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Preface 

This thesis is submitted in partial fulfillment of the requirements for obtaining the PhD degree at the Technical 

University of Denmark. The present PhD project was a collaboration between the National Food Institute at the 

Technical University of Denmark and the National Research Centre for the Working Environment. The main 

supervisor was Gitte Ravn-Haren from the National Food Institute, and the co-supervisors were Ulla Vogel and 

Niels Hadrup from the National Research Centre for the Working Environment. The project was partially funded 

by the Focused Research Effort on Chemicals in the Working Environment (FFIKA) from the Danish Government. 

The research was supervised and conducted from April 2020 to October 2023 at the Technical University of 

Denmark, the National Research Centre for the Working Environment, the University of Copenhagen, and Cornell 

University. The thesis is based on three unpublished manuscripts and includes work carried out by collaborators, 

which is specified in the methods section. 
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Summary 

The protein peroxisome proliferator-activated receptor gamma (PPARγ) is a transcription factor highly expressed 

in adipose tissue where it is crucial for the development of fat cells (adipocytes) through the process of 

adipogenesis. In addition, PPARγ is involved in the production of hormones and signaling molecules in adipose 

tissue. The function of PPARγ can be modified by exogenous chemicals through agonistic or antagonistic effects 

on PPARγ activity, which can lead to disruption of metabolism and the endocrine system. The focus of this project 

was to study how exposure to foreign chemicals can impact breast cancer development via PPARγ antagonism, 

as the regulation and balance of hormones play a significant role in this. While there is evidence suggesting that 

PPARγ can act as a tumor suppressor, particularly in the breast, the exact mechanisms are not yet fully 

understood. 

The hormone estrogen is produced by the enzyme aromatase in the adipose tissue, where it signals locally to 

the cells of the breast tissue and stimulates cell division. It has been shown that PPARγ represses the expression 

of aromatase, suggesting that exposure to PPARγ-inhibiting chemicals in the environment may lead to 

overexpression of aromatase in the adipose tissue. Increased aromatase expression is associated with an 

elevated level of circulating estrogens – a well-known risk factor for breast cancer. That is why medical treatment 

with aromatase inhibitors is an effective strategy to reduce estrogen production and consequently prevent 

cancer growth. The connection between PPARγ, aromatase, and their influence on metabolic disease and cancer 

is thus an important area of study. 

The primary aim of the project was to identify chemicals that inhibit PPARγ and investigate if they affect estrogen 

production in the adipose tissue and thereby potentially promote breast cancer. Modulation of PPARγ activity in 

response to environmental and occupational chemical exposure has been studied extensively, yet experimental 

results are often inconsistent. Therefore, previously identified PPARγ inhibitors were confirmed in an orthogonal 

analysis assessing the effects of 25 chemicals on the transcriptional activity of PPARγ. Additional PPARγ 

antagonists were discovered by similar testing of chemicals predicted to inhibit PPARγ based on a quantitative 

structure-activity relationship (QSAR) model developed by collaborators. NMR spectroscopy performed by other 

collaborators showed that two of the confirmed PPARγ antagonists directly interact with and inhibit PPARγ. To 

complement these results, it was demonstrated that seven of the chemicals could block adipogenesis, which 

PPARγ is essential for. An interesting observation was that the expression of aromatase was greater in the pre-

adipocytes than in the fully developed adipocytes. This led to investigation of whether impaired adipogenesis in 

response to PPARγ inhibitors would affect aromatase expression. The results indicated that PPARγ inhibition 

prevented adipogenesis-induced downregulation of aromatase. 

A short-term effect of PPARγ inhibition on aromatase expression was studied in human pre-adipocytes and 

adipocytes. The results revealed no effect of PPARγ-inhibiting chemicals in the pre-adipocytes, where the PPARγ 

level is low, but increased aromatase expression in mature adipocytes, where PPARγ is abundant. Consistent 

with this, ectopic overexpression of PPARγ, as well as stimulation with a PPARγ activator, decreased the 

expression of aromatase in pre-adipocytes. In breast adipose tissue explants, activation and inhibition of PPARγ 

had similar effects as in adipocytes. Short-term exposure of female rats to PPARγ inhibitors, including alcohol, 

however, did not affect aromatase expression in the adipose tissue. 

It can be concluded that PPARγ inhibitors could be identified among environmental chemicals, and these 

inhibitors elevated aromatase expression both indirectly by impairing adipogenesis and via a more acute 

mechanism, which is yet to be defined. Increased adipose tissue aromatase expression will supposedly lead to 

increased local estrogen production, which can potentially promote breast tumor growth. 
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Summary (in Danish) 

Proteinet peroxisomproliferator-aktiveret receptor gamma (PPARγ) er en transkriptionsfaktor som er højt 

udtrykt i fedtvæv, hvor det er afgørende for udviklingen af fedtceller (adipocytter) gennem processen, 

adipogenese. Derudover er PPARγ involveret i produktionen af hormoner og signalmolekyler i fedtvævet. 

Funktionen af PPARγ kan påvirkes af eksogene stoffer gennem agonistiske eller antagonistiske effekter på PPARγ 

aktivitet, hvilket kan føre til forstyrrelse af stofskiftet og hormonsystemet. Dette projekt fokuserer på at 

undersøge, hvordan eksponering over for fremmede stoffer kan påvirke udviklingen af brystkræft via PPARγ 

antagonisme, da hormonregulering og -balance spiller en væsentlig rolle for dette. Mens der er evidens for, at 

PPARγ kan virke tumorundertrykkende, især i brystet, er de præcise mekanismer endnu ikke fuldt ud forstået. 

Hormonet østrogen bliver produceret af enzymet aromatase i fedtvævet, hvor det signalerer lokalt til cellerne i 

brystvævet og stimulerer celledeling. Det er vist, at PPARγ undertrykker ekspressionen af aromatase, hvilket 

tyder på, at eksponering over for PPARγ-hæmmende stoffer i miljøet kan føre til overudtrykkelse af aromatase i 

fedtvævet. Øget aromatase-ekspression er forbundet med forhøjet niveau af cirkulerende østrogener – en 

velkendt risikofaktor for brystkræft. Derfor er medicinsk behandling med aromatase-hæmmere også en effektiv 

strategi til at nedsætte østrogenproduktionen og dermed forhindre kræftvækst. Forbindelsen mellem PPARγ, 

aromatase og deres indflydelse på metabolisk sygdom og kræft er altså et vigtigt forskningsområde. 

Det overordnede formål med projektet var at identificere stoffer, der hæmmer PPARγ, samt undersøge om de 

påvirker østrogenproduktionen i fedtvævet og dermed potentielt virker brystkræftfremkaldende. Modulering af 

PPARγ aktivitet som reaktion på eksponering over for stoffer i miljøet og på arbejdspladsen har været undersøgt 

udførligt, men alligevel er eksperimentelle resultater ofte inkonsistente. Derfor blev tidligere identificerede 

PPARγ-hæmmere bekræftet i en orthogonal analyse, der vurderede 25 stoffers virkninger på den 

transskriptionelle aktivitet af PPARγ. Yderligere PPARγ-antagonister blev opdaget ved en lignende test af stoffer, 

der forventes at hæmme PPARγ baseret på en kvantitativ struktur-aktivitetsrelationsmodel (QSAR-model) 

udviklet af samarbejdspartnere. NMR-spektroskopi udført af andre samarbejdspartnere viste, at to af de 

bekræftede PPARγ-antagonister direkte interagerer med og hæmmer PPARγ. For at supplere disse resultater blev 

det påvist, at syv af stofferne kunne blokere adipogenese, som PPARγ er afgørende for. En interessant 

observation var, at udtrykkelsen af aromatase var højere i præ-adipocytter end i de fuldt udviklede adipocytter. 

Dette førte til undersøgelse af, om nedsat adipogenese som reaktion på PPARy-hæmmere ville påvirke 

aromatase-ekspression. Resultaterne indikerede, at PPARy-hæmning forhindrede adipogenese-induceret 

nedregulering af aromatase. 

En kortsigtet effekt af PPARγ-hæmning på aromatase-udtrykkelse blev undersøgt i humane præ-adipocytter og 

adipocytter. Resultaterne viste ingen effekt af PPARγ-hæmmende stoffer i præ-adipocytterne, hvor PPARy-

niveauet er lavt, men øget aromatase-ekspression i de fuldtudviklede adipocytter, hvor der er højt PPARy-niveau. 

Dette er i overensstemmelse med, at ektopisk overekspression af PPARγ, såvel som stimulering med en PPARγ-

aktivator, reducerede ekspressionen af aromatase i præ-adipocytter. I eksplantater fra brystfedtvæv havde 

aktivering og hæmning af PPARγ lignende virkninger som i adipocytter. Kortvarig eksponering af hunrotter for 

PPARγ-hæmmere, inklusive alkohol, påvirkede imidlertid ikke aromatase-ekspression i fedtvævet. 

Det kan konkluderes, at PPARy-hæmmere kunne identificeres blandt stoffer i miljøet, og disse hæmmere 

forhøjede aromatase-ekspression både indirekte ved at svække adipogenese og via en mere akut mekanisme, 

som endnu ikke er defineret. Øget aromatase-ekspression i fedtvævet vil angiveligt føre til øget lokal 

østrogenproduktion, som potentielt kan fremme brysttumorvækst. 
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Introduction 

Peroxisome proliferator-activated receptor gamma (PPARγ) is a nuclear receptor involved in a wide range of 

cellular functions, and its dysregulation can contribute to several adverse outcomes, such as diabetes, obesity, 

cancer, and cardiovascular disease.1–4 A large number of chemicals in the domestic and occupational 

environments can bind to PPARγ and affect its activity.5 Activation of PPARγ by agonists may promote 

osteoporosis,6 heart failure,2 and weight gain,7 while inhibition of PPARγ by antagonists may lead to development 

of insulin resistance,8 cancer,1,9 and pulmonary fibrosis.10,11 

This project focused on the tumor suppressing role of PPARγ in mammary carcinogenesis, and particularly the 

effect of impaired PPARγ signaling on adipose tissue estrogen production. Exposure to environmental pollutants 

that modulate PPARγ function can potentially disrupt metabolism and the endocrine system.12–14 

Epidemiological studies indicate that metabolic disorders are often associated with an increased risk of certain 

cancers, such as breast cancer.15 Accordingly, when activated by agonists in adipose stromal cells (ASCs), PPARγ 

has been shown to be a repressor of aromatase,16,17 the rate-limiting enzyme in estrogen synthesis, suggesting 

that exposure to PPARγ antagonists may cause a derepression of aromatase and thus act as mammary 

carcinogens. Very little is currently known about the effect of PPARγ antagonists on aromatase expression, and 

the involvement of PPARγ in metabolic disease and cancer is important to study to better understand the 

mechanisms of action, and to ultimately help prevent disease. 

Breast cancer is the most commonly diagnosed cancer worldwide and is the fourth most common cause of 

cancer-related death.18 Modifiable risk factors for breast cancer include obesity, physical inactivity, hormone 

therapy, and alcohol consumption.19 Genetic epidemiological studies found interaction between alcohol intake 

and the functional polymorphism PPARG Pro12Ala,20,21 suggesting that ethanol promotes breast cancer in a 

PPARγ-dependent manner. Follow-up in vitro studies on various organic solvents, including alcohols, suggested 

that ethanol and ethylene glycol inhibit PPARγ activation and induce estrogen biosynthesis.21,22 The majority of 

breast cancers are estrogen receptor positive, meaning that the cancer cells grow in response to the hormone 

estrogen.23 Exogenous chemicals can act as endocrine disruptors and promote breast cancer development by 

interfering with the function of the endocrine system.24 The mechanisms by which many of these xenobiotics 

elicit their carcinogenic effects remains to be elucidated. Studying environmental and occupational chemicals 

for potentially carcinogenic effects is crucial for breast cancer prevention. However, it is difficult to obtain 

epidemiological evidence for the carcinogenic effects of exposure to individual chemicals since exposure often 

is a mixture of chemicals. Another limitation is the lack of information about important potential confounders. 

It is therefore important to complement epidemiological studies with mechanistic studies in vitro and in vivo. 
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Main objective 

The main objective is to identify potential breast carcinogens that increase estrogen biosynthesis in the adipose 

tissue by inducing aromatase transcription through a PPARγ-dependent mechanism. 

It is hypothesized that PPARγ antagonists can be identified among exogenous chemicals and that exposure to 

these antagonists results in increased estrogen production in the adipose tissue by inducing aromatase 

transcription via a mechanism involving PPARγ. 

Specific aims 

1) Identify environmental and occupational chemicals as PPARγ antagonists. 

Hypothesis: In silico tools facilitate identification of PPARγ antagonists among environmental chemicals. 

2) Determine the effect of PPARγ antagonism on aromatase expression and estrogen production. 

Hypothesis: PPARγ antagonists increase aromatase expression and estrogen production in adipose tissue culture. 

3) Investigate the impact of ethanol and ethylene glycol exposure on aromatase expression in vivo and in 

vitro, and assess whether effects are mediated by PPARγ. 

Hypothesis: Exposure to ethanol and ethylene glycol increases aromatase expression via inhibition of PPARγ. 

Each hypothesis was addressed in a separate manuscript, with some degree of interconnection and shared 

contributions. The thesis begins with a detailed description of PPARγ and its role in adipose tissue function, 

cancer, metabolic disease, and steroid synthesis. Next, the scientific methods used in the project are considered 

and discussed. Then the three manuscripts are presented, and finally the thesis is concluded with a discussion 

of the findings. 
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Background 

PPARγ structure and function 

The peroxisome proliferator-activated receptors (PPARs) belong to the nuclear receptor superfamily of 

transcription factors and intracellular receptors.25 Like other nuclear receptors, PPARs contain the following 

functional domains: an N-terminal domain containing a ligand-independent activation region (AF-1), a DNA-

binding domain (DBD), a flexible hinge region, and a C-terminal ligand-binding domain (LBD) containing a ligand-

dependent activation region (AF-2).26 PPARs heterodimerize with retinoid X receptors (RXRs), and together they 

bind as a complex to peroxisome proliferator response elements (PPREs) in the promoter region of target 

genes.26 PPARs regulate the expression of genes involved in processes such as cellular metabolism, 

differentiation, and development.27 PPARs are nutrient sensors, and endogenous ligands include fatty acids and 

their derivatives, such as eicosanoids.28 The three main forms of PPARs are PPARα, PPARγ, and PPARδ, which are 

transcribed from separate genes and differ in their tissue distribution patterns and ligand specificities.29,30 

 AF-1 DBD RXR AF-2 

 

Figure 1. Structure of PPARγ variants. The figure shows a comparison of PPARγ1 and PPARγ2, as well as two dominant 

negative isoforms. Different domains and interaction regions are indicated. Adapted from Aprile M et al (2014).31 

The most extensively studied member of the PPARs is PPARγ, which is a common target for therapeutic 

intervention.32 There are two canonical PPARγ isoforms, PPARγ1 and PPARγ2, which consist of 475 and 505 

amino acids, respectively, and arise from different PPARG transcript variants. In addition, there are dominant 

negative isoforms of PPARγ, which lack the LBD and impair the function of the canonical PPARγ isoforms (Figure 

1).31,33,34 The function of PPARγ is modified by structural changes in the LBD induced by ligand binding and 

recruitment of transcriptional coregulators.35 PPARγ is also regulated by post-translational modifications, 

especially phosphorylation.26,36 

Synthetic PPARγ agonists have been developed for the treatment of type 2 diabetes.37 Some of these are now 

also in clinical trials for their tumor-suppressing effects,28,37,38 since there appears to be a link between diabetes 

and some cancers.15 Thiazolidinediones (TZDs) are a class of potent PPARγ activators and include rosiglitazone, 

troglitazone, pioglitazone, and ciglitazone.37 Synthetic non-thiazolidinedione PPARγ agonists have also been 

developed, for instance L-764406, GW0072, and GW7845.37 In addition, a multitude of PPARγ-activating natural 

products have been identified, including flavonoids, isoflavones, and amorfrutins.39 Lastly, various 

environmental contaminants, such as the antagonist bisphenol A diglycidyl ether (BADGE), can also affect PPARγ 

activity,37 and may have adverse effects. 

PPARγ is mainly expressed in adipose tissue and is indispensable for adipogenesis.40 This is evident from several 

knockout studies in vitro and in vivo. Knockout of Pparg in mouse embryonic fibroblasts inhibits differentiation 

into adipocytes.41 Ablation of only the PPARγ2 variant in mouse embryonic fibroblasts also dramatically reduced 

the capacity for adipogenesis compared with wild-type cells.42 

In mice, knockout of Pparg is embryonic lethal. However, epiblast-restricted knockout of Pparg rescued 

embryonic lethality and resulted in severe lipodystrophy and insulin resistance.43 Dominant-negative missense 

mutations in PPARG also led to lipodystrophy.44 Adipocyte-specific homozygous knockout of PPARγ in mice 

caused a dramatic loss of adipose tissue, severe insulin resistance, and massive fatty livers, while heterozygous 

knockout mice exhibited no significant phenotypic difference from the control mice.45 A study also shows that 

PPARγ is essential for the in vivo survival of mature adipocytes as inducible adipocyte-specific knockout of Pparg 

causes adipocytes to die within a few days, eventually being replaced by newly formed PPARγ-positive 
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adipocytes.46 Death of the PPARγ-deficient adipocytes triggered an inflammatory reaction resulting in deposition 

of collagen.46 

There are also a number of studies that specifically investigated the effect of PPARγ2 ablation in vivo. Lack of 

PPARγ2 in mice caused a reduction in adipose tissue mass and lipid accumulation, a decrease in the expression 

of adipogenic genes, and a male-specific reduction in insulin sensitivity.42 In a second study, lack of PPARγ2 

impaired lipid storage rate in mouse adipose tissue, and this chronic metabolic inflexibility of the adipose tissue 

led to insulin resistance with age.47 A third study showed that ablation of Pparg2 had little effect in mice, except 

for a significant reduction in plasma adiponectin.48 However, in obese hyperphagic leptin-deficient mice, lack of 

PPARγ2 resulted in lower fat mass and larger adipocytes, suggesting impaired potential for adipocyte 

recruitment.48 Furthermore, the PPARγ2-deficient mice had lower plasma level of adiponectin and higher levels 

of glucose, free fatty acids, and triglycerides.48 These studies indicate an important role of the PPARγ2 variant in 

adipose tissue. 

A missense single-nucleotide polymorphism (SNP) in the first coding exon of PPARG (rs1801282) results in a 

substitution of proline with alanine at position 12 in the amino acid sequence. This Pro12Ala variant is specific 

to PPARγ2. There is significant variation in allelic frequencies across different ethnic groups,49 with frequencies 

ranging from about 1% to 10%.50,51 It has been shown that PPARγ Pro12Ala is associated with decreased receptor 

activity,52,53 reduced adipogenic function,53,54 and lower adiponectin secretion.54 It has also been suggested that 

the metabolic impact of the Pro12Ala variant strongly depends on gene-environment interactions.55 

Tumor suppressing effect of PPARγ 

PPARγ ligands have, in some studies, been shown to potentiate tumorigenesis and in other studies been shown 

to attenuate tumorigenesis.56 There is a larger body of evidence supporting that PPARγ and its ligands inhibit 

carcinogenesis, particularly in the breast, however the mechanisms are still unclear. In rodent cancer models, 

chemical carcinogens are widely used to mimic cancer development through the phases of initiation, promotion, 

and progression.57 Particularly, 7,12-dimethylbenzanthracene (DMBA) and N-methyl-N-nitrosourea (NMU) 

consistently induce mammary cancer and are therefore commonly used to study breast cancer.58,59 PPARγ has 

repeatedly been shown to act as a tumor suppressor in this kind of model, as described next. 

Heterozygous knockout of Pparg increased the number of DMBA-induced tumors in female mice and decreased 

their survival rate.60 Particularly, malignant tumors of the skin, ovary, and mammary gland were increased.60 

Adipocyte-specific Pparg deletion also increased the DMBA-induced malignant mammary tumor incidence and 

multiplicity in female mice.61 In addition, mammary adenocarcinoma incidence and multiplicity were accelerated 

in mice with mammary gland-directed expression of the dominant-negative transgene, Pax8PPARγ.62 

Several studies describe that ligands of PPARγ also affect carcinogenesis in vivo, ex vivo, and in vitro. The potent 

non-thiazolidinedione PPARγ agonist, GW7845, decreased NMU-induced mammary tumor incidence, number, 

and size in female rats.63 Furthermore, DMBA-induced mammary tumor incidence was delayed in female mice 

treated with GW7845.62 Conversely, treatment with the PPARγ antagonist GW9662 accelerated medroxy-

progesterone- and DMBA-induced tumorigenesis in mice.64 In mouse mammary gland organ culture, the PPARγ 

agonist, troglitazone, inhibited the growth of DMBA-induced preneoplastic lesions.65 The RXR-specific ligand 

LG10068 had no effect by itself but enhanced the effect of troglitazone.65 In accordance with this, GW7845 

inhibited the development of DMBA-induced precancerous mammary alveolar lesions in mouse mammary gland 

organ culture.66 Surprisingly, GW9662 also inhibited DMBA-induced lesions, but at a 100-fold greater concen-

tration, indicating that GW9662 action may have been independent of association with PPARγ.66 At such high 

concentration, GW9662 has been shown to also modulate the activity of PPARα and PPARδ,67 both of which 

influence mammary carcinogenesis.37,68,69 Consistent with rodent and organ culture studies, an in vitro study 

showed that thiazolidinedione treatment of cultured breast cancer cells caused lipid accumulation and reduced 

proliferation, and exhibited a less malignant gene expression pattern.70 

In mice, GW9662 treatment,64 Pax8PPARγ expression,62 and adipocyte-specific Pparg knockout61 increased the 

expression of estrogen receptor alpha (ERα) in mammary adenocarcinomas; cultured primary mammary 
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epithelial or adenocarcinoma cells; and mammary ductal adenocarcinomas, respectively. The stronger ERα 

expression in response to ablation of PPARγ suggests that inhibition of PPARγ signaling may promote estrogen-

dependent carcinogenesis. Consistent with this, the mechanism by which PPARγ affects breast cancer has been 

proposed to involve regulation of the estrogen-producing enzyme aromatase (encoded by CYP19A1),16,17 which 

increases the supply of estrogen to nearby breast epithelial cells. 

PPARγ as a target of xenobiotics 

PPARγ function can be modulated by a variety of environmental and occupational chemicals, which may lead to 

endocrine and metabolic disruption.13 It is important to study the potential health effects of substances in the 

environment, since they have been linked to a long range of adverse outcomes such as reduced fertility, immune 

dysfunction, endometriosis, obesity, and cancer.71 The importance of lifestyle and environmental factors on 

cancer is emphasized in a recent population-based cohort study, which found that the risk of breast, colorectal, 

and lung cancer was higher in women born in Nordic countries than in women born in non-Western countries, 

and that immigration to Nordic countries increased cancer incidence and mortality with duration of residence.72 

PPARγ is a major target of certain chemical compounds called obesogens. Obesogens are environmental 

chemicals that promote obesity by interfering with metabolic homeostasis and the action of hormones.73 Many 

obesogens are endocrine-disrupting chemicals that can alter appetite regulation, lipid metabolism, adipocyte 

differentiation, or inflammatory responses.73,74 Modulation of PPARγ activity by obesogens can inappropriately 

stimulate adipogenesis and increase lipid storage.75 Obesogens may also act through interference with steroid 

hormone receptors as they too influence lipid storage and fat deposition.75 Some examples of obesogens are 

organotins, phthalates, organophosphates, organobromines, polyfluoroalkyl substances (PFASs), and heavy 

metals.73 

Organotins, such as tributyltin or triphenyltin, can act as potent agonists of both RXRs and PPARγ,7,76–82 inducing 

adipogenesis.7,77–80,83,84 Interestingly, tributyltin appears to promote development of a phenotypically distinct 

adipocyte,85–87 which may be dysfunctional. Phthalate monoesters, such as mono-(2-ethylhexyl)-phthalate 

(MEHP), have also been shown to increase PPARγ activity.79,88–92 MEHP is highly relevant as it is the major 

metabolite of the common phthalate, di-(2-ethylhexyl)-phthalate (DEHP), which does not activate PPARγ 

itself.88,91 Instead, DEHP antagonizes PPARγ, according to one study.93 

Bisphenols have recently been shown to act as PPARγ antagonists, inhibiting PPARγ activity and adipogenesis at 

low, environmentally relevant concentrations.94 However, the literature on bisphenol effects on PPARγ is 

inconsistent. Some studies show that bisphenols activate PPARγ95 or induce adipogenesis95–100 while others show 

that they do not.92,101 However, halogenated analogs of bisphenol A, such as tetrabromobisphenol A (TBBPA) 

and tetrachlorobisphenol A (TCBPA), have consistently been shown to activate PPARγ.92,102 

An in vitro screening of 200 pesticides showed that none of them could activate PPARγ in CV-1 monkey kidney 

cells,103 but these pesticides were not tested for antagonistic effects. Another study identified both PPARγ 

agonists and antagonists among a selection of pesticides.104 The observed effects on PPARγ transcriptional 

activity in COS-7 cells were consistent with effects on adipogenesis in 3T3-L1 cells.104 Multiple other studies have 

found effects of various pesticides on adipogenesis.105,106 

Agonistic and antagonistic effects on PPARγ have also been reported in response to compounds of various other 

chemical classes, such as ketones, benzaldehydes, and organochlorines.93,107 In addition, many xenobiotics alter 

the activity of multiple nuclear receptors rather than just a single receptor,76–78,81,88–91,93,108 and in many cases 

chemicals affect other cellular targets too.5,109,110 The complexity is further increased as humans are exposed to 

complex mixtures of chemicals instead of single compounds. A few studies have investigated the effect of 

chemical mixtures on PPARγ activity. For example, one study showed that extracts from various food contact 

materials increased PPARγ activity in a reporter gene assay in agonist mode. However, not all extracts activated 

PPARγ, and it is unknown whether some extracts might inhibit PPARγ as the study did not include an assay in 

antagonist mode.111 
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Another study has shown that exposure to mixtures of persistent organic pollutants (POPs) or POP metabolites, 

composed according to the concentrations found in polar bear adipose tissue, suppressed the activity of PPARγ 

and inhibited adipocyte differentiation in 3T3-L1 cells.107 Oppositely, contaminant extracts from polar bear liver 

and adipose tissue induced adipogenesis,107 which is likely due to the presence of additional contaminants in 

the extracts compared to the synthetic mixtures. Alternatively, endogenous PPARγ ligands present in the extracts 

could in part have been responsible for the adipogenic effect. 

A third study tested 23 commonly used unconventional oil and gas chemicals (UOG), at environmentally relevant 

concentrations, for effects on PPARγ activity and adipogenesis using 3T3-L1 cells.112 The UOG mixture included 

alcohols such as 2-ethylhexanol, diethanolamine, ethylene glycol, and propylene glycol. Treatment with the UOG 

mixture during adipogenesis promoted lipid accumulation, but an agonist-mode reporter assay revealed no 

impact on PPARγ activity, demonstrating that the effect was PPARγ-independent. This was supported by 

antagonist reporter assays showing that the UOG mixture decreased activities of estrogen receptor alpha (ERα), 

androgen receptor (AR), progesterone receptor B (PR-B), glucocorticoid receptor (GR), and thyroid receptor beta 

(TRβ), some of which can influence adipogenesis. A PPARγ assay in antagonist-mode was not performed.112 

The same study also showed that treatment with 5 out of 9 wastewater-impacted water samples increased 

adipogenesis, and 4 of these also increased PPARγ activity. Agonist and antagonist assays were performed for 

the other mentioned nuclear receptors and showed highest levels of overall antagonism in response to the 4 

PPARγ-activating samples, indicating that PPARγ-independent mechanisms may have contributed to some extent 

to the induced adipogenesis.112 The individual chemicals in the UOG mixture and wastewater samples were not 

studied for effects on PPARγ activity.112 However, other studies have reported decreases in PPARγ activity in 

response to the two alcohols, ethanol and ethylene glycol, using reporter assays.21,22 Consistent with this, 

ethanol has also been shown to impair adipogenesis in human adipose stromal cells (ASCs). 

