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Obesity is linked to adipose tissue hypertrophy (increased adipocyte cell size) and hyperplasia (increased cell
number). Comparative analyses of gene datasets allowed us to identify 1426 genes which may represent common
adipose phenotype in humans and mice. Among them we identified several adipocyte-specific genes dysregulated in
obese adipose tissue, involved in either fatty acid storage (acyl CoA synthase ACSL1, hormone-sensitive lipase LIPE,
aquaporin 7 AQP7, perilipin PLIN) or cell adhesion (fibronectin FN1, collagens COL1A1, COL1A3, metalloprotein MMP9,
or both (scavenger receptor FAT/CD36). Using real-time analysis of cell surface occupancy on xCELLigence system we
developed a new method to study lipid uptake and differentiation of mouse 3T3L1 fibroblasts and human adipose
stem cells. Both processes are regulated by insulin and fatty acids such as oleic acid. We showed that fatty acid addition
to culture media increased the differentiation rate and was required for full differentiation into unilocular adipocytes.
Significant activation of lipogenesis, i.e. lipid accumulation, by either insulin or oleic acid was monitored in times
ranging from 1 to 24 h, depending on differentiation state, whereas significant effects on adipogenesis, i.e.,
surperimposed lipid accumulation and gene transcriptional regulations were measured after 3 to 4 d. Combination of
selected times for analysis of lipid contents, cell counts, size fractionations, and gene transcriptional regulations showed
that FAT/CD36 specific inhibitor AP5258 significantly increased cell survival of oleic acid-treated mouse and human
adipocytes, and partially restored the transcriptional response to oleic acid in the presence of insulin through JNK
pathway. Taken together, these data open new perspectives to study the molecular mechanisms commonly
dysregulated in mouse and human obesity at the level of lipogenesis linked to hypertrophy and adipogenesis linked to
hyperplasia.

Introduction

Adipose tissue has been subjected to extensive studies during
the last past decades since it plays a central role in lipid homeosta-
sis, but also for its major contribution to hormonal regulations in
metabolism. Consequently, metabolic deregulations due to mod-
ern lifestyle such as obesity may largely depend on adipose tissue
functions. Resulting inflammatory processes influence adipose
tissue integrity and function.1-3

Adipocyte precursors are proliferating cells originating from
mesenchymal pluripotent cells which are determined after growth
arrest then clonal expansion through activation of mitogen-acti-
vated protein kinases.4 Differentiation of these precursors depends
on cyclic adenosine monophosphate production and activation of
the transcription factor peroxisome-proliferator receptor gamma
(PPARG) in presence of insulin. PPARG activation induces pro-
found multilocularization and enhances mitochondrial biogenesis
in adipocytes.5 Lipogenesis, i.e. lipid accumulation into specific
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droplets, requires numerous proteins including the cell death-
inducing DFFA-like effectors a and c CIDEA and CIDEC to
increase in size and for the fusion into larger ones.6 Both adipo-
genesis and lipogenesis are stimulated by insulin which increases
adipocyte cell size 7 through transcriptional inhibition of apoptosis
and activation of lipid droplet synthesis8 but also controls the tran-
scription and/or secretion of numerous secreted factors such as
adiponectin.9 Lipid uptake by adipocytes is performed through
interaction with intracellular fatty acid binding proteins FABP1
and FABP4, with fatty acid translocase FAT/CD36, lipoprotein
receptor heparan sulfate proteoglycans HSPG but also G-protein
coupled receptors, then accumulation as triglycerides in lipid
droplets,10-18 however their respective functions in fatty acid stor-
age and intracellular signaling need further investigations.

The differentiating process includes progressive lipid accumu-
lation, called lipogenesis into droplets which finally fuse in a
unique and large one, together with progressive expression and
secretion of numerous adipokines, such as leptin and adiponectin
but also pro-inflammatory cytokines such as tumor necrosis fac-
tor a (TNFA) or interleukin 6 (IL6).19 Importantly, adipocyte
secretome largely depends on adipocyte micro-environment such
as high lipid accumulation and macrophage infiltration, with
pathological consequences such as endothelial dysfunction as an
early event of atherosclerosis.20 The bimodal distribution in size
of mature adipocytes which can be divided in 2 populations, the
small adipocytes and the large adipocytes, is now largely consid-
ered as a major regulator of adipose tissue functions.21

In obesity, lipid accumulation induces adipose tissue remodel-
ing through hypertrophy of adipocytes22 which has been shown
in several studies to induce hyperplasia, i.e., increase differentia-
tion of adipocyte precursors 23-25 and possibly increase prolifera-
tion of adipocyte precursors.24,26,27

Numerous studies depict the mechanisms underlying adipose
tissue renewal, differentiation, and function using experiments in
rodents and humans. The aim of the present study was to identify
common features dysregulated in obesity in both rodents and
humans using combination of bio-informatics and real-time assays.
In our study, we have performed experiments on the 3T3L1mouse
cell line and human adipocyte stem cells (hASCs) isolated from lip-
osuctions and selectively amplified in presence of basic fibroblast
growth factor (bFGF, 28). Building specific gene data sets repre-
sentative of adipose tissue phenotype was used to identify which
molecular pathways may be specifically related to adipogenesis
and/or lipogenesis and possibly dysregulated in obesity. We devel-
oped a new method for real-time analysis of adipogenesis and lipo-
genesis. FAT/CD36 was then identified as a central player in
adipogenesis by regulating both differentiation and lipogenesis.

Results

Candidate genes dysregulated in obesity are related to fatty
acid storage and extracellular matrix

Gene sets linked to specific phenotypes, such as liver or adi-
pose tissues, were retrieved from the literature and compared
to genome to find specific over-representation, i.e. gene

transcriptional regulation not due to chance (Supplementary
Data 1). In a previous study, this method has been extensively
depicted and led to characterize hepatocellular cancer cell pheno-
type in comparison to healthy liver.29 In the present study, we
raised a list of genes representative of human adipocyte lineage,
called «human adipose» gene set (Table 1), which is a result of
gene sets representative of human adipose-derived stem cells
(hASC gene set), human adipose cell differentiated in vitro (hdA,
Differentiating gene set) and adipose tissues (TA gene set),
respectively, i.e., genes specifically detected in comparison to
non-adipose cell types. Cumulative data obtained in mouse were
also retrieved, leading to «Mouse adipose» gene set. Comparison
of human and mouse adipose gene sets lead to identify a set of
common 1426 genes which may represent adipose tissue lineage
in both species (Supplementary Table 2). From this set, we
searched for specific enrichment in Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways using FatigoC software.
Among the 136 pathways significantly over-represented in com-
parison to the genome (adjusted p-value less than 0.05), 48 were
also over-represented in the set of genes dysregulated in obese
adipose tissue, but only 16 were commonly over-represented in
healthy adipose tissue (TA gene set), suggesting that these 16
pathways (Fig. 1) may represent specific adipocyte functions
altered in obesity. Classical pathways were affected, such as adi-
pocytokine signaling, extracellular matrix, fatty acid metabolism,
insulin, transforming growth factor b signaling, and glycolysis,
but also pathways linked to cardiomyopathy and cancer. These
pathways involve genes related to adipose functions, such as fatty
acid storage (scavenger receptor FAT/CD36, acyl CoA synthase
ACSL1, hormone-sensitive lipase LIPE, aquaporin 7 AQP7, per-
ilipin PLIN) and extracellular proteins (fibronectin FN1, colla-
gens COL1A1, COL1A3, metalloprotein MMP9) (Table 2).

