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Receptor for Advanced Glycation End Products
Regulates Adipocyte Hypertrophy and Insulin

Sensitivity in Mice

Involvement of Toll-Like Receptor 2

Masayo Monden,' Hidenori Koyama,'? Yoshiko Otsuka,' Tomoaki Morioka,' Katsuhito Mori,
Takuhito Shoji,? Yohei Mima,' Koka Motoyama,' Shinya Fukumoto,' Atsushi Shioi,>
Masanori Emoto,' Yasuhiko Yamamoto,* Hiroshi Yamamoto,* Yoshiki Nishizawa,! Masafumi Kurajoh,>

Tetsuya Yamamoto,2 and Masaaki Inaba'

Receptor for advanced glycation end products (RAGE) has been
shown to be involved in adiposity as well as atherosclerosis even in
nondiabetic conditions. In this study, we examined mechanisms
underlying how RAGE regulates adiposity and insulin sensitivity.
RAGE overexpression in 3T3-L1 preadipocytes using adenoviral
gene transfer accelerated adipocyte hypertrophy, whereas inhib-
itions of RAGE by small interfering RNA significantly decrease
adipocyte hypertrophy. Furthermore, double knockdown of high
mobility group box-1 and S100b, both of which are RAGE ligands
endogenously expressed in 3T3-L1 cells, also canceled RAGE-
medicated adipocyte hypertrophy, implicating a fundamental role
of ligands—RAGE ligation. Adipocyte hypertrophy induced by RAGE
overexpression is associated with suppression of glucose trans-
porter type 4 and adiponectin mRNA expression, attenuated
insulin-stimulated glucose uptake, and insulin-stimulated signal-
ing. Toll-like receptor (TIr)2 mRNA, but not Tlr4 mRNA, is rapidly
upregulated by RAGE overexpression, and inhibition of Tlr2 almost
completely abrogates RAGE-mediated adipocyte hypertrophy.
Finally, RAGE ™/~ mice exhibited significantly less body weight,
epididymal fat weight, epididymal adipocyte size, higher serum adi-
ponectin levels, and higher insulin sensitivity than wild-type mice.
RAGE deficiency is associated with early suppression of Tlr2 mRNA
expression in adipose tissues. Thus, RAGE appears to be involved in
mouse adipocyte hypertrophy and insulin sensitivity, whereas Tlr2
regulation may partly play a role. Diabetes 62:478-489, 2013

eceptor for advanced glycation end products
(RAGE), a pattern recognition receptor, is
a multiligand cell-surface protein that was iso-
lated from bovine lung in 1992 by the group of
Schmidt and colleagues (1,2). RAGE is initially identified
as a receptor for N*-carboxymethyllysine (3), a major AGE
in vivo, and has been implicated in both micro- and macro-
diabetic vascular complications (4-7). Of note, RAGE also

From the 'Department of Metabolism, Endocrinology and Molecular Medicine,
Osaka City University Graduate School of Medicine, Osaka, Japan; the 2Depart-
ment of Internal Medicine, Division of Endocrinology and Metabolism, Hyogo
College of Medicine, Nishinomiya, Japan; the 3Depa.ttment of Cardiovascular
Medicine, Osaka City University Graduate School of Medicine, Osaka, Japan; and
the 4Depa.rt:ment of Biochemistry and Molecular Vascular Biology, Kanazawa
University Graduate School of Medical Science, Kanazawa, Japan.

Corresponding author: Hidenori Koyama, hkoyama@hyo-med.ac.jp.

Received 11 August 2011 and accepted 14 July 2012.

DOL: 10.2337/db11-1116

© 2013 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit,
and the work is not altered. See http://creativecommons.org/licenses/by
-nc-nd/3.0/ for details.

478 DIABETES, VOL. 62, FEBRUARY 2013

interacts with other endogenous nonglycated peptide
ligands including S100 (8), high mobility group box-1
(HMGB1) (9,10), amyloid fibrils (11), and a leukocyte
integrin, Mac-1 (12), many of which are important in-
flammatory regulators. Thus, potential significance in in-
flammation suggests that RAGE is not only involved in
AGE-deteriorating action in diabetes, but also plays a cen-
tral role in regulation of inflammation, which is now rec-
ognized as a core piece in the pathophysiology of obesity
and metabolic syndrome (13,14).

It is becoming apparent that RAGE is involved in ath-
erogenesis even in nondiabetic conditions in a mouse
model of atherosclerosis, apolipoprotein E (apoE) '~ mice
(7,15). We have recently shown that RAGE acceleration of
atherogenesis is associated with increased adiposity in
nondiabetic apoE '~ mice (16). Moreover, we have shown
in human clinical studies that obesity is one of the stron-
gest predictors of circulating endogenous secretory RAGE,
an alternatively spliced form of RAGE, both in diabetic and
nondiabetic conditions (17,18). Combined with the poten-
tial role of RAGE in inflammation, we sought to examine
mechanisms underlying how RAGE can regulate adiposity
using an in vitro mouse adipogenesis system.

