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In mammals, changes in the metabolic state, including
obesity, fasting, cold challenge, and high-fat diets
(HFDs), activate complex immune responses. In many
strains of rodents, HFDs induce a rapid systemic
inflammatory response and lead to obesity. Little is
known about the molecular signals required for HFD-
induced phenotypes. We studied the function of the
receptor for advanced glycation end products (RAGE)
in the development of phenotypes associated with
high-fat feeding in mice. RAGE is highly expressed on
immune cells, including macrophages. We found that
high-fat feeding induced expression of RAGE ligand
HMGB1 and carboxymethyllysine-advanced glycation
end product epitopes in liver and adipose tissue.
Genetic deficiency of RAGE prevented the effects of
HFD on energy expenditure, weight gain, adipose
tissue inflammation, and insulin resistance. RAGE
deficiency had no effect on genetic forms of obesity
caused by impaired melanocortin signaling. Hemato-
poietic deficiency of RAGE or treatment with soluble
RAGE partially protected against peripheral HFD-
induced inflammation and weight gain. These findings
demonstrate that high-fat feeding induces peripheral
inflammation and weight gain in a RAGE-dependent
manner, providing a foothold in the pathways that
regulate diet-induced obesity and offering the potential
for therapeutic intervention.

The constellation of obesity, insulin resistance, and di-
abetes results from the integration of metabolic and
inflammatory signals. When imbalances in caloric intake
and energy expenditure contribute to obesity, disordered
cross-talk among adipocytes, liver, brain, and skeletal
muscle emerges, thereby eliciting cues that result in
tissue recruitment of inflammatory cells. A consequence of
inflammatory cell recruitment to key metabolic organs,
particularly macrophage populations to visceral adipose
tissue, is the derangement of the insulin signaling pathway,
leading to impaired glucose and lipid homeostasis (1-5).

In this context, we hypothesized that receptor for
advanced glycation end products (RAGE) might contrib-
ute to the pathogenesis of obesity and insulin resistance
induced by a high-fat diet (HFD). RAGE is a multiligand
receptor that recognizes stress and inflammatory signals,
high mobility group box 1 (HMGB1), advanced glycation
end products (AGEs), S100/calgranulins, lysophosphatidic
acid, phosphatidyl serine, and ITGAM (6-11). RAGE is
highly expressed on monocytes and macrophages, and
its expression is further enhanced after immune activa-
tion or infection (12-16). Although seminal roles for
RAGE in carbohydrate excess have been well studied,
the regulation of RAGE signaling in the response to
disturbances in lipid metabolism has been less well
characterized.
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High-fat feeding induces an inflammatory response in
the liver, adipose tissue, and hypothalamus (17-19). The
regulators of this inflammatory response remain largely
obscure. We tested the hypothesis that high-fat feeding
triggers production and accumulation of RAGE ligands in
key metabolic tissues, which activate inflammatory signal-
ing leading to obesity and insulin resistance. To test this
model, we measured two key proinflammatory RAGE
ligands in metabolic tissues and the effects of preventing
RAGE activation in mice fed HFD. High-fat feeding indu-
ces RAGE ligand Hmgbl mRNA transcripts and carboxy-
methyllysine (CML)-AGE epitopes in liver and adipose
tissue, and inhibition of RAGE by genetic or pharmaco-
logic means has led to the unexpected result in mice that
RAGE is required for the development of diet-induced
obesity and its associated pathologies of insulin resistance
and dyslipidemia. Furthermore, RAGE in bone marrow-
derived cells accounts, at least in part, for these findings.
The present data reveal fundamental metabolic sensing
roles for RAGE and suggest that blockade of RAGE may
prevent diet-induced obesity and metabolic dysfunction.

RESEARCH DESIGN AND METHODS

Animals and Diets

Homozygous RAGE null mice (C57BL/6 Ager_/ " mice
backcrossed >20 generations into C57BL/6J [The Jackson
Laboratory, Bar Harbor, ME]) and their littermate RAGE-
expressing controls were used. Ay mice (B6.Cg-A”/J) (20)
were purchased from The Jackson Laboratory and bred
with homozygous RAGE null mice to generate C57BL/6
Ay/a; Ager”’” and littermate controls. All mice studied
were male, had free access to water, and were subjected
to 12-h light/dark cycles. At 6-8 weeks of age, mice were
fed HFD with 60% of calories from lard (D12492; Re-
search Diets, Inc., New Brunswick, NJ) or low-fat diet
(LED) with 13% of calories from fat (5053 PicoLab Rodent
Diet 20; LabDiet, Brentwood, MO). Fat and lean masses
were measured by dual-energy X-ray absorptiometry
(DEXA) scanning. All animal procedures were approved
by the Columbia University, New York University, and
University of Massachusetts Medical School Institutional
Animal Care and Use Committees and performed in ac-
cordance with the National Institutes of Health Animal
Care Guidelines.

