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Abbreviations 

15dPGJ2   15-deoxy-∆12,14-prostaglandin J2,  

   11-oxoprosta-(5Z,9,12E,14E)-tetraen-1-oic acid; 

CD36    cluster of differentiation 36;  

FABP   fatty acid-binding protein; 

GSK   GSK3787, 4-chloro-N-[2-[[5-(trifluoromethyl)-2-pyridinyl]sulfonyl]ethyl] 

benzamide; 

GW    GW9662, 2-chloro-5-nitro-N-phenylbenzamide;  

J774   murine macrophages cell line from BALB/C mice;  

PBMC    peripheral blood mononuclear cells;  

PLIN2    perilipin 2, adipophilin;  

PNPLA2   patatin-like phospholipase domain containing 2;  

PPAR    peroxisome proliferator-activated receptor;  

Ppib    peptidyl-prolyl cis-trans isomerase B;  

RAW264.7  murine leukemic monocyte macrophage cell line;  

RG  rosiglitazone, 5-[[4-[2-(methyl-2-pyridinylamino)ethoxy]phenyl]methyl]-2,4-

thiazolidinedione;  

RPL37A   ribosomal protein L37a;  

RT-qPCR  quantitative real time RT-PCR;  

SEM    standard error of the mean;  

siRNA   small interfering ribonucleic acid;  

T007    T0070907, 2-chloro-5-nitro-N-4-pyridinyl-benzamide;  

TG   troglitazone, (±)-5-[4-[(6-hydroxy-2,5,7,8-tetramethylchroman-2-yl)methoxy] 

benzyl]-2,4-thiazolidinedione;  

THP-1    human monocytic cell line;  

U937    human monocytic cells from histiocytic lymphoma;  
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VLDL    very low-density lipoprotein 
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Abstract 

Peroxisome proliferator-activated receptors (PPARs) are members of the nuclear hormone 

receptor family playing pivotal roles in regulating glucose and lipid metabolism as well as 

inflammation. While characterizing potential PPARγ ligand activity of natural compounds in 

macrophages we investigated their influence on the expression of adipophilin (perilipin 2, 

PLIN2), a well-known PPARγ target. To confirm that a compound regulates PLIN2 

expression via PPARγ we performed experiments using the widely used PPARγ antagonist 

2-chloro-5-nitro-N-phenylbenzamide (GW9662). Surprisingly, instead of blocking up-

regulation of PLIN2 expression in THP-1 macrophages, expression was concentration-

dependently induced by GW9662 at concentrations and under conditions commonly used. 

We found that this unexpected up-regulation occurs in many human and murine macrophage 

cell models and also primary cells. Profiling expression of PPAR target genes showed up-

regulation of several genes involved in lipid uptake, transport and storage, as well as fatty 

acid synthesis by GW9662. In line with this and with up-regulation of PLIN2 protein, GW9662 

elevated lipogenesis and increased triglyceride levels. Finally, we identified PPARδ as a 

mediator of the substantial unexpected effects of GW9662. Our findings show that (i) the 

PPARγ antagonist GW9662 unexpectedly activates PPARδ-mediated signaling in 

macrophages, (ii) GW9662 significantly affects lipid metabolism in macrophages, (iii) careful 

validation of experimental conditions and results is required for experiments involving 

GW9662, and (iv) published studies in a context comparable to this work may have reported 

erroneous results if PPARγ independence was demonstrated using GW9662 only. In light of 

our findings, certain existing studies might require reinterpretation regarding the role of 

PPARγ. 
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Significance Statement 

 

Peroxisome proliferator-activated receptors (PPARs) are targets for the treatment of various 

diseases as they are key regulators of inflammation as well as lipid and glucose metabolism. 

Hence, reliable tools to characterize the molecular effects of PPARs are indispensable. We 

describe profound and unexpected off-target effects of the PPARγ antagonist 2-chloro-5-

nitro-N-phenylbenzamide (GW9662) involving PPARδ and in turn affecting macrophage lipid 

metabolism. Our results question certain existing studies using GW9662 and make better 

experimental design of future studies necessary. 
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Introduction 

A common strategy for the elucidation of signaling pathways mediating the effects of a 

compound of interest is the use of specific chemical agonists or antagonists for signaling 

proteins. GW9662, known as a selective PPARγ antagonist, is widely accepted to 

demonstrate participation of PPARγ in signaling cascades (Leesnitzer et al., 2002; Lea et al., 

2004; Nielsen et al., 2006). 

PPARγ, together with PPARα and PPARδ (also termed PPARβ), constitute the PPAR 

subfamily of nuclear receptors. PPARs are activated by a variety of molecules, and act 

mainly as sensors for fatty acids and fatty acid derived metabolites (Lefebvre et al., 2006; 

Tontonoz and Spiegelman, 2008; Neels and Grimaldi, 2014). As transcription factors, PPARs 

regulate various genes implicated in lipid and glucose metabolism, inflammation, proliferation 

and differentiation (Varga et al., 2011; Vrablik and Ceska, 2015). 

The PPAR subtypes differ in their expression levels in tissues, their affinity for their 

respective ligands and their biological functions. PPARα and PPARδ are related to lipid 

metabolism due to their key role in the regulation of fatty acid oxidation and lipoprotein 

metabolism (Luquet et al., 2005; Lefebvre et al., 2006). Further, anti-inflammatory effects and 

regulatory roles in glucose metabolism have been reported for both isoforms (Lefebvre et al., 

2006; Neels and Grimaldi, 2014; Magadum and Engel, 2018). While PPARδ is ubiquitously 

expressed (most abundantly in tissues with high fatty acid metabolism) (Neels and Grimaldi, 

2014), PPARα is mainly found in liver and muscles (Lefebvre et al., 2006). PPARγ is 

predominantly expressed in adipose tissue and plays a central role in adipogenesis (Wang, 

2010). In addition, PPARγ exerts considerable effects on lipid and glucose metabolism and 

insulin sensitivity (Tontonoz and Spiegelman, 2008). Based on the knowledge of their 

physiological roles, PPARs represent interesting targets for the treatment of various 

diseases: In brief, fibrates, agonists of PPARα, have been used as hypolipidemic drugs to 

treat hypertriglyceridemia (Vrablik and Ceska, 2015); PPARδ is regarded as a promising 

target for the treatment of the metabolic syndrome due to its positive effects on serum 
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cholesterol and lipid profiles (Neels and Grimaldi, 2014); and the insulin-sensitizing effects of 

thiazolidinediones, a class of PPARγ ligands, are used for the treatment of type 2 diabetes 

mellitus (Tontonoz and Spiegelman, 2008; Hong et al., 2018). 

Crucial for the use of PPARs as pharmacological targets is the understanding of their modes 

of action. Thus, several models have been described for PPAR-dependent gene regulation 

(Varga et al., 2011) as well as the functional regulation of PPARs (Brunmeir and Xu, 2018). 

The most common model for PPAR-dependent gene regulation is the direct transcriptional 

regulation by heterodimerization of a PPAR isoform with retinoid X receptors. In the absence 

of ligands, the heterodimer is bound to the so-called PPAR response element in the promoter 

of target genes. In this state, the heterodimer binds a corepressor complex and represses 

the transcription of target genes. Upon ligand binding, the corepressor complex is replaced 

by coactivators, resulting in the transcription of PPAR target genes. Chemical antagonists 

bind to the respective PPAR isoform, leading to the maintenance of the corepressor complex 

and to the prevention of agonist binding (Harmon et al., 2011). Thus, chemical antagonists 

are considered as useful tools in PPAR research, especially for the verification of possible 

PPAR ligands. 

A commonly used chemical antagonist in PPAR research is GW9662. GW9662 has been 

shown to covalently and irreversibly bind to the PPARγ ligand binding pocket (Leesnitzer et 

al., 2002; Brust et al., 2018). Thereby, binding of activating ligands is prevented and the 

signal transduction via PPARγ is interrupted. Surprisingly, GW9662 did not act as expected 

in our hands when used in commonly reported concentrations and incubation periods in the 

THP-1 macrophage model system. Here, GW9662 did not diminish the expression of the 

PPARγ target genes perilipin 2 (PLIN2) and cluster of differentiation 36 (CD36) induced by 

established PPARγ agonists, such as rosiglitazone or 15-deoxy-∆12,14-prostaglandin J2 

(15dPGJ2). Unexpectedly, these target genes were upregulated in THP-1 macrophages by 

GW9662 itself. This effect was not restricted to THP-1 cells but was also observed in several 

other human and murine macrophage cell lines. Our study clearly shows that the suitability of 

GW9662 as a tool for the investigation of PPARγ dependent signaling pathways is 
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questionable. This work aims therefore on the characterization of (i) the effect of GW9662 on 

gene and protein expression as well as overall cellular function of macrophages and (ii) the 

underlying mechanism of the unexpected effects of GW9662 in macrophages.  