Adipose tissue as an endocrine organ 

The function of the adipose tissue multi-depot organ is primarily to serve as an energy storing reservoir and to 

secrete hormones important for whole-body energy homeostasis.113 Adipose tissue also acts as a thermal 

insulator and a cushion to protect vital organs.114 It is composed of different cell types including adipocytes, 

fibroblast-like stromal cells, and immune cells, as well as an extracellular matrix.115,116 The stromal cells can 

differentiate into adipocytes as part of adipose tissue maintenance and expansion.117 Some specialized 

adipocytes within the adipose tissue have alternative functions. In contrast to the unilocular white adipocytes, 

brown and beige adipocytes are smaller, have multiple lipid droplets, and produce heat by a process called 

thermogenesis.118 

White adipose tissue can be found in two different main anatomical locations: the subcutaneous adipose tissue 

residing underneath the skin and the visceral adipose tissue (intra-abdominal adipose tissue) surrounding the 

internal organs inside the abdominal cavity.119 Ectopic fat accumulation is the storage of lipids outside of the 

adipose tissue, which is associated with inflammation and insulin resistance.120 Lipids preferentially accumulate 

in the subcutaneous adipose tissue, which is the largest depot, but when the storage capacity has reached its 

limit, excess lipids accumulate in the visceral adipose tissue and ectopic tissues.120 Subcutaneous adipose tissue 

has a higher adipogenic capacity than visceral adipose tissue, which is reflected by a greater response to PPARγ 

agonists.121 Adipose tissue function and plasticity is compromised by PPARγ dysregulation, leading to a 

dysmetabolic state characterized by ectopic fat accretion and lipotoxicity as well as peripheral insulin 

resistance.121–123 

The adipose tissue can expand via hyperplasia and hypertrophy (Figure 2). Hyperplasia is the generation of new 

adipocytes via adipogenesis, and hypertrophy is the increase in volume of existing adipocytes.124 Hypertrophy is 

predominant especially in visceral depots and leads to a proinflammatory profile and insulin resistance.124 The 

subcutaneous to visceral adipose tissue ratio is important for the risk of metabolic and cardiovascular disease.119 

Men tend to accumulate more visceral fat than women due to lower estrogen levels.125 Similarly, after 
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menopause, the subcutaneous to visceral fat ratio decreases, and this is primarily because of reduced estrogen 

levels.125 

 

Figure 2: Adipose tissue expansion. In response to increased nutrient availability, adipose tissue expands via hypertrophy and 

hyperplasia. Hypertrophy is considered metabolically unhealthy and is associated with inflammation and insulin resistance, while 

hyperplasia is more metabolically healthy and is associated with insulin sensitivity. Adapted from Steiner BM et al (2022).119 

Adipose tissue constitutes the majority of the breast126 and is a significant site of estrogen synthesis, especially 

in men and postmenopausal women.127 It is a major supplier of estrogen to the breast tissue, and its close 

proximity to the breast epithelial cells may impact carcinogenesis substantially.128 In the adipose tissue of obese 

individuals, aromatase expression is elevated, contributing to the development of estrogen receptor-positive 

breast cancer in postmenopausal women.129 

The role of PPARγ in steroidogenesis 

Steroidogenesis is the process of steroid hormone biosynthesis by various enzymes and cofactors (Figure 3).130 

De novo biosynthesis of steroids is the conversion of the main precursor steroid, cholesterol, into its steroid 

hormone derivatives.131 Classical steroidogenic tissues include the adrenal gland and the gonads, and these can 

synthesize steroid hormones de novo.131 Adipose tissue is well-established as a conversion site for steroid 

precursors that are taken up from the circulation.131 It is a major reservoir for steroid hormones, constitutes an 

important site for steroid biosynthesis and metabolism, and regulates local homeostasis through paracrine and 

autocrine signaling.131 It has been shown that adipose tissue is also capable of de novo steroidogenesis, although 

its physiological relevance is still unknown.131 Estrogen synthesized by aromatase in the adipose tissue can reach 

high concentrations and act locally in a paracrine manner without significantly affecting circulating levels.132 
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Figure 3: Steroidogenesis pathways. Steroid hormones and enzymes. Reproduced from Häggström M & Richfield D (2014).133 

The involvement of PPARγ in steroid hormone synthesis has been demonstrated in numerous studies. PPARγ and 

its agonists have been shown to suppress CYP11B2 expression and aldosterone production in H295R cells.134 

PPARγ agonist pioglitazone has also been shown to inhibit expression of CYP17A1 and HSD3B2 in H295R cells in 

part via a PPARγ-independent pathway.135 In addition, PPARγ and its agonists inhibit aromatase expression in 

KGN cells136 and suppress aromatase expression in rat ovarian granulosa cells.137 In vivo, aromatase mRNA 

abundance was decreased in granulosa cells of cattle injected intrafollicularly with troglitazone for 24 h.138 

Anoter in vivo study showed that prenatal exposure to PPARγ agonist for 60 days reduced aromatase expression 

and increased PPARγ target gene Fabp4 expression in the visceral adipose tissue of female sheep.139 

It has been demonstrated that treatment with the potential PPARγ antagonist, ethanol, increases aromatase 

expression in the MCF-7 human breast cancer cell line,140 and that chronic ethanol ingestion increases plasma 

estradiol in rats.141 A study in male rats revealed an increase in adipose tissue aromatase expression in response 

to ethanol consumption.142 Only a limited number of studies have explored the effects of ethylene glycol, 

another potential PPARγ antagonist. Both ethanol and ethylene glycol have been reported to increase estrogen 

production in a human adrenocortical cell line.21,22 In addition, ethylene glycol exhibited estrogenic activity in 

rainbow trout.143 However, it has not been determined how ethylene glycol affects aromatase expression in 

adipose tissue. Also, the mechanism of induced estrogen synthesis in response to ethanol and ethylene glycol is 

still unknown. 

Transcriptional control of aromatase 

Aromatase is the rate-limiting enzyme in estrogen biosynthesis and is encoded by the CYP19A1 gene. The 

CYP19A1 gene contains 10 exons, of which 9 are coding. There are 11 transcript variants, differing only in the 

untranslated first exon and each regulated by separate upstream cognate promoters. In the adipose tissue, 

aromatase expression is driven mainly by the three promoters, PI.4, PI.3, and PII.144 Binding of the transcription 

factor Sp1 is essential for promoter I.4 stimulation.144 Promoter I.4 is also regulated by the AP-1 transcription 

factor, type I cytokines, and glucocorticoid receptor.144 

Promoters I.3 and II are located within 215 bp from each other and therefore share some cis-regulatory 

elements.144 These include cAMP-responsive elements, an AP-1 site, CCAAT/enhancer binding protein (C/EBP) 

elements, and a SF-1 binding site.144 The cAMP-responsive elements are bound by CREB1 in response to 

activation by protein kinase A (PKA).144 Leptin or adiponectin can affect the activity of these elements by 
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increasing or decreasing CREB-regulated transcriptional coactivator binding, respectively.145 Protein kinase C 

(PKC) has an effect similar to leptin.144 For the study of aromatase regulation, a combination of PKA and PKC 

activation using forskolin and phorbol-12-myristate-13-acetate (PMA), respectively, is often used to strongly 

induce aromatase expression. The C/EBP and SF-1 binding sites are activated by C/EBPβ and LRH-1, 

respectively.144 Furthermore, SF-1 mediates the action of follicle stimulating hormone (FSH),144 which is secreted 

by the pituitary gland.146 

NF-κB has been shown to upregulate aromatase via promoter II activation.147 PPARγ inhibits aromatase promoter 

II activation by interfering with the promoter interaction of NF-κB.147 Also, it has been shown that PPARγ does 

not bind the promoter I.3/II of aromatase,17 indicating that the mechanism that PPARγ regulates aromatase via 

this promoter is indirect. 
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Methodological considerations 

Throughout the project, different biological models and experimental methods have been applied. Female rats 

were used, as well as cell and tissue models including human and mouse pre-adipocyte cell lines, a human 

adrenocortical cell line, a human embryonic kidney cell line, human primary adipose stromal cells, and breast 

adipose tissue explants. Methods include luciferase reporter assay, cytotoxicity assay, immunoblotting, RT-qPCR, 

transient transfection, confocal microscopy, and adipogenesis assays. 

The studied chemicals were selected from the Tox21 PPARγ antagonist assay based on inhibition of PPARγ by at 

least 25%, no agonist activity, and commercial availability. To increase the occupational relevance of the selected 

chemicals, known drugs were not included, and pesticides were selected only if approved for use in the EU. 

PPARγ transcriptional activity assay in HEK293 cells 

The human embryonic kidney 293 (HEK293) cell line was isolated from the kidney of a human embryo and 

exhibits epithelial morphology.148 It is widely used due to its rapid growth rate and propensity for transfection.149 

To study transcriptional activation of PPARγ in response to selected chemicals, a PPARγ LBD-driven GAL4 

luciferase reporter HEK293 stable cell line (SL-3002, Signosis) was utilized. It overexpresses a chimeric protein 

containing the LBD of PPARγ fused to the DBD of the yeast GAL4 transcription factor (Figure 4), which does not 

have an ortholog in mammalian genomes.150 The reporter gene is the coding region of firefly luciferase, which 

is joined to the GAL4 upstream activation sequence (UAS). When luciferase is expressed, it produces 

bioluminescence (light emission) through an enzymatic reaction with its luminogenic substrate luciferin. The 

enzymatic activity of luciferase correlates with the activation of the GAL4 UAS and is used as a measure of 

transcriptional activity. 

 

Figure 4: The PPARγ reporter system. The LBD of PPARγ is fused to the DBD of GAL4. Binding of ligands to the PPARγ LBD activates 

the PPARγ-GAL4 fusion protein, releasing co-repressors bound to the LBD. The transcriptional machinery is recruited to the 

luciferase reporter gene by co-activators, resulting in luciferase expression. Figure adapted from Reporter Genes and their 

Applications, Promega.151 

An advantage of this reporter system is that luminescence offers a greater sensitivity (signal to background ratio) 

than fluorescence due to lower background interference (emission from compounds, media, and cells).152,153 

However, firefly luciferase produces luminescence intensity that fades over several minutes, which can cause 

artifacts as luminescence is measured in each well at a different time point. Therefore, the data in this project 

was corrected for signal decay. 

Many test chemicals can interfere with reporter assays and produce artifacts. While compound fluorescence can 

be an issue when using a fluorescent-based reporter system, luciferase inhibitory activity of compounds can 

cause interference too. Luciferase inhibition is twice as common as compound fluorescence (blue or green 

wavelength) according to interference assays of the Tox21 chemical library.154 

The HEK293 cell line with the stably transfected reporter system from Signosis was easy to work with since it 

was not necessary to perform transient transfections. This also meant that there was no need for a transfection 

control reporter, such as constitutively expressed renilla luciferase. However, a limitation was that there was no 
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convenient way to normalize to the cell number in the wells. It was therefore assumed that all wells contained 

equal numbers of cells, and each treatment was performed in technical triplicates to reduce variation. 

Cytotoxicity was assessed using a colorimetric lactate dehydrogenase (LDH) release assay, which measures the 

amount of LDH released into the culture medium upon damage to the plasma membrane. An advantage of using 

this method was that cytotoxicity could be quantified from the same cells for which reporter signal was 

measured, as the medium just needed to be collected before cell lysis. An important disadvantage was that the 

assay can detect cell death only when the cell membranes rupture, as in necrotic cell death, however it can not 

detect apoptosis where cell membranes remain intact.155 

The GAL4-UAS system is a powerful technique for studying ligand effects on nuclear receptor transcriptional 

activity. An advantage is that only the receptor LBD is present and therefore any observed effects are most likely 

caused by an interaction between ligand and LBD. Expression of GAL4 chimeric receptors is also usually nontoxic 

to the cells because of the heterologous DBD.156 Additional advantages include the high specificity and sensitivity 

of this reporter system, and that effects of endogenous receptor activation does not interfere with the assay, 

because it can not bind to the UAS. The main disadvantage of the GAL4-UAS system is the lack of interactions 

with the other domains of PPARγ as well as PPARγ binding partners, such as RXRs, which would take place in 

normal conditions.150 

The signal for basal transcriptional activity is very low in the PPARγ reporter cell line (Figure 5A). Antagonism of 

the basal PPARγ activity could therefore not be studied. However, PPARγ activity could be increased by treatment 

with rosiglitazone, and the effect of PPARγ antagonists on rosiglitazone-induced activation could then be studied. 

A  PPARγ reporter cell line   B Ultra-sensitive PPARγ reporter cell line 

  

Figure 5: PPARγ transcriptional activity in response to different concentrations of rosiglitazone in cell lines from Signosis. 

(A) The PPARγ LBD-driven GAL4 luciferase reporter HEK293 stable cell line. (B) The ultra-sensitive PPARγ LBD-driven GAL4 

luciferase reporter HEK293 stable cell line. Figures adapted from the product pages on the Signosis website.157,158 

Signosis has recently generated an ultra-sensitive version of the reporter cell line (SL-3002-HS, Signosis), which 

uses an optimized promoter upstream of the luciferase gene to maximize signal output. This gives a much greater 

luminescent signal (Figure 5B), resulting in a more sensitive assay. In addition, the basal signal is enhanced, 

possibly making it suitable for detecting antagonist-induced decreases in activity in the absence of an activator. 

Theoretically, an antagonist should be able to reduce even endogenous activity, but Signosis state that they did 

not test this, and it probably depends on the level of endogenous activity if there is any. 

Reporter assay results from Manuscript I indicate that the signal for basal PPARγ activity was too low to detect 

significant decreases in activity, but the effect of chemicals on the basal activity of PPARγ could be studied to 

determine if any chemicals displayed agonist activity. Before performing reporter assays, a single test experiment 

was performed to compare the luminescent signal at different cell densities (Appendix I). 

In vitro adipogenesis and hormone assays 

Pre-adipocyte cell lines were employed to study adipogenesis and aromatase expression. The human hTERT 

A41hWAT-SVF cell line (CRL-3386, ATCC) was established from the subcutaneous neck adipose tissue from a 56-

year-old man.159 This cell line was used for studying the effect of short-term chemical treatments (24 h) on 

aromatase expression in both undifferentiated and differentiated cells. It was also applied to study the effects 
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of chemical exposure on aromatase expression during adipocyte differentiation for 12 days. The A41 cell line is 

ideal for studying adipose tissue browning and thermogenesis, and it can also be used to adipogenesis and other 

adipocyte functions. However, it would have been better to use a cell line from breast adipose tissue in this 

study. 

The C3H10T1/2 cell line (CCL-226, ATCC) was established in 1973 from C3H mouse embryos.160 In the project, it 

was used for studying adipocyte differentiation in the presence or absence of selected chemicals. Mouse PPARγ1 

and PPARγ2 have similar lengths as the human orthologs, and sequences are 98.3% and 96.2% identical, 

respectively. Mouse and human PPARγ proteins have been shown to be activated by ligands in a nearly similar 

way.88–90 In Manuscript II, the C3H10T1/2 cells were differentiated according to the protocol (Appendix II), but 

in Manuscript III the cells were differentiated using one fifth of the shown concentrations. The reason for this 

was that inhibition of adipogenesis only occurred at high PPARγ antagonist concentrations using the standard 

protocol (Manuscript II). Inducing differentiation less strongly would therefore better reveal the effects of a 

potential antagonist (as seen in Manuscript II, Figure 1). 

The human Simpson-Golabi-Behmel syndrome (SGBS) preadipocyte cell strain was derived from the 

subcutaneous adipose tissue of a 3-month-old male infant.161 It was only used for some test experiments, as it 

was more difficult to work with, primarily because of its slow growth rate, high contact inhibition, and use of 

different culture medium. 

The human H295R adrenocarcinoma cell line was isolated from the adrenal gland of a 48-year-old woman in 

1980.162 It expresses genes for all the key enzymes in steroidogenesis, making it a great tool for studying the 

effect of xenobiotic exposure on steroid hormone levels.163 It has been shown to respond to PPARγ ligands, 

suggesting that it is suitable for studying PPARγ-mediated effects.134 

Human primary cells and explants were collected from the adipose tissue of persons undergoing mastectomy, 

abdominoplasty, or mammoplasty. Primary cells are considered more physiologically relevant than cell lines as 

they originate from fresh tissue and have not been immortalized, and therefore better recapitulate in vivo 

features. In addition, experiments can be performed in biological replicates, displaying donor-specific 

differences, which is not possible using cell lines. The main disadvantage is the low number of cells due to limited 

adipose tissue availability, slow proliferation, and limited proliferative capacity. Adipose tissue explants have the 

same advantages as primary cells, and the disadvantages are limited availability and high variability among 

experiments. The latter can be avoided by including more technical replicates. 

The differentiation protocols for pre-adipocyte cell lines are shown in Appendix II. Induction of aromatase in 

response to forskolin and PMA co-treatment in primary human adipose stromal cells was tested using different 

primer pairs (Appendix III). Two of the primer sets were designed for this project using Primer-BLAST164 and one 

was a primer set commonly used in the aromatase field.165 The primer set selected for further studies was shown 

to specifically amplify aromatase in A41 cells (Appendix IV). 

In vivo study 

The animal study was carried out using 24 female Wistar rats. It was investigated if acute exposure to GW9662, 

ethanol, or ethylene glycol would increase the expression of aromatase in the adipose tissue. The rats were 

treated for 48 h via a hazelnut chocolate cream vehicle (GW9662)166,167 or via the drinking water (ethanol and 

ethylene glycol). The dietary energy intake of the four experimental groups (control, GW9662, ethanol, ethylene 

glycol) was not isocaloric, because the dietary energy content in ethanol was not compensated for in the other 

groups. However, this likely had little impact due to the short time frame of the experiment. 

The PPARγ expression pattern is similar in humans and rodents, suggesting that function is well-conserved.168 

Rat PPARγ1 and PPARγ2 have similar lengths as the human orthologs, and the sequences are only 98.1% and 

95.8% identical, respectively. It has previously been reported that aromatase is not expressed in rodent adipose 

tissue.169 However, other studies demonstrate that aromatase is expressed in adipose tissue of both male and 

female rats at the mRNA and protein level.142,170–172 The promoter region of aromatase is dissimilar in rodents 
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and humans, and aromatase is therefore regulated differently,144,169 which possibly leads to a low basal 

expression in rat adipose tissue. Still, rodent models have previously been used for studying aromatase 

expression in adipose tissue in response to oral treatment.142,173,174 One study investigated the effect of red wine 

or ethanol exposure on aromatase expression in the adipose tissue.142 That study was used for statistical power 

calculation to determine the number of animals needed per group. 

Laboratories and contributions 

Reporter assay experiments were performed at the National Research Centre for the Working Environment with 

support from Anne-Karin Asp. Experiments with human primary ASCs and explants were performed at Weill 

Cornell Medicine in the laboratory of Kristy A. Brown, and access to the human adipose tissue was facilitated by 

Jason A. Spector. Experiments with C3H10T1/2, A41, and SGBS cells, as well as immunoblotting, were performed 

at the Novo Nordisk Foundation Center for Basic Metabolic Research at the University of Copenhagen (UCPH) in 

the laboratory of Brice Emanuelli with support from Patricia S. S. Petersen. Development of PPARγ antagonist 

QSAR models based on Tox21 dataset were carried out by Ana C. V. E. Nissen, Eva Bay Wedebye, and Nikolai 

Georgiev Nikolov from National Food Institute at the Technical University of Denmark (DTU Food). Investigation 

of the binding of selected chemicals to the ligand-binding pocket of PPARγ using VirtualToxLab was done by 

Martin Smieško from the University of Basel. NMR spectroscopy was performed by Daniel Saar and Birthe B. 

Kragelund from the Department of Biology at UCPH. Animal study setup with the BioFacility at the Technical 

University of Denmark was organized by Sofie Christiansen, and animal dissection was performed together with 

Gitte Ravn-Haren, Niels Hadrup, Dorte Lykkegaard Korsbech, Heidi Broksø Letting, and Lillian Sztuk. Analysis of 

animal tissue and H295R cell culture were performed in the laboratory of Terje Svingen at DTU Food with support 

from Heidi Broksø Letting and Dorte Lykkegaard Korsbech, respectively. Analysis of H295R cell-secreted 

hormones by LC-MS/MS was performed by Maud Bering Andersen and Mikael Pedersen from DTU Food. 

Table 1 shows a summary of the main assays and techniques used in the project. It includes in silico studies 

predicting molecular interactions, multiple cell-based and cell-free in vitro studies, an ex vivo study using human 

breast adipose tissue, and an in vivo study using female Wistar rats. 

Discipline Study type Material Material description Assay type Technique Outcome 

Cheminformatics in silico Biological data Molecular descriptors Computational QSAR PPARγ antagonist predictions 

Cheminformatics in silico Structural data Molecular structures Computational Molecular docking PPARγ affinity predictions 

Biophysics in vitro Purified protein PPARγ LBD Ligand binding NMR spectroscopy PPARγ ligand interactions 

Cell biology in vitro Cell line HEK293 cells Transactivation Reporter system PPARγ activity 

Cell biology in vitro Cell line H295R cells Steroidogenesis LC-MS/MS Steroid production 

Cell biology in vitro Cell line A41 cells Gene expression RT-qPCR Aromatase mRNA levels 

Cell biology in vitro Cell line C3H10T1/2 cells Adipogenesis RT-qPCR Adipogenic activity 

Cell biology in vitro Primary cells Adipose stromal cells Adipogenesis Lipid staining Adipogenic activity 

Physiology ex vivo Tissue explants Human adipose tissue Gene expression RT-qPCR Aromatase mRNA levels 

Physiology in vivo Animal model Wistar rats Gene expression RT-qPCR Aromatase mRNA levels 

Table 1: Overview of methods used in the project. The work performed by collaborators is highlighted in gray. 
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Orthogonal Assay and QSAR Modeling of Tox21 PPARγ Antagonist In Vitro High-Throughput Screening Assay 
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In this manuscript, a selection of chemicals from a high-throughput screening study of PPARγ antagonists from 

the Tox21 Program were used in an orthogonal assay with the aim of assessing the reproducibility of the Tox21 

results. Subsequent construction of a quantitative structure-activity relationship (QSAR) model for PPARγ 

antagonism allowed identification of additional PPARγ antagonists in the environment. The manuscript has 

been submitted to Environmental Toxicology and Pharmacology and is under review. 
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Highlights 

• Tox21 PPARγ antagonist qHTS data was confirmed in orthogonal assay 

• A QSAR model for PPARγ antagonism was developed 

• Five chemicals predicted by the QSAR model were tested in vitro 

• PPARγ binding affinity was predicted by flexible docking-based simulation 
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Abstract 

Disruption of signaling mediated by the nuclear receptor peroxisome proliferator-activated receptor gamma 
(PPARγ) is associated with risk of cancer, metabolic diseases, and endocrine disruption. The purpose of this 
study was to identify environmental chemicals acting as PPARγ antagonists. Data from the Tox21 PPARγ 
antagonism assay were replicated using a reporter system in HEK293 cells. Two quantitative structure-activity 
relationship (QSAR) models were developed, and five REACH-registered substances predicted positive were 
tested in vitro. Reporter assay results were consistent with Tox21 data since all conflicting results could be 
explained by assay interference. QSAR models showed good predictive performance, and follow-up 
experiments revealed two PPARγ antagonists out of three non-interfering chemicals. Finally, molecular 
docking simulation generally supported binding of the chemicals to the ligand-binding pocket of PPARγ. In 
conclusion, the developed QSAR models and follow-up experiments are important steps in the discovery of 
potential endocrine- and metabolism-disrupting chemicals. 

 

Keywords: PPARγ; Tox21; endocrine disruption; metabolic disruption; QSAR; breast cancer 
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1. Introduction 

Exposure to chemicals in foods, household products, medicine, and in the working environment may 
contribute to various adverse health effects. The nuclear receptor peroxisome proliferator-activated receptor 
gamma (PPARγ) is an inadvertent target of various environmental chemicals and pharmaceutical agents that 
disrupt its function.1–3 Dysregulation of PPARγ signaling is associated with a variety of adverse outcomes, 
including cancer, type 2 diabetes, and obesity.4 

PPARγ is a ligand-activated transcription factor that regulates metabolism, development, and adipogenesis. In 
the nucleus, PPARγ forms obligate heterodimers with retinoid X receptor (RXR),5 and controls target gene 
transcription through binding to PPAR-responsive regulatory elements (PPREs) and/or PPAR-associated 
conserved motifs (PACMs) in target gene promoters.6 Like other nuclear receptors, PPARγ consists of three 
major functional domains: an N-terminal ligand-independent transactivation domain (AF1), a highly conserved 
DNA-binding domain (DBD), and a C-terminal ligand-binding domain (LBD) containing a ligand-dependent 
transactivation function (AF2).4,7 PPARγ signaling is modulated by numerous naturally occurring phenols, 
including flavonoids and cannabinoids, as well as other natural lipophilic ligands such as unsaturated fatty 
acids and their derivatives, particularly oxidized fatty acids, nitrated fatty acids, and eicosanoids. In addition, 
some drugs exhibit high affinity towards PPARγ, such as the antidiabetic class of thiazolidinediones, which 
includes rosiglitazone.8 

Loss of PPARγ has been studied in a variety of rodent models. Selective disruption of PPARγ2 in mice 
decreased adipogenic mRNA level and reduced white adipose tissue mass and adipocyte lipid accumulation. In 
addition, it impaired insulin sensitivity in males.9 Targeted deletion of PPARγ in mouse adipose tissue (aP2-
expressing cells) reduced adipose tissue mass and increased the level of free fatty acids in plasma. It caused 
adipocyte hypocellularity and hypertrophy accompanied by macrophage infiltration and fibrosis. Adipocyte-
specific PPARγ knockout mice also developed hepatic insulin resistance and steatosis.10 In humans, 
heterozygous loss-of-function and dominant-negative mutations in the PPARG gene leads to development of 
familial partial lipodystrophy subtype 3 (FPLD3), often accompanied by insulin resistance and other metabolic 
disturbances as a result from accumulation of ectopic fat.11 

The role of PPARγ in carcinogenesis has been controversial and depends on many factors. However, growing 
evidence suggests that PPARγ functions as a tumor suppressor, for example in cancers of the breast, prostate, 
and lung.4,12 Activation of PPARγ in cultured adipose stromal cells inhibits estrogen biosynthesis by indirect 
repression of aromatase expression and activity, suggesting a protective function of PPARγ against breast 
carcinoma.13,14 Other proposed mechanisms of mammary tumor suppression by PPARγ include induction of 
BRCA1 expression15 and reduction in production of inflammatory mediators.16 Gene-environment interactions 
have been reported for polymorphisms in PPARγ,17 including an interaction between the P12A polymorphism 
and alcohol consumption indicating resistance to alcohol-related breast cancer by the A12 variant of 
PPARγ.18,19 

Experimental testing of chemical substances to identify PPARγ agonists and antagonists have for example 
been conducted in the U.S. Toxicology in the 21st Century (Tox21) collaborative program.20,21 In this program, 
a library of around ten thousand environmental chemicals was screened using cell-based quantitative high-
throughput nuclear receptor transcriptional activity assays. One of the objectives of Tox21 is the development 
of new computational approaches for predictive toxicology. Quantitative structure-activity relationships 
(QSARs) are mathematical models that predict physicochemical, biological, or environment fate properties of 
compounds based on their chemical structure descriptors.22,23 With an established model, it is possible to 
generate QSAR predictions for big inventories of substances in a short time, making the models good tools for 
screening and priority setting purposes, for assessment of chemical substances in Integrated Approaches to 
Testing and Assessments (IATA), and for hypothesis development for read-across. 

In the present study, the effects of various environmental chemicals on PPARγ transcriptional activity were 
investigated with the aim of discovering PPARγ antagonists that may act as metabolic and endocrine 
disrupters to promote diseases such as breast cancer. A PPARγ antagonist reporter assay in human embryonic 
kidney (HEK293) cells was performed to corroborate the findings of the Tox21 assay, in this case using a 
luciferase reporter instead of the β-lactamase reporter. Based on data from Tox21, and after removal of 
chemicals that interfere with the Tox21 assay scoring by compound fluorescence, QSAR models were 
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developed for prediction of additional environmental and occupational PPARγ antagonist compounds. 
Computational QSAR models based on Tox21 experimental results, as well as based on other data sets, have 
been developed for PPARγ antagonism.24–27 Contrary to earlier QSAR models developed for PPARγ 
antagonism, the QSAR training and validation sets in this study were made by applying a newly developed 
comprehensive data curation procedure to choose only the most robust positive and negative results and with 
use of absolute potency cut-offs.28 Also, the models developed in this study will be made freely available for 
real-time predictions of user-defined structures and screening through pre-calculated predictions for 650,000 
substances (https://qsar.food.dtu.dk). Furthermore, 11,092 EU REACH-registered chemical substances were 
QSAR-predicted and five of the predicted compounds were subsequently assayed in vitro. In addition, flexible 
docking-based simulation was used to evaluate the plausibility of ligand binding for the studied chemicals. 

 

2. Materials and methods 

2.1 Cell culture 

A PPARγ LBD-driven GAL4 reporter HEK293 stable cell line (Signosis, SL-3002) was cultured in Dulbecco's 
Modified Eagle Medium (DMEM; Thermo Fisher Scientific, 11995-065) containing 10% heat-inactivated fetal 
bovine serum (FBS; Biological Industries, 04-007-1A), 1% penicillin-streptomycin solution (Biological Industries, 
03-031-1B), and 100 μg/mL hygromycin B (Sigma-Aldrich, H3274) in humidified incubators at 37°C and 5% CO2. 
Culture medium was changed every 2 or 3 days, and cell culturing experiments were performed in 
independent triplicates with at least replicates of three within each plate. 

Cells were subcultured into white-walled 96-well plates (Greiner Bio-One, 655098) with 105 cells per well in 
100 μL phenol red-free DMEM (Thermo Fisher Scientific, 31053-028) containing 0.1% FBS. The plates were 
incubated overnight followed by addition of 100 μL medium with serially diluted chemical to each well 
resulting in six different concentrations in the range 0.1 nM to 100 μM (varied between chemicals). Cells were 
incubated for 18 h until medium collection and cell lysis. Chemicals used for cell exposure were dissolved in 
DMSO (Supelco, 102931) and are listed in Table S1 (in the Supplemental Material). The final concentration of 
DMSO vehicle during chemical treatment was between 0.0001% and 0.1001%. 

The chemicals were primarily pesticides, dyes, and additives. They were selected with the criterion of PPARγ 
inhibition by at least 25% at non-cytotoxic concentrations in the Tox21 PPARγ antagonist assay. Additionally, 
they were selected to cover a large range of potency levels and to not be active in the Tox21 PPARγ agonist 
assay. Known drugs were not included, except for the positive control GW9662. For pesticides, only those 
approved for use in the EU were selected. Experiments were performed either in the presence or absence of 
50 nM rosiglitazone. 

2.2 Cytotoxicity assay 

A colorimetric lactate dehydrogenase (LDH) release assay was applied for measuring cytotoxicity. From each 
well, 100 μL supernatant was transferred into corresponding wells of an optically clear 96-well microplate 
(Thermo Fisher Scientific, 243656). LDH activity in the supernatants was determined using LDH Cytotoxicity 
Detection Kit (F. Hoffmann-La Roche, 11644793001) by addition of 100 μL freshly prepared reaction mixture 
to each well and incubation for 10-15 min protected from light and at room temperature. Finally, 50 μL 1 M 
HCl stop solution (Sigma-Aldrich, 30721) was added to each well, and absorbance was measured in a 
microplate reader (Wallac 1420 VICTOR2 MultiLabel Counter, PerkinElmer) for 1 s at 490 nm. Background 
signal from cell-free wells was subtracted from the values, which were then normalized to the sum of values 
within the experiment. The signal for vehicle-treated cells was set to 100%, and the signal from cells treated 
with 2% Triton X (Millipore, 1086031000) was set to 0%. 