RESEARCH DESIGN AND METHODS

3T3-L1 cell culture and differentiation. 3T3-L1 preadipocytes were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM; Mediatech, Herndon,
VA) supplemented with 10% FBS. Two days after reaching confluency (day 0),
differentiation was initiated by the addition of DMEM containing 10% FBS, 1
pmol/L insulin (Sigma-Aldrich), 0.5 mmol/L isobutylmethyl xanthine (Sigma-
Aldrich), and 0.25 pmol/L dexamethasone (Sigma-Aldrich) for 2 days (days 0—
2). Then, the medium was removed, and the cells were cultured for 2 more
days in DMEM plus 10% FBS and 1 pwmol/L insulin (days 2—4). The cells were
then maintained in DMEM plus 10% FBS medium for 2 days (days 4-6). Oil Red
O (Sigma-Aldrich) staining of 3T3-L1 adipocytes was performed to determine
adipogenesis. For histochemical determination of hypertrophic adipocytes, we
measured ring-like lipid droplet (Fig. 1B, arrow) using five random fields (X20
power) scanned by BioZero fluorescent microscope (Keyence, Osaka, Japan).
The numbers of ring-like lipid droplets were counted by two blinded observ-
ers, and the mean of the data was used for final count. Interobserver co-
efficient of variation in three different experimental conditions was 8.5%. To
examine the effect of RAGE or Toll-like receptor (TIr)2 ligands on adipo-
genesis, HMGBI (1-10 ng/mL; Sigma-Aldrich), S100b (10-100 nmol/L; Calbio-
chem), or palmitate (0.5-1.0 mmol/L; Sigma-Aldrich) was added during
differentiation step. Palmitate was solubilized in 10% BSA, which resulted in 10
mmol/L palmitate stock solution. BSA (10%) solution was used as vehicle.

Flow cytometry. Adipogenically induced 3T3-L1 cells were also analyzed by
flow cytometry (FACS Canto; BD Biosciences) as described previously (19).
Cells were briefly rinsed twice with prewarmed 0.25% trypsin-EDTA and then
incubated for 5 min at 37°C. Cells were then gently resuspended in PBS,
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FIG. 1. RAGE overexpression in 3T3L1 preadipocytes accelerates adi-
pocyte hypertrophy. Confluent 3T3L1 cells were infected with human
RAGE- or control B-galactosidase (LacZ)-expressing adenovirus. At
day 0, differentiation was initiated by the addition of 10% FBS, 1 pmol/L
insulin, and 0.5 mmoV/L isobutylmethyl xanthine, and 0.25 pmoVL dexa-
methasone for 2 days. Then, the cells were cultured for 2 more days in
10% FBS and 1 pmoV/L insulin (day 2—4). The cells were then maintained
in 10% FBS medium for 2 days (day 4-6). A: At indicated days of dif-
ferentiation, RAGE protein expression in 3T3L1 cells was determined by
Western blot analyses using goat anti-human RAGE antibody. Adenoviral
overexpression of RAGE was maintained up until day 6 during adipocyte
differentiation. B: Oil Red O staining of 3T3-L1 adipocytes was performed
to determine adipogenesis at day 6. More hypertrophic adipocytes with
ring-like lipid staining (arrows) were observed in RAGE-overexpressed
cells. Control represents 3T3L1 cells without adenoviral infection.
C: Oil Red O staining was performed at days 2 or 6 during differentiation.
Numbers of hypertrophic adipocytes, as defined as cells with ring-like
lipid droplets, were counted in five random fields (X20 power) scanned
by BioZero fluorescent microscope (Keyence). Each column represents
mean = SD. Scale bars, 100 pm. *P < 0.05, Student ¢ test. HPF, high-
power field.

washed twice with PBS, resuspended in cold PBS, and kept on ice prior to
flow cytometric analysis. The dot plot of cytometric forward scatters (FSC,
shown as the x-axis) and side scatters (SSC, shown as the y-axis) reflects the
cell diameter and granular structures within the cell, respectively (Fig. 2A4). It
has been shown that after adipogenic induction, the cells containing greater
granular structure were markedly increased, and this increase in granularity
positively correlated with the time of the postadipogenic induction (19). In some
experiments, cells were also stained for 10 min with 0.5 pmol/L dipyrromethene
boron difluoride (BODIPY; Molecular Probes, Life Technology, NY) to ana-
lyze the proportion of lipid-laden cells.

Adenoviral infection to 3T3-L1 preadipocytes. Human RAGE-expressing
pAdHM15-RAGE (Ad-RAGE) was constructed using a full-length human RAGE
cDNA (20) as previously described (21). The 3T3-L1 preadipocytes (2 days
postconfluency) were infected with Ad-RAGE or Ad-LacZ at multiplicity of
infection of 50 for 3 h with 0.5 wg/mL polylysine as described (22), washed,
and cultured in fresh DMEM with 10% FBS for an additional 12 h prior to
experimentation (day 0 for Fig. 1). Under these conditions, infection efficiency
was typically >80% as determined by B-galactosidase staining following Ad-
LacZ infection. RAGE protein expression was determined by Western blot
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analysis as previously described (21) using goat anti-human RAGE antibody
(R&D Systems, Minneapolis, MN).

Gene knockdown with small interfering RNAs. 3T3-L1 preadipocytes were
cultured in DMEM with 10% FBS for 2 days. The cells were harvested, suspended,
and transfected with predesigned small interfering RNA (siRNA) for mouse
RAGE, HMGBI, S100b, Tlr2, or Tlr4 (Ambion) using an Amaxa Nucleofector 1
electroporation system (Amaxa Biosystems), according to the manufacturer’s
instructions. After 24 h, the cells were infected with Ad-RAGE or Ad-LacZ as
described above. One day after adenoviral infection, differentiation was initi-
ated and then maintained in DMEM plus 10% FBS as described above.
Fluorescent immunocytochemistry. 3T3-L1 preadipocytes were infected
with Ad-RAGE or LacZ and then cultured with differentiation media for 3 days
as described above. Expression of human RAGE in the differentiated 3T3-L1
adipocytes was analyzed by the fluorescent immunocytochemistry as described
previously (23). Goat anti-human RAGE antibody (5 pg/mL; R&D Systems) and
rhodamine-conjugated anti-goat IgG antibody (1:500 dilution; Cappel) were
used as the first and second antibody, respectively. The cells were costained
for 1 h with 0.5 pmol BODIPY to visualize adipocytes and with DAPI to vi-
sualize nuclei. Images were obtained by BioZero fluorescent microscope
(Keyence).

