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ARTICLE INFO ABSTRACT

Keywords: Growing evidence suggests that exposure to certain metabolism-disrupting chemicals (MDCs), such as the

Plasticizer phthalate plasticizer DEHP, might promote obesity in humans, contributing to the spread of this global health

ISLNCH problem. Due to the restriction on the use of phthalates, there has been a shift to safer declared substitutes,
esity

including the plasticizer diisononyl-cyclohexane-1,2-dicarboxylate (DINCH). Notwithstanding, recent studies
suggest that the primary metabolite monoisononyl-cyclohexane-1,2-dicarboxylic acid ester (MINCH), induces
differentiation of human adipocytes and affects enzyme levels of key metabolic pathways. Given the lack of
methods for assessing metabolism-disrupting effects of chemicals on adipose tissue, we used metabolomics to
analyze human SGSB cells exposed to DINCH or MINCH. Concentration analysis of DINCH and MINCH revealed
that uptake of MINCH in preadipocytes was associated with increased lipid accumulation during adipogenesis.
Although we also observed intracellular uptake for DINCH, the solubility of DINCH in cell culture medium was
limited, hampering the analysis of possible effects in the pM concentration range. Metabolomics revealed that
MINCH induces lipid accumulation similar to peroxisome proliferator-activated receptor gamma (PPARG)-
agonist rosiglitazone through upregulation of the pyruvate cycle, which was recently identified as a key driver of
de novo lipogenesis. Analysis of the metabolome in the presence of the PPARG-inhibitor GW9662 indicated that
the effect of MINCH on metabolism was mediated at least partly by a PPARG-independent mechanism. However,
all effects of MINCH were only observed at high concentrations of 10 pM, which are three orders of magnitudes
higher than the current concentrations of plasticizers in human serum. Overall, the assessment of the effects of
DINCH and MINCH on SGBS cells by metabolomics revealed no adipogenic potential at physiologically relevant
concentrations. This finding aligns with previous in vivo studies and supports the potential of our method as a
New Approach Method (NAM) for the assessment of adipogenic effects of environmental chemicals.
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C. Goerdeler et al.
1. Introduction

Obesity is closely associated with several metabolic disorders such as
metabolic syndrome, type 2 diabetes, and cardiovascular diseases
(Gepstein and Weiss, 2019; Guh et al.,, 2009). Given its steadily
increasing prevalence worldwide, obesity has evolved into a global
pandemic, imposing substantial societal and health challenges (NCD
Risk Factor Collaboration, 2017;2016; Visscher and Seidell, 2001). The
causes of the increasing prevalence and obesity itself are not fully un-
derstood and depend on a complex interplay between genetic predis-
position, and environmental and societal factors (Bell et al., 2005;
Bliiher, 2019). Apart from the sedentary lifestyle (Silveira et al., 2022)
and the increased intake of highly processed food (Hall et al., 2019), a
growing body of evidence indicates that exposure to certain chemical
pollutants might promote obesity (Biemann et al., 2021; Darbre, 2017).

Non-covalently bound plastic additives represent an important group
of chemical pollutants due to the increasing production and use of
plastic products, resulting in ubiquitous human exposure. Among the
most commonly used plastic additives are plasticizers, which can ac-
count for up to 35% of the weight of the plasticized material (Hennebert,
2022). Several studies suggest that exposure to plasticizers is linked to
the progressive increase in non-communicable diseases, including
obesity, attributed to their metabolism-disrupting properties (Meeker
et al., 2009; Radke et al., 2019; Volker et al., 2022). These plasticizers
are thus classified as metabolism-disrupting chemicals (MDCs) termed
obesogens or adipogenic chemicals (Biemann et al., 2012; Heindel et al.,
2017; Hurst and Waxman, 2003; Pomatto et al., 2018).

Phthalates are the most widely used plasticizers, accounting for more
than 55% of the global plasticizer consumption in 2020 (S&P Global,
2021). Obesogenic properties have been suggested for MEHP, being the
primary metabolite of the ubiquitously prevalent phthalate plasticizer
DEHP. In particular, in vitro studies have shown that MEHP can induce
adipocyte differentiation and lipid accumulation in 3T3-L1 cells (Feige
et al., 2007). Similarly, in vivo studies have demonstrated that exposure
to DEHP can induce adipogenesis, increased body weight, and impaired
adipose tissue function in mice (Hao et al., 2012; Kloting et al., 2015).
Analysis of the mode of action in adipocyte cell culture revealed that
phthalates induce adipocyte differentiation and increase lipid accumu-
lation by modulating hormone receptors of the nuclear receptor family
such as the master regulator of adipogenesis, PPARG (Feige et al., 2007;
Hurst and Waxman, 2003; Schaffert et al., 2022).

Further evidence supporting the role of phthalates in obesity devel-
opment is provided by epidemiological studies showing that exposure to
phthalate metabolites is associated with an elevated risk of developing
obesity and insulin resistance. (Kim et al., 2016; Stahlhut et al., 2007;
Wu et al., 2020). However, despite this evidence, the exact role of
phthalates in the development of obesity and their mode of action re-
mains poorly understood.

Due to their reproductive toxicity, DEHP and other phthalates have
been banned in the EU for specific applications in plastic materials since
1999 (EU Commission, 1999). The plasticizer DINCH has been intro-
duced as an alternative, especially for use in sensitive areas such as toys
and medical devices. However, it was reported that the primary
metabolite of DINCH, MINCH, induces adipogenesis in the stromal
vascular fraction of rats (Campioli et al., 2015). In addition, global
proteome analysis revealed that by activating PPARG, MINCH induces
adipogenesis, alters extracellular matrix components, and affects key
enzymes of central metabolic pathways in human SGSB adipocytes
(Schaffert et al., 2022). In contrast, no weight-promoting properties of
DINCH were observed in a two-generational study, repeated dose
toxicity studies, and a combined chronic and carcinogenicity study
performed in Wistar rats according to OECD guidelines (Harmon and
Otter, 2022; Langsch et al., 2018). Nevertheless, specific regulatory in
vitro and in vivo tests for the identification of metabolism-disrupting
properties such as the promotion of adipogenesis are currently lacking
(Braeuning et al., 2023). This indicates the need for the development of
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New Approach Methodologies (NAMs) (Schmeisser et al., 2023), to
further assess potential adipogenic effects of DINCH and its metabolite
MINCH.

Analyzing changes in metabolite levels by metabolomics provides a
versatile tool for in vitro toxicology because the metabolome is highly
reflective of the molecular phenotype and sensitive to perturbations by
external factors (Ramirez et al., 2013; Schmeisser et al., 2023). In
particular, applying metabolomics to analyze the central carbon meta-
bolism of human adipocytes presents a potential in vitro method to assess
adipogenesis-promoting effects, serving as a direct measure of metabolic
disruption.

So far, little is known about whether and how DINCH and its
metabolite MINCH influence metabolites of adipocyte key metabolic
pathways. Thus, we investigated the effects of DINCH and MINCH on
central carbon metabolism. The human SGBS preadipocyte cell line
(Wabitsch et al., 2001) was exposed to varying amounts of each chem-
ical. We measured concentrations by analyzing intra- and extracellular
levels to draw conclusions about the uptake and potential trans-
formation of DINCH and MINCH by the cells. Changes in the central
carbon metabolism and insulin response upon exposure were assessed
by targeted metabolomics. To identify potential PPARG-independent
effects, SGBS cells were treated with the PPARG inhibitor GW9662.

2. Materials and methods

The plasticizer diisononyl-cyclohexane-1,2-dicarboxylate (DINCH)
was purchased from abcr (CAS no. 166412-78-8, Cat.No. AB440048,
98% purity; Karlsruhe, Germany). Its primary metabolite mono-
isononyl-cyclohexane-1,2-dicarboxylate (MINCH) and the secondary
metabolites cyclohexane-1,2-dicarboxylic acid monocarboxyisooctyl
ester (cx-MINCH), cyclohexane-1,2-dicarboxylic acid mono(hydroxy-
isononyl) ester (OH-MINCH), and cyclohexane-1,2-dicarboxylic acid
mono(oxo-isononyl) ester (oxo-MINCH) were obtained from Toronto
Research Chemicals (Cat.No. C987305, 95% purity; C987315, 96%
purity; H949710, 98% purity; and M329200, 97% purity; Toronto, ON,
Canada). Information on the synthesis and exact isomer composition of
DINCH was not disclosed by the manufacturer. The 4-methyloctyl iso-
mer of MINCH, which has been identified as the most abundant isomer
of DINCH (Koch et al., 2013), was used for all cell culture experiments.