Real-time analysis of adipose lineage in vitro
A previous study has shown that induction of differentiation

in 3T3L1 could be monitored with xCELLigence system at least

Table 1. Gene data sets, their and their representativity in genome (n, num-
ber of genes, %, frequency in genome. References of gene sets are provided
in Supplementary Data 1

Frequency in genome

Gene data sets n %

Human Genome 23631 100
Human liver 4918 20.8
Human adipose 2946 12.5
Mice adipose 2694 11.4
Common adipose 1426 6.0
hASC 350 1.5
Differentiating (dA) 1605 6.8
Adipose tissue (TA) 259 1.1
Dysregulated (Dysr) in TA Obese 882 3.7
Macrophages on TA 669 2.8
Macrophages on preA 472 2.0
Macrophages on TA 325 1.4
Fatty acids 622 2.6
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during the first days.30 In the present
study we aimed to characterize the full
differentiation process of both 3T3L1
fibroblasts and human hASCs on
RTCA system, including cell growth
and/or survival (i.e. cell number), mor-
phological changes (i.e., cell size and
cell force adhesion) in real-time assays
on xCELLigence system to give a global
image and point out specific events fur-
ther characterized by complimentary
approaches such as cell size analyses,
lipid uptake measurements, cell growth
and/or survival assays and cell imaging.
In a previous study, we showed that cell
density and media may greatly influ-
ence xCELLigence cell indexes (Berger
et al, manuscript in revision). There-
fore cell plating conditions were opti-
mized for both 3T3L1 fibroblasts and
hASCs using Scepter cell counter to
monitor both cell number and health
(frequency of cell debris), leading to
identify healthy cell size and the respec-
tive distribution of healthy cells (Sup-
plementary Data 3A). Moreover,
experiments could be selected on the
bases of accurate proliferation rate dur-
ing the 24 h phase of cell growth before
treatments, which is related to

Figure 1. Pathways dysregulated in obese human adipose tissue. Gene datasets of either healthy adi-
pose tissue or dysregulated in obesity were compared to genome in KEGG pathway enrichment using
FatigoC software. Among the 54 pathways significantly over-represented in obesity, only the 16 path-
ways significantly over-represented in either differentiating and healthy adipose tissue are presented
(adjusted p-value P < 0.05).

Table 2. Genes specific of mouse and human adipose lineage that are dysregulated in obesity. Among the set of genes representative of adipocyte lineage
in mouse and humans, the only 10 genes dysregulated in obesity and linked to differentiating adipocytes or adipose tissue are reported in the left panel
according to their KEGG pathway. Abbreviations: ACSL1, acyl-CoA synthetase long-chain family member 1; ACTG1, actin gamma 1; AQP7, aquaporin 7;
CD36, CD36 molecule (thrombospondin receptor); COL1A1, collagen type I a 1; COL3A1, collagen type III a 1; FN1, fibronectin 1; ID, gene identifier; LIPE,
lipase hormone-sensitive; MMP9 matrix metallopeptidase 9; PLIN, perilipin

Symbol Name
Human

ID
Mouse

ID

Adipocytokine
signaling

ECM-
receptor

interaction
Fatty acid
metabolism

Focal
adhesion Cardiomyopathy

Insulin
signaling Cancer

PPAR
signaling

ACSL1 acyl-CoA synthetase
long-chain family
member 1

2180 14081 x x x

ACTG1 actin, gamma 1 71 11465 x x
AQP7 aquaporin 7 364 11832 x
CD36 CD36 molecule

(thrombospondin
receptor)

948 12491 x x x

COL1A1 collagen, type I, a 1 1277 12842 x x
COL3A1 collagen, type III, a 1 1281 12825 x x
FN1 fibronectin 1 2335 14268 x x x
LIPE lipase, hormone-

sensitive
3991 16890 x

MMP9 matrix metallopeptidase
9 (gelatinase B, 92kDa
gelatinase, 92kDa
type IV collagenase)

4318 17395 x

PLIN perilipin 5346 64700 x
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standardized experimental conditions. Interestingly, we observed
that when plated at the same density, the proliferative rate of
hASCs may slightly differ depending on the donor and/or on the
passage, as well as their differentiation rate (data not shown).
Therefore experiments could not be averaged but treatments
were significant when reproduced in at least 3 independent experi-
ments. Both 3T3L1 and hASCs proliferation and differentiation
into mature adipocytes were monitored in real-time assays on
xCELLigence system. The resulting cell index represents the surface
occupancy by cells, thus takes into account cell size, number and
adhesion force. At selected times, complementary analyses were per-
formed to measure cell size using cell suspension counters (Scepter:
diameters in the range of 6 to 36 mM Multisizer: diameters in the
range of 6 to 60mm or 24 to 240 mm depending on aperture; Sup-
plementary Data 3A), cell number using both cell counts (cell size
distribution of Gaussian curve indicates living cells versus dying cells
and debris according to cell type; Fig. S3A) and nuclei counts using
specific fluorescent labeling and automated counting; cell prolifera-
tion and/or death by cell cycle analysis in flow cytometry. Cell adhe-
sion force could be altered by the density of cell contents such as
lipids, which induce cell detachment (isolated adipocytes with high
lipid contents float at the surface of media but do not lay down).
Thus lipid uptake was monitored with fluorescent labeling of lipid
droplet contents with AdipoRed and automated counting normal-
ized to the number of nuclei. Preparations of samples for cell size
analysis were performed using different methods with optimal
results obtained with trypsin rather than accutase nor collagenase
for cell culture dissociation, fixation with formalin for cell culture
rather than osmic acid (Fig. S3B). We found that cell size distribu-
tions were greatly modulated during the differentiation processes,
with diameters less than 30 mm for hASCs and up to 200 mm for
fully differentiated hdA (Fig. S3C andD).We also found that well-
plate size may affect the rate of differentiation although electrodes
on E-plates did not significantly affected adipogenesis when cell cul-
tures were performed in parallel to classical 96 well-plates and char-
acterized by analysis of both cell cycle in flow cytometry at early
steps of differentiation and cell size distributions (Fig. S3E).

Among the set of genes dysregulated in obese adipose tissue,
we have focused on the fatty acid transporter FAT/CD36 due to
its pleiotropic activities and we explored its role in adipose line-
age. FAT/CD36 mediates lipid uptake of long-chain fatty acids,
including oleic acid.12 Thus FAT/CD36 activity was analyzed
using a highly specific inhibitor AP5258 31 in the presence or
absence of either insulin or oleic acid, in order to study its role in
proliferation and differentiation of adipocyte precursors and/or
lipid uptake.

Adipocyte precursors accumulate oleic acid without a dose-
dependent alteration of cell integrity

Mouse 3T3L1 fibroblasts and human ASCs were monitored
in real-time on xCELLigence system in the presence of either
oleate or vehicle at several concentrations (Fig. 2). For 3T3L1
fibroblasts cell index was reduced to a half 3 d after treatment
with oleic acid 10 mM, with no significant effect at lowest
concentrations (Fig. 2A). At the end of the experiments, cells
were fixed and labeled with Hoechst (Fig. 2B) or dissociated

in order to analyze cell size distributions (Fig. 2C). Both
methods showed that oleic acid 10 mM reduced the cell num-
ber. In hASCs analyzed during 24 h (because BSA was found
to rapidly alter cell growth after longer exposure in the con-
trol) oleic acid was found to alter cell index in a dose-depen-
dent manner (Fig. 2D). In hASCs treated with oleic acid
complexed to hSA, cell index increase was measured during 4
d in several doses of oleic acid (Fig. 2E) with significant lipid
uptake in the presence of oleic acid 10 mM without cell num-
ber differences 24 h after treatment (Fig. 2F). Apoptosis inhi-
bition by a specific inhibitor (Fig. 2G) did not significantly
affect cell index of cells treated either by hSA or oleic acid,
suggesting that the reductions of cell index were not induced
by pro-apoptotic pathways. Taken together, these results indi-
cate that both mouse and human adipocyte precursors can
accumulate oleic acid which induce reduction of RTCA cell
index due to cell adhesion force reduction.