Real-time quantitative RT-PCR. cDNA was synthesized from total RNA by
TagMan reverse transcription reagents, and expressions of mouse RAGE,
glucose transporter type 4 (Glutd), fatty acid binding protein 4 (FABP4),
peroxisome proliferator-activated receptor (PPAR)y, adiponectin, Tlr2, Tlr4,
myeloid differentiation factor 88 (MyD88), S100b, and HMGBI1, monocyte
chemoattractant protein-1 (MCP-1), tumor necrosis factor-a (TNF-a), in-
terleukin 6 (IL-6), and CD68 mRNA were measured quantitatively by the
TagMan Real-Time RT-PCR technique (Applied Biosystems, Foster City, CA).
Ready-to-use primers and fluorescence probes for each of the mouse genes
and 18S ribosomal RNA were purchased from Applied Biosystems (Tagman
Gene Expression Assays) and used according to the manufacturer’s protocol.
The threshold cycle (Ct) value for every sample was measured, and mRNA
expression levels of each mouse gene were determined by a comparative Ct
method using 18S ribosomal RNA as endogenous reference (Applied Bio-
systems).

Phosphorylation of insulin receptor and insulin receptor substrates.
Insulin-stimulated phosphorylation of insulin receptor and insulin receptor
substrates (IRS) were determined as previously described (24). Differentiated
adipocytes were serum-starved overnight and subsequently stimulated with
100 nmol/L insulin for 10 min. The monolayers were washed with ice-cold
buffer (137 mmol/L NaCl, 1 mmolL MgCl;, 1 mmol/L CaCl,, 0.1 mmol/L
NayVO,, 20 mmol/L Tris—-HCI at pH 7.6) and lysed in the same buffer supple-
mented with 1% Nonidet P40, 10% glycerol, 2 mmol/L EDTA, 10 mmol/L so-
dium pyrophosphate, 10 mmol/L. NaF, 2 mmol/L. NayVO,, 2 mmol/L
phenylmethylsulfonyl fluoride, and 8 pg/mL leupeptin. After removal of in-
soluble materials, protein concentration was determined by BCA assay.
Lysates (50 p.g protein) were used for Western blotting. Antibodies recognizing
murine IRS1 and IRS2 (0.5 wg/mL; Upstate Biotechnology), insulin receptor
B-chain (0.5 pg/mL; Santa Cruz Biotechnology), a-tubulin (1,000-fold dilution;
Cell Signaling Technology), and phosphotyrosine (PY20, 2 wg/mL; Upstate
Biotechnology) were used for analyses. For immunoprecipitation of insulin
receptor B-chain or IRS1, 500 pg of the lysates were incubated with 2 pg of
anti-insulin receptor B-chain or IRS1 antibody for 3 h at 4°C and precipitated
with protein A-agarose (20 wL; Santa Cruz Biotechnology) for 1 h at 4°C.
Insulin-stimulated glucose uptake. At day 6 of differentiation period, adi-
pocytes were serum-starved overnight and subsequently stimulated with 100
nmol/L insulin for 18 min. Glucose uptake was determined by 2-deoxyglucose
uptake with an enzymatic photometric assay by using 2-deoxyglucose uptake
measurement kit (COSMO BIO Co. Ltd., Tokyo, Japan) (25).

Animals and experimental protocol. C57BL/6J wild-type (WT) and RAGE ™/~
mice were produced and maintained as previously described (22,26). WT and
RAGE ™~ mice were weaned at age 4 to 5 weeks and housed in specific
pathogen-free cages. Mice were maintained in a temperature-controlled (24°C)
facility with a strict 12-h light/dark cycle and given free access to food and
water. All procedures in this study were approved by the Animal Care and Use
Committee at the Osaka City University Graduate School of Medicine, Osaka,
Japan. Male WT or RAGE ™™ mice were randomly divided into high-fat diet
groups (20% of total calories from cocoa butter and 0.15% from cholesterol;
Clea Japan Inc., Tokyo, Japan) and standard chow diet groups. Mice were fed
with either of the diet from 6 weeks of age until 15 or 20 weeks of age. Body
weight was monitored weekly. At 15 or 20 weeks of age, mice were overnight
fasted, scarified under the anesthesia with pentobarbital, and tissues were
collected.

To analyze insulin sensitivity, mice were injected with insulin (2.0 units/kg
for mice) intraperitoneally after a 6-h fast. Blood samples were taken at various
time points (0-120 min). Blood glucose levels were measured with a portable
glucose meter (Glu-test Sensor; Sanwa Chemical, Aichi, Japan) after tail
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snipping. Serum adiponectin levels were determined with the mouse/rat adi-
ponectin ELISA kit (Ohtsuka, Tokushima, Japan).