The importance of PPARs as therapeutic targets in several diseases requires scrupulous 

investigation of PPAR signaling using reliable experimental tools. Our study is exploratory 

research that will therefore help to correctly interpret the variety of results obtained by the 

use of GW9662 in the future, especially in macrophage model systems. 
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Materials & Methods 

 

Ethics statement 

Mononuclear cells were isolated from buffy coats obtained from peripheral blood of 

anonymized healthy male and/or female volunteers. Blood donors were informed about the 

aim of the study and gave written informed consent. The procedure was approved by the 

ethics committee of the University Hospital Jena (no. 2446-12/08) and conducted according 

to the ethical principles defined by the declaration of Helsinki. Animal procedures including 

isolation of peritoneal macrophages were approved by the Animal Care and Use Committee 

of Thuringia (permit number 02-003/09) and were in line with the NIH guidelines for the care 

and use of laboratory animals. 

 

Reagents 

Chemicals were from Roth (Karlsruhe, Germany), Sigma-Aldrich (Seelze, Germany) and 

Merck Chemicals (Darmstadt, Germany) if not otherwise indicated. Rosiglitazone, 15dPGJ2, 

GSK3787 and T0070907 were purchased from Cayman Chemical Company (Biomol, 

Hamburg, Germany). GW9662 was purchased either from Sigma-Aldrich or Enzo Life 

Sciences (Lörrach, Germany). Key findings were confirmed using different lots of GW9662 

obtained either from Sigma-Aldrich or Enzo Life Sciences. 

 

Cell culture 

Murine RAW264.7 and J774A.1 cells, as well as human THP-1 and U937 cells were 

obtained from ATCC (Manassas, VA). Cells were maintained as recommended by the 

supplier and cultured at 37 °C in a humidified 5 % CO2 air atmosphere. THP-1 and U937 

monocytes were differentiated into macrophages using 100 ng/ml phorbol-12-myristate-13-

acetate (PMA; Sigma-Aldrich) in the presence of 50 µM β-mercaptoethanol (Sigma-Aldrich) 

in RPMI 1640 medium (PAA, Cölbe, Germany) supplemented with 10 % fetal bovine serum 

(FBS) Gold (PAA) and antibiotics (PAA) for 96 h as previously described (Robenek et al., 
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2005). Murine cells were cultivated in DMEM high glucose medium (PAA) supplemented with 

10 % FBS and antibiotics according to supplier’s instructions. All cell lines were routinely 

tested for mycoplasma contamination using the mycoplasma detection kit PP-401 (Jena 

Bioscience, Jena, Germany) based on a PCR reaction. Cells were incubated with various 

compounds in serum-free medium with concentrations and for times as indicated in the 

figures. 

 

Isolation of mouse peritoneal macrophages 

Male C57BL/6J mice at the age of 27-34 weeks were purchased from Jackson Laboratories 

(Bar Harbor, ME). All animal procedures were approved by the Animal Care Committee of 

the federal state Thuringia (Germany). Mouse peritoneal macrophages were isolated as 

described previously (Zhang et al., 2008). Peritoneal macrophages were obtained by 

peritoneal lavage. For this, mice were anesthetized with isoflurane (DeltaSelect, Dreireich, 

Germany) and sacrificed with CO2. The abdomen was soaked with 70 % ethanol, opened 

and the peritoneal cavity was washed twice with 5 ml Hank`s balanced salt solution (HBSS) 

containing 500 µM EDTA. The liquid that includes peritoneal macrophages was extracted 

with a syringe and collected in an ice-cold tube. The suspension was centrifuged at 300 × g 

for 10 min at 4 °C; the pellet was resuspended in 2 ml RPMI 1640 medium supplemented 

with antibiotics and 10 % FBS, and cells were plated in 24-well-plates. Cells were incubated 

for 2 h at 37 °C in a humidified air atmosphere with 5 % CO2 and were then washed five 

times with medium to remove non-adherent cells (Kim et al., 2005). After resting the cells for 

further 24 h in serum-containing RPMI 1640 at 37 °C, the medium was replaced by serum-

free RPMI 1640 and macrophages were cultured in the presence or absence of compounds 

for the times and concentrations indicated. 

 

Isolation and maturation of peripheral blood mononuclear cells (PBMCs) 

Mononuclear cells were isolated from buffy coats obtained from peripheral blood of 

anonymized healthy male and/or female volunteers. Buffy coat blood was diluted 1:1 with 
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PBS (PAA), layered onto Lymphocyte Separation Medium (LSM) 1077 (1.077 g/ml; PAA; 

ratio 1:1) and centrifuged at 1200 × g for 20 min at 20 °C (Gruen et al., 2004). The PBMC 

containing interphase was collected, washed three times with PBS and resuspended in RPMI 

1640 containing 10 % FBS. Cells were plated in 25 cm² flasks in RPMI 1640 medium 

including supplementations. After 2 h at 37 °C in an air atmosphere containing 5 % CO2, 

adherent cells were washed twice with serum-free medium and were differentiated into 

macrophages for eight days in RPMI 1640 supplemented with antibiotics and 20 % human 

serum. PBMC-derived macrophages were then stimulated as indicated in the figures. 

 

RNA isolation and cDNA synthesis 

Preparation of samples was conducted according to established protocols (Schnoor et al., 

2009). Total RNA was prepared from cell lysates using RNeasy Mini Kit (Qiagen, Hilden, 

Germany) according to manufacturer’s instructions including an on-column DNAse I 

digestion (Qiagen) as previously reported (Stolle et al., 2007). Adequate RNA quality was 

assessed by agarose gel electrophoresis, and RNA was quantified photometrically. 

RevertAidTM First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany) was used 

for reverse transcription of mRNA into cDNA as previously described (Stolle et al., 2005; 

Maess et al., 2014). For each cDNA synthesis 5 µg of total RNA and 0.5 µg oligo(dT) primers 

were used. Finally, cDNA samples were diluted tenfold and stored at -30 °C prior to PCR 

analyses. 

 

Quantitative real-time RT-PCR (RT-qPCR) 

Primer pairs (Supplementary Tables S1 and S2) for RT-qPCR were designed using 

PrimerExpress software version 2.0.0 (Applied Biosystems, Weiterstadt, Germany) and were 

purchased from Invitrogen (Karlsruhe, Germany). Expression analyses by means of RT-

qPCR were performed with QuantiTect SYBR Green PCR Kit (Qiagen) on a LightCycler 480 

II instrument (Roche Diagnostics, Mannheim, Germany) as reported (Maess et al., 2010; 

Maess et al., 2014). PCR runs consisted of a pre-incubation at 95 °C for 15 min and 40 
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cycles of a two-step PCR comprising a denaturing phase at 94 °C for 15 s and a combined 

annealing and extension phase at 60 °C for 30 s. Following PCR, a melting curve was 

recorded to estimate purity of the PCR product. PCR results were analyzed using the 

LightCycler software release version 1.5.0.39 (Roche Diagnostics). The fit point algorithm of 

the LightCycler software was used to calculate Ct values. Fold changes were calculated 

using Microsoft Excel 2007. RPL37A and Ppib were used as reference genes for human and 

murine cell lines, respectively (Maess et al., 2010; Maess et al., 2011). Samples were 

prepared in biological replicates and analyses were performed as technical duplicates as 

indicated. 

 

Human PPAR Signaling 384 StellARray™ qPCR Arrays 

For profiling the regulation of gene expression by GW9662, the Human PPAR Signaling 384 

StellARray™ qPCR Arrays (Lonza, Basel, Switzerland) were used. Samples obtained from 

five independent experiments were pooled in equal proportions and RT-qPCR analyses were 

performed with QuantiTect SYBR Green PCR Kit (Qiagen) on a Roche LightCycler 480 II 

instrument as outlined previously (Maess et al., 2010), with slight modifications according to 

Lonza’s 384 StellARray™ qPCR Arrays manual. PCR runs consisted of a step for dissolving 

primers at 50 °C for 2 min, a pre-incubation step at 95 °C for 15 min and 40 cycles of a two-

step PCR comprised of a denaturing phase at 94 °C for 15 s and a combined annealing and 

extension phase at 60 °C for 30 s. Following PCR cycles, melting curves were recorded to 

validate specificity of the PCR. PCR results were analyzed using the LightCycler software 

release version 1.5.0.39 and obtained raw data were imported to Lonza Global Pattern 

Recognition™ (GPR) Data Analysis Tool for calculation of fold changes. HSP90AA1 

(cytosolic heat shock protein 90 kDa α, class A, member 1), HMOX1 (decycling heme 

oxygenase 1), SLC22A5 (solute carrier family 22 (organic cation/carnitine transporter) 

member 5), HRAS (v-Ha-ras, Harvey rat sarcoma viral oncogene homolog), NR2C1 (nuclear 

receptor subfamily 2, group C, member 1), MECR (mitochondrial trans-2-enoyl-CoA 

reductase), MED14 (mediator complex subunit 14), ELOVL3 (elongation of very long chain 
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fatty acids (FEN1/Elo2, SUR4/Elo3, yeast)-like 3) and UBC (ubiquitin C) were identified as 

stably expressed by GPR Data Analysis Tool and the geometric mean of these reference 

genes was used for normalization as recommended by the GPR Data Analysis Tool and 

following the instructions of the manufacturer. 