FAT/CD36 inhibitor AP5258 increases lipid uptake
and cell size of both 3T3L1 and human adipocyte precursors

In mouse adipocyte precursors, we found that FAT/CD36
inhibitor AP5258 differentially modulated RTCA cell index
according to concentrations. At low doses we observed an
increase of cell index during 16 h although cell index quickly
decreased at higher doses such as 10 mM (Fig. 3A). In short term
treatment, i.e. 6 h, mouse 3T3L1 fibroblasts displayed significant
increased lipid uptake with AP5258 in a dose-dependent manner,
with clear increase of small lipid droplets (Fig. 3B) which were
maintained after 48 h without significant cell loss even at highest
doses (Fig. 3C). However, FAT/CD36 induced a significant
increase of mean cell sizes (Fig. 3D). Thus, RTCA monitoring of
AP5258 revealed a cumulative effect of cell adhesion force reduc-
tion by lipid uptake and morphological changes induced by
FAT/CD36 inhibition in 3T3L1 fibroblasts. Similar results were
obtained in hASCs (data not shown). In these cells we found that
lipid uptake induced by AP5258 was similar to that of oleic acid
(Fig. 3E) without significant difference for oleic acid uptake
when AP5258 was added in terms of cell number, lipid uptake
nor effect of size (Fig. 3F). These results suggest that FAT/CD36
inhibition in pre-adipose cells favored lipid accumulation with-
out affecting cell growth and/or survival. Interestingly, in the
presence of oleic acid, inhibition of FAT/CD36 was found to
increase oleic acid-induced lipid accumulation together with a
suppression of cell number reduction by oleic acid (Fig. 3E).
These data support thus the hypothesis that FAT/CD36 is
involved in the toxic effect of high doses of fatty acid on adipose
precursor cells.

Real-time analysis of adipogenesis in mouse and humans
Real time analysis of adipogenesis was monitored for 3T3L1

and hASCs in their respective optimized culture media (Fig. 4;
Supplementary Data 4 and 5). Using complementary
approaches at selected times during differentiation and samples
taken in parallel to xCELLigence monitoring, we could define 3
major steps after differentiation was induced in 3T3L1 fibro-
blasts: (1) cell size was drastically reduced but with maintenance
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of proliferation without signifi-
cant cell death; (2) cell size then
increased and entered in a phase
of cell cycle arrest; (3) a slight
but significant reduction of cell
number was accompanied by cell
size increase during at least 9 d
then the increased accumulation
of lipids was accompanied by
increased transcription and
transduction of adiponectin
(Supplementary Data 4). Thus
during adipogenesis the cell
index may represent cumulative
effects of cell size increase and
cell adhesion force reduction due
to lipogenesis. Similarly in
hASCs, at the beginning of adi-
pogenesis we observed an
increase of cell number accom-
panied by cell size increased in
addition to lipogenesis (Supple-
mentary Data 5). Then we com-
pared in the same experiment
the differentiation process of
hASCs in their optimized media
or in the differentiation media of
3T3L1 (simply completed with
insulin) to that of 3T3L1 cells
(Fig. 4A). Adipose precursors
were maintained in their respec-
tive proliferative media until
confluence. Induction of differ-
entiation through activation of
PPARG in the presence of insu-
lin induced drastic cell size
reduction then important mor-
phological changes, i.e., multi-
locular lipid droplet appearance.
Thus adipogenesis is superim-
posed to lipogenesis, detected on
xCELLigence by progressive cell
index reduction due to reduction
of cell adhesion without cell loss.
Interestingly, human cells proc-
essed in the same differentiating
conditions as 3T3L1 and did not
present significant morphologi-
cal changes in comparison to
their optimized differentiation
media. We have also noted that
both in human and in mouse
cells, the cell index was drasti-
cally reduced at the end of the

Figure 2. For figure legend, see page 166.
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differentiating process. Comparatively to both adipose tissue and
isolated adipocytes, fully differentiated adipocytes never reached
the unilocular form of mature adipocytes nor the bimodal distri-
bution of adipocytes into small, i.e. cell diameter less than around
50 mm, and large, i.e. cell diameter up to around 50 mm
(Fig. 4B).

Lipogenesis in mouse and human adipocytes
In order to validate the hypothesis that lipogenesis reduces

RTCA cell index through reduction of cell adhesion force, we
analyzed the ability of adipocytes to perform lipogenesis in vitro
using xCELLigence (Fig. 5). Differentiated adipocytes were
treated by several concentrations of oleic acid. In both mouse
(Fig. 5A) and human cells (Fig. 5D), RTCA cell indexes were
drastically reduced due to reduction of cell force adhesion
induced by lipid content (Fig. 5E), which induced lipid droplet
appearance and fusion of small droplets into larger ones. In iso-
lated adipocytes, such an experiment was unfortunately not con-
vincing as dissociated cells (both small and large adipocytes)
quickly die in suspension (in less than 18 h) and oleic acid (in
few minutes) induced drastic cell death after cell membrane dis-
ruption (Supplementary Data 6A and B). Interestingly droplet
sizes were not simultaneously modified as some remain small
although others drastically increased in size. Such a discrepancy
was also observed in adipose tissue fragments treated with oleic
acid, where some adipocytes could increase up to 20 times in
diameter, ranging from 50 mm before treatment to 2 mm after
oleic acid treatment (Supplementary Data 6C).

Oleic acid addition to both mouse and human fully differenti-
ated adipocytes in culture did not significantly altered cell sur-
vival as shown in both phase contrast micrographs and nuclei
labeling with either Dapi (Fig. 3A) or Hoechst (not shown).
Lipogenesis induced by oleic acid was dose-dependent with IC50
25 mM, for both mouse and human dA. Lipid uptake occurred
in less than one hour for high fatty acid concentrations, in a
dose-dependent manner from 10 to 100 mM of oleic acid
(Fig. 5B). A significant reduction of RTCA cell index occurred
in times ranging from less than one to 24 h depending on cell
density and differentiating stage, therefore experiments on cell

culture should be performed with several fatty acid doses and
monitored in real-time experiments. Cell index fall was found
highly variable in time and with fatty acid concentrations after
oleic acid treatment both for mouse and human lineages, and
could be related to a highly variable cell differentiation rate,
which could be in addition to the number of passages in both
mouse and human cell cultures, as well as the donor anthropo-
metric characters in human dA cultures (data not shown).

Differentiation rate increased by oleic acid
We could monitor by imaging living cells that oleic acid treat-

ments induced drastic morphological changes which were highly
dependent on the differentiating state (Supplementary Data 6).
This hypothesis was confirmed by testing the ability of differenti-
ating cells to perform lipogenesis as soon as 6 d after differentia-
tion was induced (Fig. 5B), as well as through insulin or oleic
acid addition. Lipid uptake was found higher in one hour than
longer exposure times when measured as AdipoRed vs. Hoechst
ratio related to lipid content normalized to the number of cells
(Fig. 5C). Similar results were obtained with human adipocytes
(Fig. 5D and E). Cell size analysis was unfortunately not reliable
as cells may be disrupted during processing (not shown). Living
cell imaging showed lipid droplet size increase and fusion upon
time (Fig. 5F). Lipid droplets size increased getting closer to uni-
locular adipocytes similar to small mature adipocytes isolated
from adipose tissue (cf Fig. 4B). In isolated mature adipocytes,
which may survive less than one day, experiments on lipogenesis
indicate that they are not suitable for long-time experiments
(Supplementary Data 6). Comparatively to cultured adipocytes,
we could observe that oleic acid induced fatty acid uptake, and
consequently spectacular displasy in only a small population of
adipocytes in tissue fragments (Supplementary Data 6).