2.1. Quantification of DINCH and primary and secondary metabolites

To quantify DINCH, MINCH, and the secondary metabolites in the
cell culture medium and cell lysates, an adapted method by Schiitze
et al. (2012) was used. Note that this LC-MS/MS-based method does not
allow to differentiate between the different isomers of DINCH and
MINCH. For the preparation of 100 mM standard stock solutions,
DINCH, MINCH, and the secondary metabolites were dissolved in
MeOH. Further dilutions for a standard concentration series (100 pM,
50 pM, 25 pM, 10 pM, 7.5 pM, 5 pM, 2.5 uM, 1 pM, 750 nM, 500 nM, 250
nM, 100 nM, 10 nM, 1 nM and 0.1 nM) were prepared in 50% MeOH. To
determine the absolute concentrations of DINCH, MINCH, and the sec-
ondary metabolites in the supernatant of the medium, an external cali-
bration curve was prepared with extracted conditioned cell culture
medium. The medium was conditioned with 25 pM, 10 pM, 7.5 pM, 5
pM, 2.5 uM, 1 pM, 750 nM, 500 nM, 250 nM, 100 nM, 10 nM, 1 nM and
0.1 nM of the respective substance. The intracellular concentrations
were approximated using an external calibration curve with extracted
cell lysate conditioned with DINCH, MINCH, or the secondary metabo-
lites. Specifically, 20 pL of the respective chemical at different concen-
trations (100 pM, 50 pM, 25 pM, 10 pM, 5 pM, 1 uM, 500 nM, 100 nM,
10 nM, and 1 nM) were added to the amount of cell lysate present in a
6-well plate (approx. 20 pL).

The cell lysates for the quantification of DINCH, MINCH, and the
secondary metabolites were obtained from the treatments described in
2.2 and prepared according to section 2.4.1. In brief, the treated cells
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were washed twice with 0.9% (w/v) ice-cold NaCl and collected with a
cell scraper. Cell lysates, supernatants (300 pL), and standard solutions
(300 pL of conditioned medium or 40 pL conditioned cell lysate) were
extracted with chloroform:MeOH:water (1:1:1) as described in 2.4.
MEHP was used as an internal standard to account for differences in
extraction efficiency. Quantification was performed after evaporation of
300 pL of the obtained non-polar phase to complete dryness and dis-
solving first in 35 pL. MeOH, then adding 35 pL H0.

Extracted samples were measured on an LC-MS/MS system using an
Agilent 1290 II infinity UPLC system (Agilent Technologies Inc., Santa
Clara, CA, USA) for chromatographic separation coupled to a QTRAP®
6500+ system (AB Sciex, Framingham, USA) for mass spectrometric
data acquisition. The following MS-related parameters for the instru-
ment were used: Curtain Gas 40 psig, IonSpray Voltage + 4.5 kV, Source
Temperature 400 °C, Ion Source Gas 1 60 psig, and Ion Source Gas 2 40
psig.

LC separation of DINCH and MINCH was performed with different
LC-gradients of solvent A (0.05% formic acid in water) and solvent B
(0.05% formic acid in acetonitrile), after injecting 10 pL of sample onto a
Chromolith® Performance RP-18e (2.0 x 100 mm, 1.5 pm, 130 f\;
Merck, Darmstadt, Germany). For the measurement of DINCH, a 1 min
equilibration with 20% B (flow rate of 0.4 mL/min) was followed by a 2-
step linear increase to 50% B at 2.5 min and 95% B at 4.5 min, followed
by 7.5-min isocratic elution (4.5-12 min, 0.6 mL/min flow rate) and a 2
min re-equilibration (13-15 min, 0.4 mL/min flow rate) after decrease
to 20% B at 13 min. To measure MINCH, the 2-step linear increase was
modified (50% B at 2.5 min and 95% B at 6.5 min) followed by a
shortened 3.5 min isocratic elution (6.5-10 min, 0.6 mL/min flow rate)
and a 2 min re-equilibration (11-13 min, 0.4 mL/min flow rate) after
decrease to 20% B at 11 min. The temperature of the autosampler and
column oven were set to 8 °C and 40 °C, respectively.

For detection and quantification, a scheduled MRM method
measured in positive (DINCH) and negative (MINCH) ESI ionization
mode was used. The specific transitions for the qualifier and quantifier
ion of each analyte are displayed in Supplementary Table 1. The limit of
detection (LOD) and limit of quantification (LOQ) values for each ana-
lyte were calculated according to the blank-based approach (Little,
2015) and are displayed in Supplementary Table 2.

2.2. SGBS cell cultivation

To study the effects of the plasticizer DINCH and its primary
metabolite MINCH on adipocyte differentiation and metabolism, the
human Simpson-Golabi-Behmel syndrome (SGBS) preadipocyte cell
strain was used as a human adipocyte model system (Wabitsch et al.,
2001). The SGBS cells were obtained from Prof. Martin Wabitsch’s
laboratory and cultivated in OF medium (DMEM/F12 cell medium (1:1)
containing 33 pM biotin, 17 pM pantothenate, 100 pg/mL streptomycin,
and 100 IU/mL penicillin) with 10% FCS (Gibco, Carlsbad, CA, USA) at
37 °C and 5% CO3 in 95% humidity. Cultivation was carried out in cell
culture products from TPP (Trasadingen, Switzerland) and Sarstedt
(Niimbrecht, Germany). TPP and Sarsted confirmed that their cell cul-
ture products are plasticizer-free.

SGBS cells were maintained and differentiated according to the
standard protocol described previously (Wabitsch et al., 2001). Briefly,
SGBS preadipocytes (generation 42; passage 4 after thawing) were
seeded onto the respective plates and grown to confluence. Differenti-
ation was induced by adding QuickDiff medium (serum-free OF medium
supplemented with 2 pM rosiglitazone, 25 nmol/L dexamethasone, 0.5
mmol/L 3-isobutyl-1-methylxanthine, 0.1 pmol/L cortisol, 0.01 mg/mL
transferrin, 0.2 nmol/L triiodothyronine, and 20 nmol/L human insu-
lin). After 4 days, the medium was exchanged with 3FC medium (ser-
um-free OF medium supplemented with 0.1 pmol/L cortisol, 0.01
mg/mL transferrin, 0.2 nmol/L triiodothyronine, and 20 nmol/L human
insulin) and cells were differentiated until day 12 or day 18 after
induction.
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To assess the effects of DINCH and MINCH on adipogenesis, SGBS
preadipocytes were cultivated in 6-well plates and treated for 12 days
with differentiation media without the PPARG agonist rosiglitazone
supplemented with DINCH or MINCH at concentrations of 10 nM, 100
nM, 1 pM and 10 pM. SGBS cells were differentiated in the presence of
rosiglitazone to obtain an adipogenesis reference and in the absence of
rosiglitazone to obtain an undifferentiated control. To control for the
effects of the vehicle solvent, MeOH and DMSO were added to a final
concentration of 0.01% (v/v) and 0.02% (v/v), respectively to all dif-
ferentiation media. The cell culture medium was exchanged every sec-
ond day, to mimic continuous exposure.

To study the effects of DINCH and MINCH on the insulin response of
treated SGBS preadipocytes, an in-house MS-based insulin-dependent
glucose uptake assay was performed. For the treatment of pre-
adipocytes, SGBS cells were exposed from day O to day 18 in 24-well
plates with differentiation media without rosiglitazone supplemented
with DINCH (10 nM or 10 pM) or MINCH (10 nM or 10 pM). The
extended differentiation procedure until day 18 was chosen to minimize
the differentiation differences between rosiglitazone and MINCH treat-
ment (MINCH 10 pM treatment 77% lipid accumulation of rosiglitazone-
differentiated cells; Supplementary Figure 7), thereby allowing a better
comparison of insulin responses.

For insulin stimulation of cells on day 18, the medium was replaced
on day 17 with differentiation medium without insulin. After overnight
incubation, cells were glucose starved for 1 h with 3FC medium without
glucose and insulin and subsequently stimulated for 30 min with 3FC
medium with insulin (stimulated cells) or without insulin (unstimulated
control).

To examine the effects of DINCH and MINCH independent of PPARG,
SGBS cells were exposed to differentiation media without rosiglitazone
supplemented with DINCH (10 pM) or MINCH (10 pM) and together
with 10 pM of the PPARG antagonist GW9662 from day 0 to day 12 in 6-
well plates. The antagonist was added 1 h before adding the chemical
and due to its short half-life exchanged every 2 days (Li et al., 2011), to
irreversibly block PPARG before treatment. DINCH and MINCH
co-treatments with GW9662 were compared to cells co-treated with
rosiglitazone (d0-d4) and 10 pM GW9662 and control cells treated with
10 pM GW9662 only. All cell culture experiments were performed in
quadruplicates (n = 4) or quintuplicates (n = 5).

