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Abstract: 

Adipogenesis involves adipocyte differentiation and synthesis and storage of fats. PPAR- is the master regulator of adipogenesis and 
regulates genes for adipocyte differentiation, lipogenesis, adipocyte survival and adipokine secretion. Central carbon metabolism 
(CCM) comprises of three key pathways glycolysis, tricarboxylic acid (TCA) cycle and pentose phosphate pathway (PPP). CCM 

utilizes carbon sources to provide energy and building blocks for lipogenesis. Several targets of transcription factor PPAR- have 

been identified in CCM pathways. However, the exact mechanism of PPAR- modulation in adipogenesis via CCM remains elusive. 

Therefore, it is of interest to evaluate the effects of PPAR- on CCM in differentiated human SGBS adipocytes by real time-qPCR and 

metabolomics using its agonist 15d-PGJ2 and antagonist GW9662. Surprisingly, our results suggest that PPAR- rather than PPAR- 
is likely to be the key modulator of CCM in differentiated adipocytes at least under current experimental conditions with both 15d-

PGJ2 and GW9662 being PPAR- agonists, although PPAR- plays a crucial role in adipogenesis and lipogenesis. This data provides 

insight to manage obesity and diabetes using PPAR- agonists. Further studies are warranted to explore the regulation of CCM by 
PPARs in adipocytes. 
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Background: 
Central carbon metabolism (CCM) refers to a set of fundamental 
metabolic pathways, which convert carbon-containing molecules 
like glucose into energy molecules, such as ATP and NADPH, 

and precursor molecules, such as acetyl-CoA and -
ketoglutarate. It regulates several important cellular signaling 
pathways including transcriptional regulation and cell stress 
responses [1, 2]. The metabolic pathways in CCM consist of 
glycolysis, tricarboxylic acid (TCA) cycle and pentose phosphate 
pathway (PPP) [3, 4]. Many metabolites are critical precursor 
molecules required for lipid, amino acid and nucleotide 
syntheses [5-7]. CCM dysregulation may lead to various types of 
diseases including metabolic disorders, diabetes, 
neurodegenerative disorders and cancer [8-12]. For example, 
aerobic glycolysis is a hallmark of cancer [13] and inhibitors of 
aerobic glycolysis, such as metformin and lonidamine, have 
shown promising anticancer activities [14-16]. Human adipose 
tissue is an integral part of the body and regulates multiple 
essential physiological functions such as energy storage and 
regulation, thermal regulation and hormone secretion. It is 
distributed mainly underneath the skin and around internal 
organs [17]. Adipose tissue is composed predominantly of 
mature adipocytes for energy storage, a stromal-vascular 
fraction containing cells like preadipocytes and endothelial cells, 
and an extracellular matrix formed by molecules like fibronectin, 
laminin and collagens [18, 19]. Adipocytes are produced from 
preadipocytes via adipogenesis; however, preadipocytes can 
also differentiate into other types of cells such as macrophages 
and endothelial cells [20, 21].  
 
Dysfunction of adipose tissue contributes to the development of 
obesity and insulin resistance [22, 23]. CCM has been shown to 
play a crucial role in adipogenesis and lipogenesis [24-26], for 
example, acetyl-CoA produced from the TCA cycle and NADPH 
produced from PPP are important metabolites required for 

lipogenesis [27, 28]. Exposure of CCM to metabolism-disrupting 
chemicals (MDCs) may promote obesity [29-31], and 
monoisononyl-cyclohexane-1,2-dicarboxylic acid ester (MINCH), 
the primary metabolite of MDC agent diisononyl-cyclohexane-
1,2-dicarboxylate (DINCH), can induce human adipocyte 
differentiation and affect key metabolic pathways [32]. However, 
the recent metabolomic study by Goerdeler et al. showed neither 
DINCH nor MINCH possessed adipogenic potential towards 
SGBS cells under physiologically relevant concentrations 
although MINCH induced lipid accumulation [33]. Peroxisome 
proliferator-activated receptors (PPARs) are a group of ligand-
activated nuclear transcription factors that regulate the 
expression of a wide variety of genes [34]. Upon activation, they 
bind to the PPAR-responsive regulatory elements (PPRE) 
and/or PPAR associated conserved motif (PACM) as obligatory 

heterodimers with retinoid X receptor [35, 36]. Three PPARs (, 

/ and) have been identified and PPAR- is most intensively 

studied. PPAR- is primarily involved in the regulation of lipid 
metabolism, insulin sensitivity and metabolic homeostasis. As a 
master regulator of adipogenesis, it regulates genes for 
lipogenesis, adipocyte differentiation, adipocyte survival and 

adipokine secretion [37]. However, PPAR- and PPAR-/ (also 

known as PPAR-) are important regulators of lipolysis and 
glucose metabolism, controlling fatty acid oxidation and glucose 
homeostasis [38, 39]. Due to its critical roles in adipogenesis and 

lipogenesis, CCM is also regulated by PPAR- [40-43]. However, 

little information is available on how CCM is affected by PPAR- 
activation in pre- and differentiated adipocytes. Therefore, it is 
of interest to investigate pre- and differentiated human SGBS 

adipocytes by treating with 15d-PGJ2 (PPAR- agonist) and 

GW9662 (PPAR- antagonist) using real time-qPCR array and 
metabolomics. 
 