 

Data retrieval 

Regulatory signaling pathways and biological functions were assigned to genes whose 

expression was measured using Human PPAR Signaling 384 StellARray™ qPCR arrays as 

illustrated in Supplementary Table S3. For this assignment, NCBI, KEGG, Reactome and 

ARIADNE Genomic databases were systematically searched; information for assignment 

was collected and filtered manually. Gene names and their synonyms were retrieved from 

these databases. Genes were finally categorized manually according to their regulation of 

expression using a cut-off of 1.5 into ‘up-regulated’, ‘down-regulated’, ‘unchanged’ and ‘not 

expressed/detected’ and their role in metabolic and regulatory pathways. 

 

Western blot analysis 

Preparation of samples and Western blotting were conducted as previously reported (Wallert 

et al., 2015), but the transfer buffer contained 0.25 M Tris, 1.92 M glycine, 1 % SDS and 20 

% methanol (pH 8.3). Cells were harvested using a non-denaturing buffer (50 mM Tris-HCl, 

0,5 % Nonidet P40, 250 mM NaCl, 5 mM EDTA, 50 mM NaF, 0,5 mM Na3VO4) containing 1 

% protease inhibitor (Abcam, Cambridge, UK) and were processed for Western blotting. 

Antibody against PLIN2 (mouse anti-adipophilin clone AP125) was purchased from Progen 

(Heidelberg, Germany) and against α-tubulin (mouse anti-α-tubulin clone B-5-1-2) from 

Sigma-Aldrich. Secondary antibody (rabbit anti-mouse labeled with horseradish peroxidase) 

was from DAKO (Hamburg, Germany). For enhancing chemoluminescence signals for PLIN2 

SignalBoostTM Immunreaction Enhancer Kit (Calbiochem, Darmstadt, Germany) was used. 

For detection, Pierce ECL Western Blotting Substrate and CL-XPosureTM Films (Thermo 

Scientific, Rockford, IL) were applied. Blots were analyzed densitometrically using ImageJ 
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software version 1.4.3.67 (National Institutes of Health, Bethesda, MD, USA). 

 

Fluorescence microscopy 

Cells were cultured on coverslips as described above and incubated with compounds as 

indicated in the figures. After washing with PBS, cells were fixed with 4 % paraformaldehyde 

in PBS and processed according to established protocols (Buers et al., 2009). The primary 

antibody against PLIN2 (Progen mouse anti-adipophilin clone AP125) was diluted 1:500 and 

the secondary antibody (Alexa Fluor 555 goat anti-mouse; Invitrogen, Darmstadt, Germany) 

was used in a dilution of 1:200. Nuclei were stained using Hoechst Dye 33258 (Invitrogen) in 

a 1:10 dilution. Confocal images were acquired with a Zeiss LSM 510 confocal laser-

scanning microscope (Jena, Germany); files were processed using Zeiss LSM Image 

Browser software version 3.1 and fluorescence intensity was quantified using ImageJ 

software version 1.4.3.67. 

 

Measurement of cellular triglyceride and cholesterol content 

Mature THP-1 macrophages were incubated in the absence or presence of 10 µM GW9662 

for 24 h and 48 h. Cells were harvested with 5 % Triton X-100 (Sigma-Aldrich) in H2O and 

prepared for enzymatic triglyceride and cholesterol analysis as follows. The cell suspension 

was sonicated three times on ice (Bandelin electronic Sonopuls GM70, Berlin, Germany). An 

aliquot was taken for protein quantification using BCA Protein Assay (Thermo Scientific). 

Remaining samples were heated to 80 °C for 10 min, incubated under slight shaking at that 

temperature for further 5 min, and rested at room temperature for cooling down. This process 

was repeated twice before samples were centrifuged. For analyzing triglyceride and 

cholesterol content, CHOD-PAP Kit from Roche Diagnostics and Triglyceride Assay Kit 

(Cayman Chemical Company) were applied according to manufacturer’s instructions. 

Absorption was measured at 544 nm on a FLUOstar OPTIMA instrument (software version 

2.10 R2, BMG Labtech, Ortenberg, Germany). Total cholesterol and triglyceride levels were 

normalized to intracellular protein amount. 
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Measurement of lipogenesis by 14C-acetate incorporation in macrophages 

For investigating the influence of GW9662 on lipid synthesis, mature THP-1 macrophages 

seeded into a 12-well-plate were incubated with 10 µM GW9662 or solvent for 20 h and with 

0.5 µCi/ml 14C-labelled sodium acetate (Hartmann Analytic, Braunschweig, Germany) 

(specific activity of 57 mCi/mmol) for another 4 h in serum-free RPMI 1640 medium 

containing 50 µM β-mercaptoethanol, 100 ng/ml PMA, 0.25 % free fatty acid-free BSA 

(Sigma-Aldrich), 500 pM biotin (Sigma-Aldrich) and 50 µM L-carnitin (Sigma-Aldrich). As 

negative control, cells were stimulated with 50-100 µM C75 (Sigma-Aldrich) for 6 h to inhibit 

fatty acid synthesis. All samples were performed and analyzed in duplicates. After 

incubation, cells were washed three times with ice-cold HEPES/Ca2+ buffer (pH 7.4) and 

harvested using 0.2 ml of 50 mM Tris buffer (pH 7.5) (AppliChem, Darmstadt). After adding 

0.5 ml methanol (AppliChem) and 0.25 ml chloroform (Sigma-Aldrich) for lipid extraction, 

samples were thoroughly mixed and incubated for 15 min at room temperature. Then, 0.25 

ml chloroform and 0.25 ml 0.1 M potassium chloride (Sigma-Aldrich) were added. To 

enhance extraction of free fatty acids, pH of samples was lowered by adding 2 µl 1 M citric 

acid (Sigma-Aldrich). Samples were incubated for 5 min at room temperature and centrifuged 

for 5 min at 400 × g for phase separation. After transferring the lower phase, chloroform was 

vaporized, and lipids were solubilized with 0.5 ml 1 % Triton X-100. After adding scintillation 

cocktail (Carl Roth, Karlsruhe, Germany), radioactivity was measured using a Liquid 

Scintillation Counter LSC Wallac 1410 (Pharmacia, Wallac, Turku, Finland) and the amount 

of incorporated 14C-acetate was determined. Protein content of cell lysates was analyzed 

using the Lowry method, and 14C-acetate incorporation was normalized to protein content. 

 

Flow cytometric analysis of apoptosis and necrosis 

To investigate whether THP-1 macrophages were undergoing apoptosis and necrosis in 

response to GW9662, cells were incubated with increasing doses of GW9662 as indicated in 

Supplementary Fig. S1 and stained with annexin V and 7-aminoactinomycin D (7-AAD) (BD 
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Biosciences, Heidelberg, Germany). In brief, after detaching cells with Accutase I (PAA), 

cells were washed twice with ice cold PBS and incubated in binding-buffer containing 

annexin V and 7-AAD for 15 min in the dark. Samples were then diluted with binding buffer. 

Positive cells were analyzed flow cytometrically using a Beckman Coulter EPICS XL-MCL 

(Krefeld, Germany) and quantified using WinMDI software version 2.8 (Scripps Research 

Institute, La Jolla, CA, USA).  

 

Transfection 

THP-1 monocytes were differentiated for 24 h using 100 ng/ml PMA in the presence of 50 µM 

β-mercaptoethanol in RPMI 1640 medium supplemented with 10 % FBS and antibiotics. Pre-

mature THP-1 cells were detached using Accutase I. Transfection was performed using 

Lonza’s Human Monocyte Nucleofector Kit. Here, cells were resuspended in Nucleofector 

solution and transferred to a Nucleofector cuvette together with 0.25 µg of silencer select 

siRNA (either s10880 PPARA, s10883 PPARD, s10888 PPARG or silencer select negative 

control #2 siRNA, Life Technologies, Darmstadt, Germany). Nucleofection was carried out 

using program Y-001 in a Nucleofector 2b device. Next, cells were transferred to Lymphocyte 

Growth Medium-3 (LGM-3, Lonza) supplemented with 1 % (v/v) non-essential amino acids 

(Lonza), 1 % (v/v) sodium pyruvate (Sigma-Aldrich) and 1 % human serum (Sigma-Aldrich) 

for 6 h allowing reattachment. Subsequently medium was replaced by Lymphocyte Growth 

Medium-3 (LGM-3) supplemented with 1 % (v/v) non-essential amino acids, 1 % (v/v) sodium 

pyruvate and 0.1 % human serum. Cells were incubated 72 h after transfection with GW9662 

or vehicle for additional 24 h and subsequently harvested for RT-qPCR analysis as 

described. Transfection efficiency was determined after the 24 h incubation period by RT-

qPCR (Supplemental Fig. 14). 

 

Data presentation and statistical analyses 

Data are presented as means ± standard error of the mean (SEM) by circles. Data of the 

respective individual independent experiments are represented by squares to provide 
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information on variability of the data. Experiments were performed at least three times. In the 

case of high variability in the results, additional biological replicates were performed in order 

to generate a meaningful result. Information on the times an experiment was performed are 

given in the respective figure legends and the group sizes are always equal within the 

experiment and resemble the times the experiment was performed.  

