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• MINCH acts mainly at µM levels but has 
slight effects in preadipocytes at nM 
levels

• MINCH rewired metabolism towards 
lipid synthesis in human preadipocytes

• MINCH induced browning in mature 
human adipocytes

• Effects resembled PPARγ agonist rosi
glitazone but appeared partly PPARγ- 
independent
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A R T I C L E  I N F O

Keywords:
Plasticizer
DINCH
New Approach Methodology
Metabolic disruption
13C metabolic tracing

A B S T R A C T

Human exposure to certain environmental chemicals, including phthalates, is linked to metabolic disruption and 
may thereby contribute to diseases like obesity. However, regulatory methods to evaluate such effects are 
lacking. DINCH was introduced as a substitute for banned phthalate plasticizers, but its primary metabolite, 
MINCH, has been shown to promote adipogenesis in human preadipocytes and alter the lipid metabolism of 
mature adipocytes. To investigate its potential metabolism-disrupting effects, we assessed changes in the central 
carbon metabolism activity of human preadipocytes and mature adipocytes by 13C metabolic tracing. In pre
adipocytes, MINCH increased glycolysis, pentose phosphate pathway activity, acetyl-CoA production from 
glucose and glutamine, and pyruvate anaplerosis, indicating a metabolic shift toward adipogenesis. In mature 
adipocytes, MINCH enhanced glycolysis, glyceroneogenesis, fatty acid oxidation, and oxidative TCA cycle ac
tivity, pathways associated with the browning of adipocytes. Elevated UCP1 expression confirmed MINCH- 
induced browning. Most pronounced effects occurred at micromolar concentrations, whereas subtle changes 
were already observed at nanomolar concentrations in preadipocytes, the biological relevance of which should 
be further investigated. Overall, our findings demonstrate the utility of 13C metabolic tracing as a New Approach 
Methodology for detecting chemical-induced metabolic alterations, thus providing a new perspective for the 
hazard and risk assessment of environmental contaminants.

1. Introduction

Between 1990 and 2022, the global age-standardized prevalence of 
obesity more than doubled in adult women and men [1]. This increase in 
prevalence rates is associated with a rise in serious illnesses and a 
high-cost burden for the public health system [2], as obesity is a key 
cause of several comorbidities, including type 2 diabetes (T2D) and fatty 
liver disease [3,4]. While genetics play a significant role in the patho
genesis of obesity, with heritability reaching up to 70 % in twin studies 
[5,6], lifestyle factors such as reduced physical activity [7] and 
increased consumption of energy-dense, ultra-processed food [8,9] also 
contribute. Besides genetic factors, emerging evidence suggests that 
exposure to certain environmental chemicals might further promote 
obesity or metabolic diseases [10–12]. Mechanistically, these chemicals 
primarily act by interfering with the endocrine system, thereby dis
rupting central metabolic processes and leading to the development of 
metabolic diseases [13]. Hence, they are referred to as 
metabolism-disrupting chemicals (MDCs) [13]. White adipose tissue 
(WAT) is a key target for MDCs as it is essential for maintaining energy 
homeostasis through lipid storage and release, and as an endocrine 
organ through the secretion of adipokines such as leptin, involved in the 
regulation of hunger and satiety [14,15]. MDCs may alter white adipose 
tissue function by promoting adipocyte differentiation [16,17], modu
lating the number and size of adipocytes [18], inducing a dysfunctional 
adipocyte state with impaired insulin sensitivity [19], altering adipo
kine secretion profiles [17,20], as well as changing the ratio of visceral 
to subcutaneous adipose tissue [21]. Apart from the effects on WAT, 
MDCs have also been shown to affect thermogenic fat depots such as 
brown adipose tissue (BAT) and brite adipocytes, which are white adi
pocytes that acquire brown-like characteristics through a process known 
as browning [22,23]. Both brown and brite adipocytes express uncou
pling protein 1 (UCP1), which mediates non-shivering thermogenesis 
and is therefore important for whole-body energy expenditure [22]. 
MDCs may suppress thermogenic activity by reducing UCP1 expression 
or promoting the whitening of BAT [24,25], and conversely, enhance 
thermogenic activity by increasing UCP1 expression in BAT [26] or 
inducing the browning of WAT i.e., the formation of brite adipocytes 
[27].

The rise in global plastic production and the ubiquitous presence of 
plastic materials have increased human exposure to plastic additives 
[28,29], particularly to phthalates, which dominate the global plasti
cizer consumption [30]. Several studies suggest that certain phthalates, 
such as DEHP, have obesogenic properties [10,31], and elevated human 
exposure is positively associated with measures of obesity [32]. The 
primary metabolite of DEHP, MEHP, induced adipogenesis in murine 
and human adipocytes [33,34] and increased fat mass, altered serum 

adipokine and lipid levels [35–37], induced adipocyte hypertrophy 
[37], and impaired insulin sensitivity [35] in mice in vivo.

Following the restriction of DEHP and other phthalates in the EU and 
the US [38,39], there has been a shift towards the use of replacement 
products [40]. The cyclohexanoate plasticizer DINCH was introduced 
for use in sensitive applications and food contact materials [41]. 
Nonetheless, in vitro studies have shown that MINCH, the primary 
metabolite of DINCH, induces adipogenesis in rat and human pre
adipocytes and alters adipokine secretion and lipid metabolism of 
mature human adipocytes [42,43]. Similar to MEHP [33,36,44], these 
effects appear to be mainly mediated by activation of the nuclear hor
mone receptor peroxisome proliferator-activated receptor gamma 
(PPARγ) [42,45,46], one of the master regulators of adipogenesis. 
However, application studies performed according to OECD guidelines 
did not reveal any obesogenic effect of DINCH in Wistar rats [47]. In 
line, dietary DINCH-exposed C57BL/6 N mice showed no increase in 
weight gain or changes in body composition, but an increase in adipo
cyte size in visceral adipose tissue and significant sex-specific effects on 
serum lipid levels with impaired insulin sensitivity, and alterations in 
protein levels of serum, liver, and adipose tissue related to energy 
metabolism [48]. Given these results and the limited number of studies, 
the metabolism-disrupting properties of DINCH warrant further 
investigation.

As the internationally applied OECD guidelines for testing chemicals 
are currently not specifically designed for assessing metabolism- 
disrupting properties, there is a need for the development of new 
assessment strategies to analyze DINCH and other emerging chemicals 
[49]. To reduce traditional animal-based methods, New Approach 
Methodologies (NAMs) such as omics-based techniques and in vitro 
testing systems should be prioritized [49,50]. Apart from tran
scriptomics [51] and proteomics [52], metabolomics is emerging as a 
sensitive method for studying metabolism-disrupting properties of 
chemicals [53–55], especially as changes in metabolites are highly 
reflective of phenotypic changes [56].

We recently used metabolomics in human SGBS cells to analyze the 
effects of DINCH and MINCH on preadipocytes [57]. However, our 
method has so far relied on measuring changes in metabolite levels, 
which do not necessarily relate to changes in pathway activity. To 
overcome this limitation, we applied 13C metabolic tracing to infer the 
pathway activity of the central carbon metabolism in human adipocytes 
upon chemical exposure. DINCH and MINCH exposure was performed in 
preadipocytes to analyze effects on adipogenesis and in mature adipo
cytes to assess effects on differentiated adipocytes.

Changes in pathway activity of the central carbon metabolism were 
analyzed after incubation for 3 and 24 h with three carbon tracers. 
[U-13C]glucose tracer was selected to analyze glycolysis and pentose 
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phosphate pathway (PPP) activity, glucose contribution to the tricar
boxylic acid (TCA) cycle, and pyruvate carboxylase-mediated anaple
rosis [58]. [U-13C]glutamine assessed glyceroneogenesis activity, the 
glutamine contribution to the TCA cycle, the oxidative flow through the 
TCA, the reductive carboxylation via isocitrate dehydrogenase (IDH) for 
lipid synthesis, and the cycling of metabolites through the TCA cycle 
[58,59]. [1,2-13C]glucose labeling validated glycolysis and PPP activity 
and distinguished their contribution to glucose metabolism (i.e., 
glycolysis and PPP) through PPP-associated carbon loss [58,60].

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). Mono-isononyl-cyclohexane-1,2- 
dicarboxylate (MINCH), cyclohexane-1,2-dicarboxylic acid mono
carboxyisooctyl 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 ob
tained from Toronto Research Chemicals (Cat.No. C987305, 95 % pu
rity; C987315, 96 % purity; H949710, 98 % purity; and M329200, 97 % 
purity; Toronto, ON, Canada). Synthesis information and the exact iso
mer composition of DINCH were not disclosed by the manufacturer. For 
all cell culture experiments, the 4-methyloctyl isomer of MINCH was 
used. Phthalic acid mono-2-ethylhexyl ester (MEHP), purchased from 
Sigma Aldrich (Nürmbrecht, Germany), was used as an internal standard 
for MS measurement of DINCH and its metabolites. The cell culture 
medium for all adipocyte cultivation was DMEM/F12 cell medium (1:1) 
(Cat.No. 11320033; Thermo Fisher Scientific, Waltham, MA, USA). The 
customized medium (Thermo Fisher Scientific, Waltham, MA, USA) for 
the stable isotopic labeling experiment did not contain glucose, pyru
vate, glutamine, glutamate, alanine, serine, glycine, and aspartate. 
[U-13C]glucose (99 %) and [1,2-13C]glucose (99 %) were purchased 
from Sigma Aldrich (99 %, St. Louis, MO, USA) and [U-13C]glutamine 
(99 %) from Cambridge Isotope Laboratories (Tewksbury, MA, USA).

2.1. Cell cultivation and labeling experiment

The human Simpson-Golabi-Behmel syndrome (SGBS) preadipocyte 
cell strain, which were derived from the subcutaneous adipose tissue of a 
male human infant with SGBS, was used as a human adipocyte model 
system [61]. The SGBS cells were provided by Prof. Martin Wabitsch’s 
laboratory at the University Hospital Ulm and cultivated in 0 F medium 
(containing 33 µM biotin, 17 µM pantothenate, 100 µg/mL strepto
mycin, and 100 IU/mL penicillin) with 10 % FCS (Gibco, Carlsbad, CA, 
USA) at 37 ◦C and 5 % CO2 in 95 % humidity. Cultivation was carried out 
in cell culture products from TPP (Trasadingen, Switzerland) and Sar
stedt (Nümbrecht, Germany). Both companies declared their cell culture 
products ‘plasticizer-free’.

SGBS adipocytes were maintained and differentiated according to 
the standard protocol described previously [61]. Briefly, SGBS pre
adipocytes were grown to confluence and differentiated by adding 
QuickDiff medium (serum-free 0 F medium supplemented with 2 µM 
rosiglitazone, 25 nmol/L dexamethasone, 0.5 mmol/L 3-isobutyl-1-me
thylxanthine, 0.1 μmol/L cortisol, 0.01 mg/mL transferrin, 0.2 nmol/L 
triiodothyronine, and 20 nmol/L human insulin). After 4 days, the me
dium was exchanged with 3FC medium (serum-free 0 F medium sup
plemented with 0.1 μmol/L cortisol, 0.01 mg/mL transferrin, 0.2 
nmol/L triiodothyronine, and 20 nmol/L human insulin).

To assess the effects of MINCH on adipogenesis, preadipocytes were 
cultivated in 12-well plates and treated for 12 days with differentiation 
media without the PPARγ agonist rosiglitazone, supplemented with 
10 nM and 10 µM MINCH (Figure S1A). The lower dose of 10 nM MINCH 
was selected as it corresponds to the concentrations of metabolites of 
phthalate plasticizers found in human serum [62] and values for DINCH 
metabolites in human serum are missing so far. The higher 

concentration was selected to consider a high exposure scenario, e.g., 
after medical treatment, as it has been shown for the phthalate plasti
cizer DEHP that blood levels up to 100–1000 times higher than in the 
general population can occur [63]. Effects of DINCH on adipogenesis 
were not assessed because no effects on the metabolism of treated SGBS 
preadipocytes were observed, as previously described [57]. To obtain a 
positive differentiation control, SGBS cells were exposed to rosiglita
zone. The effects were compared to untreated control SGBS cells. 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 cell culture media. The cell culture medium was 
exchanged every second day for continuous exposure simulation.

