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Low-grade chronic inflammation is a major characteristic of obesity and results from deregulated white adi-
pose tissue function. Consequently, there is interest in identifying the underlying regulatory mechanisms 
and components that drive adipocyte inflammation. Here, we report that expression of the transcriptional 
corepressor complex subunits GPS2 and SMRT was significantly reduced in obese adipose tissue, inversely 
correlated to inflammatory status, and was restored upon gastric bypass surgery–induced weight loss in mor-
bid obesity. These alterations correlated with reduced occupancy of the corepressor complex at inflamma-
tory promoters, providing a mechanistic explanation for elevated inflammatory transcription. In support 
of these correlations, RNAi-mediated depletion of GPS2 and SMRT from cultured human adipocytes pro-
moted derepression of inflammatory transcription and elevation of obesity-associated inflammatory markers, 
such as IL-6 and MCP-1. Furthermore, we identified a regulatory cascade containing PPARγ and TWIST1 that 
controlled the expression of GPS2 and SMRT in human adipocytes. These findings were clinically relevant, 
because treatment of diabetic obese patients with pioglitazone, an antidiabetic and antiinflammatory PPARγ 
agonist, restored expression of TWIST1, GPS2, and SMRT in adipose tissue. Collectively, our findings iden-
tify alterations in a regulatory transcriptional network in adipocytes involving the dysregulation of a specific 
corepressor complex as among the initiating events promoting adipose tissue inflammation in human obesity.

Introduction
Obesity is today understood to be a “metaflammatory” condition, 
characterized by both metabolic and inflammatory deteriorations. 
Inflammation is commonly known as a defense mechanism that 
protects the host from infection or trauma. Coordinated regula-
tion of the inflammatory response, in particular its resolution, is 
essential to remain healthy and to maintain homeostasis. Failure 
to resolve inflammatory conditions leads to a broad spectrum of 
common diseases (1). While this has been long recognized in the 
case of classic inflammatory diseases, it is only recently that con-
ditions of chronic low-grade inflammation associated with meta-
bolic diseases have received attention, particularly in relation to 
obesity and related comorbidities (2). Obese subjects display mod-
erate but chronically elevated circulating levels of inflammatory 
mediators such as IL-6 and TNF-α, and this chronic inflamma-
tory status is usually associated with development of metabolic 
complications such as insulin resistance and liver steatosis (3–5).

Obesity complications are thought to be caused at least in part 
by adipose tissue–derived inflammatory mediators that trigger 
low-grade inflammation, linking them to inflammatory altera-
tions. Recent efforts in the field are aimed at understanding how 
these apparently separate aspects are interconnected, raising sub-
stantial interest in identifying the regulatory pathways and com-
ponents that are dysregulated in obese adipose tissue (6). At pres-

ent, adipose tissue is considered to be a major endocrine gland 
that synthesizes and secretes a growing list of hormones, inflam-
matory mediators, and immune system effectors into the systemic 
circulation, including adiponectin and leptin (7–11). Among the 
candidates secreted by enlarged adipocytes, the increase in IL-6, 
IL-8, and monocyte chemotactic protein–1 (MCP-1; also known 
as CCL2) and the decrease in adiponectin are considered to be 
particularly important (12).

Obesity is an evolutionary process that goes through different 
phases, from an initial phase, characterized by a gradual increase 
in body weight and fat mass in response to energy imbalance, to 
a chronic phase, characterized by the occurrence of complications 
that increase morbidity and mortality (13–15). During these dif-
ferent phases, adipose tissue undergoes morphological modifica-
tions and inflammatory phenotype changes. During the weight 
gain phase, expansion of adipose tissue induces increased adipo-
cyte size and then promotes immune cell infiltration. This adipo-
cyte hypertrophy has been associated with its capability to produce 
inflammatory mediators. Adipocyte size, for example, determines 
the production of cytokines, such as IL-6 and IL-8, and key media-
tors of immune cell infiltration, such as MCP-1 (16). As a general 
model, “lean” adipocytes secrete factors, such as IL-13, that pro-
mote alternative activation of macrophages (i.e., the M2 subtype) 
and insulin-sensitizing factors, such as adiponectin. Alternatively 
activated M2 macrophages secrete antiinflammatory mediators, 
such as IL-10. In contrast, in “obese” adipocytes, overnutrition 
causes an increase in lipolysis and the release of proinflammatory 
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nonesterified fatty acids (NEFAs) as well as factors that recruit and 
activate locally macrophages, such as MCP-1, IL-6, and IL-8. By 
secreting a large panel of chemoattractant molecules, both preadi-
pocytes and mature adipocytes may play a role in the macrophage 
infiltration process (13).

An important step toward dissecting the molecular events that 
trigger inflammation of adipose tissue was the recognition that 
adipocytes display marked changes in gene expression of inflam-
matory mediators. Consistently, the NF-κB pathway, implicated in 
the direct transcriptional regulation of inflammatory responses in 
multiple cell types, appears to be activated in the majority of pre-
adipocytes and mature adipocytes in obesity (17, 18). Bacterial LPS 
and saturated NEFAs, which are increased in obesity, are known 
to be strong inducers of NF-κB pathways. In addition, TLR4 is 
overexpressed in obese adipocytes (19). It was also reported that mac-
rophage-derived TNF-α activates the TNF-α receptor–1 (TNFR-1)  
cascade in adipocytes, which could contribute to the costimulation 
of NF-κB, JNK, and AP-1 (also known as c-Jun) pathways (20).

The activation of these inflammatory transcription factors 
generally requires corepressor/coactivator exchange, making the 
coregulator matrix an important regulatory checkpoint of inflam-
matory gene expression (21, 22). Several coregulators appear to 
play major roles in adipocyte differentiation and metabolism, 
although their involvement in inflammatory gene expression or 
in obesity-mediated alterations in humans has not yet been dem-
onstrated. For example, receptor interacting protein 140 (RIP140; 
also known as NRIP1) is expressed in white adipose tissue, where 
it regulates expression of genes involved in lipid metabolism and 
glucose homeostasis (23). RIP140-knockout mice exhibit elevated 
fatty acid oxidation, but surprisingly had reduced fat mass and 
body weight. 2 other coregulators, TLE3 and PGC1-α, have been 
proposed to contribute to adipogenesis and insulin sensitivity pro-
cesses by influencing the activity of the nuclear receptor PPARγ 
(24). Based on current knowledge derived by recent studies, the 
primary transcription factors and the coregulators that control 
adipocyte differentiation appear to be distinct from those that 
control adipocyte inflammation (25).

A fundamental aspect of inflammatory transcription is the strict 
maintenance of gene repression in the absence of inflammatory 
signaling. Numerous studies emphasize the crucial involvement of 
transcriptional corepressor complexes linked to histone deacety-
lation in inflammatory gene regulation (20, 26, 27). Among various 
candidates, complexes assembled by 2 related corepressors, silenc-
ing mediator of retinoid and thyroid receptor (SMRT) and nuclear 
receptor corepressor 1 (NCOR1), have emerged as key players in 
the repression of inflammatory gene transcription, at least in mac-
rophages (28) and in hepatocytes (29). A few studies have begun to 
address the biological function of these corepressors in murine adi-
pocytes. Analysis of dominant-negative knockin mutants of SMRT 
in mice revealed a role during adipogenesis via direct repression 
of PPARγ (30). The first reported adipocyte-specific mouse model 
suggests that loss of NCOR1 phenocopies the effects of systemic 
PPARγ agonist treatment by increased adiposity, enhanced insulin 
sensitivity, and improved glucose tolerance (31). However, adipo-
cyte inflammation was not elevated upon NCOR1 removal in mice, 
leaving open the question of whether these corepressors play roles 
in controlling adipocyte inflammation. These prior results, togeth-
er with concerns about differences between mouse and human adi-
pocyte pathways, emphasize the need to investigate this issue in the 
context of human adipose tissue.

In the present study, we aimed to identify those transcriptional 
alterations in human adipocytes that may be directly linked to the 
elevated inflammation status of obese adipose tissue. We found 
that 2 specific corepressor complex subunits, SMRT and G pro-
tein pathway suppressor 2 (GPS2), were differentially expressed 
and regulated in adipocytes of obese subjects, and investigated the 
functional consequences on inflammatory gene expression as well 
as the underlying regulatory mechanisms. Our work provides the 
first evidence to our knowledge that a specific transcriptional core-
pressor complex is dysregulated in human obesity and describes a 
transcriptional and potentially epigenetic reprogramming path-
way that could be causally linked to metaflammation, i.e., the 
chronic inflammatory status of obese adipose tissue.