Materials and Methods: 
Materials: 
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Human pre-adipocyte cell line SGBS (Simpson–Golabi–Behmel 
syndrome) was established and validated in coauthor Martin 
Wabitsch’s laboratory. Cell culture medium, 1:1 mixture of 
Dulbecco’s modified eagle’s medium with ham’s F12 medium 
(DMEM/F12, Cat. No. SH30023FS), and Dulbecco's phosphate-
buffered saline (DPBS, Cat. No. SH3002802) were purchased 
from Hyclone (Cytiva, Vancouver, BC, Canada). Trypsin-EDTA 
(0.25%, Cat. No. SH30042.02) and Penicillin-Streptomycin (Cat. 
No. SV30010) were purchased from Hyclone (Logan, UT, USA). 
Dimethyl sulfoxide (Cat. No. 276855-100 mL), 15d-PGJ2 (1 mg, 
Cat. No. 538927), biotin (100 mg, Cat. No. B4501), D-pantothenic 
acid hemicalcium salt (5 g, Cat. No. 21210), apo-transferrin 
(human, 100 mg, Cat. No. T2252), 3,3′,5-triiodo-L-thyronine 
sodium salt (T3, 100 mg, Cat. No. T6397), dexamethasone (100 
mg, Cat. No. D1756), 3-isobutyl-1-methylxanthine (IBMX, 250 
mg, Cat. No. I5879), hydrocortisone (1 g, Cat. No. H0888) were 
purchased from Sigma-Aldrich Canada (Oakville, ON, Canada). 
Rosiglitazone (Cat. No. 71740) was purchased from Cayman 
Chemical (Ann Arbor, MI, USA). Insulin (Cat. No. 91007C), fetal 
bovine serum (FBS, cat no. 12483020), bovine calf serum (BCS, 
Cat. No. 16170) were purchased from ThermoFisher Scientific 
(Manassas, VA, USA).  
 
Culture of SGBS pre-adipocytes and induction of adipocyte 
differentiation: 

The protocol used to culture human SGBS pre-adipocyte and 
subsequent induction of differentiation has been previously 
reported [67]. Briefly, SGBS pre-adipocyte were cultured in 
DMEM/F12 containing 10% FBS, 1% penicillin/streptomycin 
and 1% 5mM biotin/D-pantothenic mixture (biotin: 
pantothenate= 3.3:1.7) at 37°C under 5% CO2 with cell culture 
media changed every 2 days. For differentiation, serum free 
quick-differentiation medium was added to SGBS pre-
adipocytes upon reaching 80-90% confluency. The quick-
differentiation medium contains DMEM/F12 supplemented 
with 1% penicillin/streptomycin, 1% 5mM biotin/pantothenate 
mixture, 0.01 mg/mL apo-transferrin, 100 nM cortisol, 0.2 nM 
T3, 25 nM dexamethasone, 250 µM IBMX, 2 µM rosiglitazone 
and 20 nM insulin. The quick-differentiation medium was 
removed on day 4 of differentiation. Then, 3FC medium was 
added to the cells from day 4 through day 14. The 3FC 
differentiation cocktail medium consists of DMEM/F12 medium 
supplemented with 1% penicillin/streptomycin, 1% 5 mM 
biotin/pantothenate mixture, 0.01 mg/mL apo-transferrin, 20 
nM insulin, 100 nM cortisol and 0.2 nM T3. The 3FC medium 
was not replaced till the cells were harvested. 
 
Treatments with 15d-PGJ2 and GW9662  
Pre- and differentiated human SGBS adipocytes were treated 
with 100 nM 15d-PGJ2 or 10 μM GW9662 for 24 h before being 
harvested for subsequent Real-Time-qPCR array and 
metabolomic studies. Cell culture medium was used as the 
treatment control.  
 
Real time-qPCR array: 

Expression of genes involved in central carbon metabolism was 
evaluated using the NuRNA Central Metabolism PCR Array (H) 
from Arraystar Inc. (Rockville, MD, USA) following the 
manufacturer’s instruction. This array allows for expression 
profiling of 373 transcripts for the enzymes and proteins in the in 
the core metabolic pathways and several key transporters. 
Briefly, RNAs were extracted from treated or control pre- and 
differentiated SGBS adipocytes and subsequently reverse-
transcribed into the first strand cDNAs using the rtStar First-
Strand Synthesis Kit (Arraystar Inc.). Each cDNA product was 
diluted in nuclease-free water at 1:80 ratio (mix well and spin 
down). Then, sample cDNA mix (2010 µL SYBR Green Master 
Mix, 1600 µL diluted cDNA template and 390 µL ddH2O), 
Genomic DNA Contamination Control (GDC: 5 µL SYBR Green 
Master Mix, 1 µL no reverse transcriptase control and 4 µL 
ddH2O) and Blank Control Mix (25 µL SYBR Green Master Mix 
and 25 µL ddH2O) were prepared and loaded onto the Central 
Metabolism PCR array at 10 µL/well. The qPCR was run under 
the following cycling conditions: initial denaturation (95°C, 10 
min), 40 cycles of cycling (denaturation: 95°C, 15 sec and 
annealing, extension, and read fluorescence: 60°C, 1 min), and 
melting curve analysis. The obtained amplification data were 
analyzed using the ΔΔCt method and fold-change for each gene 
was presented as 2ΔΔCt.  
 
Metabolomics: 

The metabolomics was carried out in duplicate at The 
Metabolomics Innovation Centre (TMIC, Victoria, BC, Canada). 
Cell pellets (containing ~106 cells) of pre- and differentiated 
SGBS adipocytes (control, 15d-PGJ2-treatment and GW9662-
treastment) were subjected for Central Carbon Metabolism (93 
metabolites) analyses. For each cell pellet, 250-400 µL of water 
was added and the cells were subsequently lysed on a Retsch 
MM 400 mill mixer at 30 Hz for 3 min with the aid of two 4-mm 
metal beads. A 100 µL aliquot of the homogenate from each 
sample was taken out and transferred to a 1.5 mL Eppendorf 
tube and 400 µL of methanol-acetonitrile (1:1, v/v) was added. 
The mixtures were homogenized on the same mill mixer at 30 
Hz for 2 min with the aid of two 4 mm metal beads, followed by 
ultra-sonication in an icy water bath for 3 min and subsequent 
centrifugal clarification at 21,000 g for 10 min. The clear 
supernatants were collected for the following analyses by liquid 
chromatography-multiple reaction monitoring mass 
spectrometry (LC-MRM/MS). The precipitated pellets were 
collected and used for protein assay using a standardized 
Pierce™ BCA Protein Assay kit according to the manufacturer’s 
guideline.   
 
