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Metabolic endotoxemia directly increases the
proliferation of adipocyte precursors at the onse
of metabolic diseases through
a CD14-dependent mechanism%
Elodie Luche, PhD1,2, Béatrice Cousin3,4,5,6, Lucile Garidou, PhD1,2, Matteo Serino, PhD1,2, Aurélie Waget1,2,
Corinne Barreau, PhD3,4,5,6, Mireille André3,4, Philippe Valet1,2, Michael Courtney7, Louis Casteilla3,4,5,6,
Rémy Burcelin, PhD1,2,*
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Metabolic endotoxemia triggers in� ammation, targets cells from the stroma-vascular fraction of adipose depots, and metabolic dis
these cells we here infused mice with lipopolysaccharides and showed by FACS analyses and BrdU staining that the number
adipocytes, preadipocytes and macrophages increased in wild type but not in CD14-knockout (KO) mice. This mechanis
CD14KO mice grafted subcutaneously and simultaneously with fat pads from CD14KO and wild-type mice the concentration
increased in the wild-type fat pad only. Conversely, the mRNA concentration of genes involved in glucose and lipid metabol
large adipocytes was reduced. Eventually, a pretreatment with LPS enhanced HFD-induced metabolic diseases. Altogether,
metabolic endotoxemia increases the proliferation of preadipocytes through a CD14-dependent mechanism directly, without rive
cells from non-adipose depot origin. This mechanism could precede the onset of metabolic diseases.

& 2013 The Authors. Published by Elsevier GmbH. All rights
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1. INTRODUCTION

Intestinal microbiota is now considered as a veritable o
regulates energy metabolism[1–3] and is causally involved
metabolic diseases[3–5]. Recent data have revealed a close a
tion between intestinal microbiota, adipose tissue biology
obesity[7,8]. We, and further con� rmed by others, showed that
blood concentration of lipopolysaccharides (LPS), componen
outer membrane of gram negative bacteria, is increased by
fat-enriched diet in humans[9–11] and in mice[12,13] thus de� ning a
state of metabolic endotoxemia. Elevated LPS levels are
with increased adipose tissue mass in the mouse [13] and
[14] that could be related to the observed chronic low
in� ammation[15–17] involving both macrophages[16–23] and
lymphocytes[18,24–26]. Recent data provide further eviden
the importance of LPS and its receptor system CD14/TLR
induced obesity [27]. However, thein vivomechanisms through wh
http://dx.doi.org/10.1016/j.molmet.2013.06.005
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metabolic endotoxemia directly triggers adipose depot in� ammation
development and metabolic disease are unknown. Previous
the hypothesis that metabolic in� ammation originates from b
marrow in� ltrating cells[21,28]. In� ammatory factors, including
fatty acids [29] were initially proposed to activate TLR4-e
macrophages and trigger in� ammation in adipose depot. Howeve
demonstrated, using functional analyses and microarray te
that adipocyte progenitors and macrophages were characte
closed genome and phenotypome[30,31] suggesting that adipo
resident cells are sensitive to endotoxemia and could be invo
changes observed in adipose tissue. Hence, we here sugges
in� ltrating and resident cells are involved in the processes c
izing metabolic in� ammation in adipose tissue. This process wo
tightly dependent on changes in intestinal microbiota and con
on the production of bacterial fragments such as LPS. The
undertook to determine whether LPS could directly targ
expressed by adipose tissue resident cells as a� rst step in the
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2. MATERIALS AND METHODS