Complex activity of oleic acid and FAT/CD36 during
in vitro adipogenesis

Both mouse and human adipogenesis induced in vitro look
like heterogeneous, i.e. with different rates of differentiation
and lipid accumulation. Thus the mechanisms involved are

Figure 2 (See previous page). Proliferation and/or survival and lipid storage of 3T3L1 and hASCs are modulated by oleic acid (representative experi-
ments). (A) Real time proliferation of 3T3L1 fibroblasts on xCELLigence with several doses of oleic acid, represented by cell indexes normalized at time of
treatment and measured every 5 min during 50 cycles then every 15 min during 72 h on the left panel, corresponding differences in cell indexes 72 h
after treatment on the right panel. (B) In the same experiment, cells plated in 96-well plates were analyzed 72 h after treatment with Hoechst 33258
nuclear staining (blue color) and cytoskeleton staining with phalloidin Atto 498 (green color) using Cytation 3 to count nuclei (left panel) and imaging
with identical acquisition: led intensity: 10; camera gain: 10, integration time: 400 (magnification x20, right panel). (C) At the end of experiment, cells
were dissociated from xCELLigence wells and were analyzed using Scepter cell counting represented by cell density of living cells (i.e., cell diameter
>10.8 mM). (D) Real-time monitoring of hASCs on xCELLigence in several doses of oleic acid in lipid-free BSA 5% represented by cell indexes normalized
at time of treatment on the lower panel and corresponding imaging with Cytation 3 of fixed cells labeled with AdipoRed for lipid storage (green color)
and nuclear staining with Hoechst 33258 (red color) with identical acquisition parameters. (E) Real-time monitoring of hASCs from donor S1 on xCELLi-
gence treated with several doses of oleic acid complexed to human serum albumin (5%) shows cell index reduction with highest dose of oleic acid
(10 mM) is due to lipid uptake without affecting cell survival. (F) Automated measurement of mean cell lipid content (AdipoRed, upper graph) and cell
count (Hoechst, lower graph) show a dose-dependent increase in lipid content without significant effect on cell number (led intensity: 10; camera gain:
6, intensity 558). Corresponding fluorescence intensity of AdipoRed was counted and normalized to Hoechst 33258. (G) The reduction of cell index
induced by oleic acid 10 mM was not affected by apoptose inhibitor II (50 mM in the same experiment). All experiments are represented as mean val-
ues §SEM (n > 5 for xCELLigence nor Cytation 3), mean values § SD for Scepter counts (n D 3 measurements of 8 cumulated 96-E-plate wells) and sig-
nificant Student’s t-test p-values >0:05 by asterisk. Scale bars D 100 mm. Abbreviations: C: control; OA: oleic acid; BSA: bovine serum albumin; Ap Inh II:
apoptosis inhibitor II; CFU: Counts of fluorescence, arbitrary units.
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complex and we tried to explore the role of FAT/CD36 by
comparison to that of oleic acid (Fig. 6). Both cell lineages
should be maintained in media containing insulin to promote
their differentiation after induction. We found that both
AP5258 and oleic acid complexed to BSA increased the cell
number after 2 to 3 d exposure, independently of insulin in
3T3L1 partially differentiated adipocytes (Fig. 6A). Both
AP5258 and oleic acid induced
an increase of lipid content per
cell, independently of insulin for
AP5258, with less extent in the
presence of insulin for oleic acid
(Fig. 6B). When applied one day
after adipogenesis induction, we
found that both oleic acid and
AP5258 were more efficient than
insulin or second differentiating
media containing both insulin
and rosiglitazone to increase lipid
contents and could increase oleic
acid storage (Fig. 6C). Lipid stor-
age was observed as increased
lipid droplet sizes and even fully
maturated adipocytes with uniloc-
ular droplets in the presence of
oleic acid (Fig. 6D). Morevover,
pre-exposition of hASCs to oleic
acid during several days was suffi-
cient to improve their lipid stor-
age several days after induction of
differentiation (Fig. 6F) as well as
in partially differentiated human
adipocytes where FAT/CD36
inhibition also increased fatty
acid accumulation (Fig. 6G). We
selected a number of genes highly
expressed in differentiated adipo-
cytes.32 Gene transcripts were
measured on partially differenti-
ated mouse adipocytes revealing
complex transcriptional regula-
tions with great differences in
absence or in presence of insulin
(Fig. 6E). Oleic acid drastically
increased the transcription of
CIDEA, CIDEC, and CEBPA in
absence of insulin, and this activ-
ity was reduced in the presence of
insulin. Oleic acid also increased
that of FAT/CD36 but had no
effect in the presence of insulin.
AP5258 repressed the transcrip-
tion of CEBPA, CIDEA,
CIDEC, and FAT/CD36 in
absence of insulin, although these

effects were reduced in the presence of insulin, with no signifi-
cant effect on CIDEC.

Both oleic acid and AP5258 regulate adipogenesis
in an insulin-dependent manner

Using RTCA experiments we then monitored whether both
lipid uptake and differentiation are modulated by FAT/CD36

Figure 3. For figure legend, see page 168.

www.tandfonline.com 167Adipocyte



with or without insulin (Fig. 7). Lipid contents were measured in
short-term experiments (i.e., 4 h) and may reflect lipogenesis
then after long term exposure (i.e. 4 d) to analyze the effects on
differentiation. Insulin itself increased mean cell lipid content in
4 h as well as oleic acid. Inhibition of FAT/CD36, JNK, and
PI3kinase activities by their respective specific inhibitors
AP5258, SP600125, and LY29002 commonly increased mean
lipid content per cell as well as increased oleic acid activity.
AP5258 and LY29002 basal activities on lipid uptake were sup-
pressed by insulin and reversed in the presence of SP600125. In
long-term experiments, insulin reduced the number of cells and
this effect was reduced in the presence of AP5258 but without
any effect on JNK nor Pi3kinase inactivation, suggesting that
insulin reduces cell survival by interacting with FAT/CD36 path-
way independently of JNK and Pi3kinase. In absence of insulin,
both FAT/CD36 and Pi3kinase inhibition did not affect cell
number although inactivation of JNK reduced cell number, thus
JNK basal activity may be involved in adipose cell survival in
absence of insulin. Four days after treatment, in the presence of
insulin, both JNK and PI3kinase inhibitions reduced mean cell
lipid accumulation, suggesting that insulin mediates lipid accu-
mulation in cell culture through regulation of both kinases.

Lipogenesis, differentiation and cell survival are
differentially regulated at the transcriptional level by oleic acid,
insulin, FAT/CD36 and JNK

The unravelling complexity in the regulation of both lipid
contents and cell number in adipose cell cultures was then ana-
lyzed at the transcriptional level using 3T3L1 differentiated adi-
pocytes treated during 24 h in order to characterize direct
transcriptional regulations. As differentiation processes may vary
from an experiment to another, lipid accumulation, cell number,
and gene transcription analyses should be performed in the same
experiment, as represented in Table 3. Genes specifically over-
expressed in dA were selected on the bases of previously pub-
lished experiments, i.e., CIDEC and CIDEA, regulated by insu-
lin and JNK, CEBPA, FAT/CD36 itself and FABP4 which are
differentiation markers.32 As adipose cell cultures are often

heterogeneous, with poorly versus highly differentiated adipo-
cytes, lipid content in cell culture could reflect lipid accumulation
due to differentiation, although mean lipid content per cell (i.e.
number of nuclei) may represent lipid uptake by dA. Insulin itself
was found to increase both lipid content and cell survival
although in short-term experiments, we did not find any signifi-
cant effect on gene transcription. Oleic acid increased the mean
lipid content per cell and induced a 10-fold increase of CIDEC
transcripts, reduced cell survival with a corresponding 80-fold
increased CIDEA gene transcription, as well as global lipid con-
tent increase with FAT/CD36 and CEBPA transcriptional activa-
tion. Thus the activity of oleic acid was more effective than
insulin on adipogenesis but may reduce cell survival. Moreover,
both activities were not found to sum since in the presence of
insulin, oleic acid activity on gene transcription was attenuated as
well as oleic acid-induced global lipid content, although insulin
did not significantly modulated its activity on cell survival nor on
mean cell lipid uptake. Inhibition of FAT/CD36 increased cell
survival in absence of insulin (it compensated the cell number in
absence of insulin) and reduced CIDEA, CIDEC, and CEBPA
transcriptional activation by oleic acid, suggesting that oleic acid
regulation of transcription may be mediated at least in part by its
binding to FAT/CD36. This activity of FAT/CD36 inhibition
was not significantly modified by the presence of insulin, both at
the level of gene transcription, lipid contents and cell survival. In
another way, JNK inhibition played a specific effect on insulin
activity through reduction of global lipid content without affect-
ing cell number nor mean cell lipid content. In absence of insu-
lin, inhibition of JNK reduced both cell lipid accumulation and
cell number reduction induced by oleic acid with a significant
increase of oleic acid-induced CIDEA gene transcription, and
slightly increased CIDEC gene transcription suggesting that JNK
regulated both cell number and lipid droplet growth.