For studying the effects on mature adipocytes, all cells were differ
entiated according to the standard protocol until day 12 (Figure S1B) 
[61]. Cells were treated with 10 nM and 10 µM MINCH, as well as 10 µM 
DINCH, until day 20, alongside the control of rosiglitazone exposure and 
the untreated control. Although DINCH solubility is limited and no ef
fects on preadipocyte metabolism were observed [57], effects of DINCH 
on the metabolism of mature adipocytes were analyzed, as previous 
proteome analysis indicated changes following 10 nM DINCH treatment 
of SGBS cells [42].

For isotopic labeling experiments, treated cells were first insulin- 
starved 16 h before day 12 or day 20, respectively. Subsequently, the 
medium was replaced with 3FC medium prepared with customized 
DMEM/F12 in which either glucose or glutamine was replaced with the 
respective stable isotope-labeled analog [1,2-13C]glucose, [U-13C] 
glucose or [U-13C]glutamine, respectively, and conditioned according to 
the treatment (DINCH, MINCH rosiglitazone or control). All labeling 
media were supplemented with insulin (20 nM) to stimulate glucose 
uptake and lipid synthesis, thereby promoting metabolic activation 
[64]. This approach was chosen to enhance 13C tracer incorporation and 
facilitate the detection of treatment-induced changes in metabolic 
pathway activity. Cells were treated for 3 and 24 h with each label prior 
to metabolite extraction. Analysis of RNA, protein, and metabolite 
abundances was performed similarly by treating the cells for 3 and 24 h 
with 3FC medium prepared with customized DMEM/F12 without 13C 
label and conditioned according to the treatment. All cell culture ex
periments were performed with n = 4 replicates.

2.2. Lipid staining and droplet size determination

Oil Red O staining and DAPI/Nile red staining were used to assess 
lipid accumulation [42]. Briefly, cells were washed with PBS and fixed 
with 4 % formaldehyde for 3 h at RT. After removing the formaldehyde 
solution, cells were again washed with PBS and subsequently stained 
with 1 µg/mL DAPI, 1 µg/mL Nile red, and 0.2 % (w/v) saponin in PBS 
for 15 min. After washing with PBS 3x, the fluorescence was recorded at 
360/485 nm (Ex/Em) for DAPI and 485/530 nm (Ex/Em) for Nile red on a 
Synergy™ HT plate reader (BioTek, Winooski, VT, USA). The non-polar 
lipid concentration (Nile red fluorescence) is expressed as averaged 
relative fluorescence units (RFU) in % of the untreated solvent control. 
For visualization of lipids via Oil Red O staining, fixed cells were stained 
with filtered Oil Red O working solution (0.1 % w/v in 40 % iso
propanol) for 30 min at RT, followed by 3x washing with PBS. Images of 
stained cells in PBS were captured at 10 ×magnification using a Visi
Scope® IT415 PH equipped with a VisiCam® P6 digital camera (VWR, 
Radnor, PA, USA). The lipid droplet area of the treated mature adipo
cytes was assessed manually 24 h after incubation with conditioned 
DMEM/F12 without 13C label in ImageJ (NIH, Bethesda, MD, USA) by 
analyzing 4 images per treatment.

2.3. Extraction of DINCH, MINCH, intracellular, and extracellular 
metabolites

Following treatment, 1 mL medium from each condition was 
collected and centrifuged at 10,000 g and 4 ◦C for 10 min. After 
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transferring 300 µL of the supernatant into a new tube, the metabolites 
were extracted by MeOH/chloroform/water (1/1/1), (v/v/v). MeOH 
(-20 ◦C) and ice-cold H2O were spiked with 100 nM MEHP and 40 µM 
d6-glutarate, respectively. 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 
and evaporated to complete dryness (Concentrator plus, Eppendorf, 
Hamburg, Germany). After removing the supernatant, the SGBS cells 
were washed twice with 1 mL NaCl. Subsequently, the metabolism was 
quenched by adding MeOH (-20 ◦C) with 100 nM MEHP and ice-cold 
H2O with 10 µM d6-glutarate to the cells in equal amounts. Cells were 
scraped and transferred into a new tube with chloroform (-20 ◦C). 
Samples were shaken (1400 rpm, 4 ◦C, 20 min) and subsequently 
centrifuged at 18,000 g and 4 ◦C for 5 min. Both the polar and non-polar 
fractions were collected and evaporated to complete dryness (Concen
trator plus, Eppendorf, Hamburg, Germany). All samples were stored at 
− 80 ◦C until further analysis.

2.4. Targeted LC-MS/MS measurement

Extracted metabolites in the polar fraction from supernatant and cell 
pellet were analyzed by an adapted LC-MS/MS method described by 
Buescher et al. [65]. Each sample from the supernatant and cell pellet 
was resuspended in 112.5 µl and 80 µl H2O, respectively. Prior to mea
surement, 10 µl was injected onto an Agilent 1290 II Infinity UPLC 
system (Agilent Technologies Inc., Santa Clara, CA, USA) coupled 
on-line with a QTRAP® 6500 +mass spectrometer (Sciex, Framingham, 
USA). Metabolites were separated on an XSelect HSS T3 XP column 
(2.1 ×150 mm, 2.5 µm, 100 Å; Waters, Milford, MA, USA) connected to 
an XP VanGuard® cartridge (HSS T3, 2.1 ×5 mm, 2.5 µM; Waters, Mil
ford, MA, USA). Mobile phase A and mobile phase B were 10 mM trib
utylamine, 10 mM acetic acid, 5 % methanol, and 2 % 2-propanol (pH 
7.1) in water and 100 % 2-propanol, respectively. The chromatographic 
non-linear gradient is detailed in Table S1. The autosampler was set at 5 
◦C, and the column oven was kept at 40 ◦C. Mass spectrometric mea
surement was performed in negative ionization mode. For identification 
and quantitation, a scheduled multiple reaction monitoring (MRM) 
method was used with specific transitions for each metabolite and iso
topologue. Data acquisition was performed using the Analyst® software 
(v. 1.7.0), and peak integration was done in SciexOS® Software (v. 
3.0.0, Sciex). All isotopologue measurement values were corrected for 
1.1 % of 13C-natural abundance by the R-based IsoCorrectoR tool [66].

2.5. Quantification of DINCH, MINCH, and secondary metabolites

Prior to measurement, non-polar fractions of both the extracted su
pernatant and cell pellets were re-dissolved in 35 µL MeOH, followed by 
35 µL H2O. Each sample (10 µl) was injected into an Agilent 1290 II 
Infinity UPLC system (Agilent Technologies Inc., Santa Clara, CA, USA) 
coupled on-line with a QTRAP® 6500 +mass spectrometer (Sciex, 
Framingham, USA). Chromatographic separation was achieved at 40 ◦C 
with an Acquity UPLC BEH Shield RP18 column (2.1 mm×100 mm, 
1.7 µm, 130 Å) connected to a VanGuard® precolumn (Acquity UPLC 
BEH Shield RP18, 2.1 mm×5 mm, 1.7 µm) with A: water + 0.05 % for
mic acid and B: ACN + 0.05 % formic acid as mobile phases. The chro
matographic gradient was as follows: 0–1.0 min at 20 % B with 0.4 mL/ 
min, 1.0–2.5 min 20–50 % B with 0.4 mL/min, 2.5–6.5 min 50–95 % B 
with 0.4–0.6 mL/min, 6.5–10.0 min at 95 % B with 0.6 mL/min, 
10.0–11.0 min 95–20 % B with 0.6–0.4 mL/min, 11.0–13.0 min at 20 % 
B with 0.4 mL/min. A scheduled MRM method was used with specific 
precursor/fragment pairs for all compounds. While mass spectrometric 
measurement for DINCH was performed in positive ionization mode, its 
metabolites and MEHP were measured in negative ionization mode. 
Data acquisition was performed using the Analyst® software (v. 1.7.0), 
and peak integration was done in SciexOS® Software (v. 3.0.0, Sciex). 
The limit of detection and limit of quantification for DINCH and its 

metabolites are listed in Table S2. Note that although stringent washing 
steps of the cell pellets before extraction were applied, it cannot be 
excluded that extracellularly bound chemicals partly contributed to the 
measured intracellular concentration of DINCH and its metabolites.

2.6. Quantitative real-time PCR (qPCR)

RNA isolation from treated mature SGBS (24 h after incubation with 
conditioned DMEM/F12 without 13C label on day 20: control, rosigli
tazone, and 10 µM MINCH) was done using RNeasy Lipid Tissue Mini kit 
(Qiagen, Hilden, Germany) as specified by the manufacturer. qPCR was 
performed using the LightCycler System LC480 and LightCycler-DNA 
Master SYBR Green I Kit (Roche, Mannheim, Germany). Adipocyte 
gene expression was calculated by the ΔΔCT method and normalized to 
ubiquitin C (UBC) levels. Relative gene expression values were depicted 
as fold changes to the control treatment, respectively. Primer sequences 
are listed in Table S3.

2.7. SDS-PAGE and western blot

For isolation and quantification of proteins, treated mature SGBS 
(24 h after incubation with conditioned DMEM/F12 without 13C label on 
day 20: control, rosiglitazone, and 10 µM MINCH) were collected on ice 
after adding 60 µL/6-well protein extraction buffer (RIPA, 150 mM 
NaCl, 10 mM TRIS pH 7.2, 0.1 % SDS, 1 % Triton X-100, 1 % sodium 
deoxycholate and 5 mM EDTA) completed with protease- and phos
phatase inhibitors (Roche), and transferred into 1.5 mL Eppendorf tubes. 
Samples were homogenized by 3 × 15 s in the ultrasonic bath, followed 
by incubation at 6 ◦C for 30 min, and centrifugation (16,000 rpm, 4 ◦C, 
15 min). The total protein concentration of lysate supernatants was 
determined using a bicinchoninic acid (BCA) assay according to the 
manufacturer’s instructions (Pierce; Thermo Fisher Scientific, Waltham, 
MA, USA). For immunoblotting, 40 µg of total protein after pooling of 
the four replicates of each condition (control, rosiglitazone, and 10 µM 
MINCH) was subjected to SDS polyacrylamide gel electrophoresis (in 
triplicates for each condition) and subsequently transferred to a nitro
cellulose membrane using the tank blot method overnight. Membranes 
were blocked with 3 % BSA for 1 h at room temperature, followed by 
primary antibody incubation at 4 ◦C overnight. Specific HRP-coupled 
secondary antibodies were used, and chemiluminescence was detected 
in the G:BOX documentation system (Syngene, Cambridge, UK), fol
lowed by densitometric quantification using the GeneTools software 
(Syngene). Relative protein concentrations were depicted as fold change 
compared to the control treatment after normalization to β-actin 
(ACTB). The following primary antibodies were used: from Cell 
Signaling Technologies (Danvers, MA, USA): pHSL (Ser660) (#45804); 
HSL (#4107), anti-rabbit-HRP (#7074), anti-mouse-HRP (#7076); from 
Abcam (Cambridge, UK): UCP1 (ab10983); from Sigma-Aldrich (St. 
Louis, MO, USA): ACTB (#A1978), from Thermo Fisher Scientific: 
OXPHOS (#45–8099).

2.8. Measurement of mitochondrial respiration

SGBS preadipocytes (5000 per well) were seeded into XF96 plates, 
and adipogenesis was then induced in confluent preadipocytes as 
described in 2.1. Starting from day 12 of differentiation SGBS- 
adipocytes were treated with 2 µM Rosi, 10 µM MINCH or solvent con
trol as described in 2.1.

Mitochondrial stress test (MST) was performed according to the 
manufacturer’s protocol on day 20 in differentiated adipocytes. Cells 
were washed two times with Seahorse XF DMEM medium, pH 7.4 sup
plemented with 2 mM glutamine, 1 mM pyruvate and 10 mM glucose 
and then incubated for 1 h at 37 ◦C in an incubator without CO2. Con
centration of the injections and loading of port were as followed: (A) 
2 µM oligomycin; (B) 2 µM carbonylcyanide-p- 
trifluoromethoxyphenylhydrazone and (C) 0.5 µM rotenone/antimycin 
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A. The oxygen consumption rate (OCR) was measured by 3 min mix and 
2 min measure (XF96, Seahorse XF Pro Analyzer, Agilent Technologies 
Inc., Santa Clara, CA, USA). Analysis was performed with Wave Pro 
(v10.1.0.). To minimize the variability of the OCR, we optimized the 
seeding to the same cell number and adipogenesis was induced in fully 
confluent preadipocytes. Therefore, no normalization was performed 
[67]. Key parameters of mitochondrial respiration were calculated and 
analyzed according to manufacturer’s instructions.