2.3 Transcriptional activity assay 

Transcriptional activity of PPARγ was measured using a luciferase reporter system. Remaining culture medium 
was removed from the wells, and 20 μL 1X Firefly Luciferase Lysis Buffer (Signosis, LS-001) was added to each 
well. Cells were incubated at room temperature for 20 min with gentle agitation. Then 100 μL Firefly 
Luciferase Substrate (Signosis, LUC100) was added to each well, and luminescence was immediately measured 
in the plate reader twice at 10 seconds integration. Signal decay correction was applied by normalization of 
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the two consecutive measurements to the same time point using linear regression. Cell-free background signal 
was subtracted from the values, which were normalized to the sum of values within the experiment. The 
response of 100% was defined as vehicle-treated cells co-treated with 50 nM rosiglitazone. 

Subsequently, fluorescence was measured with 485 nm excitation and 535 nm emission filters for 0.1 s to 
determine if chemicals emit light that overlaps with the fluorophore spectrum used in the Tox21 assay. Cell-
free wells were used to subtract background signal from the values. 

2.4 Statistical analysis 

One-way ANOVA with Dunnett’s test for multiple comparisons was applied to compare the solvent control 
with each individual exposure concentration. Concentration-response curves were fitted using the four-
parameter logistic regression model with slope constraints of -1.5 to 0 and with starting response set to 100% 
for cytotoxicity curves and rosiglitazone co-treatment curves. Logistic regression assumes monotonic 
relationship between response and concentration, and therefore monotonicity was determined using 
Spearman's rank-order correlation. For non-monotonic relationships (Spearman's test, p ≥ 0.005) with a 
significant extremum (Dunnett’s test, p ≤ 0.05), all data at greater concentrations than the extremum were 
excluded from the curve fitting and analysis. 

After exclusion of data, re-analysis with one-way ANOVA was performed to test for overall differences in 
response between exposure concentrations. Based on this, and Tox21 assay data for compound fluorescence 
and luciferase inhibition, chemicals were categorized as either antagonists, partial agonists, full agonists, 
inconclusive, or not ligands. Antagonists were defined by a decrease in rosiglitazone-induced PPARγ activity 
with no increase in basal activity; partial agonists decrease rosiglitazone-induced activity and increase basal 
activity; full agonists increase basal activity without changing rosiglitazone-induced activation; chemicals that 
decreased PPARγ activity only when cytotoxicity was ≥20% were labeled inconclusive; luciferase inhibitors 
were labeled inconclusive; and chemicals resulting in no response were categorized as not being ligands. 

2.5 Data and structure curation for QSAR modeling 

A newly developed comprehensive in-house data curation procedure28 was applied to the Tox21 PPARγ 
antagonism assay data downloaded from the NIH Tox21 Gateway.29 The procedure is presented in Figure S1 
(in the Supplemental Material) and includes selection of substances tested in highest purity, best quality of 
experimental curve fittings for positive and negative substances, user-defined settings for required magnitude 
of absolute (abs.) activity at a maximum concentration, actives required to show activity at non-cytotoxic 
concentrations, negatives required tested up to high concentrations without cytotoxicity, exclusion of 
substances which might show wrong results due to relevant assay signal interference (artifacts). Details are 
presented in Nikolov NG et al. (2023).28 

Data were prepared to develop two models: One based on potent antagonists (minimum 25% absolute 
antagonism at maximum 10 μM concentration) and another based on all antagonists (minimum 25 % absolute 
antagonism with no concentration threshold: no upper limit, NUL). 

Briefly, the following were chosen (see details in Nikolov et al. 2023):28 

• Only the most robust positives with the best Hill curve fitting, Tox21 curve classes -1.1, -1.2, -2.1 or -
2.2 (i.e. having inflection, p-value < 0.05 and efficacy > 3 standard deviations of control), exhibiting 
‘absolute’ activity (here, IC25) at or below the defined concentration cut-off (10 µM or NUL, 
respectively), and requiring non-cytotoxicity at effect concentration defined as minimum 80% of cells 
being alive. 

• Only the most robust negatives with Tox21 curve class 4 and tested up to high concentration (here, 50 
µM) without cytotoxicity. 

• Only positives and negatives tested in high purity (at least 90%), i.e. Tox21 purity class A, to have 
higher certainty that correlations are made to the correct chemical structures. 

As the applied Tox21 data were generated by a β-lactamase-based assay with fluorescence read-out, 
substances identified in Tox21 in HEK293 cells or cell-free cultures as showing auto-fluorescence at the 
background wavelength (channel 1, green), possibly leading to false-positive results, and substances showing 
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auto-fluorescence at the signal wavelength (channel 2, blue), possibly leading to false-negative results, were 
removed. 

The Tox21 PPARγ antagonism assay works with 18 hours incubation after adding the test substance. As 
volatile and lipophilic substances tend to dissipate out of solution, possibly leading to false negative results, 
log Kaw and log Kow thresholds were defined for acceptable negative in vitro results.30–34 Based on previous 
research,34 all inactive substances with log Kow > 4 or log Kaw > -3 (as predicted by EPI WSKOW v1.42 and 
KOAWIN v1.10) were taken out of the training and validation sets. 

2.6 Training and validation of QSAR models 

After the data and structure curation, the data were divided by random into sets for training of initial models 
(80% of positives and 80% of negatives, however with a maximum of 10 negative substances per 1 positive 
substance) and validation (20% of positives and at least 20% of negatives). 

Then, initial models were developed with the commercial software Leadscope® Predictive Data Miner (LPDM), 
part of Leadscope Enterprise Server version 3.5 (Leadscope Inc., an Instem company). Because of the 
imbalanced nature of the training sets with many more negatives than positives, a single model on the full 
training set may underperform, tending to predict the larger class too often. For this reason, LPDM offers 
composite models where the smaller class (positives) is reused against different portions of the bigger class 
(negatives) in several sub-models. A final averaging predictive model is thus obtained, generating predictions 
based on the predictions from the sub-models.35 A further refinement of this approach by some of the authors 
was used,36,37 where a model made on the full training set is combined with the 10 composite sub-models (for 
the case of 10 µM threshold) or with the 7 composite sub-models (for the NUL). Details on the modeling are 
available under ‘cocktail modeling approach’ in previous publications.28,36–38 

Applicability domains of the QSAR models were generically defined before model development. Details on the 
applicability domain definition are presented in Nikolov NG et al. (2023),28 however briefly described here: For 
a substance to be in the applicability domain, we required that: 1) it is inside the model’s structural domain as 
defined in LPDM; and 2) a positive prediction should have a LPDM positive prediction probability ≥ 0.7, while a 
negative prediction should have a LPDM positive prediction probability ≤ 0.3. 

After the initial models’ development was complete, they underwent external validations with the left-out 
validation sets and were subjected to 10 times 5-fold external cross-validation procedures previously 
described.28 Subsequently, the validation sets were integrated into the respective training sets and final 
expanded models were developed using the same modeling approach. Cooper statistics39,40 were calculated by 
counting the true positives (TP – predicted positive and tested positive), false positives (FP – predicted positive 
and tested negative), true negatives (TN – predicted negative and tested negative) and false negatives (FN – 
predicted negative and tested positive) and using these to calculate sensitivity (TP / (TP + FN)), specificity (TN / 
(TN + FP)), balanced accuracy (BA, (sensitivity + specificity) / 2), and coverage (the ratio of the number of test 
substances in the applicability domain to the total number of substances in a test set, (TP + TN + FP + FN) / N 
for a given test set of size N). Only predictions inside the applicability domains were included. For external 
validations, 95% confidence intervals (CIs) for sensitivity and specificity were calculated according to the exact 
Clopper-Pearson method,41 and for external cross-validations standard deviations were calculated. During the 
whole process, there was no exclusion of outliers. 

2.7 Screening of REACH-registered substances and selection for in vitro testing 

As an example of follow-up testing to a QSAR screening exercise, we used the 10 μM final model to predict 
11,092 REACH-registered substances and selected 5 substances predicted positive for PPARγ antagonism for 
experimental testing. The follow-up testing was not meant to be an external validation of the models as they 
had already undergone external validation and 5 substances would be too few to obtain external validation 
results associated with acceptable confidence. The 5 substances were manually chosen by considering the 
positive prediction probability from LPDM, by representing different identified positive alerts, i.e. not 
overlapping too much in chemical structure, and lastly by considering the availability of test substance from 
suppliers. Information about the 5 substances is shown in Table S1 in the Supplemental Material together with 
rosiglitazone and the 25 substances selected from Tox21. 
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2.8 Molecular docking 

The VirtualToxLab is an in silico platform which combines automated, flexible docking with multi-dimensional 
QSAR.42,43 The predictive model for PPARy is based on the agonist conformation of receptor protein co-
crystallized with rosiglitazone. 

Missing isomers were added to compounds featuring chiral centers to evaluate all isomers, as the tested 
compounds may be racemic mixtures. If one of the isomers of a compound bound to the receptor better than 
the others, the highest binding affinity value was chosen. 

 

3. Results 

3.1 PPARγ transcriptional activity assay 

A selection of 25 chemicals from the Tox21 chemical library was used to test the reproducibility of the results 
from the Tox21 PPARγ antagonist assay. A transcriptional activity assay was performed in HEK293 cells in 
response to the selected chemicals using a GAL4/UAS reporter system. The cells were treated with nine 
concentrations of the PPARγ agonist rosiglitazone in the range of 0.1 nM to 50 μM to determine the proper 
concentration for subsequent co-treatment with chemicals of interest (Figure S2 in the Supplemental 
Material). No cytotoxicity was observed, and the half-maximal activity concentration (AC50) was 12.4 nM. The 
concentration of 50 nM resulted in an almost maximal response and was therefore applied in the following 
experiments. 

Two of the selected chemicals were fluorescent at the wavelength used for measuring background signal in 
fluorescence-based Tox21 assays, causing assay interference. The increased background signal caused a 
decrease in the signal to background ratio even though there were no changes in the reporter signal for PPARγ 
activity. To confirm that increased background signal was caused by fluorescence interference of the Tox21 
assay and not variations in β-lactamase substrate concentration, fluorescence at 485/535 nm was measured 
after luminescence measurements (Figure S3 in the Supplemental Material). For comparison, fluorescence 
was measured for seven other chemicals. It was revealed that fluorescein and 1-nitropyrene were fluorescent 
at this wavelength, and no other chemicals displayed fluorescence. This indicates that fluorescein and 1-
nitropyrene are not antagonists in the Tox21 assay, and they were therefore used as negative controls in the 
present study. 

Cells were exposed individually to the 25 chemicals of interest in the presence or absence of 50 nM 
rosiglitazone (Figure 1). Out of the 25 chemicals, the two negative controls (fluorescein and 1-nitropyrene) 
were confirmed to not affect PPARγ activity and the remaining 23 chemicals had varying effects on PPARγ 
activity. The effect of heptylparaben was inconclusive because of cytotoxicity. Assay interference by luciferase 
inhibition was assessed by applying data from the Tox21 assay for luciferase inhibition. Four chemicals 
(Solvent Yellow 3, Solvent Yellow 7, Michler’s ketone, and piperine) inhibited luciferase by at least 30% at 10 
μM. Three other chemicals (butylparaben, heptylparaben, and 4,4’-biphenol) inhibited luciferase by at least 
30% at concentrations higher than 10 μM, and these chemicals modulated PPARγ activity only at this 
concentration or above. Therefore, the seven luciferase inhibitors were categorized as inconclusive with 
regards to effects on PPARγ activity in the present study due to assay interference or cytotoxicity. 
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Figure 1: PPARγ activity in HEK293 cells in response to 18 h chemical exposure together with 50 nM rosiglitazone (black) or vehicle 
(gray). Viability is shown as dashed lines for rosiglitazone- (red) and vehicle-treated cells (pink). Means and SEM are shown; n = 3. The 
response to each concentration is compared with the vehicle control for all four assays. Statistical significance is indicated with an 
asterisk; * p < 0.05. 

The remaining 16 chemicals antagonized the effect of rosiglitazone on PPARγ activity without increasing basal 
PPARγ activity. A summary of the results regarding assay interference, ligand potency, maximal response, and 
ligand type of chemicals are shown in Table S2 (in the Supplemental Material). 

3.2 Data and structure curation for QSAR modeling of PPARγ antagonism 

Training and validation sets for two QSAR models for PPARγ antagonism were made based on data from the 
Tox21 PPARγ antagonist assay after removal of chemicals causing assay interference. For one of the QSAR 
models, positives with an absolute IC25 threshold of 10 μM were used and for the other all positives with an 
absolute IC25 were used, i.e. no upper concentration limit was applied. 

Results from all the intermediate steps done during the data and structure curation are presented in Table S3 
(in the Supplemental Material). This table also presents results from the split made for obtaining the training 
and validation sets for initial models. 

3.3 Training and validation sets for QSAR modeling of PPARγ antagonism 

Two QSAR models for PPARγ antagonism were developed, each by first developing a so-called initial model on 
a reduced training set followed by development of final models based on all the positives and as many as 
possible of the negatives. The two initial models presented good performance in both external validation and 
external cross-validation with balanced accuracies (BAs) between around 83-87 % as presented in Table 1. The 
two final models, which were developed based on integration of the initial training sets and validation sets, 
showed as good performance as the initial models by external cross-validation. Standard deviations (SDs) 
decreased somewhat for the final models, indicating that the robustness improved compared to the initial 
smaller models. In Table 1 the number of true positive (TP), true negative (TN), false positive (FP), and false 
negative (FN) predictions are also presented. 
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Table 1: External validation of the PPARγ antagonism QSAR model 

Model validation Sens (%)a Spec (%)a BA (%)a TP TN FP FN Coverage (%)a 

10 μM 

Initial model cross-validation 79.7 ± 15.2 94.2 ± 2.8 87.0 ± 7.6 341 5,422 331 85 72.0 ± 3.4 

Initial model validation 72.7 (39.0 - 94.0) 92.8 (90.7 - 94.7) 82.8 8 645 50 3 74.2 

Final model cross-validation 79.5 ± 11.1 93.8 ± 2.2 86.6 ± 5.5 434 6,686 443 112 71.2 ± 3.0 

Final model validation - 93.4 (91.0 - 95.3) - - 508 36 - 74.4 

NUL 

Initial model cross-validation 79.8 ± 7.4 92.5 ± 2.1 86.2 ± 3.6 940 8,969 721 238 69.4 ± 2.7 

Initial model validation 73.7 (56.8 - 86.6) 91.4 (87.1 - 94.6) 82.5 28 222 21 10 71.9 

Final model cross-validation 80.7 ± 5.9 92.6 ± 1.9 86.6 ± 3.2 1,237 11,131 890 296 69.2 ± 2.5 

a For external cross-validation, SDs are included for sensitivity (Sens), specificity (Spec), BA, and coverage, and for external validation, 
95% CIs are included for sensitivity and specificity 

3.4 In vitro testing of substances predicted positive by QSAR model for PPARγ antagonism 

From the 11,092 REACH-registered substances screened with the final 10 µM QSAR model, 40.6% of the 
substances were in the applicability domain, of which 454 were predicted positive and 4,051 predicted 
negative. Five substances predicted positive for PPARγ antagonism by the final 10 µM QSAR model were 
selected for experimental in vitro testing in the PPARγ reporter assay (Figure 2). The effect of zuclopenthixol 
on PPARγ activity was inconclusive because of cytotoxicity. There was a 38% decrease in cell viability at 50 μM 
which was the only concentration at which an effect on PPARγ activity was observed. A chemoinformatic 
model for luciferase inhibition was used to predict if chemicals were luciferase inhibitors.44 It was predicted 
that 2-methoxyphenothiazine was likely to exhibit luciferase inhibitory activity, and 2-methoxyphenothiazine 
was consequently categorized as inconclusive in this study. Diclofenac chloroacetyl impurity had high potency 
and efficiency as an antagonist. Dasatinib dichloro impurity was also a potent antagonist, but the efficiency 
was low and microscopy pictures revealed that the cells changed appearance at the concentrations that 
caused a response in PPARγ activity (Figure S4 in the Supplemental Material). This suggests that the observed 
decrease in PPARγ activity could be caused by an indirect effect on the reporter system, independent of 
PPARγ. Finally, trimebutine had no statistically significant effect on PPARγ activity. Assay interference, ligand 
potency, maximal response, and ligand type of the chemicals are summarized in Table S4 (in the Supplemental 
Material). In addition, Table S5 in the Supplemental Material presents the chemical structures of all chemicals 
applied in the in vitro assays, including the 25 chemicals selected from Tox21, the 5 QSAR-predicted chemicals, 
and rosiglitazone. 

 

Figure 2: PPARγ activity in HEK293 cells in response to 18 h exposure to chemicals predicted to be PPARγ antagonists by the QSAR 
model. Chemical treatment was performed together with 50 nM rosiglitazone (black) or vehicle (gray). Viability is shown as dashed 
lines for rosiglitazone- (red) and vehicle-treated cells (pink). Means and SEM are shown; n = 3. The response to each concentration is 
compared with the vehicle control for all four assays. Statistical significance is indicated with an asterisk; * p < 0.05. 
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3.5 Flexible ligand docking 

The VirtualToxLab is an in silico technology that can simulate and quantify the binding of small molecules to 
the ligand binding pocket of PPARγ LBD. The chemicals used in the present study were distributed into six 
groups according to the inhibitory constant (Ki) predicted by VirtualToxLab (Table S5 in the Supplemental 
Material). 

The relationships between the Ki values predicted by VirtualToxLab and the relative IC50 values from the PPARγ 
assay in the present study or the corresponding half-maximal activity concentration (AC50) values in the Tox21 
PPARγ antagonist assay were assessed (Figure 3). In addition, the IC50 and Tox21 AC50 values were also 
compared. Chemicals without an IC50 or Ki were excluded as well as chemicals that are cytotoxic, luciferase 
inhibitors, or known to covalently bind to PPARγ. Linear regression was applied for the logarithmically 
transformed variables. 

 

Figure 3: Scatter plots comparing Ki values predicted using VirtualToxLab with the relative IC50 values from the PPARγ antagonist assay 
in present study or with AC50 values from the Tox21 PPARγ antagonist assay. IC50 and AC50 values were also compared with each other. 
The equation and R2 from the regression analysis are shown in each plot. A 3D figure shows the binding mode of diphenyl phthalate 
with H-bonding interactions indicated by yellow dashed lines to amino acid side chains in the binding site of PPARγ. 

There was good correlation (R2 = 0.537) between IC50 values calculated in this study and the AC50 values 
reported in the Tox21 data. When removing pyridaben, for which the IC50 and AC50 values were clearly not 
consistent between the two studies, the overall correlation increased dramatically (R2 = 0.928). The 
correlation between IC50 values and predicted Ki values and between Tox21 AC50 values and predicted Ki 
values were similar, and R2-values were relatively low. In Figure 3, the binding mode is shown for diphenyl 
phthalate, which was predicted to have the lowest Ki, and for which the corresponding IC50 and AC50 values 
were 28 and 120 times higher, respectively. In contrast, dasatinib dichloro impurity was predicted to have one 
of the highest Ki values, but the IC50 was determined to be one of the lowest. 
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4. Discussion 

In the present study, PPARγ antagonists identified in the Tox21 PPARγ antagonist assay were confirmed in an 
orthogonal assay and applied for development of QSAR models for PPARγ antagonism to discover novel PPARγ 
antagonist candidates. Inhibition of PPARγ by antagonist may be associated with various physiological effects 
and cause adverse outcomes including increased risk of breast cancer. 

4.1 Assay interference 

Initially, the 25 PPARγ antagonist compounds selected from the Tox21 study were not analyzed for assay 
interference, although they were retrospectively analyzed for compound fluorescence and luciferase 
inhibition using fluorescence measurements and Tox21 luciferase inhibitor assay, respectively. This changed 
the interpretation of results markedly and led to a significantly higher consistency between assays from Tox21 
and the present study. This highlights the importance of identifying compounds that interfere with assay 
readout. 

Fluorescein and 1-nitropyrene were antagonists in the Tox21 PPARγ antagonist assay based on the 
background-normalized reporter signal. However, the reporter signal itself was unaffected by these chemicals, 
and the background signal increased, suggesting interference by compound fluorescence at the green 
wavelength of the background signal. The green fluorescence was confirmed in the present study, and the two 
chemicals were therefore categorized as inactive as PPARγ antagonists. 

The PPARγ reporter assay in the present study was luciferase-based, and therefore the tested compounds 
were analyzed for luciferase inhibition using the Tox21 luciferase inhibitor assay. This indicated that 27% 
(8/30) of the tested compounds were luciferase inhibitors. Surprisingly, all of those chemicals, except the 
cytotoxic heptylparaben, caused either a statistically significant increase or a tendency to an increase in basal 
or rosiglitazone-induced reporter output. This was unexpected because luciferase inhibitors reduce luciferase 
activity in biochemical assays, such as the Tox21 luciferase inhibitor assay. However, in cell-based assays, 
luciferase inhibitors can stabilize ectopically expressed luciferase enzyme, extending the half-life and leading 
to an increased bioluminescent signal.45 Similarly, the tested compounds may have other off-target activities 
interfering with the reporter system. For example, the pesticides azoxystrobin, pyraclostrobin, and pyridaben 
are known to inhibit mitochondrial respiration by blocking the electron transport chain, which could 
hypothetically increase production of reactive oxygen species and result in assay artifacts. 

4.2 Orthogonal assay for validation of Tox21 PPARγ data 

The application of orthogonal activity assays to high-throughput screening studies minimizes false positives 
and increases the evidence for the compounds which produce similar results, because complementary assays 
are susceptible to different types of interference. 

In this study, a PPARγ transcriptional activity reporter assay in HEK293 cells using the GAL4/UAS system was 
used to assess chemical-induced effects on PPARγ activity. The same system was used in the Tox21 PPARγ 
assays, except that in the present study, the measurement system was luciferase-based and the Tox21 assays 
were based on measurements of β-lactamase activity. A limitation to this reporter system is that only the 
ligand-binding domain of PPARγ is contained within the PPARγ/GAL4 fusion protein. Consequently, interaction 
with RXR, and possibly other co-regulators, does not occur. The response to chemical treatment in this system 
may therefore, in some cases, differ from physiological conditions in which the full-length PPARγ is expressed 
and heterodimerizes with RXR. 

The reporter assay in the present study showed responses similar to those observed in the Tox21 PPARγ 
antagonist assay for the 16 chemicals expected to inhibit PPARγ activity and for which no assay interference 
was found. The two assays were also consistent for the two negative controls. Likewise, the present study was 
in agreement with the Tox21 PPARγ agonist assay, showing no effects of any of the non-interfering chemicals 
or negative controls on PPARγ activity in cells not co-treated with rosiglitazone. In general, the calculated IC50 
values were lower than the Tox21 AC50 values. This could be explained by the sorption of compounds to 
polystyrene walls,30 which is expected to be higher in the Tox21 assay compared with the present assay, 
because of the more than three times higher surface area to volume ratio in the 1536-well plates of the Tox21 
study than in the 96-well plates used in the current study. 
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An orthogonal assay to the Tox21 PPARγ assay in CV-1 cells was recently reported to be in 59% (16/27) 
agreement with the Tox21 PPARγ antagonist assay, excluding chemicals with an inconclusive response.46 The 
study did not, however, consider assay interference in the analysis of the orthogonal assay nor in the analysis 
of Tox21 data. For example, the compound 3-aminofluoranthene is fluorescent at the green wavelength, and 
the decreased PPARγ activity in response to this chemical is most likely an artifact caused by a concentration-
dependent increase in background fluorescence. In contrast, the authors observe increased activity of PPARγ 
in the orthogonal assay, which is also very likely to be an artifact, in this case explained by inhibition of 
luciferase activity by the chemical. The chemical is therefore inconclusive and may possibly be inactive as a 
ligand for PPARγ. Greater consistency between Tox21 and orthogonal assay would have been found if assay 
interference had been explored in the study, which would allow exclusion of chemicals from the analysis. 

4.3 Environmental chemicals and modulation of PPARγ activity 

PPARγ activity has previously been shown to be modulated by chemicals in the environment, resulting in 
disturbances in adipogenesis.47 Some of the chemicals investigated in the present study have been studied by 
other research groups for effects on PPARγ activity. For example, propyl gallate inhibits PPARγ activity in 
HEK293 cells, consistent with the present results. It also inhibits adipogenesis as well as expression of PPARγ 
and adipocyte markers in human adipose tissue-derived mesenchymal stem cells.48 In contrast to the Tox21 
study, butylparaben activated PPARγ, promoted adipogenesis, and increased PPARγ and adipogenic gene 
expression in both 3T3-L1 cells49 and C3H10T1/2 cells.50 Zoxamide, pyridaben, pyraclostrobin, and fludioxonil 
have been shown to either increase PPARγ activity or have no effect,51 however in another study 
pyraclostrobin downregulated PPARγ and PPARγ target genes in 3T3-L1 cells, disturbing normal 
adipogenesis.52 Finally, piperine has previously been described as an agonist in some studies53,54 and as an 
antagonist in other studies.55,56 This suggests that PPARγ ligands may have different effects depending on the 
cell type or model system used. 

The solvents ethanol and ethylene glycol were previously demonstrated to inhibit PPARγ transcriptional 
activation.19,57 These chemicals are much smaller than the typical nuclear receptor ligand and elicit their 
effects at concentrations more than a thousand times higher. They may therefore affect PPARγ activity 
through indirect mechanisms, post-translational modifications, or disruption of co-regulator interactions 
instead of through interaction with the ligand binding pocket to cause conformational changes. 

4.4 QSAR modeling of PPARγ antagonism 

QSAR and SAR models of PPARγ antagonism based on Tox21 data have been developed previously.24–27 The 
models developed in this work showed very good BAs of 83% by external validation of initial models and 87% 
by 10 times 5-fold external cross-validation of the final models. 

The potent and efficient PPARγ antagonist diclofenac chloroacetyl impurity was discovered by predicting EU 
REACH-registered substances with one of the final QSAR models (positives with 25% inhibition at maximum 10 
µM). There are no published data on the effect of this chemical on PPARγ activity or expression. However, the 
structurally similar diclofenac was shown to be a PPARγ antagonist in a PPARγ2-CALUX® cell line,2 and 
diclofenac sodium was a PPARγ antagonist in the Tox21 PPARγ antagonist assay. 

4.5 Molecular docking 

Chemicals may inhibit PPARγ activity by post-translational modifications, such as by phosphorylation of PPARγ 
at S273, instead of binding as ligands. It has been shown before that rosiglitazone-induced PPARγ activity is 
inhibited by S273 phosphorylation in a GAL4/UAS reporter system in HEK293 cells.58 Biophysical techniques 
can be used in addition to reporter assay to exclude false positive PPARγ ligands.59 Alternatively, molecular 
docking is a useful technique to simulate the binding of ligand to the binding pocket of PPARγ. 

The PPARy predictive model is based on docking to the agonist form of the receptor. Predicted affinities 
therefore correspond to agonist behavior of the compound. However, high affinity could indicate either 
agonism or antagonism, because some compounds bound to the agonist form of the protein might antagonize 
the activity of the PPARy by blocking the orthosteric binding site, thus rendering it unavailable for natural 
ligands. The true antagonism, caused typically by larger, voluminous ligands leading to substantial 
rearrangement of helices, which, in turn, prevents interaction with activators and/or oligomerization,60 is not 
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simulated by this method. GW9662 covalently binds to one of the cysteine residues (C285) in the binding site 
of the PPARy receptor.61 This means that its binding affinity cannot be compared to the in silico scoring, as the 
covalent inhibition affects apparent Ki and as the methods are not able to simulate covalent effects. 

Cell-based assays entail several confounding factors like metabolism or potential efflux of the compound from 
the cell, so the results from idealized in silico simulations do not translate perfectly to experimental 
observations. In addition, differences between predicted binding affinities and the experimental potencies 
could be explained by the application of the PPARγ agonist form for docking, which may not in all cases be a 
good substitute for the antagonist form. Nevertheless, most of the predictions match the in vitro binding. 
Exceptions include fluorescein and 1-nitropyrene, which did not affect PPARy activity in reporter assays, but 
were predicted to have Ki values below 5 and 50 μM, respectively. Furthermore, the PPARy inhibitors 
bupirimate and pyridaben were predicted to not bind PPARy, which raises the question if they could have 
produced a response in the reporter assay in a PPARy-independent manner. Similarly, dasatinib dichloro 
impurity was predicted to have one of the lowest affinities for PPARy among the studied compounds. This 
compound drastically changed the appearance of the cells at the concentrations that produced a response, 
suggesting that the response may not have been a result of binding to the LBD of PPARy but could instead be 
caused by an indirect mechanism. 

4.6 Perspectives 

The results in the current study enable further studies on the mechanisms through which exposure to 
environmental and occupational PPARγ antagonists may lead to metabolic disturbances or non-genotoxic 
carcinogenesis. This could ultimately help to discover and subsequently prevent exposure to potentially 
harmful chemicals. 