2.1. Animals and treatments
Twelve-week-old C57bl6/J male mice (Charles River, France
mutant male mice (Jackson laboratory, Bar Harbor, ME)
C57bl/6J background were housed in a controlled environmen
12-h daylight cycle, lights off at 10:00 am) with free access to
water. In a� rst set of experiments mice were fed with either a
chow diet (NC, energy content: 12% fat, 28% protein, a
carbohydrate, A04, Villemoisson sur Orge, France) or a
carbohydrate-free diet which speci� cally induces metabolic endotox
(HFD, energy content: 72% fat, 28% protein ando 1% carbohydrat
for 4 weeks, as previously described[12,32,33]. In some mi
metabolic endotoxemia was mimicked by infusing low rate
through implanted osmotic mini-pumps, as described [13] (A
2004; Alza, Palo Alto, Ca). The pumps were� lled either with Na
(0.9%) or LPS (fromEscherichia Coli 055:B55; Sigma, St. Louis, MO
infuse 300mg kg� 1 day� 1 for 4 weeks. A subset of these treated
was used to study the in� uence of LPSin vivo(osmotic pumps)
adipose precursor cell proliferation (Figure 1E and F). These
treated with BrdU (100 mg/kg i.p. Sigma, St Louis, MO) every
2 weeks later were fed a HFD (Figure 1G).
In a second set of experiments, the direct role of LPS/CD14 w
in CD14KO mice that were grafted with approximately 1
2 subcutaneous fat pads, one from a 12-week old wild-type (W
and the other from a CD14KO donor (Supplementary Data
incision was made in the middle of the back skin and the two
were symmetrically grafted towards each side of the anima
incision was then sutured. Osmotic mini-pumps delivering Na
were implanted for 4 weeks. At completion of the treatment
were sacri� ced, the stroma vascular fraction of the adipose
isolated and studied by FACS analysis or by immunohistoch
In a subset of mice we grafted fat pads from wild type (g
CD45.1) mice under the skin of CD14KO (genotype CD45.2
HFD for 1 month. FACS analyses have been performed on th
pads to identify the colonization by the host cells i.e. % of CD
CD45.2 over the total number of cells from the stroma vascul
(Supplementary data 2-H).
In a third group of experiments to analyze the in� uence of LP
pretreatment on the onset of metabolic diseases mice were
which induces both hyperglycemia and body weight gain. Th
and carbohydrate diet (HFCD) containing 45% fat, 20% pro
35% carbohydrates (Research diets laboratory), was given fo
after the LPS-pretreatment. This diet induces obesity and
intolerance over the course of 3–4 months. At completion of
treatment the mice were sacri� ced and FACS analysis or immun
tochemistry was performed on the adipose depots.
All the animal experimental procedures were approved by
ethical committee of the Rangueil Hospital.

2.2. Quantitative real-time PCR
The concentrations of TNF� , IL-1� , PAI-1, MCP-1, MIF, OSN, G
HKII, FAS, ChREBP, PPAR� and aP2 mRNA were evaluate
quantitative RT-PCR analysis. Total mRNA was extracted u
282 MOLECULAR METABOLISM 2 (2013) 28
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reagent (Roche, Basel, Switzerland). PCRs were performe
AbiPrism 7900 Sequence Detection System instrument and
(Applied Biosystems, Foster City, CA, USA), as previously de
The concentration of each mRNA was normalized for RNA
each sample using RPL19 rRNA as an internal standar
sequences for the targeted mouse genes are available upo
Supplementary Table 1.

2.3. Adipose tissue morphometry, F4/80 and BrdU staining
Paraf� n-embedded hematoxylin and eosin counterstained sect
performed. The size of the adipocytes was assessed usi
analyzer software (Image J). The number of adipocytes
classi� ed according to their size (mm2), which was estimated by a po
counting, and expressed as the percentage of the total p
counted, as described previously [13]. The total count ranged
to 5270 cells per condition. F4/80 staining was carried out a
Ethanol-� xed, paraf� n-embedded adipose tissue sections we
paraf� nized and rehydrated. Sections were blocked in normal s
incubated overnight with primary rat anti-mouse F4/80 mo
antibody (1/1000; Serotec, Oxford, U.K.). Endogenous peroxid
was quenched by incubation with 3% hydrogen peroxide fo
Secondary antibody staining was done using goat anti-rat bio
Ab (1/500, 30 min, room temperature) and streptavidin ho
peroxidase conjugated (1/500, 30 min, room temperature) an
with 3,3�-diaminobenzidine. Sections were counterstained wit
toxylin eosin before dehydration and cover-slip placement. T
of F4/80 positive cells per microscope� eld was counted and divide
the total number of adipocytes in the sections. Five to 12� elds were
counted per sample. BrdU staining was performed on etha� xed,
paraf� n-embedded adipose tissue sections that were de-par� nized,
rehydrated and permeabilized to allow the binding of a
biotinylated antibody. A horseradish peroxidase coupled s
was used to detect the bound antibodies as described (BD Ph
Palo Alto, CA, USA).

