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Context: Obesity alters adipose tissue’s metabolic and endocrine functions and causes a chronic
local and systemic low-grade inflammatory state to develop, generating obesity-associated com-
plications. In the last decade, many entities contributing to and regulating this inflammatory state
have been identified, among which are microRNAs.

Objective: This study aimed to identify microRNA regulated in inflamed adipocytes and adipose
tissue, and its effect on adipocyte biology.

Design and Results: We screened the expression profile of TNF�-treated adipocytes (a major pro-
inflammatoryproteinexpressedinobeseadiposetissue),andidentifiedmiR-155asthemostresponsive
microRNA. The involvement of TNF� on the basal miR-155 expression was confirmed in the adipose
tissue of Tnfa�/� mice where miR-155 was significantly reduced. Also, mice overexpressing p65 or
invalidated for p65 in adipose tissue respectively increased and decreased miR-155 expression, in line
with the involvement of the nuclear factor �B (NF-�B) pathway in miR-155 induction. miR-155 expres-
sion was higher in obese subjects’ adipose tissue than in that of normal-weight subjects, and correlated
with TNF� expression and body mass index. Gain and loss of function of miR-155 showed its effect on
adipocyte function, probably via its ability to target PPAR� mRNA 3�UTR. Interestingly, miR-155 over-
expression also resulted in an increased inflammatory state in adipocytes.

Conclusion: Altogether, these data are evidence of a proinflammatory loop mediated by NF-�B and
miR-155 that could participate in the amplification of inflammatory status in adipocytes. (J Clin
Endocrinol Metab 101: 1615–1626, 2016)

Adipose tissue is a major contributor of the chronic
inflammatory response observed in obesity. Obesity

is characterized by an increased production of cytokines
such as IL6, IL1�, TNF�, or various chemokines, includ-

ing monocyte chemotactic protein 1 and other mediators
of the immune response (1). These proteins can act in an
autocrine, paracrine, or endocrine fashion to control var-
ious metabolic functions, and the modulation of their ex-
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Abbreviations: Acc, acetyl coenzyme A carboxylase; aP2, adipocyte fatty acid binding
protein; BMI, body mass index; bp, base pair; Cebpa, CCAAT enhancer binding protein-�;
Cebpb, CCAAT enhancer binding protein-�; CT, comparative cycle threshold; Fasn, fatty
acid synthase; FBS, fetal bovine serum; MAP, mitogen-activated protein; NF-�B, nuclear
factor �B; Pgc-1a, and PPAR�-coactivator 1�; PPAR�, peroxisome proliferator-activated
receptor �; Scd1, stearoyl coenzyme A desaturase 1; Srebp1c, sterol responsive element
binding protein 1c.
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pression is mainly driven by JNK and I-�-B kinase signal-
ing directly (1) but may also be influenced by microRNAs
(miRNAs) (2).

miRNAs are short, functional RNAs transcribed from
noncoding regions of the genome (3). They act as negative
regulators that suppress gene functions through transla-
tional repression by targeting 3� UTR in mRNAs of pro-
tein-coding genes, inducing instability of mRNAs, or di-
rectly by inhibiting protein production (4). It is now well
established that miRNA expression is tissue- and cell-type-
specific, and plays essential roles in many biological pro-
cesses including proliferation, apoptosis, development,
and differentiation (5). Various miRNAs have been asso-
ciated with physiopathological disorders related to obe-
sity such as oxidative stress, impaired adipogenesis, insu-
lin signaling, apoptosis, angiogenesis, and inflammation
(2, 6). Specifically, the role of miRNAs in inflamed adipose
tissues has been highlighted in several studies. This is no-
tably the case for miR-132, which controls the expression
of IL8 and CCL2 (7). In addition, several miRNAs, in-
cluding miR-126 and miR-193b, affect the secretion of
CCL2 from human adipocytes (8). miR-145 also increases
the expression and release of TNF� by adipocytes (9),
whereas TNF� treatment of adipocytes results in an in-
duction of miR-146b (10) and miR-130 (11). Recently,
using high-throughput methodology, it was reported that
18 miRNAs were modulated in response to inflammatory
conditions (lipopolysaccharide or macrophage-condi-
tioned medium) (12).

In the present study we set out to identify miRNAs
regulated in human adipocytes under inflammatory con-
ditions. In TNF�-treated adipocytes, miR-155 was up-
regulated in adipose biopsies of both obese subjects and
aP2-p65 mice, and down-regulated in Tnfa-knockout
mice. The effect of miR-155 on adipocytes was studied,
and revealed that this miRNA could affect adipocyte func-
tion negatively and promote inflammation, probably by
targeting peroxisome proliferator–activated receptor �

(PPAR�).

Materials and Methods

Cell culture
Adipocyte cells were grown at 37°C in a 5% CO2 humidified

atmosphere. The 3T3-L1 preadipocytes (ATCC) were seeded in
3.5-cm diameter dishes at a density of 15 � 104 cells per well, and
grown in DMEM supplemented with 10% fetal bovine serum
(FBS), at 37°C, as previously reported (13). To induce differen-
tiation, 2-day postconfluent 3T3-L1 preadipocytes (day 0) were
stimulated for 72 hours with 0.5mM isobutylmethylxanthine,
0.25 �mol/L dexamethasone, and 1 �g/mL insulin in DMEM
supplemented with 10% FBS. The cultures were then treated
with DMEM supplemented with 10% FBS and 1 �g/mL insulin.