2.3. Lipid staining

To assess lipid accumulation in SGBS cells after treatment, Oil Red O
staining and DAPI/Nile red staining were used as described previously
(Schaffert et al., 2022).

Briefly, cells were washed with PBS and fixed with 4% formaldehyde
for 3h at RT. After removing the formaldehyde solution, cells were again
washed with PBS and the background fluorescence was recorded at 360/
485 nm (Ex/En,) for DAPI and 485/530 nm (Ex/Ey,) for Nile red in a 7x7
or 11x11 spot pattern (24-well and 6-well plate, respectively) on a
Synergy™ HT plate reader (BioTek, Winooski, VT, USA). Subsequently,
the cells were stained with 1 ug/mL DAPI, 1 pg/mL Nile red, and 0.2%
(w/v) saponin in PBS for 15 min. After washing three times with PBS,
the fluorescence was recorded at the aforementioned wavelengths. The
non-polar lipid concentration (Nile red fluorescence) is expressed as
averaged relative fluorescence units (RFU) in % to control.

Following quantification of lipids via fluorescence measurement,
fixed cells were stained with filtered Oil Red O working solution (0.1%
w/V in 40% isopropanol) for 30 min at RT and washed three times with
PBS. Images of stained cells in PBS were taken using a VisiScope® IT415
PH connected to a VisiCam® P6 digital camera (VWR, Radnor, PA, USA)
at 10 x magnification.
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2.4. Extraction of central carbon metabolites

2.4.1. Intracellular metabolites

To analyze the intracellular concentrations of central carbon me-
tabolites in SGBS cells a MeOH/chloroform/water (1:1:1) extraction was
performed. Before extraction, SGBS cells were washed twice by
removing the cell medium and adding 2 x 1 mL 0.9% ice-cold NaCl.
After removing the NaCl solution, metabolism was quenched by adding
MeOH (—20 °C) with 100 nM MEHP (internal standard DINCH/MINCH
measurement) and ice-cold HpO with 10 pM dé6-glutarate (internal
standard for central carbon metabolites) to the cells in equal amounts
(400 pL for 6-well plates, 200 pL for 24-well plates). The cells were
collected by a cell scraper and transferred into a new 2 mL tube with
chloroform (—20 °C, 400 pL for 6-well plates, 200 pL for 24-well plates).
After shaking at 1.400 rpm and 4 °C for 20 min, the extraction mixture
was centrifuged at 18,000 g and 4 °C for 5 min. Subsequently, the polar
(central carbon metabolites) and non-polar fraction (DINCH/MINCH
quantification) were collected (300 pL for 6-well plate, 250 pL for 24-
well plate) and evaporated to complete dryness (Concentrator plus,
Eppendorf, Hamburg, Germany). The metabolite pellets were stored at
—80 °C until further analysis. For measurement, pellets of the polar
fraction were re-dissolved in 100 pL water, whereas pellets of the non-
polar fraction were re-dissolved in 35 pL. MeOH, followed by adding
35 pL HyO.

2.4.2. Extracellular metabolites

Extracellular metabolites in the medium were extracted by MeOH/
chloroform/water (1:1:1) extraction. Following treatment, 1 mL me-
dium from each condition was collected and centrifuged at 10,000 g and
4 °C for 10 min. After transferring 300 pL of the supernatant into a new
tube, the metabolites were extracted by adding 400 pL. MeOH (—20 °C)
with 100 nM MEHP, 100 pL ice-cold Ho,O with 40 pM d6-glutarate and
400 pL chloroform (—20 °C). The extraction mixture was shaken at
1.400 rpm and 4 °C for 20 min and subsequently centrifuged for 10 min
at 18,000 g and 4 °C. The polar and non-polar fractions were collected
(300 pL for 6-well plates, 250 pL for 24-well plates) and evaporated to
complete dryness in an Eppendorf® Concentrator plus. The obtained
pellets were stored at —80 °C until further analysis. Before measure-
ment, pellets of the polar fraction were re-dissolved in 100 pL water and
pellets of the non-polar fraction were re-dissolved in 35 pL. MeOH, fol-
lowed by adding 35 pL H20.

2.5. Targeted mass spectrometry analysis of central carbon metabolites

Extracted intra- and extracellular central carbon metabolites of SGBS
cells were analyzed by LC-MS/MS using an adapted method described
by Buescher et al. (2010). For the chromatographic separation and the
mass spectrometric data acquisition, the same devices as in 2.1 were
used. Initially, 10 pL of the resuspended sample were injected onto an
XSelect HSS T3 XP column (2.1 x 150 mm, 2.5 pm, 100 ;\; Waters,
Milford, MA, USA) connected to an XP VanGuard® cartridge (HSS T3,
2.1 x 5 mm, 2.5 pM; Waters, Milford, MA, USA). Metabolites were
eluted at a flow rate ranging from 0.4 mL/min to 0.15 mL/min with a
non-linear gradient as described in Supplementary Table 3. Mobile
phase A and phase B were composed of 10 mM tributylamine, 10 mM
acetic acid, 5% methanol, 2% 2-propanol (pH 7.2), and 100% 2-propa-
nol, respectively. The autosampler was kept at 8 °C and the temperature
of the column oven was set to 40 °C.

Data acquisition and analysis were performed with the Analyst®
software version 1.7.1 and Sciex OS version 1.6.1, respectively. Identi-
fication and quantification were based on specific MRM transitions
measured in negative ESI mode. The selected MRM transitions for the
analysis of central carbon metabolites are provided in Suppl Table 4.
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2.6. Metabolite abundance normalization

Intracellular and extracellular metabolite abundances were normal-
ized to the DAPI-stained DNA content per well (DAPI fluorescence)
measured in additional wells on the respective treatment plate. The
normalization wells were seeded together with the cell plates for
extraction using the same seeding concentration. On the day of extrac-
tion, the cells of the normalization plate were fixed with 4% formalde-
hyde solution and stained with DAPI according to the described DAPI/
Nile Red staining protocol. The normalization factor was calculated by
dividing the mean DAPI RFU of each treatment by the total mean DAPI
RFU of all treatments. If not otherwise mentioned, four replicates (n = 4)
were used for each treatment. After normalization, log2 fold changes of
the respective treatments (DINCH, MINCH, or rosiglitazone) compared
to the control cells were calculated by dividing the normalized peak area
obtained from each replicate to the respective control (Log2FC values
for treatment without inhibitor: Supplementary Tables 5 and 6; for
treatment with inhibitor: Supplementary Table 8). For the analysis of the
data from the insulin response experiment, no DAPI normalization was
performed because the fold change was calculated by dividing the in-
tensities of the insulin-stimulated cells with the non-stimulated cells of
each treatment (plus vs. minus; fold changes in Supplementary Table 7).

2.7. Statistical analysis

GraphPad Prism software (Version 10.0, La Jolla, CA, USA) and R
software (Version 4.05) were used for visualization and statistical
analysis. For the statistical analysis of the lipid accumulation, a one-way
ANOVA test followed by Dunnett’s post-hoc test was performed against
the untreated control. Statistical analysis of metabolite abundances was
performed by a Welch ANOVA test followed by a Games-Howell post-
hoc test. Outliers in the metabolite abundance data were removed after
performing a Grubbs outlier test with @ = 0.05 in GraphPad Prism. If not
otherwise noted, data are represented as means + standard deviation
(SD). Heatmaps were created with an R script using the basic functions
and the reshape, ggplot, and scales packages. The PCA and calculation of
the PERMANOVA were performed in R using the basic functions and the
vegan package.

3. Results

3.1. Analysis of extra- and intracellular concentrations of DINCH and
MINCH

To assess any disparities between the nominal concentrations of
DINCH and MINCH used in the in vitro system and their actual con-
centrations, as well as to track concentration changes over time, the cell
culture conditioned medium was analyzed for DINCH and MINCH. For
this purpose, DINCH and MINCH (10 nM, 100 nM, 1 pM, and 10 pM)
conditioned medium was measured before last treatment (on day 10)
and 48 h after treatment of SGBS cells (on day 12). The measured con-
centrations of MINCH before treatment were in good agreement with the
applied concentrations (72-119% of applied dose; Fig. 2A, Supple-
mentary Figure 1). In contrast, only a fraction of the nominal applied
concentrations of DINCH were detected (4-8% of applied dose; Fig. 2A,
Supplementary Figure 1), which was expected due to its hydrophobic
properties (log Kow 9.8). For clarity, nominal concentrations are used in
the following to distinguish between treatments.