Assay of organic acids: 

Assay of organic acids of TCA cycle carboxylic acids was carried 
out using an LC-MRM/MS method that were published 
previously [68], with necessary modifications. Stock solutions 
containing standard substances of all the organic acids were 
prepared in methanol at 100 or 500 µM for each compound. The 
stock solutions were mixed proportionally and then the mixed 
solution was stepwise diluted to have 10 standard solutions. 
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20μL of each standard solution or 20μL of the clear supernatant 
of each sample was mixed in turn with 20μL of an internal 
standard solution of 10 13C-labeled or deuteriated TCA cycle 
carboxylic acids and 12 deuterated C2 to C22 saturated fatty 
acids, 80μL of 200-mM 3-nitrophenylhydrazine solution and 
80μL of 150-mM EDC-6% pyridine methanolic solution. The 
mixtures were incubated at 50 ℃ for 50 min in a thermomixer at 
900 rpm. After reaction, 5 μL aliquots of the resultant solutions 
were injected into a Waters C18 column (2.1 × 50 mm, 1.7 µm) to 
run LC-MRM/MS with (-) ion detection on an Agilent 1290 
UHPLC system coupled to an Agilent 6495B QQQ mass 
spectrometer, with the use of 0.01% formic acid in water and 
0.01% formic acid in acetonitrile-isopropanol (1:1, v/v) as the 
binary solvents for gradient elution under optimized conditions.    
 
Assay of sugars and aldose phosphates: 
Assay of sugars and aldose phosphates was carried out using an 
LC-MRM/MS method we published [69]. Briefly, 25 μL of the 
supernatant of each sample or 25 μL of 10 serially diluted 
standard solutions of glucose, ribose, ribose-5-phosphate (P), 
glyceraldehyde -3P, glucose-6P and mannose-6P was mixed with 
20 μL of an internal standard solution of 13C-labeled glucose, 
ribose and glucose-6P, 50 µL of 25-mM 3-amino-9-ethylcarbazole 
solution, 25 μL of 50 mM sodium cyanoborohydride solution 
and 10 µL of glacial acetic acid. The mixtures were allowed to 
react at 60℃ for 70 min. After reaction, 150 μL of water and 150 
µL of chloroform were added. After vortex-mixing for 15 s and 
centrifugation for 5 min. 10 µL aliquots of the resultant solutions 
were injected into a PFP column (2.1 × 150 mm, 1.7 µm) to run 
UPLC-MRM/MS on an Agilent 1290 UHPLC system coupled to 
an Agilent 6495B QQQ instrument with positive-ion detection.   
 
Assay of phosphate-containing metabolites: 

An internal standard solution containing isotope-labeled 13C10-
GTP was prepared in 50% methanol. Serially diluted standard 
solutions of all the targeted metabolites were prepared in the 
internal standard solution in a concentration range of 0.00001 to 
5 µM for each compound. 20 µL of the clear supernatant of each 
sample was mixed with 80 μL of the internal standard solution.  
10 μL aliquots of the sample solutions or the standard solutions 
were injected into a YMC-Triart C18 column (2.1 × 150 mm, 1.9 
µm) to run UPLC-MRM/MS with (-) ion detection on a Waters 
Acquity UPLC system coupled to a Sciex QTRAP 6500 Plus mass 
spectrometric instrument, with the use of 5-mM tributylamine 
solution and acetonitrile as the binary solvents for gradient 

elution at 0.2 mL/min and 50ºC. For the above LC-MRM/MS 
analyses, linearly regressed calibration curves of individual 
compounds were constructed with internal-standard calibration 
with the data acquired from standard solutions for each assay. 
Molar concentrations of the compounds detected in the samples 
were calculated by interpolating the calibration curves of 
individual compounds within appropriate concentration ranges, 
and then normalized with the protein content in mg, which was 
measured for each sample.  Data analyses and comparisons were 
performed using Metaboanalyst© 
(https://www.metaboanalyst.ca/) online to identify the 
differential levels of metabolites. p < 0.05 was considered 
statistically significant. 
 
Table 1: Top 15 upregulated and downregulated CCM genes (log2FC ≥ 1.00 and p 

< 0.05) and metabolites (log2FC ≥ 1.00) upon SGBS adipocyte differentiation 

Upregulated 

Genes Log2FC Metabolites Log2FC 
PCK1 15.05 2-Phosphoglyceric acid 4.81 
GPD1 12.93 6-Phosphogluconate 4.77 
ACACB 12.54 3-Phosphoglyceric acid 4.7 
PDK4 12.09 cGMP 4 
ACSL1 9.56 Isocitric acid 3.75 
LIPE 9.48 3-Hydroxybutyric acid 3.01 
ACADM 8.3 Citric acid 2.73 
PFKFB1 7.91 1,3-Diphosphoglyceric acid 2.45 
SCD 7.87 2,3-Diphosphoglyceric acid 2.29 
ACSS2 7.45 Glucose 2.16 
GPD1L 7.25 Acetoacetic acid 2.06 
ACADL 7.23 Sedoheptulose-7P 1.98 
FADS1 7.14 Glycolic acid 1.96 
SHMT1 6.81 Glycerophosphoserine 1.87 
ACAA2 6.76 Ribulose-bisP 1.49 
Downregulated 
Genes Log2FC Metabolites Log2FC 
CECR1 -3.53 NADH -8.62 
AMPD3 -3.17 NAAD -7.02 
SLC16A4 -2.57 ATP -6.63 
CDA -2.45 NAD -6.55 
ADCY7 -2.21 ADP -6.49 
SLC16A3 -1.83 GDP-fucose -6.09 
CMPK2 -1.6 Fructose 1,6-bisphosphate -5.75 
GAPDH -1.57 AMP -5.22 
PFKFB4 -1.53 Glucose 1-phosphate -5.14 
TK1 -1.47 Sedoheptulose-bisP -4.91 
    NADPH -4.81 
    Methylmalonic acid -4.72 
    GDP -4.64 
    Fructose 1-phosphate -4.63 
    GMP -4.63 

 
Table 2: Differentially expressed CCM genes (log2FC ≥ 1.00 and p < 0.05) upon treatment with 15d-PGJ2 or GW9662 in SGBS pre- and differentiated adipocytes 

Preadipocytes 

Treatment: 15d-PGJ2 Treatment: GW9662 
Upregulated Downregulated Upregulated Downregulated 
Gene Log2FC Gene Log2FC Gene Log2FC Gene Log2FC 