Energy Balance and Hyperinsulinemic-Euglycemic
Clamp Studies

Metabolic studies were performed at the National Mouse
Metabolic Phenotyping Center at UMass. Metabolic cages
(TSE Systems, Inc., Midland, MI) were used in conscious
mice to simultaneously measure energy expenditure
through indirect calorimetry, food/water intake, and phys-
ical activity (21,22). Hyperinsulinemic-euglycemic clamps
were performed in awake mice (23). An indwelling cath-
eter was placed in the jugular vein 4-5 days before
experiments. Following an overnight fast (~15 h), a 2-h
hyperinsulinemic-euglycemic clamp was performed in
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conscious mice using a primed and continuous infusion
of human insulin (Humulin; Eli Lilly and Company, Indi-
anapolis, IN) at a rate of 15 pmol/kg/min to raise plasma
insulin levels to within a physiologic range. Blood samples
(20 wL) were collected at 20-min intervals for the imme-
diate measurement of plasma glucose concentration; 20%
glucose was infused at variable rates throughout the 2-h
experiment to maintain plasma glucose at basal concen-
trations. Basal and insulin-stimulated whole-body glucose
turnover was assessed with continuous infusion of [3-°H]
glucose (PerkinElmer Life and Analytical Sciences, Boston,
MA) before (0.05 wCi/min) and throughout the clamps
(0.1 pCi/min). To estimate insulin-stimulated glucose
uptake in individual organs, 2-deoxy-D-[1-'*C] glucose
(2[**CIDG) (PerkinElmer) was administered as a bolus
(10 pCi) 75 min after the start of the clamps. Blood
samples were taken during and at the end of the clamps
for measurement of plasma [3—3H] glucose, 3H,0, and
2[**C]DG concentrations and insulin. At the end of the
clamp, mice were killed, and the organs were collected for
multiple biochemical analyses, including measures of gly-
colysis and glucose production as previously described

(24).

Measurement of Glucose, Lipid, Nonesterified Fatty
Acids, and Insulin Levels in Fasted Mice

Blood glucose was measured with a FreeStyle blood
glucose meter and strips (Abbott Diabetes Care Inc.,
Alameda, CA). Plasma cholesterol concentrations were
measured with standard assays (Infinity Cholesterol Re-
agent; Fisher Diagnostics, Middletown, VA) or (Cholesterol
E; Wako Diagnostics, Richmond, VA). The concentration of
serum nonesterified fatty acids was measured using
a colorimetric assay NEFA C test kit (Wako Diagnostics).
Blood insulin concentrations were measured by ELISA
(ALPCO Diagnostics, Salem, NH) (Fig. 8D) or by rat ul-
trasensitive ELISA (cross-reacts with murine insulin) (Fig.
2B) (Mercodia Inc., Winston-Salem, NC).

Glucose and Insulin Tolerance Tests

After baseline collection of blood, glucose 2 g/kg or insulin
(Eli Lilly and Company) 0.75 units/kg was injected
intraperitoneally. Serial blood glucose analysis was per-
formed through 120 min postinjection (25).

Soluble RAGE (sRAGE) (human) was prepared, puri-
fied, and rendered free of endotoxin (16), and 100 wg/day
i.p. was administered to mice. Vehicle consisted of equal
volumes of PBS.

Real-Time Quantitative PCR

Total RNA was extracted from liver or epididymal fat
tissue using the RNeasy lipid kit (Qiagen, Hilden, Germany).
cDNA was synthesized with MultiScribe reverse transcrip-
tase (Applied Biosystems, Foster City, CA). Real-time
quantitative PCR was performed using the TagqMan
method (50°C for 2 min, 95°C for 10 min, and 40 cycles
of 95°C for 15 s and 60°C for 1 min) with premade primer
sets (Applied Biosystems). The relative abundance of
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transcripts was normalized according to the expression of
18S rRNA or B-actin using the AACt method and, where
indicated, according to the expression of Emr1 macrophage-
specific marker in perigonadal adipose tissue (PGAT).
Supplementary Table 1 lists the specific primers and
probes.

Preparation of Visceral Fat Suspension and
Fluorescence-Activated Cell Sorting

Epididymal fat pads were excised from male C57BL/6
mice fed HFD, weighed, and rinsed three times in PBS
containing low endotoxin BSA and EDTA (1 mm). Tissue
suspensions were subjected to centrifugation at 500g for
5 min and then collagenase treated (1 mg/mlL) (Sigma-
Aldrich, St. Louis, MO) for 30 min at 37°C with shaking.
Cell suspensions were passed through a 100-pm filter and
centrifuged at 500g for 5 min. Adipocyte fractions were
collected into QIAzol (Qiagen, Valencia, CA) for RNA ex-
traction. Stromal vascular cell fraction pellets were then
incubated with erythrocyte lysis buffer (eBioscience, San
Diego, CA) for 5 min before centrifugation (300g for
5 min) and resuspended in fluorescence-activated cell
sorting buffer. Stromal vascular cell fractions were incu-
bated with Fc Block (BD Biosciences, San Jose, CA) for
20 min at 4°C before staining with fluorescently labeled
primary antibodies. The antibodies used were as follows:
anti-mouse CD45 Alexa Fluor 700 and anti-mouse F4/80
antigen PerCP-Cyanine5.5. Cells were sorted using a
MoFlo sorter (Beckman Coulter, Brea, CA) into RTL
buffer (Qiagen).

Adipocyte Measurements and Expression of F4/80 and
Cd11c* Cells in PGAT

Immunohistochemistry was performed on 4-pm-thick
formalin-fixed, paraffin-embedded PGAT using mouse-
Cd11c, clone 5D11 (Novocastra/Leica Biosystems, Newcastle
upon Tyne, U.K)) and rat F4/80, clone CI:A3-1 (Abcam,
Cambridge, MA). Following deparaffinization, for detec-
tion of Cdllc, heat-induced epitope retrieval was per-
formed in a microwave oven in 10 mmol/L sodium
citrate buffer (pH 6.0) for 20 min. Antibody incubation
and detection were carried out at 40°C on a NexES in-
strument (Ventana Medical Systems, Tucson, AZ) using
the manufacturer’s reagent buffer and detection kits. En-
dogenous peroxidase activity was blocked with hydrogen
peroxide. F4/80 antigen retrieval was performed using
alkaline endopeptidase (Ventana Medical Systems) for
10 min. Anti-Cd11c and F4/80 antibodies were diluted
1:50 and 1:40, respectively, in Dulbecco’s phosphate-
buffered saline (Life Technologies, Grand Island, NY).
Primary antibodies were incubated overnight at room
temperature. Cd11c was detected using biotinylated horse
anti-mouse antibody, diluted 1:400. F4/80 was detected
using mouse-absorbed, biotinylated rabbit anti-rat anti-
body diluted 1:300 (Vector Laboratories, Burlingame, CA).
Both secondary antibodies were incubated for 30 min fol-
lowed by streptavidin-horseradish peroxidase conjugate.
The complex was visualized with 3,3-diaminobenzidene
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and enhanced with copper sulfate. Slides were washed
in distilled water, counterstained with hematoxylin,
dehydrated, and mounted with permanent media. Appro-
priate positive and negative controls were included in the
studies. An observer naive to the experimental conditions
performed quantification of F4/80 or Cdllc content in
four sections obtained from each adipose tissue pad in
five mice per group. The total number of nuclei and the
number of nudei of F4/80-expressing cells were counted
for each field. The fraction of F4/80-expressing cells for
each sample was calculated as the sum of the number of
nuclei of F4/80-expressing cells divided by the total number
of nuclei in sections of a sample (25). The same procedure
was used to measure the fraction of CD11c-expressing cells
in PGAT. Mean adipocyte size in pixels was determined
using Image-Pro Analyzer 7.0 (Media Cybernetics, Inc., Sil-
ver Spring, MD), measuring a minimum of 400 cells per
sample and reported in square micrometers.