Results
SMRT and GPS2 expression negatively correlates with IL-6 expression 
in adipose tissue and in isolated adipocytes of obese subjects. To identify 
obesity-associated transcriptional alterations, we revisited results 
from a previously reported microarray study (32) for biological 
pathways that were differentially regulated in subcutaneous adi-
pose tissue of obese (BMI >30 kg/m2) compared with lean (BMI 
<28 kg/m2) subjects. Gene Ontology (GO) analysis revealed that, 
in addition to the known upregulation of inflammatory pathways, 
multiple transcriptional pathway components were dysregulated 
in obese adipose tissue. We specifically examined whether genes 
linked to the adipose tissue coregulator matrix were differentially 
regulated in this set of experiments. The microarray data revealed 
significantly reduced expression of the 2 corepressor complex 
subunits SMRT and GPS2 in obese adipose tissue. In agreement 
with previous studies (21–23), additional coactivators or corepres-
sors, such as PGC1-α, TLE3, and RIP140, were also deregulated in 
obese adipose tissue (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI64052DS1).

To confirm the microarray results, we analyzed mRNA expres-
sion of all known corepressor complex subunits in subcutaneous 
adipose tissue of lean (n = 14) and obese (n = 36) subjects by quan-
titative real-time RT-PCR (qPCR; Table 1, Figure 1, and Supple-
mental Figure 2). GPS2 and SMRT expression was significantly 
decreased in adipose tissue of obese subjects (Figure 1, A and B), 

Table 1
Clinical parameters of lean and obese study populations

 Lean Obese
n (female/male) 14 (10/4) 36 (26/10)
Age (yr) 42.6 ± 4.3 39.0 ± 1.7
Weight (kg) 73.7 ± 2.6 130.0 ± 4.3A

BMI (kg/m2) 24.4 ± 0.4 47.0 ± 1.3A

Fat mass (%)B 28.2 ± 1.3 46.3 ± 0.7A

Fasting glycemia (mmol/l)  5.2 ± 0.1
Fasting insulin (μU/ml)  16.9 ± 1.5
QUICKI  0.33 ± 0.01
Total cholesterol (mmol/l) 4.6 ± 0.2 4.9 ± 0.1
Triglycerides (mmol/l) 0.61 ± 0.05 1.5 ± 0.1A

HDL-C (mmol/l) 1.7 ± 0.1 1.1 ± 0.1A

hsCRP (mg/l)  12.5 ± 1.6
Leptin (ng/ml)  47.8 ± 5.4
IL-6 (pg/ml)  4.1 ± 0.3
Adiponectin (pg/ml)  5.4 ± 0.5

AP < 0.05. BEvaluated by biphotonic absorptiometry (DXA).
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whereas other complex subunits, including the SMRT-related 
corepressor NCOR1, were not differentially expressed (Figure 1C 
and Supplemental Figure 2, D and E). As expected, gene expres-
sion of adiponectin was significantly reduced in the subcutane-
ous white adipose tissue of the obese group, whereas expression 
of leptin and IL-6 was significantly increased in those subjects 
(Figure 1, D–F). We also analyzed the expression profiles of GPS2, 
SMRT, and NCOR1 in relation to gender, but did not observe 
any gender-specific association in adipose tissue of obese subjects 
(Supplemental Figure 2, A–C).

To determine the association between expression of GPS2 and 
SMRT with inflammatory genes being deregulated in obesity, 
we conducted correlation studies among these different genes. 
We observed a significant inverse correlation between GPS2 and 
SMRT expression and between that of GPS2 and IL-6 (Figure 1, G 
and H). GPS2 gene expression was also positively correlated with 
adiponectin expression (Figure 1I). No significant correlations 
were identified between NCOR1 and IL-6 expression (Supplemen-

tal Figure 2, F–H). Adipose tissue is mainly composed of adipo-
cytes, preadipocytes, and adipose tissue–associated immune cells. 
Previous studies have reported that adipose tissue inflammation 
is promoted in the first step of obesity by inflamed and hypertro-
phic adipocytes and preadipocytes (33). Therefore, we performed 
expression profiling in mature adipocytes of lean (n = 8) and obese 
(n = 12) subjects isolated from the subcutaneous adipose tissue. 
We confirmed that expression of SMRT and GPS2, but not that of 
NCOR1, was significantly reduced in isolated adipocytes of obese 
individuals (Figure 2, A–C). As was observed in obese adipose 
tissue, IL-6 expression was increased in the isolated adipocytes, 
whereas adiponectin expression was reduced (Figure 2, D and E). 
Correlation studies confirmed the association of GPS2 expression 
with SMRT and IL-6 levels (Figure 2, F and G, and Supplemental 
Figure 3A) and the positive correlation with adiponectin expres-
sion (Figure 2H), whereas no significant correlation was seen for 
NCOR1 (Supplemental Figure 3B). Finally, downregulation of 
GPS2 and SMRT, but not of NCOR1, in obese adipocytes was con-

Figure 1
Expression of GPS2 and SMRT is negatively correlated with adipose tissue inflammation in human obesity. qPCR analysis of mRNA 
expression of (A–C) the corepressor complex subunits SMRT, GPS2, and NCOR1; of (D and E) adiponectin and leptin; and of (F) IL-6 in 
subcutaneous adipose tissue of lean (n = 14) and obese (n = 36) male and female subjects. *P < 0.05. (G–I) Correlations were analyzed 
using Spearman statistical test.
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firmed at the protein level by quantitative Western blot analysis 
(Figure 2I and Supplemental Figure 3C).

Clearance of the SMRT-GPS2 complex from the IL-6 promoter triggers 
derepression of inflammatory gene expression in obese adipocytes. To 
investigate the functional consequences of altered corepressor 
expression at the transcriptional level, we next studied the recruit-
ment of GPS2, SMRT, and NCOR1 onto the IL-6 promoter in 
human adipocytes of lean and obese subjects using ChIP assays. 
In adipocytes of lean subjects, GPS2 and SMRT occupied the IL-6 
promoter, while only low levels of RNA polymerase II (POL2) 
could be detected. In contrast, in adipocytes of obese subjects, 
GPS2 and SMRT recruitment was strongly reduced, and signifi-
cantly increased recruitment of POL2 was observed (Figure 2J). 
The increased recruitment of POL2 was associated with changes 
of specific histone 3 marks linked to transcription activation 
(increased H3K4 methylation [me2H3K4] and H3 acetylation 

[acH3] and decreased H3K9 demethylation [me2H3K9]). Notably, 
the recruitment of HDAC3, the main histone deacetylase of the 
corepressor complex, mirrored expression of GPS2 and SMRT, 
while the subunit NCOR1 was not recruited onto the IL-6 promot-
er. These results support the concept that a corepressor complex 
containing SMRT, GPS2, and HDAC3 represses IL-6 expression in 
lean adipocytes, whereas IL-6 expression becomes derepressed due 
to corepressor complex clearance in obesity conditions.

Depletion of GPS2 and SMRT promotes adipocyte inflammation by 
increased expression of proinflammatory cytokines and chemoattractant 
molecules. The critical involvement of SMRT and GPS2, but not of 
NCOR1, in regulating inflammatory gene expression in adipo-
cytes was surprising, given the established role of NCOR1-con-
taining complexes in inflammatory pathways in other tissues, 
such as macrophages and liver (29, 34). Our results suggest that, 
at least in part, distinct complexes could control transcription of 

Figure 2
Adipocyte inflammation is associated with clearance of the SMRT-GPS2 complex from the IL-6 promoter. (A–E) qPCR analysis of mRNA expres-
sion of SMRT, GPS2, NCOR1, adiponectin, and IL-6 in isolated human adipocytes from subcutaneous adipose tissue of lean (n = 8) and obese  
(n = 12) subjects. *P < 0.05. (F–H) Gene expression correlations were analyzed using Spearman statistical test. (I) Western blot analysis of protein 
levels of GPS2, SMRT, and NCOR1 in isolated human mature adipocytes from subcutaneous adipose tissue of lean and obese subjects (n = 3). 
(J) ChIP assays were performed to measure recruitment of GPS2, SMRT, NCOR1, HDAC3, and POL2 onto the IL-6 promoter, in conjunction with 
histone modifications (me2H3K9, indicative of repression, and me2H3K4 and acH3, indicative of activation), in isolated human adipocytes from 
subcutaneous adipose tissue of lean (n = 6) and obese (n = 5) subjects. IgG served as nonspecific control antibody.
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different gene subsets in adipocytes. To identify which subset is 
controlled by GPS2, SMRT, and NCOR1 in human adipocytes, we 
depleted these 3 components individually by RNAi in preadipo-
cytes and in isolated mature adipocytes (Figure 3A). We first vali-
dated the effectiveness and specificity of the individual siRNAs 
targeting GPS2, SMRT, or NCOR1 at the mRNA and protein lev-
els (Supplemental Figure 4, A–F). We then analyzed and compared 
the genome-wide transcriptome signatures of preadipocytes and 
adipocytes in control and knockdown conditions. Depletion of 
GPS2, SMRT, and NCOR1 in preadipocytes caused upregulation 
of 159, 97, and 244 genes, respectively (Figure 3B). Unexpectedly, 
the number of upregulated (i.e., derepressed) genes was higher 
in differentiated adipocytes for GPS2 and SMRT (1,006 and 511, 
respectively), whereas only 14 genes were derepressed by NCOR1 
(Figure 3C). Functional GO classification revealed that genes 
upregulated upon SMRT or GPS2 depletion that overlapped were 
linked to the NF-κB cascade, inflammatory response pathways, 
and immune cell chemotaxis (Supplemental Figure 5, A and B, 
Supplemental Figure 6, A–C, and Supplemental Table 7). In agree-
ment with our correlation data, IL-6 expression was significantly 
upregulated in adipocytes depleted for GPS2 and SMRT, but not 
for NCOR1. Notably, GPS2 and SMRT appeared to control the 
expression of MCP-1 and CXCL2 (Table 2), which, being chemo-
attractants, play main roles in recruiting immune cells to pro-

inflammatory adipocytes, thereby establishing the inflammatory 
status of obese adipose tissue.