Adipose tissue preparations, histochemical analysis, and total RNA
isolation. To characterize the effect of RAGE on adiposity, epididymal fat
weight, which has been typically analyzed for adiposity (27,28), was compared
between WT and RAGE ™~ mice fed with standard or high-fat diet as previously
described (16). For comparisons of adipocyte size, epididymal adipose tissues
were fixed with paraformaldehyde, paraffin-embedded, and stained with he-
matoxylin and eosin. For quantitation, five random fields (X20 power) were
scanned by Coolscope (Nikon, Tokyo, Japan), and numbers of adipocyte were
counted to calculate the average size of the cells. For real-time PCR analyses,
total RNA was isolated by using RNAiso and RNeasy MinElute Spin Columns
(QIAGEN, Venlo, the Netherlands) from whole epididymal adipose tissues.

RESULTS

RAGE accelerates adipocyte hypertrophy in 3T3-L1
preadipocytes. First, we examined whether RAGE is
directly involved in adipogenesis in vitro by using 3T3-L1
preadipocytes. RAGE mRNA levels were detectable in
3T3-L1 cells by real-time quantitative RT-PCR (Fig. 3B),

suggesting its potentially direct role in adipogenesis. Ad-
enoviral overexpression of RAGE in 3T3-L1 cells resulted
in marked increase in RAGE protein expression at 24 h
after infection when differentiation was initiated (day 0)
(Fig. 1A). RAGE protein expression was still detectable at
day 6 of the differentiation process. When 3T3-L1 cells
were infected with Ad-RAGE, and the cells were induced
to differentiate for 6 days, significant numbers of adipo-
cytes become hypertrophic as compared with Ad-LacZ-
infected cells (Fig. 1B). As shown in Fig. 1C, larger adi-
pocytes were already present at 2 days of differentiation
protocol, implicating the role of RAGE in adipocyte hy-
pertrophy since the early phase of adipogenesis.

The effect of RAGE on adipocytic differentiation was also
examined by flow cytometric analysis (Fig. 2). The cells
with greater SSC were already increased 2 days after RAGE
overexpression (Fig. 2A4), and significant proportions of
RAGE-overexpressed cells were also detected with greater
SSC at day 6 (Fig. 24, right panel). Distribution of FSC
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FIG. 2. Flow cytometric analysis for adipogenesis. Adipogenic differentiation of 3T3-L1 cells was analyzed by flow cytometry (FACS Canto; BD
Biosciences) as described previously (19). Cells were briefly rinsed twice with prewarmed 0.25% trypsin-EDTA and then incubated for 5 min at
37°C. Cells were then gently resuspended in PBS, washed twice with PBS, resuspended in cold PBS, and kept on ice prior to flow cytometric
analysis. A: Following differentiation process, the Ad-RAGE-infected cells with greater SSC were increased as early as day 2 as compared with
Ad-LacZ-infected cells. Distribution of SSC intensity at day 6 is shown in the right panel. B: At days 4 and 6 of differentiation, Ad-LacZ- or Ad-
RAGE-infected 3T3-L1 cells were stained for 1 h with 0.5 pmol/L. BODIPY to analyze the proportion of lipid-laden cells prior to flow cytometry.
Fluorescein isothiocyanate (FITC) intensity was analyzed to determine lipid-rich differentiated adipocytes. C: Double-immunofluorescent
analyses for RAGE expression and lipid accumulation. 3T3-L1 preadipocytes were infected with Ad-RAGE or LacZ and then cultured with
differentiation media. Expression of human RAGE in the differentiated 3T3-L1 adipocytes was analyzed at day 6, and the cells were costained
with 0.5 pmol BODIPY to visualize adipocytes and with DAPI to visualize the nuclei. Scale bar, 100 pm. (A high-quality digital representation of
this figure is available in the online issue.)
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appears similar between LacZ— and RAGE-overexpressing
cells. Analysis of intracellular lipid by using BODIPY stain-
ing confirmed that RAGE-overexpressing cells exhibited as
more lipid-laden cell population than LacZ—overexpressing
cells both at days 4 and 6 (Fig. 2B). Thus, in addition to the
effect on adipocyte hypertrophy, RAGE overexpression
appears to accelerate adipogenic differentiation. Impor-
tantly, double-immunofluorescent analyses reveal that many
of the massively hypertrophic adipocytes as determined by

M. MONDEN AND ASSOCIATES

BODIPY staining are associated with high RAGE expression
(Fig. 20).