  
GAPDHS 1.84 CMPK2 -1.49 ACAD9 1.81 

    ACSS1 1.77     PGAM1 1.36 

  
ALDH3A2 1.25 

    
    AMT 1.23         

  
HK2 1.18 

    
Differentiated adipocytes 
Treatment: 15d-PGJ2 Treatment: GW9662 
Upregulated Downregulated Upregulated Downregulated 
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Gene Log2FC Gene Log2FC Gene Log2FC Gene Log2FC 
LIPC 2.62 ME3 -1.31 PNLIPRP1 2.26 PCK1 -1.53 
ADCY7 1.25 SLC1A3 -1.23 SLC1A2 1.08 ALDH1B1 -1.48 

    DLAT -1.21 RPEL1 1.08 IMPDH1 -1.28 

  
PCK1 -1.2 SLC2A5 1.04 LIPE -1.21 

    LDHA -1.19     LDHA -1.2 

  
ACSL1 -1.18 

  
TK1 -1.12 

    HADH -1.16     ADCY4 -1.12 

  
DHFR -1.14 

  
GNPNAT1 -1.04 

    SHMT1 -1.13         

  
ACSM3 -1.12 

    
    PFKFB1 -1.12         

  
ACADM -1.11 

    
    IDH1 -1.09         

  
ACLY -1.09 

    
    ACAD8 -1.08         

  
ME1 -1.06 

    
    SDHD -1.05         

  
PDHX -1.05 

    
    LIPE -1.03         

  
PGAM4 -1.03 

    
    SLC1A6 -1.01         

 

 
Figure 1: Volcano plots for A: Differentiated vs. Pre-adipocytes B: Pre-adipocytes treated with 15d-PGJ2 vs. untreated C: 
Differentiated adipocytes treated with 15d-PGJ2 vs. untreated D: Pre-adipocytes treated with GW9662 vs. untreated E: Differentiated 
adipocytes treated with GW9662 vs. untreated. 
 

Table 3: Differential levels of CCM metabolites (log2FC ≥ 1.00) upon treatment with 15d-PGJ2 or GW9662 in SGBS pre- and differentiated adipocytes. 

Preadipocytes: 15d-PGJ2 treatment 

Increased Decreased 
Metabolite Log2FC Metabolite Log2FC 
None   2-Phosphoglyceric acid -1.15 
    3-Phosphoglyceric acid -1.13 
Preadipocytes: GW9662 treatment 
Increased Decreased 
Metabolite Log2FC Metabolite Log2FC 
None   None   

Differentiated adipocytes: 15d-PGJ2 treatment 
Increased Decreased 
Metabolite Log2FC Metabolite Log2FC 
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NAAD 5.69 Glucose -3.82 
GTP 5.41 Phosphocreatine -1.52 
2,3-Diphosphoglyceric acid 4.9 Itaconic acid -1.32 
GDP 4.53 cAMP -1.01 
NAD 4.24     
UTP 4.17     
ATP 3.78     
GDP-fucose 3.63     
Sedoheptulose-bisP 3.63     
UDP 3.56     
Acetoacetyl-CoA 2.83     
ADP 2.74     
Malonyl-CoA 2.58     
CTP 2.5     
ADP-ribose 2.3     
NADH 2.28     
Hs-CoA 2.2     
CDP 2.02     
Fructose 1,6-bisphosphate 1.98     
1,3-Diphosphoglyceric acid 1.96     
Acetyl-CoA 1.91     
UDP-NAcGal/UDP-NAcGlc 1.76     
GDP-glucose 1.55     
GDP-mannose 1.55     
Glyceric acid 1.5     
UMP 1.49     
N-Acetylglucosamine 1-phosphate 1.45     
Methylmalonic acid 1.28     
Fructose 1-phosphate 1.25     
2-Hydroxyglutaric acid 1.22     
Glycerol 3-phosphate 1.18     
Glycerophosphoglycerol 1.14     
GMP 1.12     
UDP-glucose/UDP-mannose 1.1     
cGMP 1.09     
Pyruvic acid 1.08     
Ribulose-bisP 1.07     

Glycerylphosphoethanolamine  1.04     
AMP 1.03     
Differentiated adipocytes: GW9662 treatment 
Increased Decreased 
Metabolite Log2FC Metabolite Log2FC 
2,3-Diphosphoglyceric acid 4.63 Glucose -2.03 
GTP 3.31 CMP -1.05 
Acetoacetyl-CoA 2.72     
Glucose-6P 2.52     
NAD 2.4     
GDP 2.29     
UTP 2.27     
ATP 2.08     
Mannose-6P 2.04     
UDP 1.78     
Sedoheptulose-bisP 1.69     
1,3-Diphosphoglyceric acid 1.68     
ADP 1.68     
Fructose 1,6-bisphosphate 1.54     
Methylmalonic acid 1.52     
Fructose 6-phosphate 1.51     
NAAD 1.5     
GDP-glucose 1.46     
GDP-mannose 1.46     
cGMP 1.42     
CTP 1.38     
Glyceric acid 1.36     
UDP-NAcGal/UDP-NAcGlc 1.24     
2-Hydroxyglutaric acid 1.23     
CDP 1.23     
Glucose 1-phosphate 1.23     
Ribose 1.18     
NADH 1.13     
N-Acetylglucosamine 1-phosphate 1.11     
Pyruvic acid 1.09     
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Glycerylphosphoethanolamine  1.05     
Fructose 1-phosphate 1.05     

 

 
Figure 2: Heatmap for Top 15 upregulated and downregulated CCM genes (|log2FC| ≥ 1.00 and p < 0.05); A: Differentiated vs. Pre-
adipocytes; B: Pre-adipocytes treated with 15d-PGJ2 vs. untreated; C: Differentiated adipocytes treated with 15d-PGJ2 vs. untreated; 
D: Pre-adipocytes treated with GW9662 vs. untreated; E: Differentiated adipocytes treated with GW9662 vs. untreated. 
 