The human preadipocytes (three independent cultures) were
obtained from Promocell, and cultured according to the manu-
facturer’s instructions for 12 days.

Adipocytes of human or murine origin were incubated with
different doses of TNF� (5, 10, 15, and 20 ng/mL) or exposed to
15 ng/mL of TNF� at different times (0, 3, 6, 12, and 24 h).

Raw 264.7 macrophages (ECACC) were grown in DMEM
supplemented with 10% FBS and 2% HEPES as previously re-
ported (14, 15).

Primary adipocytes from F-p65-Ko mice (16) were differen-
tiated from ear fibroblasts and treated with TNF� (20 ng/mL) for
24 hours.

Cell culture incubations
To identify signaling pathways involved in miR-155 regula-

tion, 3T3-L1 cells were treated with specific inhibitors of mito-
gen-activated protein (MAP) kinases (JNK, p38) and nuclear
factor �B (NF-�B) signaling (JNK inhibitor II [10�M], SB
202190 [20�M], and BAY 117082 [10�M], respectively) for 1
hour (all obtained from Calbiochem, Merck Millipore) and then
stimulated or not with TNF� (15 ng/mL) for 24 hours. All the
treatments were performed on day 8. To explore the combined
effect of rosiglitazone and miR-155, 3T3-L1 adipocytes were
incubated with or without Rosiglitazone (0.1�M, 24 h) followed
by a 24-hour transfection with miR-155 mimic.

miR-155 mimic or antagomir transfections
Single-stranded oligonucleotides reproducing the biological

effect of miR-155 (miR-155 mimic, 50nM; QIAGEN) or di-
rected against miR-155 (miR-155 antagomir; QIAGEN) were
transfected in 3T3-L1 adipocytes with Hiperfect transfection re-
agent (QIAGEN) according to the manufacturer’s instructions.
Measurements were performed 24 hours after transfection.

Microarrays
The miRNA expression microarrays were run on mature hu-

man adipocytes (three independent cultures) incubated with dif-
ferent doses of TNF� (5, 10, and 15 ng/mL) for 24 hours. Gene
expression microarrays were run on 3T3-L1 adipocytes (three
independent cultures) transfected with miScript miR-155 mimic
as described previously. RNA quality control was performed on
an Agilent 2100 Bioanalyzer, according to the manufacturer’s
instructions. RNA was hybridized to the Agilent Human miRNA
array or Whole Mouse Genome array. All labeling, hybridiza-
tion, washing, and scanning was performed as described in the
manufacturer’s protocol and as previously reported (17–19).
The arrays were scanned using an Agilent Scanner. Data were
extracted using Agilent Feature Extraction v10.5.1.1 software
and analyzed with Agilent GeneSpring GX v11.0.2 software.
Pathway analyses were performed with MetaCore and GSEA
software (Gene Set Enrichment Analysis) as previously described
(14, 20, 21). A false discovery rate q-value � 0.25 for normalized
enrichment score was considered significant. A heatmap was
obtained with PermutMatrix.

Cloning of miR-155 promoter
miR-155 promoter region (939 base pairs [bp]) was cloned

into expression vector pGL3 basic (Promega) using the following
oligonucleotides: 5�-TGCCCTGTCAAAATATATTCACTG-3�
for forward primer and 5�-GGATAAGGGATATGCAACTTA-
AAC-3� for reverse primer. The product was transfected into
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3T3-L1 cells. Each transfection reaction contained 240 ng of
miR-155 promoter fragment in pGL3-basic vector (Promega)
and 5 ng of pGL4.73 (Promega) containing Renilla luciferase for
normalization. Twenty-four hours after transfection, cells were
treated with specific inhibitors of MAP kinases (JNK, p38) and
NF-�B signaling (JNK inhibitor II [10�M], SB 202190 [20�M]
and BAY 117082 [10�M], respectively) for 1 hour (all obtained
from Calbiochem, Merck Millipore) and then stimulated or not
with TNF� (15 ng/mL) for 24 hours. Both firefly and Renilla
luciferase were measured with Dual-Glo Luciferase Assay Sys-
tem (Promega), and firefly activity was normalized with Renilla
activity. Experiments were performed at least three times (n � 6
per condition).

Human white adipose tissue biopsies
Eleven lean (body mass index [BMI], 22.5 � 0.5 kg/m2) and

fourteen obese (BMI, 31.7 � 0.9 kg/m2) male subjects were re-
cruited for this study. The lean and obese volunteers were age 44
� 7 years and 44 � 5 years, respectively. Subcutaneous adipose
tissue biopsies were performed between 0630 and 0730 hours
after an overnight fast. Biopsies were obtained by needle aspi-
ration in the periumbilical area under local anesthesia. Adipose
tissue samples were rinsed in physiologic serum, immediately
frozen in liquid nitrogen and stored at �80°C until RNA ex-
traction. The experimental protocol was performed in accor-
dance with the guidelines in the Declaration of Helsinki and was
approved by the Ethical Committee of the Auvergne Region
(agreement No. AU 800, March 2010). Participants gave their
written informed consent to participation in this study.