Immunohistochemical Detection of Microglia

Brains were retrieved from the indicated mice. One midline
sagittal section of each brain was formalin fixed and
paraffin embedded. Immunohistochemistry was performed
on 4-pm-thick sections using polyclonal rabbit-anti-ionized
calcium-binding adapter molecule 1 (Ibal, 019-19741;
Wako Diagnostics). Antibody incubation and detection
were carried out at 40°C on a NexES instrument (Ventana
Medical Systems) using the manufacturer’s reagent buffer,
detection kit, and instructions. Appropriate positive and
negative controls were included with the study sections.
Stained slides were scanned using a Leica SCN400 F
whole-slide scanner. All quantitative analyses were per-
formed on a 40X image of one midline sagittal section
per mouse, and the observers were naive to the experimen-
tal conditions. The area of the hypothalamus was manually
outlined with reference to a hematoxylin-eosin staining of
the adjacent section. Ibal immunoreactive microglia were
manually counted throughout the hypothalamus section,
and results were expressed as number of cells per square
millimeter in five mice per experimental condition.

Bone Marrow Transplantation

Six-week-old male C57BL/6J recipient mice received two
doses of 600 rad from a *37Cs source (Gammacell 40;
Atomic Energy of Canada Ltd., Mississauga, ON, Canada)
over 4 h. Bone marrow was collected from the femurs and
tibias of C56BL/6J or RAGE null donor mice into Hanks’
balanced salt solution. Cells (5 X 10°) were injected into
the recipient’s lateral tail vein 4 h after the second irradi-
ation. The recipient mice were maintained in a pathogen-
free facility and fed standard chow; for 2 weeks, water was
supplemented with 0.5 mL/L 10% Baytril (Bayer Corpo-
ration, Shawnee Mission, KS). Four weeks after transplan-
tation, mice were fed HFD or LFD until euthanasia.

Statistical Analysis
The mean *= SEM is reported. For comparison between
two groups, data were analyzed by the two-tailed Student
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t test using Microsoft Excel software (Microsoft Corpora-
tion, Redmond, WA). For comparisons among four groups,
ANOVA was accomplished with a one-way ANOVA fol-
lowed by an unpaired, two-tailed Student t test for P value
using SPSS Advanced Statistics version 20.0 software
(IBM Corporation, Chicago, IL). P < 0.05 was considered
statistically significant. To test the association of Ager
genotype and physical activity with body weight, linear
regression analysis was performed using SAS 9.3 software
(SAS Institute, Cary, NC).

RESULTS

To test the hypothesis that RAGE contributes to inflam-
matory and metabolic responses to high-fat feeding, we
asked whether HFD affects the concentration of two
prototypic proinflammatory RAGE ligands in the liver
and PGAT, two key metabolic tissues. Hmgbl mRNA tran-
scripts were significantly higher in the livers and PGAT of
mice fed HFD versus LFD (P < 0.00001) (Fig. 1A and B).
Accumulation of CML-AGE epitopes was significantly
higher in the PGAT and liver tissue of mice fed HFD versus
LEFD (P < 0.05) (Supplementary Fig. 1A and B). This sig-
nificant rise in two key proinflammatory RAGE ligands in
the liver and PGAT prompted us to test the effects of
RAGE on the response to HFD. Homozygous RAGE null
and wild-type (WT) littermate mice were fed LFD or HFD
beginning at age 6 weeks. There were no baseline differ-
ences in body mass among the four groups of mice (Fig.
1C). Ager genotype had no effect on weight gain in LFD-fed
mice (Fig. 1C). In contrast and unexpectedly, on HFD,
RAGE null mice were protected from weight gain experi-
enced by the WT mice (26.7 = 2.0 vs. 39.3 * 1.75 g,
respectively; P < 0.001) (Fig. 10).

Obesity increases both fat and lean mass in human
subjects and in most animal models. To determine whether
the difference in body mass was due to differences in fat or
lean mass or both, we performed DEXA scanning. There
was no difference in body composition between LFD-fed
WT and RAGE null mice. As expected, high-fat feeding
increased both lean and fat mass in WT mice (P < 0.05);
both lean and fat mass were significantly lower in HFD-fed
RAGE null animals (P < 0.005) (Fig. 1D). Consistent with
reduced adiposity, HFD-fed RAGE null mice displayed
smaller adipocytes than WT littermates, although the re-
duction in size was smaller than would be predicted if Ager
genotype only reduced adipose hypertrophy (P < 0.05) (Fig.
1E). Thus, RAGE does not play a measurable role in weight
regulation or body composition in LFD-fed animals but is
required for the development of obesity in high-fat feeding.