2.9. Metabolite normalization and statistical analysis

Data was analyzed and visualized with the use of GraphPad Prism (v 
10.4.1, La Jolla, CA, USA) and R software (v 4.0.5). Intracellular and 
extracellular metabolite abundances were normalized to the DAPI- 
stained DNA content (DAPI fluorescence) as described in Goerdeler 
et al. [57]. For the one-way ANOVA analysis (lipid accumulation, lipid 
droplet area, mRNA expression, and protein levels) GraphPad Prism 
automatically performed a Brown-Forsythe test to verify equality of 
variances. As the samples met the assumption, a one-way ANOVA test 
followed by Dunnett’s post-hoc test was applied to compare each 
treatment group against the untreated control. For metabolite abun
dances, 13C isotopologue abundances, and 13C fractional contributions 
variance homogeneity was not assumed. Therefore, a Welch ANOVA test 
was selected, followed by a Games-Howell post-hoc test which is robust 
to unequal variances and sample sizes and offers greater power for 
large-scale comparisons. For isotopologue ratios used in metabolic flux 
assessments and for all parameters analyzed within the Seahorse XF 
assay a Welch ANOVA test followed by a Dunnett’s T3 post-hoc test was 
applied, as only comparisons against the untreated control of the 
respective time point were of interest. Dunnett’s T3 was chosen as a 
more conservative test to minimize the risk of overestimating signifi
cance for these targeted comparisons. The PPP to glucose metabolism 
ratio was calculated based on the labeling pattern of extracellular lactate 
after [1,2-13C]glucose incubation according to equation 3 described in 
Morken et al. [60]. Obtaining positional information on the 13C label of 
lactate was possible due to the loss of the CO2 group of the analyzed 
fragment ion. Grubb’s outlier test with α = 0.05 was performed to 
identify potential outliers. All values are expressed as mean ± standard 
deviation (SD), if not otherwise mentioned. Values for the concentra
tions of DINCH, MINCH, and the secondary metabolites, the metabolite 
abundances, the 13C isotopologue abundances, and the 13C fractional 
contributions can be found in the Supplementary Data.

3. Results

3.1. Mature adipocytes show higher intracellular concentrations and 
biotransformation capacity

To investigate cellular uptake and biotransformation of DINCH/ 
MINCH prior to the assessment of the effects on the metabolism, the 
concentrations of DINCH, MINCH, and the secondary metabolites in the 
cell culture medium and exposed preadipocytes and mature adipocytes 
were measured. As observed previously, the 10 µM nominal concentra
tion of DINCH resulted in approximately 500 nM measured actual con
centration in the conditioned cell culture medium (Fig. 1A), whereas the 
10 nM and 10 µM nominal concentrations of MINCH corresponded well 
with the measured concentration (11.7 nM and 9.6 µM, respectively; 
Fig. 1B and C). Concentrations of DINCH and MINCH in the cell medium 
decreased after incubation with SGBS cells for 3 h and 24 h (Fig. 1A, B, 
and C). Analysis of the concentrations in the cell pellets confirmed that 
this decrease is at least partly attributed to cellular uptake of DINCH and 
MINCH (Fig. 1D, E, and F). Interestingly, intracellular concentrations for 
both doses of MINCH were higher in the treated mature adipocytes 
compared to the treated preadipocytes (Fig. 1E and F). Assessment of 
biotransformation of DINCH by mature adipocytes showed an increase 
of extra- and intracellular levels of MINCH to 1.6 nM and 4.0 pmol/106 

cells after 24 h, respectively (Fig. 1G and H). Further biotransformation 
of MINCH to OH-MINCH was observed in 10 µM MINCH-treated cells. 
The OH-MINCH levels in mature adipocytes were 2- to 10-fold higher 
extracellularly and 3-fold higher intracellularly compared to pre
adipocytes (Fig. 1I and J). Additionally, low levels of oxo-MINCH were 
detected after 24 h extracellularly in 10 µM MINCH-treated mature ad
ipocytes, but not intracellularly, and not in treated preadipocytes 
(Fig. 1K).

3.2. Induction of lipid accumulation is accompanied by elevated glycolysis 
and PPP in MINCH-treated preadipocytes

To assess the effects of MINCH on adipogenesis, preadipocytes were 
treated with two different doses of MINCH (10 nM and 10 µM) for 12 
days (Figure S1A). Analysis of the lipid accumulation of treated pre
adipocytes incubated on day 12 for 3 h and 24 h in conditioned medium 
without isotopic tracer confirmed the previously observed adipogenic 
potential of MINCH in the µM concentration range (Figure S2A and B) 
[42,57]. While no effect was observed by the 10 nM MINCH treatment, 
the lipid content was elevated by 157 % at both time points compared to 
the untreated control by 10 µM dose of MINCH, but to a lesser extent 
compared to the rosiglitazone-differentiated positive control (Rosi 
254 % of solvent ctrl; Figure S2B). DNA content by DAPI staining 
showed a slight increase by the 10 µM MINCH (115 % of solvent ctrl) 
and rosiglitazone (145 % of solvent ctrl) treatment and confirmed the 
absence of effects on cell viability by the tracer medium (Figure S2C).

After analyzing the changes in lipid and DNA content, the effects on 
glycolysis and pentose phosphate pathway (PPP) activity were investi
gated 3 and 24 h after incubation with medium without isotopic tracer 
on day 12. Rosiglitazone-differentiated preadipocytes showed strongly 
elevated metabolite levels of upper glycolysis to glyceraldehyde 3-phos
phate (G3P), lower glycolysis, and the pentose phosphate pathway 
(PPP), as well as increased lactate secretion at 3 and 24 h (Fig. 2A and 
S3). Similarly, in 10 µM MINCH-treated cells, increased levels of lower 
glycolysis metabolites and elevated lactate secretion were observed, but 
almost no differences in metabolite levels of upper glycolysis and the 
PPP (Fig. 2A and Figure S3). In contrast, no changes in metabolite levels 
were observed after 10 nM MINCH treatment (Fig. 2A and Figure S3). 
Analysis of the labeling pattern after [U-13C]glucose incubation revealed 
an increased 13C labeling of measured metabolites of upper and lower 
glycolysis and extracellular lactate after 3 and 24 h in rosiglitazone- 
differentiated cells, evident by the elevated M+ 6 or M+ 3 iso
topologues and fractional contributions (Fig. 2A and Figure S4 and S5). 
Together, the data suggest an elevated glycolytic flux in rosiglitazone- 
differentiated cells, as already indicated by the strong increase in 
metabolite levels in comparison to untreated control cells. Similar to 
rosiglitazone-differentiated cells, 10 µM MINCH increased [U-13C] 
glucose labeling to metabolites of lower glycolysis and extracellular 
lactate at 3 and 24 h, indicating an elevated glycolytic flux (Fig. 2B and 
Figure S5). In contrast, 10 nM MINCH did not induce alterations in 
metabolites of lower glycolysis. However, the small increase in extra
cellular lactate labeling might suggest a minor upregulation of glycolytic 
activity for lactate production (Fig. 2B and Figure S5).

Labeling data from the PPP showed an increased labeling contribu
tion from [U-13C]glucose to ribulose 5-phosphate (Ru5P) due to the 
elevated M+ 5 Ru5P at 3 and 24 h in rosiglitazone-differentiated cells 
(Fig. 2A and B and Figure S4 and S5). Again, similar to the elevated 
metabolite levels, this suggests an increased flux through the PPP. As for 
rosiglitazone treatment, increased labeling of Ru5P at 24 h indicated 
increased PPP flux in the 10 µM MINCH treatment, although to a lesser 
extent (Fig. 2B). No changes in PPP activity were observed in the 10 nM 
MINCH treatment (Fig. 2B). Analysis after [1,2-13C]glucose incubation 
supports the higher glycolytic activity for rosiglitazone- and 10 µM 
MINCH treatment as evidenced by the reduced M+ 0 and significantly 
increased M+ 2 in pyruvate and extracellular lactate (Figure S6). 
Similarly, the higher PPP activity of rosiglitazone and 10 µM MINCH 
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treatment is supported by the decreased M+ 0 and increased M+ 1 
(rosiglitazone) or M+ 3 (10 µM MINCH) of Ru5P at 24 h (Figure S6). 
[1,2-¹ ³C]glucose labeling was used to assess the contribution of the 
pentose phosphate pathway (PPP) to total glucose metabolism (glycol
ysis + PPP), based on the calculated PPP/glucose metabolism ratio. This 
analysis revealed an increased PPP contribution in rosiglitazone 

treatment at 3 and 24 h (Fig. 2C). In contrast, after 10 µM MINCH 
treatment, no changes or even a minor decrease in the PPP/glucose 
metabolism ratio were observed at 3 and 24 h, respectively (Fig. 2C).

To complement the analysis of glycolysis and PPP, we next assessed 
the effects on glyceroneogenesis, i.e., the synthesis of glycerol 3-phos
phate (Gro3P) from pyruvate via an abbreviated form of 

(caption on next page)
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gluconeogenesis, using [U-¹ ³C]glutamine labeling. Since glutamine- 
derived carbon enters this pathway through the TCA cycle and subse
quent conversion to pyruvate, we compared the ¹ ³C labeling of Gro3P to 
that of pyruvate as a measure of glyceroneogenesis activity. Notably, 
metabolites of the lower glycolysis pathway showed only minimal la
beling from glutamine across all treatments, indicating limited gluta
mine contribution to this part of metabolism under the tested conditions 
(Fig. 2B and Figure S5). Rosiglitazone-differentiated cells showed a 
decreased glyceroneogenesis activity at 24 h (Fig. 2C), in line with the 
decreased labeling contribution to Gro3P from glutamine and increased 
contribution from glucose (Figure S5). In contrast, in 10 µM MINCH- 
treated cells, a trend towards transiently elevated glyceroneogenesis 
activity was observed at 3 h (p = 0.059; Fig. 1D), supported by the 
increased labeling of Gro3P from Gln at 3 h (Figure S5).

3.3. MINCH treatment of preadipocytes switches TCA cycle activity 
toward lipid synthesis

Downstream of glycolysis, acetyl-CoA serves as a link to the TCA 
cycle and plays an important role in adipocytes as a critical substrate for 
fatty acid synthesis [68]. Strongly increased acetyl-CoA levels were 
observed at both time points in rosiglitazone and 10 µM MINCH-treated 
cells, together with an elevated extent of labeling from [U-13C]glucose 
(Fig. 3A and B), suggesting increased flux from glycolysis for acetyl-CoA 
production. Although no increase in acetyl-CoA levels was observed in 
10 nM MINCH-treated cells (Fig. 3A and Figure S3), labeling from 
[U-13C]glucose was slightly elevated at 3 h (Figure S5), but not at 24 h 
(Fig. 3B). [U-13C]glutamine labeling data revealed elevated contribution 
in rosiglitazone-differentiated and 10 µM MINCH at 3 and 24 h (Fig. 3B). 
Interestingly, analysis of the reductive isocitrate dehydrogenase (IDH) 
flux by the ratio of M+ 5 citrate to M+ 5 glutamate as an indicator for 
reductive glutaminolysis showed a transient upregulation of reductive 
IDH flux at 3 h in rosiglitazone and 10 µM MINCH treatment (Fig. 3C).