RT-qPCR data was analyzed based on the 2-ΔΔct method with controls set to 1 in each 

independent experiment. Presentation of individual data points (squares) was thus omitted 

for controls in RT-qPCR experiments.  

Statistical analyses aim at the description of differences in the mean effect of treatments in 

individual experiments and were performed using OriginLab’s OriginPro 9.1G. Appropriate 

statistical tests were chosen based on the experimental design and are indicated in the 

respective figure legends. p-values < 0.05 were considered as statistically significant. In 

diagrams, the increments of statistical significance were denoted as follows: *, #, $, p < 0.05; 

**, ##, $$, p < 0.01; ***, ###, $$$, p < 0.001. 
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Results 

 

While screening for potential PPARγ agonist activity of selected natural compounds we 

intended to use PLIN2, a known PPARγ target gene (Gupta et al., 2001; Hodgkinson and Ye, 

2003), as a readout. Blocking experiments using the widely used selective PPARγ antagonist 

GW9662 would confirm that regulation of PLIN2 mRNA expression by a compound of 

interest is mediated via PPARγ. Surprisingly, GW9662 exhibited unexpected effects on the 

expression of PLIN2 and other PPARγ target genes. Instead of blocking the expression of 

PLIN2 in THP-1 macrophages, the expression was induced by GW9662 at concentrations 

and under conditions widely used in studies published so far (Lea et al., 2004; Kourtidis et 

al., 2009). Therefore, we decided to investigate this phenomenon more systematically. 

 

GW9662 does not block up-regulation of PLIN2 expression by rosiglitazone and 

15dPGJ2 

Before starting to investigate the PPARγ participation in the signaling of the natural 

compounds of our interest, we conducted a proof-of-concept, i.e. the combination of well-

known PPARγ agonists with GW9662 and the use of known PPARγ target genes as readout. 

PLIN2 is a member of the family of PAT (perilipin, adipophilin and TIP47) proteins, and is one 

of the best investigated proteins involved in lipid storage in macrophages (Bickel et al., 

2009). It has been shown to be regulated by PPARγ in macrophages (Hodgkinson and Ye, 

2003). The scavenger receptor CD36 is pivotal in promoting macrophage foam cell formation 

(Nicholson and Hajjar, 2004), and is also a well-known PPARγ target gene (Chawla et al., 

2001; Moore et al., 2001). Consequently, expression of PLIN2 and CD36 is induced by 

PPARγ ligands, such as rosiglitazone and 15dPGJ2 (Chawla et al., 2001; Hodgkinson and 

Ye, 2003). The confirmed PPARγ antagonist GW9662 (Leesnitzer et al., 2002; Seimandi et 

al., 2005) should block this induction. We therefore investigated the effect of GW9662 on 

rosiglitazone- and 15dPGJ2-induced expression of PLIN2 and CD36. 

THP-1 macrophages were pretreated with 10 µM GW9662 in serum-free medium for 1 h 
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before incubating the cells with synthetic or natural PPARγ agonists rosiglitazone and 

15dPGJ2 for further 24 h. After harvesting the cells, total RNA was isolated and transcribed 

into cDNA for measuring relative mRNA expression levels of PLIN2 and CD36 using RT-

qPCR. As expected, both 5 µM rosiglitazone and 5 µM 15dPGJ2 significantly induced the 

expression of PLIN2 mRNA to the 2.0-fold (p < 0.05) and to the 7.7-fold (p < 0.001), 

respectively (Figs. 1A and 1B, top). Similarly, as shown in Figs. 1A and 1B (middle) 

expression of CD36 was significantly increased to the 3.5-fold (p < 0.01) and to the 7.8-fold 

(p < 0.001), respectively. Expression of the reference gene RPL37A was not affected and 

was used for normalization (Figs. 1A and 1B, bottom). Surprisingly, treatment of THP-1 

macrophages with 10 µM GW9662 significantly increased expression of PLIN2 and CD36 to 

more than the 2.1-fold (p < 0.05 and p < 0.01, respectively; Figs. 1A and 1B, top and middle). 

Further data shown in Figs. 1A and 1B (top and middle) illustrate that pretreatment with 10 

µM GW9662 neither did abolish the effect of rosiglitazone nor of 15dPGJ2. Instead of 

repressing PPARγ ligand-induced expression of PLIN2 and CD36, GW9662 pretreatment 

significantly enhanced the effect of rosiglitazone (Fig. 1A) but did not alter induction by 

15dPGJ2 (Fig. 1B). Interestingly, the synergistic effects were not limited to rosiglitazone but 

also observable for troglitazone. Troglitazone increased PLIN2 and CD36 gene expression 

like rosiglitazone and 15dPGJ2, and GW9662 did not block the effect (Supplementary Fig. 

S2). Pretreatment of THP-1 macrophages with GW9662 as well as incubating the cells in 

combination with agonist and antagonist at the same time for 24 h also led to augmented 

levels of PLIN2 mRNA (Supplementary Fig. S3). Having identified the unexpected property of 

GW9662 to stimulate the expression of known PPARγ target genes, we aimed at the 

characterization of this effect. This is of interest as GW9662 is widely used in scientific 

studies that do not necessarily resemble our initial setup. 

 

Concentration-dependent activation of PLIN2 expression by GW9662 

Concentration-dependency was investigated to obtain further insights into the dynamics of 

the regulation of PLIN2 expression by GW9662. THP-1 cells were therefore treated with 
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different concentrations of GW9662 for 24 h as indicated in Supplementary Fig. S4. 

Stimulation with a concentration of 1 µM GW9662 already significantly induced PLIN2 mRNA 

expression in THP-1 macrophages to the 2.2-fold compared to controls (p < 0.001). This 

effect was augmented further with increasing concentrations up to the 3.2-fold (p < 0.001 at 5 

to 50 µM for 24 h). These findings indicate that upregulation of PPARγ target genes is a 

robust effect in different experimental setups. However, we used GW9662 at a concentration 

of 10 µM for further experiments, since this concentration revealed reproducible results and 

is a commonly used concentration in published scientific studies (Lea et al., 2004; Kourtidis 

et al., 2009). As GW9662 reliably induces PPARγ target genes and is thus not usable for 

blocking experiments, we were interested in the PPARγ antagonist 2-chloro-5-nitro-N-4-

pyridinyl-benzamide (T0070907) (Lee et al., 2002) with inverse agonist properties (Lee et al., 

2002; Brust et al., 2018) as an alternative. However, incubation with 1 µM T0070907 for 24 h 

induced PLIN2 mRNA expression in THP-1 macrophages to the 1.4-fold compared to 

controls and this induction increased with higher concentrations up to the 2.5-fold as shown 

in Supplementary Fig. S5. Thus, T0070907 has similar effects as GW9662 on PLIN2 gene 

expression and is neither an alternative for GW9662 nor a useful tool to further characterize 

GW9662’s effects in our setup. 

 

PLIN2 mRNA expression is induced by GW9662 in human and mouse macrophages 

Since GW9662 is often used to confirm PPARγ-mediated effects and no comparable effects 

to our observations have been reported (to the best of our knowledge), we considered a 

THP-1 cell specific ‘artifact’ as possible explanation. Thus, we examined PLIN2 and CD36 

mRNA expression in primary macrophages and in other macrophage cell lines of human and 

murine origin in response to GW9662. For these studies, we incubated different human 

macrophage cells (THP-1, U937 and primary macrophages) as well as different mouse 

macrophages (RAW264.7, J774A.1 and primary peritoneal macrophages) with 10 µM 

GW9662 for 24 h in serum-free medium and compared expression of PLIN2/Plin2 and 

CD36/Cd36 with controls cultured in serum-free medium in the absence of GW9662. Except 
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for RAW264.7 cells, GW9662 induced expression of PLIN2/Plin2 mRNA in every cell type 

investigated at least to the 1.9-fold as shown in Figs. 2A and 2B (top; p < 0.05 for THP-1, 

U937 and J774.A1). In contrast, the effect of GW9662 on CD36/Cd36 mRNA expression was 

more inconsistent. While expression of CD36/Cd36 mRNA tended to be increased in U937 

cells and was significantly increased in THP-1 macrophages as well as in peritoneal 

macrophages and J774A.1 to the 3.2-fold (p < 0.05; Fig. 2A, middle), to the 2.0-fold (p < 

0.05; Fig. 2B, middle) and to the 1.18-fold (p < 0.05), respectively, expression of CD36/Cd36 

in human PBMCs and murine RAW264.7 was not affected. Expression of the reference 

genes RPL37A and Ppib remained unchanged in all experiments (Figs. 2A and 2B, bottom). 

Consequently, the effect of GW9662 is not restricted to THP-1 cells but is also observed in 

other human and murine macrophage-like cells as well as in primary human macrophages 

and mouse peritoneal macrophages. 