RAGE knockdown in 3T3-L1 preadipocytes to ~60%
expression level resulted in less numbers of hypertrophic
adipocytes at both days 3 and 6 of adipogenic differenti-
ation (Fig. 34). We noted that both HMGB1 and S100b
were endogenously expressed in this experimental sys-
tem by using real-time RT-PCR, even though both of the
mRNAs were not increased, rather decreased, by RAGE
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FIG. 3. A: Endogenous RAGE expression is involved in adipocyte hypertrophy. 3T3-L1 preadipocytes were cultured in DMEM with 10% FBS for 2
days. The cells were harvested, suspended, and transfected with predesigned siRNA for mouse RAGE using electroporation system. Twenty-four
hours after siRNA transfection, the cells were infected with Ad-RAGE or Ad-LacZ. One day after adenoviral infection, differentiation was induced.
Adipocyte differentiation was determined by Oil Red O staining 3 and 6 days after differentiation. Scale bars, 100 pm. *P < 0.05, Student ¢ test.
B: RAGE ligation with endogenous ligand(s) is indispensable for RAGE-stimulated adipocyte hypertrophy. The cells were transfected with siRNAs
for control (cont), S100b alone, HMGB1 alone, or S100b + HMGBI1, infected with Ad-LacZ or Ad-RAGE, and differentiated as described in A. In
S100b and HMGB1 double-knockdown condition, addition of S100b (100 nmoVl/L), HMGB1 (10 ng/mL) alone, or both ligands during differentiation
step negates the effect of siRNAs. Right panel shows the effect of RAGE overexpression or the effects of siRNAs for S100b and HMGB1 on mRNA
levels of respective ligands. *P < 0.05 vs. control, **P < 0.05 vs. LacZ, Student ¢ test. C: Effects of RAGE ligands on adipocyte hypertrophy in the
presence or absence of RAGE overexpression. Indicated concentrations of HMGB1 or S100b were added during differentiation step following
adenoviral infection as described in A. HPF, high-power field.
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overexpression (Fig. 3B, right panel). Gene knockdown by
using siRNAs for HMGB1 and S100b successfully sup-
pressed mRNA levels of the respective RAGE ligands both
in the presence and absence of RAGE overexpression (Fig.
3B, right panel). Of importance, although knockdown of
neither of the genes canceled RAGE-mediated adipocyte
hypertrophy, simultaneous knockdown of both of the genes
significantly suppressed RAGE-mediated adipocyte hyper-
trophy at day 6 of the differentiation process, implicating
ligand engagement is indispensable for RAGE-medicated
function in preadipocytes (Fig. 3B). The addition of either
HMGB1 or S100b negated the effect of simultaneous
knockdown of HMGBI1 and S100b on adipocyte hypertro-
phy (Fig. 3B). We next examined if either of the endogenous
RAGE ligand plays an important role in RAGE-mediated
adipocyte hypertrophy. Addition of neither of the RAGE
ligands significantly upregulates RAGE mRNA levels in 3T3-
L1 preadipocytes (data not shown). Addition of neither
HMGBI1 (1-10 ng/mL) nor S100b (10-100 nmol/L) signifi-
cantly increased adipocyte hypertrophy in both LacZ- and
RAGE-overexpressing 3T3-L1 cells (Fig. 3C).
RAGE-mediated hypertrophy of adipocytes is asso-
ciated with lower expression of Glut4 and adiponectin
and attenuated insulin-stimulated signaling. We next
examine whether the effect of RAGE on adipocyte hy-
pertrophy is associated with altered function. Analyses of
gene expression in the course of differentiation showed
that mRNA levels of Glut4 and adiponectin, but not for
FABP4 and PPARY, were markedly inhibited in cells with
RAGE overexpression as compared with those with LacZ
overexpression (Fig. 4A4). As shown in Fig. 4B, insulin-
stimulated phosphorylation of insulin receptor and IRS
was less in adipocytes (at day 6) following overexpression
of RAGE than those of LacZ. Protein levels of insulin re-
ceptor B-chain, IRS1, and IRS2 were comparable between
RAGE- and LacZ-overexpressing cells. Attenuated insulin
signaling in RAGE-overexpressing cells was further con-
firmed by immunoprecipitation of insulin receptor or IRS1
and immunoblotting with antiphosphotyrosine (Fig. 4B,
right panel). Moreover, insulin-stimulated glucose uptake
was also significantly blunted in adipocytes overexpressing
RAGE (Fig. 4C). Thus, RAGE-mediated adipocyte hyper-
trophy is associated with attenuated insulin signaling,
decreased expression of genes involved in insulin sensi-
tivity, and blunted insulin function.

TIr2 potentially mediates RAGE regulation of
adipocyte hypertrophy in vitro. To explore potential
mechanisms underlying RAGE regulation of adipocyte
hypertrophy, we examined involvement of the Tlr system,
because interactions between RAGE and Tlr systems have
been implicated in multiple pathophysiological conditions
(29-31). As shown in Fig. 5A, TIr2 mRNA expression was
induced by more than twofold following RAGE over-
expression, and its level was gradually decreased during
adipogenic differentiation. In contrast, Tlr4 mRNA ex-
pression was not changed by RAGE overexpression. Tlr4
mRNA expression was suppressed following induction of
differentiation in both RAGE- and LacZ-overexpressing
3T3-L1 cells.

To directly examine the role of Tlr2 in RAGE-mediated
adipocyte hypertrophy, gene knockdown experiments
were performed. Both TIr2 and Tlr4 siRNAs (three distinct
regions) successfully suppressed respective endogenous
mRNAs (Fig. 5B). In this system, inhibition of Tlr2 signif-
icantly suppressed RAGE-mediated adipocyte hypertrophy
at day 6 of differentiation, whereas inhibition of Tlr4 did
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not show significant effects (Fig. 5B). We also examined
the effect of palmitate, a fatty acid recognized by TIr2 (32),
on adipogenic differentiation of 3T3-L1 cells. Although
palmitate (0.5-1.0 mmol/L) did not increase the numbers
of hypertrophic adipocyte defined as ring-like lipid stain-
ing, it increased the size of individual lipid droplet inside
the adipocytes (Fig. 5C, left panel). Further, palmitate did
not accelerate RAGE-mediated adipocyte hypertrophy
(Fig. 5C, right panel). Palmitate did not affect the levels of
RAGE mRNA in this system (data not shown). Thus, it
appears likely that TIr2 is essential, but not sufficient, for
RAGE-mediated generation of hypertrophic adipocytes.
RAGE deficiency is associated with resistant to obesity,
higher serum adiponectin, greater insulin sensitivity,
and early decrease in Tlr2 mRNA in epididymal adipose
tissue in mice. To define the role of RAGE in adiposity and
in TIr2 mRNA regulation in vivo, we fed WT or RAGE '~
C57BL/6J mice with a normal or high-fat diet until 20
weeks of age. As observed in the apoE-deficient genetic
background (16), RAGE ™~ mice exhibited significant re-
sistance to obesity induced by high-fat diet at 15 and 20
weeks of age (Fig. 6A). Epididymal fat Welght at 20 weeks
of age was also s1gn1ﬁcantly less in RAGE ™/~ mice than
WT mice when mice were fed with a high-fat diet (Fig. 6B).
Adipocyte size was also significantly less in RAGE ™/~ mice
at 20 weeks fed with a high-fat diet (Fig. 6C).