Discussion

In the present study, we propose new approaches to combine
large-scale identification of molecular pathways dysregulated in

Figure 3 (See previous page). FAT/CD36 inhibition inducesmorphological changes inmouse 3T3L1 fibroblasts and human adipose stem cells (hASCs). (A) Real-
timemonitoring of 3T3L1 fibroblasts treated with several doses of AP5258 in DMEM FCS10% (representative experiment); left panel: cell index normalized at time
of treatmentmeasured every 5 min during 50 cycles, then every 15 min during 48 h, right panel: corresponding differences in cell indexes, respectively 6 and 48 h
after treatment). (B and C) Lipid uptake (lipogenesis) and cell number were monitored using Cytation 3 system with fluorescence intensity of AdipoRed (lipid
uptake) normalized to that of Hoechst 33258 (nucleus counts) in the same wells, respectively 6 (B) and 48 h (C) after treatment. Corresponding merged images
were taken at fixed intensities for AdipoRed (green filter) and Hoechst 33258 (red filter) with Led intensity: 10; Integration time: 400; camera gain: 10; magnification
x20. D- Scepter cell size fractionation suggests significant increase of mean cell size for 3T3L1 fibroblasts treated with AP5258. Cell size distributions were analyzed
on freshly dissociated cells at the end of the experiment (A), i.e. 48 h after treatment, cells were cumulated from 8 E-plates wells then analyzed in triplicates. Left
panel: cell frequencies according to diameter; right panel:meandiameters for cells in a range of 10.8 to 36 mm. E-F: FAT/CD36 inhibitor AP5258 induces lipid uptake
and morphological changes in hASCs, independently of oleic acid. hASCs were treated during 3 d with either AP5258 10 mM and/or oleic acid (OA) 10 mM in
BSA5% containingmedia in 96 wells-plates. After treatments, cells were labeled with AdipoRed in PBS to monitor lipid uptake, then fixed with formalin 3% before
labeling nuclei with Hoechst 3358 and subsequent analysis with Cytation 3 apparatus. Left panel: merged micrograph with acquisition parameters identical to (B)
section; central panel: lipid uptake obtained by calculating the ratio of AdipoRed to Hoechst absorbance intensities; right panel: nuclei counts by measuring
Hoechst fluorescence intensities. In the same experiment, cells were dissociated from 96-wells plates, cumulated (8 wells per condition), size distributions were
measured in triplicates using Scepter cell counter. Left panels represent cell frequencies according to cell diameters, right panel themean diameters of cells ranging
from10.8 to 38 mm. All data are presented asmean values § standard deviations with significant Student’s t-test p-values<0.05 (asterisks). Scale barsD 100 mm.
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Figure 4. For figure legend, see page 170.
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adipose tissue and experimental models to identify major factors
contributing to obesity and its related disorders. Using numerous
published data sets, we identified a set of 1426 genes which may
represent adipose lineage in both mouse and human. Only ten
genes represent candidate genes dysregulated in obesity. Surpris-
ingly, only 2 functions are represented by these dysregulated
genes: extracellular matrix proteins (ECM) and lipid metabolism.
Most of these proteins have been previously linked to dysregula-
tions in obesity. Extracellular matrix remodelling plays a crucial
role in adipose tissue expandability.33 Collagen protein COL1A1
is a major ECM gene in adipose tissue which expression level is
increased after weight loss 34 or reduced in obese adipose tissue.35

Collagen COL3A1 expression is higher after weight loss34 and its
turnover is regulated by the metalloprotease MMP9 in human
adipose tissue.35 MMP9 itself is involved in ECM remodeling,
with increased expression during adipogenesis,36 its expression is
reduced after weight loss37 and increased in obese stroma-vascu-
lar fraction38 and in adipose tissue with obesity-associated insulin
resistance.39

Aquaporin AQP7 facilitates the efflux of glycerol from adipose
tissue and AQP7 deficiency has been linked to triglyceride accu-
mulation in adipose tissue, and adult onset obesity40; its expres-
sion is down regulated in obese adipose tissue.41

Among proteins involved in lipid metabolism, we identified
obesity-dysregulated genes also depicted in the literature for their
implication in metabolic disorders related to adipose tissue.
ACSL1 is the major acyl-CoA synthase in adipocytes involved in
fatty acid efflux and fatty acid-induced insulin resistance.42 This
mitochondrial protein directs fatty acids toward b oxidation in
adipocytes43 synergistic to CD36-mediated plasma membrane
transport.44 In 3T3L1 adipocytes, ACSL1 increases fatty acid
uptake18 and promotes lipogenic gene expression.45 The hor-
mone sensitive lipase LIPE is the major mediator of lipolysis
induced by b adrenergic stimulation in adipocytes46 and gene
polymorphisms are linked to abdominal obesity.47 Perilipin
PLIN is involved in lipid droplet protein machinery.48,49 Its
expression is increased in obese human adipose tissue.50 Its over-
expression protects from diet-induced obesity in mice.51 FAT/
CD36 plays a central role in adipose tissue cell structure and
remodeling, angiogenesis and regulates insulin signaling and tri-
glyceride synthesis.52 FAT/CD36 enhances adipose tissue inflam-
mation and cell death in diet-induced obesity53 and its expression
is upregulated in obese adipose tissue.54-56 This receptor interacts
with fatty acids as well as oxidized lipids to drive their

endocytosis and their degradation by lysosomes during differenti-
ation in 3T3L1 adipocytes.57 Therefore we have focused our
attention on this fatty acid receptor and study its function in adi-
pogenesis both in mouse 3T3L1 cell line and in human adipose
stem cells by comparison to insulin and oleic acid, a long-fatty
acid chain.

The process of adipogenesis is a result of 1) differentiation,
which involves transcriptional regulation of genes involved in
adipocyte phenotype such as CEBPA; and 2) lipogenesis, which
results from a rapid uptake and accumulation of fatty acids into
lipid droplets. Insulin is a major regulator of adipogenesis by reg-
ulating gene transcription of numerous adipocyte genes, includ-
ing regulators of cell survival and of lipid droplet formation such
as CIDEA and CIDEC 8 and consequently promotes both lipid
uptake and differentiation.

For this purpose we performed real-time experiments to
monitor proliferation and/or survival of adipocyte precursors
and took advantage of xCELLigence to develop a new approach
allowing to measure lipogenesis in real-time assays and to ana-
lyze mouse 3T3L1 cell line and human primary cells in the
same experimental conditions. The measured cell index is a sum
of cell number (i.e., proliferation vs. death), cell size (i.e. mor-
phological changes) and adhesion cell force (i.e., cell density
modulation by lipid content) allowing to select critical steps of
reactivity to be analyzed by complementary methods such as
lipid content measurement, cell counts, cell size fractionation
and transcriptional regulations. We found that both mouse and
human proliferating precursors were sensitive to 10 mM oleic
acid, at such low doses lipid uptake was observed in both ASCs
and dA and promoted ASC differentiation into adipocytes in
both mouse and human cell lineages (Figs. 2 and 5). Moreover
we found that precocious oleic acid uptake, i.e. as soon as before
induction of differentiation (Fig. 6F) or immediately after
induction of differentiation (Fig. 6C) was sufficient to increase
adipogenesis. At highest doses, oleic acid may also reduce cell
survival, with a transcriptional activation of CIDEA in dA. This
balance between adipogenic and/or apoptotic activities may
explain the high variability and dose-dependent effects of oleic
acid in in vitro adipogenesis studies (Fig. S6). We also found
that fatty acid uptake was required for lipid droplet fusion from
multilocular to unilocular adipocytes, thus improving adipocyte
differentiation and maturation into fully differentiated adipo-
cytes (Figs. 5 and 6) through high transcriptional induction of
the lipid-droplet fusion CIDEC and the major adipogenic