 

5. Conclusion 

In the present study, Tox21 data on PPARγ antagonism were replicated in a similar model system, and the 
Tox21 data were used to build a QSAR model for PPARγ antagonism after removal of false positive chemicals. 
In vitro testing of QSAR model predictions showed cases where the QSAR model successfully predicted PPARγ 
antagonists. Thus, the study highlights the importance of investigating assay interference in cell-based 
systems. 
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Tox21 data for PPARγ antagonism

QSAR-targeted structure cura�on

• No substances with less than 2 carbons, or containing unacceptable 

atoms, or consis�ng of more than one organic component

• No counterions and parent structure neutralized

• Uniform representa�on of tautomeric structures

• For duplicates, if test results are concordant, one instance of the 

structure is kept, and if test results are discordant, all are removed

Training and valida�on sets

QSAR-targeted data cura�on

• High purity (> 90%) test

• Best Tox21 Hill curve classes

• Ac�ve structures with at least 25% effect at non -cytotoxic concentra�on 

(minimum 80% cells alive)

• Nega�ves tested up to 50 µM without cytotoxicity

• Auto-fluorescent (green) with min 20% abs. effect excluded for posi�ves

• Auto-fluorescent (blue) with min 20% abs. effect excluded for nega�ves    

• No nega�ves with log Kaw > -3 and log Kow > 4 

Figure S1: Summary of the data and structure curation for QSAR training and validation sets.
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Figure S2: Activity of PPARγ LBD in response to 18 h rosiglitazone treatment of HEK293 cells (gray). Cell viability was measured using an LDH release
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concentration was compared with the vehicle control for each assay. Statistical significance is indicated with an asterisk; * p< 0.05.
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Figure S3: Fluorescence at 485/535 nm in response to 18 h chemical treatment of HEK293 cells with either 50 nM rosiglitazone (dark green) or vehicle (light
green). Examples of measurements from seven chemical treatments are shown in addition to the chemicals, fluorescein and 1-nitropyrene, suspected to
be fluorescent. Means and SEM are shown; n = 3. The response to each concentration is compared with the vehicle control. Statistical significance is
indicated with an asterisk; * p< 0.05.
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Figure S4: Microscopy pictures of HEK293 cells treated with different concentrations of chemicals for 18 h.
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Figure S5: Chemical structures grouped according to their effects on PPARγ activity. The chemicals include 25 selected from Tox21, 5 predicted from the
QSAR model, and rosiglitazone.
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Table S1: List of chemicals included in this study 

Short name CAS Company Catalog # Puritya 

1-Nitropyrene 5522-43-0 Sigma-Aldrich N22959 99.50 % 

2-Methoxyphenothiazine 1771-18-2 Apollo Scientific Ltd OR52313 97.70 % 

4,4'-Biphenol 92-88-6 Sigma-Aldrich 168734 99.90 % 

Azoxystrobin 131860-33-8 Supelco 31697 99.30 % 

Bupirimate 41483-43-6 Supelco 31510 99.70 % 

Butyl keto acid 54574-82-2 Sigma-Aldrich 402400 99.80 % 

Butylparaben 94-26-8 Sigma-Aldrich 54680 100.00 % 

Cosan 528 96686-51-0 Sigma-Aldrich S878456 N/A 

Dasatinib dichloro impurity 302964-08-5 BLD Pharmatech Ltd. BD164165 95.00 % 

DEHPA 298-07-7 Sigma-Aldrich 237825 100.00 % 

Diclofenac chloroacetyl impurity 15308-01-7 BLD Pharmatech Ltd. BD73713 97.72 % 

Diphenyl phthalate 84-62-8 Sigma-Aldrich 105880 99.90 % 

Fludioxonil 131341-86-1 Supelco 46102 99.90 % 

Fluorescein 2321-07-5 EDQM Y0000796 99.20 % 

GW9662 22978-25-2 Sigma-Aldrich M6191 98.80 % 

Heptylparaben 1085-12-7 Sigma-Aldrich CDS001278 N/A 

Hexythiazox 78587-05-0 Supelco 33365 98.60 % 

Kresoxim-methyl 143390-89-0 Supelco 37899 98.50 % 

Michler's ketone 90-94-8 Supelco 56614 98.40 % 

Pencycuron 66063-05-6 Supelco 31118 99.70 % 

Piperine 94-62-2 Supelco 75047 97.00 % 

Propyl gallate 121-79-9 Sigma-Aldrich P3130 100.00 % 

Pyraclostrobin 175013-18-0 Supelco 33696 99.90 % 

Pyridaben 96489-71-3 Supelco 46047 99.30 % 

Rosiglitazone 122320-73-4 Sigma-Aldrich R2408 99.20 % 

Solvent Yellow 3 97-56-3 Sigma-Aldrich 121568 99.00 % 

Solvent Yellow 7 1689-82-3 Sigma-Aldrich 131083 99.00 % 

Trimebutine 39133-31-8 Supelco T6159 100.00 % 

Violet Cibacet 2R 129-15-7 Sigma-Aldrich S363650 N/A 

Zoxamide 156052-68-5 Supelco 32501 99.60 % 

Zuclopenthixol 53772-83-1 Targetmol Chemicals Inc. T4117 99.96 % 
a For some chemicals, information about purity was not available (N/A). 
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Table S2: Summary of orthogonal assay results for 25 selected chemicals 

 Assay interferencea EC50 (μM)b Emax (%)c Ligand type 

 Fluoresc FLuc inhib Absolute Relative Basal Rosi Viability  

GW9662 Negative Negative 0.002 0.002  8.1 97.2 Antagonist 

Zoxamide Negative Negative 0.183 0.163  4.3 85.6 Antagonist 

Pyraclostrobin Negative Negative 0.610 0.281  27.6 92.4 Antagonist 

Pyridaben Negative Negative 0.810 0.019  43.5 93.2 Antagonist 

Violet Cibacet 2R Negative Negative 1.218 1.218  6.4 94.7 Antagonist 

Cosan 528 Negative Negative 2.522 2.522  0.7 84.8 Antagonist 

Diphenyl phthalate Negative Negative 2.995 2.950  4.7 98.4 Antagonist 

DEHPA Negative Negative 3.439 3.439  1.4 90.8 Antagonist 

Butyl keto acid Negative Negative 6.010 6.010  0.7 88.4 Antagonist 

Kresoxim-methyl Negative Negative 6.512 6.512  23.5 93.6 Antagonist 

Azoxystrobin Negative Negative 11.91 11.91  25.7 95.9 Antagonist 

Fludioxonil Negative Negative 14.33 8.947  28.5 85.8 Antagonist 

Propyl gallate Negative Negative 17.95 17.95  19.7 94.4 Antagonist 

Bupirimate Negative Negative 18.72 17.36  11.8 94.5 Antagonist 

Pencycuron Negative Negative 25.71 25.71  35.9 96.0 Antagonist 

Solvent Yellow 7 Negative Positive 50.08 50.08  47.6 86.3 Inconclusived 

Hexythiazox Negative Negative 65.42 31.01  53.2 97.4 Antagonist 

Butylparaben Negative Positive 150.6 150.6 14.6 64.7 98.2 Inconclusived 

4,4'-Biphenol Negative Positive   32.5  95.4 Inconclusived 

Michler's ketone Negative Positive  0.353 18.3 128.5 95.5 Inconclusived 

Solvent Yellow 3 Negative Positive  0.319 12.7 166.3 81.9 Inconclusived 

Piperine Negative Positive  10.65 15.1 182.3 94.7 Inconclusived 

Heptylparaben Negative Positive 26.50 26.50  13.1 35.9 Inconclusived,e 

Fluorescein Positive Negative     101.4 Not ligandf 

1-Nitropyrene Positive Negative     98.8 Not ligandf 

a Assay interference by compound fluorescence (Fluoresc) and luciferase inhibition (FLuc inhib) 
b Ligand potency calculated as absolute and relative half maximal effective concentrations (EC50) for the PPARγ luciferase reporter assay 

co-treated with rosiglitazone 
c Response at the highest used concentration (Emax) for PPARγ transcriptional activity assay in vehicle- (basal) or rosiglitazone-treated (rosi) 

cells as well as for the cytotoxicity assay for which viability is taken as the average between the vehicle- or rosiglitazone-treated cells 
d Inconclusive due to luciferase inhibition 
e Inconclusive due to cytotoxicity 
f Inactive as PPARγ antagonist in Tox21 (antagonism was an artifact resulting from compound fluorescence) 
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Table S3: Data curation and division into training and validation sets 

Data treatment 
10 μM NUL 

Positives Negatives Positives Negatives 

Initial substances (SIDs) 9,315 9,315 

SIDs with purity at least 90% 6,283 6,283 

SIDs with DTU interpretations of positives and negatives 239 4,344 658 4,344 

SIDs after cytotoxicity filter 165 4,313 400 4,313 

SIDs after excluding auto-fluorescent substances 112 4,198 291 4,198 

CASs after excluding when SIDs have conflicting data 105 2,568 256 2,568 

CASs with QSAR-acceptable structures (organic mono-constituent etc.) 99 2,478 248 2,478 

CASs after excluding volatile or lipophilic negatives 99 1,787 248 1,787 

Structures after duplicates removal at structure level 98 1,711 245 1,711 

Structures random split 80% (training set) : 20% (ext. validation set) for initial modelsa 78 : 20 780 : 931 196 : 49 1,369 : 342 

Structures for training set and validation sets for final models 98 : 0 980 : 731 245 : 0 1711 : 0 

a Maximum 10 times as many negatives as positives in training set 

 

 

 

Table S4: Summary of experimental validation of 5 predicted PPARγ antagonists 

 Assay interferencea EC50 (μM)b Emax (%)c Ligand type 

 Fluoresc FLuc inhib Absolute Relative Basal Rosi Viability  

Diclofenac chloroacetyl impurity  Negative 0.448 0.440  2.3 95.7 Antagonist 

Dasatinib dichloro impurity  Negative  0.141  72.8 100.3 Antagonist 

Zuclopenthixol  Negative 18.36 18.36  1.6 61.6 Inconclusivee 

2-Methoxyphenothiazine  Positive     100.1 Inconclusived 

Trimebutine  Negative     96.3 Not ligand 

a Assay interference by compound fluorescence (Fluoresc) and luciferase inhibition (FLuc inhib) 
b Ligand potency calculated as absolute and relative half maximal effective concentrations (EC50) for the PPARγ luciferase reporter assay 
co-treated with rosiglitazone 
c Response at the highest used concentration (Emax) for PPARγ transcriptional activity assay in vehicle- (basal) or rosiglitazone-treated (rosi) 

cells as well as for the cytotoxicity assay for which viability is taken as the average between the vehicle- and rosiglitazone-treated cells 
d Inconclusive due to luciferase inhibition 
e Inconclusive due to cytotoxicity 

 

 

 

Table S5: Chemicals grouped by the inhibitory constant predicted by VirtualToxLab 

Inhibitory constant, Ki (μM) 
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Abstract 

Aromatase is the rate-limiting enzyme in the biosynthesis of estrogens and a key risk factor for hormone 

receptor-positive breast cancer. In postmenopausal women, estrogens synthesized in adipose tissue promotes 

the growth of estrogen receptor positive breast cancers. Activation of peroxisome proliferator-activated 

receptor gamma (PPARγ) in adipose stromal cells (ASCs) leads to decreased expression of aromatase and 

differentiation of ASCs into adipocytes. Environmental chemicals can act as antagonists of PPARγ and disrupt 

its function. This study aimed to test the hypothesis that PPARγ antagonists can promote breast cancer by 

stimulating aromatase expression in human adipose tissue. 

Primary cells and explants from human adipose tissue as well as A41hWAT, C3H10T1/2, and H295R cell lines 

were used to investigate PPARγ antagonist-stimulated effects on adipogenesis, aromatase expression, and 

estrogen synthesis. Selected antagonists inhibited adipocyte differentiation, preventing the adipogenesis-

associated downregulation of aromatase. NMR spectroscopy confirmed direct interaction between the potent 

antagonist DEHPA and PPARγ, inhibiting agonist binding. Short-term exposure of ASCs to PPARγ antagonists 

upregulated aromatase only in differentiated cells, and a similar effect could be observed in human breast 

adipose tissue explants. Overexpression of PPARG with or without agonist treatment reduced aromatase 

expression in ASCs. 

The data suggest that environmental PPARγ antagonists regulate aromatase expression in adipose tissue 

through two mechanisms. The first is indirect and involves inhibition of adipogenesis. The second mechanism 

occurs more acutely and is unrelated to adipocyte differentiation. 

 

Keywords: PPARγ, aromatase, adipogenesis, adipose tissue, breast cancer, endocrine disruption, metabolic 

disruption 
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Abbreviations 

9cRA  9-cis-retinoic acid 

ANOVA  analysis of variance 

ASC  adipose stromal cell 

AU  arbitrary units 

BMI  body mass index 

cDNA  complementary DNA 

DEHPA  di(2-ethylhexyl)phosphoric acid 

DHEA  dehydroepiandrosterone 

DHT  dihydrotestosterone 

DMEM  Dulbecco's modified Eagle medium 

DPhP  diphenyl phthalate 

DSS  4,4-dimethyl-4-silapentane-1-sulfonic acid 

ESI  electrospray ionization 

EV  empty vector 

FBS  fetal bovine serum 

FSK  forskolin 

IBMX  3-isobutyl-1-methylxanthine 

LBD  ligand-binding domain 

LOD  limit of detection 

LOQ  limit of quantification 

ND  not detected 

NMR  nuclear magnetic resonance 

PBS  phosphate-buffered saline 

PMA  phorbol 12-myristate 13-acetate 

PPARγ  peroxisome proliferator-activated receptor gamma 

RT-qPCR quantitative reverse transcription PCR 

RXR  retinoid X receptor 

SEM  standard error of the mean 

SNP  single nucleotide polymorphism 

T3  triiodothyronine 
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Introduction 

Breast cancer is the most commonly diagnosed cancer worldwide.1 In women, the systemic levels of steroid 

hormones, not least estrogens, are major risk factors for breast cancer,2 and exposure to endocrine disrupting 

chemical may contribute to breast cancer risk.3,4 The nuclear receptor peroxisome proliferator-activated 

receptor gamma (PPARγ) has been suggested to be a protective factor in breast cancer development,5 with a 

proposed mechanism being negative regulation of aromatase (encoded by CYP19A1),6,7 the rate-limiting 

enzyme in the biosynthesis of estrogens. Notably, most studies investigating this link have focused on the 

effect of PPARγ activation on aromatase, with inactivation of PPARγ being less explored. 

Numerous environmental and occupational compounds can target PPARγ by binding as agonists or 

antagonists in the binding pocket of the ligand-binding domain (LBD) (Ardenkjær-Skinnerup et al, submitted).8 

PPARγ is highly expressed in adipose tissue, which is an important site of xenobiotic bioaccumulation and 

metabolic disruption.9 Adipose tissue is also an endocrine organ that plays important roles in the development 

and function of mammary epithelial cells, but it also contributes to development and progression of breast 

cancer.10 Environmental PPARγ antagonists may potentially promote breast cancer development by inhibiting 

PPARγ function, leading to a derepression of aromatase expression and, consequently, increased production 

of estrogens acting locally on adjacent breast epithelial cells. 

PPARγ is essential for adipogenesis.11 It exists as two isomers, PPARγ1 and PPARγ2, transcribed from different 

promoters of the PPARG gene. The PPARγ2 is almost exclusively expressed in the adipose tissue12 and 

encompasses 30 additional N-terminal amino acids compared to PPARγ1. A common missense single 

nucleotide polymorphism (SNP) of PPARγ2, Pro12Ala (rs1801282), is associated with modified breast cancer 

risk in postmenopausal women,13,14 as well as impaired adipogenesis.15 However, its impact on metabolism is 

highly dependent on gene-environment interactions.16 

Since exposure to environmental chemicals may contribute to breast cancer development,17 it is important to 

fully understand the underlying mechanisms in order to identify potential interventions. The role of aromatase 

in promoting breast cancer development and progression is well established,18 however it is still unknown 

whether exposure to PPARγ antagonists affects aromatase expression in human adipose tissue cells. It is 

therefore hypothesized that PPARγ antagonism induces aromatase expression in the adipose tissue. 

In this study, human adipose stromal cells (ASCs) were differentiated in the presence of previously identified 

PPARγ antagonists (Ardenkjær-Skinnerup et al, submitted) to address the inhibitory effect of selected 

chemicals on PPARγ and to study the effect of impaired adipogenesis on aromatase expression. In addition, 

interactions between PPARγ and selected chemicals, alone or in combination, were determined using NMR 

spectroscopy. Finally, a more acute effect of PPARγ ligands on aromatase expression was studied by treating 

ASCs, differentiated ASCs, or adipose tissue explants with PPARγ antagonists. 

 

Methods 

Isolation of primary cells and explants 

Primary cells were isolated from adipose tissue obtained from patients undergoing mastectomy, 

abdominoplasty, or reduction mammoplasty at Weill Cornell Medicine under IRB-approved protocol #20-

01021391. Adipose tissue was finely minced, and 20-25 mL tissue was placed in a 50 mL centrifuge tube, 

which was filled with pre-warmed F-12 medium (10-080-CV, Corning) containing 10% fetal bovine serum (FBS; 

35-010-CV, Corning) and 1% penicillin-streptomycin solution (15140122, Gibco). The tissue was incubated with 

1 mg/mL collagenase (C0130, Sigma-Aldrich) and 0.01 mg/mL hyaluronidase (H3506, Sigma-Aldrich) for 1 h at 

37 °C while rotating, followed by centrifugation at 500 × g for 15 min. The oil layer at the top was removed, 

and adipocytes were collected from the layer below. The cell pellet was resuspended in 20 mL culture medium 

and passed through 100 μm and 40 μm filters. The filtrate was centrifuged at 500 × g for 5 min, and the 

supernatant was removed. The cell pellet was resuspended in 1 mL Red Blood Cell Lysis Buffer (11814389001, 

Roche) and inverted periodically for 10 min. The tube was centrifuged at 500 × g for 5 min, supernatant was 
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discarded, and the pellet was resuspended in culture medium or collected for lysis. The cell suspension was 

transferred to tissue culture flasks and incubated at 37 °C and 5% CO2 for 1 h before the medium was 

renewed. Information on the study participants is shown in Table 1. 

# Surgery Sex Age BMI 

1 Mastectomy Female 37 35.51 

2 Mastectomy Female 46 28.70 

3 Mastectomy Female 40 26.20 

4 Mastectomy Female 56 27.20 

5 Mastectomy Female 65 19.49 

6 Mastectomy Female 45 30.70 

7 Abdominoplasty Female 55 36.28 

8 Abdominoplasty Female 39 38.37 

9 Mammoplasty Female 57 31.85 

10 Mammoplasty Male 18 23.95 

11 Mammoplasty Female 45 24.70 

12 Mammoplasty Female 35 32.34 

13 Mammoplasty Female 40 29.60 
Table 1: Participant number (#), surgery type, sex, age, and body mass index (BMI). 

Adipose tissue explants were obtained by cutting 2-5 mm3 sections of adipose tissue and incubating multiple 

pieces per well in the F-12 culture medium in 12-well plates at 37 °C. After a few hours, the medium was 

changed. 

Primary adipocytes and ASCs collected for lysis were washed by adding phosphate-buffered saline (PBS) and 

inverting several times. ASCs were subsequently centrifuged for 5 min at 500 g. Adipocytes and ASCs were 

then frozen in liquid nitrogen and kept at -80 °C until gene expression analysis. 

Cell culture and treatment 

The human A41 ASCs cell line (hTERT A41hWAT-SVF, passage 8-19)19 and the mouse C3H10T1/2 mesenchymal 

stem cell line (CCL-226, ATCC, passage 6-11) were cultured in Dulbecco's Modified Eagle Medium (DMEM; 

41965-039, Gibco) containing 10% FBS (F7524, Sigma-Aldrich) and 1% penicillin-streptomycin solution 

(15070063, Gibco). The human NCI-H295R adrenocortical carcinoma cell line (CRL-2128, ATCC, passage 10-13) 

was cultured in DMEM/F-12 (11039, Thermo Fisher Scientific) supplemented with 2.5% Nu-Serum (355100, 

Corning) and 1% ITS+ (354352, Corning). All cells were cultured in humidified incubators at 37 °C and 5% CO2. 

Culture medium was changed every 2 or 3 days. Cells and explants were stimulated with the chemicals listed 

in Table 2. Solvent volumes were equal across all conditions for each experiment. 

Compound CAS Company Catalog # 

9-cis-Retinoic acid 5300-03-8 Sigma-Aldrich R4643 

Cosan 528 96686-51-0 Sigma-Aldrich S878456 

DEHPA 298-07-7 Sigma-Aldrich 237825 

Diphenyl phthalate 84-62-8 Sigma-Aldrich 105880 

Forskolin 66575-29-9 Sigma-Aldrich F3917 

GW9662 22978-25-2 Sigma-Aldrich M6191 

Kresoxim-methyl 143390-89-0 Supelco 37899 

PMA 16561-29-8 Sigma-Aldrich P8139 

Prochloraz 67747-09-5 Supelco 45631 

Pyraclostrobin 175013-18-0 Supelco 33696 

Pyridaben 96489-71-3 Supelco 46047 

Rosiglitazone 122320-73-4 Sigma-Aldrich R2408 

Violet Cibacet 2R 129-15-7 Sigma-Aldrich S363650 

Zoxamide 156052-68-5 Supelco 32501 
Table 2: The chemicals used for treatment of cells. 
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Adipose tissue explants were treated with chemicals for 48 h, then washed in PBS and lysed with QIAzol 

(Qiagen). For each biological explant sample, multiple technical replicate samples were collected for analysis. 

Undifferentiated or 12-day differentiated A41 cells in basal culture medium were treated for 24 h, while, in 

other experiments, primary ASCs, C3H10T1/2 cells, and A41 cells were treated throughout differentiation. 

Concentrations were selected based on previous reporter assay experiments (Ardenkjær-Skinnerup et al, 

submitted). Cells were washed in PBS and lysed with Buffer RLT (Qiagen) containing 1% β-mercaptoethanol. 

H295R cells were subcultured at approximately 50-60% confluency (3 x 105 cells) into 24-well plates and left 

overnight. Next day, culture medium was removed by aspiration and replaced with medium containing each 

chemical of interest. The plates were incubated at 37 °C and 5% CO2 for 48 h. Finally, medium was transferred 

to new 24-well plates and frozen at -80 °C until further processing to analyze hormone concentrations. Cells 

were washed with PBS and frozen at -80 °C for subsequent protein analysis. The experiment was performed in 

triplicates and repeated three times independently. 

Adipocyte differentiation 

Primary human ASCs were subcultured at high density to reach 100% confluence. The cells were then washed 

twice with PBS and induced to differentiate by changing basal culture medium to serum-free adipogenic 

medium containing 0.1 or 2 μM rosiglitazone (day 0-4), 0.25 μM dexamethasone (day 0-6), 500 μM IBMX (day 

0-6), 20 nM insulin, 0.2 nM T3, 33 μM biotin, 17 μM pantothenic acid, 0.1 μM transferrin, and 10 μg/mL 

cortisol (all from Sigma-Aldrich). The cells were kept in adipogenic medium for 12 days and the medium was 

changed every 2 days. 

A41 and C3H10T1/2 cells were grown to confluence, and differentiation was induced in serum-containing 

medium. For differentiation of A41 cells, the culture medium was supplemented with 1 μM rosiglitazone, 0.1 

μM dexamethasone, 500 μM IBMX, 500 nM insulin, 2 nM T3, 33 μM biotin, and 17 μM pantothenic acid. 

Differentiation of C3H10T1/2 cells was induced by supplementing the culture medium with 0.5 μM 

rosiglitazone, 1 μM dexamethasone (day 0-2), 500 μM IBMX (day 0-2), and 20 nM insulin (day 0-4). The 

adipogenic medium was changed every 2 or 3 days for C3H10T1/2 and A41 cells, respectively. 

In experiments where cells were exposed to additional chemicals (Table 2) during differentiation, these 

chemicals were added together with the adipogenic factors every time the medium was replenished. Mature 

A41 cells used for acute chemical treatment were differentiated for 12 days and returned to regular growth 

medium for 2 days before 24 h treatment with chemical. 

Lipid staining and quantification 

Transparent 96-well plates were used for staining with Oil Red O. Cells were washed in PBS and fixed with 4% 

formaldehyde (252549, Sigma-Aldrich) in PBS for 30 min at room temperature. The cells were then washed 

twice with water and incubated with 60% isopropanol for 5 min. Afterwards, cells were incubated with sterile 

filtered 60% Oil Red O (O0625, Sigma-Aldrich) solution for 20 min. Cells were washed 3 times with water and 

then viewed under the microscope. For quantification, cells were washed 3 times with 60% isopropanol for 5 

min. Oil Red O was then extracted with 50 μL 100% isopropanol for 20 min. Finally, 40 μL of the extracted Oil 

Red O was transferred to a 384 well plate. Absorbance was read at 518 nm in a Varioskan LUX Multimode 

Microplate Reader (Thermo Scientific), and 100% isopropanol was used as a background control. 

Fluorescent staining was carried out in black-walled 96-well plates. Cells were washed in PBS and fixed with 

4% formaldehyde in PBS for 30 min at room temperature. The cells were then washed with PBS and incubated 

another 30 min with LipidTOX (H34477, Invitrogen; 1:5000 dilution) and Hoechst 33342 (sc-495790, Santa 

Cruz; 1:10000 dilution). Cells were washed in PBS, and confocal imaging was performed using a Zeiss LSM 880 

AxioObserver. Images were taken in random regions of each well to avoid selection bias. Image analysis was 

performed to determine nucleus and lipid droplet number as well as lipid droplet diameter using Imaris 9.9.0 

(Oxford Instruments). For quantification, batch analysis of images was carried out in a blinded and automated 

manner. In addition, LipidTOX and Hoechst were quantified in the plate reader by measuring fluorescence at 

637/655 nm and 350/461 nm, respectively. Cell-free wells were subtracted as background. 
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Transient transfection 

Human A41 cells were transiently transfected with pcDNA3.1 or pcDNA3.1 PPARg2 (donated by Karsten 

Kristiansen, University of Copenhagen, Denmark) at about 80-95% confluence in 6-well plates. For each well, 2 

μg plasmid DNA and 6 μL TransIT-X2 (MIR6000, Mirus Bio) were added to 200 μL Opti-MEM (31985070, 

Gibco). The mixture was incubated for 15-30 min and added to cell culture wells. The cells were incubated at 

37 °C for 24 h, and then the medium was replaced with culture medium containing rosiglitazone or solvent. 

After an additional 24 h incubation, cells were lysed. 

For reverse transfection, 200 μL of the mixture with TransIT-X2:DNA complexes were added to the culture 

wells and incubated for 25 min. Cell suspension was then transferred to the wells. Incubation, treatment, and 

lysis were performed as described above. 

Gene expression analysis 

RNA from cultured cells or adipose tissue explants was extracted using RNeasy Kit (Qiagen) and RNeasy Lipid 

Tissue Mini Kit (Qiagen), respectively. Complementary DNA (cDNA) was synthesized from 1 µg RNA using 

iScript cDNA Synthesis Kit (1708891, Bio-Rad) for cell lines or from 1 µg, 0.2 µg, or 0.5 µg RNA using qScript 

cDNA Synthesis Kit (95047, Quantabio) for adipose tissue explants, directly isolated cells, and primary cell 

cultures, respectively. Quantitative reverse transcription PCR (RT-qPCR) was performed using Brilliant III Ultra-

Fast SYBR Green qPCR Master Mix (600882, Agilent) and the CFX384 Real-Time PCR Detection System (Bio-

Rad); Fast SYBR Green Master Mix (4385612, Applied Biosystems) and the 7500 Fast Real-Time PCR System 

(Applied Biosystems); or TaqMan Fast Advanced Master Mix (4444557, Applied Biosystems) and the 

QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). Each biological sample was measured in 

technical triplicates and the 2−ΔΔCt method was used for relative quantification. Primers were purchased from 

TAG Copenhagen and are shown in Table 3. In addition, TaqMan assays (4331182, Applied Biosystems) were 

used for mouse Cyp19a1 (Assay ID: Mm00484049_m1) and Rps18 (Assay ID: Mm02601777_g1). The criteria 

for exclusion of outliers in the technical replicates was a standard deviation above 0.3 and a two-fold 

difference in the distance to the median. 

Gene Species Sequence (forward) Sequence (reverse) 

RPL32 Human CAGGGTTCGTAGAAGATTCAAGGG CTTGGAGGAAACATTGTGAGCGATC 

CYP19A1 Human TTGACCCTTCTGCGTCGTGT AGGAGAGCTTGCCATGCATCA 

PPARG Human AGAAAGCGATTCCTTCACTGAT AGAATGGCATCTCTGTGTCAAC 

ADIPOQ Human GCAGTCTGTGGTTCTGATTCC CATGACCGGGCAGAGCTAAT 

FASN Human TACAACATCGACACCAGCTC CGTCTTCCACACTATGCTCA 

Rn18s Mouse AGTCCCTGCCCTTTGTACACA GATCCGAGGGCCTCACTAAAC 

Pparg Mouse GCATGGTGCCTTCGCTGA TGGCATCTCTGTGTCAACCATG 

Adipoq Mouse GATGGCACTCCTGGAGAGAA TCTCCAGGCTCTCCTTTCCT 

Fabp4 Mouse CTGGGCGTGGAATTCGAT GCTCTTCACCTTCCTGTCGTCT 

Slc2a4 Mouse GTGACTGGAACACTGGTCCTA CCAGCCACGTTGCATTGTAG 
Table 3: Primers used for RT-qPCR. 

Protein immunoblotting 

Cells were washed with PBS and lysed using RIPA buffer (89900, Thermo Scientific) containing protease 

inhibitors (S8820, Sigma-Aldrich). The lysates from wells of similarly treated cells were pooled. Lysates were 

then centrifuged for 10 min at 4 °C and 16,100 × g, supernatant was collected, and protein concentrations 

were determined using bicinchoninic acid assay. Samples were diluted in lysis buffer to obtain equal protein 

concentrations. Afterwards, Laemmli sample buffer was added, and samples were heated at 95 °C for 5 min. 