2.4. Measurement of body composition by nuclear magnetic
The body composition of the mice, including the fat and lean
was analyzed by NMR using EchoMRI-100TM equipment (Ec
Systems, Houston, Texas).

2.5. Isolation of the stroma vascular fraction (SVF)
Cells were isolated according to Björntorp et al. with minor mo� cations
[34]. Brie� y, the grafted fat pads were digested at 371C in phospha
buffered saline containing 0.2% bovine serum albumin and
collagenase for 30 min (collagenase A, Roche Diagnostics
France). After elimination of undigested fragments by� ltration throug
25mm � lters, adipocyte fractions were separated from the pelle
stroma-vascular fraction (SVF) by centrifugation (600� g, 10 min). SV
cells were incubated for 5 min in a buffer to hemolyse red b
(140 nmol/l NH4Cl and 20 mmol/l Tris, pH 7.6), washed, and cen
in PBS. The number of isolated SVF cells was then counte
counter (Coulter Z2). SVF cells were either used for� ow cytometr
analyses or platedin vitro.

2.6. Cell phenotyping
Cells isolated from the adipose depots were analyzed by� ow cytometr
(FACS). Freshly isolated SVF cells were stained in stain
consisting of phosphate-buffered saline containing 0.5% fetal
and FcR Blocking reagent (BD Biosciences). Cells were incu
anti-mouse monoclonal antibodies (mAb) or rat immuno
1–291& 2013 The Authors. Published by Elsevier GmbH. All rights reserved. www.molecularmetabolism.com
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(isotypes) conjugated with FITC, phycoerytricin, PercP or allo
for 30 min at 41C. Triple staining was performed by incubatin
with antibodies directed against cell surface antigens labeled
such as FITC, phycoerytricin, PercP in one step to chara
different cell populations. Cells were washed in staining buffe
analyzed by FACS (FACS Canto II, Becton Dickinson, Mounta
Data acquisition and analysis were then carried out using DIV
(Becton Dickinson). For BrdU detection, SVF cells were staine
to the manufacturer's protocol (BrdU Flow Kit, BD Pharmingen
CA) with minor modi� cations. Brie� y, cells were� xed and permeabiliz
with BD Cyto� x/Cytoperm buffer. The cells were then treated wit
(300mg/ml) to expose incorporated BrdU and� nally immuno� uorescen
staining of cell surface antigens was carried out as describe

2.7. In vitroproliferation and differentiation assay
2.7.1. Cell proliferation
SVF cells were plated at a density of 5500 cells/cm2 in DMEM:F1
supplemented with 10% fetal calf serum, biotin (16mmol/l), panthoten
acid (18mmol/l), ascorbic acid (100mmol/l), and amphotericin (25mg/
ml), streptomycin (10 mg/ml), and penicillin (10,000 U/ml). Th
was changed every 2 days. The cells were counted each day
counter (Coulter Z2) over 6 days.

2.7.2. Cell differentiation
Cells from the SVF were plated similarly. When they reached� uence
the adipogenic differentiation process was induced with dexa
(33 mmol/l), insulin (2 nmol/l), 3,3,5-tri-iodo-L-thyronine (T3; 2 nmo
and transferrin (10mg/ml) for 10 days. The medium was change
2 days. At the end of the culture period (after 14 days), the c
lyzed with 0.1 N NaOH, neutralized and the triglyceride (T
measured using a commercially available kit (Triglycerides
tiques PAP 150, Biomerieux, Marcy l'Etoile, France). The to
content was determined using the DC Protein Assay Kit (Bio
la Coquette, France).

2.8. Glucose tolerance test
Intraperitoneal glucose tolerance tests were performed in 6
mice injected with glucose into the peritoneal cavity (1 g/kg
20% glucose solution). Blood glucose was determined with
meter (Roche Diagnostics) on 3.5� l blood collected from the tip o
tail vein. The glycemic index was calculated by dividing the s
glycemia values determined at all of the time points by the ti
following glucose administration.