Adipose tissue miR-155 quantification in mice
In the present study, epididymal RNA was used to quantify

miR-155 expression levels in various animal models. aP2-p65
mice were generated on the C57BL/6J background as described
elsewhere (21, 22). All of the mice were housed in the animal
facility at the Pennington Biomedical Research Center with a
12:12-hour light-dark cycle and constant temperature (22–
24°C). The male mice were fed chow diet (MF 5001, 11% cal-
ories in fat) and the epididymal fat tissue was collected at 20
weeks. The mice were housed at four per cage with free access to
water and diet. F-p65-KO mice fed a high-fat diet at 8 weeks
(D12331, 36% wt/wt or 58% calories in fat; Research Diets)
(16). Tnfa�/� mice were fed a high-fat, high-carbohydrate, semi-
liquid diet ad libitum for 12 weeks (23). The high-fat diet (from
UPAE) contained 17.4% protein (casein), 45% fat (lard for the
most part), and 37.6% carbohydrates (25.6% cornstarch and
12% sucrose), expressed as percentage of total energy.

Cotransfection of PPAR� 3�UTR mRNA and miR-155
PPAR� 3�UTR cloned in psiCHECK2 vector (a generous gift

from Dr Michael Karbiener, University of Graz, Austria) (50 ng)
was cotransfected with miScript miR-155 mimic (50nM) in
Cos-1 cells using jetPEI (Polyplus transfection) and Hiperfect
Reagent (QIAGEN), respectively, according to the manufactur-
er’s instruction. Renilla and firefly luciferase activities were mea-
sured 24 hours after cotransfection with Dual-Glo Luciferase
Assay System (Promega). Empty psiCHECK2 vector was used
for background measurement. miR-130a was used as a positive
control for the experiment. Renilla activity was under the control
of PPAR� mRNA 3�UTR, and firefly luciferase activity was used
for normalization.

RNA isolation and qPCR
Total cellular RNA was extracted using TRIzol reagent ac-

cording to the manufacturer’s instructions. miR-155 in super-
natant was extracted of 150 �L of untreated or TNF� treated (15
ng/mL, 24 h) 3T3-L1 adipocyte supernatants using the miR-
Neasy Micro Kit according to the manufacturer’s instructions
(QIAGEN). To quantify miR-155, cDNAs were first synthesized
from 1 �g of total RNA in 20 �L using 5X miScript Hiflex Buffer,
10X nucleics mix and miScript reverse transcriptase according to
the manufacturer’s instructions (QIAGEN). Real-time quanti-
tative RT-PCR analyses were performed using the Mx3005P
Real-Time PCR System (Stratagene). Reactions were performed
in a 12.5-�L volume containing 6.25 �L of 2X QuantiTect SYBR
Green PCR Master Mix (QIAGEN), 1.25 �L of 10X miScript
Universal Primer (QIAGEN), 1.25 �L of 10X miScript Primer
Assay (Hs_miR-155_2 miScript Primer Assay, Mm_miR-155_1
miScript Primer Assay, Hs_RNU6B miScript Primer Assay (QIA-
GEN), Hs_SNORD68 miScript Primer Assay (QIAGEN), and
2.5 �L of RNase-free water. For each condition, the expression
was quantified in duplicate, and the RNU6B or SNORD68 were
used as the endogenous controls in the comparative cycle thresh-
old (CT) method.

To quantify mRNA expression levels, cDNAs were synthe-
sized from 1 �g of total RNA using random primers and Molo-
ney murine leukemia virus reverse transcriptase. Real-time quan-
titative RT-PCR analyses were performed using the Mx3005P
Real-Time PCR System (Stratagene) as previously described (17,
24). For each condition, the expression was quantified in dupli-
cate, and the ribosomal protein 18S rRNA was used as the en-
dogenous control in the comparative cycle threshold (CT)
method. The sequences of the primers used for qPCR determi-
nation of gene expression are given in Supplemental Table 1.

Oil Red O staining
3T3-L1 adipocytes were washed with PBS and fixed with

10% formalin for 30 minutes. After two washes with distilled
water, cells were stained for at least 1 hour at room temperature
in freshly diluted Oil Red O solution (six parts Oil Red O [Sigma-
Aldrich] in stock solution and four parts H2O; Oil Red O stock
solution is 0.5% Oil Red O in isopropanol). Oil Red O solution
was removed and the cells were washed with distilled water.
Images were then acquired under the microscope. The dye was
extracted by adding 100% isopropanol for 10 minutes, and the
absorbance was measured at 492 nm.

Macrophage-migration assays
Boyden chamber assays were performed using cell-culture

inserts with a 3-�m membrane pore size (Transwell Millipore).
The 3T3-L1 adipocytes were incubated with TNF� or trans-
fected with miR-155 mimic for 24 hours. The 3T3-L1-condi-
tioned media was transferred to plates containing inserts. RAW
264.7 macrophages were seeded onto these inserts at a density of
900 cells/cm2. After migration for 4 hours at 37°C, the macro-
phages in the lower compartment were counted as previously
reported (14, 15).