 
Figure 3: Heatmap for Top 15 upregulated and downregulated CCM metabolites (|log2FC| ≥ 1.00); A: Differentiated vs. Pre-
adipocytes; B: Pre-adipocytes treated with 15d-PGJ2 vs. untreated; C: Differentiated adipocytes treated with 15d-PGJ2 vs. untreated; 
D: Differentiated adipocytes treated with GW9662 vs. untreated. 
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Results: 
Changes in central carbon metabolism upon adipocyte 
differentiation: 

To evaluate the effects of 15d-PGJ2 and GW9662 on CCM in 
adipocytes, we first obtained the base level information of CCM 
in pre- and differentiated human SGBS adipocytes using Real-
Time PCR array and metabolomics. Out of the 373 genes 
included in the Central Metabolism PCR array, 227 and 10 genes 
were respectively upregulated and downregulated upon SGBS 

differentiation using cut-off criteria of log2FC ≥ 1.00 and p < 
0.05. Out of the 93 metabolites included in the CCM 
metabolomics, 19 and 50 metabolites were respectively 
upregulated and downregulated upon adipocyte differentiation 

using cut-off criteria of log2FC ≥ 1.00. The top 15 upregulated 
and downregulated genes and metabolites were summarized in 
Table 1. Genes PCK1 (log2FC = 15.05) and CECR1 (log2FC = -
3.53) were the respective most-upregulated and most-
downregulated genes, whereas 2-phosphoglyceric acid (log2FC = 
4.81) and NADH (log2FC = -8.62) were the respective most-
increased and most-decreased metabolites. Figure 1 (A) shows 
the volcano plots for differentially expressed genes. Figure 2 (A) 

and Figure 3 (A) show the Heatmap for the CCM genes (log2FC 

≥ 1.00 and p < 0.05) and metabolites ((log2FC ≥ 1.00), 
respectively.  
 
Effects of 15d-PGJ2 and GW9662 on CCM gene expressions in 
SGBS adipocytes: 

For SGBS preadipocytes, 15d-PGJ2 treatment downregulated 5 
genes GAPDHS, ACSS1, ALDH3A2, AMT and HK2 along with 
no upregulated genes, whereas GW9662 treatment upregulated 
gene CMPK2 and downregulated genes ACAD9 and PGAM1 
(Table 2). Towards differentiated SGBS adipocytes, 15d-PGJ2 
treatment upregulated 2 genes (LIPC and ADCY7) and 
downregulated 21 genes (ME3, SLC1A3, DLAT, PCK1, LDHA, 
ACSL1, HADH, DHFR, SHMT1, ACSM3, PFKFB1, ACADM, 
IDH1, ACLY, ACAD8, ME1, SDHD, PDHX, LIPE, PGAM4 and 
SLC1A6), whereas GW9662 treatment upregulated 4 genes 
(PNLIPRP1, SLC1A2, RPEL1 and SLC2A5) and downregulated 8 
genes (PCK1, ALDH1B1, IMPDH1, LIPE, LDHA, TK1, ADCY4 
and GNPNAT1) (Table 2). Figure 1 (B-E) shows the volcano 
plots for differentially expressed genes on treatment with 15d-
PGJ2 and GW9662. Figure 2 (B-E) show the Heatmap for the 

CCM genes (log2FC ≥ 1.00 and p < 0.05). 
 
Effects of 15d-PGJ2 and GW9662 on levels of CCM metabolites 
in SGBS adipocytes: 
Effects of 15d-PGJ2 and GW9662 on CCM in adipocytes were 
evaluated for 93 metabolites using metabolomics. Towards SGBS 
preadipocytes, 15d-PGJ2 and GW9662 treatments basically 
imposed no effects on CCM, with only 2-phosphoglyceric acid 
and 3-phosphoglyceric acid decreased in concentrations upon 
15d-PGJ2 treatment. However, for differentiated SGBS 
adipocytes, 15d-PGJ2 treatment increased the concentrations of 
39 metabolites and decreased the concentrations of 4 
metabolites, whereas GW9662 treatment increased the 
concentrations of 32 metabolites and decreased the 

concentrations of 2 metabolites (Table 3). NAAD (log2FC = 5.69) 
and glucose (log2FC = -3.82) were the most increased and 
decreased metabolites, respectively, upon 15d-PGJ2 treatment; 
and 2,3-diphosphoglyceric acid (log2FC = 4.63) and glucose 
(log2FC = -2.03) were the most increased and decreased 
metabolites, respectively, upon GW9662 treatment. Figure 3 (B-

D) shows the Heatmap for the CCM metabolites (log2FC ≥ 1.00). 
 
Discussion: 

Adipogenesis includes two phases, determination and terminal 
differentiation. Determination refers to the commitment of 
mesenchymal stem cells to become preadipocytes along with the 
loss of potential for differentiation, whereas terminal 
differentiation is the process of converting preadipocytes into 
mature, lipid-filled adipocytes. CCM plays a critical role in 
adipocyte terminal differentiation by providing building blocks 
such as acetyl-CoA and malonyl-CoA and energy molecule ATP 
for subsequent lipogenesis. Thus, understanding the baseline 

difference is essential to evaluate how PPAR- regulates CCM in 
pre- and differentiated SGBS adipocytes. 227 CCM genes were 
upregulated, spanning among all three components of CCM, 
and only 10 CCM genes were downregulated upon SGBS 
differentiation induced by rosiglitazone. This implicates that 
CCM was upregulated in differentiated SGBS adipocytes, which 
is consistent with previous reports [44, 45]. The top 2 
upregulated genes were PCK1 (log2FC = 15.05) and GPD1 
(log2FC = 12.93), both of which are involved in glycolysis and 
TCA. Gene PCK1 encodes phosphoenolpyruvate carboxykinase 
1, which catalyzes the conversion of oxaloacetate into 
phosphoenolpyruvate, CO2 and GTP. It is a crucial point of 
gluconeogenesis, allowing some non-carbohydrate molecules 
such as proteins and amino acids (specifically aspartate and 
asparagine) to enter CCM and subsequent lipogenesis. Gene 
GPD1 encodes glycerol-3-phosphate dehydrogenase 1, which 
converts dihydroxyacetone phosphate and NADH into glycerol-
3-phosphate and NAD+. Glycerol-3-phosphate is a key precursor 
molecule for lipid synthesis in adipocytes via its conversion into 
triglycerides [46, 47]. However, upon comparing CCM 
metabolites between pre- and differentiated SGBS adipocytes, 
we found that concentrations for most of the metabolites (50 
metabolites) decreased after differentiation along with only 19 
metabolites elevated their concentrations. Specifically, 
concentrations of the two major building blocks, acetyl-CoA 
(log2FC = -3.16) and malonyl-CoA (log2FC = -4.08), major energy 
molecule, ATP (log2FC = -6.63), and key reducing molecules 
NADH (log2FC = -8.62) and NADPH (log2FC = -4.81), 
significantly decreased. Furthermore, the concentration of 
NAAD (deamido-NAD, log2FC = -7.02), the degraded product of 
NAADP (nicotinic acid adenine dinucleotide phosphate), also 
decreased, suggesting elevated glucose uptake in differentiated 
SGBS adipocytes as NAADP modulates insulin-stimulated and 