Proteins were separated by SDS-PAGE and transferred onto a PVDF membrane. Immunostaining was 

performed using PPARγ (sc-7273, Santa Cruz) and vinculin (13901, Cell Signaling) primary antibodies and HRP-

conjugated secondary antibodies (1706515 and 1706516, Bio-Rad). Chemiluminescent imaging was performed 

using the ChemiDoc XRS+ System (Bio-Rad). 
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Hormone analysis 

Steroid hormone levels were analyzed by LC-MS/MS as previously described.20 Deuterated internal standards 

were added to the cell culture supernatants, which were then centrifuged at 15,000 g for 10 min. Steroid 

hormones were separated, detected, and quantified by online SPE-LC-MS/MS using a Waters Oasis HLB 

column (186002035, UVISON Technologies; 2.1 x 20 mm, 15 µm) for online SPE. For 17β-estradiol and estrone 

analysis, a Kinetex C18 column (00D-4462-AN, Phenomenex; 2.1 x 100 mm, 2.6 µm) was used with an injection 

volume of 100 mL, measuring with negative electrospray ionization (ESI) and using methanol and 0.2 mM 

ammoniumfluoride in water as the mobile phases (gradient flow rate was 0.4 mL/min). For the other 

hormones, an Ascentis Express C8 column (SU-53832-U, Supelco; 2.1 x 100 mm, 2.7 µm) was used with an 

injection volume of 100 mL, measuring with negative and positive ESI with acetonitrile and 0.1% formic acid in 

water as the mobile phases (gradient flow rate was 0.25 mL/min). The following steroid hormones were 

measured: androstenedione, corticosterone, cortisol, dehydroepiandrosterone (DHEA), 11-deoxycortisol, 

dihydrotestosterone (DHT), epitestosterone, 17β-estradiol, estrone, 18-hydroxycortisol, 17α-

hydroxyprogesterone, pregnenolone, progesterone, and testosterone. The limit of quantification (LOQ) was 

1.0 ng/mL for pregnenolone; 0.25 ng/mL for 11-deoxycortisol; 0.1 ng/mL for cortisol, DHEA, and DHT; 0.05 

ng/mL for epitestosterone and hydroxyprogesterone; 0.02 ng/mL for androstenedione, corticosterone, 17β-

estradiol, and testosterone; and 0.01 ng/mL for estrone, 18-hydroxycortisol, and progesterone. For 

quantification, external calibration standards were run before and after the samples at levels of 0.05, 0.1, 0.2, 

0.5, 1.0, 2.0, 10.0 and 20 ng/mL, with 4.0 ng/mL internal standards (testosterone-d2, methyltestosterone-d3, 

progesterone-c2 and estradiol-d3 from EURL Wageningen and cortisol-d4 and deoxycortisol-d8 from LGC 

Standards). For cortisol, deoxycortisol, estradiol, progesterone, and testosterone, dedicated internal standards 

were used. Furthermore, cortisol-d4 was used for hydroxyprogesterone; deoxycortisol-d8 was used for 

corticosterone; progesterone-c2 was used for pregnenolone; and estradiol-d3 was used for estrone. The limit 

of detection (LOD) and LOQ were estimated as the concentrations corresponding to three and ten times the 

signal-to-noise, respectively. The mass spectrometer was an EVOQ ELITE Triple Quadrupole instrument from 

Bruker (Bremen, Germany) and the UHPLC system was an UltiMate 3000 System with a DGP-3600RS dual-

gradient pump. Data handling was done using the software MS Workstation version 8.2.1. 

Protein production 

Human PPARγ2 cDNA (residues 231 to 505, corresponding to the PPARγ LBD) was cloned into a modified 

pET24a vector, encoding it with an N-terminal hexahistidine- and SUMO-tag (H6-SUMO). The protein was 

produced in E. coli BL21(-DE3) cells (New England BioLabs, Frankfurt, Germany) in auto-induction minimal 

medium,21 using 15NH4Cl as a nitrogen source for isotope labeling. Production was induced at OD600 of 0.8 by 

changing the temperature from 37 °C to 18 °C and allowing to proceed for 24 h. Cells were harvested by 

centrifugation at 5.000 × g for 20 min and resuspended in lysis buffer (20 mM imidazole, 50 mM Tris pH 8, 200 

mM NaCl, 10% (v/v) glycerol). All buffers contained 5 mM β-mercaptoethanol. Cells were lysed using a cell 

disrupter (Constant Systems Ltd., Daventry, UK) at 25 kpsi and the lysate was cleared by centrifugation at 

20.000 × g for 45 min. The supernatant was passed two times over 5 mL Ni-NTA resin (Qiagen, Hilden, 

Germany), pre-equilibrated with lysis buffer. Three wash steps were done first with lysis buffer, then with lysis 

buffer containing 1 M NaCl and then with lysis buffer again, and the bound proteins finally eluted with elution 

buffer (lysis buffer with 500 mM imidazole). The protein was cleaved in 40 mM Tris, pH 8, 10% (w/v) glycerol, 

200 mM NaCl and 5 mM β-mercaptoethanol overnight at 4 °C with ULP1-protease (in-house production, 

produced and purified as described in Reverter and Lima 2009).22 The His6-SUMO tag and ULP1 were removed 

by reverse Ni-NTA purification. The protein was further purified by ion exchange chromatography using a 

HiTrap QFF 5 mL column (Cytiva) and size exclusion chromatography using a Superdex 200 Increase 10/300 GL 

(Sigma-Aldrich). Ion exchange buffers were 25 mM bis-Tris pH 7.4, with the elution buffer containing 

additionally 1 M NaCl. The size exclusion buffer contained 40 mM Tris pH 8 and 500 mM NaCl. 

Nuclear magnetic resonance (NMR) spectroscopy 

NMR samples containing 80 μM 15N PPARγ LBD were changed into PBS buffer (pH 7.3, 137 mM NaCl, 10% D2O, 

room temperature), and 0.7 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) was added as reference. 
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Rosiglitazone, GW9662, and DEHPA were added at concentrations of 320 μM, 240 μM, and 1 mM, 

respectively. All NMR spectra were acquired at 298 K on a Bruker AVANCE III 750-MHz (1H) spectrometer 

equipped with a cryogenic probe. Free induction decays were transformed and visualized in TopSpin (Bruker 

BioSpin), and subsequently analyzed using the CcpNmr Analysis software.23 Proton chemical shifts were 

internally referenced to DSS at 0.00 ppm, with heteronuclei referenced by relative gyromagnetic ratios. 

Assignments of PPARγ LBD were exported from BMRB entry 17975, as published by Hughes et al. 2012, and 

transferred to the spectra without ambiquities.24 For each spectrum, intensities were normalized to the NMR 

peak of E235, which was the most intense peak in every condition. 

DNA sequence analysis 

Cells were washed in PBS and DNA isolation was performed using QIAamp DNA Mini Kit (51304, Qiagen). A 

PPARG sequence containing the position of the rs1801282 SNP was amplified in a C1000 Touch Thermal Cycler 

(Bio-Rad) using Q5 Hot Start High-Fidelity 2X Master Mix (M0494S, New England Biolabs), forward primer (5’-

GCCAATTCAAGCCCAGTCCT3’-) and reverse primer (5’-TTACATAAATGCCCCCACGTCC-3’). The PCR products 

were run on an agarose gel to confirm that the amplicon size was correct. The QIAquick PCR Purification Kit 

(28104, Qiagen) was applied for isolation of the PCR products. The samples were sent to GENEWIZ (Azenta Life 

Sciences) for Sanger sequencing using the primers for PCR. 

Statistical analysis 

Statistical significance was tested using the two-tailed (unpaired) Student’s t-test, Dunnett’s multiple 

comparison test, or one- or two-way analysis of variance (ANOVA), depending on the number of samples and 

variables. When there were more than two levels within a variable of the two-way ANOVA, Dunnett’s test for 

multiple comparisons was applied for the levels of that variable. Dunnett’s test was also performed following 

one-way ANOVA. When all values in a group were below the detection limit, a two sample Z test for 

proportions followed by Bonferroni correction for multiple comparisons was performed to compare the 

number of quantifiable values, including all technical replicates, in each group. For calculation of half-maximal 

inhibitory concentrations (IC50), concentration-response curves were fitted using the four-parameter logistic 

regression model with slope constraints of -1.5 to 0 and with starting response set to 1. Logistic regression 

could not be performed when there was a non-monotonic relationship between response and concentration. 

Data was normalized to the sum of values within each experiment, and the control group was set to 1. 

Differences between groups were considered significant if p ≤ 0.05, and data were presented as means and 

standard errors of the mean (SEM). 

 

Results 

Environmental PPARγ antagonists, previously identified by the Tox21 Program and verified in an orthogonal 

HEK293 cell-based reporter assay (Ardenkjær-Skinnerup et al, submitted), were used in the present study to 

investigate PPARγ-mediated effects on the transcription of aromatase in ASCs, adipocytes, and adipose tissue 

explants. 

Effect of putative PPARγ antagonists on adipogenesis 

Human ASCs were differentiated in the presence of seven different PPARγ antagonists, including the PPARγ 

antagonist GW9662 that served as a positive control for inhibition of adipogenesis. Lipid staining with Oil Red 

O revealed that all seven chemicals inhibited lipid accumulation in the studied concentration ranges (Figure 1). 

The IC50 and maximal inhibition for each chemical are shown in Table 4. The inhibitory effect of GW9662, 

zoxamide, Cosan 528, and DEHPA was greater when cells were differentiated using the lower concentration of 

rosiglitazone (0.1 μM) compared with the higher concentration (2 μM). 
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Figure 1. Lipid accumulation in human ASCs exposed to putative PPARγ antagonists during adipogenesis. Differentiation of human 

ASCs was induced with either high (2 μM) or low (0.1 μM) concentrations of rosiglitazone in the adipogenic medium. During 

differentiation, cells were treated with different environmental chemicals previously found to be PPARγ antagonists at concentrations 

of 0.25 to 5 μM or 0.5 to 10 μM. Lipids were stained with Oil Red O at day 12 of differentiation. Microscopy pictures show lipid 

accumulation in undifferentiated control cells and in differentiated cells treated with different concentrations of putative PPARγ 

antagonists or solvent control (0 to 0.01% DMSO). Lipid staining was quantified and presented in graphs showing means ± SEM (n = 4-

6). Asterisks (*) indicate statistically significant differences compared to control cells using Dunnett’s test (p < 0.05). 

 

 IC50 (µM) Imax 

Rosiglitazone 2 0.1 2 0.1 

GW9662 0.49 0.06 75% 94% 

Zoxamide - 0.15 34% 70% 

Pyraclostrobin 0.93 0.27 72% 67% 

Cosan 528 3.77 0.14 53% 65% 

Violet Cibacet 2R - - 50% 56% 

Diphenyl phthalate - - 44% 54% 

DEHPA 2.90 0.23 56% 78% 
Table 4: Absolute half-maximal inhibitory concentration (IC50) and maximal relative inhibition at any concentration (Imax) are shown for 

lipid accumulation by Oil Red O for each chemical. 

Confocal microscopy was performed to analyze differences in lipid droplet number and size in response to 

PPARγ antagonist treatment during differentiation (2 μM rosiglitazone) of primary ASCs (Figure 2A). Lipids and 

nuclei were stained with LipidTOX and Hoechst, respectively. Image analysis showed that treatment with 

GW9662, pyraclostrobin, Cosan 528, and DEHPA decreased the average number of lipid droplets per cell 

significantly (Figure 2B), and pyraclostrobin treatment also reduced lipid droplet size (Figure 2C). There was 

considerable variation between cells from the different study participants (Figure 2B-2C). Fluorescence 

intensities of LipidTOX and Hoechst were measured in a plate reader, and the LipidTOX/Hoechst ratios were 

determined (Figure 2D). Lipid accumulation normalized to cell number was decreased by treatment with all 

tested PPARγ antagonists. 

     rosig ita one        rosig ita one
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Figure 2. Lipid droplet size and number in human ASCs exposed to putative PPARγ antagonists during adipogenesis. Differentiation 

of human ASCs was induced with adipogenic medium containing 2 μM rosiglitazone. During differentiation, cells were treated with 

previously identified PPARγ antagonists or solvent control (0 to 0.01% DMSO). At day 12 of differentiation, lipids and nuclei were 

stained with LipidTOX and Hoechst, respectively. (A) Confocal microscopy pictures show lipids in pink and nuclei in blue. (B) Average 

lipid droplets per cell and (C) average lipid droplet diameter quantified by image analysis. Non-normalized data for all chemicals are 

shown for each study participant in B and C, where black is vehicle control and lighter shades of gray are higher concentrations of 

chemical. (D) Quantification of fluorescent stains using a plate reader and presented as LipidTOX normalized to Hoechst. Data are 

shown in graphs as means ± SEM (n = 3). Asterisks (*) indicate statistically significant differences compared to control cells using 

Dunnett’s test (p < 0.05). 

Aromatase expression during adipogenesis 

To determine the influence of differentiation stage on aromatase expression, aromatase mRNA abundance 

was measured in ASCs and mature adipocytes. The adipocyte markers, PPARG and FASN, were used to confirm 

difference in cell types. Isolated human ASCs expressed higher levels of aromatase and lower levels of the 

adipocyte markers compared to mature adipocytes (Figure 3A). Similarly, cultured undifferentiated A41 cells 

expressed higher level of aromatase and lower level of PPARG than fully differentiated A41 cells (Figure 3B). 

The effect of interruption of adipogenesis on aromatase expression was examined in A41 cells by removal of 

the adipogenic medium. On day 6 of differentiation, the adipogenic medium was renewed or changed to basal 

culture medium for 2 days. Removal of the adipogenic medium resulted in a 9-fold increase in aromatase, and 

a corresponding decrease in PPARG expression (Figure 3C). When A41 cells were differentiated for either 6 or 

12 days in the presence of the PPARγ antagonist GW9662, expression of aromatase increased, and expression 

of the adipocyte markers, PPARG, ADIPOQ, and FASN, decreased, compared to the solvent control (Figure 3D-

3E). 

Exposure of human ASCs to PPARγ antagonists GW9662, pyraclostrobin, or Cosan 528 during 12 days of 

differentiation increased aromatase expression by 1.6- to 4.0-fold, while aromatase was slightly 

downregulated by zoxamide exposure (Figure 3F). The antagonist-stimulated increase in aromatase mRNA 
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was associated with decreased lipid accumulation (Figure 3G), however there was no clear correlation 

between the extent of adipogenesis inhibition and the aromatase mRNA level. 

 

Figure 3. Level of aromatase and adipocyte marker mRNA in response to inhibition of adipogenesis by PPARγ antagonists. Gene 

expression analysis of aromatase (CYP19A1) and adipocyte markers (PPARG, ADIPOQ, FASN) by RT-qPCR. (A) Humans ASCs and 

adipocytes were directly isolated from human adipose tissue (n = 7). (B) A41 pre-adipocytes were undifferentiated or differentiated for 

12 days (n = 8-10). (C) A41 cells at day 6 of differentiation were either returned to basal medium or kept in adipogenic medium for 2 

days (n = 4). (D) A41 cells at day 6 (n = 3-4) or (E) at day 12 (n = 4) of differentiation were treated with 5 μM or 1 μM GW9662, 

respectively, during differentiation, and compared with a solvent control group (0.01% DMSO). (F) Primary human ASCs were 

differentiated for 12 days (with 2 μM rosiglitazone) in the presence or absence of 5 μM PPARγ antagonist (n = 1). (G) Bright-field 

microscopy pictures taken before lysis show clearly visible lipid droplets which indicate the level of adipogenesis. (H) Mouse 

C3H10T1/2 cells were differentiated for 6 days in the presence or absence of 10 μM GW9662 or left undifferentiated. Gene expression 

analysis by RT-qPCR was performed for aromatase (Cyp19a1) using TaqMan assay and adipocyte markers (Pparg, Adipoq, Fabp4, and 

Slc2a4) using SYBR Green assay (n = 3). The graphs present means ± SEM. Asterisk (*) and hash (#) indicate statistically significant 

differences compared to control cells using t test or two-way ANOVA, respectively (p < 0.05). For C3H10T1/2 cells, asterisk indicates 

statistically significant difference compared to differentiated control cells using two sample proportion test with Bonferroni correction 

(p < 0.05). ND: not detected. 

The effect of PPARγ inhibition on aromatase mRNA expression in mouse cells was also examined (Figure 3H). 

Aromatase was very weakly expressed in mouse adipose tissue, and TaqMan assay was therefore applied to 

avoid nonspecific amplification. In C3H10T1/2 cells differentiated for 6 days, aromatase transcripts were not 

detected, while in undifferentiated cells and cells exposed to GW9662 during differentiation there were 

detectable aromatase transcript levels. The adipocyte markers, Pparg, Adipoq, Fabp4, and Slc2a4, were 

strongly upregulated in response to 6 days of differentiation, an effect that was absent in response to 

GW9662 treatment during differentiation. 

 irect interaction between PPARγ and  igands 

NMR spectroscopy was used to address any direct interaction of PPARγ with ligands tested in this study. First, 

multiple controls were established by recording 15N-HSQCs of the 15N-labeled PPARγ LBD bound to known 

agonist rosiglitazone and known antagonist GW9662, as well as monitoring the effect of DMSO presence, the 

solvent of the small molecule ligands (Figure 4A-4C). These spectra were used as comparison controls for the 

activity state of PPARγ LBD in the presence of DEHPA (Figure 4A-4E). It was observed that the apo-state and 

the GW9662-bound state of the PPARγ LBD only featured 109 annotatable peaks in the NMR spectra 
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corresponding to only roughly ~40% of the residues of the protein (Figure 4F). The rosiglitazone-bound PPARγ 

LBD featured 208 peaks that all could be assigned to the sequence, corresponding to ~75% of the residues in 

the LBD (an 88% increase compared to solvent control). These additional peaks were mainly found lining the 

binding pocket of the LBD as well as in helix 12 (Figure 4G). The spectrum of rosiglitazone-bound PPARγ LBD in 

the presence of DEHPA featured only ~132 peaks assignable (~47% of all LBD-residues) and was similar to the 

GW9662-bound state and the free state (Figure 4F). The NMR peak intensity profiles of the different spectra, 

plotted as a function of sequence, are shown in Figure 3B-3E. GW9662-bound, inactive PPARγ LBD, had a 

similar profile as free PPARγ LBD (Figure 4B). Also, rosiglitazone-bound PPARγ LBD to which GW9662 or DEHPA 

was added, showed a nearly identical profile to the GW9662-bound PPARγ LBD (Figure 4D-4E). Thus, adding 

DEPHA to the agonist-bound PPARγ LBD reversed the protein to the inactive state by direct interaction, 

outcompeting the effect of rosiglitazone. 

 

Figure 4. Direct interaction between DEHPA and PPARγ. (A) 15N-HSQCs of the PPARγ LBD with added chemical compounds. (B) Peak 

intensity profile of the rosiglitazone-bound PPARγ LBD compared to free PPARγ LBD in solvent (1% DMSO). (C) Peak intensity profile of 

the GW9662-bound PPARγ LBD compared to free PPARγ LBD in solvent (1% DMSO). (D) Peak intensity profile of the rosiglitazone-

bound PPARγ LBD compared to rosiglitazone-bound PPARγ LBD after GW9662 addition. (E) Peak intensity profile of the rosiglitazone-

bound PPARγ LBD compared to rosiglitazone-bound PPARγ LBD after DEHPA addition. (F) Percentage of peaks visible and assignable 

depending on additives. (G) Cartoon representation of the crystal structure of PPARγ LBD bound to rosiglitazone (PDB: 1FM6). 

Rosiglitazone is shown as spheres in the binding pocket. Residues that are visible in the 15N-HSQCs when only rosiglitazone is bound 

are shown in blue. 

60



 Manuscript II  

Short-term regulation of aromatase by PPARγ 

A more acute effect of PPARγ on aromatase expression was studied by treatment of undifferentiated (Figure 

5A) or differentiated (Figure 5B) A41 cells with PPARγ ligands for 24 h. Stimulation of cells with rosiglitazone 

reduced aromatase expression in both undifferentiated and differentiated cells. Treatment with the PPARγ 

antagonists, GW9662, diphenyl phthalate, pyraclostrobin, DEHPA, or kresoxim-methyl, had no effect on 

aromatase expression in undifferentiated A41 cells (Figure 5A). However, in mature adipocytes, treatment 

with every antagonist increased aromatase mRNA, except for diphenyl phthalate, which had no effect (Figure 

5B). The effects were not as strong as that of forskolin (FSK) and phorbol 12-myristate 13-acetate (PMA) co-

treatment, which was used as a positive control for aromatase induction and which appeared to downregulate 

PPARG and the PPARγ target genes, ADIPOQ and FASN (Figure 5C). Since PPARγ forms obligate heterodimers 

with retinoid X receptors (RXRs), it was studied if the RXR agonist 9-cis-retinoic acid (9cRA) affected aromatase 

expression like rosiglitazone. Treatment of A41 cells with 9cRA caused a decrease in aromatase expression in 

undifferentiated cells (Figure 5D) but had no effect on aromatase in mature A41 adipocytes (Figure 5E). 

It was tested if the PPARγ ligands rosiglitazone and GW9662 also influenced aromatase expression in human 

breast adipose tissue explants (Figure 5F). Aromatase expression was significantly reduced in response to 48 h 

exposure to rosiglitazone, whereas there was a tendency (p = 0.076) to increased aromatase expression in 

response to GW9662. 

 

Figure 5. Aromatase mRNA level in response to chemical exposure or PPARγ  overexpression. Gene expression analysis of aromatase 

(CYP19A1) and adipocyte markers (PPARG, ADIPOQ, FASN) by RT-qPCR. (A) Undifferentiated (n = 3) or (B) differentiated (n = 3-5) A41 

cells were treated for 24 h with 5 μM of rosiglitazone, GW9662, diphenyl phthalate (DPhP), pyraclostrobin, or DEHPA, or with 10 μM 

kresoxim-methyl. (C) Differentiated A41 cells were treated for 24 h with 2.5 μM forskolin (FSK) and 4 nM PMA (n = 3-5). (D) 

Undifferentiated or (E) differentiated A41 cells were treated with 1 μM of 9-cis-retinoic acid (9cRA) for 24 h (n = 3). (F) Breast adipose 

tissue explants were treated with 5 μM GW9662 or rosiglitazone for 48 h (n = 2). (G) Undifferentiated A41 cells were transiently 

transfected with pcDNA3.1 empty vector (EV) or pcDNA3.1 PPARG2 vector, and were treated with 5 μM rosiglitazone or solvent (0.02% 

DMSO) for 24 h (n = 3). (H) Differentiated A41 adipocytes were reverse transfected with pcDNA3.1 PPARG2 and treated for 24 h with 5 

μM rosiglitazone or solvent (n = 3). The graphs present means ± SEM. Asterisk (*) indicates statistically significant difference compared 

to control group using t test, Dunnett’s test, or two-way ANOVA (p < 0.05). Hash (#) indicates statistically significant differences 

compared to control groups (solvent controls or EV controls) using two-way ANOVA (p < 0.05). 
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To explore how the PPARγ protein level affects aromatase expression, PPARG was overexpressed in 

undifferentiated A41 cells in combination with rosiglitazone or solvent treatment (Figure 5G). Overexpression 

of PPARG or treatment with rosiglitazone reduced aromatase expression and had an additive effect in 

combination. In mature adipocytes overexpressing PPARG, rosiglitazone decreased aromatase expression 

(Figure 5H) to a similar extent as in non-transfected mature A41 adipocytes (Figure 5B). 

The human H295R adrenocarcinoma cell line was used to measure estrogen levels in response to PPARγ 

antagonist treatment (Figure 6A). FSK and prochloraz were used as controls for increased and decreased 

estrogen levels, respectively. Rosiglitazone and GW9662 were used as controls for PPARγ-mediated effects. 

The PPARγ control ligands had no effects on steroidogenesis, which also was the case for the PPARγ 

antagonists in general, except for pyridaben and pyraclostrobin, both of which decreased the levels of many 

steroid hormones, including estrone. In addition, diphenyl phthalate slightly increased the levels of some 

steroids. To evaluate aromatase activity, the ratios of estrogens to their androgen substrates were calculated, 

but this did not reveal any effects of PPARγ ligands (Figure 6B). The PPARγ protein level in the H295R cells was 

measured by immunoblotting, which clearly showed lower levels in the H295R cells compared to 

differentiated A41 cells (Figure 6C). 

 

Figure 6. Steroid hormone levels in response to PPARγ agonist or antagonist exposure. Hormone levels for a subset of steroids were 

measured in the culture medium of H295R cells using LC-MS/MS in response to treatment with 0.5 μM of GW9662 or zoxamide; 1 μM 

of forskolin, prochloraz, rosiglitazone, or pyridaben; 2 μM of pyraclostrobin; 5 μM of diphenyl phthalate or DEHPA; or solvent (0.005% 

DMSO) for 48 h. (A) A heatmap shows the chemical-induced changes in the concentration of hormones secreted by H295R cells (n = 3). 

(B) Ratios of estrogens to androgens are shown in bar plots. (C) Immunoblots show PPARγ protein levels in H295R cells compared to 

differentiated A41 adipocytes with vinculin as a reference protein. Data are presented as means ± SEM. Asterisk (*) indicates 

statistically significant difference compared to control cells using Dunnett’s test (p < 0.05). 

Effect of PPARG Pro12Ala polymorphism 

Due to the potential effect of PPARγ Pro12Ala on the response to chemical treatment, the first coding exon of 

PPARG in the human primary ASCs was genotyped. Two of the study participants were heterozygous for the 

SNP (Figure 7). However, cells from those persons did not appear to respond differently to treatments. 
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Figure 7. Sequencing of the PPARG gene in cells collected from human adipose tissue. The DNA sequencing chromatogram for 

nucleotides 24-44 of PPARG2 is shown for each study participant. 

 

Discussion 

This study demonstrated that previously identified PPARγ antagonists had an inhibitory effect on human 

adipocyte differentiation. The impaired adipogenesis resulted in an upregulation of aromatase expression, 

consistent with aromatase expression being higher in ASCs compared to mature adipocytes. In addition, a 

more acute negative effect of PPARγ activation on aromatase expression was demonstrated in mature 

adipocytes and adipose tissue explants. 

PPARγ antagonis  and adipogenesis 

Adipogenesis in primary human ASCs during exposure to different putative PPARγ antagonists was studied to 

determine if the environmental chemicals would act as antagonists in adipocytes. The non-monotonic 

concentration-response relationships for some of the PPARγ antagonists indicate that at high concentrations 

these chemicals likely targeted other pathways related to adipogenesis, abrogating the inhibitory effect on 

differentiation. Despite this, there was generally a greater inhibitory effect of PPARγ antagonists on 

adipogenesis at low rosiglitazone concentration (only statistically significant for GW9662, zoxamide, Cosan 

528, and DEHPA), indicating competitive binding of antagonists and rosiglitazone to the ligand binding pocket 

of PPARγ. However, it cannot be excluded that PPARγ-independent mechanisms contributed to adipogenesis 

inhibition. Interestingly, the data suggest that the mechanisms affecting lipid content may be different across 

compounds, as some have more pronounced effects on either lipid droplet number or size, while others still 

have effects on both. Overall, the data support previous results in HEK293 cells showing that these PPARγ 

antagonists inhibit rosiglitazone-induced activity of human PPARγ (Ardenkjær-Skinnerup et al, submitted). 

Higher aromatase expression in undifferentiated cells compared to mature adipocytes was observed in cells 

directly isolated from adipose tissue as well as in the A41 and C3H10T1/2 cell lines. Consistent with this, 

aromatase expression was previously reported to be higher in undifferentiated ASCs than in adipocytes.25,26 
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Therefore, blocking adipogenesis by removal of PPARγ-inducing and -activating factors produced a strong 

elevation in aromatase mRNA. Likewise, inhibition of adipogenesis by PPARγ antagonists led to increased 

expression of aromatase. PPARγ antagonist treatment of differentiating human primary ASCs revealed 

increased aromatase mRNA only for the three antagonists that visibly decreased lipid accumulation in 

microscopy pictures. Zoxamide did not increase aromatase expression and has previously been reported to 

activate mouse PPARγ in COS-7 cells and induce adipogenesis in 3T3-L1 cells,27 while having no effect on 

adipogenesis in human ASCs.28 The discordance between studies may be explained by the different model 

systems and protocols for differentiation. 

These results suggest that impaired adipogenesis in response to PPARγ antagonists may promote breast 

carcinogenesis by increasing the ratio of ASCs to adipocytes and thereby increasing the tissue expression of 

aromatase. 

Direct interaction of antagonists with PPARγ L   

Based on functional similarity to GW9662, DEHPA was selected for analysis by NMR spectroscopy to confirm 

direct interaction. To explore the interaction with PPARγ, the binding of DEHPA to rosiglitazone-bound PPARγ 

LBD was compared to the binding of GW9662. NMR studies on the isolated PPARγ LBD have described that 

activating ligands, such as rosiglitazone, stabilize the LBD in the active state, homogenizing the ensemble of 

states resulting in more discernable peaks in the NMR spectra.29 This was also observed here, and especially 

residues in helix 12 became visible in the rosiglitazone-bound state. Helix 12 is strongly connected to PPARγ 

activity, where it is solvent exposed in the active state, while buried in the repressive state.30 In addition, 

peaks originating from helix 3, helices 5 to 7, and the loops between them, as well as the C-terminal half of 

helix 10/11, became resolved. All these areas of PPARγ LBD outline the ligand binding pocket and would be 

affected by helix 12 moving in or out. As the NMR peak intensity profile lacked peaks corresponding to helix 

12, and the structural elements forming the binding pocket, the NMR data confirmed direct inactivation of the 

rosiglitazone-bound PPARγ LBD by DEHPA, as observed for GW9662. The NMR peak profile looked very similar 

to the ligand-free or GW9662-bound states, which are both repressive states of PPARγ LBD. This underscores 

the hypothesis that the observed aromatase induction follows a direct repression of PPARγ activity by DEHPA. 