2.9. Statistical analyses
Results are presented as means7 SE. Statistical signi� cance o
differences was analyzed byt-test or two-way ANOVA followed b
hoc (Bonferroni's multiple comparison test) using GraphP
version 5.00 for Windows (GraphPad Software, San Diego
labeled with * are statistically different withpo 0.05.
e

r

a
4K

dentify the
the host
role of

e wild type
f CD14 KO
s from the
e CD45.1)
vascular
observed
e mouse
3. RESULTS

3.1. Metabolic endotoxemia increases subcutaneous adipos
precursor proliferation
Four weeks of low rate LPS infusion increased the numbe
adipocytes (o 500mm2) in the subcutaneous fat pads from wild
(WT) mice and reduced concomitantly the number of larger
(Figure 1A). These changes were not observed in CD1
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(Figure 1B). Importantly, no difference was observed in th
rates of WT and CD14KO adipocytes (not shown). We then a
FACS the impact of LPS infusion on the cell types present in
vascular fraction (SVF). LPS treatment increased the total c
in WT mice (Figure 1C) as well as the number of mac
(CD45þ /CD11bþ /F4/80þ ) and preadipocytes (CD45� /CD34þ /CD31� )
(Figure 1C). No signi� cant change was observed following LPS i
in CD14KO mice (Figure 1D). It was then shown by BrdU in
that LPS infusion increased the number of BrdU-positive
precursors and macrophages in the subcutaneous depot of w
not of CD14KO mice (Figure 1E and F). No change was obse
other fat pads (data not shown). When these mice were sub
fed on a HFD for 2 weeks to promote adipogenesis, we
adipocyte nuclei stained with BrdU, suggesting that, after pr
the preadipocytes differentiatedin vivointo adipocytes (Figure 1G)

3.2. In vitroLPS directly regulates adipose precursor prolifera
differentiation
To further consolidate our invivoobservation that LPS directly incr
the number of precursors in the SVF of adipose tissue, we
preadipocytesin vitrowith different concentrations of LPS. Th
showed that LPS treatment increased the number of adipocyte
cells (Figure 2A). Furthermore, triglyceride accumulation d
differentiation of the precursor cells into adipocytes was low
presence of LPS (Figure 2B and C). This effect was not obs
cells from CD14KO mice (Figure 2B and C). The expression o
of adipocyte differentiation such as PPAR� (Figure 2D) and a
(Figure 2E) was reduced by the LPS treatment in a CD14-
manner (Figure 2D and E).

3.3. In vivometabolic endotoxemia directly targets and in� uences the
in� ammatory status of CD14-expressing cells in adipose tiss
We then set up a procedure to determine the direct role of LP
from the adipose depot without targeting CD14 positive cells o
fat pads (Supplementary Figure 1). To this aim we grafted
simultaneously from wild type and CD14KO mice under th
CD14KO mice. After 1 month of LPS infusion FACS analys
that metabolic endotoxemia increased signi� cantly the number
macrophages in the grafted wild type fat pads only (Figure
signi� cant increase was observed in fat pads from CD14K
suggesting that the increase in macrophage number ind
metabolic endotoxemia was CD14 mediated (Figure 3A). Im
tochemistry analyses con� rmed this conclusion (Figure 3B an
Furthermore, after LPS infusion the mRNA concentrations o
gen activator inhibitor 1 (PAI-1; Figure 3D), tumor necrosis fa
(TNF� ; Figure 3E), interleukin 1b (IL1b; Figure 3F), macrophag
attractant peptide 1 (MCP1; Figure 3G) and macrophage inhib
(MIF; Figure 3H), were increased in the grafted fat pad from
mice but not from CD14KO when compared to saline-infus
Similar results were obtained in subsets of mice fed a hig
(Supplementary Figure 2). In a subset of mice we aimed to i
percentage of hematopoietic (CD45 positive) cells from
in� ltrating the grafted fat pads and hence to determine the
CD14 on that process. FACS analyses showed that when th
fat pad (genotype CD45.1) was grafted under the back skin o
mice (genotype CD45.2) the frequency of hematopoietic cell
host (genotype CD45.2) within the grafted fat pad (genotyp
was over 90% of the total number of cells from the stroma
fraction (Supplementary data 2H). A similar frequency was
when the fat pad was grafted under the back skin of a wild typ
GmbH. All rights reserved. www.molecularmetabolism.com 283