Microarray results were essentially confirmed by qPCR analy-
sis of selected genes (Figure 4A and Supplemental Figure 7). 
Upregulation of key inflammatory genes, such as IL-6, IL-8, and 
MCP-1, upon depletion of GPS2 and SMRT was confirmed using 
different sets of individual siRNAs (Supplemental Figure 4 and 
data not shown). Moreover, the expression results based on mRNA 
quantification were further confirmed at the protein level by mea-
suring the secretion of a large panel of cytokines (secretome) into 
the culture media (Figure 4B). Confirming the microarray results, 
GPS2 and SMRT depletion in adipocytes provoked secretion of 
chemoattractant cytokines, such as IL-8, CCL5, MCP-1, CXCL1, 
and CXCL10, that was higher in isolated adipocytes. Interestingly, 
inflammatory mediators, such as TNF-α and IL-11, were signifi-
cantly less affected by depletion of GPS2 or SMRT. Notably, deple-
tion of NCOR1 seemed to be associated with reduced expression 
of some inflammatory genes (such as MCP-1, CXCL10, CCL5, or 
MIF), fully consistent with recent findings on adipocyte-specific 
NCOR1 knockout mice (31).

We then analyzed the consequences of siRNA depletion on pro-
moter occupancy and chromatin marks at the IL-6 promoter using 
ChIP assays, analogous to the experiments described in Figure 2J. 
SMRT and GPS2 were specifically recruited onto the IL-6 promot-

Figure 3
Depletion of GPS2 or SMRT, but not of NCOR1, derepresses a subset of inflammatory genes in primary human adipocyte cultures. (A) Genome-
wide mRNA expression analysis using microarrays was performed in undifferentiated preadipocytes and adipocytes upon siRNA-mediated deple-
tion of GPS2, SMRT, and NCOR1 (n = 6). (B and C) Repressed genes that were upregulated upon siRNA-mediated depletion as in A. Numbers 
in parentheses denote the number of upregulated/downregulated genes.
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er under control conditions, whereas depletion of SMRT or GPS2 
derepressed transcription, as shown by POL2 recruitment, reduced 
me2H3K9, and increased me2H3K4 and acH3 (Figure 4C). The 
combined results of expression analysis at the gene and protein 
level, chromatin recruitment, and siRNA depletion further sup-
ported the concept that regulation of proinflammatory genes in 
human mature adipocytes involves a corepressor complex contain-
ing SMRT and GPS2, but not NCOR1.

Adenovirus-mediated expression of GPS2 reverses the inflammatory phe-
notype of obese adipocytes and rescues siRNA-mediated depletion. To fur-
ther confirm the involvement of the SMRT-GPS2 complex in the 
transcriptional repression of inflammatory gene expression, we 
ectopically expressed HA-tagged human GPS2 using recombinant 
adenovirus particles in human isolated mature adipocytes from 
lean and obese subjects (Figure 5, A and B, and Supplemental Fig-
ure 9). We found that virus-mediated GPS2 expression significantly 
inhibited IL-6 and IL-8 expression in obese adipocytes (Figure 5A),  
consistent with recruitment of both SMRT and GPS2 onto the 
IL-6 promoter and decreased POL2 recruitment (Figure 5B).

A series of gain-of-function experiments was performed to 
study IL-6 regulation in human adipocytes under endogenous 
conditions (Figure 5, C–E) and using an ectopically expressed 
IL-6 reporter vector (Supplemental Figure 10). Adenoviral expres-
sion of GPS2 reversed the derepression of IL-6 expression medi-
ated by RNAi-induced GPS2 depletion, but not SMRT depletion  
(Figure 5C), which confirmed that SMRT is required to repress 
IL-6 expression by GPS2. In addition, using the IL-6 reporter assay, 
we observed that plasmid-mediated overexpression of SMRT or 
GPS2 was capable of partially reversing siRNA-mediated derepres-
sion of IL-6 promoter activity (Supplemental Figure 10, B and C).

Cytokine stimulation by individual cytokines or by adipose 
tissue–conditioned medium from obese subjects (ATCM) in the 
above experiments revealed that virus-mediated GPS2 expression 
and rescue of siRNA depletion counteracted cytokine induction 
of IL-6 and MCP-1 expression (Figure 5, D and E, Supplemental 
Figure 10, E and F, and Supplemental Figure 11). Intriguingly, 
GPS2 depletion and cytokine stimulation had additive effects on 
the endogenous expression of IL-6 (Figure 5, D and E) and MCP-1 
(Supplemental Figure 11C) and on IL-6 reporter activation (Sup-
plemental Figure 10, E and F). This suggests a close mechanistic 

relationship of (a) derepression by corepressor removal and (b) 
activation by inflammatory transcription factor signaling in order 
to induce key inflammatory genes in adipocytes.

Identification of GPS2-regulated inflammatory transcription factors in 
adipocytes, and their role in controlling IL-6 expression. Inflammatory 
transcription factors, such as AP-1, C/EBP, STATs, and NF-κB, 
mediate inflammatory responses in immune cells and hepatocytes; 
however, with the exception of NF-κB, little is known about their 
role in regulating inflammatory gene expression in human adi-
pocytes. To identify such transcription factors and to determine 
whether their activity is controlled by GPS2, we analyzed the acti-
vation of 47 transcription factors in nuclear extracts from human 
adipocytes that were siRNA-depleted for GPS2 and SMRT, in 
conjunction with adenovirus expression of GPS2 and/or cytokine 
stimulation (Figure 6A and Supplemental Table 1).

Depletion of GPS2 and SMRT induced activation of major 
inflammatory transcription factors, including AP-1, C/EBPs, Ets, 
NF-κB, and STAT3, whereas other candidate factors, such as IRFs 
and STAT1, were not affected (Figure 6A and Supplemental Table 1).  
Notably, we observed that transcription factor activation by 
GPS2 depletion was comparable to the level of cytokine-induced 
(i.e., ATCM) activation (Figure 6B), in agreement with the results 
described above. Rescue experiments using adenovirus-expressed 
GPS2 under inflammatory conditions (siRNA-mediated GPS2 
depletion or ATCM treatment) provoked repression of inflamma-
tory transcription factor activation and abolished transcription 
factor II D (TFIID) binding (Figure 6B and Supplemental Table 2),  
consistent with genomic antagonism of a GPS-containing core-
pressor complex with the basal transcription machinery.

ChIP assays were performed to study the possible involvement 
of these factors in regulating IL-6 expression in adipocytes and to 
test whether GPS2 and SMRT are capable of forming genomic core-
pressor complexes at the suspected transcription factor binding 
sites at the human IL-6 promoter. Binding site search and previous 
data (35, 36) suggested that 2 core regulatory regions at the IL-6 
promoter can be distinguished within the human IL-6 promoter  
(Figure 6C): (a) the region composed of NF-κB and C/EBPβ binding 
sites (referred to herein as R1), and (b) the region including the AP-1 
binding site (referred to herein as R2). Using specific primers for R1 
versus R2, we found that GPS2 depletion or ATCM treatment pro-
moted the recruitment of C/EBPβ and NF-κB p65 onto R1, whereas 
AP-1 was specifically recruited onto R2 (Figure 6, D and E). Impor-
tantly, ectopic expression of GPS2 induced corecruitment of GPS2 
with SMRT and antagonized the recruitment of inflammatory 
transcription factors onto IL-6 promoter regions (Figure 6, D and 
E), fully consistent with our transcription factor profiling results 
(Figure 6, A and B). Additionally, ChIP and re-ChIP experiments in 
adipocytes upon adenovirus-mediated GPS2 expression revealed 
that GPS2 and SMRT were part of the same transcriptional complex 
with C/EBPβ, NF-κB p65, and AP-1 at the specific IL-6 promoter 
regions (Figure 6, F and G). Collectively, these results lent further 
support to a major genomic function of GPS2, in conjunction with 
the SMRT corepressor complex, in antagonizing the activation of 
inflammatory transcription factors in human adipocytes.