Similar to acetyl-CoA levels, metabolite abundances of mainly all 
TCA-cycle metabolites were increased at 3 and 24 h in rosiglitazone and 
partly in 10 µM MINCH treatment, whereas no changes were observed in 
10 nM MINCH treatment (Figure S3). Comparison of the [U-13C]glucose 
and [U-13C]glutamine labeling contribution to the TCA cycle metabo
lites showed that for 10 nM MINCH-treated cells, similar to the un
treated control, glutamine was the main labeling source (Fig. 3B and 
Figure S5). In contrast, rosiglitazone-treated cells showed a reduced 
labeling from glutamine and an increased labeling from glucose, with an 
even higher contribution of glucose labeling in citrate, cis-aconitate, 
malate, and aspartate, which serves as a surrogate for oxaloacetate, at 
24 h (Fig. 3B and Figure S5). Similarly, although in 10 µM MINCH- 
treated cells glutamine was the main labeling source, the extent of la
beling from glucose was increased for all metabolites of the TCA cycle 
and nearly similar to glutamine labeling for malate and aspartate after 
24 h (Fig. 3B and Figure S5). The observed pronounced increase in the 

[U-13C]glucose labeling of malate and aspartate in rosiglitazone and 
MINCH treatment was mainly driven by an increase in the M+ 3 iso
topologue (Fig. 3A and B), which can be either formed by anaplerotic 
contribution of M+ 3 pyruvate to oxaloacetate via pyruvate carboxylase 
or from M+ 2 acetyl-CoA by multiple rounds of oxidation in the TCA 
cycle [69]. Since the comparable low levels of M+ 3 succinate in 10 µM 
MINCH treatment (0.7 % at 24 h) and rosiglitazone-treatment (4.6 % at 
24 h) indicate minimal contribution to M+ 3 malate from multiple TCA 
cycle oxidation rounds, this suggests an increase of pyruvate carboxylase 
flux in both treatments (Fig. 3A and Figure S4). This is supported by the 
increase in M+ 5 citrate in rosiglitazone and 10 µM MINCH-treated cells 
at 3 and 24 h (Fig. 3A and Figure S4), which is formed when M+ 3 
oxaloacetate from pyruvate anaplerosis is subsequently combined with 
M+ 2 acetyl-CoA in the TCA cycle. Although no overall increase in 
[U-13C]glucose labeling contribution to TCA cycle metabolites was 
observed as with rosiglitazone treatment and 10 µM MINCH treatment, 
increased glucose labeling of malate, caused by an increased M+ 3 
isotopologue at 3 and 24 h, and increased M+ 3 aspartate at 3 h already 
indicates a slight upregulation of pyruvate carboxylase flux in 10 nM 
MINCH treated cells (Fig. 3A and B and Figure S4).

Contrary to the transiently increased reductive IDH flux, there is a 
decreased oxidative TCA cycle flux as the ratio of the M+ 4 citrate to 
M+ 5 glutamate was decreased in rosiglitazone and 10 µM MINCH 
treatment 3 h, but not 24 h, after [U-13C]glutamine labeling (Fig. 3D). In 
addition to the transiently decreased oxidative TCA cycle flux, the 
reduced M+ 3 glutamate to M+ 5 glutamate ratio 3 h and 24 h after 
[U-13C]glutamine labeling in rosiglitazone and 10 µM treatment in
dicates decreased cycling of glutamate through the oxidative TCA cycle 
(Fig. 3E). No changes in the oxidative TCA flux and cycling activity were 
observed in 10 nM MINCH-treated cells.

3.4. MINCH treatment of mature adipocytes promoted a metabolic shift 
towards increased glycolysis and glyceroneogenesis

In addition to assessing the effects of MINCH on adipogenesis, we 
analyzed its effects on mature adipocytes, as these are crucial for eval
uating long-term effects of metabolism-disrupting chemicals due to the 
relatively low turnover rate of adipocytes in adults (~8 % per year) 
[70]. Fully differentiated SGBS cells were treated from day 12 to day 20 
with either DINCH (10 µM), MINCH (10 nM and 10 µM), or rosiglita
zone (2 µM) (Figure S1B). On day 20, cells were incubated for 3 h and 
24 h in medium without (phenotypic analysis, metabolite abundances) 
or with isotopic tracer for 3 or 24 h, similar to exposed preadipocytes. 
Phenotypic analysis of mature adipocytes showed decreased lipid con
tent in 10 µM MINCH-treated cells (Figure S7A and B) and increased 
DNA content in rosiglitazone-treated cells (Figure S7C), resulting in 
decreased lipid content normalized to the DNA content in both treat
ments (Figure S7D). No phenotypic alterations for DINCH and 10 nM 
MINCH treatment were observed (Figure S7). The analysis of changes in 

Fig. 1. Concentration analysis of DINCH- and MINCH-treated preadipocytes and mature adipocytes. (A) DINCH concentration in the medium supernatant (10 µM 
applied nominal concentration) before and 3 and 24 h after mature SGBS treatment on day 20. (B) MINCH concentration (10 µM applied nominal concentration) in 
the medium supernatant before and 3 and 24 h after preadipocyte (Pre) and mature (Mat) SGBS treatment on day 12 and day 20, respectively. (C) MINCH con
centration (10 nM applied nominal concentration) in the medium supernatant before and 3 or 24 h after preadipocyte and mature SGBS treatment on day 12 and day 
20, respectively. (D) Intracellular concentration of DINCH after 8 days of treatment of mature SGBS cells with 10 µM DINCH and additional incubation with 
conditioned DMEM/F12 without 13C label for 3 and 24 h on day 20. (E) Intracellular concentration of MINCH after 12 days of preadipocyte treatment and 8 days of 
mature adipocyte treatment with 10 µM MINCH and additional incubation with conditioned DMEM/F12 without 13C label for 3 and 24 h on day 12 and day 20, 
respectively. (F) Intracellular concentration of MINCH after 12 days of preadipocyte treatment and 8 days of mature adipocyte treatment with 10 nM MINCH and 
additional incubation with conditioned DMEM/F12 without 13C label for 3 and 24 h on day 12 and day 20, respectively. (G) MINCH concentration in the 10 µM 
DINCH medium supernatant before and 3 and 24 h after mature SGBS treatment on day 20. (H) Intracellular concentration of MINCH after 8 days of treatment of 
mature SGBS cells with 10 µM DINCH and additional 3 and 24 h incubation with conditioned DMEM/F12 without 13C label on day 20. (I) OH-MINCH concentration 
in the 10 µM MINCH medium supernatant before and 3 and 24 h after preadipocyte treatment on day 12 and mature SGBS treatment on day 20, respectively. (J) 
Intracellular concentration of OH-MINCH after 12 days of preadipocyte treatment and 8 days of mature adipocyte treatment with 10 µM MINCH and additional 
incubation with conditioned DMEM/F12 without 13C label for 3 and 24 h on day 12 and day 20, respectively. (K) oxo-MINCH concentration in the 10 µM MINCH 
medium supernatant before and 3 and 24 h after preadipocyte treatment on day 12 and mature SGBS treatment on day 20, respectively. All values are expressed as 
mean ± SD (n = 4). Intracellular values were normalized to the DAPI-measured DNA content.
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Fig. 2. Effects of MINCH on glycolysis, PPP, and glyceroneogenesis activity of treated SGBS preadipocytes. (A) Metabolite abundances and isotopologue enrichment 
from [U-13C]glucose labeling of selected metabolites of the glycolysis and PPP of MINCH-treated SGBS preadipocytes (ML – MINCH Low (10 nM) and MH – MINCH 
High (10 µM)) and SGBS cells treated with rosiglitazone (Rosi) 24 h after incubation with conditioned DMEM/F12 with (isotopologue enrichment) or without 
(abundances) 13C label on day 12. Metabolite abundances are presented as log2 fold changes (FC) compared to the untreated control and isotopologue enrichments 
are represented as relative fractional abundances after correction of natural isotope abundance. Metabolite levels were normalized to the DNA content determined by 
DAPI fluorescence. (B) 13C fractional contribution from glucose and glutamine to extracellular lactate and ribulose 5-phosphate of MINCH-treated, rosiglitazone- 
differentiated, and untreated control cells 24 h after labeling with [U-13C]glucose and [U-13C]glutamine, respectively. (C) PPP contribution to the total glucose 
metabolism (i.e., glycolysis and PPP together) of MINCH-treated, rosiglitazone-differentiated, and untreated control cells determined by labeling with [1,2-13C] 
glucose. (D) Glyceroneogenesis activity of MINCH-treated, rosiglitazone-differentiated, and untreated control cells assessed after [U-13C]glutamine labeling by the 
ratio of the M+ 2 isotopologue of glycerol 3-phosphate to the M+ 2 isotopologue of pyruvate and the ratio of the M+ 3 isotopologue of glycerol 3-phosphate to the 
M+ 3 isotopologue of pyruvate. Values are expressed as mean ± SD (n = 4). Welch ANOVA followed by Games-Howell (A, B) and Dunnett’s T3 (C, D) post-hoc test 
was performed to calculate statistical significance, and significant changes are displayed compared to the untreated control of the respective time point; *p < 0.05, 
**p < 0.01, ***p < 0.001. DHAP – dihydroxyacetone phosphate, FBP – fructose 1,6-bisphosphate, GM – glucose metabolism, G6P – glucose 6-phosphate, G3P – 
glyceraldehyde 3-phosphate, Gro3P – glycerol 3-phosphate, Lac – lactate, Pyr – pyruvate, and Ru5P – ribulose 5-phosphate.
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metabolite abundances of glycolysis and PPP showed mainly increased 
metabolite levels of lower glycolysis and elevated secretion of pyruvate 
at 3 h and decreased metabolite levels of upper glycolysis and PPP at 
24 h in rosiglitazone and 10 µM MINCH-treated cells (Fig. 4A and 
Figure S8). Almost no effects of the 10 nM MINCH and the DINCH 
treatment were observed (Fig. 4A and Figure S8).

[U-13C]glucose labeling showed slightly decreased labeling from 
glucose in metabolites of upper and lower glycolysis, evident by the 
increased M+ 0 and decreased M+ 6 or M+ 3 isotopologues at 3 and 
24 h in rosiglitazone and 10 µM MINCH-treated cells (Fig. 4A and B and 
Figure S9 and S10). In the PPP, labeling contribution from glucose in 
Ru5P was not increased, but increased M+ 2 and M+ 4 isotopologues 
were observed in rosiglitazone and 10 µM MINCH treatment at 3 and 
24 h (Fig. 4A and B and Figure S9 and S10). In contrast to glucose, la
beling contribution from glutamine was elevated in metabolites of 
glycolysis, PPP, and also Gro3P, suggesting a higher glyceroneogenesis 
activity in rosiglitazone and 10 µM MINCH treatment (Fig. 4B and 
Figure S9). Indeed, comparison of the glutamine labeling from Gro3P 
and pyruvate indicated increased glyceroneogenesis activity at 3 h in 
10 µM MINCH treatment and at both time points in rosiglitazone 
treatment, but not in the other treatments (Fig. 4C).

Extracellular lactate as the endpoint of glycolysis showed a slight 
increase in the extent of labeling from glucose in rosiglitazone and a 
more pronounced increase in 10 µM MINCH treatment at 24 h (Fig. 4B). 
At the same time, while the labeling of lactate from glutamine was 
elevated in rosiglitazone-treated cells, indicating a higher utilization of 
glutaminolysis for lactate production, a decreased labeling was observed 
in 10 µM MINCH-treated cells (Fig. 4B). The increased glycolytic activity 
in the 10 µM MINCH treatment was supported by the [1,2-13C]glucose 
labeling data showing elevated M+ 2 labeling in lactate at 24 h 
(Figure S11). Opposite to 10 µM MINCH, a decrease in M+ 2 lactate, but 
an increase in M+ 0 and M+ 1 was observed in rosiglitazone-treated 
cells (Figure S11). This indicates a shift towards higher PPP contribu
tion in rosiglitazone treatment. In line with this, an increased PPP 
contribution to total glucose metabolism was observed in rosiglitazone- 
treated cells at 3 and 24 h (Fig. 4D). In contrast, the PPP contribution to 
the glucose metabolism was not altered in the 10 µM MINCH treatment. 
However, as the labeling and abundance data indicate a higher glyco
lytic activity, this suggests a concomitant increase in PPP activity to 
maintain a stable PPP/glucose metabolism ratio (Fig. 4D). No effects on 
glycolytic and PPP activity were observed in 10 nM MINCH and DINCH- 
treated cells (Fig. 4).