We next measured the effect of Ager genotype on gly-
cemia and insulin sensitivity in high-fat feeding. There
was no difference in fasting blood glucose levels in LFD-
fed WT versus RAGE null mice. After 3 months of HFD,
fasting blood glucose in WT mice was higher than in mice
fed LFD (P < 0.0005) (Fig. 24). On HFD, blood glucose
was significantly lower in RAGE null mice than in WT
mice (P = 0.001) (Fig. 24).
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To determine whether deletion of RAGE altered insulin
sensitivity, we measured plasma insulin levels and per-
formed insulin tolerance tests. There were no significant
differences in fasting plasma insulin concentrations
among the four groups of mice after 3 months of diet
(Fig. 2B). In mice fed LFD, RAGE null mice were slightly
more sensitive to insulin challenge than WT mice at age 6
weeks (P = 0.05) (Fig. 2C). After 3 months of HFD, RAGE
null mice were significantly more insulin sensitive than
WT mice (P < 0.0005) (Fig. 2D). There was no difference
in insulin sensitivity between WT and RAGE null mice fed
LFD at this age. Levels of Slc2a4 mRNA transcripts
(encoding GLUT4) were significantly higher in the PGAT
of RAGE null mice fed HFD versus WT mice fed HFD (P <
0.0002) (Fig. 2E). Consistent with an overall more favor-
able metabolic phenotype, RAGE null mice had a lower
concentration of plasma cholesterol than did WT mice
after 3 months of HFD (P < 0.01) (Fig. 2F), and the
circulating concentration of fasting nonesterified fatty
acids, an indirect measure of lipolysis and insulin sensi-
tivity, was >60% lower in RAGE null mice fed HFD than
in WT mice (P < 0.01) (Fig. 2G).

We performed hyperinsulinemic-euglycemic clamp
experiments to further probe the state of insulin
sensitivity and its relationship to RAGE. Basal glucose
levels were similar in LFD-fed WT and RAGE null mice,
but after 8 weeks of HFD, they were significantly lower
in RAGE null than in WT mice (P < 0.02) (Fig. 34).
During the clamp, plasma glucose concentrations did
not differ between WT or RAGE null mice fed either
diet (Fig. 3B). In both LFD- and HFD-fed RAGE null
mice, significantly higher glucose infusion rates were re-
quired during the clamp to maintain euglycemia com-
pared with WT mice (P < 0.01) (Fig. 3C). Although
glucose turnover was ~10% higher in RAGE null versus
WT mice fed LFD (P = 0.03), an ~28% higher glucose
turnover rate was observed in RAGE null versus WT mice
fed HFD (P = 0.01) (Fig. 3D). No differences in whole-
body glycolysis were observed between RAGE null and
WT mice fed either LFD or HFD (Fig. 3E), but whole-
body glycogen synthesis rates were ~50% higher in
RAGE null than in WT mice fed HFD (P = 0.04); no
differences were observed between the two groups of
mice fed LFD (Fig. 3F).

The finding of roles for RAGE in insulin sensitivity led
us to test hepatic insulin action. Although there were no
differences in basal hepatic glucose production between
RAGE null and WT mice fed LFD or HFD (Fig. 3G), clamp
hepatic glucose production was significantly reduced by
RAGE deletion in mice fed either LFD or HFD. In mice
fed LFD, RAGE null mice displayed ~89% lower hepatic
glucose production than WT mice (P = 0.02) and 100%
lower hepatic glucose production in high-fat feeding than
WT mice (P = 0.07) (Fig. 3H). Hepatic insulin action was
~19% higher in RAGE null mice fed LED than in WT mice
(P = 0.07) and ~30% higher in RAGE null mice fed HFD
than in WT mice (P = 0.04) (Fig. 3D).
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Figure 3—Mice devoid of RAGE had increased sensitivity to insulin. After 8 weeks of LFD or HFD, WT and RAGE null mice were subjected
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These data led us to ask whether RAGE was necessary
for the development of obesity per se or was specifically
required for the metabolic effects of high-fat feeding. The
modest reduction in adipocyte size in RAGE null versus
WT mice fed HFD (~5%) could not explain the reduced
adiposity and raises the possibility that adipose tissue
hyperplasia was fundamentally impaired in RAGE null
mice. To answer this question, we intercrossed the
RAGE null allele (Agerf/ ") into an A’/a (agouti) back-
ground. In C57BL/6J A’/a mice, impairment of central
melanocortin signaling leads to hyperphagia and the de-
velopment of obesity, even in low-fat-fed animals. There
was no significant difference in body mass in A’/a mice
expressing or lacking RAGE, and there were no differences
in lean or fat mass between A’/a mice expressing or lack-
ing RAGE by DEXA scan (Supplementary Fig. 2A and B).
Hence, RAGE null mice may undergo hypertrophy and
develop obesity, but they are specifically impaired in their
metabolic response to high-fat feeding.