PPAR--induced glucose uptake in adipocytes [48, 49]. All these 
pieces of evidence implicate that the differentiated SGBS 
adipocytes were strongly committed to lipogenesis, resulting in 
decreased levels for most of the CCM metabolites. All three 

PPARs are expressed in adipocytes, however, PPAR- is the 
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most abundant [50]. PPAR- is regarded as the master regulator 
of adipogenesis and facilitates adipocyte differentiation, 
lipogenesis, insulin sensitivity and metabolic homeostasis [37, 

51], whereas activation of PPAR- or PPAR- promotes lipolysis 
and thermogenesis [52, 53]. CCM plays a critical role in 
adipogenesis and lipogenesis; however, its regulation by PPAR-

, especially after adipocyte differentiation, is still far from 
understood. Thus, in this study, we decided to address this 
question using real time-qPCR array and metabolomics by 
respectively treating pre- and differentiated human SGBS 

adipocytes with 100 nM 15d-PGJ2 (selective agonist PPAR-, 

EC50 = 2 µM) and 10 µM GW9662 (highly selective PPAR- 
antagonist, IC50 = 3.3 nM) [54, 55]. Although 15d-PGJ2 is 
commonly used at micromolar concentrations during in vitro 
investigations [56, 57], its endogenous intracellular 
concentrations are significantly lower and only around 1 nM 
[58]. Thus, we decided to use 100 nM 15d-PGJ2 in the current 
study, which is likely to be more relevant to physiological 
conditions. GW9662 is also normally used at low micromolar 
concentrations in cell studies despite its low IC50 towards PPAR-

 [59]. For SGBS preadipocytes, neither 15d-PGJ2 nor GW9662 
imposed profound effects on CCM (Tables 2 & 3). Real time-
qPCR array showed that 15d-PGJ2 treatment only slightly 
downregulated five genes (GAPDHS, ACSS1, ALDH3A2, AMT 
and HK2) and GW9662 treatment moderately downregulated 
two genes (ACAD9 and PGAM1) and upregulated one gene 
(CMPK2), whereas metabolomics showed that only two 
metabolites (2-phosphoglyceric acid and 3-phosphoglyceric acid) 
were slightly decreased by 15d-PGJ2 treatment and no 
metabolite was affected by GW9662 treatment. This suggests 
that CCM might be either insensitive to or not regulated by 

PPAR- in SGBS preadipocytes although it plays a central role in 
adipogenesis. For SGBS differentiated adipocytes (Tables 2 & 3), 
15d-PGJ2 treatment upregulated 2 genes (LIPC and ADCY7) and 
downregulated 21 genes (top three genes: ME3, SLC1A3 and 
DLAT), and GW9662 treatment upregulated 4 genes (PNLIPRP1, 
SLC1A2, RPEL1 and SLC2A5) and downregulated 8 genes (top 
three genes: PCK1, ALDH1B1 and IMPDH1). Interestingly, no 
gene was upregulated and genes PCK1, LDHA and LIPE were 
downregulated by both 15d-PGJ2 and GW9662. No gene was 
upregulated by 15d-PGJ2 and downregulated by GW9662 or 
vice versa. However, the metabolomics results showed that 15d-
PGJ2 treatment increased the levels of 39 metabolites (top three 
metabolite: NAAD, GTP and 2, 3-Diphosphoglyceric acid) and 
decreased the levels of 4 metabolites (top three metabolites: 
glucose, phosphocreatine and itaconic acid), and GW9662 
treatment increased the levels of 32 metabolites (top three 
metabolite: 2, 3-diphosphoglyceric acid, GTP and acetoacetyl-
CoA) and decreased the levels of 2 metabolites (glucose and 
CMP). Concentrations of 27 metabolites 
(glycerylphosphoethanolamine, pyruvic acid, cGMP, 2-
hydroxyglutaric acid, fructose 1-phosphate, methylmalonic acid, 
N-acetylglucosamine 1-phosphate, glyceric acid, GDP-glucose, 
GDP-mannose, UDP-NAcGal/UDP-NAcGlc, 1,3-
diphosphoglyceric acid, fructose 1,6-bisphosphate, CDP, NADH, 
CTP, ADP, acetoacetyl-CoA, UDP, sedoheptulose-bisP, ATP, 

UTP, NAD, GDP, 2,3-diphosphoglyceric acid, GTP and NAAD) 
were elevated and concentration one metabolite (glucose) was 
reduced by both 15d-PGJ2 and GW9662. Concentration of no 
metabolite was decreased by 15d-PGJ2 but increased by GW9662 

(with log2FC ≥ 1.00) or vice versa. Agonist 15d-PGJ2 and 
antagonist GW9662 are expected to impose opposite functions 

on PPAR-, however, their treatments elicited similar major 
effects (i.e. downregulation of CCM genes and elevation of CCM 
metabolites) in differentiated SGBS adipocytes. This implies that 
CCM regulation by 15d-PGJ2 and GW9662 might not be via 