TWIST1, a PPARγ-inducible gene, controls GPS2 and SMRT expression 
in human adipocytes. To identify potential regulators of SMRT and 
GPS2 expression in adipocytes, we analyzed the corresponding 
promoter sequences for putative binding sites for transcription 
factors that were differentially regulated in obese adipose tissue 
based on our transcriptomic data (Supplemental Figure 1 and 

Table 2
Top 10 common upregulated genes upon SMRT and GPS2 
depletion

 siRNA-mediated depletion
 GPS2 SMRT NCOR1
CXCL2 1.56 2.03 0.9
CXCL5 2.36 2.39 0.86
CXCL6 1.75 2.12 1.03
MCP-1 1.39 1.84 0.88
CCL20 2.14 2.6 0.92
CCL26 1.46 1.55 1.01
IL-6 1.68 2.11 0.99
IL-8 1.61 1.9 0.95
IL-7R 1.43 1.53 0.83
IL-32 1.78 2.04 1.06

Values represent fold change. Expression changes were directly calcu-
lated from the microarray analysis (see Figure 3A).
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data not shown). This analysis revealed TWIST1, an E-box–bind-
ing transcription factor recently described as being differentially 
expressed in lean versus obese adipocytes (37, 38), to be a strong 
candidate. Indeed, we found in ChIP assays that TWIST1, along 
with POL2, was recruited onto the SMRT and GPS2 promoter 
regions containing E-boxes in lean adipocytes, whereas recruit-
ment was significantly reduced in obese adipocytes (Figure 7, A 
and B). In agreement with the previous studies (37, 38), we found 
that TWIST1 expression was reduced by more than 50% in isolated 
adipocytes from obese subjects (Figure 7C). Correlation studies 
highlighted the strong positive association of GPS2 and SMRT 
expression with that of TWIST1 (Figure 7, D and E). TWIST1 
siRNA knockdown in adipocytes caused downregulation of GPS2 
and SMRT expression and upregulated expression of inflamma-
tory genes, such as IL-6 and IL-8 (Figure 7F). In addition, siRNA-
mediated depletion of TWIST1 reduced the recruitment of GPS2 

and SMRT onto the IL-6 promoter (Figure 7G), whereas no direct 
recruitment of TWIST1 to this region was observed (data not 
shown). Finally, adenovirus-mediated GPS2 expression in adipo-
cytes depleted for TWIST1 partially reversed IL-6 and IL-8 expres-
sion (Figure 7H), which is probably the consequence of SMRT 
downregulation induced by TWIST1 depletion. In line with these 
results, induction of an IL-6 luciferase reporter by TWIST1 deple-
tion was antagonized by plasmid-mediated overexpression of 
GPS2 and SMRT (Supplemental Figure 10D). Overall, these data 
support the concept that TWIST1 could be one of the key factors 
controlling inflammatory gene expression in human adipocytes, 
here via positive regulation of GPS2 and SMRT expression.

Improvement of adipose tissue inflammation induced by weight loss is asso-
ciated with upregulation of TWIST1 and the SMRT-GPS2 complex pathway. 
Weight loss is known to improve the metabolic status of morbidly 
obese subjects, which is corroborated by reports of reduced system-

Figure 4
Depletion of GPS2 and SMRT induces gene expression and secretion of inflammatory cytokines in primary human adipocyte cultures. (A) Verifi-
cation of the microarray data using qPCR and color map representation of inflammatory gene expression (transcriptome) under the experimental 
conditions outlined in Figure 3A. (B) Secretion of cytokines (secretome) was monitored by a membrane array (n = 3). (C) ChIP assays were 
performed to measure recruitment of GPS2, SMRT, POL2, and histone markers at the IL-6 promoter upon siRNA-mediated depletion of GPS2 
and SMRT. CTL, control. IgG served as nonspecific control antibody. *P < 0.05.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 1   January 2013 369

ic and improved adipose tissue inflammation (39). Therefore, we 
examined the expression of corepressor complex components, in 
relation to TWIST1 and inflammatory markers, in obese subjects 
before and 6 month after gastric bypass surgery–induced weight 
loss (Table 3). Expression of TWIST1, SMRT, and GPS2 increased 
after weight loss, in contrast to decreased expression of inflamma-
tory cytokines, such as IL-6, IL-8, and MCP-1 (Figure 8, A–D, and 
data not shown). Expression of NCOR1, TBL1, and TBLR1 did 
not change (data not shown). Spearman association analysis indi-
cated that the expression of SMRT and GPS2 positively correlated 
with that of TWIST1 and negatively correlated with that of IL-6 
in mature adipocytes (Figure 8, E–G). Collectively, these data fur-
ther support the relevance of the identified TWIST1-SMRT-GPS2 
pathway in relation to obesity and adipose tissue inflammation, in 
particular highlighting its reversibility upon clinical intervention.

Thiazolidinedione drug treatment improves adipose tissue inflammation by 
regulation of SMRT and GPS2 expression. PPARγ is known to be a mas-
ter regulator of fat cell biology and adipocyte differentiation and the 
target for antidiabetic thiazolidinedione drugs (TZDs) such as rosi-
glitazone (40, 41). Notably, TWIST1 has been previously reported to 
be regulated by PPARs (42). To investigate the possibility that PPARγ 
acts upstream of the identified TWIST1-SMRT-GPS2 pathway, we 
analyzed the expression of PPARγ in subcutaneous adipose tissue 
of obese subjects before and 6 months after gastric bypass surgery–
induced weight loss. PPARγ expression was significantly increased  
6 months after surgery and positively correlated with expression lev-
els of GPS2 and TWIST1 (Figure 8, H–J). To confirm these observa-

tions in vitro, we treated human adipocytes with rosiglitazone for  
24 hours and then analyzed the gene expression profile. Rosigli-
tazone induced expression of FABP4, a known PPARγ target gene, as 
well as that of TWIST1, GPS2, and SMRT, but not that of NCOR1 
(Figure 9A). ChIP assays revealed that at the TWIST1 promoter, 
rosiglitazone treatment increased PPARγ recruitment, in associa-
tion with CBP/P300 and POL2 (Figure 9B), reflective of transcrip-
tion activation. At the promoters of SMRT and GPS2, rosiglitazone 
treatment increased recruitment of TWIST1 (Figure 9, C and D).

To investigate the link to inflammatory status, we treated adi-
pocytes with ATCM in combination with rosiglitazone (1 μM) 
or DMSO vehicle. As expected, ATCM markedly induced expres-
sion of inflammatory genes such as IL-6, IL-8, MCP-1, IL-1, and 
TNF-α (Figure 9E). Under these conditions, rosiglitazone treat-
ment increased the recruitment of PPARγ and TWIST1 onto the 
TWIST1 and GPS2 promoters, respectively (Figure 9, F and G). 
Similarly, recruitment of GPS2 and SMRT onto the IL-6 promoter 
was also increased (Figure 9H).

Our in vitro observations corroborated the putative link among 
the antiinflammatory actions of PPARγ. We then analyzed adipose 
tissue transcripts of previously reported diabetic subjects treated 
with the TZD pioglitazone for 6 months (43). Although all treat-
ed patients had improvement of their diabetic status (Table 4), we 
observed a difference regarding the adipose tissue gene signatures. 
Half of the patients responded to pioglitazone treatment, with 
reduced adipose tissue inflammation marked by decreased expres-
sion levels of IL-6, MCP-1, CD68, and CRP (Figure 10A). Using these 

Figure 5
Adenoviral expression of GPS2 represses cytokine expression in isolated human adipocytes and reverses siRNA- or cytokine-mediated derepres-
sion of IL-6 expression. (A and B) Adenoviral expression of HA-GPS2 or GFP (as control) in human isolated mature adipocytes from subcutane-
ous adipose tissue of lean and obese subjects. (A) Gene expression of IL-6 and IL-8 was measured by qPCR. (B) Recruitment of GPS2, SMRT, 
and POL2 onto the IL-6 promoter was quantified by ChIP assays. (C–E) Gain-of-function experiments. Adenoviral expression of HA-GPS2 or 
GFP (as control) in isolated mature adipocytes from subcutaneous adipose tissue of lean subjects upon treatment with siRNAs and/or isolated 
cytokines, including ATCM. IL-6 mRNA expression was measured by qPCR. All data are representative of 5 different experiments. *P < 0.05.
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parameters, we distinguished 2 patient profiles: those with and without 
improvement of adipose tissue inflammation. Interestingly, patients 
with improvement of adipose tissue inflammation demonstrated 
significantly increased expression of GPS2, SMRT, and TWIST1, 
while these were not regulated in the group without improve-
ment (Figure 10B). In agreement with our observations in adipose 
tissue of obese subjects, GPS2 and SMRT expression negatively 
correlated with IL-6 systemic concentration (Figure 10, C and D)  
and with IL-6 mRNA expression (Figure 10E) in all patients. More-

over, expression of SMRT correlated positively with GPS2 and 
PPARγ (Figure 10F and Supplemental Figure 13). Collectively, these 
results indicated that adipose tissue inflammation seemed to be 
associated with expression levels of GPS2 and SMRT, which could 
be modulated by clinical responses to TZD treatment in patients.