In response to HFD, obesity-susceptible strains of
mice, including C57BL/6J, reduce energy expenditure
(26). To test whether RAGE deficiency attenuated the
effects of high-fat feeding on energy expenditure and sub-
strate use, we measured food intake and used an indirect
calorimetry system to measure O, consumption (VO,)
and CO, production (VCO,). There were no differences
in caloric intake among RAGE null mice and WT controls
(Fig. 4A). At baseline on LFD, during 24 h and the 12-h
dark cycle, RAGE null animals had slightly higher VO,
than WT mice (P < 0.05) (Fig. 4B). As expected, after
3 and 6 weeks of HFD, VO, was reduced in WT mice.
Consistent with RAGE being required for the reduced
energy expenditure associated with high-fat feeding,
RAGE null mice had higher VO, during both light and
dark periods than WT controls (Fig. 4B). There was no
difference in VCO, at baseline (day or night periods) be-
tween WT and RAGE null mice fed LFD. After 3 and 6
weeks of HFD, RAGE null mice had significantly higher
VCO, during day and night periods than did WT controls
(Fig. 4C). The respiratory exchange ratio (RER) did not
differ among any of the groups (Fig. 4D). Physical activity
was monitored over a 3-day period per time period; as
expected, HFD feeding lowered physical activity in WT
mice compared with LFD (Fig. 4E). Physical activity was
higher in RAGE null vs. WT mice at baseline, 3 weeks, and
6 weeks of HFD but was lower in RAGE null mice fed HFD
versus LED. Further statistical analyses were performed
to discern the association among physical activity, Ager
genotype, and body weight at 6 weeks of HFD. Without
considering Ager status, physical activity alone is not sta-
tistically significantly associated with body weight (P =
0.11). When we tested the association of physical activity
and Ager status together with body weight, we found that
physical activity is not associated with weight gain on
HFD (P = 0.45). However, Ager genotype is significantly
associated with body weight (P = 0.03). These analyses
support that physical activity does not confound the
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protective effect of Ager deficiency on protection against
obesity in high-fat feeding.

To further probe roles for RAGE action on physical
activity, we treated LFD-fed mice with the RAGE ligand
decoy sRAGE. As shown in Supplementary Fig. 3, sRAGE,
which does not cross the blood-brain barrier, imparted no
effect on physical activity and no effect on energy expen-
diture. Furthermore, in WT mice subjected to lethal irra-
diation and reconstitution with either RAGE null or WT
bone marrow, although physical activity was higher in
mice reconstituted with RAGE null bone marrow, there
was no effect on energy expenditure (Supplementary Fig.
4). These data suggest that the mechanisms by which
RAGE modulates physical activity are complex and may
be regulated, at least in part, by central signals.

Furthermore, in the context of metabolic phenotype,
RAGE null mice fed HFD had significantly higher body
temperature than did WT littermates (Supplementary Fig.
5). We measured mRNA transcripts for Ucpl in the brown
adipose tissue (BAT) of WT and RAGE null mice fed HFD
versus LFD (Supplementary Fig. 6). In high-fat feeding,
Ucpl mRNA transcripts did not differ in BAT between WT
and RAGE null mice. In low-fat feeding, Ucpl mRNA tran-
scripts were one-half that in BAT of RAGE null versus WT
mice (P = 0.001). A trend toward lower levels of Ucpl
mRNA transcripts was observed in BAT of WT mice fed
HFD versus LFD. In contrast, in RAGE null mice BAT,
significantly higher levels of Ucpl mRNA transcripts
were observed in HFD versus LED (P = 0.015) (Supple-
mentary Fig. 6). Taken together, these findings suggest
that in response to HFD challenge, RAGE null mice sig-
nificantly increase their energy expenditure in the absence
of increased food consumption and without increasing
their physical activity compared with LFD.

Studies have suggested that M2 polarized macro-
phages in adipose tissue are associated with catabolic
function and energy expenditure (27). Given the estab-
lished expression of RAGE on macrophage populations,
we tested the relative expression of RAGE in F4/80-
expressing macrophages versus adipocytes in the PGAT
of HFD-fed mice. As shown in Supplementary Fig. 7,
RAGE was highly expressed in the F4/80-expressing frac-
tion versus adipocyte fractions in PGAT in high-fat feeding.
Hence, we hypothesized that RAGE might contribute to
an altered macrophage content and polarization state in
PGAT, thereby contributing to altered energy expendi-
ture. As expected, the expression of F4/80 (Emrl) mRNA
transcripts was higher in WT mice fed HFD than in lean
mice fed LFD (Fig. 5A), and consistent with a reduction
in adiposity, the expression of Emrl in PGAT of HFD-fed
RAGE null mice was reduced >90% compared with HFD-
fed WT mice (P = 0.001). Consistent with these data,
immunohistochemistry with anti-F4/80 IgG revealed in-
creased numbers of F4/80-expressing cells in PGAT of
WT mice fed HFD versus LFD, which was significantly
reduced by RAGE deletion (P < 0.05) (Fig. 5B and D-G).
Furthermore, immunohistochemistry with anti-Cd1l1c
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IgG revealed significantly higher Cd11c-expressing cells in
WT PGAT in high-fat feeding, which was significantly
lower in RAGE null mice fed HFD (P < 0.05) (Fig. 5C
and H-K). We next assessed whether the polarization
profile of the PGAT was skewed toward an M1 or M2
state and compared the expression of genes typical of
each state relative to Emrl expression. The effect of
RAGE genotype on M1 genes was not consistent. Deletion
of RAGE in mice fed HFD resulted in no significant effect
on prototypic M1 gene Ccl2 relative to Emrl mRNA ex-
pression, but the expression of the classical activation
markers Tnf and Inos mRNA transcripts relative to Emrl
was significantly higher in HFD-fed RAGE null mice than
in HFD-fed WT mice (P < 0.001) (Fig. 5L). In contrast,
levels of mRNA transcripts of M2 macrophage polariza-
tion markers Cd163, 1110, Argl, Cd209d, and Cd209e were
all consistently higher in RAGE null mice than in WT mice
fed HFD (P < 0.05) (Fig. 5M). Furthermore, in PGAT of
RAGE null mice fed HFD, Adipog mRNA transcripts
(encoding adiponectin) were significantly higher than
those observed in WT mice (P < 0.00002) (Fig. 5N).
Taken together, these data indicate that overall PGAT
inflammation was lower in HFD-fed RAGE null versus
WT mice.