Fasting plasma glucose levels ‘were not statistically dif-
ferent between WT and RAGE ™/~ mice at 20 Weeks (WT/
normal 105.8 = 17.56 mg/dL [n = 6], RAGE ' /normal
108.0 = 16.0 mg/dL [n = 7], P = 0.82, Student ¢ test; WT/
high fat 118.6 + 15.3 mg/dL [n = 7], RAGE™/~ /h1gh fat
110.2 = 14.9 mg/dL [n = 7], P = 0.34). Plasma insulin levels
were not also statistically different between WT and
RAGE ™'~ mice at 20 weeks (WT/normal 0.95 + 0.28 ng/mL
[n = 5], RAGE™"/normal 1.09 + 0.21 ng/mL [n = 5] P =
0.50; WT/high fat 2.67 = 0.39 ng/mL (n = 4), RAGE ~/high
fat 3 07 + 0.97 ng/mL [n = 4], P = 0.48). RAGE ™/~ mice at
20 weeks also exhibited significantly higher serum adipo-
nectin levels than WT mice fed both with a normal and
high-fat diet (Fig. 7A). RAGE™~ mice also exhibited
greater insulin sensitivity even in conditions fed with
a normal diet as determined by insulin tolerance test (Fi )g
7B) These altered metabolic phenotypes of RAGE™
mice were associated with significantly higher mRNA ex-
pression in epididymal fat of Glut4 and adiponectin at 20
weeks fed with a normal diet (Fig. 70) Glut4 mRNA ex-
pression tended to be higher in RAGE ™~ than WT mice at
15 weeks in normal diet and significantly higher at 20
weeks even in conditions fed with a hlgh -fat diet. PPARy
mRNA level tended to be higher in RAGE ™~ than WT mice
at 20 weeks fed with a normal diet. FABP4 mRNA levels
were comparable in all experimental conditions.

Of interest, TIr2 mRNA levels in epididymal ad1pose
tissue were already decreased at 15 weeks in RAGE ™/~
mice than WT mice in both normal and high-fat diet—
feeding conditions (Fig. 8). TIr2 mRNA levels were
comparable between WT and RAGE '~ mice at 20 weeks
of age. On the contrary, Tlr4 mRNA levels in epididymal
adipose tissues were not significantly different in any of the
conditions both at 15 and 20 weeks. MyD88 mRNA levels,
a downstream med1ator for Tlr signaling, tended to be de-
creased in RAGE ™'~ mice at 15 weeks fed with a normal
diet as compared with WT mice. Gene expression of MCP-1,
a representative inflammatory mediator expressed in
adipose tissue (33), was decreased in RAGE ™™ mice at 15
weeks of age, as compared with WT mice. The difference
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FIG. 4. A: mRNA expression of Glut4, FABP4, PPARY, and adiponectin following adenoviral infection and differentiation induction. Confluent
3T3-L1 cells were infected with human RAGE- (Ad-RAGE) or control LacZ-expressing adenovirus (Ad-LacZ) (—24 h). At 0 h, differentiation was
initiated, and total RNA was isolated at indicated hours of differentiation. mRNA expression of each of the genes was determined by quantitative
real-time RT-PCR. mRNA expression levels of each mouse gene were determined by a comparative Ct method using 18S ribosomal RNA as en-
dogenous reference, and mRNA level of Ad-LacZ at —24 h was expressed as 100%. *P < 0.05 vs. Ad-LacZ. B: Attenuated phosphorylation of insulin
receptor (IR) or IRS in RAGE-overexpressing adipocytes. At day 6 of differentiation period, adipocytes were serum-starved overnight and sub-
sequently stimulated with 100 nmol/L insulin for 10 min. Phosphorylation of IR and IRS was determined by Western blot analyses using anti-
phosphotyrosine (PY20, 1 pg/mL) antibody. After stripping, the blot was reprobed with antibodies recognizing murine IRS1 and IRS2 (1 pg/mL)
and IR B-chain (1 pg/mL) to determine respective protein levels. Equal protein loading of the blot was evaluated by reprobing with anti-«-tubulin
antibody. Right panel represents immunoblot following immunoprecipitation of IR or IRS1. Samples (500 pg) incubated with 2 pg of anti-IRB or
IRS1 antibody were immunoprecipitated with protein A-agarose. The protein was recovered and analyzed by immunoblotting as described above.
L.P., precipitation. kD, kilodalton. C: Attenuated insulin-stimulated glucose uptake in RAGE-overexpressing adipocytes. At day 6 of differ-
entiation period, adipocytes were serum-starved overnight and subsequently stimulated with 0.1 pmol/L insulin for 18 min. Glucose uptake was
determined by 2-deoxyglucose uptake by an enzymatic photometric assay. *P < 0.05 vs. Ad-LacZ.

in MCP-1 mRNA was still significant at 20 weeks in mice fed
with a high-fat diet. mRNA levels of TNF-o, IL-6, and
a maker for macrophage lineage (CD68) were not 51gruﬁ
cantly different between WT and RAGE ™'~ mice both at 15
and 20 weeks of age.