Statistical analysis
Data are expressed as means � SEM. Significant differences

between the control and treated groups were determined using
ANOVA followed by a PLSD Fischer post-hoc test using Stat-
view software; P � .05 was considered statistically significant.

doi: 10.1210/jc.2015-3410 press.endocrine.org/journal/jcem 1617

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/4/1615/2804542 by guest on 19 M
ay 2023

http://press.endocrine.org/doi/suppl/10.1210/jc.2015-3410/suppl_file/jc-15-3410.pdf


Significant differences between two groups were determined us-
ing a t test; P � .05 was considered statistically significant (*, P �
.05; **, P � .01, ***, P � .001). Correlation analyses were
performed using Spearman coefficient correlation (�) using SPSS
v17 (IBM).

Results

miR-155 expression is induced by TNF�

To identify miRNA expression modulation after expo-
sure to TNF� in primocultures of human adipocytes, we
made use of miRNA microarray technology. Microarray
analysis showed that miR-155 was the only miRNA that
was substantially up-regulated by TNF� at different doses
(5, 10, and 15 ng/mL) for 24 hours. In addition, among the
set of the nine miRNAs positively or negatively regulated,

miR-155 seemed to be the most strongly induced in adi-
pocytes for the three concentrations of TNF� (Figure 1A).
These results were confirmed by qPCR in human adi-
pocytes (Figure 1B), where TNF� dose-dependently in-
duced miR-155 expression, as well as in 3T3-L1 adi-
pocytes. For this purpose, cells were incubated with
different doses of TNF� (5, 10, 15, and 20 ng/mL) for 24
hours. qPCR analysis showed that TNF� increased miR-
155 levels significantly and dose dependently in 3T3-L1
adipocytes. The maximum effect was obtained at 15
ng/mL (2.1-fold increase vs control) (Figure 1C). Simi-
larly, thekineticsofmiR-155expressionwas studied in the
presence of TNF� (15 ng/mL). The maximum effect was
obtained after 24 hours of 3T3-L1 incubation (1.8, 3.6,
4.7, and 6.1-fold increase after 3, 6, 12, and 24 hours,
respectively) (Figure 1D). The effect of TNF� was also

Figure 1. miR-155 is regulated by TNF� in human and 3T3–L1 adipocytes. A, The expression of miRNA in TNF� (5, 10, and 15 ng/mL for 24 h)
incubated human adipocytes was quantified by microarrays and represented in a Table, as described in Materials and Methods. B, miR-155
expression in human adipocytes and the effect of 24 hours’ incubation with TNF� was confirmed by qPCR. C, The effect of TNF� on miR-155
expression was studied in 3T3–L1 adipocytes. Cells were differentiated for 10 d and then incubated with different doses of TNF� (5, 10, 15, and
20 ng/mL) for 24 h or (D) exposed to 15 ng/mL of TNF� at different times (3, 6, 12, and 24 h). E, miR-155 was quantified in 3T3–L1 adipocyte
supernatant under TNF� condition (15 ng/mL, 24 h). F, The expression of miR-155 was quantified by qPCR in epididymal adipose tissue of TNF�
knockout mice (TNF��/�). RNU6 or SNORD68 were used as the endogenous controls. The data are expressed as relative expression ratios of at
least three independent experiments. The values are presented as means � SEM. n.d., not detected. *, P � .05; **, P � .01; ***, P � .001.
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evaluated on the secretion of miR-155 in cultured adi-
pocyte supernatant. qPCR analysis showed that TNF�

increased miR-155 secretion by 2.72-fold in comparison
with control condition (Figure 1E). To confirm the role of
TNF� on miR-155 expression, we used mice invalidated
for Tnfa gene. miR-155 expression was measured in epi-
didymal adipose tissue of these mice. As shown in Figure
1E, the levels of miR-155 were significantly decreased 3.3-
fold in Tnfa-knockout mice compared with wild-type
mice.

NF-�B is involved in miR-155 regulation by TNF�

To identify signaling pathways involved in miR-155
regulation by TNF�, 3T3-L1 cells were incubated with
specific inhibitors of MAP kinases (JNK, p38) and NF-�B
signaling, and then stimulated or not with TNF�. The
results show that NF-�B inhibition resulted in a significant
decrease in miR-155 expression (2.2-fold compared with
TNF� condition) (Figure 2A) whereas no effect of JNK
and p38 inhibitors were observed, suggesting a specific
role of NF-�B in this regulation. To confirm the transcrip-

Figure 2. NF-�B is implicated in miR-155 regulation by TNF�. A, 3T3–L1 cells were treated with specific inhibitors of MAP kinases (JNK, p38) or
NF-�B signaling (JNK inhibitor II [10 �M], SB 202190 [20 �M], and BAY 117082 [10 �M], respectively) for 1 h and then stimulated with TNF� (15
ng/mL) for 24 h, and miR-155 expression was measured by qPCR. RNU6B was used as the endogenous control. The data are expressed as relative
expression ratios. The values are presented as means � SEM. ***, P � .001 for NF-�B inhibitor � TNF� condition compared with TNF� condition.
B, The 939-pb genomic sequence upstream of the mouse miR-155 was cloned into the expression vector pGL3 basic. The product was transfected
into 3T3–L1 cells and treated with specific inhibitors of MAP kinases (JNK, p38) or NF-�B signaling (JNK inhibitor II [10 �M], SB 202190 [20 �M],
and BAY 117082 [10 �M], respectively) for 1 h and then stimulated with TNF� (15 ng/mL) for 24 h. The luminescence results were presented as
the means � SEM. *, P � .05 for pGL3 Vector-miR-155 promoter � TNF� compared with pGL3 Vector-miR-155 promoter; $, P � .05 for pGL3
Vector-miR-155 promoter � NF-�B inhibitor � TNF� compared with pGL3 Vector-miR-155 promoter � TNF�. C, The expression of miR-155was
quantified by qPCR in epididymal adipose tissue of aP2–p65 transgenic mice. RNU6B was used as the endogenous control. The expression is
expressed in fold change for mean � SE. *, P � .05. D, The expression of miR-155 was quantified by qPCR in epididymal adipose tissue of p65-KO
mice. RNU6B was used as the endogenous control. The expression is expressed in fold change for mean � SE. *, P � .05. E, the effect of TNF� on
miR-155 expression in primary adipocytes was studied by qPCR. The adipocytes were differentiated from ear fibroblasts and treated with TNF� (20
ng/mL) for 24 h. RNU6B was used as the endogenous control. The expression is expressed in fold change for mean � SE. *, P � .05. F, The
correlation between miR-155 expression and TNF� mRNA in epididymal adipose tissue of aP2–p65 transgenic mice was established using the
Spearman correlation coefficient (�).
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tional origin of the regulation of miR-155 under TNF�

effect, we cloned the 939-bp genomic sequence upstream
of the transcription start site of the mouse miR-155 gene
in pGL3-basic vector. pGL3 empty vector or pGL3-miR-
155 were transfected in 3T3-L1 cells were incubated with
JNK, p38, and NF-�B inhibitors for 1 hour and then stim-
ulated or not with TNF� for 24 hours. Compared with
empty vector, pGL3-miR-155 promoter activity was in-
duced by TNF� (2.36-fold increase vs control, Figure 2B),
suggesting that the observed regulation has a transcrip-
tional origin. Moreover, the results show that NF-�B in-
hibition resulted in a significant decrease in the miR-155
promoter activity (1.31-fold compared with pGL3-miR-
155 promoter under TNF� stimuli) (Figure 2B). MatIn-
spector software analysis of the cloned region of the miR-
155 promoter revealed that putative NF-�B binding site
(aaGGGActtgtctcc sequence located between �292 and
�306 bp from the transcription start site; matrix similar-
ity score � 0.835) could be responsible of this transcrip-
tional regulation. To confirm the role of NF-�B in miR-
155 regulation in vivo, we used a transgenic model
overexpressing NF-�B p65 in adipose tissue [aP2-p65
mice (22)], together with mice invalidated for p65 in ad-
ipose tissue [F-p65-KO (16)]. miR-155 expression, quan-
tified by qPCR in epididymal adipose tissue of these mod-
els was significantly increased in aP2-p65 mice compared
with controls (Figure 2C), whereas in F-p65-KO, miR-155
expression was significantly decreased in adipose tissue
(Figure 2D), and in primary adipocytes in basal condition
(control) and in the TNF�-stimulated condition (Figure
2E). There was also a direct, positive correlation between
miR-155 expression and mRNA levels coding for TNF�

(Spearman � � 0.83, P � .01) in aP2-p65 mice (Figure 2F).

Obesity-associated inflammation induces adipose
miR-155 expression in humans

The miR-155 expression was assessed in sc adipose
tissue biopsies of lean and obese subjects. The qPCR

analysis showed that miR-155 was significantly over-
expressed in adipose tissue of obese subjects compared
with lean controls (Figure 3A).

Furthermore, there was a positive, significant correla-
tion between miR-155 and mRNA coding for TNF�

(Spearman � � 0.73; P � .01) on the one hand and be-
tween miR-155 and BMI on the other (Spearman � � 0.50;
P � .01) (Figure 3, B and C).

miR-155 affects adipocyte biology
To study the effect of a modulation of miR-155 expres-

sion on adipocyte biology, we performed transfections with
oligonucleotides mimicking miR-155 (miR-155 mimic) or
oligonucleotides inhibiting miR-155 (miR-155 antago-
mir). In a validation experiment, we studied the effects
of these compounds on miR-155 expression in basal
conditions. As expected, miR-155 was strongly induced
in 3T3-L1 subjected to miR-155 mimic transfection
(113-fold increase vs control) (Supplemental Figure
1A), whereas in the presence of miR-155 antagomir, we
observed a decrease in miR-155 expression (1.4-fold vs
control) (Supplemental Figure 1B). Interestingly, miR-
155 antagomir reduced expression of miR-155 under
TNF� treatment (by 3.48-fold) (Supplemental Figure
1C).

We went on to determine the effect of miR-155 mimic
transfection on several key genes of the adipocyte phe-
notype. For this purpose, the mRNA levels of CCAAT
enhancer binding protein-� (Cebpa), CCAAT enhancer
binding protein-� (Cebpb), peroxisome proliferator-ac-
tivated receptor gamma (Pparg), adipocyte fatty acid
binding protein (aP2), adiponectin and PPAR�-coacti-
vator 1� (Pgc-1a) were quantified by RT-qPCR. Inter-
estingly, the expression of all these genes decreased in
adipocytes transfected with miR-155 mimic compared
with controls (1.3-, 1.6-, 1.3-, 1.23-, 1.25- and 1.33-
fold, respectively) (Figure 4A). In line with this finding,

intracellular lipid content, quanti-
fied by Oil Red O staining, was sig-
nificantly reduced by miR-155
mimic compared with controls
(Figure 4, C and D). We also stud-
ied the effect of miR-155 mimic on
lipogenesis. The mRNA levels of
fatty acid synthase (Fasn), acetyl
coenzyme A carboxylase (Acc), ste-
rol responsive element binding pro-
tein 1c (Srebp1c) and stearoyl co-
enzyme A desaturase 1 (Scd1) were
quantified by RT-qPCR. The ex-
pression of these genes decreased in