 

GW9662 induces PLIN2 mRNA consistently and comparable to synthetic and natural 

PPARγ agonists 

To confirm that our observations do not depend on lot or supplier, GW9662 from two different 

distributors and in two lots of a single renowned distributor were tested. Consistently, PLIN2 

mRNA expression was induced in mature THP-1 macrophages after treatment with 10 µM 

GW9662 for 24 h in all cases. However, fold changes varied between experiments performed 

with GW9662 from different lots between about 3- and 6-fold (Supplementary Fig. S17). Most 

strikingly, in some experiments the ability of GW9662 to induce PLIN2 mRNA and protein 

levels was comparable to that of the PPARγ agonists rosiglitazone and 15dPGJ2 (Figs. 3A 

and 3B). In case of CD36, GW9662 was almost as potent as 15dPGJ2 to induce CD36 

mRNA expression but was less potent than rosiglitazone (Fig. 3A). However, as mentioned 

above, results for the impact of GW9662 on CD36 expression were inconsistent. 
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PLIN2 protein levels in THP-1 macrophages are elevated by GW9662 

Given the reliable induction of PLIN2 gene expression by GW9662 in different setups and 

different cell lines, we were interested whether this effect is mirrored on the protein level. 

This would point to further, likely more complex, changes in cellular functions by GW9662. 

Western blot analyses confirmed indeed that PLIN2 protein levels were significantly 

increased in THP-1 macrophages to about the 1.9-fold (p < 0.05) after 24 h and to about the 

1.4-fold (p < 0.05) after 48 h of treatment with 10 µM GW9662 compared to the respective 

controls (Figs. 4A and 4B). For immunoblotting, PLIN2 was evaluated densitometrically and 

normalized to α-tubulin. The expression of α-tubulin was not affected by GW9662 (Fig. 4A). 

Immunofluorescence staining further supports our notion that GW9662 significantly induced 

PLIN2 protein in THP-1 macrophages compared to non-treated controls (p < 0.01; Figs. 4C 

and 4D). As with the effect of T0070907 on gene expression of PLIN2, we were interested if 

the alternative PPARγ antagonist exerts comparable effects to GW9662 on the protein level. 

Western blot analyses confirmed that PLIN2 protein levels were slightly increased in THP-1 

macrophages after 24 h and 48 h of treatment with 10 µM T0070907 (Supplementary Fig. 

S6). Thus, T0070907 apparently exerts less unwanted effects on the protein level and might 

be a usable alternative to GW9662 in some experimental setups. 

 

GW9662 affects expression of several other PPAR target genes 

Since we demonstrated that GW9662 unexpectedly induces the expression of PLIN2 and 

CD36 mRNA (as well as PLIN2 protein), we were interested whether and how GW9662 

affects the expression of other PPAR target genes. For this purpose, we used Lonza Human 

PPAR Signaling 384 StellARray qPCR arrays. These arrays allow the measurement of the 

expression of 384 genes that are either regulated by the PPAR subtypes (PPARα, PPARβ/δ 

and PPARγ) themselves, are PPAR interacting partners, or serve as controls (HsGenomic 

and Hs18s) and reference genes (nine most stably expressed genes). 

For profiling analyses, THP-1 macrophages were treated for 24 h either with solvent only as 

control or 10 µM GW9662. Samples obtained from five independent experiments were 
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pooled in equal proportions and relative changes in expression were measured using RT-

qPCR. Results were normalized to the nine most stably expressed reference genes as 

selected by the Lonza Global Pattern Recognition algorithm. Genes were grouped according 

to their regulation into ‘up-regulated’, ‘down-regulated’ and ‘unchanged’ (Supplementary 

Table S4). For this, a fold change of 1.5 was set as cut-off as recommended by the supplier. 

Genes which were not detected are listed separately as ‘not expressed/not detectable’’ 

(Supplementary Table S3). As shown in Supplementary Fig. S7A, expression of most of the 

genes (47.4 %) remained unchanged by GW9662, whereas expression was up-regulated for 

26.6 % and down-regulated for 16.9 % of the genes. For 9.1 % of the genes no expression 

was detectable. 

As illustrated in Supplementary Fig. S7B, most of the genes with expression altered by 

GW9662 in THP-1 macrophages are involved in lipid and glucose metabolism, immune and 

inflammatory response, as well as signal transduction and transcription. In more detail 

(Supplementary Fig. S8), genes affected by GW9662 are involved in (i) glucose transport, 

such as sorbin and SH3 domain containing 1 (SORBS1), protein phosphatase 2α 

(PPP2R1A), and insulin receptor (INSR), (ii) in glycolysis, such as pyruvate dehydrogenase 

kinase 4 (PDK4), (iii) lipid uptake, such as CD36, oxidized low-density lipoprotein receptor 1 

(OLR1) and low-density lipoprotein receptor (LDLR), (iv) lipid transport, such as fatty acid 

transport members 1 and 2 of the solute carrier family 27 (SLC27A1 and SLC27A2), and 

FABP2 to FABP4, (v) lipid storage, such as PLIN2, and (vi) lipogenesis, such as stearoyl-

CoA desaturase (SCD), acetyl-coenzyme A carboxylase α (ACACA) and members 3 to 5 of 

the acyl-CoA synthetase long-chain family (ACSL3 to ACSL5). Further, pro-inflammatory 

genes, such as cytosolic phospholipase A2 (PLA2G4A), interleukin 1β (IL1B), prostaglandin 

E receptor 2 (PTGER2), and inducible nitric oxide synthase 2 (NOS2) are also induced by 

GW9662. 

The results of the array nicely show that the effects of GW9662 go far beyond the initially 

observed regulation of PLIN2 and CD36. Interestingly, these genes are members of the most 

affected functional category, the lipid metabolism. Taken together, GW9662 influences genes 
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in all classical PPAR related metabolic pathways (lipid metabolism, glucose metabolism, 

immunity and inflammation) (Clark, 2002; Wang, 2010). This indicates that use of GW9662 

affects cellular metabolism in different ways and thus applicability of GW9662 should be 

carefully evaluated in different experimental setups.  

 

GW9662 induces triglyceride accumulation in THP-1 macrophages 

According to the expression profiling, GW9662 regulates a variety of genes implicated in lipid 

metabolism. We were therefore interested if subsequent functional consequences occur. The 

choice of an appropriate readout was based on our finding that PLIN2 is regulated at the 

protein level by GW9662. PLIN2 has been shown to be involved in the import and storage of 

cholesterol and fatty acids (Paul et al., 2008). Together with the observation that more lipid 

droplet-like structures appear in GW9662-treated THP-1 macrophages compared to controls, 

we decided to investigate whether GW9662 induces the accumulation of lipids, in particular 

of triglycerides. Therefore, we analyzed the intracellular content of triglycerides and total 

cholesterol. In good agreement with our findings reported above, 10 µM GW9662 increased 

triglyceride levels in THP-1 macrophage cells by 27 percent compared to control after 24 h (p 

< 0.01). However, after 48 h no significant effect compared to the respective control was 

observed (Fig. 5, left). In contrast, the total cellular cholesterol content was altered by 

GW9662 neither after 24 h nor 48 h (Fig. 5, right). 

 

GW9662 raises lipogenesis in THP-1 macrophages 

The expression profiling revealed that several genes implicated in lipogenesis are 

upregulated by GW9662. Therefore we analyzed lipogenesis in THP-1 macrophages to gain 

deeper insight into the molecular causes for the increased intracellular total triglyceride 

content. Mature macrophages were incubated with 10 µM GW9662 for 24 h and with 14C-

acetate for 4 h. We found a 34 % increased incorporation of 14C-acetate (p < 0.001) 

compared to controls cultured in the absence of GW9662 (Fig. 6). As a negative control C75, 

an inhibitor of fatty acid synthesis, was used at concentrations of 50 µM or 100 µM for 6 h. 
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C75 inhibited 14C-acetate incorporation to approximately 70 % of control (Supplementary Fig. 

S15). The findings are in good agreement with the observed increased intracellular 

triglyceride content by GW9662 (Fig. 5) and the results obtained from mRNA expression 

analyses using Lonza Human PPAR Signaling 384 StellARray qPCR arrays (Supplementary 

Table S3 as well as Supplementary Figs. S7 to S9). Taken together, GW9662 treatment 

leads to substantial changes in macrophage lipid metabolism, as shown by alterations in 

gene regulation leading to higher levels of lipid synthesis and storage in consequence. 

 

PPARδ mediates the effects of GW9662 on PLIN2 and CD36 expression in THP-1 

macrophages 

The treatment of THP-1 macrophages with GW9662 leads to substantial changes in cellular 

metabolism, particularly in lipid metabolism. Thus, the underlying mechanism of action is of 

special interest to assess the applicability of GW9662 in certain experimental setups. 

Previous studies using GW9662 revealed that this compound is not entirely specific for 

PPARγ (Leesnitzer et al., 2002). Hence, the interaction of GW9662 with other PPAR 

subtypes or nuclear receptors is a possible reason for the unexpected effects reported here. 