It would be highly relevant to apply NMR spectroscopy to investigate the interaction between the PPARγ LBD 

and chemicals that were predicted to be PPARγ antagonists in a recently developed PPARγ antagonism QSAR 

model (Ardenkjær-Skinnerup et al, submitted). 

Short-term regulation of aromatase by PPARγ 

In addition to the effect occurring through inhibition of adipogenesis, a short-term effect of PPARγ on 

aromatase expression was demonstrated. Reduced aromatase expression has been observed in response to 

thiazolidinediones in human ASCs6,7 and other human cell types such as ovarian granulosa cells31 and 

endometrial stromal cells.32 In the present study, effect of PPARγ antagonists was adipocyte-specific, 

supporting the hypothesis that it is mediated by PPARγ, as adipocytes express much higher levels of PPARγ 

than ASCs. It has been demonstrated that the antagonist GW9662 reverses rosiglitazone-induced aromatase 

repression in rat granulosa cells,33 consistent with the present results. Treatment of breast adipose explants 

with rosiglitazone and GW9662 resembled the effects observed in A41 adipocytes more closely than those in 

A41 pre-adipocytes, even though the GW9662-stimulated aromatase induction was not statistically significant. 

This is in accordance with the high expression level of PPARG in adipose tissue as well as most of the adipose 

tissue consisting of fully developed adipocytes. 

Since PPARγ is a heterodimeric partner with RXR, the effect of the RXR agonist 9cRA on aromatase expression 

was expected. Activation of RXR was previously shown to repress aromatase expression or activity, both alone 

and in combination with PPARγ activation.31,33–35 In the current study, treatment with 9cRA had a similar effect 

as rosiglitazone in undifferentiated cells but had no effect in differentiated cells, suggesting involvement of a 

PPARγ-independent mechanism. The combined treatment of ASCs with FSK and PMA has been shown to 

induce aromatase expression and activity in human breast ASCs.7,26 This treatment also resulted in decreased 

PPARG mRNA level, suggesting that FSK/PMA treatment may exert its effect on aromatase partially through 
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downregulation of PPARG. This would also explain the strong repressive effect of troglitazone on FSK/PMA-

induced aromatase expression observed previously.7 

Overexpression of PPARG2 resulted in reduced aromatase expression, consistent with a study in which PPARG 

overexpression decreased FSH-induced aromatase expression in KGN cells.36 Surprisingly, there was no 

synergy between PPARG2 overexpression and rosiglitazone treatment. This could suggest that the effect of 

rosiglitazone is independent of PPARγ or, more likely, that the limit of aromatase repression via PPARγ-

dependent pathway was reached. This was supported by the observation that rosiglitazone treatment in 

PPARG-overexpressing A41 adipocytes reduced aromatase expression by less than 50%, suggesting that 

aromatase transcription cannot be further reduced through alteration of the PPARγ level or activity. 

The human H295R adrenocarcinoma cell line has been used previously to study effects of PPARγ ligands on 

steroidogenesis,37 however this cell model was not suitable for studying PPARγ-mediated effects due to the 

low expression level of PPARG, which most likely explains the lack of response to rosiglitazone and GW9662. 

Relevance of the findings to adverse health effects 

The influence of the Pro12Ala variant of PPARγ on the response to PPARγ antagonists was difficult to assess 

because of the low number of study participants carrying the minor allele as well as the large biological 

variation between cells isolated from different persons. In relation to breast cancer, PPARγ Pro12Ala has been 

reported to modify the effect of alcohol intake such that only homozygous major allele carriers were at 

increased risk of breast cancer when drinking alcohol, while variant allele carriers were not at increased 

risk.13,14 

Studies of PPARγ antagonists as endocrine and metabolic disruptors may provide new insights into potential 

health risks presented by various environmental and occupational exposures. Dysregulation of PPARγ signaling 

is connected to various adverse outcomes such as type 2 diabetes, obesity, and cancer.38,39 This study 

associates lowered PPARγ activity with increased aromatase transcription in adipose tissue, and thereby 

supports that PPARγ antagonists may act as breast carcinogens. In addition, PPARγ antagonists inhibit 

adipocyte differentiation, an effect that may lead to hypertrophy and ectopic fat deposition, resulting in local 

inflammation and insulin resistance. 

Conclusion 

The present study indicates that environmental chemicals acting as PPARγ antagonists, such as DEHPA, may 

increase breast cancer risk by elevating aromatase expression in the adipose tissue. In addition, the study 

indicates that this occurs both indirectly via inhibition of adipogenesis and via a more direct, yet to be defined, 

mechanism. 
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In this manuscript, it was studied if the organic solvents ethanol and ethylene glycol directly interacted with 

PPARγ LBD. It was also investigated if exposure to these solvents increased aromatase expression in adipose 

tissue cells and in rat adipose tissue. This manuscript has not yet been submitted for publication. 
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Abstract 

The estrogen-synthesizing enzyme aromatase is expressed in adipose tissue where it controls the local 

concentration of estrogen. It has been suggested that the organic solvents ethanol and ethylene glycol can 

induce estrogen synthesis by inhibiting PPARγ activity. Since elevated estrogen levels in adipose tissue is a risk 

factor for breast cancer development, it is of interest to further characterize the mechanisms regulating 

estrogen levels. Here, we explored the mechanisms by which ethanol and ethylene glycol modulate aromatase 

expression and ultimately convert androgens to estrogens. 

NMR spectroscopy revealed that ethanol and ethylene glycol influence the active state of PPARγ, and that the 

binding mechanism is different from most other PPARγ ligands. An inhibitory effect on PPARγ was confirmed 

by adipogenesis assays and short-term treatment of adipocytes, showing reduced mRNA levels of PPARγ 

target genes. However, only ethanol increased aromatase mRNA in differentiated human pre-adipocytes. In 

contrast, ethylene glycol downregulated aromatase, most likely in a PPARγ-independent manner, as the effect 

also occurred in undifferentiated PPARγ-deficient pre-adipocytes. 

An animal study using female rats was conducted to assess the acute effects of ethanol and ethylene glycol on 

aromatase expression in adipose tissue within a physiological context. The PPARγ antagonist GW9662 was 

used as a control for PPARγ-dependent effects. No changes in aromatase or PPARγ target gene (Adipoq and 

Fabp4) levels were observed in adipose tissue or ovary in response to treatment, suggesting an absence of 

acute PPARγ-mediated effects in these organs. 

The results suggest that ethanol and ethylene glycol are weak PPARγ antagonists. Both compounds can affect 

adipocyte aromatase expression in vitro, but no acute effects on aromatase expression or PPARγ activity were 

observed in adipose tissue or ovary in rats. 

  

72



 Manuscript III  

Introduction 

Breast cancer remains a significant global health concern with continued rise in incidence rates. Common risk 

factors include increasing age, hormone therapy, obesity, and sedentary behavior.1 Extensive research efforts 

have been dedicated to explaining the interplay between environmental factors, hormonal imbalances, and 

breast cancer development.2 Among the environmental influences, alcohol consumption stands out as a major 

risk factor. Specifically, ethanol has been associated with increased development of estrogen receptor-positive 

tumors, potentially mediated by an increase in estrogen levels.3 Thus, one drink per day (10 g alcohol) was 

associated with 4.2% (95% CI: 2.7-5.8%) increased risk of breast cancer in the EPIC cohort.4 

Like exposure to ethanol, occupational exposure to other organic solvents has been linked to an increased risk 

of breast cancer.5 Although there is consistent evidence linking breast cancer to alcohol consumption, the 

mechanism-of-action for carcinogenesis induced by ethanol, as well as other organic solvents, is not fully 

understood. Ethanol and its metabolite acetaldehyde are both group 1 carcinogens,6 but it has been suggested 

that it is ethanol rather than acetaldehyde that is the carcinogenic substance in postmenopausal breast 

cancer.7 Another highly relevant alcohol is ethylene glycol, a high-production-volume industrial compound 

present in numerous consumer products.8 Studies suggest that ethanol and ethylene glycol may affect breast 

cancer risk via a mechanism involving the nuclear receptor peroxisome proliferator-activated receptor gamma 

(PPARγ).9,10 Both alcohols have been reported to inhibit PPARγ activity in H293 cells9,10 and expression in 

rodent kidney11,12 or adipose tissue.13,14 

PPARγ is a ligand-activated transcription factor abundantly expressed in adipose tissue where it regulates 

adipogenesis, lipid metabolism, and insulin sensitivity.15 There are two main isoforms, PPARγ1 and PPARγ2, 

the latter being a stronger inducer of adipogenesis.16 In vitro studies suggest that PPARγ activation protects 

against breast cancer via repression of aromatase (CYP19A1).17,18 In contrast, PPARγ can be inhibited by 

environmental antagonists (Ardenkjær-Skinnerup et al, submitted), which leads to upregulation of aromatase 

in human adipose tissue culture (Ardenkjær-Skinnerup et al). Since ethanol and ethylene glycol have been 

demonstrated to inhibit PPARγ signaling, they may promote breast carcinogenesis through a mechanism 

involving upregulation of aromatase in adipose tissue. 

This study aims to elucidate the impact of ethanol and ethylene glycol on aromatase expression in adipose 

tissue by employing in vitro and in vivo methods. First, interaction of the solvents with PPARγ was studied to 

uncover whether observed effects were directly or indirectly related to PPARγ activity. Effects on adipogenesis 

and acute aromatase regulation were then studied in mouse and human adipose stromal cell (ASC) lines, 

respectively. Finally, the expression of aromatase and aromatase-associated cytokines was investigated in rat 

adipose tissue in response to short-term treatment with ethanol and ethylene glycol, using GW9662 as a 

control antagonist of PPARγ. 

 

Methods 

Animal study 

Twenty-four female Wistar (Han) rats (purchased by Charles River, Germany; distributed by SCANBUR, 

Denmark) with mean body weight of 180 g were maintained at 22°C under 12 h light/dark cycles. The animals 

were fed Altromin 1314 diet (soy and alfalfa-free, Altromin GmbH, Lage, Germany) and provided water ad 

libitum. 

The animals were randomized into four groups of six animals that were subjected to different treatments. One 

group served as a control for the other three groups that received either GW9662 (M6191, Sigma-Aldrich), 

ethanol (Navimer Alcohol Pur 96%), or ethylene glycol (324558, Sigma-Aldrich). Rats were administered 

ethanol or ethylene glycol at concentrations of 10% or 0.75%, respectively, via drinking water, while GW9662 

(2 mg/day) was delivered in a semi-solid vehicle consisting of 1 g hazelnut cream (Nutella) on a 0.8 g Marie 

biscuit (Salling Group). A single control group was sufficient because all groups received the vehicle (with or 
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without GW9662). Rats were housed in pairs and temporarily relocated to separate cages during delivery of 

vehicle. 

Before treatment, rats received the vehicle (without treatment) for five days, followed by a two-day break. 

Then rats were treated with chemicals for two days, and finally euthanized on the tenth day. Ethanol and 

ethylene glycol were accessible up until euthanasia. Ovaries, trimmed from the fat pad, as well as 

subcutaneous and visceral adipose tissue were collected and immediately immersed in RNAlater (AM7021, 

Invitrogen). 

The animal experiment was conducted at the National Food Institute, Technical University of Denmark (DTU 

Food, Lyngby). Ethical approval was obtained from the Danish Animal Experiments Inspectorate (Council for 

Animal Experimentation, authorization number 2020-15-0201-00570), and the experiment was monitored by 

the Animal Welfare Committee of the National Food Institute. 

Cell culture 

Primary cells were isolated from adipose tissue and cultured as described previously (Ardenkjær-Skinnerup et 

al). The cells were isolated from adipose tissue obtained from patients undergoing mastectomy, 

abdominoplasty, or reduction mammoplasty at Weill Cornell Medicine (under IRB-approved protocol #20-

01021391). Primary cells were cultured in F-12 medium (10-080-CV, Corning) containing 10% fetal bovine 

serum (FBS; 35-010-CV, Corning) and 1% penicillin-streptomycin solution (15140122, Gibco). The human A41 

ASC line (hTERT A41hWAT-SVF)19 and the mouse C3H10T1/2 mesenchymal stem cell line (CCL-226, ATCC) were 

cultured in Dulbecco's Modified Eagle Medium (DMEM; 41965-039, Gibco) containing 10% FBS (F7524, Sigma-

Aldrich) and 1% penicillin-streptomycin solution (15070063, Gibco). All cells were cultured in humidified 

incubators at 37°C and 5% CO2. Culture medium was changed every 2 or 3 days. 

Cells were stimulated with ethylene glycol (99.8% purity) or absolute ethanol (≥99.5% purity). 

Undifferentiated or 12-day differentiated A41 cells in basal culture medium were treated for 24 h. In the 

differentiation experiments, primary ASCs, C3H10T1/2 cells, or A41 cells were treated throughout 

differentiation. 

Adipocyte differentiation 

Cells were induced to differentiate when they were 100% confluent. Primary human ASCs were washed twice 

with phosphate-buffered saline (PBS) and differentiated for 12 days using serum-free culture medium 

containing 0.1 or 2 μM rosiglitazone (day 0-4), 0.25 μM dexamethasone (day 0-6), 500 μM IBMX (day 0-6), 20 

nM insulin, 0.2 nM triiodothyronine (T3), 33 μM biotin, 17 μM pantothenic acid, 0.1 μM transferrin, and 10 

μg/mL cortisol (all from Sigma-Aldrich). 

A41 cells were differentiated in serum-containing culture medium supplemented with 1 μM rosiglitazone, 0.1 

μM dexamethasone, 500 μM IBMX, 500 nM insulin, 2 nM T3, 33 μM biotin, and 17 μM pantothenic acid. 

C3H10T1/2 cells were differentiated by adding 0.1 μM rosiglitazone, 0.2 μM dexamethasone (day 0-2), 100 

μM IBMX (day 0-2), and 4 nM insulin (day 0-4) to the serum-containing culture medium. Adipogenic medium 

was changed every 2, 2, or 3 days for primary ASCs, C3H10T1/2, and A41 cells, respectively. 

In experiments where cells were exposed to chemicals during differentiation, the chemicals were added every 

time differentiation medium was renewed. Mature A41 cells, used for acute chemical treatment, were 

differentiated for 12 days and returned to regular growth medium for 2 days before 24 h treatment with 

chemicals. 

Lipid staining and quantification 

The cells were differentiated in transparent 96-well plates, and on day 12 of differentiation, they were washed 

in PBS and fixed with 4% formaldehyde (252549, Sigma-Aldrich) in PBS for 30 min at room temperature. Then 

cells were washed twice with water and incubated with 60% isopropanol for 5 min, followed by further 

incubation with sterile filtered 60% Oil Red O (O0625, Sigma-Aldrich) solution for 20 min. Cells were washed 3 
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times with water and then viewed under the microscope. Stained lipids were quantified by washing 3 times 

with 60% isopropanol for 5 min, and then extracting the Oil Red O stain with 50 μL 100% isopropanol for 20 

min. Finally, 40 μL of the extracted Oil Red O was transferred to a 384 well plate. Absorbance was read at 518 

nm, and 100% isopropanol was used as a background control. 

Gene expression analysis 

Cells were washed in PBS before lysis. Cultured cells and ovaries were lysed with Buffer RLT (Qiagen) 

containing 1% β-mercaptoethanol, and RNA was extracted using RNeasy Kit (Qiagen). Adipose tissue samples 

were lysed with QIAzol (Qiagen), and RNA was isolated RNeasy Lipid Tissue Mini Kit (Qiagen). For cell lines, 

cDNA synthesis from 1 µg RNA was performed using iScript cDNA Synthesis Kit (1708891, Bio-Rad), and 

quantitative reverse transcription polymerase chain reaction (RT-qPCR) was performed using Brilliant III Ultra-

Fast SYBR Green qPCR Master Mix (600882, Agilent) and the CFX384 Real-Time PCR Detection System (Bio-

Rad). Primers were purchased from TAG Copenhagen and are shown in Table 1. For tissue samples, Omniscript 

RT Kit (205113, Qiagen), SUPERase-In RNase Inhibitor (AM2694, Invitrogen), and Random Primer Mix (S1330, 

New England Biolabs) were used for cDNA synthesis from 2 µg RNA. TaqMan Fast Advanced Master Mix 

(4444557, Applied Biosystems) and the QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems) were 

applied for qPCR. TaqMan assays (4331182, Applied Biosystems) were used for rat Rps18 (Rn01428913_gH), 

Cyp19a1 (Rn00567222_m1), Pparg, (Rn00440945_m1), Fabp4 (Rn04219585_m1), Adipoq (Rn00595250_m1), 

Lep (Rn00565158_m1), and Il6 (Rn01410330_m1). Each biological sample was measured in technical 

triplicates, and the 2−ΔΔCt method was used for relative quantification. 

Gene Species Sequence (forward) Sequence (reverse) 

RPL32 Human CAGGGTTCGTAGAAGATTCAAGGG CTTGGAGGAAACATTGTGAGCGATC 

CYP19A1 Human TTGACCCTTCTGCGTCGTGT AGGAGAGCTTGCCATGCATCA 

ADIPOQ Human GCAGTCTGTGGTTCTGATTCC CATGACCGGGCAGAGCTAAT 

FASN Human TACAACATCGACACCAGCTC CGTCTTCCACACTATGCTCA 

Cyp19a1 Rat CGCAGAGTATCCGGAGGTGG CTGATACCGCAGGCTCTCGT 

Rn18s Mouse AGTCCCTGCCCTTTGTACACA GATCCGAGGGCCTCACTAAAC 

Pparg Mouse GCATGGTGCCTTCGCTGA TGGCATCTCTGTGTCAACCATG 

Adipoq Mouse GATGGCACTCCTGGAGAGAA TCTCCAGGCTCTCCTTTCCT 

Fabp4 Mouse CTGGGCGTGGAATTCGAT GCTCTTCACCTTCCTGTCGTCT 

Slc2a4 Mouse GTGACTGGAACACTGGTCCTA CCAGCCACGTTGCATTGTAG 
Table 1: Primers used for RT-qPCR using SYBR Green. 

Protein production 

Human PPARγ ligand binding domain (LBD) cDNA (residues 231 to 505) with an N-terminal hexahistidine- and 

SUMO-tag (H6-SUMO) was cloned into a modified pET24a vector. Protein production was performed in E. coli 

BL21(-DE3) cells (New England BioLabs, Frankfurt, Germany) in auto-induction minimal medium,20 with 15N 

NH4Cl as a nitrogen source for isotope labeling. Temperature was changed at OD600 of 0.8 from 37 °C to 18 °C, 

and protein production was allowed to proceed for 24 h. Cells were harvested by centrifugation at 5.000 x g 

for 20 min. For purification, pellets were resuspended in lysis buffer (20 mM imidazole, 50 mM Tris pH 8, 200 

mM NaCl, 10 % (v/v) glycerol). All purification buffers contained 5 mM β-mercaptoethanol. Cells were lysed 

with a cell disrupter (Constant Systems Ltd., Daventry, UK) at 25 kpsi and the lysate was cleared by 

centrifugation at 20,000 x g for 45 min. The supernatant, pre-equilibrated with lysis buffer, was twice passed 

over 5 mL Ni-NTA resin (Qiagen, Hilden, Germany). The three wash steps were done with lysis buffer first, then 

with lysis buffer containing 1 M NaCl, and finally with lysis buffer again. For elution of bound proteins, lysis 

buffer with 500 mM imidazole was used. The protein was cleaved overnight at 4 °C using ULP1-protease (in-

house production) under dialysis into 40 mM Tris, pH 8, 10 % glycerol, 200 mM NaCl, and 5 mM β-

mercaptoethanol. The His6-SUMO tag was removed by passing again over the Ni-NTA column. Purification 

continued by ion exchange chromatography using a HiTrap QFF 5 mL column (Cytiva) and an ÄKTA pure 25 

chromatography system (GE Healthcare, Munich, Germany) and size exclusion chromatography using a 

Superdex 200 Increase 10/300 GL (Sigma-Aldrich). Ion exchange buffers were 25 mM bis-Tris pH 7.4, with the 
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elution buffer containing 1 M NaCl in addition. The buffer for size exclusion contained 40 mM Tris pH 8 and 

500 mM NaCl. 

Nuclear magnetic resonance (NMR) spectroscopy 

NMR samples were kept at room temperature and contained 80 μM 15N PPARγ LBD in PBS buffer, pH 7.3, 137 

mM NaCl. As a reference, 10% D2O (v/v) and 0.7 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) were 

added. Ethanol or ethylene glycol was added to a final concentration of 3%. NMR spectra were recorded at 

298 K on a Bruker AVANCE III 750-MHz (1H) spectrometer equipped with a cryogenic probe. Free induction 

decays were transformed and visualized in Topspin (Bruker Biospin), and subsequently analyzed using the 

CcpNmr Analysis software.21 Proton chemical shifts were internally referenced to DSS at 0.00 ppm with 

heteronuclei referenced by relative gyromagnetic ratios. Assignments of nitrogen peaks of PPARγ LBD were 

exported from BMRB22 and transferred from an assignment by Hughes at al. 2012.23 Intensities were internally 

normalized to the E235 peak of each spectrum, which was the most intense peak in every condition. 

Statistical analysis 

Statistical significance was tested using Dunnett’s multiple comparison test or two-way analysis of variance 

(ANOVA), depending on the number of variables. When there were more than two levels within a variable of 

the two-way ANOVA, Dunnett’s test for multiple comparisons was applied for the levels of that variable. Data 

was normalized to the sum of values within each experiment, and the control group was set to 1. Differences 

between groups were considered significant if p ≤ 0.05, and data were presented as means and standard 

errors of the mean (SEM). 

 

Results 

Direct interaction of ethanol and ethylene glycol with PPARγ LBD 

NMR spectroscopy was used to verify previously reported inactivation of PPARγ by ethanol and ethylene 

glycol.9,10 An activity control was established in a previous study by recording 15N-HSQCs of PPARγ LBD bound 

to known agonist rosiglitazone in the presence or absence of antagonist GW9662 (Ardenkjær-Skinnerup et al). 

These spectra were used as negative and positive controls for activity states of PPARγ LBD, respectively (Figure 

1A, 1B) (Ardenkjær-Skinnerup et al). The number and NMR peak intensity of annotatable signals, especially 

around the ligand-binding pocket and in helix 12, were used as an indication for activity (Figure 1F). The 

rosiglitazone-bound active state featured 208 peaks that could be assigned, corresponding to ~75 % of the 

residues in the LBD (Figure 1E) (Ardenkjær-Skinnerup et al). Addition of GW9662 to rosiglitazone-bound PPARγ 

LBD reverted the number of assignable peaks to ~40 % of the possible NMR signals of the LBD (Figure 1B, 1E) 

(Ardenkjær-Skinnerup et al). Adding ethanol and ethylene glycol to rosiglitazone-bound PPARγ LBD led to 

some chemical shifts and NMR peak intensity changes (Figure 1A, 1C, 1D), but not nearly as much as for 

GW9662, resulting in ~74 % and ~75 % of the residues being accounted for, respectively (Figure 1E). These 

peaks were in general less intense than without ethanol and ethylene glycol. In contrast, ethanol or ethylene 

glycol had no effect on the basal state of PPARγ LBD (Supplemental Figure S1). This suggests that ethanol and 

ethylene glycol to some extent influence the active state of PPARγ LBD, however the degree and the 

mechanisms cannot be elucidated from these data. 
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Figure 1. Direct interactions of ethanol and ethylene glycol with PPARγ LBD in the presence of rosiglitazone. NMR spectroscopy was 

performed using PPARγ LBD and different chemical compounds. The data for rosiglitazone treatment alone or together with GW9662 

were previously published (Ardenkjær-Skinnerup J et al). (A) 15N-HSQCs of the PPARγ LBD together with rosiglitazone and either 

ethanol or ethylene glycol. (B-D) Peak intensity profile of the rosiglitazone-bound PPARγ LBD compared to rosiglitazone-bound PPARγ 

LBD after addition of (B) GW9662, (C) ethanol, or (D) ethylene glycol. (E) Percentages of the number of visible and assignable peaks 

depending on bound chemical. (F) Crystal structure of PPARγ LBD bound to rosiglitazone in cartoon representation (PDB: 1FM6). 

Rosiglitazone is shown as spheres in the binding pocket, and residues only visible in the active state are shown in blue. 

 

Effect of ethanol and ethylene glycol on adipogenesis 

To determine if ethanol or ethylene glycol influenced adipogenesis, mouse C3H10T1/2 cells were treated 

during differentiation and mRNA levels of four adipocyte markers (Pparg, Adipoq, Fabp4, and Slc2a4) were 

measured. Treatment with 0.3 or 1% ethanol during differentiation induced a modest, concentration-

dependent reduction in adipocyte marker mRNA abundance (Figure 2A). The effect was greater for ethylene 

glycol, which reduced mRNA markers by about 50% at a concentration of 1% (Figure 2B). 
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Figure 2. Lipid accumulation and adipogenic marker mRNA in response to adipocyte differentiation during chemical exposure. 

C3H10T1/2 cells were differentiated for 6 days in the presence of 0, 0.3, or 1% (A) ethanol or (B) ethylene glycol. Cells were compared 

to an undifferentiated control. Gene expression analysis by RT-qPCR was performed for adipocyte markers (Pparg, Adipoq, Fabp4, 

Slc2a4) using SYBR Green assay (n = 4). (C) Differentiation of human ASCs was induced with either high (2 μM) or low (0.1 μM) 

concentrations of rosiglitazone in the adipogenic medium. During differentiation, cells were treated with 0, 0.3, or 1% ethanol. Lipids 

were stained with Oil Red O at day 12 of differentiation, visualized by microscopy, and quantified (n = 4). The graphs show means ± 

SEM. Asterisk (*) and hash (#) indicate statistically significant differences compared to control cells using Dunnett’s test or two-way 

ANOVA, respectively (p < 0.05). 

Primary human ASCs were differentiated in the presence of 0.3 or 1% ethanol, using 0.1 µM or 2 µM 

rosiglitazone in the adipogenic medium, to determine if the effect observed in mouse cells could also be found 

in human cells (Figure 2C). Lipid staining by Oil Red O showed a decrease in lipid accumulation in response to 

ethanol at both concentrations of rosiglitazone. Furthermore, the effect was independent of rosiglitazone as 

there was no statistically significant difference between the two concentrations used (two-way ANOVA, p > 

0.05). 

Short-term regulation of aromatase in vitro by ethanol and ethylene glycol 

To determine a potential acute effect of exposure to ethanol or ethylene glycol, human A41 pre-adipocytes or 

adipocytes were treated for 24 h at concentrations of 1% (Figure 3). Ethanol had no effect in pre-adipocytes, 

while ethylene glycol decreased aromatase mRNA levels (Figure 3A). In mature adipocytes, ethanol treatment 

increased aromatase expression, and ethylene glycol treatment again resulted in a downregulation of 

aromatase mRNA (Figure 3B). Treatment with either ethanol or ethylene glycol caused lowered mRNA levels 

of the two PPARγ target genes, ADIPOQ and FASN, which were used as measures of PPARγ activity. Repeating 

the treatment in A41 adipocytes in serum-free conditions produced a similar effect on aromatase expression 

as in conditions with serum (Supplemental Figure 2). 

A B
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Figure 3. Aromatase mRNA level in response to chemical exposure. Gene expression analysis of aromatase (CYP19A1) and adipocyte 

markers (ADIPOQ and FASN) was performed by RT-qPCR. (A) Undifferentiated or (B) differentiated A41 cells were treated for 24 h with 

1% ethanol or ethylene glycol. The graphs present means ± SEM (n = 3). The graphs show means ± SEM. Asterisk (*) and hash (#) 

indicate statistically significant differences compared to control cells using Dunnett’s test or two-way ANOVA, respectively (p < 0.05). 

Regulation of aromatase by ethanol and ethylene glycol in rats 

The acute effects of ethanol and ethylene glycol were further explored in vivo by a two-day oral exposure in 

female rats, using the PPARγ antagonist GW9662 as a positive control for PPARγ-mediated effects. Ethanol 

and ethylene glycol were dosed in the drinking water at 10% and 0.75%, respectively, and GW9662 was 

administered through a vehicle consisting of hazelnut cream on biscuit. The daily intake of GW9662, ethanol, 

and ethylene glycol corresponded to 10 mg/kg bw, 14 g/kg bw/day, and 1.3 g/kg bw, respectively. The vehicle 

was delivered to all experimental groups. There were no significant differences in fluid intake and weight gain 

between the experimental groups (Supplemental Figure S3). 

Subcutaneous white adipose tissue (sWAT), visceral white adipose tissue (vWAT), and ovaries were collected 

for gene expression analysis by RT-qPCR (Figure 4). Expression levels of aromatase (Cyp19a1), PPARγ (Pparg), 

fatty acid binding protein 4 (Fabp4), adiponectin (Adipoq), leptin (Lep), and interleukin 6 (Il6) were measured. 

Treatments had no effect on the expression of these genes, apart from an increase in leptin expression in 

sWAT in response to ethylene glycol treatment. Aromatase was very weakly expressed in rat adipose tissue, 

indicated by a lack of amplification in a significant number of the technical replicates. However, specific 

Cyp19a1 amplification in sWAT samples was confirmed in the TaqMan assay by agarose gel electrophoresis of 

the PCR product (Supplemental Figure S4). In contrast, amplification of Cyp19a1 using SYBR Green produced 

both Cyp19a1 and non-specific amplicons. 

A B
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Figure 4. Gene expression in rat tissues in response to short-term oral chemical exposure. Wistar rats were exposed to GW9662, 

ethanol, or ethylene glycol for 2 days before euthanasia. Gene expression analysis of Cyp19a1, Pparg, Fabp4, Adipoq, Lep, and Il6 in 

(A,D) subcutaneous adipose tissue, (B,D) visceral adipose tissue, and (C,E) ovaries was performed by RT-qPCR. The graphs present 

means ± SEM (n = 6; n = 4-6 for Cyp19a1 in adipose tissue). Asterisk (*) and p value indicate statistically significant differences 

compared to control rats using Dunnett’s test or two-way ANOVA, respectively (p < 0.05). 