BrdU positive nuclei from WT adipocytes following LPS treatment
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Figure 1:Metabolic endotoxemia increases subcutaneous adipose tissue precursor proliferation rate. Wild type (WT) (A, C, and E) and CD14KO (B, D, and F) mice were infused with Saline (NaCl;
n¼6–8) or LPS (n¼8–9) for 1 month. (A and B) The quanti�cation of the adipocyte frequency is reported according to their size (mm2). (C and D) The total stroma vascular fraction cell,
macrophages (CD45þ , CD11bþ , F4/80þ ), and preadipocyte (CD45� , CD34þ , CD31� ) number (E and F) and the number of macrophages and preadipocytes labeled with BrdU is shown
(n¼6). (G) BrdU WT adipocytes labeled (both panels) are shown after 4 weeks of LPS infusion followed with 2 weeks of HFCD treatment. Data are means7 SE. *Po 0.05 vs NaCl control by
t-test.
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Figure 2:LPS increases the proliferation and reduce triglyceride accumulation in vitro on cells from the stroma vascular fraction from adipose tissue. The cells from stroma vascular fraction from
WT and CD14KO mice were incubated for 6 days in the presence of different concentrations of LPS (A; ng/ml). *Po 0.05 vs CD14KO 10 ng/ml condition and $Po 0.05 vs CD14KO 25 ng/ml
condition control by aPost-hocANOVA analyses. Triglyceride content (B;mg/ml) and representation (C) of the corresponding cells when incubated for 6 days with different concentrations of LPS.
The scale (mm) is represented. The mRNA concentrations of genes involved in adipocytes differentiation such as PPAR (D) and aP2 (E) are represented. Data show mean 7 SE of duplicates and
are representative of at least two independent experiments. *Po 0.05 vs 0 ng/ml condition control bya post-hoc ANOVA analyses.
suggesting that the in� ltrating process was independent from
expression of the host (Supplementary data 2H).

3.4. Metabolic endotoxemia directly impacts genes from adip
metabolism
The mRNA concentrations of glucose transporter type 4
Figure 4A), hexokinase II (HKII; Figure 4B), fatty acid synt
Figure 4C), and carbohydrate responsive transcription facto
Figure 4D) were reduced in wild-type grafted fat pads from mi
with LPS when compared with saline-infused mice (Figure 4–D). No
effect was observed in fat pads from CD14KO mice (Figu–D)
except for ChREBP (Figure 4D) which was still signi� cantly increased
MOLECULAR METABOLISM 2 (2013) 281–291& 2013 The Authors. Published by Elsevier
D14

se tissue

(GLUT4;
ase (FAS;
(ChREBP;
infused

e 4A
y

LPS. A non-signi� cant trend was observed for GLUT4 suggest
non-CD14 dependent LPS receptor effect, although modest,
be observed, which could be attributed to TLR4. Similar res
obtained in subsets of mice fed a high-fat diet (Supplementary
Furthermore, in wild type fat pads, metabolic endotoxemia in
increase in the number of small adipocytes whereas the numb
adipocytes was decreased (Figure 4E). The size distri
adipocytes was different in grafted fat pads from CD14KO
to control mice (Figure 4F). We also showed that the mean
adipocyte fat pads was reduced in response to LPS in wild ty
but increased in the fat pad from CD14KO mice (Figure 4G).
in response to metabolic endotoxemia the number of preadipo
GmbH. All rights reserved. www.molecularmetabolism.com 285
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Figure 3:Metabolic endotoxemia directly targets adipose tissue and modi�es the in�ammatory status of resident CD14 depots. CD14KO mice were grafted with adipose fat pads from wild type
and CD14KO mice and were infused with saline or LPS for 1 month. At the end of 4 weeks the number of macrophages (F4/80þ CD45þ ) contained within the stroma vascular fraction of the
grafted fat pads was determined within by FACS analysis (A) and by immunochemistry (F4/80) (B and C) (n¼13 NaCl andn¼10 LPS). The mRNA concentrations of genes coding for
in�ammatory markers as PAI-1 (D), TNF (E), IL1b (F), MCP1 (G) and MIF (H) are evaluated. Data are means7 SE. *Po 0.05 vs NaCl as assessed byt-test.
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dramatically increased in the grafted fat pads from wild ty
(Figure 4H). A small, non-signi� cant increase was also noticed in
grafted fat pads from CD14KO mice (Figure 4H). The n
preadipocytes was slightly increased in the CD14 KO fat
compared to WT. We have no de� nitive explanation for this trend w
might be due to the adaptation of the CD14KO mice to th
deletion in order to maintain some level of preadipocytes. S
induces preadipocyte proliferation in wild type mice, it migh
that in CD14KO mice other adaptive mechanisms occurred to
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the deletion. Although, this putative mechanism is not, or ve
responding to LPS infusion.