3.5. MINCH-treated mature adipocytes show a source switch for acetyl- 
CoA synthesis and increased oxidative TCA cycle activity

Downstream of glycolysis, the analysis of acetyl-CoA abundances in 
mature adipocytes showed no significant changes in rosiglitazone and 
10 µM MINCH treatment (Figure S8), but a strong decrease in the extent 
of labeling from glucose in rosiglitazone treatment and to a lesser extent 

in 10 µM MINCH treatment at both time points (Fig. 5A and Figure S9). 
Since there was no concomitant increase in the labeling from glutamine, 
but even decreased labeling at 24 h in rosiglitazone and 10 µM MINCH- 
treated cells (Fig. 5A), this indicates an increased contribution to acetyl- 
CoA generation from other sources, such as the degradation of branched- 
chain amino acids or fatty acid β-oxidation. In contrast to rosiglitazone 
and 10 µM MINCH treatment, no changes in acetyl-CoA contribution 
were observed in 10 nM MINCH and DINCH treatment (Fig. 5A).

An analysis of the TCA cycle showed bifurcated changes in metab
olite abundances by the 10 µM MINCH treatment. The citrate to succi
nate levels, together with glutamate, were increased at 24 h and partly 
at 3 h, whereas there was mainly a strong decrease in the fumarate to 
oxaloacetate levels, together with aspartate at both time points 
(Figure S8). While similar changes in metabolite abundances were 
observed in rosiglitazone treatment, almost no changes were observed 
by 10 nM MINCH and DINCH treatment. Consistent with the metabolite 
levels, labeling of the TCA cycle metabolites from [U-13C]glucose and 
[U-13C]glutamine remained nearly unaltered in 10 nM MINCH and 
DINCH treatment. Similarly, rosiglitazone-treated cells showed almost 
no changes in labeling of citrate or downstream metabolites up to 
α-ketoglutarate at either time point, but increased labeling of succinate 
from glucose at 3 h, together with a more than 2-fold increase in the 
labeling from glutamine (Fig. 5A and Figure S9). In contrast, 10 µM 
MINCH-treated cells showed increased labeling contribution from 
glucose to citrate towards succinate, accompanied by decreased labeling 
contribution from glutamine at 24 h in α-ketoglutarate and succinate 
(Fig. 5A and Figure S9). Since less labeling of acetyl-CoA from glucose 
was observed in rosiglitazone and 10 µM MINCH treatment, the stable to 
increased glucose labeling from citrate towards succinate suggests an 
increased flux from acetyl-CoA into the TCA cycle in both treatments.

In line with the bifurcation in metabolite abundances, the [U-13C] 
glucose and [U-13C]glutamine labeling data revealed that in contrast to 
labeling from citrate to succinate, there was a significant decrease in the 
glucose labeling and a concomitant increase in glutamine labeling in 
malate and aspartate of 10 µM MINCH-treated cells at 3 h (Figure S9). 
This change in labeling was partly reversed at 24 h with increased 
glucose labeling in malate, but not in aspartate (Fig. 5A). Similarly, in 
rosiglitazone treatment, a decreased labeling contribution from glucose 
and an elevated contribution from glutamine were observed in malate 
and aspartate at both time points (Fig. 5A and Figure S9). This suggests a 
higher glutaminolysis flux from glutamine to malate and oxaloacetate in 
rosiglitazone and 10 µM MINCH treatment. Concomitant with this in
crease in anaplerotic glutamine contribution, analysis of the M+ 4 cit
rate to M+ 5 glutamate ratio after incubation with [U-13C]glutamine 
indicates a transient increase in oxidative TCA cycle flux in 
rosiglitazone-treated cells at 3 h, but not in 10 µM MINCH-treated cells 
(Fig. 5B). However, analysis of the M+ 3 glutamate to M+ 5 glutamate 
after [U-13C]glutamine incubation indicated a transient increase in 
oxidative cycling of glutamate through the TCA cycle in 10 µM MINCH 
treatment at 3 h instead (Fig. 5C). Together with the increased flux from 

Fig. 3. Effects of MINCH on the TCA cycle activity of treated SGBS preadipocytes. (A) Metabolite abundances and isotopologue enrichment from [U-13C]glucose 
labeling of selected metabolites of the TCA cycle and acetyl-CoA of MINCH-treated SGBS preadipocytes (ML – MINCH Low (10 nM) and MH – MINCH High (10 µM)) 
and SGBS cells treated with rosiglitazone (Rosi) 24 h after incubation with conditioned DMEM/F12 with (isotopologue enrichment) or without (abundances) 13C 
label on day 12. Metabolite abundances are presented as log2 fold changes (FC) compared to the untreated control and isotopologue enrichments are represented as 
relative fractional abundances after correction of natural isotope abundance. Metabolite levels were normalized to the DNA content determined by DAPI fluores
cence. (B) 13C fractional contribution from glucose and glutamine to acetyl-CoA, malate, and aspartate of MINCH-treated, rosiglitazone-differentiated, and untreated 
control cells 24 h after labeling with [U-13C]glucose and [U-13C]glutamine, respectively. (C) Reductive isocitrate dehydrogenase (IDH) flux of MINCH-treated, 
rosiglitazone-differentiated, and untreated control cells assessed after labeling with [U-13C]glutamine by the ratio of the M+ 3 isotopologue of citrate to the 
M+ 5 isotopologue of glutamate. (D) Oxidative TCA cycle flux of MINCH-treated, rosiglitazone-differentiated, and untreated control cells after labeling with [U-13C] 
glutamine determined by the ratio of the M+ 4 isotopologue of citrate to the M+ 5 isotopologue of glutamate. (E) Cycling of glutamate through the TCA cycle of 
MINCH-treated, rosiglitazone-differentiated, and untreated control cells, assessed after labeling with [U-13C]glutamine by the ratio of the M+ 3 isotopologue of 
glutamate to the M+ 5 isotopologue of glutamate. Values are expressed as mean ± SD (n = 4). Welch ANOVA followed by Games-Howell (A, B) and Dunnett’s T3 (C, 
D, E) post-hoc test was performed to calculate statistical significance, and significant changes are displayed compared to the untreated control of the respective time 
point; *p < 0.05, **p < 0.01, ***p < 0.001. Ac-CoA – acetyl coenzyme A, Asp – aspartate, Cit – citrate, Gln – glutamine, Glu – glutamate, α-KG – α-ketoglutarate, Mal 
– malate, OAA – oxaloacetate, Pyr – pyruvate, and Suc – succinate.
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acetyl-CoA into the TCA cycle, this suggests an increased oxidative TCA 
cycle activity in rosiglitazone and 10 µM MINCH treatment. In contrast, 
while only minor changes in the labeling of TCA cycle metabolites were 
observed, the lower M+ 3 glutamate to M+ 5 glutamate ratio indicated 
a slightly decreased cycling through the TCA cycle at 24 h in 10 nM 
MINCH and DINCH treatment (Fig. 5C). Opposite to the oxidative TCA 
cycle flux, analysis of the M+ 5 citrate to the M+ 5 glutamate ratio after 
[U-13C]glutamine incubation suggested significantly reduced reductive 
glutaminolysis activity in rosiglitazone-treated cells at 24 h, but no 
changes at 3 h and for the other treatments (Fig. 5D).

Besides the analysis of glutamine anaplerosis, pyruvate anaplerosis 
by pyruvate carboxylase was analyzed by subtracting the M+ 3 succi
nate from the M+ 3 aspartate to obtain the M+ 3 aspartate produced via 

pyruvate anaplerosis. In line with a reduced glucose labeling contribu
tion, lower M+ 3 aspartate levels from M+ 3 pyruvate at 3 h were 
observed in rosiglitazone and 10 µM MINCH treatment, suggesting 
lower pyruvate carboxylase activity (Fig. 5E and Figure S10). Strikingly, 
this was reversed at 24 h with a trend towards higher M+ 3 aspartate 
levels from M+ 3 pyruvate in rosiglitazone treatment and even signifi
cantly increased levels after 10 µM MINCH treatment, which indicates 
an increase in the pyruvate carboxylase activity (Fig. 5E and 
Figure S10).

Fig. 4. Effects of DINCH and MINCH on glycolysis, PPP, and glyceroneogenesis activity of treated mature adipocytes. (A) Metabolite abundances of selected me
tabolites of the glycolysis and PPP and isotopologue enrichment from [U-13C]glucose labeling in ribulose 5-phosphate, glycerol 3-phosphate, and extracellular lactate 
of DINCH- and MINCH-treated mature SGBS adipocytes (DH – DINCH High (10 µM), ML – MINCH Low (10 nM), and MH – MINCH High (10 µM)) and SGBS cells 
treated with rosiglitazone (Rosi) 24 h after incubation with conditioned DMEM/F12 with (isotopologue enrichment) or without (abundances) 13C label on day 20. 
Metabolite abundances are presented as log2 fold changes (FC) compared to the control and isotopologue enrichments are represented as relative fractional 
abundances after correction of natural isotope abundance. Metabolite levels were normalized to the DNA content determined by DAPI fluorescence. (B) 13C fractional 
contribution from glucose and glutamine to fructose 1,6-bisphosphate, ribulose 5-phosphate, phosphoenolpyruvate, and extracellular lactate of DINCH- and MINCH- 
treated, rosiglitazone-treated, and untreated control cells 24 h after labeling with [U-13C]glucose and [U-13C]glutamine, respectively. (C) Glyceroneogenesis activity 
of DINCH-, MINCH-, and rosiglitazone-treated cells compared to untreated control cells assessed after [U-13C]glutamine labeling by the ratio of the M+ 2 iso
topologue of glycerol 3-phosphate to the M+ 2 isotopologue of pyruvate and the ratio of the M+ 3 isotopologue of glycerol 3-phosphate to the M+ 3 isotopologue of 
pyruvate. (D) PPP contribution to the total glucose metabolism (i.e., glycolysis and PPP together) of DINCH-, MINCH-, and rosiglitazone-treated cells compared to 
untreated control cells determined by labeling with [1,2-13C]glucose. Values are expressed as mean ± SD (n = 4). Welch ANOVA followed by Games-Howell (A, B) 
and Dunnett’s T3 (C, D) post-hoc test was performed to calculate statistical significance, and significant changes are displayed compared to the untreated control of 
the respective time point; *p < 0.05, **p < 0.01, ***p < 0.001. F1,6BP – fructose 1,6-bisphosphate, GM – glucose metabolism, G6P – glucose 6-phosphate, Gro3P – 
glycerol 3-phosphate, Lac ex. – lactate extracellular, PEP – phosphoenolpyruvate, Pyr – pyruvate, and Ru5P – ribulose 5-phosphate.
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3.6. MINCH induces browning of mature adipocytes similar to 
rosiglitazone

Previous studies have shown that treatment of mature human white 
adipocytes with rosiglitazone induces a white-to-brite conversion 
(browning) characterized by upregulation of a metabolic futile cycle 
with enhanced lipolysis and fatty acid oxidation, as well as re- 
esterification at the same time [71,72]. Although a browning potential 
of SGBS cells was observed by differentiation of SGBS preadipocytes 
with rosiglitazone [73,74], potential browning after treatment of 
mature SGBS adipocytes has not been described so far. Thus, we inves
tigated a potential browning effect after rosiglitazone treatment by 
analyzing the expression of brown/brite adipocyte markers and selected 
metabolic genes, and assessed whether similar changes can be induced 
by MINCH treatment, given the observed comparable metabolic 
changes. To ensure comparability with the 13C metabolic tracing ex
periments, differentiated SGBS adipocytes were exposed under identical 
conditions as described above from day 12 to day 20, followed by in
cubation with conditioned medium without 13C tracer for 24 h.