 

Discussion 

We have shown that ethanol and ethylene glycol can, to some degree, influence the active state of PPARγ 

despite their structures being different from canonical PPARγ ligands. Further, both chemicals display some 

limiting effect on adipogenesis. Short-term stimulation of human adipocytes with ethanol increased 

aromatase expression, however this was not the case for ethylene glycol. Female rats exposed orally for two 

days did not exhibit altered gene expression of aromatase or PPARγ target genes in adipose tissue. 

Interaction of ethanol and ethylene glycol with PPARγ 

Activating ligands, such as rosiglitazone, stabilize the PPARγ LBD in the active state, leading to more visible 

peaks in 2D NMR spectra (Ardenkjær-Skinnerup et al).24 The same was observed in the unpublished control 

experiments (Ardenkjær-Skinnerup et al), where especially helix 12 became visible in the rosiglitazone-bound 

state, which has been described to be solvent exposed in the active state and buried in the ligand binding 

pocket in the repressive state.25 Along with helix 12, peaks belonging to residues outlining the ligand binding 

pocket (helix 3, helices 5 to 7, C-terminal half of helix 10/11) also appeared (Ardenkjær-Skinnerup et al). These 

peaks were lost when PPARγ LBD was forced into the repressive state by the addition of repressors such as 

GW9662 or DEHPA (Ardenkjær-Skinnerup et al). In contrast, addition of ethanol or ethylene glycol to PPARγ 

LBD did not seem to completely destabilize the rosiglitazone-bound active state. Peaks from helix 12 and the 

residues of the ligand binding pocket remained visible. In the case of ethanol, these peaks lost intensity, 

maybe suggesting repression. It has been suggested that significant changes in the function of a protein may 

occur in response to ethanol if binding occurs in regions of a protein that are involved in binding of other 

molecules.26 It may therefore be that the observed differences result from a modulation of rosiglitazone’s 

activating effect. But this is less clear for the addition of ethylene glycol, where many peaks remain of similar 

intensity. The data do not give obvious indications of a repression of PPARγ as observed for other known 

repressors. Repression may therefore be less strong or occur through a different or LBD-independent 
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mechanism. Furthermore, it should be noted that metabolites of ethanol and ethylene glycol may also affect 

PPARγ function. 

Effect of ethanol and ethylene glycol on adipogenesis 

The effect of ethanol and ethylene glycol on adipogenesis was studied since a link between PPARγ antagonist-

induced loss of adipogenic capacity and elevated aromatase expression was recently demonstrated in human 

ASCs (Ardenkjær-Skinnerup et al). The impaired adipogenesis in response to ethanol and ethylene glycol 

supports the reported inhibitory effect of these chemicals on PPARγ9,10 and implies that a stimulation of 

aromatase expression may follow from this. Ethanol has been demonstrated to inhibit adipogenesis in human 

ASCs at a concentration of 50 mM, corresponding to 0.3%, which is consistent with the present results.27 In 

contrast, 100 mM ethanol has been shown to induce adipocyte differentiation of the mouse OP9 cell line.28 

These inconsistencies might result from differential expression and activity of ethanol-metabolizing enzymes, 

which have been shown to be present in adipocytes.27 

Ethanol has numerous biological effects and is believed to act on many different proteins making it difficult to 

identify its direct targets.29 For example, ethanol may affect adipogenesis through its inhibitory effect on 

insulin action.30 The inhibition of adipogenesis by ethanol in primary human ASCs occurred independently of 

the rosiglitazone concentration, which is in contrast to the effects of other studied PPARγ inhibitors, such as 

GW9662, Cosan 528, and DEHPA (Ardenkjær-Skinnerup et al). This could indicate that PPARγ-independent 

mechanisms of ethanol contribute to the impaired adipogenesis. 

Short-term regulation of aromatase by ethanol and ethylene glycol in vitro 

An acute effect of PPARγ antagonists on aromatase expression has previously been reported (Ardenkjær-

Skinnerup et al), and it was therefore investigated if a similar effect would occur in response to ethanol or 

ethylene glycol. Like other PPARγ antagonists, ethanol increased aromatase mRNA in PPARG-expressing A41 

adipocytes, but not in A41 pre-adipocytes, suggesting that the effect was mediated by PPARγ. Consistent with 

this, a study has demonstrated that ethanol treatment increases aromatase expression in the MCF-7 human 

breast cancer cell line.31 Surprisingly, ethylene glycol reduced aromatase mRNA in the A41 adipocytes, despite 

inhibiting PPARγ activity. The corresponding decrease in aromatase mRNA at the pre-adipocyte stage, where 

PPARG is lowly expressed, suggests that the ethylene glycol-induced effects on aromatase were PPARγ-

independent. 

In vivo regulation of aromatase by ethanol and ethylene glycol 

Acute exposure of rats to GW9662, ethanol, or ethylene glycol did not result in any apparent effects on mRNA 

levels of aromatase or aromatase-associated cytokines,32 nor on Pparg or PPARγ target genes. Aromatase 

expression was expected to increase in response to PPARγ antagonist treatment as previously demonstrated 

in cultured adipocytes (Ardenkjær-Skinnerup et al). In vivo studies have reported that ethanol consumption 

downregulates Pparg, Fabp4, and Adipoq and upregulates Cyp19a1 and Il6 in male rodent adipose 

tissue,13,14,28,33,34 while ethylene glycol downregulates renal Pparg and increases serum IL-6.11 

Upregulation of aromatase in response to ethanol was at the protein level, and the effect occurred after 8 

weeks of ad libitum access to 13% ethanol in form of red wine or ethanol.34 Because treatment was chronic, 

the upregulation of aromatase may be a result of impaired adipogenesis, which is consistent with the negative 

correlation between aromatase protein levels and body weight gain as well as the reduced body weight of rats 

treated with red wine or ethanol compared with the control group. 

The lack of effects in the current study may be explained by the short duration of exposure. In most rodent 

studies on these chemicals, exposure was performed for weeks.11–14,34 However, acute exposures have been 

shown to affect gene expression when administered intraperitoneally. For instance, treatment with 2 mg/kg 

GW9662 for 26 h or 3.5 g/kg ethanol for 3 h increased Il6 expression in rodent hippocampus.35,36 The reason 

that PPARγ activity was unaffected by treatment, as observed by the unchanged PPARγ target gene 
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expression, may have to do with fluctuations in adipose tissue PPARγ expression over the course of estrous 

cycle.37,38 This could also affect the expression of other measured genes, such as Cyp19a1. 

In addition, the aromatase mRNA level was very low in rat adipose tissue, which has also been observed in 

mouse adipose tissue cells (Ardenkjær-Skinnerup et al) and tissue,39 causing large variation within 

experimental groups. A transgenic humanized aromatase mouse model has been generated to mimic human 

tissue-specific patterns of aromatase expression and estrogen production, and this would be an ideal model 

for studying effects on aromatase mRNA in adipose tissue.39 

Conclusion 

Our results suggest that ethanol and ethylene glycol can inhibit PPARγ activity, likely through a direct 

interaction with PPARγ. Short-term ethanol treatment increased aromatase expression in adipocytes, whereas 

ethylene glycol treatment decreased aromatase expression, most likely by a PPARγ-independent mechanism. 

There were no acute effects of GW9662, ethanol, or ethylene glycol on aromatase in vivo. 
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Supplemental Figures 

 

 

Supplemental Figure S1. Direct interactions of ethanol and ethylene glycol with PPARγ LBD. NMR spectroscopy was performed using 

PPARγ LBD and either ethanol or ethylene glycol. (A) 15N-HSQCs of the PPARγ LBD together with ethanol or ethylene glycol. (B-C) Peak 

intensity profile of the free PPARγ LBD compared to PPARγ LBD with added (B) ethanol or (C) ethylene glycol. 

 

 

 

 

Supplemental Figure S2. Aromatase mRNA level in response to chemical exposure in serum-free conditions. Gene expression 

analysis of aromatase (CYP19A1) was performed by RT-qPCR. Differentiated A41 cells were treated for 24 h with 1% ethanol or 

ethylene glycol. The graphs present means ± SEM (n = 3). Asterisk (*) indicates statistically significant difference compared to control 

cells using Dunnett’s test (p < 0.05). 
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Supplemental Figure S3. Average daily fluid intake and 12-day body weight gain. (A) Average fluid intake per cage per day during the 

two experimental days (n = 3). (B) Average body weight gain over the period of 12 days that the animals were in the facility, including 

the 2 experimental days (n = 5-6). The graphs present means ± SEM. Dunnett’s test revealed no statistically significant differences 

compared to control rats (p < 0.05). 

 

 

 

 

Supplemental Figure S4. Specificity of aromatase cDNA amplification. Agarose gel electrophoresis of Cyp19a1 qPCR products from 

subcutaneous adipose tissue and ovary of a rat from each experimental group. SYBR Green or TaqMan methods were used for 

amplification. 
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Discussion 

Identification of PPARγ antagonists among exogenous chemicals 

The first aim of this project was assessed mostly in Manuscript I. It was hypothesized that various environmental 

and occupational chemicals could be identified as PPARγ antagonists. The Tox21 project has screened a large 

number of chemicals in HEK293 cells for effects on PPARγ activity, and many PPARγ agonists and antagonists 

were identified in these high-throughput screening assays. Almost twice as many chemicals were found to be 

antagonists of PPARγ than agonists.5  Nevertheless, it is important to perform orthogonal assays using different 

reporters in the same cell line to determine if the tested compounds are showing PPARγ-mediated activity and 

exclude that observed effects are caused by assay interference. Additionally, it is critical to measure cytotoxicity 

in antagonist assays to avoid false positive results due to lower cell number or non-specific downregulation of 

the proteins involved in the reporter system. During selection of PPARγ antagonists for orthogonal reporter 

assay, the Tox21 cytotoxicity counterscreen was taken into consideration to avoid false positives. In contrast, 

interference by compound fluorescence and luciferase inhibition were not investigated prospectively. Two of the 

selected chemicals (fluorescein and 1-nitropyrene), which were expected to be PPARγ antagonists, were later 

discovered to be false positives due to compound fluorescence and instead served as negative controls. 

Regrettably, luciferase inhibitory activity of several chemicals led to inconclusive results in the orthogonal assay. 

This could have been avoided if luciferase inhibition had been considered during chemical prioritization and 

different chemicals could have been selected. Apparently, the importance of considering assay interference in 

reporter assays was also overlooked in another recent study on PPARγ antagonists.175 

The orthogonal assay was performed using HEK293 cells, and the results were highly consistent with the results 

of the Tox21 PPARγ antagonist reporter assay. Generally, there was reasonable correlation between the AC50 

values from the Tox21 assay and the IC50 values from the experiment in the present study. However, this was 

only the case after exclusion of chemicals that interfered with the assay based on a retrospective analysis for 

compound fluorescence and luciferase inhibition. An LDH cytotoxicity assay was performed in parallel to the 

reporter assay but, in some cases, it did not detect what looked like cell death in the microscope. For example, 

dasatinib dichloro impurity was not cytotoxic in the LDH assay, despite microscopy clearly showing detachment 

and aggregation of cells exposed to concentrations higher than 0.5 µM (Manuscript I, Supplemental Figure S4). 

Out of the 30 tested PPARγ antagonists, 8 were luciferase inhibitors, 2 were fluorescent at 485/535 nm, and 2 

were cytotoxic. The number of luciferase inhibitors was surprisingly high considering that the frequency of 

luciferase inhibitors has been reported to be only about 3%.176 An explanation could be that there are some 

common structural characteristics between them and PPARγ antagonists causing an enrichment of luciferase 

inhibitors among the selected PPARγ antagonists. 

In the reporter assay, PPARγ activity was induced by rosiglitazone to allow detection of antagonistic effects, as 

there was almost no basal activation of PPARγ. Another way to activate PPARγ could be using endogenous 

ligands, such as fatty acids or prostaglandins, as done in other studies.177 This would be a more physiologically 

relevant approach to study effects of xenobiotics on activated PPARγ. Also, if the ultra-sensitive PPARγ reporter 

cell line from Signosis had been used, antagonistic effects on the basal PPARγ activity could possibly have been 

detected. Alternatively, it could be useful to test chemicals in a reporter assay using PPREs and the full-length 

PPARγ rather than the PPARγ-GAL4 fusion protein. This was previously done in a screening of organic solvents 

for effects on PPARγ activity in transiently transfected HEK293 cells,22 but it can also be done in stably transfected 

cells. For example, a stable human PPRE-driven reporter system has been developed based on the T24/83 human 

bladder carcinoma cell line.177 This cell line expresses sufficient levels of endogenous PPARγ and RXRα, and 

therefore reflects the natural conditions in cells.177 Instead of firefly luciferase, the expressed reporter is 

NanoLuc, which is superior in terms of sensitivity and stability.178 

A similar reporter cell model was generated using the human primary ASCs from Manuscript II. The cells were 

transduced with a PPRE lentiviral reporter vector (pGreenFire1-PPRE, TR101VA-P, System Biosciences) to study 

PPARγ activity in response to chemical treatment in adipocytes. ASCs from six study participants (1, 2, 8, 9, 11, 

and 12) were successfully transduced and cryopreserved. However, reporter studies were never conducted 
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because of limited time in the laboratory of Kristy A. Brown and because the cells were difficult to transduce and 

required extensive optimization and puromycin selection. In these cells, both luciferase and green fluorescent 

protein (GFP) are expressed as reporters, enabling luciferase reporter assays as well as fluorescence microscopy. 

Figure 6 shows the intensity of GFP in untransduced ASCs, transduced ASCs, and transduced ASCs on day two of 

differentiation. 

 

Figure 6: Primary human ASCs transduced with a PPRE reporter system. Confocal microscopy images show green fluorescent protein 

(GFP) intensity in green for untransduced cells, transduced cells, and transduced cells that were induced to differentiate for two days. 

An advantage of using the full-length PPARγ for reporter assays is that it also allows study of the Pro12Ala variant, 

which potentially alters the effects of ligands binding. In the primary ASCs, cells from study participant 11 

(Pro12Ala heterozygote) could be compared to the homozygous major allele carriers. Alternatively, wildtype 

PPARγ could be changed to PPARγ Pro12Ala using site-directed mutagenesis before transfection of cells, or the 

Pro12Ala mutation could be introduced in the PPARG gene of cells using the CRISPR/Cas9 technology. 

There are many inconsistencies in the literature regarding the effect of PPARγ ligands on PPARγ transcriptional 

activity. These inconsistencies may arise from, for example, the use of different cell lines or different reporter 

systems. In contrast to the Tox21 PPARγ reporter assay, which shows that piperine, butylparaben, and zoxamide 

inhibit PPARγ activity in HEK293 cells, other studies have shown these chemicals activate PPARγ in mouse cardiac 

fibroblasts,179 human osteosarcoma U-2 OS cells,80 and monkey kidney COS7 cells,104 respectively. This 

necessitates assessment of chemical interactions with PPARγ using other methods to support reporter assay 

studies. Examples include thermal shift assay (TSA),180 8-anilino-1-naphthalenesulfonic acid (ANS) fluorescence 

quenching assay,180 fluorescence anisotropy assay,81 isothermal titration calorimetry (ITC),181,182 surface plasmon 

resonance (SPR) analysis,94,181,182 X-ray crystallography,182–184 and NMR spectroscopy.182,184 Complementing cell-

based reporter assays with one or more of these biophysical techniques will help confirm that observed effects 

on transcriptional activity are caused by direct binding, rather than indirect mechanisms. Some of the techniques 

have high-throughput capability, while others can provide additional information, such as details about the 

binding mode or affinity. 

Using NMR spectroscopy, Daniel Saar and Birthe B. Kragelund from UCPH showed that the control PPARγ 

antagonist GW9662 and the industrial chemical DEHPA directly interact with PPARγ and inhibit its activity in a 

similar manner. DEHPA was interesting because it is a high-production volume chemical,185 it was the only 

nonaromatic compound among the chemicals studied in this project, and it was functionally similar to GW9662 

in the in vitro assays of Manuscript II (discussed later). Another method applied to corroborate the findings of 

the PPARγ reporter assay was a computational procedure called molecular docking, which can predict the affinity 

of ligands to the binding pocket of PPARγ. All of the 30 antagonists were, together with rosiglitazone, examined 

in molecular docking simulations (using VirtualToxLab) performed by Martin Smieško from the University of 

Basel to investigate if the compounds were likely to bind to the ligand-binding pocket of PPARγ. This revealed 

that only two of the antagonists (bupirimate and pyridaben) were predicted unlikely to be ligands of PPARγ, 

while the rest were predicted to bind with different affinities (Manuscript I, Supplemental Table S5). The three 

chemicals that were inactive as PPARγ ligands in reporter assays (fluorescein, trimebutine, and 1-nitropyrene), 

were among the chemicals predicted to bind the PPARγ ligand-binding pocket, indicating that there was some 

uncertainty associated with the molecular docking predictions. It would have been better if the molecular 

Not transduced Transduced Transduced
Induced differentiation

(day 2)

89



docking simulations had been performed using the antagonist conformation of PPARγ rather than the agonist 

conformation. The successor of the VirtualToxLab tool is called PanScreen (https://www.panscreen.ch/) and is 

currently under development. It will support all potential modes of action in the protein ensemble for PPARγ. 

The good accordance between the Tox21 PPARγ antagonist assay and the reporter assay in the present study 

suggests that the Tox21 assay results are reproducible and that the tested compounds show PPARγ-mediated 

activity. Therefore, the dataset from the Tox21 PPARγ antagonist study was used by Eva Bay Wedebye, Ana C. V. 

E. Nissen, and Nikolai Georgiev Nikolov from DTU Food to construct quantitative structure-activity relationship 

(QSAR) models for prediction of additional PPARγ antagonists. The model with potency cut-off at 10 µM 

predicted thousands of active PPARγ antagonists, which can be selected based on annual tonnage and/or 

biopersistence and subsequently screened with a tool, such as PanScreen, to predict PPARγ affinities and binding 

modes. Finally, chemicals can be selected for in vitro or in vivo studies. 

Some of the compounds that were shown to be antagonists in both Tox21 and Manuscript I reporter assays, as 

well as ligands in the molecular docking simulations, were tested in Manuscript II in an adipogenesis assay to 

determine their effect on PPARγ in ASCs. All tested chemicals (GW9662, zoxamide, pyraclostrobin, Cosan 528, 

Violet Cibacet 2R, diphenyl phthalate, and DEHPA) to some degree blocked adipogenesis, indicating inhibition of 

PPARγ, which was consistent with reporter assays and molecular docking. Furthermore, the chemicals had 

different effects on lipid droplet number per cell and lipid droplet size, indicating that the interactions of the 

chemicals with PPARγ differed to some extent and/or the chemicals exhibited different off-target effects 

influencing adipogenesis in various ways. 

The in vitro studies assessing effects of exogenous chemicals on PPARγ activity were all performed in the 

presence of the PPARγ activator, rosiglitazone. Reporter assays, adipogenesis assays, and NMR spectroscopy 

showed inhibitory effects on rosiglitazone-stimulated PPARγ activity or adipogenesis, indicating competition for 

the PPARγ binding pocket. However, common environmental and occupational chemical mixtures have not been 

studied in this project. The effects of chemical mixtures on PPARγ activity and adipogenesis have been 

investigated before,105,107,111,112 and could be highly relevant to study in adipose tissue to investigate the effect 

on aromatase expression. 

In conclusion, the results suggest that there are numerous PPARγ antagonists present in the environment, 

including the working environment, and that these can be identified using a combination of in silico and in vitro 

methods. The developed PPARγ antagonist QSAR model can predict potential PPARγ antagonists, which can then 

be tested in vitro for PPARγ antagonism and potential adverse effects. 

Influence of PPARγ antagonism on aromatase expression and estrogen production 

In Manuscript II, the second aim of the project was assessed. Here, it was hypothesized that exposure to PPARγ 

antagonists upregulates aromatase expression and thereby increases the synthesis of estrogen. It has been 

demonstrated previously that undifferentiated ASCs express more aromatase than differentiated ASCs,186 which 

was also shown in Manuscript II. 

As previously mentioned, all seven chemicals tested in the adipogenesis assay inhibited adipogenesis in human 

primary ASCs. The impaired adipogenesis was subsequently shown to be associated with elevated aromatase 

expression, suggesting that as a mechanism through which PPARγ antagonists can induce aromatase. Supporting 

this, removal of the adipogenic medium during differentiation also resulted in higher aromatase expression 

compared with cells that were kept in adipogenic medium. This suggested that the adipogenic agents, including 

rosiglitazone, caused a repression of aromatase throughout adipogenesis. 

It could be interesting to study PPARγ antagonist effects during adipogenesis induced by typical dietary fatty 

acids,187 instead of rosiglitazone, as well as lower concentrations of other adipogenic factors.188 A recently study 

proposed that superphysiological concentrations of the components of the adipogenic medium may have 

detrimental effects on adipocyte function.188 A more physiologically relevant induction of adipocyte 

differentiation may also allow for better detection of both inducers and inhibitors of adipogenesis. Strongly 
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inducing adipogenesis using a high rosiglitazone concentration will usually result in identification of inhibitory 

effects,94 while leaving rosiglitazone out of the differentiation medium will more easily reveal activators of 

adipogenesis.189 

The adipogenesis protocol for the A41 and C3H10T1/2 cell lines in Manuscript II may have been too strong to 

properly detect PPARγ inhibition, as GW9662 treatment minimally affected adipogenesis in these cell lines. In 

A41 cells, adipogenesis could be inhibited enough to observe increased aromatase expression, whereas in 

C3H10T1/2 cells there was no effect of GW9662 at concentrations lower than 10 µM. While GW9662 is relatively 

specific to PPARγ, other tested chemicals may exhibit off-target effects or cytotoxicity at this concentration. 

Therefore, it is probably better to optimize the differentiation protocol to be more sensitive to treatment than 

expose cells to excessive concentrations of test chemicals. 

Improvements that could be made to better detect PPARγ antagonist effects on adipogenesis include starting 

antagonist treatment before induction of adipogenesis rather than concurrently, using a less strong and more 

physiologically relevant adipogenesis protocol (as already discussed), replacing the culture medium with for 

example low-glucose or serum-free medium, and renewing medium with test chemical more often. For instance, 

the half-life of GW9662 in cell culture is less than 10% of the half-life of rosiglitazone,7 and changing medium 

more often during adipogenesis may therefore enhance the 

anti-adipogenic effect of GW9662. 

It was investigated if the PPARγ antagonists could affect 

aromatase expression in A41 cells by short-term treatment 

which does not influence the degree of differentiation. 

FSK/PMA was used as a positive control for aromatase 

induction in A41 adipocytes. Rosiglitazone treatment 

downregulated aromatase expression in A41 ASCs, which is 

consistent with previous results showing that troglitazone 

downregulates FSK/PMA-induced aromatase expression in 

human primary ASCs.17 An experiment without replicates 

was performed to reproduce the finding that aromatase 

upregulation by FSK/PMA could be reversed by 24 h 

thiazolidinedione treatment in human primary ASCs (Figure 7). 

PPARγ antagonists had no effect on aromatase in ASCs, most likely because of the low PPARγ expression in this 

cell type (as shown in figure 3 in Manuscript II). In contrast, there was an upregulation of aromatase expression 

when treating mature PPARγ-expressing A41 adipocytes with antagonists except in response to diphenyl 

phthalate. A single experiment was also performed in SGBS adipocytes which were treated for 24 h with 5 µM 

GW9662 and compared with vehicle-treated control cells (Figure 8). Consistent with the results in A41 cells, 

there seemed to be an increase in aromatase expression in response to GW9662. There was no effect on PPARG, 

but a decrease in the PPARγ target gene ADIPOQ, suggesting that PPARγ activity but not expression was inhibited. 

   

Figure 8: Acute treatment of differentiated SGBS cells with GW9662. Mature SGBS adipocytes were treated for 24 h with 5 µM 

GW9662 or vehicle (DMSO). Gene expression analysis of CYP19A1, PPARG, and ADIPOQ was performed by RT-qPCR (n = 1). 

The reason why a PPARγ agonist and not an antagonist has an effect in the PPARγ-lacking ASCs is likely because 

agonists stimulate the expression and activity of PPARγ whereas antagonists do not have any effect due to the 

Figure 7: Aromatase 

expression in FSK/PMA- 

stimulated human 

primary ASCs co-

treated with vehicle or 

rosiglitazone. Cells were 

treated for 24 h in 

serum-free conditions, 

and the chemical 

concentrations were 

with 1 µM forskolin 

(FSK), 4 nM PMA, and 

10 µM rosiglitazone. 
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already low PPARγ expression and activity. This is supported by a study showing increased expression of the 

PPARγ target gene Fabp4 in response to 24 h rosiglitazone treatment in 3T3-L1 pre-adipocytes.190 Although 

adipocytes constitute more than 90% of the adipose tissue volume, less than 15% of the cells are adipocytes.191 

In breast adipose tissue explants, which consist of various cell types including ASCs and adipocytes, the effect of 

rosiglitazone treatment on aromatase expression resembled the rosiglitazone-stimulated effects observed in 

ASCs and adipocytes. In response to GW9662 treatment, there was a tendency to increased aromatase 

expression, but it was statistically insignificant, likely due to the low number of biological replicates. 

Activation of RXR was stimulated with 9-cis-retinoic acid to test if this heterodimeric partner of PPARγ was 

involved in the regulation of aromatase. As expected, the effect was similar to the effect of rosiglitazone in A41 

pre-adipocytes. However, in mature A41 adipocytes, there was no effect. RXR heterodimerizes with other 

nuclear receptors than PPARγ, such as RAR. Activation of the RAR:RXR complex has been shown to induce 

aromatase expression.192,193 It has been shown that specifically RARα upregulates aromatase via the retinoic acid 

response element 2 (RARE2) in the aromatase promoter I.4 region.194 An increase in RARα expression after 

differentiation has been observed,195 suggesting a greater effect at that stage. Retinoic acid treatment also 

downregulates PPARγ in 3T3-L1 cells, both at the protein196,197 and mRNA level,198 which is expected to have a 

greater effect at the mature adipocyte stage than in the pre-adipocytes. This may explain the lack of effect in 

adipocytes. It could have been interesting to investigate the combined treatment of rosiglitazone and retinoic 

acid to determine if there were synergistic effects. 

Diphenyl phthalate was the only tested PPARγ antagonist that did not acutely upregulate aromatase in A41 

adipocytes. Diphenyl phthalate has been shown to exhibit weak estrogenic activity199,200 and may repress 

aromatase like other xenoestrogens, including phytoestrogens.136,201,202 It may thus be involved in the regulation 

of aromatase through both PPARγ-dependent and -independent mechanisms. Pyraclostrobin was the antagonist 

causing the greatest induction of aromatase. Previous studies on this pesticide show conflicting results in relation 

to the effect on PPARγ. Pyraclostrobin has been shown to have no effect on mouse PPARγ LBD activity,104 but a 

tendency to decreased basal human PPARγ LBD activity in HEK293 cells (Manuscript I).5,203 Furthermore, 

pyraclostrobin has been found to downregulate Pparg and PPARγ target genes in differentiating 3T3-L1 cells,203 

which maintained a fibroblast-like morphology, increased lipid accumulation,105,106 and altered lipid droplet 

morphology after differentiation.203 In the adipogenesis assay of Manuscript II, pyraclostrobin reduced lipid 

accumulation in primary human ASCs via both decreased lipid droplet number and size. However, whether 

PPARγ-independent mechanisms contributed to this effect is unknown. 

The use of multiple known PPARγ agonists and antagonists, ideally from different chemical classes, as controls 

for increased and decreased PPARγ activity would confirm that effects on aromatase are PPARγ-mediated. In 

addition to rosiglitazone, the synthetic agonist GW7845182 or the endogenous agonist 15-deoxy-Δ12,14-

prostaglandin J2 (15d-PGJ2),181 could be used to activate PPARγ. Additional antagonists could include SR1664184 

or SR11023.183 It could also be interesting to study if biologically relevant concentrations of endogenous and 

dietary PPARγ agonists, such as fatty acids, repress aromatase expression. Co-treatment of cells with a PPARγ 

antagonist could address how aromatase expression is affected by disruption of a physiological activity level of 

PPARγ. In cell culture, addition of FBS provides only a very small fraction of the fatty acids available to cells in 

the body.204 

Apart from using diverse PPARγ ligands, knockdown or overexpression of PPARG can be performed to determine 

if observed effects are dependent on PPARγ. Knockdown of PPARγ was attempted in A41 adipocytes by forward 

or reverse transfection with PPARG-targeting siRNA (s10888, Invitrogen), but neither worked despite being 

performed in parallel with successful PPARG overexpression and despite other studies showing positive results 

with this siRNA.205,206 As an alternative to siRNA-mediated knockdown, overexpression of a dominant-negative 

PPARγ variant could have been applied as a method to inhibit PPARγ function.34 The results from PPARG 

overexpression in A41 pre-adipocytes showed that upregulation of PPARG reduced aromatase expression, either 

with or without subsequent rosiglitazone treatment, suggesting that PPARγ is involved in the regulation of 

aromatase. Therefore, the effects observed by PPARγ antagonist treatment are also likely PPARγ-dependent. 
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In addition, the previously mentioned NMR spectroscopy by collaborators confirmed binding of DEHPA to the 

ligand-binding pocket of PPARγ, inhibiting its function in a manner similar to GW9662. The inhibitory effect of 

DEHPA on PPARγ is supported by rodent studies showing that oral exposure to DEHPA decreased body weight 

gain and serum alanine aminotransferase (ALT).185 Similar effects have been reported in response to 

GW9662.207,208 In addition, DEHPA treatment decreased serum levels of luteinizing hormone (LH) and follicle-

stimulating hormone (FSH) in males,185 which has also been shown to occur in response to pituitary-specific 

deletion of Pparg, although the effect on LH was not statistically significant.209 Finally, a tendency to increased 

serum estradiol appeared in response to DEHPA exposure (not significant),185 which is consistent with increased 

adipose tissue aromatase expression in response to PPARγ antagonists (Manuscript II), including ethanol 

(Manuscript III).142 

The effect of xenobiotics on aromatase may not always occur via direct PPARγ interaction. Aromatase can 

potentially be regulated indirectly by effects on PPARγ endogenous ligand production or expression, or by effects 

on PPARγ turnover. Chemical treatment may also indirectly induce post-translational modifications, which can 

influence PPARγ function. In addition, PPARγ-independent effects may contribute to the regulation of aromatase. 