3.5. Metabolic endotoxemia enhances high-energy diet-incre
fat mass, body weight gain and glucose intolerance
We then studied the effect of metabolic endotoxemia on the
preadipocyte proliferation in relation to the onset of high-en
induced metabolic diseases. Metabolic endotoxemia was� rst induced
for 1 month by LPS infusion in order to prime adipose tis
1–291& 2013 The Authors. Published by Elsevier GmbH. All rights reserved. www.molecularmetabolism.com
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Figure 4:Metabolic endotoxemia directly impacts adipose tissue metabolism. CD14KO grafted mice were infused with saline or LPS for 1 month. At the end of 4 weeks the mRNA concentrations
of genes coding for metabolism markers as GLUT4 (A) HKII (B) FAS (C) ChREBP (D) is represented (n¼13 NaCl andn¼10 LPS). The quanti�cation of the adipocyte frequency is reported
according to their size (mm2) (E and F) and the mean size of grafted fat pad adipocytes is represented (G). Preadipocytes (CD34þ /CD31� /CD45� ) number was determined by FACS
experiments (H,n¼6 NaCl andn¼5 LPS). Data are means7 SE. *Po 0.05 vs NaCl control by at-test analyses.
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Figure 5:LPS is a prerequisite to high-fat diet-induced obesity and glucose intolerance. (A) LPS (n¼8) or NaCl (n¼9) was infused in mice for 28 days using osmotic implantable minipumps.
Mice were then fed a high-fat carbohydrate diet (HFCD) for 8 weeks before the �nal phenotyping assays. (B) Body weight (g), (C) subcutaneous (SC), mesenteric (MES), perigonadal (PG) adipose
tissue and liver weights (g), (D) echo MRI analyses showing grams of fat or lean masses. (E) The frequency (% of total number of adipocytes counted) of subcutaneous adipocytes is represented
according to the size of the adipocytes (mm2) in WT mice at the end of a 8 weeks HFCD treatment which followed the LPS or Saline (NaCl) pretreatment period. (F) represents the mean size of
adipocytes counted in (E). (G) represents mRNA concentrations for adipose tissue cytokines (in arbitrary units). (H) represents intraperitoneal glucose tolerance and (I) the corresponding glycemic
index calculated from� 30 to 90 min (mM/min). Data are means7 SE. *Po 0.05 vs NaCl pretreatment calculated by at-test and a post-hoc ANOVA analyses.

Original article
subsequently the mice were fed a high-energy diet (Figur
8 weeks to trigger energy storage. Compared to non-LP
controls, this treatment led to an increase in body weight (F
as well as the weight of different adipose depots, whereas t
liver remained unchanged (Figure 5C). This was con� rmed by ech
magnetic resonance imaging analysis since metabolic en
increased the fat but not the lean mass (Figure 5D). Im
although the size distribution of adipocytes was not signi� cantly differen
between groups (Figure 5E) the mean size was lower in LP
mice. The treatment was associated with an increase in in� ammatory
markers (Figure 5G). It is noticeable that the increase was sig� cant for
TNF� only whereas there was only a strong trend that did n
reach signi� cance for PAI1 and Il1-� . We also observed and increa
the intolerance of the mice to glucose (Figure 5H and I).
e
p