Figure 4 (See previous page). Comparative analysis of mouse and human adipogenesis in real-time assays. (A) Comparative RTCA monitoring of 3T3L1
fibroblasts and human adipocyte lineage differentiation (P2 generation, hASCs). Cells were plated at high density (10 000 cells/cm2) respectively on 96-
wells E-plate for RTCA monitoring and in 12-wells plates for phase contrast imaging of living cells (magnification x20, scale barD 100 mm). They were dif-
ferentiated under their respective optimized media and for cell dynamic comparisons hASCs were also differentiated in 3T3L1 optimized media (hASCs
(M)). Cell index was measured every 15 min (except dotted lines) and represented as mean values §SEM (n D 8). Time scale was normalized to time of
differentiation induction (5 d after cell plating). (B) Comparative analysis of cell size distribution (representative experiment). Adipocytes from respec-
tively adipose tissue, isolated and fully differentiated cells from hASCs (d17) were obtained from a unique donor, fixed in osmic acid and analyzed using
Beckman Cell Counter through a 400 mm probe. Adipocytes could be divided in 2 distinct populations, respectively small i.e., diameter 20 to 60 mm, and
large, i.e. 60 to 200 mm in adipose tissue. In fully differentiated cells, only the small size adipocytes were identified. A set of 10 000 cells were analyzed
and presented as mean number according to cell diameter (n D 4). Corresponding phase contrast images were taken with magnification x10; scale
bar D 200 mm.
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Figure 5. For figure legend, see page 172.
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promoting transcription factor CEBPA, with higher efficiency
than insulin. If insulin was found to promote adipogenesis by
increasing both cell culture lipid content and cell number in
early stage of differentiation, it was however not required for
oleic acid uptake, suggesting that insulin acts rather through its
transcriptional activity on adipocytes than on fatty acid uptake
itself.

Studies on human defective genes suggest that FAT/CD36
plays a major role in lipid metabolism and obesity-related com-
plications.58 We found that in both mouse and human adipo-
cytes, FAT/CD36 may reduce cell survival in absence of
insulin. The apparent increased lipid content in AP5258-treated
culture could be the result of opposite effects on cell survival
and on lipid accumulation. In absence of insulin, AP5258
reduced the positive activity of oleic acid on gene transcription,
although it restored the sensitivity to oleic acid at the level of
CIDEC and CIDEA gene transcription in the presence of insu-
lin. These results thus suggest that oleic acid may mediate tran-
scriptional regulation of CIDEC and CIDEA at least in part
through FAT/CD36. FAT/CD36 level and trafficking are deter-
minants of lipolysis in adipocytes.59 It is strictly located in adi-
pocyte lipid rafts and is translocated to the membrane by
insulin,60 where it mediates long fatty acid chain uptake, includ-
ing oleic acid61 and 65% of oxidized lipids uptake and degrada-
tion.57 Activation of FAT/CD36 stimulates the pro-
inflammatory response of adipocytes, possibly through
activation of mitochondrial fatty-acid oxidation which increases
during differentiation,62,63 induction of endoplasmic stress53

and in turn activates JNK to impair insulin signaling in adipo-
cytes.64 In our experiments, we found that inhibition of both
FAT/CD36 and JNK improved cell survival. Several studies
have previously point out the major role of JNK in the inhibi-
tion of insulin signaling by free fatty acids including JNK/
IKKB pathway to desensitize IRS1,65-67 thus suggesting that
oleic acid modulates cell survival through FAT/CD36 and JNK

pathways. In another way, oleic acid promoted adipogenesis
and FAT/CD36 has been previously shown to improve adipo-
genesis.68 Indeed, its inhibition significantly reduced the tran-
scriptional induction of CIDEA, CIDEC, FAT/CD36 itself,
and CEBPA by oleic acid in absence of insulin and partially
restored their transcriptional repression by insulin. In addition
to the positive effect of insulin on FAT/CD36 functionality,
these pleiotropic activities of this fatty acid receptor confirm its
pro-adipogenic activity and its role in obesity-induced insulin-
resistance.

Our results support the hypothesis that oleic acid and FAT/
CD36 regulate insulin-promoting activity on both adipose cell
survival and differentiation through regulation of JNK activity
(Fig. 8).

Importantly, our data open new opportunities to study the
dynamics of lipogenesis and adipogenesis working in concert
during the development of adipose tissue and in its adaptive
response to metabolic disorders, through either transcriptional
regulations or cell structure remodeling. Moreover, we show
that in addition to insulin transcriptional activity on genes
involved in differentiation, survival and lipid droplet forma-
tion, fatty acids are required to increase the rate of differenti-
ation and for the complete maturation into unilocular
adipocytes.

Materials & Methods

Bio-informatic analyses
Gene datasets were retrieved from the literature, either from

published experiments or Gene Ontology database at http//nih.
nlm.ncbi.gov and incorporated in Excel tables. Gene data sets
representative of human adipocyte phenotype were raised by
compilation of lists of genes significantly (i.e., z-test confidence
level > 95%) overexpressed in either adipose stem cells (hASCs),

Figure 5 (See previous page). Real-time monitoring of lipogenesis induced by oleic acid in mouse 3T3L1- and human ASCs-derived adipocytes. (A) Time
and dose-dependent activity of oleic acid on 3T3 differentiated adipocytes measured by RTCA monitoring (mean values § SEM, n D 8, representative
experiment). 3T3L1 fibroblasts were differentiated into adipocytes (D11) then incubated with either vehicle or increased doses of oleic acid (0 to
100 mM). Cell indexes (normalized at time of treatment) were measured during one day (left panel) and differences of cell index after one day, i.e., delta
cell indexes, are reported in the right panel. Phase contrast micrographs taken at the end of the experiment revealed increased lipid droplet accumula-
tion after 1 d of treatment but no significant cell removal even at highest dose (100 mM) although cell index was null. Thus drastic reduction of cell index
and slopes reveal reduction of adhesion force due to lipid accumulation. (B) Lipid uptake measured in 3T3L1 adipocytes at the beginning of differentia-
tion (D6) is dependent on oleic acid complexed to bovine serum albumin (lipid-free, 5%) (representative experiment). Lipid uptake was measured using
AdipoRed and counts of fluorescence (CFU, left panel) were measured using Cytation 3 apparatus and is represented by mean values of 5 times meas-
ures of 8 96-well plate; significant Student’s t-test p-values (P < 0.05) are indicated. After intensity measurement, cells were fixed and micrographs were
taken at magnification x20 in either phase contrast and green fluorescence, scale barD 100 mm. (C) Lipid uptake is highest in one hour in 3T3L1 differen-
tiated (D15) adipocytes (representative experiment). Fully differentiated adipocytes were treated in oleic acid 20 mM and lipid-free bovine serum albu-
min 5% and reactions were arrested by fixation at different times, then labeled with Hoechst 33258 10 mM. Respective absorbances were measured on
Cytation 3 system and AdipoRed was normalized to that of Hoechst (5 measurements par well, mean values §SEM, n D 8 wells). Corresponding micro-
graphs were taken at magnificence x20, scale bar D 100 mm. (D) Time and dose-dependent activity of oleic acid on human differentiated adipocytes
(hdA, D12) measured by RTCA monitoring (mean values § SEM, n=8). After differentiation hdA were incubated with either vehicle or increased doses of
oleic acid (0 to 100 mM). Left panel: dose- and time-dependent effect of oleic acid on RTCA cell index. (E) Lipid uptake (green) normalized to Nuclei
counts (red) by hdA measured on Cytation 3 for cell treated during 3 d early during the differentiating process (d5) by oleic acid in human serum albumin
5% (hSA). Scale bars = 100 mm. (F) Increased lipid accumulation in fully differentiated hAd (D15) treated with 10 mM oleic acid monitored with phase
contrast micrographs taken on living cells (magnification x 20). (G) Time-lapse of lipid droplet formation and size increase in hdA (D15) was observed
under phase contrast microscopy (magnificence x20, DIC) for adipocytes stimulated by 25 mM oleic acid (indicated by arrows).
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adipose cell differentiated
(dA) in culture or isolated
adipose tissue (TA) from
published or GO datasets,
as well as mouse adipose
genes (Supplementary
Data 1). All data sets are
reported in Table 1.
Human liver gene set was
obtained in a previous
study.29 KEGG pathways
gene number counts 69

were performed to raise
gene datasets representa-
tive of either phenotypes
or data sets (Supplemen-
tary Data 2).