Figure 3. Inflammation associated with obesity induces adipose miR-155 expression in humans.
A, The expression of miR-155 was quantified by qPCR in adipose tissue biopsies of obese or
normal-weight subjects (control). RNU6B was used as the endogenous control. The expression is
expressed in fold change for mean � SE. **, P � .01 compared with controls. B, The correlation
between miR-155 expression and TNF� mRNA or BMI in adipose tissue of obese patients (C) was
established using the Spearman correlation coefficient (�).
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adipocytes transfected with miR-155 mimic compared

with controls (1.35-, 1.33-, 1.16- and 1.67-fold, respec-

tively) (Figure 4B). We also investigated the preventive

effect of rosiglitazone, a well-known thiazolidinedione

on miR-155 mimic, 3T3-L1 adipocytes were incubated

with rosiglitazone (0.1�M, 24 h) followed by a 24-hour

transfection with miR-155 mimic. PCR analysis showed

that rosiglitazone significantly blunted the down-regu-

lation of Cebpa, Cebpb, Pparg, aP2, Pgc1a, Fasn, Acc,

and Srebp1c compared with miR-155 mimic condition

(1.4, 2.1, 1.2, 1.3, 1.6, 1.2, 1.2, and 1.3-fold, respec-

tively). This effect was not significant for adiponectin

and Scd1 (Figure 4, A and B).

Conversely, we also studied the effect of miR-155 antago-
mir transfection on the same adipocyte genes in the inflam-
matory conditions induced by TNF�. Cebpa, Pparg, aP2,
adiponectin, Fasn, Acc, Srebp1c, and Scd1 were quantified
by RT-qPCR. The expression of all these genes decreased in
adipocytes treated with TNF� compared with controls (6.3,
2.8, 2.9, 4.2, 3.8, 2.5, 1.4, and 8.3-fold, respectively) (Sup-
plemental Figure 2, A and B). Interestingly, miR-155 an-
tagomir significantly limited the decrease in Pparg, adi-
ponectin, Fasn, Acc, Srebp1c, and Scd1 expression
induced by TNF�, but this decrease did not reach sta-
tistical significance in the case of Cebpa and aP2.

Taken together, these results suggest that miR-155 can
reproduce the effects of TNF�, and conversely, miR-155

Figure 4. Effect of miR-155 mimic and rosiglitazone on expression of adipogenic and lipogenic markers and lipid accumulation in 3T3–L1
adipocytes. 3T3–L1 adipocytes were incubated with or without rosiglitazone (0.1 �M, 24 h) followed by a 24-h transfection with miR-155 mimic.
A, The mRNA levels of Cebpa, Cebpb, Pparg, aP2, adiponectin, and Pgc1a were quantified through qPCR. B, The mRNA levels of Fasn, Acc,
Srebp1c, and Scd1 were quantified through qPCR. C, 3T3–L1 adipocytes were transfected with miR-155 mimic. Twenty-four hours after
transfection, intracellular lipid was stained with Oil Red O. D, the stained Oil Red O was extracted with isopropanol. The absorbance of the
extracted Oil Red O was spectrophotometrically determined at 492 nm after solubilization in isopropanol, and normalized to protein
concentrations. The data are expressed as relative expression ratios of at least three independent experiments. The values are presented as the
means � SEM. **, P � .01 compared with control. Bars not sharing the same letters are significantly different P � .05.
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inhibitionbyanantagomirpartially limits the effectsof the
TNF� on the expression of adipogenic and lipogenic
markers.

miR-155 directly targets PPAR�

Because most of the genes tested, except for CEBP�

[a direct target of miR-155 (25)] are under the control
of PPAR�, we speculated that PPAR� might be a direct
target of miR-155. We thus screened the PPAR� 3�UTR
region (of human and mouse origin), using micror-
na.org software and we identified PPAR� 3�UTR as a
putative miR-155 target (Figure 5A). To confirm the
effect of miR-155 on PPAR�, we transfected PPAR�

3�UTR with miR-155 mimic. miR-130a was used as a
positive control for the experiment, given that it has
already been reported to target PPAR� (26). The ratio
of Renilla to firefly luciferase activity was significantly
decreased in both miR-155 and miR-130a (1.3-fold vs
control) (Figure 5B), validating our experimental con-
ditions, and strongly suggesting that PPAR� may be
considered as a miR-155 target.

miR-155 induces inflammatory response,
chemokine expression, and macrophage migration
in 3T3-L1 adipocytes