After incubation for 48 h, a notable decrease in the measured con-
centration of DINCH was observed in the medium. There was a 2.8-fold
and 5.2-fold reduction for 1 pM and 10 pM, respectively. Similarly,
MINCH also showed a decrease ranging from 1.9 to 2.5-fold across all
applied concentrations (Fig. 2A, Supplementary Figure 1). To verify that
this finding was at least partially due to cellular uptake, we extracted
SGBS cells after stringent washing on day 12 of treatment. It should be
noted that despite stringent washing steps to remove extracellularly
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bound chemicals before analyzing the cell lysates, it cannot be excluded
that part of the measured DINCH or MINCH was bound extracellularly to
the cell membrane. Thus, the term intracellular also includes potentially
extracellularly bound chemicals. Indeed, both DINCH and MINCH were
detected in the cell lysates with nearly linear increasing concentrations
from the 10 nM to the 10 pM treatment (Fig. 2B). Noteworthy, even at
the 10 nM treatment, DINCH was detected intracellularly, although the
measured concentration in the conditioned medium was below the limit
of detection (LOD).

Since the biotransformation of phthalates has been observed in
various in vitro systems e.g. human mononuclear cells (Hansen et al.,
2015), thyroid epithelial cells (Frohnert Hansen et al., 2016), and testis
explants (Desdoits-Lethimonier et al., 2012), the metabolization of
DINCH to MINCH and its secondary metabolites, oxo-MINCH,
OH-MINCH, and cx-MINCH, was analyzed in SGBS cells.

Therefore, MINCH levels were assessed in the cell culture medium
containing the highest applied DINCH concentration (nominal concen-
tration of 10 pM) before and 48 h after treatment of SGBS cells on day
10. These measurements were compared to DINCH-containing medium
incubated under abiotic conditions for 48 h and 96 h. The cell culture
medium before incubation contained low concentrations of MINCH (0.5
nM, Fig. 2A), which is in line with the measurement of MINCH in a 10
puM DINCH stock solution in MeOH (data not shown).

After 48 h, an almost 10-fold increase in MINCH concentration was
detected in the medium incubated with SGBS cells (mean concentration:
4.8 nM), but not in the medium incubated under abiotic conditions
(Fig. 2A). Significant reductions in MINCH abundance were observed in
the medium incubated under abiotic conditions for 48 h and 96 h. This
decrease in MINCH levels is likely attributed to the absorption onto the
walls of the culture plates, which are made of polystyrene (Dimitrijevic
et al., 2022). Further analysis of MINCH in cell lysates of SGBS cells
treated with 10 pM DINCH for 12 days showed that MINCH was detected
intracellularly at a concentration of 2.4 pmol/cell x 10°, which is
equivalent to treating SGBS cells with approximately 37 nM MINCH for
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12 days (Fig. 1B, Fig. 2B). Again, comparison with cell culture plates
extracted at 48 h and 96 h without cells confirmed that the metabo-
lization of DINCH to MINCH is cell-dependent (Fig. 2B). Further
cell-dependent biotransformation of MINCH to the secondary oxidized
metabolites of DINCH, namely oxo-MINCH, OH-MINCH, and cx-MINCH,
was not observed after incubation with DINCH conditioned medium
(intensities below LOD). However, low levels of OH-MINCH (1.5 nM)
were detected 48 h after treatment with 10 pM MINCH-conditioned
medium of SGBS cells on day 10 (Supplementary Figure 2). Further-
more, analysis of the cell lysate of SGBS cells treated with 10 pM MINCH
for 12 days revealed that OH-MINCH could be detected at a low con-
centration of 0.01 pmol/cell x 105, but not oxo-MINCH or cx-MINCH
(Supplementary Figure 2).

In summary, concentration analysis of the supernatant and internal
cell load revealed that the concentration of DINCH and MINCH in cell
culture medium decreased after cell incubation, which was accompa-
nied by a nearly linear uptake of DINCH and MINCH. In addition, the
data show that the solubility of DINCH is limited to about 500 nM in the
cell culture medium. The detection of MINCH in DINCH-treated SGBS
cells and of OH-MINCH in MINCH-treated SGBS cells, but not under
abiotic conditions, demonstrates the ability of biotransformation by
SGBS cells.

3.2. Effects of DINCH and MINCH on adipocyte metabolism

After the confirmation of cellular uptake of DINCH and MINCH, we
investigated the effects on major adipocyte metabolic pathways in light
of prior findings regarding the effects of MINCH on key enzymes of
adipocyte central carbon metabolism (Schaffert et al., 2022). The
intracellular metabolite abundances of metabolites involved in glycol-
ysis, pentose phosphate pathway (PPP), tricarboxylic acid (TCA) cycle,
and associated amino acids (Supplementary Figure 3) were measured in
SGBS cells after 12 days of continuous treatment with DINCH or MINCH
(10 nM-10 pM). The lowest concentration of 10 nM was selected
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Fig. 1. Analysis of extra- and intracellular concentrations of DINCH and MINCH. (A) DINCH and MINCH concentrations (1 pM and 10 pM nominal treatment
concentration) in medium supernatant before and 48 h after SGBS treatment on day 10 (n = 3-4). (B) Intracellular concentrations of DINCH and MINCH after 12 days
of SGBS cell treatment (n = 4). Data are presented as absolute concentrations in [nM] (A) or [nmol/cell x 10°] (B), and values are expressed as mean + SD.
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because it corresponds to the concentrations of phthalate plasticizers in
human serum (Axelsson et al., 2015; Frederiksen et al., 2010), which
were considered since concentrations of DINCH in human serum have
not yet been published. Metabolite levels of treated cells were compared
to SGBS cells differentiated with rosiglitazone and untreated control
cells.

Analysis of lipid accumulation prior to metabolite analysis confirmed
the adipogenic potential of MINCH in the pM concentration range,
which is consistent with the results previously described (Schaffert et al.,
2022). On day 12 of treatment, neither DINCH nor the 10 nM-100 nM
concentration of MINCH induced lipid accumulation of SGBS cells
(Supplementary Figure 4). In contrast, 1 pM MINCH slightly (117% of
Ctrl) and 10 pM MINCH more strongly (141% of Ctrl) induced lipid
accumulation, albeit at a lower level compared to preadipocytes
differentiated with rosiglitazone (216% of Ctrl; Supplementary
Figure 4).

Intracellular metabolite levels showed that the DINCH treatments
and the low MINCH concentrations (10 nM and 100 nM) were closely
grouped to control cells, whereas the 10 pM MINCH treatment and
rosiglitazone-differentiated cells were significantly separated from the
control (Fig. 3A). However, the cells treated with 10 pM MINCH were
grouped closer to the control cells than to the cells differentiated with
rosiglitazone. Similar to the 10 pM MINCH treatment, the 1 pyM MINCH
treatment showed separate clustering from the control group, but to a
lesser extent, and the group distance was not significant (Fig. 3A).

Analysis of metabolic changes at the pathway level revealed that
rosiglitazone-differentiated cells showed the most significant changes
compared to control cells, followed by the 10 pM MINCH treatment,
while the other treatments showed little or no effect (Fig. 3B). Metab-
olite levels of upper (reactions from glucose to glyceraldehyde 3-phos-
phate (G3P): hexokinase (HK), phosphoglucose isomerase (PGI),
phosphofructokinase-1/2 (PFK1/2), aldolase (ALDO) and triose-
phosphate isomerase (TIM)) and lower glycolysis (reactions from G3P
to pyruvate: glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
phosphoglycerate kinase (PGK), phosphoglycerate mutase (PGM),
enolase (ENO) and pyruvate kinase (PK)) were strongly elevated in
rosiglitazone-differentiated cells with the highest increase observed for
glycerol 3-phosphate (Gro3P) levels. While no changes were observed in
upper glycolysis by treatment with 10 pM MINCH, metabolites of lower
glycolysis were significantly elevated, similar to rosiglitazone-
differentiated cells. Again, the strongest increase was observed for
Gro3P and G3P (Fig. 3B).

As observed for glycolysis, PPP metabolites were strongly elevated in
rosiglitazone-differentiated cells (Fig. 3B). In contrast, PPP concentra-
tions were not altered by DINCH or MINCH treatment except for a slight
increase in sedoheptulose 7-phosphate (100 nM-10 pM DINCH

treatment, Fig. 3B).