Cell culture
Mouse 3T3L1 fibro-

blasts were grown in
Dulbecco’s Modified
Eagle’s Medium with high
glucose (4,5 g/L) and con-
taining 10% fetal calf
serum (DMEM 10%FCS,
PAA Laboratories, Les
Mureaux, France) and
antibiotics (streptomycin
and penicillin 100 units/
ml, Sigma Aldrich, St.
Quentin Fallavier, France).
When they reached conflu-
ency, differentiation was
induced by replacing
media by DMEM 10%
FCS media supplemented
with 0.25 mM dexametha-
zone, 0.25 mM isobutyl-
methylxanthine (IBMX),
0.20 mM rosiglitazone
(Sigma Aldrich) and insu-
lin 0.05 mU/ml
(Actrapid). Three days
later, media was replaced
by DMEM 10% FCS
media containing dexa-
methasone and insulin at
similar concentrations.
Then media were replaced
every 2–3 d by DMEM
10%FCS media with insu-
lin alone.

Figure 6. For figure legend, see page 174.
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Human adipose stromal cells (hASCs) were isolated from lip-
osuctions of the same female patients undergoing surgery with a
3 mm cannula (100 to 200 ml), according to French regulation
after declaration to research ministry (DC n�2008162) and writ-
ten informed consent from the patient. ASCs were isolated after
collagenase digestion from the stroma-vascular fraction then
amplified in proliferation media containing 10 ng/ml bFGF
(Sigma Aldrich).28 Cells were used at passages 3 to 5.

Real-time cell analysis
Both mouse and human adipocyte precursors were seeded at

high density (20 000 cells/cm2) for differentiation experiments
or 5000 cells/cm2 for proliferation assays in either E-plates 96,
E-view 96, Costar 96-wells or 12 wells plates, for other experi-
ments. Cells were grown at 37�C in 5% CO2 in DMEM
10%FCS with high glucose, and removed using trypsin 0.05%
(PAA Laboratories, Les Mureaux, France). Cell proliferation
and/or survival was monitored with the xCELLigence Real-time
Cell Analyzer (RTCA) System (ACEA Biosciences, Inc., San
Diego, USA), which allows label-free monitoring changes of cell
number, viability, morphology and quality of cell attachment by
measurement of cell-to electrode responses of cells seeded in
E96-well plates manufactured with integrated microelectronic
sensor arrays. RTCA system measures cell surface occupancy, i.e.
cell index, taking into account cell number, cell size and adhesion
force. These 3 cumulative parameters were distinguished using
complementary analyzes of cell size and number performed at
selected times using cell count, size fractionation with either
Scepter cell counter and Multisizer Beckman Coulter, cell
cycle analysis through flow cytometry, cell count and imaging
using Cytation 3 to characterize the major events of adipo-
genesis (Supplementary Data 3–5). Adhesion force and cell
size were linked to adipogenesis as lipid accumulation may

modulate cell survival and cell size and reduced cell adhesion
force due to lipid uptake. The results are represented as cell
indexes or cell indexes normalized at time of treatment (i.e.,
cell index at time x divided by cell index at time of treat-
ment) or delta cell index (i.e. cell index at selected time
minus cell index at time of treatment). Since proliferation
rate and cell index may vary from an experiment to another,
data are representative experiments of at least 3 independent
experiments and each condition was tested in at least 6 repli-
cates. Cells were plated in 6 well-plates for other experiments
in the respect of cell plating density. Cell were treated in
DMEM 10%FCS one day after plating. Oleic acid was
diluted in lipid-free bovine serum albumin (BSA) 5% or in
human lipid-free serum albumin (hSA) in DMEM 10% FCS
and pre-incubated at least 2 h at 37�C before use. FAT/
CD36 inhibitor AP5258 was provided by Clinigenetics
(Lyon, France). Apoptosis inhibitor II (Millipore SAS, Saint
Quentin-en-Yvelines, France), Jun-NH2 kinase (JNK) and
Pi3kinase specific inhibitors, respectively SP600125 and
LY294002 were used at optimized concentrations. Oleic acid,
BSA and hSA, SP600125, and LY294002 were purchased
from Sigma Aldrich.

Cell cycle analysis by flow cytometry
Cells in suspension were fixed in ethanol 70% then treated

with 10 mg/mL RNAse H (Promega, Charbonni�eres, France) in
phosphate buffer saline (PBS) during 1 h before Propidium
iodine (Sigma Aldrich) was added (50 mg/mL). Flow cytometric
analysis of 5000 cells was performed on a FACSCantoII flow
cytometer and data were recovered using the FACSDiva software
v6.1.2 (BD Biosciences, Rungis, France). DNA content was
determined using FlowJo software v8.8.6 (http://www.flowjo.
com).

Figure 6 (See previous page). Oleic acid and AP5258 differentially modulate adipogenesis and lipogenesis depending on presence or absence of insu-
lin. (A) Oleic acid and FAT/CD36 inhibitor promote survival and/or proliferation of 3T3L1-derived adipocytes (D11), and (B) increase lipid contents. Cells
were plated in 96-wells plates, induced to differentiate then were treated with either oleic acid as positive control, or AP5258 at several doses during 3 d,
then lipogenesis was measured using Cytation 3 with AdipoRed (fluorescence counts), then fixed and labeled with Hoechst 33258 for nucleus counting
(sum of 3 areas per well, magnificence x4). Since cell survival was influenced by treatments, effective lipogenesis was adjusted to the ratio of cells in
each well, i.e. ratio per well of AdipoRed fluorescence (mean of 5 counts) versus nucleus number (sum of 3 areas), n D 8 wells per condition. Results are
presented as mean values § SD; asterisks represent significant Student test-t p-values <0 .05). (C) Oleic acid and FAT/CD36 inhibitor AP5253 promote
adipogenesis of 3T3L1 one day after induction of differentiation in a dose-dependent manner (Upper panel) and AP5258 activity is comparable to that
of normal differentiating media containing Rosiglitazone and insulin (Lower panel). Lipid content measured with AdipoRed (green label) were normal-
ized to nuclei counts with Hoechst (Red label). Results are presented as mean values § SEM with Student’s significant p-values<0.05 represented as
asterisks. Corresponding merge images of bright field, AdipoRed and Hoechts labeled cells are presented in the right panel, magnification x20, scale bar
D 100 mm. (D) Microscope imaging of 3T3L1 adipocytes D11 treated during 3 d in bright field, labeled with AdipoRed (green), with Hoechst 33258 (red)
and corresponding merge images taken on Cytation3 platform, magnification x20. Scale bars= 100 mm. (E) Transcriptional regulation of CIDEA, CIDEC,
FAT/CD36 and FABP4 genes by oleic acid (left panel) and AP5258 (right panel) in D9 3T3L1 adipocytes treated during 24 h, in absence or in presence of
insulin. Gene transcripts were analyzed by qRT-PCR and fold changes of treated vs. control samples were normalized to absolute HPRT gene transcription
analysis. Data are presented as mean values § SD with asterisks indicating significant Student’s t-test p-values P < 0 .05. (F) Humans ASCs exposed to
oleic acid increase their rate of differentiation. Human ASCs were exposed to several doses of oleic acid during 9 d, then were induced to differentiate
during 5 d. Lipid content was measured using AdipoRed (green label) and normalized to nuclei number measured with Hoechst (Red label). Data are pre-
sented as representative experiment with mean values of 8 wells §SEM with significant Student’s t-test p-values P < 0.05 as asterisks on the left panel,
and AdipoRed / Hoechst merged images taken at identical acquisition parameters (right panel; scale bar D 100 mm). (G) Comparatively to mouse 3T3L1
cell line, human dA (D10 treated 3 during 3 d) are promoted to increase lipid contents in the presence of oleic acid (10 mM) and favored by AP5258
(1 mM). Lipid contents measured with AdipoRed were normalized to Nuclei counts with Hoechst. Data presented are representative experiment with
mean values of 8 wells §SEM with significant Student’s t-test p-values P < 0.05 as asterisks.
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Figure 7. For figure legend, see page 176.
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Human tissue and isolated adipocytes
Human white adipose tissues were obtained by surgical

biopsies (Table 4); 50–100 mg tissue samples were rinsed
twice with NaCl 0,9% (v/v) at 37�C, twice in 50 mM 2,4,6-
trimethylpyridine/NaCl 0,9% and fixed in 0.12 M osmium
tetroxide/50mM 2,4,6- trimethylpyridine/NaCl 0,9% (Sigma
Aldrich, Saint Quentin Fallavier, France) for 96 h at room
temperature. Samples were washed with saline for 24 h, then
the saline was replaced by 10 mL of 8 M-urea for 72 h with
occasional swirling to liberate the cells. Samples were then
washed with 0.01% TRITON X-100 (v/v) in NaCl buffer.
Before analysis, supernatant was discarded and cells were
resuspended in glycerol. Cells were then diluted to analyze
adipocyte size distribution.