Other studies suggested that high-fat feeding incites
hypothalamic inflammation (19); therefore, we performed
immunohistochemistry for detection of Ibal epitopes,
a marker of activated microglia, in the hypothalamus of
WT and RAGE null mice fed HFD. As shown in Supple-
mentary Fig. 8, high-fat feeding induced a trend toward
higher levels of Ibal® cells in the hypothalamus of WT
mice fed HFD versus LFD (P = 0.06). Of note and analo-
gous to inflammatory cell infiltration in PGAT of LFD-fed
RAGE null mice, on LFD, RAGE null mice displayed
significantly lower numbers of Ibal” cells in the hypo-
thalamus than did WT mice fed LFD (P = 0.005).
A nonstatistically significant trend to lower numbers
of Ibal® cells was noted in the hypothalamus of RAGE
null versus WT mice fed HFD; the numbers of Ibal”
cells in RAGE null hypothalamus in high-fat feeding
were higher than those in the hypothalamus of RAGE
null mice fed LFD (P = 0.002) (Supplementary Fig. 8).

Thus, assessing whether hematopoietic immune cells
could drive the obesity-protecting effects of RAGE de-
ficiency and the M2-skewed phenotype of adipose tissue
in high-fat feeding was the next logical step. We irradiated
WT mice and reconstituted them with bone marrow
derived from RAGE-expressing or RAGE null mice.
Compared with HFD-fed mice reconstituted with WT
bone marrow, recipients of RAGE null bone marrow
gained weight at a significantly slower rate than WT
mice. After 5 months on HFD, mice that lacked RAGE
specifically in hematopoietic cells weighed 19% less than
mice with intact RAGE (33.5 = 3.1vs. 416 £ 47g P <
0.05) (Fig. 6A). The HFD-fed recipients of RAGE null bone
marrow were also more glucose tolerant than the mice
receiving WT bone marrow and fed HFD (P < 0.05)
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(Fig. 6B). Despite a reduced body mass, HFD-fed mice
with hematopoietic deficiency of RAGE displayed modest,
but significantly higher daily food consumption compared
with mice with intact RAGE (P = 0.01) (Fig. 6C). Plasma
concentration of total cholesterol was higher in HFD-fed
mice that lacked hematopoietic RAGE than in those with
intact RAGE (P < 0.05) (Fig. 6D). Adipocyte size did not
differ between recipients of WT versus RAGE null bone
marrow fed HFD (Fig. 6E).

We next assessed inflammatory cell infiltration into
PGAT and M1/M2 polarization. Consistent with the
findings in whole-body RAGE-deficient mice, Emrl mRNA
transcripts were significantly higher in WT recipients of
WT bone marrow after 3 months of HFD versus LED.
Deletion of bone marrow RAGE in the HFD-fed mice
resulted in significantly lower Emrl mRNA transcript
levels versus the WT bone marrow recipients (P = 0.02)
(Fig. 7A). In PGAT, recipients of WT bone marrow fed HFD
displayed significantly higher numbers of F4/80-expressing
cells by immunohistochemistry; this was significantly
lower in PGAT of recipients of RAGE null bone marrow
fed HFD (P = 0.002) (Fig. 7B and D-G). Numbers of
Cdllc-expressing cells were significantly lower in the
PGAT of recipients of RAGE null bone marrow versus
recipients o WT bone marrow fed HFD (P < 0.05) (Fig.
7C and H-K). Consistent with findings in mice globally
devoid of RAGE, mice receiving RAGE null versus WT
bone marrow fed HFD displayed significantly higher lev-
els of M1 polarization mRNA transcripts Tnf, Ccl2, and
Inos (Fig. 7L). In contrast and analogous to findings in
whole-body RAGE deletion, WT recipients of RAGE null
bone marrow fed HFD displayed significantly higher lev-
els of I110 and Argl mRNA transcripts than recipients of
WT bone marrow; similar trends were observed for
Cd209d and Cd209e (Fig. 7TM).

Finally, because the data revealed increased concentra-
tions of RAGE ligands HMGB1 and CML-AGEs in the liver
and PGAT after induction of HFD, we tested the hypoth-
esis that administration of the ligand-binding decoy,
sRAGE, might affect the consequences of HFD feeding.
WT mice were treated with sRAGE 100 pg/day i.p., begin-
ning immediately at the time of HFD feeding at age 6
weeks. Control mice were treated with equal amounts of
vehicle PBS. By 18 weeks of HFD, mean body mass was
340 = 53 vs. 42.0 = 1.7 g in sRAGE versus vehicle-
treated mice, respectively (P < 0.05) (Fig. 8A). The benefits
of sRAGE were specific to HFD feeding because sRAGE
had no effect on body mass in mice fed LFD (Fig. 8B).

Fasting blood glucose levels were not different between
LFD-fed vehicle versus sRAGE-treated mice but were
significantly lower in the sRAGE-treated mice fed HFD
versus vehicle-treated mice (P < 0.01) (Fig. 8C). HFD
resulted in significantly higher insulin levels than LFD
in the WT mice (P < 0.05) and a trend toward lower
insulin levels in sSRAGE- versus vehicle-treated HFD-fed
mice (Fig. 8D). Food consumption was not different in
HFD-fed mice treated with sRAGE vs. vehicle (Fig. 8E).
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in the indicated mice (n = 5 mice/group).
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We examined the fate of RAGE ligands in mice treated
with sSRAGE beginning immediately at the time of high-fat
feeding. In the PGAT of sRAGE-treated mice fed HFD,
there was a trend toward lower levels of Hmghl mRNA
transcripts versus that observed in WT mice fed HFD and
treated with vehicle (P = 0.09) (Supplementary Fig. 9). In
the liver tissue of sSRAGE-treated mice fed HED, there was
a trend toward higher levels of Hmgbl mRNA transcripts
versus that observed in WT mice fed HFD and treated
with vehicle (P = 0.06) (Supplementary Fig. 10). These
data suggest that either distinct ligands of the receptor
may be affected significantly by sRAGE or that ligand
levels may not need to be decreased by measurement;
rather, what may be more important is that their access
to the cell surface receptor is attenuated through the
sRAGE decoy effect.