Phenotypically, like classical brown adipocytes, brite adipocytes are 
characterized by multilocular, small lipid droplets [22]. Interestingly, a 
1.8- and 1.3-fold reduction in lipid droplet area was observed after 8 
days of treatment and an additional 24 h incubation with conditioned 
DMEM/F12 without 13C label in rosiglitazone and 10 µM 
MINCH-treated mature adipocytes, respectively (Fig. 6A and Figure S7). 
As expected from the absence of metabolic changes, no effects on the 
lipid droplet area were observed by 10 nM MINCH and DINCH treat
ment (Fig. 6A and Figure S7). To further characterize potential brown
ing by rosiglitazone and 10 µM MINCH treatment, uncoupling protein 1 
(UCP1) expression, which facilitates thermogenesis in brown and brite 
adipocytes [75], was analyzed 24 h after incubation with conditioned 
DMEM/F12 without 13C label on day 20. As expected, a 28-fold increase 
in UCP1 expression was observed after rosiglitazone treatment and, 
interestingly, a 5-fold increase after 10 µM MINCH treatment (Fig. 6B). 
Analysis of UCP1 protein levels confirmed the substantial expression in 
rosiglitazone- and 10 µM MINCH-treated mature adipocytes compared 
to barely detectable levels in controls (Fig. 6C and D and Figure S12A). 
Assessment of the functional consequence of increased UCP1 expression 
by measuring the mitochondrial oxygen consumption rate (OCR) on day 
20 revealed significantly increased basal respiration in rosiglitazone- 
and 10 µM MINCH-treated mature adipocytes (Fig. 6E and Figure S12B). 
Both treatments showed elevated ATP-coupled respiration, and 
MINCH-treated cells displayed significantly increased proton leak 
(uncoupled respiration), whereas rosiglitazone-treated cells showed 
only a trend towards increased proton leak (Fig. 6E and Figure S12B). No 
changes in maximal respiration or spare respiratory capacity were 
observed (Figure S12B and C).

Further analysis of brown/brite adipocyte markers showed elevated 
levels of the fatty acid transporter 3 (FABP3) and the insulin-sensitizing 
adipokine adiponectin (ADIPOQ) in rosiglitazone and 10 µM MINCH- 
treated cells (Figure S12D). In contrast, no induction of the brite/ 
brown adipocyte markers PR domain containing 16 (PRDM16) and 

PPARG coactivator 1-alpha (PGC1α) was observed, but even a 2-fold 
decrease in PRDM16 expression in rosiglitazone and a slight decrease 
in PGC1α in rosiglitazone and 10 µM MINCH treatment (Figure S12D). 
Similarly, reduced PPARγ levels were observed in rosiglitazone and 
10 µM MINCH-treated cells (Figure S12).

In addition to the brown/brite adipocyte markers, the expression of 
metabolic genes from fatty acid synthesis, lipolysis, and oxidative 
phosphorylation, described to be induced during white-to-brown con
version [71], was analyzed. Fatty acid synthase, a key enzyme of fatty 
acid synthesis, showed reduced expression in rosiglitazone and 10 µM 
MINCH-treated cells (Figure S12D). In contrast, analysis of the 
hormone-sensitive lipase (HSL), which is a pivotal enzyme of lipolysis, 
showed increased protein levels in rosiglitazone treatment, as well as 
induced protein levels of its phosphorylated, activated form pHSL in 
rosiglitazone and 10 µM MINCH treatment (Fig. 6F and Figure S12A). 
Protein levels of the complexes of oxidative phosphorylation showed 
slightly increased levels of complex II in rosiglitazone and 10 µM 
MINCH-treated cells, but no changes in the abundances of the other 
complexes (Fig. 6G and H and Figure S12E).

4. Discussion

Although no obesogenic effects of DINCH have been observed in 
application studies in vivo [47], the primary metabolite MINCH has been 
shown to promote adipocyte differentiation in rat and human pre
adipocytes [42,43]. In addition, the treatment of mature human adi
pocytes with DINCH and MINCH affected their function by inducing 
oxidative stress, altering adipokine secretion, and decreasing lipid 
content [42]. Induction of an altered adipocyte state by DINCH treat
ment was supported by a recent in vivo study in DINCH-exposed 
C57BL/6 N mice, in which no weight-promoting effects were observed 
in line with application studies, but an increase in the adipocyte size in 
visceral adipose tissue and changes in the expression of proteins in ad
ipose tissue related to energy metabolism [48]. Since there is still limited 
data on the metabolic effects of DINCH and MINCH on adipocytes, we 
assessed changes in the metabolic pathway activity of treated human 
preadipocytes and mature adipocytes using 13C metabolic tracing as a 
novel method for the identification of metabolism-disrupting properties.

Concentration analysis prior to metabolic assessment confirmed the 
intracellular uptake of DINCH and MINCH in mature adipocytes (Fig. 1), 
which we previously described in preadipocytes [57]. Comparison of the 
intracellular concentrations of MINCH revealed 1.4- to 3.7-fold higher 
concentrations in treated mature adipocytes compared to treated pre
adipocytes, despite the 4-day shorter treatment period. Since the log Kow 
of MINCH is 5.2 [76], indicating high lipophilicity, we suggest that the 
higher intracellular concentrations can be attributed to the higher lipid 
content in mature adipocytes, comparable to the observed dependence 
of the intracellular concentrations of chlorinated paraffins on the 
cellular lipid content in 3T3-L1 adipocytes [77]. Although DINCH is 
more hydrophilic (log Kow: 9.8 [76]) than MINCH, intracellular con
centrations in mature adipocytes were slightly lower compared to pre
viously measured levels in preadipocytes. This difference suggests a 

Fig. 5. Effects of DINCH and MINCH on acetyl-CoA metabolism and TCA cycle activity of treated mature adipocytes. (A) 13C fractional contribution from glucose and 
glutamine to selected metabolites of the TCA cycle and acetyl-CoA of DINCH- and MINCH-treated mature SGBS adipocytes (DH – DINCH High (10 µM), ML – MINCH 
Low (10 nM), and MH – MINCH High (10 µM)), SGBS cells treated with rosiglitazone (Rosi) and untreated control cells (Ctrl) 24 h after labeling with [U-13C]glucose 
and [U-13C]glutamine on day 20, respectively. (B) Oxidative TCA cycle flux of DINCH-, MINCH-, and rosiglitazone-treated cells compared to untreated control cells 
after labeling with [U-13C]glutamine, determined by the ratio of the M+ 4 isotopologue of citrate to the M+ 5 isotopologue of glutamate (C) Cycling of glutamate 
through the TCA cycle of DINCH-, MINCH-, and rosiglitazone-treated cells compared to untreated control cells, assessed after labeling with [U-13C]glutamine by the 
ratio of the M+ 3 isotopologue of glutamate to the M+ 5 isotopologue of glutamate. (D) Reductive isocitrate dehydrogenase (IDH) flux of DINCH-, MINCH-, and 
rosiglitazone-treated cells compared to untreated control cells, assessed after labeling with [U-13C]glutamine by the ratio of the M+ 3 isotopologue of citrate to the 
M+ 5 isotopologue of glutamate. (E) Pyruvate anaplerosis of DINCH-, MINCH-, and rosiglitazone-treated, as well as untreated control cells, after labeling with 
[U-13C]glucose, determined by subtracting the M+ 3 isotopologue of succinate from the M+ 3 isotopologue of aspartate (surrogate for oxaloacetate). Values are 
expressed as mean ± SD (n = 4). Welch ANOVA followed by Games-Howell (A) and Dunnett’s T3 (B, C, D, E) post-hoc test was performed to calculate statistical 
significance, and significant changes are shown compared to the untreated control; *p < 0.05, **p < 0.01, ***p < 0.001. Ac-CoA – acetyl coenzyme A, Asp – 
aspartate, Cit – citrate, Gln – glutamine, Glu – glutamate, α-KG – α-ketoglutarate, Mal – malate, OAA – oxaloacetate, Pyr – pyruvate, and Suc – succinate.
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greater influence of additional factors, such as stronger adsorption to the 
plastic surfaces, increased binding to medium proteins (e.g., trans
ferrin), or enhanced biotransformation [78]. Indeed, we observed 
approximately a 2-fold higher conversion of DINCH to MINCH in mature 
adipocytes, but still at a rate of approximately pmol/10⁶cell/h, which is 
too low to account for the observed concentration differences. Notably, 
mature SGBS adipocytes also exhibited greater extra- and intracellular 

conversion of MINCH to OH-MINCH, as well as a conversion to 
oxo-MINCH that was not detected in preadipocytes. This indicates an 
overall higher biotransformation capacity (Fig. 1). These observations 
are consistent with the increased expression of biotransformation en
zymes, including lipases and cytochromes P450, upon differentiation of 
SGBS cells [79,80]. Differences in intracellular concentrations and 
biotransformation capacity between preadipocytes and mature 
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Fig. 6. Browning effects of MINCH in treated mature adipocytes. (A) Lipid droplet area of DINCH- and MINCH-treated mature SGBS adipocytes (ML – MINCH Low 
(10 nM) and MH – MINCH High (10 µM)), SGBS cells treated with rosiglitazone (Rosi), and untreated control cells 24 h after incubation with conditioned DMEM/F12 
without 13C label on day 20 (n = 4). (B) mRNA expression of UCP1 in 10 µM MINCH-treated and rosiglitazone-treated cells relative to the expression in untreated 
control cells 24 h after incubation with conditioned DMEM/F12 without 13C label on day 20, calculated by the ΔΔCT method and normalized to ubiquitin C (UBC) 
expression (n = 4); GOI – gene of interest. (C) Western blot analysis of uncoupling protein 1 (UCP1), Ser660 phosphorylated HSL (pHSL) and hormone-sensitive 
lipase (HSL), in 10 µM MINCH-treated, rosiglitazone-treated, and untreated control cells 24 h after incubation with conditioned DMEM/F12 without 13C label on 
day 20 (n = 3). A brown adipose tissue lysate was used as the positive control (PTC) for controlling the UCP1 lane. (D) Protein concentration of UCP1 in 10 µM 
MINCH-treated and rosiglitazone-treated cells relative to the concentration in untreated control cells 24 h after incubation with conditioned DMEM/F12 without 13C 
label determined by immunoblotting and densitometric quantification (n = 3). (E) Basal respiration, ATP-coupled respiration and proton leak (uncoupled respira
tion) calculated based on the measurement of the oxygen consumption rate (OCR) in 10 µM MINCH-treated, rosiglitazone-treated and untreated control cells on day 
20 (n = 18–20).(F) Protein concentrations of hormone-sensitive lipase (HSL) and Ser660 phosphorylated HSL (p-HSL), as well as the ratio of HSL to p-HSL, in 10 µM 
MINCH-treated and rosiglitazone-treated cells relative to the concentrations and the ratio in untreated control cells 24 h after incubation with conditioned DMEM/ 
F12 without 13C label on day 20, determined by immunoblotting and densitometric quantification (n = 3). (G) Western blot analysis of the complexes II-V of 
oxidative phosphorylation (SDHB, UQCRC2, MTCO1, and ATP5F1A) in 10 µM MINCH-treated, rosiglitazone-treated and untreated control cells 24 h after incubation 
with conditioned DMEM/F12 without 13C label on day 20 (n = 3). (H) Protein concentrations of the enzyme complexes II-V of oxidative phosphorylation (SDHB, 
UQCRC2, MTCO1, and ATP5F1A) in 10 µM MINCH-treated and rosiglitazone-treated cells relative to the concentrations in the untreated control cells 24 h after 
incubation with conditioned DMEM/F12 without 13C label on day 20, determined by immunoblotting and densitometric quantification (n = 3). Protein concen
trations were normalized to β-actin (ACTB) values. CII – complex II: succinate dehydrogenase [ubiquinone] iron-sulfur subunit (SDHB), CIII – complex III: cyto
chrome b-c1 complex subunit 2 (UGCRC2), CIV – complex IV: cytochrome c oxidase subunit 1 (MTCO1), CV – complex V: ATP synthase subunit alpha (ATP5F1A). 
Values are expressed as mean ± SD. One-way ANOVA followed by Dunnett’s post–hoc test against the untreated control was performed to calculate statistical 
significance, and significant changes are shown compared to the untreated control; *p < 0.05, **p < 0.01, ***p < 0.001.
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adipocytes highlight the importance of concentration analysis when 
comparing different cell types and differentiation states [81].