Adipocytes were isolated from human white adipose tissue
by digestion with 1 mg/mL collagenase (type 1, Sigma
Aldrich) in Krebs-Ringer medium without phosphate, buff-
ered to pH 7.4 with 10 mM HEPES and containing 2%
fatty acid-free BSA, 2 mM glucose, and 200 nM adenosine
to inhibit lipolysis. Isolated cells were washed 3 times with
this media then in this media containing 0.1% BSA and
counted using Mallassez cell before fixation in osmic acid for
cell size analyses.

Cell size monitoring
Both for plating and analysis, Scepter� handheld automated

cell counter (Millipore S.A.S., St Quentin-en-Yvelines, France)
was used with 60 mm tips on living cells in suspension, measured
at least in triplicate for cell diameters ranging from 6 to 36 mm.
The adipocyte size distribution was determined on either living
or fixed cells using a Beckman Coulter Counter Multisizer IV
with either a 100 or a 400 mm aperture. The range of cell sizes
that can effectively be measured using these apertures are 6-60
mm or 24-240 mm, respectively. Cells were removed with either
trypsin (Gibco BRL, Thermo Fisher Scientific, Villebon-sur-
Yvette, France) or collagenase (2 mg/ml, Sigma Aldrich) or
Accutase (Millipore SAS, Saint-Quentin-en-Yvelines, France)
then used either freshly after dilution in DMEM 10%FCS or
fixed in either formalin solution, neutral buffered 10% or osmic
acid (0,12 M osmium tetroxide/50 mM 2,4,6- trimethylpyri-
dine/NaCl 0,–9%, Sigma Aldrich) then washed and resuspended
in PBS before analysis. After collection of pulse sizes the data
were expressed as particle diameters and displayed as histograms
of count frequency against diameter using linear bings and linear
scale for the cell diameters. Cell-size distributions were drawn

from measurement of at least 20000 cell diameters per sample in
triplicate.

Cell and tissue imaging
Images were taken at x4 to X40 magnification using either an

Axiovert 200 microscope coupled to AxioCam and Axiovision
Rel 4.8.1 software (Carl Zeiss SAS, Marly-le-Roi, France) or to a
Cytation 3 cell imaging reader (Biotek Instrument Inc., Colmar,
France) on either living cells maintained at 37�C or cells fixed
with formalin 10% (Sigma Aldrich). For lipid labeling, cells were
either labeled with Red Oil (Sigma Aldrich) on fixed cells or with
AdipoRed Assay reagent (Lonza France SARL, Levallois-Perret,
France) on living cells according to standard procedures. After
AdipoRed assay, cells were fixed with formalin, washed in PBS
then treated with 0.1% Triton X100 and labeled with Hoechst
33258 1mg/mL and/or phalloidin Atto 498 or Phallo€ıdin
TRITC 50 mg/mL (Sigma Aldrich). Fluorescence intensities
were measured at 350 nm (excitation) /461 nm (emission) for
Hoechst 33258, 535 / 572 for AdipoRed and 540 / 570 for phal-
loidin TRITC on Cytation 3 system for imaging and statistical
analyses on 96-wells or on E-plates 96 wells were performed on
fluorescence intensities. Each condition was measured at least
5 times for each well and in 6 to 8 wells. Ratio of AdipoRed fluo-
rescent intensities normalized to those of Hoechst were calculated
for each mean value per well and were confirmed by image fluo-
rescence counting on at least 3 areas (1 mm2) per well and imag-
ing at fixed conditions for AdipoRed at magnification x20 with
filters 469/525, 586/647, 377/447 for AdipoRed, Hoechst
33258 and Phalloidin TRITC, respectively.

qRT-PCR analysis of gene expression
Total RNA purifications from 3T3L1 cells were performed

according to standard protocol (Qiagen Quick prep mRNA, Qia-
gen, Courtaboeuf, France) including a DNase treatment. RNA
integrity was assessed with the Agilent 2100 Bioanalyzer and
RNA 6000 LabChip Kit (Agilent Technologies, Massy, France).
First strand cDNAs were synthesized from 500 ng of total RNA
in the presence of 100 U of Superscript (Invitrogen-Life Tech-
nologies, Eragny, France) and random hexamers and oligodT
primers (Promega). Real-time quantitative PCR (RT-qPCR) was
performed using ABsoluteTM QPCR SYBR� Green ROX Mix
(Abgene, Courtaboeuf, France) with a Nano LC Light Cycler
(Roche Diagnosis). Adiponectin forward and reverse primers
used were 50CTT-CTC-CAG-GTT-CTC-CTT-TCC-TGC
and 50AGG-CCG-TGA-TGG-CAG-AGA-TG, respectively,

Figure 7 (See previous page). Real-time analysis of oleic acid-induced signaling pathways in 3T3L1-derived adipocytes D7. Lipogenesis was measured
up to 4 h (upper panels), adipogenesis (lower panels) up to 4 d using RTCA system or AdipoRed uptake normalized to nuclei counts with Hoechst label-
ling in the presence of specific inhibitors, i.e. FAT/CD36 inhibitor AP5258 10 mM, Pi3kinase inhibitor LY294002 (20 mM) or JNK inhibitor SP600125 (20
mM), in presence or absence of either insulin (INS 0.05 mU/ml) or oleic acid (OA) 10 mM complexed to lipid-free bovine serum albumin (C: BSA 5%) (repre-
sentative experiment). RTCA data are represented by cell indexes measured every 5 min during 50 cycles then every 15 min during 4 d and normalized at
time of treatment measured every 5 min. All data are presented as mean values C/¡SEM, nD6). Asterisks represent significant differences with control
for Student’s t-test p-values<0.05.
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Figure 8. Schematic representation of adipogenesis (A) and modulation of related signaling pathways by FAT/CD36 (B). Committed adipose stem cells
(ASCs), i.e., adipose proliferative precursors, are induced to differentiate by sequential activation of peroxisome-proliferator activator receptor gamma
(PPARG) and CCAAT/enhancer binding protein a (CEBPA) transcription factors. Then adipose cells differentiate in presence of insulin which acts through
(1) transcriptional activation of cell death-inducing DFFA-like effector c (CIDEC) which is involved in lipid droplet structuration and (2) through transcrip-
tional inhibition of another lipid droplet associated protein, cell death-inducing DFFA-like effector a (CIDEA) to maintain cell survival.8 Thus insulin pro-
motes adipogenesis through indirect activation of lipogenesis and cell survival. In adipocytes lipogenesis results from a rapid uptake of fatty acids (FA)
stored in lipid droplets which increase in size and finally fuse into a unique and large droplet in mature adipocytes. FATCD36 may act as a regulator of
insulin signaling pathway through inhibition of insulin signaling by activation Jun-NH2 kinase (JNK).64 Other abbreviations: INSR, insulin receptor; IRS1:
insulin receptor substrate 1; Pi3k, Pi3kinase. Specific inhibitors of FATCD36, JNK and Pi3k used were AP5258, SP60025 and LY29400125, respectively.
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CIDEA, CIDEC, FAT/CD36 and FABP4 primers from the
study of Steiger and colleagues.32 Levels of target mRNAs were
normalized to hypoxanthine phosphoribosyltransferase 1
(HPRT1) expression (sequence of primers are available in ref. 29

measured at least on 3 independent experiments and data are pre-
sented as mean § SD. Comparative analyzes were performed on

a representative experiment in at least 4 replicates and signifi-
cance was measured using ANOVA variance test.
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