At the metabolic junction between glycolysis to TCA, acetyl-CoA and
the associated malonyl-CoA, the substrates for fatty acid synthesis, were
significantly elevated in cells treated with rosiglitazone and 10 pM
MINCH (except malonyl-CoA 10 pM MINCH treatment: p = 0.06; Fig. 3B
and. 4).

Further downstream of acetyl-CoA, the alterations in metabolite
levels within the TCA cycle of rosiglitazone-differentiated adipocytes
were divided into two parts. There were no significant changes from
citrate to a-ketoglutarate followed by a significant decrease in succinate
and a strong significant increase from fumarate to oxaloacetate
(Fig. 3B). A similar response in TCA cycle metabolites was observed in
cells treated with 10 pM MINCH, although the increase in fumarate and
malate was absent (Fig. 3B). Again, these changes in metabolite levels
were not observed at the lower concentrations of MINCH and any used
DINCH concentrations.

Pyruvate, oxaloacetate, and acetyl-CoA, along with malate, form an
important metabolic junction for de novo lipogenesis and NAPDH pro-
duction in differentiated 3T3-L1 adipocytes (Oates and Antoniewicz,
2022; Roberts et al., 2009). Changes in these metabolite levels were
analyzed along with the associated enzyme levels (ATP-citrate lyase
(ACLY), citrate synthase (CS), malate dehydrogenase (MDH1), malic
enzyme (ME) 1 and 2, pyruvate carboxylase (PC), and pyruvate dehy-
drogenase (PDH)) from the published proteome data set (Schaffert et al.,
2022). Consistent with the increased metabolite levels of pyruvate,
oxaloacetate, and acetyl-CoA in both, rosiglitazone differentiated cells
and 10 pM MINCH-treated cells, a strong induction of ACLY, PDH, PC,
and CS were observed on day 12 of treatment (Fig. 4, Supplementary
Figure 5). Moreover, protein levels of malate dehydrogenase and malic
enzyme were significantly increased by 10 pM MINCH and rosiglitazone
(Supplementary Figure 5).

However, only rosiglitazone-differentiated cells, but not cells treated
with 10 pM MINCH, showed elevated metabolite levels of malate
(Fig. 3B). Contrary to what was observed for 10 pM MINCH-treated and
rosiglitazone-differentiated cells, treatment with DINCH and low con-
centrations of MINCH resulted only in a slight and inconsistent induc-
tion of enzyme levels of the pyruvate cycle and no changes in associated
metabolite levels (Fig. 3B and. 4, Supplementary Figure 5).

In addition to intracellular metabolite levels, secretion and uptake of
lactate and the amino acids alanine, asparagine, aspartate, glutamate,
and glutamine were measured on day 12 (48 h after incubation).
Whereas glutamate, glutamine, and aspartate were taken up and
asparagine levels remained unchanged, alanine and lactate were
secreted in all treatments, including control cells (Fig. 4, Supplementary
Figure 6). For the amino acids that were consumed, the uptake was
similar to the control, except for a reduced uptake of aspartate
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(reduction was strongest with rosiglitazone, followed by MINCH; Sup-
plementary Figure 6). Lactate and alanine as end products of glycolysis
showed a significantly increased secretion in MINCH and rosiglitazone
differentiated cells compared to undifferentiated control cells (Fig. 4).
Interestingly, lactate secretion was even significantly higher in cells
treated with 10 pM MINCH compared to cells differentiated with rosi-
glitazone (Fig. 4).

In summary, MINCH in the pM concentration range affected the
glycolysis and the TCA cycle of SGSB cells similar to cells differentiated
with rosiglitazone, although the changes in metabolite levels were less
pronounced. While the effects of MINCH on the metabolome were
apparent at 10 pM by significant separation of the control treatment
(Fig. 3A), DINCH at concentrations investigated did not induce alter-
ations in metabolites of the central carbon metabolism.

3.3. Insulin response of DINCH- and MINCH-treated SGBS preadipocytes

Elevated lactate production by adipose tissue and increased lactate
plasma levels are associated with obesity and insulin resistance (DiGir-
olamo et al., 1992; Lovejoy et al., 1992). To investigate the relation
between increased lactate levels observed in MINCH-treated SGBS cells
and potential changes in insulin sensitivity, we analyzed the insulin
response  of  MINCH-treated SGBS cells compared to
rosiglitazone-differentiated cells. After prolonged treatment with
MINCH (10 nM and 10 pM), DINCH (10 nM and 10 pM), or rosiglitazone
(200 nM and 2 pM), SGSB cells were insulin starved on day 17 and
stimulated with insulin for 30 min on day 18 after glucose starvation.
Subsequently, metabolites were extracted to analyze changes in
glycolysis and PPP in comparison to treated SGBS cells without insulin
stimulation. Again, the highest accumulation of intracellular lipids was
observed for rosiglitazone-treated SGBS cells, followed by 10 pM
MINCH-treated cells (Supplementary Figure 7).

Although lipid accumulation was significantly lower in MINCH-
treated cells compared to rosiglitazone-treated cells (1.2-fold
decrease), the insulin response was almost identical for upper glycolysis

and PPP compared to rosiglitazone-treated cells (Fig. 5, Supplementary
Figure 8). The highest increase in rosiglitazone and MINCH-treated cells
was observed for fructose 1,6-bisphosphate (FBP), consistent with
literature showing that intracellular FBP concentrations correlate with
glycolytic flux rate (Tanner et al., 2018). At the beginning of lower
glycolysis, a similar insulin response was observed between MINCH and
rosiglitazone-treated cells (Fig. 5). However, this shifted towards the
lower part with PEP showing a lower fold change in MINCH-treated cells
(Fig. 5). For pyruvate, no insulin response was observed (Supplementary
Figure 8), which is presumably because intracellular pyruvate levels are
strongly affected by the external pyruvate pool in the cell culture me-
dium as seen for 3T3-L1 adipocytes (Oates and Antoniewicz, 2022). In
contrast, further downstream, the fold changes were again increased in
MINCH-treated cells for extracellular lactate levels and acetyl-CoA
levels. Whereas the insulin response for secreted lactate was similar to
that for rosiglitazone, the insulin response for acetyl-CoA was even
significantly higher in MINCH-treated cells. As expected, contrary to the
high dose of MINCH and the rosiglitazone-differentiated cells, treatment
with DINCH and the low MINCH concentration showed minimal to no
insulin response. This aligns with the absence of differentiation and the
lack of effects on central carbon metabolites (Fig. 5, Supplementary
Figures 7 and 8).

In brief, cells treated with MINCH showed a similar degree of
increased insulin response of glycolysis and PPP as rosiglitazone
differentiated cells. The effects were observed at the highest concen-
tration of 10 pM MINCH, but not at the lower concentration tested and
not in cells treated with DINCH.

3.4. Possible PPARG-independent effects of DINCH and MINCH

Binding studies using surface plasmon resonance spectroscopy and
receptor gene assay in HEK293 cells showed that MINCH can bind and
activate PPARG in the pM concentration range (Engel et al., 2018;
Schaffert et al., 2022). However, it remains unclear whether the master
regulator of adipogenesis, PPARG is the main target of MINCH or other
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nuclear receptors play an additional important role (Schaffert et al.,
2022). Thus, we aimed to elucidate the PPARG-independent effects of
DINCH and MINCH on SGBS cell metabolism. SGBS preadipocytes were
treated for 12 days with 10 pM MINCH or 10 pM DINCH and in the
presence of 10 pM of the selective PPARG inhibitor GW9662. These were
then compared to cells that received a combination treatment of rosi-
glitazone (2 pM) and 10 pM GW9662, and to control cells that were
solely treated with 10 pM GW9662. To irreversibly block PPARG, cells
were incubated with GW9662 for 1 h prior to DINCH/MINCH treatment
every 2 days.

On day 12, lipid accumulation was less prominent in Rosi + GW
treated cells (59% reduction compared to Rosi; Fig. 6A, Supplementary
Figure 9). The same was observed for the comparison of MINCH + GW-
treated cells vs. MINCH treatment alone (32% reduction compared to 10
pM MINCH; Fig. 6A, Supplementary Figure 9). However, cells treated
with rosiglitazone or MINCH while inhibited with GW9662 still showed
significantly higher lipid content than cells treated with the inhibitor
and vehicle solvents only (Rosi + GW: 126% of Ctrl + GW; MINCH +
GW: 117% of Ctrl + GW; Fig. 6A, Supplementary Figure 9 and 10A).
DAPI staining confirmed that treatment with 10 pM of GW9662 did not
affect cell viability (Supplementary Figure 10B).