Next, we tested the effects of SRAGE beginning 3 weeks
after induction of HFD. Significant differences in body
mass were observed between sRAGE versus vehicle-treated
mice (344 * 1.1 vs. 40.5 £ 14 g P < 0.05) (Fig. 8F)
without differences in food consumption (Fig. 8G).

Finally, consistent with improved insulin sensitivity
and decreased inflammation in PGAT, administration of
sRAGE beginning immediately at the time of high-fat
feeding resulted in significantly higher PGAT mRNA
transcript levels of Slc2a4 (P < 0.02) (Fig. 8H) and Adipog
(P < 0.000000002) (Fig. 8I) versus vehicle-treated HFD-
fed mice.

DISCUSSION

The observation that RAGE-deficient mice are resistant to
diet-induced obesity and insulin resistance identifies
fundamental roles for RAGE in metabolic responses,
particularly to high-fat feeding. Although our original
hypothesis was that RAGE would inhibit insulin signaling
in HFD-fed mice through its inflammatory functions, the
experiments revealed that deletion of RAGE suppressed
both HFD-induced obesity and insulin resistance. Studies
in agouti mice indicated that RAGE is required specifically
for the metabolic response to high-fat feeding. The
findings are consistent with those of Monden et al. (28)
where RAGE null mice fed HFD (20% of total calories
from cocoa butter and 0.15% from cholesterol) were pro-
tected from diet-induced obesity and insulin resistance
and confirm the finding that RAGE contributes to regula-
tion of adipocyte hypertrophy. In contrast, Leuner et al.
(29) reported that RAGE null mice fed an HFD (60% of
calories from fat) displayed greater obesity versus the WT
cohort. However, Leuner et al. did not test the specific
effects of RAGE expression in hematopoietic cells or the
effects of RAGE antagonism. Furthermore, they did not
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perform extensive metabolic phenotyping or address the
nature of inflammatory cell characterization in PGAT in
high-fat feeding in the context of RAGE.

Examination of the metabolic profile underscored
novel roles for RAGE in energy expenditure responses
to HED. Despite equivalent food intake in WT and RAGE
null mice, mice devoid of RAGE fed HFD had an increase
in their metabolic rate as evidenced by increased VO, and
body temperature. DEXA scanning revealed that RAGE
null mice fed HFD displayed lower fat mass than did
WT mice. Collectively, these data indicate that protection
from HFD-induced obesity in RAGE null mice resulted, in
large part, from increased metabolic rate. Although the
absolute level of physical activity was higher in RAGE
null compared with WT mice, RAGE null mice did not
have an increase in physical activity between high-fat
and low-fat feeding. In fact, in both WT and RAGE null
mice, physical activity was lower in high-fat than in low-
fat feeding. Further statistical analyses suggested that
physical activity does not confound the protective effect
of Ager deficiency on the protection against HFD-induced
obesity. The finding that administration of SRAGE exerted
no effect on physical activity or energy expenditure in WT
mice suggests that these effects of RAGE on physical ac-
tivity may result, in part, from central nervous system
cues because sSRAGE does not cross the blood-brain bar-
rier. Furthermore, the intriguing finding revealing a mod-
est, but significantly higher physical activity of lethally
irradiated WT mice reconstituted with RAGE null versus
WT bone marrow without any effect on energy expendi-
ture suggests that the hematopoietic system may modu-
late physical activity. However, the lack of effect on body
weight, food intake, and VO, in LFD-fed mice reconsti-
tuted with RAGE null versus WT bone marrow suggests
that any effects of RAGE on motor activity are compen-
sated for in the LFD state but not in the HFD state. In-
deed, the data indicate that in high-fat feeding, mice
require RAGE to gain weight. Future studies using mice
with distinct tissue-specific deletion of RAGE will be of
interest to fully probe the mechanisms by which RAGE
might modulate physical activity and energy expenditure.

Our studies implicate RAGE-dependent inflammation
in HFD-induced obesity and insulin resistance based on
two principal findings. First, Emrl mRNA transcripts were
significantly lower in the PGAT of RAGE null mice or WT
mice recipients of RAGE null bone marrow than in their
respective WT controls fed HFD, and numbers of F4/80-
and Cdllc-expressing cells were lower when RAGE was
deleted. Second, when we normalized levels of polariza-
tion marker mRNA transcripts to absolute levels of Emrl
transcripts, a key pattern vis-a-vis RAGE was established;

and M2 (M) macrophage markers and compared directly to absolute levels of Emr7 mRNA transcripts after the 3-month diets (n = 5 mice/

group).
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Figure 8—Administration of SRAGE is partially protective against HFD-induced obesity. A and B: Prevention study. WT mice were placed
on HFD (A) or LFD (B); sRAGE (100 pg/day i.p.) or vehicle PBS (equal volumes) was begun immediately at the time of diet. Body mass is
shown over time (left panel) and by individual animals (right panel) (n = 4-5 mice/group). C and D: Fasting blood glucose (C) and insulin (D)
were determined (n = 5 mice/group). E: Food consumption was measured in HFD-fed sRAGE- or PBS-treated mice (n = 5 mice/group).
F: Intervention study. WT mice were placed on HFD; sRAGE (100 ng/day i.p.) or vehicle PBS (equal volumes) was begun 21 days later.
Body mass is shown over time (left panel) and by individual animals (right panel) (n = 5 mice/group). G: Food consumption was measured in
HFD-fed sRAGE- or PBS-treated mice (n = 5 mice/group). H and /: In mice treated with sRAGE vs. vehicle beginning immediately at the time
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overall, either global RAGE deletion or bone marrow
RAGE deletion affected macrophage polarization (30-
32). RAGE deletion modestly increased levels of M1
markers and significantly increased M2 markers in the
PGAT. Of note, in both global and bone marrow RAGE
deficiency, a key finding was increased levels of PGAT II10
and Argl mRNA transcripts in RAGE null mice or bone
marrow, both strongly linked to insulin resistance (33-
36).