Discussion
The SMRT-GPS2 corepressor complex as a genomic checkpoint for 
adipocyte-specific reprogramming toward metaflammation. Cell type–

Figure 6
The SMRT-GPS2 complex represses IL-6 expression in human adipocytes through inhibition of the proinflammatory transcription factors NF-κB, 
AP-1, and C/EBP. (A and B) Identification of GPS2 and SMRT-dependent inflammatory transcription factors (TF) in adipocytes using a transcrip-
tion factor profiling assay. Transcription factor activation was analyzed in nuclear extracts of human adipocytes upon treatment with GPS2 siRNA 
or ATCM coupled with adenoviral expression of GPS2 (or GFP as control). Reporter activation was measured as relative luminescence activity 
(RLU). Data are derived from 4 different experiments. (C) Human IL-6 promoter with known binding sites for inflammatory transcription factors. 
(D and E) ChIP analysis of transcription factor binding at R1 and R2. See Supplemental Figure 12 for schematic and ChIP analysis of the nonre-
sponsive control region R3. (F and G) Re-ChIP. Human adipocytes were infected with adenovirus HA-GPS2 or GFP (as control). ChIP (first IP) 
using anti-HA was followed by re-ChIP (second IP) using the indicated antibodies. Data are representative of 5 different experiments. *P < 0.05.
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specific epigenetic and transcriptional reprogramming events, 
and their underlying regulatory components, are fundamentally 
linked to human diseases and are attracting increasing atten-
tion in the areas of obesity, metaflammation, and adipose tissue 
biology (21). The molecular characterization of such events not 
only promises to reveal insights into the causality of disease-
associated physiological alterations, but also promises to reveal 
targets and strategies for therapeutic intervention and, optimal-
ly, disease prevention.

In this study, we sought to identify novel regulatory pathways and 
components that participate in adipocyte-specific transcriptional 
reprogramming events toward obesity-associated inflammation. We 
report that 2 specific transcriptional corepressor complex subunits, 
SMRT and GPS2, were differentially expressed and regulated in adi-
pocytes of obese subjects. We provide evidence that this dysregula-
tion of corepressor complex function contributed to adipose tissue 
inflammation by accounting for the derepression of a subset of 
inflammatory genes in adipocytes (Figure 11). We further identified 

Figure 7
TWIST1 controls transcription of GPS2 and SMRT in human adipocytes. (A and B) Recruitment of TWIST1 and POL2 was analyzed on promoter 
and enhancer regions of GPS2 and SMRT in isolated adipocytes from subcutaneous adipose tissue of lean (n = 6) and obese (n = 5) subjects by 
ChIP assays. (C) TWIST1 mRNA expression was measured in isolated adipocytes of lean (n = 8) and obese (n = 12) subjects. (D and E) Correlation 
of TWIST1 expression with GPS2 and SMRT was analyzed using Spearman statistical test. (F) Adipocytes were transfected with siRNA targeting 
TWIST1. mRNA expression of TWIST1, GPS2, SMRT, NCOR1, IL-6, and IL-8 was measured by qPCR. (G) POL2, SMRT, and GPS2 recruitment onto 
the IL-6 promoter upon siRNA depletion of TWIST1 was analyzed by ChIP assay. IgG served as nonspecific control antibody. (H) Adenoviral overex-
pression of HA-GPS2 or GFP (as control) upon siRNA depletion of TWIST1. Gene expression of IL-6 and IL-8 were measured by qPCR. *P < 0.05.
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a molecular pathway implicating TWIST1 and PPARγ in the tran-
scriptional regulation of SMRT and GPS2 expression in adipocytes. 
Finally, we demonstrated that resolution of adipose tissue inflam-
mation by gastric bypass surgery–induced weight loss in obese sub-
jects or by treatment with a PPARγ agonist in diabetic subjects was 
associated with restored expression of SMRT and GPS2 (Figure 11).

These data, along with our findings in gain-of-function stud-
ies using human adipocytes, suggest that the corepressor path-
way toward inflammation is reversible and thus may present an 
attractive target for future intervention. Our study provides the 
first evidence that a specific transcriptional corepressor complex is 
dysregulated in human obesity and describes a transcriptional and 
potentially epigenetic and reprogramming pathway that could be 
causally linked to metaflammation: the chronic inflammatory sta-
tus of obese adipose tissue.

The present findings further refined the recent hypothesis that 
obesity complications are initiated by alterations in adipocytes 
that cause transcriptional reprogramming, leading to the secre-
tion of adipose tissue–derived inflammatory mediators. Our newly 
identified pathway, controlled by the SMRT-GPS2 corepressor 
complex in human adipocytes, is likely to contribute to the well-
documented attraction of immune cells via regulating MCP-1 
(44, 45) as well as to the expression of adipocytokines involved in 
inflammatory responses, macrophage activation, and polarization 
via regulating IL-6 (16, 20, 46). These alterations, if not resolved by 
clinical or pharmacological intervention, are likely to establish the 
chronic low-grade inflammation status of obese adipose tissue.

Our results also indicate that the transcriptional regulation of 
inflammatory responses in adipocytes and macrophages, at least 
in part, requires different components and thus can be mechanisti-
cally distinguished. For example, MCP-1 expression in adipocytes is 
controlled by a SMRT-GPS2 corepressor complex, while in macro-
phages, MCP-1 is controlled by a related yet distinct complex con-
taining NCOR1 and coronin 2A, but not GPS2 or SMRT (28, 34).  
Although we currently lack any data on human adipose tissue–
associated macrophages, it is likely that the obesity-associated 
alterations that reduce GPS2 and SMRT expression in obese adi-
pose tissue define a pathway that occurs specifically in adipocytes.

Dysregulation of corepressor expression: cause or consequence of adipose 
tissue inflammation? Our observations demonstrated a correlation 
of corepressor expression with adipose tissue inflammation in 
vivo and provided direct evidence that experimental reduction of 
SMRT-GPS2 expression was sufficient to induce proinflammatory 
gene expression in cultured human adipocytes. However, whether 

reduced corepressor expression is causal to the development of 
adipose tissue inflammation in obesity remains to be addressed. 
It will be especially challenging to fully describe and separate 
molecular events, and the obesity-associated alterations thereof, 
that occur in adipocytes versus adipose tissue–associated immune 
cells, such has macrophages and T cells.

Regardless, it is likely that metabolic and inflammatory signalling 
in obese adipocytes, as well as in adipose tissue, converge in complex 
regulatory circuits with multiple levels of interdependence. For exam-
ple, alterations of corepressor expression in noninflamed adipocytes 
(healthy obese) could be initiated by nutritional signaling linked to 
enigmatic epigenetic changes, whereas with disease progression 
(inflamed obese), inflammatory signaling cascades could have a more 
direct negative effect on the expression of GPS2 and SMRT, along 
with a variety of other genes and miRNAs, as reported previously (47).

The involvement of dynamic epigenetic processes is supported by 
our demonstration that the SMRT-GPS2 pathway toward inflam-
mation had degrees of reversibility, both upon experimental manip-
ulation (i.e., siRNA-mediated depletion and adenovirus expression) 
and upon clinical intervention (i.e., TZD treatment and gastric 
bypass surgery). The correlations also suggested that individual 
genetic or epigenetic differences regarding the expression of SMRT 
and/or GPS2 could be distinctive in causing variations concerning 
the inflammatory status of obese people. To further explore such a 
possibility, studies involving healthy obese or early-onset obese indi-
viduals would be of great benefit. Additionally, it would be interest-
ing to determine the expression levels of GPS2 and SMRT, and their 
relation to inflammation, in childhood obesity.

Derepression is crucial to induce inflammatory gene expression in human 
adipocytes. Our data should also be useful in developing and refin-
ing models of how inflammatory gene expression is regulated in 
specific nonimmune cell types, such as adipocytes. In the absence 
of any functional studies in human adipocytes, we can currently 
assume that most inflammatory genes will be regulated by a vari-
ety of inflammatory transcription factors, some of which are tar-
gets for repression by SMRT-GPS2.

Numerous findings of the present study suggested that the clas-
sic activation model does not fully describe the mechanisms that 
account for induced gene transcription at inflammatory sites in 
adipocytes. First, our transcription factor profiling assay indicated 
that depletion of GPS2, similar to the effects of SMRT depletion, 
increases the activity of many, but not all, inflammatory factors, 
along with increased TFIID activity, in human adipocytes. Second, 
RNAi-mediated depletion of corepressor subunits, and the rever-
sal thereof by adenovirus expression, clearly induced transcription 
of inflammatory genes, such as IL-6 and MCP-1, in human adi-
pocytes, even in the apparent absence of any stimulating inflam-
matory signal (e.g., cytokines and ATCM). Third, re-ChIP experi-
ments at the IL-6 promoter detected promoter-bound complexes 
of SMRT and GPS2 as well as inflammatory factors, including 
NF-κB p65, AP-1, and C/EBP. Intriguingly, the latter 2 factors are 
known to be already promoter-bound under basal conditions, and 
thus represent good candidates for recruiting SMRT-GPS2.