To reveal a possible role of the distinct PPAR subtypes in the observed regulation of PLIN2 

and CD36, small interfering RNA (siRNA) was used to knockdown each PPAR subtype in 

THP-1 macrophages. For this purpose, THP-1 monocytes were differentiated for 24 h using 

PMA. Resulting THP-1 macrophages were transfected with either negative control siRNA or 

siRNA for each PPAR subtype (and transfection efficiency was verified (Supplementary Fig. 

S14)). The macrophages were allowed to recover for 72 h and were then incubated with 10 

µM GW9662 or vehicle for 24 h. The expression of PLIN2 and CD36 was induced by 

GW9662 in all transfected cells. However, the extent of the induction of PLIN2 and CD36 

expression by GW9662 was significantly lowered in the PPARδ-depleted cells. PLIN2 was 

merely induced to the 2.5-fold compared to the respective control in PPARδ-depleted cells, 

whereas an increase to the 4.7-fold in cells transfected with negative control siRNA or with 

PPARα siRNA, and an increase to the 4.2-fold over the respective control was observed in 
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PPARγ-depleted cells (Fig. 7). Similarly, CD36 expression was induced only to the 1.8-fold 

by GW9662 in PPARδ-depleted cells but to the 2.7-, 2.8-, and 3.7-fold in control cells 

transfected with negative control siRNA, PPARα or PPARγ knockdown, respectively (Fig. 7). 

Thus, PPARδ knockdown significantly impairs the effect of GW9662 on PLIN2 (p < 0.05) and 

CD36 (p < 0.05; p < 0.0565 for negative control siRNA) expression in THP-1 macrophages. 

The knockdown experiments provide evidence that PPARδ is involved in the effects of 

GW9662 on PLIN2 and CD36 expression. However, PPARδ knockdown did not completely 

abolish the induction of target genes by GW9662. Thus, there might be remaining activity of 

PPARδ or further regulatory proteins that might be affected by GW9662. However, to verify 

the contribution of PPARδ to the effects of GW9662, a chemical antagonist was used to 

block PPARδ activation. Mature THP-1 macrophages were therefore pre-incubated with 1 

µM of the PPARδ antagonist 4-chloro-N-[2-[[5-(trifluoromethyl)-2-

pyridinyl]sulfonyl]ethyl]benzamide (GSK3787) (Shearer et al., 2010) for 1 h and GW9662 

was added for additional 24 h. Further, cells were treated with GSK3787 or GW9662 alone 

for 24 h. The PPARδ antagonist GSK3787 itself induced PLIN2 expression to the 1.5-fold. As 

expected, GW9662 induced PLIN2 expression to the 3-fold. Pre-incubation with GSK3787 

completely abolished the effect of GW9662, as the induction to the 1.4-fold over control 

shows (Fig. 8). Similarly, GSK3787 induced CD36 expression to the 1.8-fold, while GW9662 

induced the expression to the 1.4-fold and in combination, merely an induction to the 1.5-fold 

was found (Fig. 8). Taken together, we provide convincing evidence that the unexpected 

effects of GW9662 on the expression of the PPAR target genes PLIN2 and CD36 are 

mediated at least in part by the ability of GW9662 to directly or indirectly activate PPARδ.  
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Discussion 

We identified PPARδ as mediator of the unexpected effects of the well-known PPARγ 

antagonist GW9662 on lipid metabolism in human and murine macrophages. The off-target 

action of GW9662 was confirmed in pharmacological antagonist experiments as well as in 

studies with siRNA-mediated knockdown of PPARδ. The awareness of the PPARδ-activating 

properties of GW9662 requires a reinterpretation of results obtained using GW9662 in 

previous studies. 

Initially, we used GW9662 with the intention to show the reported regulatory function of 

PPARγ on PLIN2 (Buechler et al., 2001; Fan et al., 2009) and CD36 (Chawla et al., 2001; 

Moore et al., 2001; Tontonoz et al., 1998) expression in macrophages. Surprisingly, GW9662 

induced the expression of these genes comparable to synthetic (rosiglitazone) and natural 

(15dPGJ2) PPARγ agonists (Figs. 1 and 3). Moreover, the combination of GW9662 with 

rosiglitazone even enhanced target gene expression (Fig. 1A), indicating a rather unlikely 

PPARγ-activating property of GW9662 or the activation of one or more PPARγ-independent 

signaling pathways. Therefore, GW9662 is not usable to elucidate PPARγ-mediated effects 

in macrophages. This observation leads to the question about the causes for the 

unexpected, even opposite, action of the accepted and frequently used PPARγ antagonist 

GW9662 in macrophages. 

In order to address this question, known properties of the PPAR family were taken into 

consideration: The affinity of the PPAR subtypes for ligands is thought to be mainly 

determined by the size of the ligand-binding pocket (Bugge and Mandrup, 2010). 

Consequently, small molecules like GW9662 potentially bind to all PPAR subtypes. Further, 

the DNA-binding domains of the PPAR subtypes show a high structural and sequence 

homology (Escher and Wahli, 2000), thus most PPAR target genes are regulated by all three 

subtypes. Based on this, we performed combinatory experiments with synthetic PPARα and 

PPARδ antagonists. The PPARδ antagonist GSK3787 completely abolished the induction of 

PLIN2 and CD36 gene expression by GW9662 (Fig. 8), while the PPARα antagonist 
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GW6471 did not (Supplemental Fig. S10). Moreover, we verified the contribution of PPARδ 

but not PPARα or PPARγ to the effects of GW9662 via siRNA-mediated knockdown of the 

PPAR subtypes (Fig. 7). These findings are in line with studies reporting the contribution of 

PPARδ to PLIN2 (Chawla et al., 2003; Fan et al., 2009) and CD36 (Li et al., 2004; Bojic et 

al., 2012) expression. 

The proposed ability of GW9662 to bind to all PPAR subtypes (vide supra) has indeed been 

shown. Although GW9662 was identified as a potent antagonist of PPARγ, it also covalently 

modifies PPARα and PPARδ at higher concentrations (Leesnitzer et al., 2002). 

Notwithstanding the differences in the affinity of GW9662, the effects observed in this study 

are mediated by PPARδ. This is likely reasoned by the abundant expression of PPARδ, a 

hallmark of THP-1 cell differentiation ((Vosper et al., 2001) and Supplementary Fig. S16). 

The resulting predominance of PPARδ in THP-1-derived macrophages (as well as in the 

other macrophage cell lines in this study; Supplementary Table S6) likely favors the effects of 

GW9662 via PPARδ over PPARγ and PPARα. This assumption is supported by the fact that 

differential tissue distribution is one main factor of subtype-specific effects of PPARs (Bugge 

and Mandrup, 2010). Concerning subtype distribution in macrophages, no effect of GW9662 

treatment was observed (Supplementary Fig. S11). The induction of PPAR target genes by 

GW9662 as well as the blocking by a PPARδ antagonist suggests that GW9662 acts 

predominantly as a PPARδ agonist in macrophages. Contradictory to this, GW9662 has 

initially been characterized as an antagonist of PPARδ using a PPARδ (LBD)-GAL4 chimera-

based assay (Leesnitzer et al., 2002) and was later confirmed with a similar approach 

(Leesnitzer et al., 2002; Seimandi et al., 2005). Interestingly, the authors of the initial study 

were not able to confirm the PPARδ antagonism in an assay based on the full-length 

receptor and a luciferase reporter. Here, even an activation of PPARδ was observed 

(Leesnitzer et al., 2002), indicating that GW9662 is indeed able to activate gene expression 

via PPARδ in ‘native’ cellular systems like THP-1 macrophages. A recent report supports the 

notion of different effects in artificial and ‘native’ systems (Brust et al., 2018). While GW9662 

shows no effect in a cell-based full-length PPARγ luciferase assay, the expression of the 
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PPARγ target genes FABP4 and CD36 tends to be increased by GW9662 in ‘native’ 

adipocyte-like cells (Brust et al., 2018). In line with these findings, GW9662 acted as a 

reliable inducer of PLIN2 gene expression even in low concentrations (1 µM) in our hands 

(Supplementary Fig. S4). Summarizing the above delineated results, we propose that 

GW9662 directly activates PPARδ in macrophages but do not prove this interaction 

experimentally. Thus, based on our data, we cannot completely rule out that GW9662 

induces a signaling cascade that finally leads to PPARδ activation. In this context, the 

increased production of endogenous PPARδ ligands via the COX pathway (Gupta et al., 

2000) is unlikely, as GW9662 does not affect gene expression of COX1 and COX2 

(Supplementary Fig. S12B). However, the elucidation of a potential signaling pathway 

indirectly activating PPARδ goes beyond the scope of this single work. 

Notwithstanding that the mechanism of PPARδ activation by GW9662 is not fully elucidated, 

our data convincingly demonstrate that GW9662 causes notable effects in macrophage cell 

models and may thus provoke erroneous interpretation of experimental data (especially with 

respect to the contribution of PPARγ). Administration of GW9662 to macrophages leads to 

remarkable changes in the expression of PPAR target genes. About 44 % of the target genes 

included in our profiling were regulated. This profiling analysis allows the attribution of these 

genes to PPAR subtypes (Supplementary Table S4). However, an unambiguous assignment 

is not possible. The expression of PPAR target genes is undoubtedly dependent on the 

differential expression of the PPAR subtypes in cells, and besides that from the ‘setting’ of 

the target sites like chromatin modification and the combination of other transcription factors, 

which is highly cell-type-specific (Nielsen et al., 2006).  