After confirming intracellular uptake, we applied labeling with 
[U-13C]glucose, [1,2-13C]glucose, and [U-13C]glutamine tracers to 
measure changes in the activity of central carbon metabolism in MINCH- 
treated preadipocytes (Figs. 2 and 3). Consistent with our previous re
sults at the metabolite level, preadipocytes treated with 10 µM MINCH 
showed a similar metabolic response to rosiglitazone-differentiated cells 
at the pathway level. Together with the induction of lipid accumulation, 
metabolic pathway activity was rewired towards energy production and 
lipogenesis, including elevated glycolysis and PPP activity as well as 
increased production of the fatty acid precursors acetyl-CoA from 
glycolysis and reductive glutaminolysis. Furthermore, increased glucose 
contribution to the TCA cycle and upregulated pyruvate carboxylase 
activity for replenishment of the TCA cycle were observed in 10 µM 
MINCH and rosiglitazone treatment. These changes are consistent with 
previous studies, which assessed metabolic flux during adipogenesis of 
3T3-L1 cells and observed increased flux through core metabolic path
ways and identified strongly elevated pyruvate carboxylase flux as a key 
driver for de novo lipogenesis and adipogenesis [82–84]. In addition to 
the upregulated pyruvate carboxylase activity, transiently decreased 
oxidative TCA flux and decreased cycling of metabolites through the 
TCA cycle in 10 µM MINCH and rosiglitazone treatment indicate a 
switch of TCA metabolism towards providing building blocks for lipid 
production, instead of delivering NADH for energy production. Simi
larly, Oates and Antoniewicz reported reduced NADH generation from 
the TCA cycle upon differentiation, but instead increased contribution 
from glycolysis [82]. In contrast to the effects at µM concentrations, 
10 nM MINCH treatment did not show induction of lipid accumulation 
and increased metabolite levels of the central carbon metabolism, 
similar to previous results [42,57]. However, 13C metabolic tracing 
revealed an increase in glucose labeling of extracellular lactate, 
acetyl-CoA, and malate, suggesting a slight upregulation of glucose 
contribution to lactate and acetyl-CoA production, as well as higher 
pyruvate carboxylase activity. This resembles the changes observed at 
higher concentrations and indicate that even at nanomolar levels of 
MINCH, subtle metabolic alterations can be detected in human SGBS 
preadipocytes.

Beyond adipogenesis, the effect of MINCH on mature adipocytes, 
reflecting the potential effects on preexisting adipose tissue, was 
analyzed and responses were again compared to the PPARγ agonist 
rosiglitazone. Investigating metabolism-disrupting properties in mature 
adipocytes is particularly relevant, as they serve as the primary site of 
lipid storage and insulin responsiveness in adipose tissue, and metabolic 
impairments can affect whole-body energy homeostasis [14,85]. 
Phenotypically, the observed reduced lipid droplet size upon rosiglita
zone treatment suggested an induction of browning of mature SGBS cells 
(Fig. 6), which has already been observed upon differentiation of SGBS 
preadipocytes with rosiglitazone [73,74]. Indeed, the browning effect of 
rosiglitazone was confirmed by the elevated expression and protein 
levels of UCP1 and increased expression of FABP3, essential for fatty 
acid oxidation in brown adipocytes [86], as well as adiponectin, recently 
associated with browning of white adipocytes [87]. Remarkably, similar 
changes, including substantial expression of UCP1 protein, indicate in
duction of browning in mature adipocytes also by treatment with 10 µM 
MINCH, but not by treatment with 10 nM MINCH or the parent com
pound DINCH (Fig. 6). Measurement of the mitochondrial OCR 
confirmed increased uncoupled respiration in MINCH-treated mature 
adipocytes, supporting a functional browning phenotype (Fig. 6). 
Similarly, rosiglitazone treatment showed a trend toward increased 
uncoupled respiration, indicating a mild activation of thermogenic 
mitochondrial function. The increase in ATP-coupled respiration in both 
treatments suggests enhanced cellular energy turnover and metabolic 
activity. In contrast to FABP3 and adiponectin, expression of the tran
scriptional regulators PRDM16 and PGC1α, important mediators in brite 
adipocyte development [88], was not induced, but was even reduced in 

rosiglitazone and 10 µM MINCH treatment. We hypothesize that this 
might be due to a negative feedback mechanism, similar to the reduced 
PPARG mRNA levels observed here and in the study by Barquissau et al., 
where the rosiglitazone-induced white-to-brite conversion of human 
multipotent adipose-derived stem cells (hASC) was analyzed [72].

Analysis of changes in pathway activity by 13C metabolic tracing 
supports the observed browning effect of rosiglitazone and 10 µM 
MINCH treatment at the metabolic level (Figs. 4 and 5). Apart from 
upregulated glycolysis, which has been reported to be induced upon 
browning of mature 3T3-L1 cells [89], [U-13C]glutamine labeling 
revealed elevated glyceroneogenesis flux for glycerol 3-phosphate 
(Gro3P) production in rosiglitazone and 10 µM MINCH treatment. As 
a precursor for triglyceride synthesis, Gro3P plays an essential role in 
brown adipose tissue by controlling the amount of fatty acids available 
for thermogenesis [90], and upregulated glyceroneogenesis, promoting 
triglyceride synthesis, has been observed upon browning of human ad
ipocytes [72]. Apart from re-esterification, elevated synthesis of fatty 
acids by increased expression of fatty acid synthase (FASN) has been 
reported in human white adipose tissue upon rosiglitazone-induced 
browning [71]. On the contrary, we did not observe induction of 
FASN expression, but decreased levels after rosiglitazone and 10 µM 
MINCH treatment and 24 h of additional incubation with conditioned 
DMEM/F12 without 13C label. Our results are, however, in line with 
Barquissau et al. [72], who did not observe changes in FASN expression 
after 4 days of rosiglitazone treatment of hASC and no increase, but 
rather a slight decrease in de novo lipogenesis rate measured after insulin 
stimulation.

Metabolically opposite to the synthesis of triglycerides, elevated 
lipolysis and increased β-oxidation of fatty acids have been reported 
upon rosiglitazone-induced browning of white adipocytes for fueling the 
TCA cycle and oxidative phosphorylation and ultimately thermogenesis 
[71,72]. In line with this observation, we measured elevated levels of the 
phosphorylated hormone-sensitive lipase and decreased triglyceride 
content, which indicate upregulation of lipolysis in rosiglitazone and 
10 µM MINCH treatment. Together with the increased lipolysis, the 
observed source switch for acetyl-CoA synthesis by strongly decreased 
acetyl-CoA labeling from glucose and glutamine suggests increased 
β-oxidation of fatty acids in rosiglitazone and 10 µM MINCH treatment. 
These changes were accompanied by a higher flux of acetyl-CoA in the 
TCA cycle, which, along with transiently upregulated oxidative TCA 
cycle flux and cycling of metabolites through the TCA cycle, indicates an 
overall increase in oxidative TCA cycle activity. This higher oxidative 
capacity in rosiglitazone and 10 µM MINCH treatment was confirmed by 
increased protein levels of succinate dehydrogenase, which is involved 
in both the TCA cycle and complex II of oxidative phosphorylation and 
has been identified as an important mediator in the activation of brown 
adipose tissue thermogenesis [91]. Similar to previous results [92,93], 
we observed increased pyruvate anaplerosis via pyruvate carboxylase 
flux, in addition to higher glutamine anaplerosis towards malate and 
oxaloacetate for maintenance of this increased oxidative TCA cycle flux. 
Overall, the increased lipolysis, fatty acid oxidation, and simultaneous 
re-esterification indicate upregulation of a triglyceride/fatty acid 
metabolic futile cycle in rosiglitazone and MINCH-treated cells, identi
fied in brite/brown adipocytes besides UCP1-dependent thermogenesis 
as an important fine-tuning mechanism for non-shivering thermogenesis 
[71,94].

A previously performed proteomic analysis of mature SGBS adipo
cytes treated with MINCH, apart from upregulation of lipolysis, did not 
indicate induction of browning at the protein level but rather showed 
downregulation of proteins related to energy production, including the 
TCA cycle and oxidative phosphorylation [42]. Apart from differences in 
the experimental setup as we analyzed the metabolic changes following 
insulin stimulation, we hypothesize that this discrepancy between the 
lower protein levels in these pathways and our observed higher meta
bolic fluxes may be attributed to a regulation of pathway activity at 
post-translational level such as allosteric regulation [95] or differences 
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in the temporal dynamics between protein levels and metabolite fluxes 
[96]. In contrast, the observed browning in human adipocytes by 
MINCH treatment in this study is consistent with the results by Hsu et al., 
who observed a similar induction of browning by the primary metabolite 
of the phthalate DEHP, MEHP, in 3T3-L1 cells in vitro after treatment 
with µM concentrations and of white adipose tissue in vivo after treat
ment of C57BL/6 J with 1 mg/kg bw/d DEHP [27]. Although the in
duction of browning has been primarily associated with beneficial 
metabolic effects including improved insulin sensitivity and obesity 
resistance [97,98], adverse outcomes have also been reported, including 
contributions to hypermetabolism and associated cachexia in cancer 
[99], as well as hepatic steatosis after burn injury via pro-inflammatory 
fatty acid release [100]. Thus, further research is necessary to decipher 
the metabolic consequences of the induction of browning by MINCH and 
other environmental chemicals such as MEHP in vivo [23].

Previous studies suggest that the adipogenic effect of MINCH was 
mainly mediated via binding and activating PPARγ [42,46]. Similarly, 
we observed that the MINCH-induced metabolic changes were mainly 
similar to the changes induced by rosiglitazone in preadipocytes and 
mature adipocytes. Nevertheless, we observed subtle differences in the 
effects on metabolic pathway activity, including increased glycolysis 
contribution to glucose metabolism by MINCH treatment, whereas 
increased PPP contribution to glucose metabolism by rosiglitazone 
treatment was consistently observed in preadipocytes and mature adi
pocytes. This higher glycolytic activity seen after MINCH treatment 
might also explain further observed differences, such as the higher la
beling contribution from [U-13C]glucose in the TCA cycle metabolites 
from citrate to succinate in mature adipocytes. Apart from the possibility 
of different recruitment of transcription factors upon PPARγ activation 
by MINCH compared to rosiglitazone [101], our findings are consistent 
with the notion that MINCH exerts effects beyond canonical 
PPARγ-signaling. This interpretation aligns with our previous observa
tion that metabolic effects of MINCH persisted in the presence of the 
PPARγ inhibitor GW9662 [57]. Moreover, Campioli et al. suggested 
PPARα as the main initiator of the MINCH-induced differentiation in 
adipocytes since effects were blocked by a PPARα antagonist and only 
partially by a PPARγ antagonist. This was a view further supported by 
the induction of PPARα activity by MINCH in a GAL4-UAS reporter gene 
assay [45].

Besides binding to other nuclear hormone receptors, there are also 
other potential candidates responsible for the PPARγ-independent ef
fects by MINCH. A recently published thermal proteome profiling 
screening indicated indirect interactions of MINCH with extracellular 
signal-regulated kinase 1 (ERK1) and C-terminal c-Src kinase (CSK) 
during early adipogenesis in SGBS cells [102]. In line with this, phos
phoproteome profiling revealed that MINCH induced a 
PPARγ-independent increase in the Y204 phosphorylation site of ERK1 
required for its activation [102]. ERK1 and CSK have been implicated in 
glycolytic regulation in cancer cells, raising the possibility that their 
modulation contributes to the observed glycolytic effects of MINCH 
[103,104].

While these observations collectively point towards PPARγ-inde
pendent mechanisms, we acknowledge that direct experimental proof 
would be required. Specific test designed to test causality such as genetic 
knockdowns or inhibition of candidate kinases are beyond the scope of 
the presented study but represent an important direction for further 
validation.

Effects of MINCH on metabolic pathway activity in exposed pre
adipocytes and mature adipocytes were observed primarily at micro
molar concentrations, consistent with previous in vitro studies [42,43, 
45]. Although serum concentrations of DINCH and its metabolites, 
which better approximate the concentrations in adipose tissue, are 
missing so far, current biomonitoring studies reported geometric mean 
concentrations of DINCH metabolites ranging from 2.5 to 3.6 µg/L in 
European children and adolescents [40] and median OH-MINCH con
centrations of 0.8–1.1 µg/L in US children and adolescents [105]. These 

exposure levels are approximately three orders of magnitude lower than 
the concentrations at which pronounced effects on adipocyte meta
bolism were observed in vitro. Thus, the observed effects of MINCH are 
likely to be non-environmentally relevant. Nevertheless, it should be 
noted that under specific exposure scenarios, such as in intensive care 
unit (ICU) patients, micromolar serum concentrations of plasticizer 
metabolites have been reported for structurally related compounds like 
DEHP [63]. While comparable data for DINCH are lacking, these find
ings suggest that high exposure situations for the population cannot be 
entirely excluded. Additionally, potential bioaccumulation of DINCH in 
adipose tissue could represent a further factor enabling its primary 
metabolite MINCH to reach higher local concentrations in vivo. While 
application studies did not indicate relevant accumulation [47,106], 
elevated DINCH levels were detected in subcutaneous and visceral WAT 
of dietary exposed C57BL/6 N mice after a recovery phase [48], sug
gesting possible retention in adipose tissue. These contradictory findings 
highlight the need for further research into the bioaccumulation po
tential of DINCH and its implications for MINCH-mediated metabo
lism-disrupting effects.