It is possible that some chemicals act through a combination of such effects. 

It was challenging to assess the influence of PPARγ Pro12Ala on the response to PPARγ antagonists due to the 

limited number of study participants with the minor allele and the substantial biological variation among cells 

isolated from different individuals. The use of cells from different subcutaneous adipose depots probably 

increased variation further. Chemical-induced effects were observed both in cells with the common Pro12 

variant and in cells heterozygous for the Ala12 variant. Creation of a human pre-adipocyte cell line with the 

PPARγ Pro12Ala variant using CRISPR/Cas9 gene editing could be interesting as it would allow direct comparison 

of adipogenic capacity and aromatase expression to the wildtype cells, both in the basal state and in response 

to various environmental and occupational chemicals as well as chemical mixtures. Such a cell line has not been 

generated before and would be a useful tool for studying this common PPARγ SNP. 

A disadvantage of the experiments in this project is that all aromatase measurements are at the mRNA level. It 

would have been better to also study aromatase at the protein level. Three different aromatase antibodies were 

tested in immunoblotting of pre-adipocyte and adipocyte lysates, but the antibodies produced many unspecific 

bands. An advantage of using RT-qPCR to measure aromatase expression is that the abundance of separate 

transcript variants can be measured using different primer pairs to get insight into the mechanism of aromatase 

regulation. All 11 aromatase transcript variants encode the same aromatase protein. 

Several research groups have demonstrated a good correlation between protein and mRNA levels of aromatase 

and estrogen production. In SGBS cells, aromatase mRNA and protein levels, as well as the level of secreted 

estrogen, have been shown to be comparable in response to different treatments.210 Aromatase mRNA and 

protein levels were also similarly affected by treatments in primary mouse preadipocytes isolated from the 

inguinal mammary gland.210 Furthermore, it has been shown in human primary adipose stromal cells that PPARγ 

agonist-induced repression of aromatase mRNA is associated with reduced aromatase activity,17 suggesting that 

changes in aromatase mRNA can be anticipated to lead to equivalent changes in local estrogen production. Also, 

the mRNA expression pattern of aromatase across breast cancer cell lines correlates well with the aromatase 

activity levels.211 

The human H295R adrenocarcinoma cell line was used to investigate the effect of PPARγ antagonism on estrogen 

production. The steroid hormones secreted into the medium were analyzed by Mikael Pedersen from DTU Food. 

The positive control forskolin increased the levels of all measured steroid hormones, including estrone and 

estradiol, while the negative control prochloraz decreased the levels of most hormones, including estrone. 

However, as PPARγ control ligands rosiglitazone and GW9662 had no effects on steroidogenesis, the results 

suggest that the altered hormone levels in response to pyridaben, pyraclostrobin, and diphenyl phthalate were 

PPARγ-independent. The protein level of PPARγ was low in this cell line, which could explain the lack of effects 

in response to rosiglitazone and GW9662. Thus, the H295R cell line was not a good model for studying effects 

of PPARγ ligands. Instead, estrogen production by ASCs or adipocytes could be measured in response to PPARγ 
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ligands, although this would likely require supplementation of the androgenic steroid substrate, either 

androstenedione or testosterone. 

In summary, the results show that the PPARγ antagonists GW9662, zoxamide, pyraclostrobin, Cosan 528, Violet 

Cibacet 2R, diphenyl phthalate, and DEHPA inhibit adipogenesis in human primary ASCs, which was associated 

with increased aromatase expression. In addition, short-term treatment with GW9662, pyraclostrobin, DEHPA, 

and kresoxim-methyl caused an induction of aromatase mRNA. Together, these data demonstrate that inhibition 

of PPARγ activity by environmental chemicals elevates aromatase transcription through impaired adipogenesis 

and through a short-term mechanism, which is consistent with PPARγ being a repressor of aromatase. 

Impact of ethanol and ethylene glycol on PPARγ activity and aromatase expression 

Manuscript III addressed the final aim of the project. The hypothesis was that exposure to the chemicals, ethanol 

and ethylene glycol, leads to increased aromatase expression by inhibiting PPARγ. Ethanol has a wide range of 

uses across many industries and is the primary psychoactive component of alcoholic beverages. Ethylene glycol 

is a high-production-volume alcohol that is also used in various industrial applications. Previous studies suggest 

that exposure to these chemicals can inhibit PPARγ activity21,22 or expression.212–214 

In this study, it was first investigated if and how ethanol and ethylene glycol interact with the ligand-binding 

domain of PPARγ. These alcohols are significantly smaller than the typical PPARγ ligand. It has been suggested 

that ethanol binding to some proteins is better characterized by an interaction region that can accommodate 

multiple molecules of ethanol.215 As the ligand binding pocket of PPARγ is one of the largest among the nuclear 

receptors,216 it allows for promiscuous binding of various low-affinity ligands.36 Using NMR spectroscopy, Daniel 

Saar and Birthe B. Kragelund from UCPH showed that ethanol and ethylene glycol had no effect on the basal 

PPARγ state. When added in combination with rosiglitazone, the results showed a slightly altered activity, most 

likely a direct inhibitory effect on the rosiglitazone-induced PPARγ activation. The effect was weak, and therefore 

it is difficult to know whether it is biologically significant. 

Ethanol exposure is known to affect a great number of functions in the body,217–220 suggesting that PPARγ may 

be one of many molecular targets. This makes it difficult to distinguish between potential PPARγ-dependent and 

-independent mechanisms. Complicating things further, ethanol and ethylene glycol are oxidized into aldehydes 

by alcohol dehydrogenase (ADH) and further oxidized into carboxylic acids by aldehyde dehydrogenase (ALDH). 

These metabolites may also affect functions in the body. For example, acetaldehyde is the primary metabolite 

of ethanol and is highly reactive.221,222 It has a range of health effects, although its contribution to the effects of 

alcohol consumption is still unknown. 

In relation to breast cancer, PPARγ Pro12Ala was reported to modify the effect of alcohol intake such that only 

homozygous major allele carriers were at increased risk of breast cancer when drinking alcohol, while variant 

allele carriers were not at increased risk.20,21 The observed interaction between alcohol intake and the PPARγ 

polymorphism Pro12Ala strongly suggests that PPARγ and alcohol intake are part of the same biological 

mechanism-of-action of alcohol-related breast cancer.20,21 

Multiple in vivo studies have shown that PPARγ plays a role in mammary cancer. Inhibition of PPARγ signaling by 

GW9662 ingestion,64 heterozygous Pparg knockout,60 adipocyte-specific Pparg knockout,61 or mammary gland-

directed expression of dominant-negative Pax8PPARγ fusion protein62 accelerates DMBA-induced mammary 

tumorigenesis in mice. The exact mechanism is not known, but it is hypothesized that impaired PPARγ function 

causes a derepression of aromatase, leading to increased estrogen biosynthesis and risk of breast cancer. Here, 

the aim was to investigate the effects of ethanol and ethylene glycol on adipogenesis and aromatase expression 

in adipose tissue culture and rat adipose tissue. 

An adipogenesis assay was performed in Manuscript III by measuring Pparg and other adipocyte markers in 

C3H10T1/2 cells. The results revealed that adipogenesis was inhibited in response to both ethanol and ethylene 

glycol. The degree of inhibition observed in response to ethanol was lower than that of ethylene glycol. The 

concentrations and choice of the adipogenic induction chemicals have been shown to greatly influence the 
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extent of differentiation,188 and in Manuscript II the concentration of rosiglitazone also influenced the response 

to some chemical treatments. In C3H10T1/2 cells, it was found that a high concentration (10 μM) of GW9662 

was necessary to see any effect on adipogenesis. However, when reducing the concentrations of 

prodifferentiative agents used in the adipogenic medium to one fifth, the effect of GW9662 treatment on 

adipogenic markers significantly increased. Therefore, when testing the anti-adipogenic effect of the alcohols in 

Manuscript III, the concentrations of prodifferentiative agents used in the adipogenic medium were one fifth of 

those in the standard protocol. If treatments had been started 2 days before induction of adipogenesis, as 

reported before,223 they may have had an even greater impact on adipogenesis. When lipid accumulation in 

response to ethanol was measured in primary human ASCs after 12 days of differentiation, ethanol treatment 

appeared to have a stronger inhibitory effect on adipogenesis than in the C3H10T1/2 cells. However, the lack of 

effect of rosiglitazone concentration suggests that a PPARγ-independent mechanism of ethanol contributed to 

the impaired adipogenesis. 

Together, the experiments indicate that ethanol and ethylene glycol inhibit PPARγ activity or expression, possibly 

through a direct interaction with PPARγ, resulting in impaired adipogenesis. Indirect effects may contribute to 

the anti-adipogenic effect. For example, ethanol has been shown to inhibit insulin action,224 which can affect 

adipogenesis because insulin is an activator of C/EBP-β and -δ in the initial stages of adipogenesis, inducing the 

transcription of PPARγ.41 In Manuscript II, inhibition of adipogenesis was linked to increased aromatase 

expression, suggesting that ethanol and ethylene glycol may induce aromatase via the mechanism of impaired 

adipogenesis. 

The acute effects of ethanol and ethylene glycol on adipose aromatase expression in vivo and in vitro were 

investigated next. In vitro, ADIPOQ and FASN were used as measures of PPARγ activity. The effect of ethanol on 

aromatase expression was similar to the effect of the control antagonist of PPARγ, GW9662. This indicates that 

the induction of aromatase in response to ethanol was mediated by PPARγ. Ethylene glycol exposure, on the 

other hand, produced a decrease in aromatase expression, which was unexpected because ethylene glycol 

appeared to inhibit PPARγ activity to a greater extent than similar concentrations of ethanol, both when 

C3H10T1/2 cells were treated during adipogenesis and when A41 adipocytes were treated for 24 h. When the 

acute ethylene glycol treatment was repeated in serum-free conditions, to exclude that the effect was caused 

by interactions with the serum, similar effects were observed. There was also a decrease in aromatase mRNA at 

the pre-adipocyte stage, where PPARG is lowly expressed, suggesting that the observed effect of ethylene glycol 

on aromatase mRNA was PPARγ-independent. Since ethylene glycol functions as a PPARγ antagonist, it is still 

possible that it can elevate aromatase via PPARγ-mediated inhibition of adipocyte differentiation or acutely in 

response to lower and more physiologically relevant exposure concentrations. From the studies on ethanol and 

ethylene glycol, it can not be concluded whether the observed effects in response to these chemicals occur as a 

result of direct action on PPARγ or as a consequence of PPARγ being inhibited or downregulated via an indirect 

mechanism. However, the results suggest involvement of PPARγ as its expression or activity markers were 

inhibited in response to ethanol or ethylene glycol exposure. 

The animal study showed that female rats exposed to GW9662, ethanol, or ethylene glycol orally for two days 

did not exhibit altered gene expression of aromatase- and PPARγ-related genes in adipose tissue, although there 

was a statistically insignificant tendency to increased aromatase expression in response to GW9662. GW9662 

was used as a control for PPARγ inhibition, and it was therefore surprising that no significant effects were 

observed. It is unlikely that the lack of effects was because of a too low basal PPARγ activation that could not be 

lowered, as a hazelnut-chocolate vehicle was administered to all animals before and during treatment. This was 

expected to induce PPARγ activity to some extent, like a high-fat diet,225 and might increase the sensitivity to 

potential chemical-induced inhibitory effects on PPARγ and aromatase. A study in mice on a high-fat diet showed 

that a low GW9662 dose (0.5 mg/kg/day) administered in the drinking water had effects on the adipose tissue.226 

These mice, however, were treated for 12 weeks. The lack of effects in the animal study in Manuscript III may 

therefore be due to the short exposure duration. 

In most rodent studies involving these chemicals, the exposure duration was several weeks.142,212–214,226–228 

GW9662 and ethanol have also been shown to affect gene expression acutely, however in those studies the 
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chemical was injected rather than given orally, which may increase bioavailability dramatically. In one study, 

male mice were injected intraperitoneally with 2 mg/kg GW9662 for 26 h, which abrogated the hippocampal 

effects of PPARγ activation by pioglitazone (1 mg/kg), including a pioglitazone-induced decrease in IL-6 protein 

level.229 In another study, intraperitoneal injection of 3.5 g/kg ethanol in male and female rats affected gene 

expression in the brain after 3 h, for example elevating the mRNA expression of Il6 in hippocampus and 

amygdala.230 A third study showed that mice administered 1.8 g/kg ethanol intraperitoneally had altered gene 

expression in the hippocampus after 4 hours. 

GW9662 has been shown to be metabolized rapidly and has a biological half-life of 7 min following intravenous 

administration of 2.5 mg/kg in rats.231 Moreover, it has been suggested that GW9662 is metabolized by intestinal 

microbiota.231 This could explain why the short treatment period had no effect. Ethanol and ethylene glycol are 

also metabolized, primarily in the liver, although at a lower rate.222,232,233 If effects had been observed in response 

to treatment with these solvents, it would be difficult to know if they resulted from the action of the parent 

compound or from one or more metabolites. For example, acetaldehyde treatment of adipose tissue explants 

or 3T3-L1 adipocytes has been shown to decrease the levels of PPARγ protein and protein products of PPARγ 

target genes.234 Ethanol is insoluble in lipids and distributes into tissues in proportion to their relative water 

contents.235 The water content in adipose tissue is only about 5-20% whereas in most other organs it is 60-

80%.236 This suggests that if effects of ethanol had been observed in adipose tissue it could potentially have been 

an indirect result of effects on other organs. 

Furthermore, any potential impact on gene expression in response to treatment may have been concealed by 

estrous cycle-controlled variations in Cyp19a1 expression,237,238 as the adipose tissue undergoes significant gene 

expression changes during the estrous cycle.239 For example, PPARγ expression in the adipose tissue fluctuates 

over the course of estrous cycle.240,241 Therefore, it would have been better if the rats had been ovariectomized, 

as it could have revealed statistically significant changes in gene expression. Aromatase was very weakly 

expressed in rat adipose tissue, indicated by a lack of amplification in a significant number of the technical 

replicates. This low expression level of aromatase in adipose tissue likely also increased variation, making it 

difficult to detect differences between experimental groups. In some animals, aromatase was completely 

undetectable in the adipose tissue. 

The genes Fabp4 and Adipoq were selected as markers of PPARγ activity, while Lep and Il6 were selected because 

of their reported effects on aromatase. The cytokine adiponectin is associated with reduced aromatase 

expression, while leptin and IL-6 are associated with increased aromatase expression.242 GW9662 treatment has 

previously been shown to reduce serum adiponectin in mice226 and increase leptin expression in adipose tissue 

of rats.228 In mice, Pparg, Fabp4 and Adipoq were decreased more than 10-fold in response to 0.1% GW9662 in 

the diet for 25 weeks.64 Assuming that the food consumption of the mice was 15% of their body weight,243 this 

dose of GW9662 corresponds to 150 mg/kg bw/day, which is 15 times higher (relative to body weight) than the 

dose used in the rat experiment in Manuscript III. The duration of exposure was also 87 times longer in the 

mouse study. The high dose and duration of exposure may explain the dramatic effects on gene expression. 

Ethanol consumption for multiple weeks has been demonstrated to downregulate Pparg, Fabp4, and Adipoq 

and upregulate Tnfa and Il6 in rodent adipose tissue.213,214,244,245 The ethanol-stimulated downregulation of Pparg 

and upregulation of Tnfa and Il6 in mouse adipose tissue was reversed by rosiglitazone treatment,213 suggesting 

that ethanol may act PPARγ-dependently. In addition, consumption of 13% ethanol in drinking water for 8 weeks 

resulted in increased aromatase protein level in male rats.142 Ethylene glycol administered at 0.75% in drinking 

water for 4 weeks has been shown to downregulate renal Pparg and increase serum TNFα and IL-6 in male 

rats.212 

In the rat study of Manuscript III, positive correlations were observed among ΔCt values of Cyp19a1, Pparg, 

Adipoq, Fabp4, and Lep in adipose tissue (Figure 9). Pparg also correlated with Il6, but not as strongly. The 

positive correlations between Pparg, Adipoq, Fabp4, and Lep were particularly strong. PPARγ is known to induce 

Adipoq and Fabp4, consistent with that observation. It has previously been shown that mRNA levels of PPARG 

and LEP are positively correlated in human adipose tissue,246 despite PPARγ being a negative regulator of 
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leptin.228,247,248 In 3T3-L1 cells, it was reported that IL-6 repressed Pparg, and PPARγ repressed Il6,249,250 and in 

mouse liposarcomas, Pparg and Il6 mRNA correlated positively.251  Overall, these correlations observed in the 

adipose tissue of the rats from Manuscript III are consistent with the literature. However, the moderate positive 

correlation between Cyp19a1 and Pparg or PPARγ-regulated genes was unexpected but may result from 

upregulation of Cyp19a1 and Pparg by FSH, which has been shown to occur in rodent adipose tissue and may 

overrule the effect of PPARγ on aromatase.252 

 

Figure 9: Correlations between mRNA levels of different genes in WAT. Scatter plots show correlations between the ΔCt values for the 

measured mRNA’s using Pearson correlation coefficient. Data from both subcutaneous and visceral adipose tissue are included. Linear 

regression lines are shown for significant correlations. Correlations were considered statistically significant when p < 0.05 and r > 0.3. 

One animal in the ethanol group had an almost 5 times higher Il6 expression in the ovary compared to the other 

animals, and the same animal expressed aromatase more than three-fold in visceral adipose tissue compared to 

the other animals. Although the visceral adipose tissue was not collected from the periovarian depot, the 

elevated adipose aromatase expression and ovarian Il6 expression may still be related. 

The female rats were not a good model for studying adipose tissue aromatase expression in response to PPARγ 

antagonists, because of potential interference from the estrous cycle and because rodents express very little 

aromatase in the adipose tissue. Ideally, male or ovariectomized female transgenic humanized aromatase mice 

would have been used.253 The humanized mouse model mimics the human aromatase expression pattern and 

therefore expresses aromatase at a higher level in adipose tissue. 169 

In conclusion, ethanol and ethylene glycol appeared to inhibit PPARγ expression and activity in vitro, possibly via 

both direct and indirect mechanisms. In addition, both chemicals had anti-adipogenic activities. Ethanol induced 

aromatase expression in adipocytes acutely, which also have been observed for other PPARγ antagonists. 

Ethylene glycol reduced aromatase expression, and this was likely via a PPARγ-independent mechanism. The in 

vivo study showed no effects of the control chemical GW9662 or the organic solvents. 
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Conclusion 

The primary objective in the project was to identify potential breast carcinogens that act by increasing estrogen 

biosynthesis in the adipose tissue through a PPARγ-mediated elevation of aromatase transcription. 

PPARγ antagonist chemicals were selected from the Tox21 PPARγ antagonism assay and tested in an orthogonal 

reporter assay verifying inhibition of PPARγ. The importance of identifying assay interference was demonstrated 

since about a third of the tested chemicals caused some sort of interference with the assays. The reporter assay 

was supported by molecular docking simulations performed by a collaborator. Another group of collaborators 

developed a QSAR model for PPARγ antagonism, based on the Tox21 dataset, which can facilitate the discovery 

of novel PPARγ antagonists. Furthermore, a small selection of chemicals were shown to exhibit anti-adipogenic 

effects in human primary ASCs, corroborating reporter assay results. Chemicals were shown to bind PPARγ with 

different affinities and efficacies, and results also indicated that they may have different binding modes as lipid 

droplet size and number were affected differently across chemicals. Using NMR spectroscopy, a third group of 

collaborators showed that the PPARγ antagonist DEHPA directly interacts with the ligand-binding pocket of 

PPARγ and inhibits rosiglitazone-induced activity in a similar manner as GW9662. This indicates that functional 

assays and biophysical methods like these are important complementary techniques necessary to confirm ligand 

binding and define the type of interaction occurring between PPARγ and ligand. Furthermore, QSAR models are 

valuable in silico tools for screening large numbers of chemicals for potential inhibitory effects on PPARγ. 

In vitro studies indicated that PPARγ antagonism causes a derepression of aromatase expression in adipose tissue 

via two mechanisms. The first mechanism involves impaired adipogenesis in response to PPARγ inhibition. 

Aromatase expression was shown to be greater in adipose stromal cells than in mature adipocytes, suggesting 

that adipogenesis downregulates aromatase. Accordingly, the adipogenesis-induced aromatase downregulation 

was inhibited by PPARγ antagonists, resulting in elevation of aromatase. The second mechanism through which 

antagonism of PPARγ increases aromatase expression was suggested to be independent of adipogenesis as 

effects were demonstrated after short-term treatment and in the absence of stimulation with adipogenic factors. 

Most of the tested antagonists induced expression of aromatase in mature adipocytes, where PPARγ is 

abundant. In contrast, this effect was absent in pre-adipocytes, which express far lower levels of PPARγ. 

Consistent with this, activation and/or exogenous overexpression of PPARγ repressed aromatase, suggesting a 

PPARγ-dependent mechanism. However, it is possible that the short-term effect of PPARγ on aromatase 

expression does not occur through direct binding to the aromatase promoter region. It is yet to be determined 

whether this is the case or if PPARγ exerts its effect via an indirect mechanism. Induced expression of aromatase 

is associated with a local increase in the adipose tissue estrogen level. However, an increased production of 

estrogen in response to PPARγ antagonism was not demonstrated due to application of an unsuitable model for 

studying PPARγ-mediated effects. 

The solvents ethanol and ethylene glycol were among the studied chemicals. NMR spectroscopy suggested some 

degree of influence on the active state of PPARγ but did not give obvious indications of an inhibitory effect. While 

both ethanol and ethylene glycol impaired adipogenesis, only ethanol induced aromatase expression in 

adipocytes like the majority of the other studied PPARγ antagonists. Short-term oral exposure to ethanol and 

ethylene glycol, as well as the PPARγ control antagonist GW9662, did not affect aromatase expression in the 

adipose tissue of female rats. Aromatase appeared to be challenging to study in rat adipose tissue, since its 

regulation is markedly different in rodents than in humans, which was evident from the very low adipose tissue 

expression level of aromatase. Besides, the expression of genes, such as Pparg and cytokine genes, in adipose 

tissue and ovary were also not affected by treatment. The lack of effects may have been a result of interference 

from the estrous cycle but could also be due to short exposure duration and/or oral administration route. In 

summary, ethanol and ethylene glycol appeared to inhibit PPARγ in vitro, and ethanol induced aromatase 

expression in adipocytes. However, short-term treatment of rats with ethanol or ethylene glycol was ineffective. 

Together, the results indicate that environmental and occupational PPARγ antagonists can be discovered using a 

combination of computational, biophysical, and cell-based methods. Antagonism of PPARγ was linked to 

induction of aromatase via an inhibitory effect on adipogenesis as well as a still undefined short-term 
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mechanism. It can not be excluded that PPARγ-independent effects of the studied chemicals contributed to or 

counteracted adipogenesis inhibition or aromatase induction to some extent. In conclusion, the findings in this 

project suggest that PPARγ antagonism may promote estrogen biosynthesis by inducing aromatase transcription 

in the adipose tissue, potentially increasing the risk of breast cancer. 
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Perspectives 

The findings of this project have provided new insights into the molecular mechanisms linking PPARγ antagonism 

to the regulation of aromatase expression in adipose tissue. While this project has contributed to the 

understanding of the potential mechanisms involved, there are several important avenues for future research. 

First, multiple in silico tools could be utilized to prioritize various relevant environmental and occupational 

chemicals for subsequent in vitro screening by predicting their probability of binding to PPARγ. The PPARγ 

antagonists identified in reporter assays should be confirmed using high-throughput biophysical techniques and 

optimized adipogenesis assays to establish that direct interaction occurs with the ligand-binding pocket and to 

determine the functional significance of the chemicals as potential endocrine and metabolic disruptors. Second, 

more in-depth investigation is needed to understand the short-term mechanism through which PPARγ 

antagonism induces aromatase expression in mature adipocytes. This could be accomplished by measuring the 

abundance of separate PPARγ transcript variants in response to PPARγ antagonist treatment, which would give 

insight into regulation through specific promoters. It could also be addressed by determining PPARγ interactions 

with other proteins or with chromatin using immunoprecipitation. Third, in vivo studies with extended exposure 

durations may provide a better understanding of the long-term effects of PPARγ antagonists on aromatase 

expression. Adipose tissue aromatase levels and estrogen concentrations should be measured in response to 

long-term exposure of ovariectomized rodents to PPARγ antagonists using a humanized aromatase rodent 

model. In addition, hyperplastic effects on the mammary gland in response to PPARγ antagonist exposure could 

be examined to address whether there is a direct link between selected PPARγ antagonists and promotion of 

mammary carcinogenesis. This project provides a solid foundation for continued research into the effects of 

PPARγ antagonists on aromatase expression and adipogenesis, including the potential implications for human 

health. Addressing these perspectives will thus contribute to a further understanding of non-genotoxic 

carcinogens and the role of PPARγ in cancer biology. 
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Appendix I 

Comparison of the effect of cell density on the luminescent signal in the PPARγ reporter assay. 

 

CPS: counts per second. 

Lysed:  2% Triton X-100 was used to lyse the cells 

Control:  0.0006% DMSO was used as control 

Rosi:  100 nM rosiglitazone was used to activate PPARγ 

Rosi + GW: 100 nM GW9662 was used to inhibit PPARγ activation induced by 100 nM rosiglitazone 

The graph shows means of 3 technical replicates (different wells in the same plate) ± SEM. 
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Appendix II 

Pre-adipocyte differentiation protocols. 

 

Primary ASCs 

 

 

 

SGBS cells 

 

  

10%FBS

2  MRosiglitazone

0.25  MDexamethasone

500  MIBMX

20 nMInsulin

0.2 nMT3

33  MBiotin

17  MPantothenic acid

0.1  MTransferrin

10  g/mLCortisol

100 U/mLPenicillin

100  g/mLStreptomycin

F-12Medium

Day -1 Day  Day 2 Day 4 Day 6 Day 8 Day 1 Day 12

10%FBS

2  MRosiglitazone

0.025  MDexamethasone

200  MIBMX

20 nMInsulin

0.2 nMT3

33  MBiotin

17  MPantothenic acid

0.01  MTransferrin

100  g/mLCortisol

50 U/mLPenicillin

50  g/mLStreptomycin

F-12/DMEMMedium

Day -1 Day  Day 2 Day 4 Day 6 Day 8 Day 1 Day 12
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A41 cells 

 

 

 

C3H1 T1/2 cells 

 

 

  

10%FBS

1  MRosiglitazone

0.1  MDexamethasone

500  MIBMX

500 nMInsulin

2 nMT3

33  MBiotin

17  MPantothenic acid

50 U/mLPenicillin

50  g/mLStreptomycin

DMEMMedium

Day -1 Day  Day 2 Day 4 Day 6 Day 8 Day 1 Day 12

10%FBS

0.5  MRosiglitazone

1  MDexamethasone

500  MIBMX

20 nMInsulin

50 U/mLPenicillin

50  g/mLStreptomycin

DMEMMedium

Day -1 Day  Day 2 Day 4 Day 6
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Appendix III 

Primer sets were tested using RT-qPCR. JA1 and JA2 were designed for this study. They were compared to a 

commonly used aromatase primer set (RT7/RT8). The primers were tested in primary human adipose stromal 

cells treated with forskolin and PMA for 24 h in serum-free medium. The graph shows means of 3 technical 

qPCR replicates ± SEM. The JA1 primer set was selected for further studies due to lowest Ct values. 

NT No treatment 

Vehicle Solvent control (0.05% EtOH, 0.0021% DMSO) 

FSK1 4 nM PMA, 1 μM forskolin 

FSK5 4 nM PMA, 5 μM forskolin 

FSK25 4 nM PMA, 25 μM forskolin 

 

 

  

FSK 25 R1FSK 25FSK 5FSK 1VehicleNT
20.420.320.520.219.920.2RPL32
27.327.627.727.734.134.4RT7/RT8
25.925.926.025.932.132.4JA1
27.227.327.527.433.333.7JA2

Ct values

RT7/RT8
192 bp

JA2
121 bp

JA1
122 bp

Exon II Exon III Exon IV Exon V Exon VI Exon VII Exon VIII Exon IX Exon X

3  SCSCGC TmSe uencePrimer

2.002.0045.0057.79TTGGAAATGCTGAACCCGATRT7

6.006.0060.0061.62CAGGAATCTGCCGTGGGAGART8

Tm Melting temperature
GC Guanine-cytosine content
SC Self complementarity
3  SC Self 3  complementarity

3  SCSCGC TmSe uencePrimer

0.003.0055.0062.02TTGACCCTTCTGCGTCGTGTJA1 F

3.006.0052.3862.14AGGAGAGCTTGCCATGCATCAJA1 R

3  SCSCGC TmSe uencePrimer

2.004.0055.0062.16ATTCGGCAGCAAACTTGGGCJA2 F

2.006.0054.5562.07GGGGCCTGACAGAGCTTTCATAJA2 R

C P19A1 coding region

 PCR primers
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Appendix IV 

Agarose gel electrophoresis of CYP19A1 RT-qPCR products from A41 cell lysates amplified using the JA1 primers. 

 

 

 

100 bp

200 bp

300 bp

       
122 bp

121