For this reason, the expression profiling data should be interpreted as PPAR-mediated 

effects in general rather than subtype-specific effects. Given the identification of PPARδ as 

mediator of PLIN2 and CD36 regulation, most of the genes in the array are likely also 

regulated via activation of PPARδ by GW9662. Although the predominance of PPARδ in 

THP-1 macrophages supports this assumption, we cannot give final proof. However, there 

are substantial changes in PPAR target gene expression induced by GW9662. These genes 
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are involved in immunity and inflammation, signal transduction and transcription as well as 

glucose metabolism and particularly lipid metabolism (Supplementary Table S5 and Fig. S7). 

More than half of the genes implicated in lipid metabolism included in the array were 

regulated by GW9662. In addition to PLIN2 (lipid storage) and CD36 (lipid import), further 

genes involved in the import, transport, storage, and export of lipids as well as β-oxidation 

and lipogenesis are affected. Most of the upregulated genes can be assigned to lipid import, 

lipid transport and lipogenesis (Supplementary Fig. S8). Consequently, accumulation of fatty 

acids, and thus their storage form triglycerides, in the cell caused by GW9662 can be 

expected. In particular the upregulation of acetyl-coenzyme A carboxylase α as the rate-

limiting enzyme in fatty acid synthesis (Tong and Harwood, 2006) is noteworthy. This 

enzyme catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, which is not only a 

substrate for fatty acid biosynthesis but also known to suppress β-oxidation (Tong and 

Harwood, 2006). Thus, synthesis and storage of fatty acids is more likely than degradation. 

Indeed, we have shown that GW9662 enhances lipogenesis from 14C-acetate in THP-1 

macrophages (Fig. 6). The increased lipogenesis necessitates the storage (or export) of the 

resulting free fatty acids to prevent potential harmful lipotoxic effects. Macrophages treated 

with GW9662 showed an augmented triglyceride content suggesting that enhanced 

lipogenesis indeed causes fatty acid synthesis and storage in the form of triglycerides (Fig. 

5). This finding is in line with earlier reports from breast cancer cells. GW9662 causes 

triglyceride accumulation in T47D cells (Lea et al., 2004) as well as BT474 and MCF-7 cells 

(Kourtidis et al., 2009). In the latter two cell lines, total fat and triglyceride stores were 

increased by GW9662 treatment. The higher lipid levels in BT474 cells are primarily caused 

by an increase in palmitic and stearic acid (Kourtidis et al., 2009). This indicates a higher rate 

of fatty acid synthesis, which is in line with our observations in the THP-1 cell model. Further, 

GW9662 downregulates hormone-sensitive lipase (LIPE/HSL) and patatin-like phospholipase 

domain containing 2 (PNPLA2) in BT474 cells, the major enzymes in intracellular triglyceride 

breakdown (Kourtidis et al., 2009). However, patatin-like phospholipase domain containing 2 

remained unaffected whereas hormone-sensitive lipase was upregulated in our expression 
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profiling (Supplementary Table S3), but was downregulated in confirmatory RT-qPCR 

experiments (Supplementary Fig. S12A) in GW9662-treated THP-1 cells. Taken together, 

while augmented lipid import can be excluded (serum free conditions), the reduced 

triglyceride breakdown might also contribute to triglyceride accumulation, but the main cause 

is likely the increase in lipogenesis by GW9662.  

Given that GW9662 regulates PLIN2 and CD36 via PPARδ, the observed effects on 

lipogenesis and triglyceride accumulation in response to GW9662 (Figs. 5 and 6) might be a 

global consequence of the activation of PPARδ. In contrast to this assumption, PPARδ is 

known for the stimulation of fatty acid oxidation in different tissues like adipose tissue and 

skeletal muscles (Reilly and Lee, 2008). However, the role of PPARδ in lipid metabolism of 

macrophages is insufficiently characterized and results of studies on this topic are 

inconsistent. PPARδ apparently exerts different effects on lipid metabolism and thus is not 

invariably a stimulator of lipid catabolism. For example, very low-density lipoprotein (VLDL) 

even stimulates triglyceride accumulation via activation of PPARδ in macrophages (Chawla 

et al., 2003; Bojic et al., 2012). Interestingly, pretreatment with PPARδ agonists attenuates 

VLDL-induced triglyceride accumulation by indirect inhibition of lipoprotein lipase (Bojic et al., 

2012). In addition, fatty acid import via CD36 is upregulated (Li et al., 2004; Bojic et al., 2012) 

and β-oxidation of fatty acids is stimulated (Lee et al., 2006; Bojic et al., 2012) via PPARδ. 

Collectively, these mechanisms result in lower triglyceride accumulation in cells treated with 

PPARδ agonists than the THP-1 cells that are faced with VLDL alone (Bojic et al., 2012). 

However, the main factor might be the inhibition of VLDL triglyceride hydrolysis, and not the 

β-oxidation of fatty acids; thus, lowering triglyceride accumulation in this setup would not be 

in contrast to our findings. Interestingly, both VLDL and PPARδ agonists as well as their 

combination induce expression of PLIN2 (Chawla et al., 2003; Bojic et al., 2012), which is 

known to stimulate triglyceride storage and synthesis in macrophages and inhibits β-

oxidation (Larigauderie et al., 2006), contrasting the above mentioned results. Thus, PPARδ 

possibly acts as a switch: moderate activation of PPARδ (e.g. by VLDL or a PPARδ agonist) 

might favor lipid storage, whereas excessive PPARδ activation could shift the metabolism to 
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lipid catabolism, likely in order to prevent lipid overload. Further, PPARδ selectively responds 

to different ‘stimuli’ of lipid metabolism: VLDL reliably activates PPARδ (Chawla et al., 2003; 

Lee et al., 2006; Bojic et al., 2012) while high-density lipoprotein and low-density lipoprotein 

do not (Chawla et al., 2003). The relationship of oxidized low-density lipoprotein and PPARδ 

is not clear (Vosper et al., 2001; Chawla et al., 2003; Li et al., 2004). As GW9662 induces 

PLIN2 and CD36 only moderately and no additional stimuli were used, we expect moderate 

activation of PPARδ. This might lead to a ‘lipid storage’ scenario in THP-1 macrophages in 

our hands. As we did not use any lipoproteins as stimulus, the studies of Vosper et al. on 

PPARδ and lipid accumulation in macrophages most accurately resemble our experimental 

setup. In line with our findings, the treatment with a PPARδ agonist upregulated the 

expression of genes involved in lipid metabolism including CD36 and PLIN2 in this study 

(Vosper et al., 2001). Consequently, the PPARδ activation promotes lipid accumulation in 

THP-1 macrophages in the presence of serum (Vosper et al., 2001). Taken together, the 

sparse data available on PPARδ and lipid accumulation in macrophages are in agreement 

with our finding that GW9662 promotes lipid accumulation via activation of PPARδ and 

consequent induction of genes involved in lipid metabolism like PLIN2 and CD36. 

 

Conclusion 

 

The widely used PPARγ antagonist GW9662 is unsuitable for the investigation of PPARγ 

signaling in human and murine macrophages due to its prominent off-target effects, likely 

occurring via PPARδ activation. Moreover, GW9662 itself induces expression of target genes 

that have been linked to PPARγ like PLIN2 and CD36, rather than blocking it. The induction 

of several additional genes by GW9662 leads to notable alterations in cellular metabolism, 

especially lipid metabolism, manifested as augmented lipogenesis and triglyceride 

accumulation. Thus, data obtained with GW9662 might lead to misinterpretation, particularly 

in macrophages and with regard to lipid metabolism. Based on our findings, PPAR subtype 

expression of the used cell line should be considered when GW9662 is applied. Further, the 
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structurally related antagonist or inverse agonist T0070907 (Lee et al., 2002; Hughes et al., 

2014; Brust et al., 2018) might be a useful alternative depending on the experimental setup 

(Supplementary Fig. S13), as we observed similar effects to GW9662 on RNA, but not 

necessarily on the protein level. However, siRNA-mediated knockdown of PPARγ or PPARγ-

deficient cells should be used in addition to PPARγ antagonists to confirm PPARγ-dependent 

regulatory effects. Considering the relevance of PPARs as therapeutic targets, the collection 

of reliable data is essential to draw appropriate conclusions. In this regard our work will help 

to accurately interpret existing studies with GW9662 and to better design future studies. 
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Figure legends 

Figure 1: GW9662 exhibits PPARγ agonist-like activity and fails to block PPARγ 
agonists in human THP-1 macrophages. (A) Mature THP-1 cells were either treated with 

10 µM GW9662 (GW) or 5 µM rosiglitazone (RG) alone or were pretreated with 10 µM 

GW9662 for 1 h and then incubated with 5 µM rosiglitazone for further 24 h (GW+RG). (B) 
THP-1 macrophages were either treated with 10 µM GW9662 (GW) or 5 µM 15dPGJ2 alone 

or were pretreated with 10 µM GW9662 for 1 h and then incubated with 5 µM 15dPGJ2 for 

further 24 h (GW+15dPGJ2). Expression levels of PLIN2, CD36 and of the reference gene 

RPL37A were assessed by RT-qPCR. Expression of the reference gene remained 

unchanged in both experimental setups and was used for normalization. GW9662 stimulated 

expression of PLIN2 and CD36 significantly. In combination with the PPARγ ligand 

rosiglitazone, GW9662 showed additive effects instead of blocking activity. Circles represent 

the mean of normalized fold changes of three (A) or four (B) independent biological 

experiments. Error bars display calculated maximum and minimum expression levels based 

on the SEM of ΔΔct values. Squares represent data of independent biological experiments to 

visualize variability of the data. *, p < 0.05; **, p < 0.01; ***, p < 0.001; all vs. control (0 µM 

GW9662); #, p < 0.05 vs. PPARγ ligand only; $, p < 0.05 vs. GW9662 only. p-values were 

calculated using repeated measures ANOVA with Tukey’s post-hoc test. 
 

