheless, chronically
increased leptin concentrations are associated with obesity and can lead
to leptin resistance, which further accelerates overeating and obesity
(Harris, 2014). It needs to be evaluated in vivo whether this may also be a
consequence of the plasticizer exposure. Furthermore, adipsin was
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reported to be increased in obese individuals and was linked to a
heightened prevalence of metabolic syndrome (Wang, Zheng, et al.
2020). The increase in adipsin by DINCH, DINP, and their metabolites
may therefore accelerate a prevalence for both. The pro-inflammatory
adipokine MCP-1 mediates the infiltration of macrophages into the ad-
ipose tissue and, thus, contributes to inflammation and results in insulin
resistance (Sartipy and Loskutoff, 2003). Like rosiglitazone, the plasti-
cizers and metabolites seem to decrease MCP-1 secretion in
preadipocytes.

However, our data suggest that the plasticizer metabolites exert their
adipogenic properties rather at low pM than at nM concentrations.
Whether these concentrations are physiologically relevant in the adipose
tissue remains to be evaluated, but they can certainly contribute to
mixture effects. Phthalate concentrations in human serum and urine
range from low to mid nM concentrations (Katsikantami et al., 2016;
Specht et al., 2014; Wang et al., 2019; Zettergren et al., 2021). Yet,
exposure in the adipose tissue might be even higher due to bio-
accumulation of the hydrophobic compounds and may increase specif-
ically under conditions of increased lipolysis, but reliable data on
adipose tissue concentrations is lacking. Additionally, it needs to be
considered that an even longer continuous exposure period or an addi-
tive effect of plasticizer mixtures may increase the adipogenic potential.

Interestingly, urinary metabolites of DINP including MHINP, which
showed strong adipogenic potential in our study, have recently been
associated with elevated BMIs in Swedish children and young adults
(Zettergren et al., 2021). While both hyperplasia and hypertrophy are
contributing factors to adipose tissue expansion and obesity in adults,
hyperplasic processes play a much more critical role in children’s adi-
pose tissue and hyperplasia is significantly increased in obese children
(Landgraf et al., 2015), potentially making them more susceptible to
adipogenic compounds facilitating or accelerating adipose tissue
expansion. Obese children have a 90% chance of being overweight as
adolescents (Geserick et al., 2018) and the early onset of overweight and
obesity in children is a determining factor for co-morbidities in adult-
hood (Korner et al., 2007; Vukovic et al., 2019; Ward et al., 2017).

In summary, the plasticizer metabolites of MINCH and MHINP show
a strong induction of adipogenic markers, pathways, and adipokine
secretion at 10 uM, similar to rosiglitazone. Nonetheless, the parent
compounds DINCH, DINP, and DPHP seem to already induce some
adipogenesis key drivers at 10 nM, indicating an unknown PPARy- and
biotransformation-unrelated mechanism.

4.3. Plasticizers and their metabolites cause adipocyte dysfunction in
mature adipocytes

Investigation of the plasticizer effects on mature adipocytes have so
far been neglected, although hypertrophy of the adipose tissue is a key
factor contributing to obesity and co-morbidities (Hammarstedt et al.,
2018). Therefore, we investigated the exposure of mature adipocytes to
the plasticizers and their metabolites and demonstrated that DINCH,
DINP, and DPHP, as well as MINCH, MHINP, and OH-MPHP all affected
and altered adipocyte function. Contrary to what we observed in the
preadipocytes, parent compounds and metabolites exhibited a similar
degree and direction of pathway regulation in mature adipocytes, which
were already prominent at 10 nM, but more pronounced at 10 pM
(Fig. 7B). Moreover, DINCH, MINCH, DPHP, and OH-MPHP decreased
lipid content (Fig. 6A) and PPARy targets (Supplement 1, Fig. S10)
compared to the vehicle control. Interestingly, thiazolidinediones
(TZDs) such as rosiglitazone were reported to decrease lipid content by
10% when added to mature adipocytes and induced changes in PPARy
target gene regulation opposite to those during adipogenesis, similar to
what we observed for the plasticizers and their metabolites, indicating a
different modulation of PPARy activity in differentiated adipocytes
(Wang et al., 2007; Wilson-Fritch et al., 2004). Instead, TZDs enhanced
fatty acid degradation pathways such as fatty acid-p oxidation, TCA
cycle, and oxidative phosphorylation. As fatty acid degradation
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processes were downregulated by the plasticizers and metabolites
(Fig. 7B, Fig. 8C, E), this indicates increased lipolysis, which was
significantly enriched in the pathway analysis (Fig. 7C). The release of
fatty acids ultimately may lead to ectopic lipid deposition in vivo
(Hammarstedt et al., 2018).

In line with reduced lipid content, the compounds strongly enhanced
ECM-associated and focal adhesion proteins, which were among the top
key drivers (Fig. 8D) and reflect the morphological changes. Similarly,
increased ECM and cytoskeleton remodeling with reduced oxidative
phosphorylation, and altered metabolic mechanisms were previously
observed in adipocytes as a result of a high-fat diet (HFD) (Jones et al.,
2020). Adipocyte ECM flexibility is vital for a healthy expansion and
metabolic flexibility of the adipose tissue (Hammarstedt et al., 2018). An
ECM that is too rigid and inflexible limits lipid storage capacity and
expansion of the adipocyte, resulting in inflammation and ectopic
deposition of lipids, as well as induction of stress-pathways, and death of
adipocytes (Sun et al., 2013). Moreover, excessive build-up of ECM also
leads to adipose tissue fibrosis, which has been linked to decreased in-
sulin sensitivity and a decreased ability for weight loss in the case of
subcutaneous adipose tissue fibrosis (Divoux et al., 2010; Lawler et al.,
2016).