Analysis of central carbon metabolism revealed that the effects on
the metabolome were strongly reduced by the inhibitor as seen in Rosi
+ GW and MINCH + GW treatment compared to the same treatments
without inhibitor (Fig. 6B). These findings were expected since PPARG is
the primary mediator of adipogenesis. Nevertheless, ROSI + GW treat-
ment showed a tendency toward elevated metabolite levels of lower

glycolysis and a significant increase in PEP, indicating higher glycolytic
activity (Fig. 6B). This was not observed in the DINCH + GW or MINCH
+ GW treatments. Strikingly, the metabolite acetyl-CoA and oxaloace-
tate were significantly elevated with MINCH + GW treatment, similar to
the effects observed without the inhibitor on metabolites of the pyruvate
cycle (Fig. 6B). A partly similar effect was observed in the Rosi + GW
treatment, whereby oxaloacetate levels were significantly elevated, but
not acetyl-CoA levels. In line with the results from treatment without
inhibitor, the effects of DINCH + GW treatment on central carbon me-
tabolites were negligible (Fig. 6B).

In addition to the effects on intracellular metabolites, changes in
extracellular metabolites were analyzed. Lactate secretion was signifi-
cantly increased in MINCH + GW treatment (Fig. 6B), as was observed in
MINCH treatment without inhibitor, but not in DINCH + GW or Rosi +
GW treatment.

In summary, the effects of MINCH and rosiglitazone were strongly
reduced in the presence of the PPARG inhibitor GW9662. However, a
slight and significant increase in lipid accumulation was observed in
Rosi + GW and MINCH + GW treatment. In addition, elevated lactate
secretion and increased levels of metabolites of the pyruvate cycle were
consistently observed in MINCH treatment even after inhibition of
PPARG. Although treatment with Rosi + GW did not show an increase in
lactate secretion, a partially similar response was observed in the py-
ruvate cycle due to the increased oxaloacetate levels.
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Fig. 6. PPARG independent effects of DINCH and MINCH on SGBS cells. (A)
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olite abundances and extracellular lactate levels of SGBS cells after 12 days of
treatment with DINCH, MINCH, or rosiglitazone (Rosi) in the presence of 10 pM
GW9662 (n = 4). Metabolite levels were normalized to the DNA content
determined by DAPI fluorescence. Data in (A) are presented as an increase or
decrease over control (Ctrl) in % and in (B) as log2 fold changes compared to
the inhibitor control (Ctrl + GW). Values are expressed as mean + SD. Welch
ANOVA followed by Games-Howell post-hoc test was performed to calculate
statistical significance; *p < 0.05, **p < 0.01, ***p < 0.001.

4. Discussion

4.1. Analysis of extra- and intracellular concentrations of DINCH and
MINCH

Considering that adipose tissue is an important endocrine organ
through the secretion of adipokines (Kershaw and Flier, 2004; Trayhurn,
2014), e.g. leptin, mediating satiety and hunger, there is growing evi-
dence that adipose tissue is sensitive to perturbations by MDCs (Bie-
mann et al., 2021; Janesick and Blumberg, 2016). Following the
restriction of the potential obesogen DEHP (European Parliament and
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the Council of the European Union, 2005; United States Congress, 2008),
there has been a shift to substitution products such as the emerging
plasticizer DINCH. However, similar to the DEHP metabolite MEHP, the
primary metabolite MINCH induced adipocyte differentiation in rat and
human adipocytes, although in the pM concentration range (Campioli
et al., 2015; Schaffert et al., 2022). Consistent with these results, we
were able to confirm that MINCH in the pM concentration range, but not
DINCH, induced lipid accumulation in human SGBS cells (Supplemen-
tary Figure 4).

To further investigate which actual concentrations cause the
phenotypical effects and whether these effects are reflected by internal
uptake of the tested chemical, we measured the concentrations of
DINCH and MINCH in our cell culture model. Analysis of the condi-
tioned medium with the chemicals before cell incubation revealed that
the solubility of DINCH was limited, unlike MINCH. The nominal con-
centration of 10 pM contained only 500 nM DINCH (Fig. 1A). Thus, it is
possible that the lack of phenotypical effects by DINCH treatment
observed in this study, as well as in previous in vitro studies, is due to the
failure to obtain sufficiently high concentrations to induce a cellular
response. Nevertheless, in the case of DEHP, which has a log Ky two
orders of magnitude lower than DINCH (DEHP log K, exp. 7.5 (Bruijn
et al., 1989); DINCH log K est. 9.8; MINCH log K, est. 5.2 (McNally
et al., 2019)) and thus a much higher water-solubility, only the metab-
olite MEHP induces adipogenesis, not the parent compound (Feige et al.,
2007). Consistent with this observation, no binding to PPARG and
activation was observed for both DEHP and DINCH, in contrast to MEHP
and MINCH (Kratochvil et al., 2019; Schaffert et al., 2022).

Measurement of DINCH and MINCH in conditioned medium after 48
h treatment of SGBS cells indicated intracellular uptake of the chemicals,
due to a 2- to 5-fold dose reduction. Several interdependent factors
including absorption to the plastic walls of the cell culture plates or
soluble proteins, degradation of the chemical, but also intracellular
uptake can lead to this dose reduction (Dimitrijevic et al., 2022). By
analyzing concentrations of DINCH and MINCH in the cell lysates after
12 days, we confirmed the cellular uptake of both DINCH and MINCH
(Fig. 1B). This uptake was concentration-dependent in a linear manner
and was observed even in cells treated with 10 nM of DINCH, where
detection in the cell culture medium before incubation was below the
LOD (<5.5 nM). We thus speculate that DINCH, due to its hydrophobic
nature, is dispersed in the cell culture medium and, even if present in
very low amounts, is readily adsorbed by the hydrophobic parts of the
adipocyte cell, such as lipids or the lipid membrane, where it can
accumulate over time. In vivo, however, current toxicokinetic data from
Wistar rats do not indicate bioaccumulation of DINCH in adipose tissue,
as it is rapidly eliminated (Langsch et al., 2018).

We further characterized the effects of DINCH exposure in our in vitro
system by analyzing possible biotransformation, which has to our in-
formation not been considered in other in vitro studies testing DINCH
before. In SGSB cells treated with 10 pM DINCH (nominal concentra-
tion), 5 nM MINCH was detected in medium supernatant after 48 h
(Fig. 2). In contrast, no conversion of DINCH to MINCH was observed
under abiotic conditions confirming that the transformation is depen-
dent on the presence of cells (Fig. 2). Similar to DINCH, the metabo-
lization of DEHP to MEHP was characterized previously (Schaedlich
et al., 2018), matching the transformation rate of DINCH observed here.

We suggest that the extracellular phase I biotransformation of
DINCH is mainly due to the cell-surface associated lipoprotein lipase
which is a known factor for the hydrolysis of phthalates and charac-
teristically expressed in SGBS cells (Gonzales and Orlando, 2007; Harris
etal., 2016; Wabitsch et al., 2001). The presence of the highly abundant
lipases ATGL, HSL, and MGL in SGBS cells necessary for lipolysis pro-
vides additional intracellular biotransformation capacity (Kalkhof et al.,
2020).

Analysis of intracellular concentrations revealed that after 12 days of
treatment with 10 pM DINCH, MINCH is detected at a similar concen-
tration level to SGBS cells treated with approximately 37 nM MINCH for
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12 days (Fig. 2). This concentration range explains the absence of
MINCH-induced effects in DINCH-treated SGBS cells as no phenotypical
changes were observed by the 10 nM and 100 nM MINCH treatment.

Further biotransformation of MINCH into the secondary metabolites
0x0-MINCH, OH-MINCH, and cx-MINCH could not be detected in SGBS
cells treated with 10 pM of the DINCH-conditioned medium. We hy-
pothesize that this is due to the limited solubility of DINCH and the slow
conversion rate of DINCH to MINCH (1:100 of the original dose after 48
h). However, in SGBS cells treated with 10 pM of the conditioned
MINCH medium, we observed low concentrations of OH-MINCH in the
supernatant after 48 h and intracellularly at day 12, which is consistent
with the fact that SGBS cells express cytochrome P450 family enzymes
capable of performing these oxidation reactions (Kalkhof et al., 2020; Li
et al., 2014). Nevertheless, the further biotransformation capacity of
SGBS cells is limited, as the conversion rate (1:6000 of the original dose
after 48 h) is an order of magnitude lower than the conversion of DINCH
to MINCH. This is consistent with the observations of Schaedlich et al.
who observed only minimal conversion of DEHP to the oxidized DEHP
metabolites (Schaedlich et al., 2018).