Together, these data suggest that appropriate genomic corepres-
sor action is required for maintaining a transcriptional silent state 
of inflammatory gene expression in adipocytes. We speculate that 
any stimulus that reduces promoter occupancy of corepressors can 
potentially initiate the inflammatory program in adipocytes and 
contribute to initiation and maintenance of subsequent chronic 
inflammatory states. Such stimulus could be either the activation 

Table 3
Clinical parameters of the female obese population before and 
6 months after gastric bypass surgery

 Before After
BMI (kg/m2) 44.96 ± 6.45 34.53 ± 5.18A

IL-6 (pg/ml) 3.18 ± 2.04 3.01 ± 1.47
Adiponectin (pg/ml) 4.69 ± 1.89 5.43 ± 1.28A

Leptin (ng/ml) 38.05 ± 13.60 26.62 ± 15.33A

Total cholesterol (mmol/l) 4.5 ± 0.64 4.08 ± 0.78A

HDL (mmol/l) 1.32 ± 0.38 1.43 ± 0.33
Triglycerides (mmol/l) 1.09 ± 0.35 0.96 ± 0.35
CRP (mg/ml) 10.27 ± 6.94 8.07 ± 3.10

n = 14 female subjects (age 37.28 ± 8.23 years). AP < 0.05, paired test.
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of inflammatory factors, such as NF-κB p65 (classic activation 
mechanism), or the reduced expression — and thereby occupancy —  
of corepressor subunits (alternative activation by derepression). 
In reality, it will be difficult to separate these 2 key events from 
each other, and they likely will act in a synergistic manner. Indeed, 
we showed that corepressor removal (using siRNA depletion) and 
cytokine stimulation synergistically affected the expression of IL-6 
and other genes, although each stimulus alone was sufficient to 
partially induce transcription.

Related corepressors NCOR1 and SMRT have different functions in adi-
pocytes. According to available data, the highly related corepressors 
SMRT and NCOR1 share the same domain architecture, interact 
with the same set of transcription factors, and assemble into similar 
corepressor complexes, which suggests that they have redundant 
functions. Our results provide evidence that this may not be the 

case with respect to control of inflammatory responses, in which 
NCOR1 and SMRT complexes obviously have separate functions.

Glass and coworkers have demonstrated that in murine macro-
phages, NCOR1 and SMRT seem to function independently and 
in a mutually dependent manner to regulate some specific subsets 
of inflammatory genes (29, 34). A large set of inflammatory genes, 
including MCP-1 and IL-1, seems to be controlled by NCOR1 and 
SMRT, indicative of an unexpected requirement of both core-
pressors. In contrast, we previously reported that in human and 
murine hepatocytes, key genes associated with the acute phase 
response, such as haptoglobin or SAA, are controlled specifically 
by a NCOR1-GPS2 complex, but not by SMRT (29).

Here, we report that in human adipocytes, depletion of NCOR1 
and SMRT induced different gene expression profiles. As far as we 
can determine from the gene expression, SMRT acts as a key repres-

Figure 8
Increased expression of GPS2 and SMRT in obese adipose tissue after gastric bypass surgery–induced weight loss. (A–D) qPCR analysis of 
SMRT, GPS2, IL-6, and TWIST1 expression in subcutaneous adipose tissue of obese subjects before and 6 months after surgery-induced weight 
loss (n = 14). (E–G) Correlations were determined with Spearman statistical test. (H) qPCR analysis of PPARγ expression in subcutaneous 
adipose tissue of obese subjects before and 6 months after surgery-induced weight loss (n = 14). (I and J) Correlations were determined with 
Spearman statistical test. *P < 0.05.
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rosiglitazone during differentiation causes dissociation of NCOR1 
from PPARγ. This could indicate that SMRT and NCOR1 act at 
different stages of adipocyte differentiation by repressing distinct 
gene programs. Indeed, GPS2, SMRT, and NCOR1 did not appear 
to regulate the same gene expression profiles during human adi-
pogenesis (Supplemental Figure 8, Supplemental Table 8, and our 
unpublished observations), in support of this hypothesis.

Our data are consistent with a recent study suggesting that 
NCOR1 is the main corepressor of PPARγ actions in adipocytes, 
as specific knockout of NCOR1 in mature adipocytes derepressed 

sion checkpoint of inflammatory gene expression, whereas NCOR1 
seems to be more involved in metabolic processes in adipocytes. 
However, our microarray data also revealed that 43 genes were com-
monly regulated by SMRT and NCOR1 in preadipocytes, which 
suggests that SMRT and NCOR1 function in a mutually depen-
dent manner for these genes, as described in macrophages. Unex-
pectedly, NCOR1 did not seem to regulate many genes in mature 
human adipocytes compared with preadipocytes. One possible 
explanation for this could be that NCOR1 acts as major corepres-
sor for (unliganded) PPARγ in preadipocytes, while the addition of 

Figure 9
PPARγ controls a TWIST1-
SMRT-GPS2 cascade in 
human adipocytes. (A–D) Adi-
pocytes were differentiated 
for 10 days and then treated 
with the PPARγ agonist rosi-
glitazone (1 μM) or vehicle 
(DMSO) for 24 hours. (A) Gene 
expression of TWIST1, GPS2, 
NCOR1, SMRT, and FABP4 
was analyzed by qPCR. (B) 
PPARγ, CBP/300, and POL2 
recruitment onto the TWIST1 
promoter was measured 
by ChIP assays. (C and D) 
TWIST1 and POL2 recruitment 
onto the SMRT and GPS2 pro-
moters. (E) Expression analy-
sis. (F–H) ChIP assays were 
performed on TWIST1, GPS2, 
and IL-6 promoters. Adipocytes 
were differentiated for 10 days, 
then cotreated for 24 hours 
with ATCM or control media 
and with vehicle (DMSO) or 
rosiglitazone (1 μM). *P < 0.05. 
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Upstream regulators of GPS2 and SMRT expression in human adi-
pocytes. In our search for upstream regulators of GPS2 and 
SMRT expression in adipocytes, we herein identified TWIST1, 
a PPARγ-inducible gene, as a strong candidate (42). TWIST1, 
which belongs to the family of basic helix-loop-helix transcrip-
tion factors, acts as a key player in embryogenesis, particularly in 
gastrulation and subsequent mesoderm formation, and knockout 
mice were embryonic lethal due to neuronal abnormalities (51). 
Interestingly, TWIST1 has been characterized as a critical regula-
tor of energy homeostasis and inflammation in metabolic tissues, 
including adipose tissue (37, 38, 42).

Studies using our molecular model suggested that TWIST1 reg-
ulates the expression of GPS2 and SMRT, but not that of NCOR1. 
Thus, reduced expression of TWIST1 in obese adipocytes is likely 
to contribute to the downregulation of GPS2 and SMRT. Our 
data additionally indicated that treatment of inflamed adipocytes 
with a PPARγ agonist improved their inflammatory phenotype by 
increasing the binding of SMRT and GPS2 onto inflammatory 
promoters, such as IL-6. This binding of GPS2 and SMRT was 
directly related to increased recruitment of TWIST1 onto GPS2 
and SMRT promoters, consistent with their increased expression 
levels. In agreement with previous observations (38), we found 
that reduced levels of TWIST1 were associated with an inflam-
matory phenotype of adipose tissue. However, the precise role 
of TWIST1 in the regulation of inflammatory gene expression 
in adipocytes remains to be clarified, in particular with regard 
to the possible direct positive or negative regulation of IL-6 as a 
promoter-bound factor (37).

Available data indicate that several mechanisms could be involved 
in the transcription regulation of inflammatory genes by TWIST1. 
While our present findings demonstrated positive regulation of 
GPS2 and SMRT, TWIST family members have been previously 
reported to repress transcription in other promoter contexts (51). 
Mechanisms include the promotion of histone deacetylation — via 
HAT inhibition or HDAC recruitment — or direct inhibition of pro-
moter-bound transcriptional activators. This second mechanism 
may account for the possible antiinflammatory action of TWIST1 
on NF-κB activation of TNF-α expression and would not require 
the recruitment of corepressor complexes to inhibit inflammatory 
genes. In support of this model, our results indicated that GPS2 
and SMRT have a minor role in the regulation of TNF-α expres-
sion, compared with IL-6 and MCP-1.

Emerging antiinflammatory PPARγ pathways in human adipocytes. 
Our findings suggest PPARγ to be an upstream regulator of the 
TWIST1-SMRT-GPS2 cascade. That TWIST1 could be a direct 
PPAR target gene was evident from previous work describing the 
related PPARδ subtype as a regulator of TWIST1 expression in 
brown adipose tissue. Whereas PPARδ-induced TWIST1 in brown 
adipose tissue blocked transactivation of the coregulator PGC1-α 
(42), our study identified that the PPARγ-TWIST1-SMRT-GPS2 
corepressor cascade in white adipose tissue seems to be mecha-
nistically distinct. Additionally, our finding that PPARγ acted as a 
regulator of GPS2 expression in human adipocytes is opposed by 
the prior finding that in mouse adipocytes, GPS2 acts as a regula-
tor of PPARγ (50), further highlighting notable species differences 
in regulatory adipocyte cascades.