PPAR- but through a different target. Previous studies have 

identified that 15d-PGJ2 may exert a PPAR--independent 

function via inhibiting NF-B [60], and NF-B function is 
essential for lipolysis in adipocytes [61]. In addition, BZ-26, a 

derivative of GW9662, is also capable of inhibiting NF-B [62]. 
Thus, 15d-PGJ2 and GW9662 might be able to induce similar 

responses in differentiated SGBS adipocytes via NF-B. Since 

NF-B plays a critical role in maintaining lipolysis, its inhibition 
would reduce lipolysis in differentiated SGBS adipocytes. 
However, the experimental results from both 15d-PGJ2 and 
GW9662 (downregulate CCM genes and increase CCM 
metabolites) seem to be opposite from the comparison of CCM 
between pre- and differentiated SGBS adipocytes (upregulate 
CCM genes and decrease CCM metabolites), implying that they 
might stimulate lipolysis and reduce lipogenesis. This makes 

NF-B less likely to be a target for their functions. Other than 

PPAR- and NF-B, another important transcription factor, 

PPAR-, can be affected by 15d-PGJ2 and GW9662. Both 15d-

PGJ2 and GW9662 have been identified to be PPAR- agonists 

[63, 64]. PPAR- activation triggers lipolysis and suppresses 
lipogenesis [65, 66], which were consistent with our current 

observation.  Although the less-understood PPAR- promotes 

similar functions as PPAR-, we have not found any evidence 

showing that 12d-PGJ2 and GW9662 bind to PPAR-. Thus, we 

may conclude that PPAR- is likely to be the key modulator of 
CCM in differentiated adipocytes, at least under current 

experimental conditions, although PPAR- plays a crucial role in 
adipogenesis and lipogenesis. Our current study provides a new 
angle in developing strategies to tackle diseases such as obesity 
and diabetes. Of course, further studies are warranted to fully 
understand how CCM is regulated in adipocytes. 
 
Conclusion: 

PPAR- is the master regulator of adipogenesis and lipogenesis. 
Hence, we conducted a multi-omics analysis to understand the 

role of PPAR- in CCM using pre- and differentiated adipocytes 
(SGBS cells). Data shows that differentiated SGBS adipocytes are 
strongly committed to lipogenesis, resulting in decreased levels 
for most of the CCM metabolites (shift in flux towards lipid 

synthesis). Interestingly, on treatment with PPAR- agonist 15d-

PGJ2 and PPAR- antagonist GW9662, SGBS cells show similar 
downregulation of genes in the CCM gene expression but 
increase in the concentration of numerous metabolites in the 

CCM. This suggests a PPAR- independent mechanism for the 
regulation of CCM by 15d-PGJ2. 15d-PGJ2 and GW9662 can 
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affect PPAR- and PPAR- activation triggers lipolysis and 

suppresses lipogenesis. Thus, PPAR- is the potential target that 
is responsible for this observation. Further experiments are 
warranted to understand CCM regulation in adipocytes. 
 
Author contributions:  
Conceptualization, M.K.S. and J.Y.; Methodology, M.W. and L.S.; 
Validation, J.Y, M.K.S.; Formal analysis, J.Y., L.S. and M.K.S.; 
Investigation, L.S. and J.Y.; Resources: M.W. and M.K.S.; data 
curation, L.S. and M.K.S.; writing-original draft preparation, 
L.S., J.Y. and M.K.S.; writing—review and editing, J.Y. and 
M.K.S.; supervision, M.K.S. and J.Y.; project administration, 
M.K.S.; funding acquisition, M.K.S. All authors have read and 
agreed to the published version of the manuscript.  
 
Funding:  
This research was funded by Natural Sciences and Engineering 
Research Council (Canada), Grant no. 417652 (M.K.S.)  
 
Institutional review board statement:  
Not applicable. 
 
Informed consent statement:  
Not applicable. 
 
Data availability statement: 
All data supporting the findings of this study are included in 
this article. Further information and original data can be 
obtained from the corresponding author upon reasonable 
request. 
 
Acknowledgments: 

During the preparation of this manuscript/study, the author(s) 
used GraphPad Prism 10 for the purposes of statistical analysis 
and data visualization. The authors have reviewed and edited 
the output and take full responsibility for the content of this 
publication. 
 
Conflicts of Interest: The authors declare no conflict of interest. 
 
References: 

[1] Xia H et al. Biomedicine & Pharmacotherapy. 2022 
153:113485. [PMID: 36076503] 

[2] Labbé K et al. Nature Communications. 2024 15:8301. 
[PMID: 39333061] 

[3] Noor E et al. Molecular cell. 2010 39:809. [PMID: 20832731] 
[4] Wu Z et al. Microbial cell factories. 2023 22:76. [PMID: 

37085866] 
[5] Chandel N.S. Cold Spring Harbor Perspectives in Biology. 

2021 13:a040576. [PMID: 34470787] 
[6] Mullen N.J. & P.K. Singh. Nature Reviews Cancer. 2023 

23:275. [PMID: 36973407] 
[7] https://pubmed.ncbi.nlm.nih.gov/21089240/ 
[8] Chen L et al. Frontiers in Endocrinology. 2025 16:1617305. 

[PMID: 40538809] 

[9] Jiang S et al. Molecular medicine reports. 2020 22:603. [PMID: 
32468027] 

[10] Giangregorio F et al. Journal of Clinical Medicine. 2024 
13:5880. [PMID: 39407941] 

[11] Han R et al. International journal of molecular sciences. 2021 
22:5887. [PMID: 34072616] 

[12] Wong T.L et al. Biochimica et Biophysica Acta (BBA)-
Molecular Basis of Disease. 2017 1863:1728. [PMID: 
28502706] 

[13] Wu Z et al. Clinical and Translational Oncology. 2020 22:631. 
[PMID: 31359335] 

[14] Pelicano H et al. Oncogene. 2006 25:4633. [PMID: 16892078] 
[15] Daugan M et al. Pharmacological research. 2016 113:675. 

[PMID: 27720766] 
[16] Huang Y et al. Cancers. 2020 12:3332. [PMID: 33187214] 
[17] Sakers A et al. Cell. 2022 185:419. [PMID: 35120662] 
[18] de Sousa Neto IV et al. Biology. 2022 11:765. [PMID: 

35625493] 
[19] Mariman EC. & Wang P, Cellular and molecular life sciences. 