To study the global effect of an overexpression of miR-
155, microarray experiments were performed with RNA
extracted from 3T3-L1 adipocytes transfected with miR-
155 mimic. The data were analyzed using MetaCore soft-
ware. This analysis revealed that immune response linked
to toll-like receptor signaling, NF-�B activation, che-
motaxis, and chemokines were overrepresented compared
with controls (P � .05; 22 pathway maps are shown in
Supplemental Table 2). Several maps linked to chemo-
kines and chemokine receptors were strongly affected af-
ter miR-155 transfection, namely “Chemotaxis_CCL19-
and CCl21-mediated chemotaxis,” “Cell adhe-
sion_Chemokines and adhesion,” “Signal transduction-
_Soluble CXCL16 signaling,” “Immune respon-
se_CXCR4 signaling via second messenger,” “Immune
response_CCR5 signaling in macrophages and T lympho-
cytes,” “Chemotaxis_CCR1 signaling,” “Chemotaxis-
_CXCR4 signaling pathway,” and “Immune respon-

Figure 5. miR-155 directly targets PPAR�. A, PPAR� 3�UTR region (of human and mouse origin) was analyzed in silico by microrna.org software.
B, PPAR� 3�UTR cloned in psiCHECK2 vector was transfected with miR-155 mimic in 3T3–L1 adipocytes for 24 h. miR-130a was used as a positive
control for experiments. Renilla activity was under the control of PPAR� 3�UTR, and firefly activity was used for normalization. The data are
expressed as relative expression ratios of at least three independent experiments. The values are presented as means � SEM. ***, P � .001
compared with control.
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se_CCR3 signaling in eosinophils” (Supplemental Table
2). MetaCore analysis according to process networks con-
firmed that “Cell adhesion_Leucocyte chemotaxis” was
significantly overrepresented (P � .05), and among genes
up-regulated in this network, we identified several chemo-
kines (Ccl5, Ccl17, Ccl13, Ccl19, Cx3cl1, GRO-2,
Cxcl13) (data not shown). Interestingly, we also observed
that Il-10 expression was down-regulated in our set of
data. The regulation of some of these genes, randomly
chosen (Ccl5, Cxcl1 and Il-10) was confirmed by qPCR
(Supplemental Figure 3). Finally, a GSEA analysis also
confirmed that several pathways or gene families related
to inflammation (response to virus, I �b kinase NF-�b
cascade, positive regulation of I kappab kinase NF-�b cas-
cade, defense response) were strongly overrepresented in
miR-155-transfected cells (Supplemental Table 3).

To examine the functional consequences of chemokine
expression modulations under miR-155 mimic effect,
macrophage migration experiments were performed using
unconditioned medium as control or adipocyte-condi-
tioned media. In presence of miR-155 mimic, 3T3-L1-
conditioned medium induced a significant migration of
macrophages (3.5-fold), similarly with those obtained
in TNF� adipocytes conditioned medium condition
(Figure 6).

Discussion

In the present study, using miRNA expression microar-
rays, we found that miR-155 was up-regulated by TNF�

in human adipocyte primocultures. miR-155 is processed
from an exon of noncoding RNA transcribed from the
B-cell integration cluster gene located on chromosome 21
(27). This miR is considered as a multifunctional miRNA
(28), given that it has been associated with the regulation
of different immune-related processes, such as hemato-

poiesis (29), innate immunity (30), B-cell and T-cell dif-
ferentiation (31), and cancer (32).

The up-regulation of miR-155 by TNF� was confirmed
by qPCR in the human and murine mature 3T3-L1 adi-
pocytes and in 3T3-L1 adipocytes supernatants. More-
over, the contribution of TNF� in the regulation of miR-
155 was confirmed in vivo by using Tnfa�/� mice (23) that
displayed a reduced miR-155 expression in adipose tissue,
suggesting that miR-155 expression level is controlled by
the TNF� level in adipose tissue. The up-regulation of
miR-155 was also observed in biopsies of obese subjects
where the induction of miR-155 was correlated with
TNF� expression and to BMI. It is noteworthy that obe-
sity-associated accumulation of fat mass (reflected by the
increase in BMI) is strongly linked with an increased ex-
pression of proinflammatory markers such as TNF� (33).
These results are fully consistent with the literature de-
scribing the ability of TNF� to induce the expression of
miR-155 in various cell types such as retinal pigment ep-
ithelial cells (34), mesanglial cells (35), synovial fibro-
blasts (36), preadipocytes (37), and adipocytes (12). Al-
together, these data strongly suggest that the induction of
miR-155 mediated by TNF� in adipocytes and in adipose
tissue could explain at least in part the observed induction
of miR-155 in inflamed adipose tissue of obese subjects.

From a molecular point of view, we found that the
miR-155 promoter was activated by TNF�. This finding
suggests that the TNF�-mediated regulation of miR-155 is
at least in part due to an increased transcription of miR-
155, although a stabilization of pri or premiR-155 cannot
be excluded. In addition, this transcriptional induction of
miR-155 seems to be mediated at least in part by NF-�B,
given that the use of specific NF-�B inhibitor blunted the
TNF�-mediated induction of miR-155. Conversely, we
identified in silico putative response elements of NF-�B:
although the functionality of this response element is at
present not established, these data are consistent with sev-
eral studies describing the role of NF-�B. The NF-�B sig-
naling pathway has been described as a major regulator of
the expression of miR-155 in different cellular models,
such as macrophages (30), monocytes (38), fibroblasts
(39) or trophoblast cells (40). In addition, Liu et al (37)
have shown that TNF� up-regulates miR-155 expression
into 3T3-L1 preadipocytes through the NF-�B binding
site located 1.01 kb upstream of the miR-155 transcrip-
tion start site, which seems to be different from the puta-
tive binding site we identified in silico. To confirm the
involvement of NF-�B signaling in the induction of miR-
155, we used a aP2-p65 transgenic mouse model that dis-
plays a constitutive overexpression of p65 in adipose tis-
sue (22). In line with this finding, we observed a strong
up-regulation of miR-155, closely correlated with Tnfa