Our identified pathway may help to further dissect the role of 
PPARγ, and its ligands, in human adipose tissue. While the key role 
of PPARγ in promoting adipogenesis is well established (52, 53), 
a currently debated issue is whether the antiinflammatory effect 

PPARγ activity, at least in mice (31). Our human data are also sup-
ported by a previous study in mice, showing that SMRT mutants 
that disrupted interactions with nuclear receptors presented 
widespread adipose tissue defects, including adipocyte hyper-
trophy and increased expression of inflammatory genes (30, 48). 
Although our study suggests that SMRT function is uncoupled 
from regulating PPARγ activity, a direct comparison of the respec-
tive NCOR1 versus SMRT knockout phenotypes in mice would be 
needed to draw further conclusions.

Genomic and antiinflammatory roles of the corepressor complex sub-
unit GPS2 in human adipocytes. Recent biochemical studies have 
highlighted the assembly of the subunit GPS2 into both SMRT 
and NCOR1 complexes and suggest a structural core function of 
GPS2 in both (49). However, ChIP assays combined with RNAi 
also indicated the existence of SMRT and NCOR1 complexes, 
along with the HDAC3, TBL1, and TBLR1 subunits, that occu-
pied different genes — in macrophages or hepatocytes — despite 
the lack of GPS2 (29, 34). In our adipose studies, we demonstrat-
ed that GPS2 depletion provoked the same gene expression alter-
ations as did SMRT depletion, which suggests that GPS2 is main-
ly part of a SMRT-containing corepressor complex in adipocytes. 
These data indicate that GPS2 and SMRT function in a mutually 
dependent manner, independent of NCOR1. Our observations 
further support the notion that GPS2 seems to be linked to a 
number of antiinflammatory pathways, making it an interesting 
regulatory molecule. While we describe here a genomic pathway 
wherein GPS2 and SMRT, along with the corepressor complex, 
converge at the inflammatory promoters in adipocytes, we note 
that GPS2, unlike SMRT, may exert additional nongenomic 
functions by inhibiting the cytoplasmic TNF-α–JNK signaling 
cascade (50). To what extent this pathway contributes to the 
inflammatory phenotype of human adipose tissue, and whether 
it occurs in human adipocytes and/or in adipose tissue–associ-
ated macrophages, remain to be addressed. Whether the general 
antiinflammatory role of GPS2 is a suitable target for future 
therapeutic strategies also remains to be explored. Interestingly, 
we observed that GPS2 expression negatively correlated with 
systemic IL-6 concentration in patients that responded to clini-
cal treatment with the antidiabetic PPARγ agonist pioglitazone. 
GPS2 was also found to be strongly associated with adiponectin 
expression, linking GPS2 expression with insulin sensitivity sta-
tus. This is consistent with a related observation in transgenic 
mice (50). Of note in this respect is that GPS2, in addition to 
being upregulated by PPARγ agonists, also directly interacts with 
SUMOylated PPARγ, thus providing a realistic route for antiin-
flammatory drug design.

Table 4
Clinical parameters of diabetic patients before and after 6 months 
of pioglitazone treatment

 Before After
Fasting plasma glucose (mmol/l) 8.5 ± 2.2 7.7 ± 2.2
Weight (kg) 85 ± 13 89 ± 15
Free fatty acids (μmol) 501 ± 213 440 ± 125
Adiponectin (mg/ml) 3.9 ± 1.6 11.7 ± 5.1A

CRP (mg/ml) 2 ± 2 1.2 ± 1.1A

IL-6 (ng/l) 3.41 ± 0.5 2.36 ± 0.42A

AP < 0.05, paired test.
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were inversely correlated with systemic levels of IL-6 in patients 
who responded to treatment with the TZD pioglitazone, which 
suggests that the antiinflammatory action of PPARγ in adipocytes 
involves the regulation of SMRT and GPS2 expression levels.

An intriguing open issue concerns the possibility that PPARγ 
in human adipocytes also directly inhibits inflammatory gene 
expression via a transrepression pathway related to those previous-
ly identified in macrophages or hepatocytes (29, 34, 56). Moreover, 
because an inflammatory environment promotes phosphorylation 
of PPARγ by CDK5, which affects its transrepressive activity, the 
interplay of agonist action with both modifications in the contexts 
of human adipocytes awaits further clarification (57). Hypotheti-
cally, the adipocyte pathway could involve ligand-modulated dock-

of PPARγ agonists in adipose tissue is caused by PPARγ action in 
macrophages, adipocytes, or both. PPARγ is induced during dif-
ferentiation of monocytes into macrophages, is highly expressed 
in activated macrophages, acts as a main regulator of M2 macro-
phage polarization (54), and functions as a potent antiinflamma-
tory regulator in murine macrophages (55). Other studies have 
revealed that specific activation of PPARγ in adipocytes is suffi-
cient to improve insulin sensitivity and to repress adipose tissue 
inflammation, at least in mouse models (56).

We have shown here that activation of PPARγ in human adi-
pocytes is associated with repression of inflammatory genes, 
mainly due to the activation of a TWIST1-SMRT-GPS2 cascade. 
In addition, mRNA levels of GPS2 and SMRT in adipose tissue 

Figure 10
Expression of GPS2 and SMRT in adipocytes negatively correlates with IL-6 levels in diabetic subjects treated for 6 months with pioglitazone.  
(A and B) Gene expression profiling of subcutaneous adipose tissue from 12 diabetic subjects before and after pioglitazone treatment. *P < 0.05, 
paired test. (C–F) Correlation analysis was performed with Spearman statistical test.
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pocytes were then incubated with DMEM/F12 without dexamethasone 
and rosiglitazone treatment for 2 days to avoid the antiinflammatory 
effects of these compounds.

Recombinant virus construction and adipocyte infection. Adenoviral expression 
vectors were constructed using the AdEasy system (Agilent Technologies). 
Briefly, HA-tagged human GPS2 was subcloned into the pAdTrack shuttle 
vector containing a CMV promoter in front of the insert and GFP under the 
control of a second CMV promoter. Empty pAdTrack vector, only express-
ing GFP, was used as a negative control. The shuttle vectors were recom-
bined in BJ5183 bacteria. Virus particles were then packaged, amplified, 
and harvested in 293A cells. The titer was determined by TCID50 assay. For 
infections, cultured adipocytes were incubated with adenovirus particles 
for 2 days at MOI 5 and MOI 50. Transduction was efficient after 2 days 
of culture, as determined by Western blot analysis and GFP fluorescence.

ELISA and cytokine membrane array. The secretion medium (cell culture 
medium) of preadipocytes and adipocytes was collected 48 hours after 
siRNA cell transfection. See Supplemental Table 3 for details of individual 
siRNAs. The secretion profiles of inflammatory cytokines were measured 
using Human Cytokines array Panel A Array (R&D Systems), according 

ing of SUMOylated PPARγ to the SMRT-GPS2 corepressor com-
plex at inflammatory genes, thereby adding yet another regulatory 
level to the transcriptional cascade identified herein.

Methods
Isolation of human preadipocytes and adipocytes from subcutaneous adipose tissue. 
Isolation and culture of human preadipocytes and adipocytes from biop-
sies of subcutaneous adipose tissue of lean subjects (after plastic surgery) 
and obese subjects (after bariatric surgery) was essentially performed as 
previously described (58). See Supplemental Methods for details.

Culture of human adipocytes. Preadipocytes were cultured for 24 hours in 
1 ml DMEM with 10% FBS in 12-well plates at a cell density of 105 cells  
per well. Cells were then incubated with 0.75 ml DMEM/F12 differentia-
tion medium (50 nM insulin, 100 nM dexamethasone, 0.25 mM inhibi-
tor-1-methyl-3-isobutylxanthine, and 100 nM rosiglitazone) for 4 days. 
This medium was then replaced by 0.75 ml DMEM/F12 culture medium 
(50 nM insulin, 100 nM dexamethasone, and 100 nM rosiglitazone), and 
the culture medium was changed every 2 days until day 10, at which time 
most of the preadipocytes contained large lipid droplets. The preadi-

Figure 11
Sequence of events leading to adipocyte inflammation in obesity. Based on integration of the present data into previous models, we propose 
the following. Metabolic excess/overnutrition triggers adipocyte hypertrophy, which — via lipid toxicity and/or ER stress — initiates inflammatory 
gene expression in adipocytes. Initiation may occur via direct activation of inflammatory signaling cascades and/or via epigenetic mechanisms 
linked to derepression. Our present work demonstrated that a subset of key inflammatory genes was induced by clearance of the SMRT-GPS2 
complex (IL-6, IL-8, and MCP-1), promoting chromatin remodeling and recruitment of the transcriptional machinery (POL2 and TFIID). Sub-
sequently, adipocyte-derived chemoattractants and cytokines stimulate immune cell activation that finally results in the chronic inflammatory 
status of obese adipose tissue. Both obesity-associated epigenetic alterations and inflammatory signaling are likely to cause downregulation 
of GPS2 and SMRT expression, in part via TWIST1. Improvement (resolution) of adipose tissue inflammation by TZD treatment or by gastric 
bypass–induced weight loss stimulates expression and activity of PPARγ, an upstream regulator of the TWIST1-SMRT-GPS2 cascade. Conse-
quently, these interventions restore the expression and function of the SMRT-GPS2 corepressor complex at inflammatory genes in adipocytes, 
thereby acting antiinflammatory.
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of the formaldehyde crosslinks. Qiagen Kit was then used to elute the DNA. 
Quantification of the precipitated DNA regions was performed by PCR. See 
Supplemental Tables 4–6 for primer sequences and antibodies.