e onset of
recently

linked to
e towards
s LPS
4. DISCUSSION

We here demonstratein vivo that metabolic endotoxemia dir
increases the proliferation of adipocyte precursors i.e. hyper
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5A) for
-treated
ure 5B)
t of the

otoxemia
ortantly,

-infused

i
t quite
e in

ctly
lasia and

the macrophage number within the fat pad itself, through
dependent mechanism. LPS also directly reduced adipocyte
tion. However, in the presence of an excess in energy availab
a high-fat high-carbohydrate diet the LPS-induced adipocyte
proliferation mechanism favours the development of metabolic
This novel� nding suggests that bacterial components of intestin
are risk factors that trigger mechanisms which reshape adipo
in response to changes in nutritional status and which directl
CD14. The molecular control of this mechanism could be
importance in protecting against obesity and diabetes.
A substantial number of publications have demonstrated the
role of intestinal microbiota in the control of adipose tissue de
[6,8,35,36] and metabolic in� ammation[13,27,35,37,38]. The metab
in� ammation is attributed to the increased number of mac
within the stroma vascular fraction of the adipose depots at th
metabolic disease [39]. These cells could be resident, as
suggested[30,31,40], or originate from bone marrow[21,28]. Our
recent data show that the origin of tissue LPS could be
phagocyte-mediated translocation of bacteria from the intestin
the adipose tissue [41]. In� ammatory bacterial components such a
1–291& 2013 The Authors. Published by Elsevier GmbH. All rights reserved. www.molecularmetabolism.com
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ld be one
esistance.
and peptidoglycan may then trigger proliferation of preadipo
macrophages in the SVF of adipose tissue. This hypothesis
supported by recent data which show the importance of
components and their receptors, such as NOD1, in relation to
of insulin resistance and in� ammation[41,42]. It has been sugges
that non-adipose tissue resident cells, such as bone marro
cells contribute to gut microbiota-induced metabolic in� ammation [43
Wild type mice grafted with CD14 KO bone marrow stem ce
develop HFD-induced in� ammation [43]. However, these observ
could be in� uenced by the experimental conditions used si
irradiation process employed in the bone marrow grafting m
have impaired adipose tissue function by eliminating proin� ammatory
cells. The data presented here show that CD14-positive cells
the fat pad are suf� cient to mediate metabolic in� ammation. Fat pa
from wild type mice grafted on to a CD14 KO background a
with LPS are still characterized by a rise in cytokine mRNA
presence of F4/80 positive cells. The LPS infusion procedu
results that are very similar to those obtained with mice fed
diet. In addition, we have here shown that metabolic end
stimulates the proliferation of preadipocytes and macrophages
an increase in the total number of cells in the stroma vascula
This mechanism suggests that LPS could contribute to o
triggering hyperplasia. The observed increase in preadip
supported by a study which showed that in� ammatory stimulati
induces preadipocyte proliferation through a mechanism could
the production of Activine A by preadipocytes which acti
proliferation of the precursor cells [44]. We are tempted to
that the increased proliferation of preadipocytes induced by
endotoxemia could lead to an increased adipocyte num
conclusion is supported by our data which show that la
preadipocytes with BrdU is observed in adipocytes once adip
induced by a high-fat high-carbohydrate diet as recently s
since adipogenesis is reduced when 3T3L1 preadipocytes are
with LPS [45]. The induction of hyperplasia is associated with
a reduction of hypertrophy since the expression of PPAR� , FAS, ChREB
HKII and GLUT4 and consequently, the adipocytes is reduce
result, which could seem paradoxical to the development o
could be considered as a risk factor of metabolic diseases,
treatment of mice with LPS prior to a high-fat high-carbohy
enhances body weight gain and glucose intolerance. Therefo
speculate that LPS induce preadipocyte proliferation and hen
tissue hyperplasia while inhibiting adipocyte differentiation.
observed in human [46], in 3T3L1 adipocytes [45], and ev
adipocyte differentiation [47]. The impact of LPS on the trig
body weight gain suggests that in response to an increase i
lipids/carbohydrate availability the anti-differentiation impact
overridden by the nutrients leading to hypertrophy. This