Figure 6. miR-155 induces macrophages migration into 3T3–L1
adipocytes. 3T3–L1 adipocytes were incubated with TNF� or
transfected with miR-155 mimic for 24 h. RAW 264.7 macrophages
migration in 3T3–L1-conditioned media (4 h, 37°C) was subsequently
performed. The values are presented as means � SEM. Bars not
sharing the same letters are significantly different, P � .05.
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expression, in epidydimal adipose tissue of these mice.
Conversely, inactivation of p65 in adipose tissue (F-
p65-KO mice), resulted in a down-regulated miR-155.
Taken together, these results confirm that NF-�B activa-
tion can mediate miR-155 expression.

To gain further insight into the effect of the overex-
pression of miR-155 on adipocyte function we used a gain
or loss of function approach, through the transfection of
oligonucleotides mimicking or inhibiting miR-155. Using
this strategy, we found that an overexpression of miR-155
could decrease expression levels of adipogenic (Pparg,
Cebpa, aP2 and adiponectin) and lipogenic markers (Fasn,
Srebp1c, Acc and Scd1) in mature adipocytes, which could
be likened to a dedifferentiation process, as highlighted by
the decrease in intracellular lipid droplets in differentiated
adipocytes incubated with miR-155 mimic. It is notewor-
thy that rosiglitazone, a well-known thiazolidinedione
partly blunted the effect of miR-155 mimic.

Conversely, antagomir partly blunted the effect of
TNF� on these adipogenic and lipogenic markers, sug-
gesting that the effects of TNF� on them are partly me-
diated by miR-155. Although the ability of miR-155 to
block adipogenesis has already been reported in 3T3-L1
preadipocytes (37) and in brown preadipocytes (41), its
ability to affect the expression of adipogenic markers in
mature adipocytes is reported here for the first time. This
effect could be due to the modulation of PPAR� mediated
by miR-155. We observed that PPAR� expression de-
creased by miR-155 overexpression, and the TNF�-me-
diated down-regulation of PPAR� was partly blunted by
antagomir. Direct regulation of Pparg mRNA expression
by miR-155 is strongly suggested by the identification and
demonstration of the functionality of a recognition ele-
ment for miR-155 in the 3�UTR of PPAR� (identified in
silico). To confirm the effect of miR-155 on PPAR�, we
transfected PPAR� 3�UTR with miR-155 mimic. Results
suggest that PPAR� may be considered as a miR-155 tar-
get, but we cannot exclude an indirect effect of mir-155 on
PPAR� via CEBP�. This transcription factor is also tar-
geted by miR-155 (25, 37, 42) and is down-regulated in
our conditions. In addition, the ability of CEBP� to reg-
ulate PPAR� has been demonstrated in preadipocytes
(43). Whether such regulation also occurs in mature adi-
pocytes is at present not clear, and will require further
experiments.

This regulation of PPAR� by TNF� through miR-155
could represent a new mechanism of regulation in addition
to others already reported (44), involving a direct down-
regulation of CEBP� and a consequent down-regulation of
PPAR�, a loss of DNA-binding activity of PPAR� and an
activation of corepressors by TNF�.

Using a microarray approach, we demonstrated that
miR-155 overexpression in adipocytes was associated
with an increase in inflammatory tone. These new findings
are in line with the literature, where miR-155 expression
has been associated with inflammatory diseases such as
rheumatoid arthritis (36), vascular inflammation (45),
and inflammation in the nervous system (46). In this study,
we showed that overexpression of miR-155 in adipocytes
induced a global inflammatory response as highlighted by
Metacore and GSEA analysis, and more specifically in-
creased the expression of a large set of chemokines to-
gether with a reduced Il-10 expression, which displays an
anti-inflammatory effect (47). Interestingly, chemokines
defined as “cytokines with selective chemoattractant
properties,” coordinate leukocyte movement to sites of
inflammation or injury (48). In obesity, chemokines are
secreted notably by inflamed adipocytes, and are involved
in leukocyte recruitment in adipose tissue, thus strongly
participating in the establishment of the proinflammatory
status (49). In agreement we demonstrated that overex-
pression of miR-155 in adipocytes increased macrophage
migration mediated by the conditioned medium of adi-
pocytes. From a molecular point of view, the regulation of
the expression of chemokines under miR-155 effect could
be mediated at least in part via the miR-155-mediated
down-regulation of PPAR�. It has been reported that
knock-down of adipocyte PPAR� resulted in up-regula-
tion of chemokine expression (50), and so we could spec-
ulate that by targeting PPAR� expression, miR-155 me-
diated up-regulation of chemokines and overall
inflammatory process, given that the anti-inflammatory
effect of PPAR� is well established (51).

Altogether, these data demonstrate that miR-155 is in-
duced by inflammation and that miR-155, in turn, par-
ticipates in the overall effect of TNF�, and more globally
to the amplification of the inflammatory phenotype. The
control of miR-155 expression in adipose tissue could thus
offer new ways to attenuate inflammatory state during
obesity.
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