Clinical study populations. Morbidly obese patients, candidates for bar-
iatric surgery, were recruited in the nutrition division of Pitié-Salpêtrière 
Hospital, Institute of Cardiometabolism and Nutrition (ICAN). As part of 
this study, we used biopsies of subcutaneous adipose tissue located in the 
periumbilical area obtained during gastric bypass surgery (obese subjects) 
or during plastic surgery (lean subjects) (Table 1). 14 obese patients were 
followed for 6 months after gastric bypass. Subcutaneous adipose tissue 
pieces were taken from these patients before and 6 months after gastric 
bypass (Table 3) in the same area. Clinical investigation was performed as 
described previously (43); we used adipose tissue biopsies from this prior 
study (Table 4). Tissue samples were stored at –80°C until RNA extraction.

Statistics. Data are expressed as mean ± SEM. Experiments were per-
formed at least 3 times, each using preadipocytes and adipocytes from dif-
ferent human subjects. Statistical analysis was performed using 2-tailed 
Student’s t test. Comparisons between more than 2 groups were carried out 
using 1-way ANOVA. Correlations analyses were made using Spearman sta-
tistical test. A P value less than 0.05 was considered statistically significant.

Study approval. The ethics committee of Hotel-Dieu Hospital approved 
the clinical investigations. All subjects gave written informed consent after 
individual explanation of the research program.

Acknowledgments
We thank Marta Palmieri (University of Verona, Verona, Italy) for 
providing the IL-6 reporter plasmid, Ronald Evans (Salk Institute, 
UCLA, Los Angeles, California, USA) for SMRT plasmids and 
antibodies, and Christopher Glass (UCSD, San Diego, California, 
USA) and Thorsten Heinzel (University of Jena, Jena, Germany) for 
NCOR1 plasmids and antibodies. We are grateful to colleagues at 
U872, NutriOmic for sharing reagents and biological samples and 
to Judith Aron-Wisnewsky, Michele Guerre-Millo, and Elise Dal-
mas for helpful discussions. We thank Rohia Alili, Edi Prifti, and 
Jean-Philippe Bastard for their technical support. We thank Assis-
tance Publique des Hôpitaux de Paris (APHP; Programs of Clinical 
Investigation [PHRC] no. 0702) and TAKEDA pharma for provid-
ing pioglitazone used in the clinical study. Nutriomic team support 
was provided by the European Community seventh framework pro-
gram, ADAPT: Adipokines as Drug to combat Adverse Effects of 
Excess Adipose tissue project (grant agreement no. 201100), French 
National Agency of Research (ANR; Adipofib to K. Clément, CON-
RAD to N. Venteclef), and Region Ile de France (CORDDIM to N. 
Venteclef). This work was supported by a French government grant 
managed by the ANR (program “Investments for the Future”; grant 
no. ANR-10-IAHU). E. Treuter was supported by grants from the 
Center for Biosciences, the Swedish Research Council, the Novo 
Nordisk Foundation, and the Swedish Cancer Society.

Received for publication March 28, 2012, and accepted in revised 
form October 4, 2012.

Address correspondence to: Nicolas Venteclef, Institute of Car-
diometabolism and Nutrition, INSERM U872 Team 7, Cordeliers 
Research Centre, 15 Rue de L’Ecole de Médecine, 75006 Paris, 
France. Phone: 33.0.1.42346825; Fax: 33.0.1.42346993; E-mail: 
nicolas.venteclef@upmc.fr. Or to: Eckardt Treuter, Center for Bio-
sciences, Department of Biosciences and Nutrition, Karolinska 
Institutet, S-14183 Huddinge, Sweden. Phone: 46.0.8.52481060; 
Fax: 46.0.8.7745538; E-mail: eckardt.treuter@ki.se.

to the manufacturer’s instructions. Cell culture supernatants were mixed 
with a cocktail of biotinylated detection antibodies. Nitrocellulose mem-
branes (spotted with different cytokine antibodies) were then incubated 
the sample/antibody mixture. After several washes, streptavidin-HRP and 
chemiluminescent detection reagents were added, which produced light 
at each spot proportional to the amount of cytokine bound. To quantify 
cytokine secretion in cultured cells, ELISA was performed according to the 
manufacturer’s instructions (R&D).

DNA microarray. An Illumina RNA amplification kit (Ambion) was used 
according to the manufacturer’s instructions to obtain biotin-labeled 
cDNA from 250 ng total RNA. cDNA was hybridized to Illumina Human 
HT-12 v3.0 Expression BeadChips (Illumina Inc.) containing probes for 
48,000 transcripts. 12 samples were hybridized on the same chip. Hybrid-
ized probes were detected with cyanin-3–streptavidin (1 mg/ml; Amersham 
Biosciences, GE Healthcare) using Illumina BeadArray Reader (Illumina 
Inc.) and BeadStudio v3 software (Illumina Inc.). Raw data (i.e., average 
probe signals) were extracted using the numerical results with Illumina 
Bead Studio software using default settings without any additional normal-
ization. Differential gene expression was determined by standard analysis 
of microarray (SAM) analysis using a false discovery rate (FDR) of approxi-
mately 0.5%. We performed a functional analysis of these gene lists using 
the FunNet tool (59). KEGG pathways and Gene Ontology (GO) Cellular 
Component annotations were examined in order to identify those function-
al annotations that were significantly enriched in the different gene lists.

Transcription factor profiling array. The activity of 47 human transcription 
factors in human adipocytes was assayed using a plate array according to 
the manufacturer’s instructions (Signosis Inc.). Briefly, nuclear proteins 
were isolated from adipocytes, and 12 g nuclear extract was added to a 
mixture of DNA sequences that encoded 47 different human transcription 
factor–binding sites. This mixture was incubated at 16°C for 30 minutes 
to allow for the formation of transcription factor–DNA complexes, then 
passed through an isolation column to separate the transcription factor–
DNA complexes from free DNA probes. 100 μl elution buffer was then 
added to the column to elute the transcription factor–DNA complexes, 
which were subsequently denatured by incubation at 98°C. 95 μl of each 
sample was then added to each well of a 96-well plate containing an immo-
bilized complementary sequence to 1 of the 47 transcription factors. The 
96-well plate was sealed and incubated overnight at 42°C to hybridize the 
complementary strands of DNA. After hybridization, the plate was washed 
3 times, streptavidin-HRP conjugate and substrate was added, and resulting 
chemiluminescence was detected using a multidetection microplate reader.

ChIP assays. ChIP assays were performed as described previously (29). 
Briefly, adipocytes isolated from adipose tissue were crosslinked for 10 min-
utes with 1% formaldehyde, and the reaction was stopped with 125 mM 
glycine for 5 minutes. Cells were rinsed by PBS and incubated with Farn-
ham lysis buffer (5 mM PIPES [pH 8.0], 85 mM KCl, and 0.5% NP-40 plus 
protease inhibitor) at 4°C to isolate the nuclei. Nuclei were then centrifuged 
at 380 g for 5 minutes at 4°C. The nuclei were resuspended in 1 ml RIPA 
buffer (1× PBS, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS plus 
protease inhibitor cocktail) at 4°C and sonicated using Diogenode Biorup-
tor Sonicator at high setting for 15 minutes (30 seconds on, 30 seconds off) 
to generate DNA fragments 0.2–0.8 kb in length. Sonicates were centrifuged 
at 16,060 g at 4°C, and supernatant was collected. 200 μl resuspended mag-
netic bead slurry was added in the microfuge tube containing the collected 
supernatant. 2–5 μg primary antibody was then added. The microfuge was 
gently mixed on a rotor platform overnight. The next day, 100 μl antibody-
coupled beads was added to the chromatin preparation and incubated at 
4°C overnight on a rotor. After several washes, immune-bound chromatin 
was eluted from the beads and centrifuged, and the supernatant containing 
the ChIPed DNA was incubated at 65°C overnight to complete the reversal 
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