Furthermore, upregulation of the NRF2-mediated stress response
indicated the cellular response to elevated reactive oxygen species (ROS)
(Fig. 7B). The Nuclear Factor Erythroid 2-related Factor 2 (NRF2) is
activated as an initial response to oxidative stress, inducing the
expression of antioxidants (Vnukov et al., 2017). Moreover, key driver
analysis revealed increased intensities of proteins of the glutathione
metabolism (Fig. 8E), which plays a vital role in the antioxidant defense
(Wu et al., 2004). The enhanced key driver GPX4 is directly involved in
the neutralization of lipid peroxidation products (Yant et al., 2003),
suggesting that excessive plasticizer-induced ROS production may have
led to lipid peroxidation. Excessive lipid peroxidation in adipocytes can
not only lead to damaging of cell membrane and organelles but also to
ferroptosis, which is an iron-dependent, regulated cell death that is
strongly accelerated by redox imbalance and lipid oxidation products
(Hao et al., 2018). While the mechanisms behind lipid peroxidation
leading to ferroptosis remains unclear (Liu et al., 2020), growing evi-
dence links ferroptosis to cardiovascular diseases and inflammation (Yu
et al., 2021). Although investigation of cell viability by DAPI staining
did not indicate a relevant decrease at the tested concentrations of 10
nM and 10 uM, increased ferroptosis signaling (Fig. 7B) may suggest that
the tested exposure already induced this process and cellular defense
mechanisms via GPX4, as observed in the key driver analysis (Fig. 8D,
E), may prevent substantial ferroptosis and subsequent cell death.
Interestingly, urinary phthalate metabolite levels of phthalates DEHP,
DBP, and DIBP have been associated with oxidative stress biomarkers in
women’s urine (Ferguson et al., 2015). Supporting this observation, our
results suggest an imbalance in redox homeostasis resulting in the
observed adipocyte cellular responses to counteract oxidative stress and
lipid peroxidation induced by the plasticizers and their metabolites in
mature adipocytes.

Previously, Fernando et al. (2020) showed that oxidative stress in
adipocytes leads to mitochondrial dysfunction and subsequent impair-
ment of metabolic processes, promoting insulin resistance. This is in
accordance with the decreased oxidative phosphorylation and impaired
metabolic processes we found in mature adipocytes after exposure to the
plasticizers and their metabolites. Reflecting adipocyte dysfunction, the
plasticizers altered adipokine secretion patterns with significantly
increased leptin, adipsin, and MCP-1 secretion (Fig. 6B). Furthermore,
adiponectin secretion was decreased, linking plasticizers and their me-
tabolites to adipose tissue inflammation and insulin resistance (Krieg
et al., 2020; Ziemke and Mantzoros, 2010). Exposure of mice to DEHP
also resulted in in significant weight gain and reduced adiponectin
serum levels (Kloting et al., 2015), strengthening the hypothesis for
pathological consequences of a plasticizer-mediated decrease of adipo-
nectin-secretion.
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Notably, the parent plasticizers, which showed no PPARYy interaction
and a neglectable adipogenic effect in preadipocytes, had the same ef-
fects as the metabolites in mature adipocytes. Either this suggests an
unspecific stress-induced mechanism of action rather than a PPARy-
mediated one, or an overlap of both mechanisms. Additionally,
increased levels of lipases in mature adipocytes may facilitate more
effective metabolization of plasticizers (Frederiksen et al., 2007), thus
increasing metabolite-mediated effects.

Moreover, since the plasticizers and their metabolite induced
oxidative stress in mature adipocytes, this raises the question if part of
the adipogenesis promoting effect is mediated by increased ROS pro-
duction (de Villiers et al., 2018). However, no substantial increase in
oxidative stress response pathways or antioxidants was observed in
preadipocytes. Additionally, since the parent plasticizers and the me-
tabolites exerted comparable levels of oxidative stress responses in
mature adipocytes, a ROS-mediated induction of adipogenesis would
not explain the significantly stronger effects of the plasticizer metabo-
lites. Whether increased ROS production by plasticizers plays a role in
adipogenesis induction needs to be determined in further studies.

In light of these results, future studies on the adipogenic effects of
xenobiotics could provide deeper insights into the modes of action in
adipose tissue by including mature adipocytes and performing kinetic
studies on dynamic changes.

In summary, the plasticizers and their metabolites appear to induce
oxidative stress and mitochondrial dysfunction in mature adipocytes at
low concentrations, causing altered lipid metabolism and release, with
an increase in ECM remodeling, upregulation of ferroptosis signaling,
and proinflammatory and insulin resistance promoting adipokine
secretion.

5. Conclusion

We showed that a variety of plasticizers or their metabolites bind to
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and activate PPARYy, resulting in the induction of adipogenesis in human
preadipocytes. DINCH, DINP, and DPHP metabolites displayed the most
potent adipogenic properties by inducing adipogenesis and enhancing
associated markers similarly to the PPARy-agonist rosiglitazone (Fig. 9).
In mature adipocytes, DINCH, DINP, DPHP, and their metabolites
disturbed lipid storage, caused oxidative stress, impaired metabolic
homeostasis, and altered adipokine release linked to inflammation and
insulin resistance (Fig. 9). Based on the observed adverse effects and
similarities to known high fat diet-induced adipose tissue impairment,
exposure to plasticizers and their metabolites might result in an increase
of fat mass, dysregulation of adipose tissue function, inflammation, and
enhanced risk for metabolic syndrome (Fig. 9).

In conclusion, given the similarity of their obesogenic mechanisms
compared to the restricted DEHP, we can clearly conclude that DINCH,
DINP, and DPHP are unsuitable replacements.
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