DISCUSSION

This study is the first to demonstrate direct role of RAGE
in adipocyte hypertrophy and insulin sensitivity, whereas
Tlr2 potentially and at least partly, plays a fundamental
role.

diabetes.diabetesjournals.org

RAGE and adiposity. Recent reports suggest that RAGE
could be involved in progression of obesity. Our human
clinical studies suggest obesity is closely associated with
circulating endogenous secretory RAGE, an alternatively
spliced form of RAGE, both in diabetic and nondiabetic
conditions (17,18). Recent study in humans shows RAGE
mRNA expression in subcutaneous adipose tissues (34).
Although this study does not delineate which cells in adi-
pose tissue express RAGE, our current animal study
shows RAGE expression in adipocyte as well as endothe-
lial cells in adipose tissues (16). In apoE/RAGE double-
knockout mice, progression of atherosclerosis is closely
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0il Red O staining 6 days after differentiation. *P < 0.05 vs. Ad-LacZ, **P < 0.05 vs. control (Cont), Student ¢ test. Right panel: Tlr2 and Tlr4
mRNA levels 24 h after respective siRNA transfection. C: Effects of palmitate, a Tlr2 ligand, on adipogenesis in 3T3-L1 preadipocytes. As shown
in the left panel, addition of 0.5 or 1.0 mmol/L palmitate increased lipid droplet in adipocytes, but did not increase adipocytes with ring-like lipid
staining. Right panel represents the effects of 1.0 mmol/L palmitate on adipocyte hypertrophy in the presence or absence of RAGE over-
expression. HPF, high-power field. *P < 0.05 vs. Ad-LacZ.
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associated with RAGE-regulated adiposity in nondiabetic
conditions (16). We also add evidence in this study that
RAGE is involved in adiposity even in the apoE*"* genetic
background. At 20 weeks of age, body weight, epididymal
adipose tissue weight, and epididymal adipocyte size of
RAGE ™/~ mice were significantly smaller than that of WT
mice.

Only limited reports showed a direct role of RAGE in
adipocyte function in vitro. Unoki et al. (35) showed that
AGEs inhibit the glucose uptake in 3T3-L1 adipocytes,
which was completely prevented by antibody against AGE
or RAGE. Our current findings are the first to demonstrate
RAGE directly regulate adipogenesis and hypertrophic
process of adipocyte differentiation in vitro. Adenoviral
overexpression of RAGE markedly increases generation of
hypertrophic adipocytes. More importantly, RAGE knock-
down by using siRNA system significantly suppresses gen-
eration of hypertrophic adipocytes, strongly implicating that
endogenously expressed RAGE is indeed involved in

diabetes.diabetesjournals.org

adipocyte hypertrophy. Morphological changes of adipo-
cytes induced by RAGE overexpression were associated
with decrease in expression of genes involved in insulin
sensitivity, Glut4, and adiponectin and attenuated insulin
signaling and function. We further extended our in vitro
observations to in vivo ones using RAGE ™~ mice. RAGE
deficiency is associated with less body weight, less epidid-
ymal fat weight, less adipocyte size, higher serum adipo-
nectin, higher expressions of Glut4 and adiponectin in
epididymal fat, and greater insulin sensitivity in insulin tol-
erance tests; many of these phenotypes are mirror images
of RAGE overexpression in adipocyte in vitro.

At present, our data do not delineate which types of
RAGE ligands play fundamental roles in RAGE-medicated
adipocyte hypertrophy. Involvement of AGEs in this sys-
tem is unlikely, although we could not negate the possi-
bility that the impact of small amounts of AGEs potentially
present in culture media might be augmented by over-
expression of RAGE. RAGE also interacts with other

DIABETES, VOL. 62, FEBRUARY 2013 485
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t test.

endogenous nonglycated peptide ligands including S100/
calgranulin (8) and HMGB1 (9,10), both of which are im-
portant inflammatory regulators. Early studies show ex-
pression of S100b protein in pre- and mature adipocytes,
and its expression is induced during adipogenesis (36,37).
Physiological S100b levels appear to closely reflect adi-
pose tissue mass or insulin resistance in humans (38-40).
HMGBI is also found to be expressed in human adipose
tissue with the expression levels associated with the fat
mass and obesity-associated gene (41). We observed that
both HMGB1 and S100b mRNAs are endogenously
expressed in this experimental system. Neither of the
mRNAs was induced by RAGE overexpression, and addi-
tion of neither of the ligands significantly increased adi-
pocyte hypertrophy both in the presence and absence of
RAGE overexpression. Of particular importance, however,
simultaneous knockdown of both of the genes canceled
RAGE-mediated adipocyte hypertrophy, although sup-
pression of neither of the genes alone is effective. Thus, it

486 DIABETES, VOL. 62, FEBRUARY 2013

appears likely that ligation of ligands to RAGE play fun-
damental roles in RAGE function in adipocyte, and each
RAGE ligand may play in a redundant fashion.