Figure 2: GW9662 induces expression of PLIN2/Plin2 and CD36/Cd36 in different 
human and murine macrophage cell models. Human (A) and murine (B) macrophages of 

different origin were incubated with 10 µM GW9662 for 24 h. Relative mRNA levels were 

measured by RT-qPCR and compared to control cells cultured in absence of GW9662. Gene 

expression levels of human cells were normalized to RPL37A; expression levels of murine 

cells were normalized to Ppib. Circles represent means of fold changes of three independent 

biological replicates (except for peritoneal macrophages for which independent experiments 

were performed twice). Squares represent the mean of two technical replicates of the 

biological replicates. Error bars display calculated maximum and minimum expression levels 

based on the SEM of ΔΔct values. *, p < 0.05; vs. corresponding control. p-values were 

calculated using two-tailed paired t-test. 

 

Figure 3: GW9662 induces PLIN2 expression comparable to the PPARγ agonists 
rosiglitazone and 15dPGJ2. Mature THP-1 macrophages were treated with either vehicle 

(control), 10 µM GW9662 (GW), 5 µM rosiglitazone (RG) or 5 µM 15dPGJ2 for 24 h. (A) 
PLIN2 and CD36 mRNA expression levels were assessed by RT-qPCR and normalized to 

the expression of RPL37A. Circles represent means of fold changes of three independent 
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biological replicates. Squares represent the mean of two technical replicates of the biological 

replicates. Error bars display calculated maximum and minimum expression levels based on 

the SEM of ΔΔct values. (B) Top: Representative Western blot. Bottom: Relative protein 

levels of PLIN2 as estimated by densitometric analysis of Western blots. Circles represent 

means of fold changes of five independent experiments. Squares represent means of two 

technical replicates of the biological replicates relative to the mean of the control to visualize 

variability of the data. α-Tubulin (α-Tub.) was used as loading and cell viability control and 

was used for normalization. Data are shown as mean ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 

0.001 vs. control. p-values were calculated using repeated measures ANOVA with Dunnett’s 

post-hoc test versus control as reference. 

 

Figure 4: GW9662 augments PLIN2 protein expression in mature THP-1 macrophages. 
PMA-matured THP-1 macrophages were cultured in presence or absence of 10 µM GW9662 

for 24 h and 48 h. PLIN2 protein levels were assessed by Western blot analysis and 

immunofluorescence. (A) Representative Western blot of PLIN2 protein levels. α-Tubulin (α-

Tub.) was used as loading and cell viability control. (B) Relative densitometric quantification 

of Western blot results. Circles represent means of fold changes of five independent 

experiments. Squares represent independent biological replicates relative to the mean of the 

control to visualize variability of the data. (C) Immunofluorescence staining of PLIN2 and 

Hoechst Dye 33258 staining of nuclei. Representative cells are shown at magnifications as 

indicated. (D) Relative intensities of immunofluorescence signals per area shown as arbitrary 

units (AU/µm2) x 104. Circles represent data of five independent experiments shown as mean 

± SEM. Squares represent independent biological replicates relative to the control to 

visualize variability of the data. *, p < 0.05; **, p < 0.01; ***, p < 0.001 vs. 24 h control; #, p < 

0.05; ##, p < 0.01 vs. 48 h control. p-values were calculated using repeated measures 

ANOVA with Tukey’s post-hoc test. 
 

Figure 5: GW9662 promotes intracellular accumulation of triglycerides but not of total 
cholesterol. Differentiated THP-1 cells were treated with 10 µM GW9662 in lipid- and 

serum-free medium for 24 h and 48 h. Cells cultured in absence of GW9662 served as 

controls. Triglyceride or total cholesterol levels in untreated 24 h controls were arbitrarily set 

to 100 %. Circles represent mean ± SEM of five independent experiments. Squares 

represent independent biological replicates relative to the control to visualize variability of the 

data. *, p < 0.05; **, p < 0.01; ***, p < 0.001. In both cases p-values are provided for GW9662 

vs. control after 24 h. p-values were calculated using repeated measures ANOVA with 

Tukey’s post-hoc test. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 23, 2019 as DOI: 10.1124/mol.119.117887

 at A
SPE

T
 Journals on A

pril 20, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 117887 
 

46 

Figure 6: GW9662 stimulates lipogenesis in THP-1 macrophages. Mature THP-1 

macrophages were treated with 10 µM GW9662 for 24 h in serum-free medium. After 20 h 
14C-acetate was added for the next 4 h. Samples were processed and 14C-radioactivity was 

measured by scintillation. Incorporated 14C-acetate was normalized to cellular total protein 

content. Circles represent mean ± SEM of four independent experiments. Squares represent 

independent biological replicates relative to the control to visualize variability of the data. ***, 

p < 0.001. p-value is provided for GW9662 vs. control, calculated using two-tailed paired t-

test. 

 

Figure 7: siRNA-mediated PPARδ knockdown diminishes PLIN2 and CD36 induction 
by GW9662 in THP-1 macrophages. THP-1 monocytes were differentiated with PMA for 24 

h. Pre-mature THP-1 cells were transfected with siRNA for the indicated PPAR subtypes or 

an appropriate negative control siRNA. The cells could recover for 72 h. Then, cells were 

either treated with 10 µM GW9662 or vehicle (control) for 24 h. Expression levels of PLIN2, 

CD36 and of the reference gene RPL37A were assessed by RT-qPCR. Expression of the 

reference gene remained unchanged in the experimental setup and was used for 

normalization. Data is presented as fold change of treatment (GW9662) vs. the respective 

control (vehicle) in cells transfected with the indicated siRNAs. Vehicle controls were set to 1 

and are represented by the dotted line. GW9662 induced the expression of PLIN2 and CD36 

compared to the respective control, irrespective of the targeted PPAR subtype. The extent of 

PLIN2 and CD36 induction compared to the respective control is significantly lower in cells 

with PPARδ knockdown than with PPARα or PPARγ knockdown or the negative control 

siRNA. Circles represent the mean of normalized fold changes of three independent 

biological experiments. Error bars display calculated maximum and minimum expression 

levels based on the SEM of ΔΔct values. Squares represent the mean of two technical 

replicates of the biological replicates. *, p < 0.05; **, p < 0.01; GW9662 treatment vs. 

GW9662 treatment and PPARδ knockdown. p-values were calculated using one-way 

ANOVA with Tukey’s post-hoc test. 

 

Figure 8: PPARδ antagonist GSK3787 blocks PLIN2 and CD36 induction by GW9662 in 
THP-1 macrophages. Mature THP-1 cells were either treated with 10 µM GW9662 or 1 µM 

GSK3787 without pretreatment for 24 h or pretreated with GSK3787 for 1 h and then 

incubated with 10 µM GW9662 (GSK+GW) for further 24 h. Expression levels of PLIN2, 

CD36 and of the reference gene RPL37A were assessed by RT-qPCR. Expression of the 

reference gene remained unchanged in the experimental setup and was used for 

normalization. Treatment with GSK3787 or GW9662 alone significantly induced the 

expression of PLIN2 and CD36. In combination, GSK3787 blocks the induction of PLIN2 and 
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CD36 by GW9662. Circles represent the mean of normalized fold changes of three 

independent biological experiments. Error bars display calculated maximum and minimum 

expression levels based on the SEM of ΔΔct values. Squares represent the mean of two 

technical replicates of the biological replicates. **, p < 0.01; ***, p < 0.001; all vs. control (0 

µM GSK3787 / GW9662); ###, p < 0.001; GSK+GW vs. GW9662 only; $$, p < 0.01; $$$, p < 

0.001; GW vs. GSK3787. p-values were calculated using repeated measures ANOVA with 

Tukey’s post-hoc test. 
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Figure 2 
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Figure 3 
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