Our results highlight the importance of determining the absolute
concentrations and the analysis of the biotransformation process for
studying new chemicals by in vitro toxicology assays (Fischer et al.,
2018).

4.2. Effects of MINCH and DINCH on adipocyte metabolism

After confirming that the phenotypic changes were in accordance
with the intracellular uptake of the plasticizers, we investigated the ef-
fects of DINCH and MINCH on the central carbon metabolism in adi-
pocytes, since our previous study indicated a strong effect on the cellular
metabolism on proteome level (Schaffert et al., 2022) without deci-
phering the affected metabolites.

Comparison of SGBS cells differentiated with rosiglitazone to the
untreated control revealed a strong increase in metabolite levels in the
core metabolic pathways glycolysis, PPP, and parts of the TCA cycle
(fumarate to oxaloacetate; Fig. 3B). The observed increase in metabolite
levels indicates a higher metabolic activity, i.e. flux through these
pathways. This is consistent with the observations of Roberts et al. and
Oates and Antoniewicz, who analyzed the differentiation process of 3T3-
L1 cells and found an upregulation of metabolite levels (Roberts et al.,
2009) as well as an increased flux through glycolysis, PPP, and the TCA
in differentiated adipocytes (Oates and Antoniewicz, 2022). Similar to
rosiglitazone, we observed increased metabolite levels of lower glycol-
ysis, lactate, acetyl-CoA, and oxaloacetate in cells treated with 10 pM
MINCH (Fig. 3B).

Thus, we partially observed a similar metabolic response of MINCH
at a concentration of 10 pM compared to rosiglitazone. In contrast,
neither the lower concentrations of MINCH nor DINCH were able to
induce significant metabolic changes compared to control cells. Since
metabolite levels of glycolysis, PPP, and TCA are strongly altered during
differentiation, reflecting altered pathway usage and increased flux
(Oates and Antoniewicz, 2022; Roberts et al., 2009), this lack of meta-
bolic response is probably due to the inability to induce adipogenesis of
human SGBS cells (Supplementary Figure 4). In addition, the lower
concentrations of MINCH and DINCH showed a higher variance in the
measured metabolite levels of the central carbon metabolism (Fig. 3A).
Although these treatments lack PPARG-agonistic activities that are
crucial for complete differentiation, other additives to induce differen-
tiation such as dexamethasone and IBMX are present, which alone
induce minimal differentiation of the SGBS cells as previously described
(Schaffert et al., 2022). Thus, the higher variance observed probably
reflects that the cells were in an intermediate state, i.e. neither fully
preadipocyte nor mature adipocyte.

Interestingly, the most significant metabolic change in glycolysis
observed in cells treated with 10 pM MINCH and rosiglitazone-
differentiated cells was the increase in Gro3P levels (Fig. 3B). Gro3P
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plays an important role in adipocytes in the synthesis of triglycerides
from fatty acids and the re-esterification of non-esterified fatty acids
(Beale et al., 2003). It has been shown that the insulin-sensitizing effect
of thiazolidinediones (TZDs) such as rosiglitazone occurs through acti-
vation of a futile cycle of triglyceride hydrolysis and re-synthesis
involving increased production of Gro3P by glycolysis or glyceroneo-
genesis (Guan et al., 2002; Tordjman et al., 2003). Remarkably, the
upregulation of glyceroneogenesis in primary human adipocytes by
MEHP has been described and associated partly with its potential obe-
sogenic effects, similar to the weight gain induced by TZD treatment
(Ellero-Simatos et al., 2011). Elevated levels of the precursors for glyc-
eroneogenesis, pyruvate, lactate, and alanine, observed in this study and
the recently reported upregulation of the gluconeogenesis pathway by
treatment with 10 pM MINCH (Schaffert et al., 2022), indicate that
MINCH induces glyceroneogenesis in SGBS cells similar to rosiglitazone.
Thus, MINCH might act similarly to MEHP on adipocyte metabolism.
Downstream of glycolysis, the observed difference in TCA cycle
response by the rosiglitazone and the 10 pM MINCH treatment (Fig. 3B)
is similar to the observation by Krycer et al. in 3T3-L1 metabolism after
insulin stimulation. The increased metabolite levels of fumarate and
malate were accounted to pyruvate anaplerosis by pyruvate carboxylase
(PC) (Krycer et al., 2017). Indeed, the elevated levels of fumarate to
oxaloacetate in rosiglitazone-differentiated cells and oxaloacetate in
MINCH-treated cells treatment are indicative of the anaplerotic flux of
pyruvate into the TCA cycle. This was confirmed by the strongly induced
enzyme levels of PC reported for MINCH-treated and
rosiglitazone-differentiated cells (Supplementary Figure 5) (Schaffert
et al., 2022). Several metabolome studies using 3T3-L1 adipocytes have
shown that pyruvate anaplerosis by PC is important for fatty acid
biosynthesis and a hallmark of adipocyte differentiation (Krycer et al.,
2017; Liu et al., 2016; Oates and Antoniewicz, 2022; Si et al., 2009).
In addition to PC, induction of ACLY, PDH, and CS was observed
(Supplementary Figure 5). Together with increased acetyl-CoA and py-
ruvate levels, this suggests upregulation of the pyruvate cycle, which is
relevant for the concerted production of NAPDH and generation of the
fatty acid precursors acetyl-CoA (Liu et al., 2016; Oates and Antonie-
wicz, 2022). Thus, the interplay between the supply of acetyl-CoA and
anaplerotic replenishment of the TCA cycle is an important driver of de
novo lipogenesis induced by MINCH and rosiglitazone in SGBS cells.

4.3. Insulin response of DINCH- and MINCH-treated SGBS preadipocytes

In contrast to the similarities in central carbon metabolism observed
between rosiglitazone and MINCH, we found differences in the secretion
of lactate. Cells treated with 10 pM MINCH had 19% higher lactate
secretion than cells treated with rosiglitazone (Fig. 4). Lactate produc-
tion is an important metabolic feature of adipocytes (Krycer et al., 2020)
and adipose tissue is known to be a major producer of lactate (DiGir-
olamo et al., 1992). Analysis of lactate production by human adipose
tissue has shown that up to 60%-80% of metabolized glucose is con-
verted to lactate (Mérin et al., 1987). Importantly, increased lactate
adipocyte production by adipose tissue and elevated plasma lactate
concentrations in humans are associated with obesity and insulin
resistance (Chen et al., 1993; DiGirolamo et al., 1992; Lin et al., 2022).

We thus tested the short-term metabolic insulin response of MINCH-
treated cells and compared it to rosiglitazone-differentiated cells.
Overall, the insulin response of glycolysis and PPP was similar between
MINCH-treated and rosiglitazone-differentiated cells (Fig. 5). Differ-
ences were observed for PEP and acetyl-CoA, which showed decreased
and increased fold-change by MINCH treatment, respectively. This
suggests that MINCH-treated cells divert higher PEP levels towards
acetyl-CoA upon insulin stimulation.

In conclusion, we did not observe differences in the insulin response
of MINCH-treated SGBS adipocytes to rosiglitazone-differentiated adi-
pocytes, indicating that MINCH treatment does not induce insulin
resistance. Nevertheless, future work should investigate whether known
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adipogenic chemicals could lead to higher lactate secretion in adipo-
cytes as well as in adipose tissue in vivo or explants ex vivo. Since
adipocyte-derived lactate has recently been shown to act as a signaling
molecule that promotes macrophage inflammation and thereby induces
insulin resistance in mice and humans (Feng et al., 2022), this may
contribute to the understanding of whether MDCs induce adipose tissue
inflammation and insulin resistance via this mechanism.

4.4. PPARG-dependent and -independent effects of DINCH and MINCH

Earlier studies have shown that MINCH is the bioactive metabolite
promoting adipogenesis via binding and activation of the nuclear hor-
mone receptor PPARG (Campioli et al., 2015; Schaffert et al., 2022).
Furthermore, co-crystallization of human PPARG with MINCH recently
confirmed that MINCH binds similarly to MEHP to the AF-2 site of the
ligand binding pocket and thereby stabilizes it in an active conformation
required for co-activator interaction (Useini et al., 2023). However,
Campioli et al. suspected that PPARA and not PPARG is the main initi-
ator of MINCH effects, based on their observation that the
adipogenesis-inducing effect of MINCH was blocked by a PPARA
antagonist and only partially by a PPARG antagonist.