Importantly, the detection of minor changes at nanomolar concen
trations highlights the high sensitivity of the ¹ ³C metabolic tracing 
approach. The biological relevance of these low-dose alterations re
mains uncertain but warrants further investigation, particularly in the 
context of chronic exposure or in combination with other environmental 
chemicals. Indeed, different mixtures of organic and inorganic con
taminants have been shown to elicit synergistic adipogenic effects 
greater than those of the single compounds [107]. Such effects may be of 
particular concern for vulnerable populations like infants and children, 
given the increasing exposure trends of DINCH in these groups [40,108]
and the developmental determination of adipocyte number during 
childhood [70]. Enhanced adipogenesis during this critical window may 
contribute to a permanently increased adipocyte number and a greater 
risk of obesity in adulthood [109,110]. Overall, our results highlight the 
utility of 13C metabolic tracing in human adipocytes as a sensitive 
method for detecting adipogenic effects and subtle metabolic alterations 
upon treatment with environmental chemicals. In contrast to 
single-endpoint assays such as analysis of lipid accumulation [111], this 
approach offers higher sensitivity and, importantly, provides insights 
into the underlying molecular mode of action. Similar to ¹ ³C metabolic 
tracing, transcriptomics and proteomics can be used to investigate mo
lecular mechanisms and have been applied to assess 
metabolism-disrupting properties of chemicals, particularly 
adipogenesis-promoting effects [20,51,112,113]. For example, tran
scriptomics has been successfully used in 3T3-L1 cells to distinguish 
obesogens from non-obesogens [51] and to classify adipogenic chem
icals according to their ability to induce a white or brite adipocyte 
phenotype [112]. Likewise, proteomics has confirmed the adipogenic 
potential of per- and polyfluoroalkyl substances in 3T3-L1 cells and 
revealed the underlying molecular regulation [113]. In human SGBS 
adipocytes, proteomics further identified a dysfunctional adipocyte state 
induced by BPA and its substitutes, characterized by increased inflam
matory signaling and reduced insulin sensitivity [20]. While these 
studies demonstrate the usefulness of transcriptomics and proteomics 
for assessing metabolism-disrupting properties, a key advantage of ¹ ³C 
metabolic tracing is that it is more directly linked to the phenotype [56, 
58,114]. By contrast, changes observed at the transcript or protein level 
do not necessarily translate into functional metabolic alterations [114]. 
Finally, unlike metabolomics, which provides static snapshots of 
metabolite abundances, 13C metabolic tracing provides dynamic insights 
into metabolic fluxes and pathway activity [58], enabling a more 
mechanistic understanding of how MDCs interfere with cellular meta
bolism. Given the need for the development of new assessment strategies 
for testing metabolism-disrupting properties and the great potential of 
omics techniques for enhancing risk assessment [53], we propose 13C 
metabolic tracing as a supplementary New Approach Methodology 
within the OECD test guideline framework.
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5. Conclusion

Using ¹ ³C metabolic tracing, we demonstrated that MINCH, a pri
mary metabolite of DINCH, alters key metabolic pathways in treated 
human preadipocytes and mature adipocytes (Fig. 7). In preadipocytes 
during differentiation, MINCH enhanced metabolic activity towards 
lipid synthesis, confirming its adipogenesis-promoting potential. In 
mature adipocytes, MINCH promoted a metabolic profile characteristic 
of browning. Effects partially mimicked the PPARγ agonist rosiglitazone 
but MINCH also induced distinct PPARγ-independent effects such as 
enhanced glycolysis.

Although changes in the metabolism of exposed preadipocytes and 
mature adipocytes were observed mainly at micromolar concentrations, 
which are several orders of magnitude above current human exposure 
estimates, ¹ ³C metabolic tracing also detected subtle metabolic changes 
at 10 nM MINCH in preadipocytes. While the biological significance of 
these low-dose findings remains unclear, they underscore the sensitivity 
of ¹ ³C metabolic tracing to detect early metabolic alterations caused by 
chemical exposure. Taken together, these results support the potential of 
this approach as a New Approach Methodology for evaluating 
metabolism-disrupting properties of environmental chemicals.

Environmental implication

Possible metabolism-disrupting properties of certain plasticizers and 
their ubiquitous occurrence might contribute to the worldwide increase 
in metabolic diseases. Since the metabolism-disrupting properties of the 
plasticizer DINCH remain controversial, further studies are needed to 
investigate whether and how DINCH and its metabolite MINCH affect 

adipocyte physiology at the molecular level. This study explored the 
effects of MINCH on human preadipocytes and mature adipocytes using 
13C metabolic tracing of central carbon metabolism as a novel method to 
detect disruptions of adipocyte metabolism. Subtle changes were 
already detectable at nM concentrations, but their biological relevance 
requires further investigations.
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Meuillet, E.J., Munger, J., Nöh, K., Rabinowitz, J.D., Ralser, M., Sauer, U., 
Stephanopoulos, G., St-Pierre, J., Tennant, D.A., Wittmann, C., Vander Heiden, M. 
G., Vazquez, A., Vousden, K., Young, J.D., Zamboni, N., Fendt, S.-M., 2015. 
A roadmap for interpreting (13)C metabolite labeling patterns from cells. Curr 
Opin Biotechnol 34, 189–201. https://doi.org/10.1016/j.copbio.2015.02.003.

[70] Spalding, K.L., Arner, E., Westermark, P.O., Bernard, S., Buchholz, B.A., 
Bergmann, O., Blomqvist, L., Hoffstedt, J., Näslund, E., Britton, T., Concha, H., 
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[87] Bauzá-Thorbrügge, M., Vujičić, M., Chanclón, B., Palsdottir, V., Pillon, N.J., 
Benrick, A., Wernstedt Asterholm, I., 2024. Adiponectin stimulates Sca1+CD34– 
adipocyte precursor cells associated with hyperplastic expansion and beiging of 
brown and white adipose tissue. Metab Clin Exp 151, 155716. https://doi.org/ 
10.1016/j.metabol.2023.155716.

[88] Inagaki, T., Sakai, J., Kajimura, S., 2016. Transcriptional and epigenetic control 
of brown and beige adipose cell fate and function. Nat Rev Mol Cell Biol 17, 
480–495. https://doi.org/10.1038/nrm.2016.62.

[89] Miller, C.N., Yang, J.-Y., England, E., Yin, A., Baile, C.A., Rayalam, S., 2015. 
Isoproterenol Increases Uncoupling, Glycolysis, and Markers of Beiging in Mature 
3T3-L1 Adipocytes. PLOS ONE 10, e0138344. https://doi.org/10.1371/journal. 
pone.0138344.

[90] Reshef, L., Olswang, Y., Cassuto, H., Blum, B., Croniger, C.M., Kalhan, S.C., 
Tilghman, S.M., Hanson, R.W., 2003. Glyceroneogenesis and the triglyceride/ 
fatty acid cycle. J Biol Chem 278, 30413–30416. https://doi.org/10.1074/jbc. 
R300017200.

[91] Mills, E.L., Pierce, K.A., Jedrychowski, M.P., Garrity, R., Winther, S., Vidoni, S., 
Yoneshiro, T., Spinelli, J.B., Lu, G.Z., Kazak, L., Banks, A.S., Haigis, M.C., 
Kajimura, S., Murphy, M.P., Gygi, S.P., Clish, C.B., Chouchani, E.T., 2018. 
Accumulation of succinate controls activation of adipose tissue thermogenesis. 
Nature 560, 102–106. https://doi.org/10.1038/s41586-018-0353-2.

[92] Cannon, B., Nedergaard, J., 1979. The physiological role of pyruvate 
carboxylation in hamster brown adipose tissue. Eur J Biochem 94, 419–426. 
https://doi.org/10.1111/j.1432-1033.1979.tb12909.x.

[93] Yang, C., Ko, B., Hensley, C.T., Jiang, L., Wasti, A.T., Kim, J., Sudderth, J., 
Calvaruso, M.A., Lumata, L., Mitsche, M., Rutter, J., Merritt, M.E., 
DeBerardinis, R.J., 2014. Glutamine oxidation maintains the TCA cycle and cell 
survival during impaired mitochondrial pyruvate transport. Mol Cell 56, 
414–424. https://doi.org/10.1016/j.molcel.2014.09.025.

[94] Sharma, A.K., Khandelwal, R., Wolfrum, C., 2024. Futile lipid cycling: from 
biochemistry to physiology. Nat Metab 6, 808–824. https://doi.org/10.1038/ 
s42255-024-01003-0.

[95] Chubukov, V., Uhr, M., Le Chat, L., Kleijn, R.J., Jules, M., Link, H., Aymerich, S., 
Stelling, J., Sauer, U., 2013. Transcriptional regulation is insufficient to explain 
substrate-induced flux changes in Bacillus subtilis. Mol Syst Biol 9, 709. https:// 
doi.org/10.1038/msb.2013.66.

[96] Ralser, M., Wamelink, M.M.C., Latkolik, S., Jansen, E.E.W., Lehrach, H., 
Jakobs, C., 2009. Metabolic reconfiguration precedes transcriptional regulation in 
the antioxidant response. Nat Biotechnol 27, 604–605. https://doi.org/10.1038/ 
nbt0709-604.

[97] Li, Y., Wang, D., Ping, X., Zhang, Y., Zhang, T., Wang, L., Jin, L., Zhao, W., 
Guo, M., Shen, F., Meng, M., Chen, X., Zheng, Y., Wang, J., Li, D., Zhang, Q., 
Hu, C., Xu, L., Ma, X., 2022. Local hyperthermia therapy induces browning of 
white fat and treats obesity, 949-966.e19 Cell 185. https://doi.org/10.1016/j. 
cell.2022.02.004.

[98] Cheng, C.-F., Ku, H.-C., Cheng, J.-J., Chao, S.-W., Li, H.-F., Lai, P.-F., Chang, C.-C., 
Don, M.-J., Chen, H.-H., Lin, H., 2019. Adipocyte browning and resistance to 
obesity in mice is induced by expression of ATF3. Commun Biol 2, 389. https:// 
doi.org/10.1038/s42003-019-0624-y.

[99] Petruzzelli, M., Schweiger, M., Schreiber, R., Campos-Olivas, R., Tsoli, M., 
Allen, J., Swarbrick, M., Rose-John, S., Rincon, M., Robertson, G., Zechner, R., 
Wagner, E.F., 2014. A switch from white to brown fat increases energy 
expenditure in cancer-associated cachexia. Cell Metab 20, 433–447. https://doi. 
org/10.1016/j.cmet.2014.06.011.

[100] Abdullahi, A., Samadi, O., Auger, C., Kanagalingam, T., Boehning, D., Bi, S., 
Jeschke, M.G., 2019. Browning of white adipose tissue after a burn injury 
promotes hepatic steatosis and dysfunction. Cell Death Dis 10, 870. https://doi. 
org/10.1038/s41419-019-2103-2.

[101] Nemetchek, M.D., Chrisman, I.M., Rayl, M.L., Voss, A.H., Hughes, T.S., 2022. 
A structural mechanism of nuclear receptor biased agonism. Proc Natl Acad Sci 
USA 119, e2215333119. https://doi.org/10.1073/pnas.2215333119.

[102] Aldehoff, A.S., Karkossa, I., Broghammer, H., Krupka, S., Weiner, J., 
Goerdeler, C., Nuwayhid, R., Langer, S., Wabitsch, M., Rolle-Kampczyk, U., 
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