RAGE and Tlr. Infection of cells by microorganisms acti-
vates the inflammatory response, and the initial sensing of
infection is mediated by innate pattern recognition recep-
tors, including Tlr (42). Interactions between RAGE and Tlr
systems have been implicated in multiple pathophysiologi-
cal conditions including obesity (29-31). HMGB1 may signal
through RAGE, and via Tlr2 and TIr4, with the activation
resulting in induction of adhesion molecules and proin-
flammatory cytokines in endothelial cells (31). HMGBI1
induces release of cytokines and activation of coagulation,
and neutrophil recruitment in mice was shown via a mech-
anism that at least in part depends on Tlr4 and RAGE (30).
Cytokine induction by glycated LDL in mouse macrophages
was also shown to be dependent on Tlr4 and RAGE (29).
TIr4 appears to be fundamental for diet-induced obesity,
vascular inflammation, and insulin resistance (43—46).

diabetes.diabetesjournals.org
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In our current study, Tlr2 signaling, but not Tlr4, could
be an important mediator of RAGE function in mouse
adipocyte. We found that RAGE overexpression increases
TIr2 mRNA levels, and knockdown of TlrZ mRNA cancels
RAGE-medicated adipocyte hypertrophy. Tlr2 also recog-
nizes a large number of lipid-containing molecules and
transduces inflammatory signaling in a variety of cell
types, including insulin-responsive cells. The absence of
Tlr2 is shown to attenuate local inflammatory cytokine
expression and related signaling and increases insulin ac-
tion specifically in the liver (47). In adipose tissues,
apoClIIl may activate inflammatory signaling through Tir2
and induce proinflammatory adipokine expression in vitro
and in vivo (48). Adipocytes derived from stromal vascular
cells isolated from Tlr2-deficient adipose tissue are shown
to have considerably greater basal and insulin-stimulated
glucose uptake as compared with those obtained from WT
mice (49). These previous findings suggest TIr2 is also an
important regulator of adipocyte function and may play
fundamental roles in RAGE-mediated generation of hy-
pertrophic adipocyte. In our system, palmitate, a saturated
fatty acid recognized by TIr2, accelerates accumulation of
lipid droplets during 3T3-L1 adipogenesis.

Of particular importance, morphology of palmitate-
induced adipocytes with larger lipid droplets is completely
distinct from that of hypertrophic adipocytes induced by
RAGE overexpression. Palmitate does homogenously in-
crease the size of lipid droplets, but does not induce for-
mation of hypertrophic adipocytes defined as ring-like lipid
droplets (Fig. 1B versus Fig. 5C), suggesting that Tlr2 ac-
tivation is essential but not sufficient for RAGE-mediated
generation of hypertrophic adipocytes. RAGE overexpres-
sion results in only isolated cells (<10%) becoming hy-
pertrophic, whereas the others remain not hypertrophic as
determined by cytomorphometric analyses, which may
result in distribution of FSC in flow cytometry being in-
distinguishable between LacZ- and RAGE-overexpressing
cells. Of importance, however, these RAGE-mediated
sporadic changes are associated with detectable and
significant functional changes of total adipocytes, in-
cluding gene expression (i.e., marked suppression of Glut4
and adiponectin), attenuated insulin-mediated signaling,
and insulin sensitivity (attenuated glucose uptake). It
appears unlikely that isolated hypertrophy occurs only in
the cells that were infected with the Ad-RAGE, because
overall infection efficiency was >80% as determined by
B-galactosidase staining after Ad-LacZ infection. Fig. 2C
also showed that not all RAGE-positive cells became
hypertrophic. At present, no evidence was available to
explain this sporadic effect of RAGE overexpression. In
our preliminary observations, adenoviral overexpression
of RAGE retards 3T3-L1 cell growth (data not shown),
which may strongly affect adipogenic differentiation.
Because expression of typical adipogenic factors including
PPARy or FABP4 was not markedly altered by RAGE
overexpression, unidentified factors directly involved in
hypertrophic process, might be an important target of
RAGE signaling.

The particular importance of our study is that the po-
tential RAGE-TIr2 axis observed in 3T3-L1 culture system
has been at least partly extended to the in vivo mouse
model; Tlr2 mRNA expression is significantly lower in
RAGE-deficient than that in WT adipose tissue. Of interest,
suppression of TIr2 mRNA expression in RAGE-deficient
mice is observed only in a relatively earlier time point (15
weeks of age). This observation may be in good agreement

488 DIABETES, VOL. 62, FEBRUARY 2013

that the effect of RAGE overexpression on increase in Tlr2
mRNA in vitro is also confined to an earlier time point,
with the difference gradually disappearing during the
differentiation process. Thus, only transient regulation of
Tlr2 may be involved in RAGE-mediated regulation of
adiposity.
Limitations. In the current study, we observed potential
RAGE regulation of TIr2 in adipose tissue in vivo at an
earlier age (15 weeks). Because the TIr2 expression is not
different in RAGE-deficient adipose tissue at the time
when adipose tissue mass is affected (20 weeks), the data
could be interpreted as suggesting that Tlr2 expression is
affected by RAGE, but may not be a causative factor
controlling its effect on adipose mass. Because RAGE-TIr2
linkage could also be important in other cell components
in adipose tissue, such as inflammatory cells or endothelial
cells, it would not be easy to establish a simple model
system to look at RAGE-TIr2 system in adipocyte in vivo.
Another important point to be unveiled in a future study is
the distinct morphological phenotype between adipocytes
induced by RAGE overexpression and TIr2 ligands. Al-
though the current study only focused on the functional
phenotype induced by RAGE overexpression, future ex-
tension of this study to discriminate RAGE signaling from
Tlr2 signaling will be of great importance in further un-
derstanding of adipocyte differentiation and function.
Nevertheless, RAGE-TIr2 linkage in adipocyte in vitro,
however, is entirely a novel finding and could open up
a new research area in the field of obesity and metabolic
syndrome.

In conclusion, RAGE appears to be involved in mouse
adipocyte hypertrophy and insulin sensitivity, whereas
TIr2 regulation may at least partly play a role.
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