We investigated the effects induced by MINCH in the presence of 10
pM of the selective PPARG inhibitor GW9662. Lipid accumulation and
metabolic effects by MINCH were markedly reduced under PPARG in-
hibition (Fig. 6), suggesting that the adipogenesis-inducing effect of
MINCH is mainly PPARG-dependent. Nevertheless, lipid accumulation
was still significantly higher in cells treated with MINCH and the in-
hibitor than in cells treated with the inhibitor alone (Fig. 6A, Supple-
mentary Figure 9). At the metabolic level, the significantly elevated
acetyl-CoA and oxaloacetate levels upon MINCH treatment in the pres-
ence of the inhibitor were indicative of an upregulated pyruvate cycle as
in treatment without inhibitor (Fig. 6B). Similarly, lactate secretion was
significantly upregulated by MINCH treatment in the presence of the
inhibitor (Fig. 6B). Taken together, this suggests that MINCH exerts its
effects on adipocyte metabolism at least to a small part via a PPARG-
independent mechanism such as via PPARA. In 3T3-L1 adipocytes,
activation of PPARA induced adipogenesis in the absence of lipid
accumulation, similar to what was observed here (Goto et al., 2011). In
addition, it was recently reported that activation of PPARG target genes
alongside activation of PPARA target genes was induced by MINCH
treatment in SGBS cells (Schaffert et al., 2022). Furthermore, Engel et al.
observed a concentration-dependent induction of PPARA activity in a
GAL4-UAS reporter gene assay (Engel et al., 2018). Because PPARG and
PPARA share structural similarities and overlapping transcriptional ac-
tivities (Tachibana et al., 2005; Xu et al., 2001), further studies are
needed to dissect the precise role of PPARA in the adipogenesis-inducing
effect of MINCH and to determine whether other nuclear receptors
might play additional roles.

Similar to MINCH treatment in the presence of the inhibitor, we
observed significantly higher lipid content in cells treated with rosigli-
tazone and GW9662 compared to cells treated with the inhibitor alone
(Fig. 6A, Supplementary Figure 9). This is unexpected since rosiglita-
zone is mainly described as a selective PPARG agonist. We ensured
irreversible PPARG inhibition by using a concentration of 10 uM and
adding GW9662 regularly every other day before treatment. Thus, our
observation suggests a possible PPARG-independent mechanism of lipid
induction by rosiglitazone. Although PPARG-independent effects of
rosiglitazone have already been described on breast tumor cells in the
context of tumor growth (Seargent et al., 2004) and on renal tubules in
the context of glucose metabolism (Derlacz et al., 2008), to our knowl-
edge PPARG-independent effects of rosiglitazone on adipocytes are
lacking, indicating the need for further investigation of this hypothesis.

An important question for assessing the safety of chemicals by in vitro
toxicology is whether the observed effects of the tested chemical occur at
environmentally relevant concentrations. Due to the steadily increasing
use of DINCH, several biomonitoring studies show an increase in urinary
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concentrations of DINCH metabolites, especially in the EU and the USA
(Gyllenhammar et al., 2017; Schiitze et al., 2014; Silva et al., 2013).
Recent exposure data from the HBM4EU project show that the geometric
mean value of DINCH metabolites in the urine of children in Europe is
3.57 pg/L and of adolescents in Europe 2.51 pg/L (Vogel et al., 2023).
These concentrations are three orders of magnitude lower than the
MINCH concentration at which adipogenesis-promoting effects were
observed in our study. While urine biomonitoring is well established,
concentrations of DINCH and its metabolites in human serum that even
better approximate the concentrations expected in adipose tissue are
lacking to date. Studies that analyzed serum concentrations of DEHP
metabolites in adult men and women showed that they are detected in
the low nM range (2-10 nM) (Hogberg et al., 2008; Specht et al., 2014).
In our study, we did not observe any effects of MINCH in this low con-
centration range, but only in the low M range, which is unlikely to be
reached in the general population in vivo.

Thus, the high doses of MINCH may be only relevant under specific
exposure conditions. As DINCH is used as a substitute for DEHP in
medical devices, medical treatment may result in much higher exposure
than that of the general population (Simunovic et al., 2022). In ICU
patients, exposure to DEHP was ~100-1000-fold higher compared to the
general adult population, with DEHP metabolites reaching serum levels
of >10 pM (Huygh et al., 2015). However, since these are only human
serum values for DEHP metabolites and a lower migration of DINCH
compared to DEHP from blood bags was observed (Zhong et al., 2013),
this underlines the need to analyze the concentrations of DINCH and its
metabolites in human serum (general population and intensive care
patients). In addition, experimental validation and determination of
other data relevant to the determination of bioavailability is required,
such as the proportion of protein-bound MINCH, which is currently only
estimated (McNally et al., 2019). Taken together, these values could
further improve the currently developed pharmacokinetic models for
DINCH (Espié et al., 2009; McNally et al., 2019) and lead to a more
accurate estimate of the absolute concentrations of DINCH and its me-
tabolites in human adipose tissue.

In addition to determining serum levels, further studies are needed to
assess whether MINCH may contribute to the effects of chemical mix-
tures and whether synergistic effects of plasticizer mixtures containing
MINCH could lead to a potential obesogenic effect in vivo (Carpenter
et al., 2002; Ghisari and Bonefeld-Jorgensen, 2009).

Overall, no adipogenic capacity of MINCH was observed in human
SGBS cells at environmentally relevant concentrations. This is consistent
with the results of previous in vivo studies, including a two-generation
study, repeated-dose toxicity studies, and a combined chronic and
carcinogenic study in Wistar rats, in which no weight-promoting effects
were observed (Harmon and Otter, 2022; Langsch et al., 2018). Simi-
larly, no increased fat pad weight or total weight was observed after in
utero DINCH exposure of Sprague-Dawley rats at postnatal day 60 and
200 (Campioli et al., 2017). In the absence of specific test methods for
metabolic disruption and in light of the 3R principles for animal testing,
our method could therefore serve as NAM (Braeuning et al., 2023;
Schmeisser et al., 2023) for the assessment of adipogenic effects.

5. Conclusion

By combining in vitro concentration analysis and targeted metab-
olomics of human SGBS cells exposed to DINCH and MINCH, our study
provides insights into how analysis of the core metabolism of human
adipocytes could serve as a method for assessing the potential adipo-
genic capacity of chemicals. Treatment of human SGBS adipocytes
revealed a linearly dependent cellular uptake of DINCH and MINCH, as
well as biotransformation of DINCH to MINCH and MINCH to OH-
MINCH (Fig. 7). Intracellular uptake of MINCH, but not DINCH, was
associated with metabolic rewiring in central carbon metabolism to-
wards lipid accumulation and induction of adipogenesis primarily
through upregulation of the pyruvate cycle (Fig. 7).
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Fig. 7. Analysis of the effects of DINCH and MINCH on human adipocyte
metabolism. Cellular uptake of DINCH and MINCH, as well as biotransforma-
tion of DINCH to MINCH, was validated in SGBS preadipocytes. After cellular
uptake, MINCH leads to upregulation of the pyruvate cycle via PPARG-
dependent and independent mechanism thereby shifting metabolism towards
adipogenesis and lipid accumulation. In addition, elevated lactate secretion was
induced by MINCH treatment. However, the effects of MINCH were only
observed in the uM concentration range, which is three times higher than the
concentration of other phthalate plasticizers found in human serum. The
absence of effects at more physiologically relevant concentrations is thus
consistent with the results of previous in vivo studies and emphasizes that our
method may be a potential NAM for the assessment of adipogenic effects. CS —
citrate synthase, MDH — malate dehydrogenase, ME — malic enzyme, PC - py-
ruvate carboxylase, PDH - pyruvate dehydrogenase (red arrows — elevated
metabolite level; red marked protein name — elevated enzyme level).

However, the changes upon treatment with MINCH were only
observed in the pM concentration range, which is three orders of
magnitude higher than concentrations of phthalate plasticizers found in
human serum. More physiologically relevant MINCH concentrations in
the low nM range showed no adipogenesis-promoting effects, which is
consistent with current in vivo results. Nevertheless, further research is
needed to analyze whether MINCH could contribute to the cumulative
effects of chemical mixtures. Considering the lack of tests to identify
metabolism-disrupting effects of chemicals, this highlights that our
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method could be used as a NAM for the assessment of potential adipo-
genic properties of chemicals and help to avoid animal studies.
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