supported by our data since after a short period of time of 1
HFD the number of small adipocytes was increased by
treatment suggesting that the cells could be on the way to
and enlarge further overtime. We could not here distinguish b
respective impact of LPS on macrophages and on preadipoc
induction of metabolic diseases. We do believe that LPS
adipocyte hyperplasia by inducing preadipocyte proliferat
triggering cytokine production by adipose tissue macroph
cannot disregard the fact that the cytokines would have also c
to the impact on adipose tissue biology and certainly o
resistance. Hence, the preconditioning of adipose fat pad
favours hyperplasia� rst to increase the risk of developing me
diseases. Hypertrophy would secondarily develop in respo
MOLECULAR METABOLISM 2 (2013) 281–291& 2013 The Authors. Published by Elsevier
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increased energy available. In the light of the present result
mediated adipose tissue in� ammation the ADAM17 (A Disintegrin
Metalloproteinase 17) pathway could also be implied since thi
is involved in the regulation of TNF� production [48]. This hypothes
supported by the fact that heterozogotes knockout mice for
partly resisted HFD-induced obesity and insulin resistance l
reduced MCP-1 expression, as we reported here. The mol
between adipose tissue in� ammation, LPS-induced TNF� and adipos
tissue biology was also observed in mice where tissue in
metalloproteinase 3, the regulator of ADAM17, was manipulat[49,50].
A change in metabolic endotoxemia that could be due to c
intestinal microbiota, as described[13,14,51,52], could be conside
as an early risk factor of metabolic diseases. The direct action
adipose tissue cells was con� rmedin vitroin primary cultures of S
cells since LPS directly and dose-dependently induced cell p
through a CD14-dependent mechanism. Our results cannot ru
CD14 negative cells outside the adipose fat pad could have� ltrated
the tissue in response to LPS infusion. We could identi� ed an increase
F4/80þ /CD14� cells in the CD14 WT grafted fat pad only and
infused mice when compared with saline infused mice. Th
could originate from the host. However, they are not CD1
therefore, demonstrating a direct action of LPS outside the fa
not require CD14. No increase in the cell number was obser
CD14KO grafted fat pad in response to LPS further demons
CD14 was required in the fat pad itself.
Associated with this phenotype, LPS slowed down triglycerid
lation, most likely due to the reduction of the expression
involved in lipogenesis such as C/EBP� [44]. Altogether, this mechan
could explain the reduced size of adipocytes in response to LP
be implicated at the onset of disease since we showed that f
prolonged high-fat feeding period the fat mass increased. L
increase the number of adipocyte precursors which would sub
differentiate and favor body weight gain. This conclusion is in
our previous results which showed that genetic deletion of C
leptin KO background reduced mesenteric adipose tissue w
in� ammatory tone [12]. The data presented here showed tha
precondition cells of the adipose depot, notably preadipocyte
turn could initiate the secondary development of the adipo
under HFD.
The mechanisms through which LPS reach the adipose depo
unclear but could be related to their association with lipoprotei
lipoproteins have been shown to buffer plasma LPS [53]. Recent
suggest that dietary fat promotes the intestinal absorption of LP
gut microbiota[54–56]. LPS could be transported by lipoprotei
towards target tissues such as the liver, muscle and adipose d
consequently contribute to various in� ammatory disorders [54]. T
hypothesis is supported by our data since chemokine mRNA
increased in response to LPS or HFD in wild-type fat pads only, which co
in a second step, increase the number of proliferating and in� ltrating hos
macrophages, further enhancing in� ammation. We show here that the
pre-treatment is suf� cient for the engagement of the adipose depot
metabolic diseases. The increased proliferation of adipocyte pro
induced by LPS preceded adipose tissue development when
available.
In summary, our data show that an increased plasma LPS co
could directly trigger adipose tissue in� ammation and stimula
adipocyte progenitor cell and macrophages proliferation. T
dependent mechanism further demonstrates a crosstalk be
microbiota, the innate immune system and tissues and wou
mechanism that could explain body weight gain and insulin r
GmbH. All rights reserved. www.molecularmetabolism.com 289
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