The present finding that numbers of Cd11c-expressing
cells were lower in PGAT when RAGE was deleted is
consistent with previous work, because diphtheria toxin-
mediated deletion of Cd11c resulted in significant protec-
tion against insulin resistance in HFD-fed mice, with
enhanced M2 macrophage polarization, in the absence
of changes in body mass (37). However, distinct studies
have suggested that Cd11c expression in visceral adipose
tissue macrophage subtypes may be associated with more-
diverse polarization signatures. Specifically, populations
of Cd11c"-expressing macrophages infiltrating visceral ad-
ipose tissue may display M2 polarization markers, such as
Cd209A and Cd206, especially when they are lipid loaded
(38). In an inducible model of lipodystrophy, mice were
not obese but were significantly insulin resistant. The
near complete deletion of adipocytes in this model sur-
prisingly led to recruitment of Cd11lc’ macrophages that
largely expressed markers of M2/alternative activation,
such as Cd301 and Cd206 (39-40). Hence, the specific
benefit of RAGE deletion appears to have been in upreg-
ulating M2 polarization markers (especially [I10 and
Argl), and perhaps suppression of Cd1l1-expressing cells
in the PGAT in HFD, thereby establishing a relatively in-
sulin sensitive environment. Future studies will delineate
whether RAGE-dependent downregulation of M2 polari-
zation in macrophages is accounted for by cell autono-
mous and/or cell-cell interactions within the PGAT. On
the basis of previous work in which bone marrow—derived
macrophages incubated with RAGE ligand CML-AGEs
displayed downregulation of Argl mRNA in a manner
highly significantly prevented in RAGE null bone marrow-
derived macrophages, we predict that the effects of
RAGE on M2 polarization depend, at least in part, on
cell-autonomous mechanisms (41).

In addition to the effect of HFD on PGAT inflamma-
tory cell content, it has been shown that HFD feeding
increases inflammation in the hypothalamus (19,42). In
our studies, we examined levels of Ibal" cells, a marker
of activated microglia in WT and RAGE null mice fed
LFD or HFD. Of note and analogous to inflammatory
cell infiltration patterns in PGAT of LFD-fed RAGE null
mice, on LED, RAGE null mice displayed significantly
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lower numbers of Ibal” cells in the hypothalamus than
did WT mice fed LFD. The finding that the numbers of
Ibal® cells in RAGE null hypothalamus in high-fat feed-
ing were higher than those in the hypothalamus of RAGE
null mice fed LFD suggests that analysis of the pro-
versus anti-inflammatory gene signatures in isolated
microglia may be of interest, particularly because the
RAGE null mice fed HFD did not become obese. Whether
and how the numbers and inflammatory signatures of
microglia and other inflammatory cells in the hypotha-
lami of WT and RAGE null mice, both in the LFD and in
the HFD states, differ may lend novel insights into
mechanisms underlying physical activity and energy ex-
penditure phenotypes in mice devoid of Ager.

It is notable that Monden et al. (28) showed no differ-
ence in macrophage markers between RAGE null and WT
mice fed HED, but they used Cd68 to identify macrophage
cell type, which other studies have shown is not specific to
macrophages in rodents and that F4/80 may be the supe-
rior macrophage marker (43). Additionally, there were
differences in diet composition between the present
work and that of Monden et al. The extent to which
diet might have accounted for such differences in macro-
phage properties in visceral adipose tissue remains to be
established.

A frequently considered question is what particular
ligands of RAGE stimulate its action in pathological
settings. We report that increased RAGE ligand Hmgbl
in the tissues of HFD-fed mice coincided with the devel-
opment of obesity. Evidence suggests links between
HMGBL1 and obesity. Adipose tissue of obese human sub-
jects was found to express two times higher levels of
HMGB1 protein compared with adipose tissue from lean
subjects. When human adipose-derived stem cells were
cultured with lipopolysaccharide, secretion of HMGB1
was greatly enhanced, suggesting that this RAGE ligand
is secreted in response to inflammatory signals that typify
obesity (44). Nativel et al. (45) showed that human pre-
adipocytes SW872 actively secrete HMGBL1 and that treat-
ment of these cells with HMGB1 increased IL-6
production in a manner dependent on RAGE but not
toll-like receptors 2 and 4. Of importance, distinct RAGE
ligands in the adipose tissue might have contributed to
HFD-induced obesity. For example, RAGE ligands AGEs
and S100s have also been linked to obesity and insulin
resistance (46,47). Irrespective of the precise RAGE
ligands that accumulate in visceral adipose tissue, the
present studies using sRAGE support pathogenic and
not solely associative roles for RAGE ligands in obesity.
Indeed, whether sRAGE is administered in a prevention or
intervention mode, HFD-fed mice treated with sRAGE

of HFD feeding, PGAT was retrieved and subjected to real-time quantitative PCR for detection of Sic2a4 (H) or Adipoq (/) mRNA transcripts

(n = 4 mice/group).
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appear to be protected, in part, from diet-induced obesity,
thus providing early proof of concept that blocking the
ligand-RAGE interaction may be a treatment strategy in
these metabolic disorders.

In summary, the present data reveal that in high-fat
feeding, RAGE contributes to the development of adipos-
ity and obesity (at least in part through a reduction in
metabolic rate and energy expenditure) and to the
infiltration of F4/80-expressing macrophage populations
into visceral adipose tissue. In the face of nutritional
surplus, failure to quell RAGE responses enhances energy
storage and increases adiposity. Targeting RAGE may be
beneficial in the prevention of high-fat feeding-induced
obesity and its metabolic consequences.
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