2010 67:1277. [PMID: 20107860] 
[20] Charrière G et al. Journal of Biological Chemistry. 2003 

278:9850. [PMID: 12519759] 
[21] Planat-Benard V et al. Circulation. 2004 109:656. [PMID: 

14734516] 
[22] Longo M et al. International journal of molecular sciences. 

2019 20:2358. [PMID: 31085992] 
[23] Ahmed B et al. Biomedicine & pharmacotherapy. 2021 

137:111315. [PMID: 33561645] 
[24] Song Z et al. Nutrients. 2018 10:1383. [PMID: 30274245] 
[25] Sajnani K et al. Biochimie. 2017 135:164. [PMID: 28219702] 
[26] da Veiga Moreira J et al. Metabolites. 2016 6:33. [PMID: 

27706102] 
[27] Pietrocola F et al. Cell metabolism. 2015 21:805. [PMID: 

26039447] 
[28] Chandel N.S. Cold Spring Harbor Perspectives in Biology. 

2021 13:a040550. [PMID: 34074675] 
[29] Heindel J et al. Nature Reviews Endocrinology. 2015 11:653. 

[PMID: 26391979] 
[30] Veiga-Lopez A et al. Trends in Endocrinology & Metabolism. 

2018 29:607. [PMID: 30017741] 
[31] Marraudino M et al. Frontiers in Endocrinology. 2019 9:766. 

[PMID: 30687229] 
[32] Schaffert A et al. Environment international. 2022 164: 

107279. [PMID: 35567983] 
[33] Goerdeler C et al. Environmental Research. 2024 252:118847. 

[PMID: 38582427] 
[34] Chinetti G et al. Inflammation research. 2000 49:497. [PMID: 

11089900] 
[35] Berger J. & Moller D.E, Annual review of medicine. 2002 

53:409. [PMID: 11818483] 
[36] Lemay D.G. & Hwang D.H, Journal of lipid research. 2006 

47:1583. [PMID: 16585784] 
[37] Choi S-S et al. BMB reports. 2014 47:599. [PMID: 25154720] 
[38] Tyagi S et al. Journal of advanced pharmaceutical technology & 

research. 2011 2:236. [PMID: 22247890] 

https://pubmed.ncbi.nlm.nih.gov/?term=%22Wabitsch%20M%22%5BAuthor%5D


ISSN 0973-2063 (online) 0973-8894 (print)  

©Biomedical Informatics (2026) Bioinformation 22(4): 2419-2429 (2026) 
 

2429 

 

[39] Burkart E.M et al. The Journal of clinical investigation. 2007 
117:3930. [PMID: 18037994] 

[40] Srivastava N et al. Cell metabolism. 2014 20:650. [PMID: 
25264247] 

[41] Ye F et al. Journal of Biological Chemistry. 2011 286:40013. 
[PMID: 21917928] 

[42] Roberts L.D et al. Genome biology. 2011 12:R75. [PMID: 
21843327] 

[43] Ahmadian M et al. Nature medicine. 2013 19:557. [PMID: 
23652116] 

[44] Yeo C.R et al. Scientific reports. 2017 7:4031. [PMID: 
28642596] 

[45] Morigny P et al. Nature Reviews Endocrinology. 2021 17:276. 
[PMID: 33627836] 

[46] Farese RV & Walther TC, Cold Spring Harbor Perspectives in 
Biology. 2023 15:a041246. [PMID: 36096640] 

[47] https://www.ncbi.nlm.nih.gov/books/NBK560564/?ut
m_source=chatgpt.com 

[48] Song E-K et al. Cell Reports. 2012 2:1607. [PMID: 23177620] 
[49] Dubuisson O et al. Endocrinology. 2011 152:3648. [PMID: 

21791563] 
[50] Corrales P et al. International Journal of Molecular Sciences. 

2018 19:2124. [PMID: 30037087] 
[51] Leonardini A et al. PPAR research. 2009 2009:818945. 

[PMID: 20182551] 
[52] Hondares E et al. Journal of Biological Chemistry. 2011 

286:43112. [PMID: 22033933] 
[53] Sun C et al. International journal of molecular sciences. 2021 

22:8974. [PMID: 34445679] 

[54] Kliewer SA et al. Cell. 1995 83:813. [PMID: 8521498] 
[55] Leesnitzer LM et al. Biochemistry. 2002 41:6640. [PMID: 

12022867] 
[56] Li J et al. PPAR research. 2019 2019:7242030. [PMID: 

31467514] 
[57] Powell WS, The Journal of clinical investigation. 2003 

112:828. [PMID: 12975467] 
[58] Bell-Parikh LC et al. The Journal of clinical investigation. 

2003 112:945. [PMID: 12975479] 
[59] Seargent JM et al. Gill British journal of pharmacology. 2004 

143:933. [PMID: 15533890] 
[60] Na H-K et al. Journal of Cancer Prevention. 2020 25:100. 

[PMID: 32647651] 
[61] Du X et al. Journal of Dairy Science. 2022 105:8426. [PMID: 

35965124] 
[62] Bei Y et al. Biomedicine & Pharmacotherapy. 2016 84:730. 

[PMID: 27710897] 
[63] Reddy A.T et al. ACS chemical biology. 2018 13:3269. 

[PMID: 30398845] 
[64] Schubert M et al. Molecular pharmacology. 2020 97:212. 

[PMID: 31871304]  
[65] Wang Y.-X et al. Cell. 2003 113:159. [PMID: 12705865] 
[66] Reilly S.M & Lee C-H, FEBS letters. 2008 582:26. [PMID: 

18036566] 
[67] Wabitsch M et al. International journal of obesity. 2001 25:8. 

[PMID: 11244452] 
[68] Han J et al. Electrophoresis. 2013 34:2891. [PMID: 23580203] 
[69] Han J et al. Analytical chemistry. 2013 85:5965. [PMID: 

23682691] 

 
 

Caveat Emptor is applicable among the literate community where 
required and possible. The publisher, its journal, editors and the 
internal/external reviewers take adequate steps to check, evaluate, correct, 
edit, revise and improve content where possible and required. 

 
 

 


