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The Radioprotective 105/MD-1 Complex Contributes to
Diet-Induced Obesity and Adipose Tissue Inflammation
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Recent accumulating evidence suggests that innate immunity is
associated with obesity-induced chronic inflammation and metabolic
disorders. Here, we show that a Toll-like receptor (TLR) protein,
radioprotective 105 (RP105)/myeloid differentiation protein
(MD)-1 complex, contributes to high-fat diet (HFD)-induced obesity,
adipose tissue inflammation, and insulin resistance. An HFD
dramatically increased RP105 mRNA and protein expression in
stromal vascular fraction of epididymal white adipose tissue (eWAT)
in wildtype (WT) mice. RP105 mRNA expression also was
significantly increased in the visceral adipose tissue of obese human
subjects relative to nonobese subjects. The RP105/MD-1 complex
was expressed by most adipose tissue macrophages (ATMs). An
HFD increased RP105/MD-1 expression on the M1 subset of ATMs
that accumulate in eWAT. Macrophages also acquired this charac-
teristic in coculture with 3T3-L1 adipocytes. RP105 knockout (KO)
and MD-1 KO mice had less HFD-induced adipose tissue inflamma-
tion, hepatic steatosis, and insulin resistance compared with wild-type
(WT) and TLR4 KO mice. Finally, the saturated fatty acids, palmitic
and stearic acids, are endogenous ligands for TLR4, but they did not
activate RP105/MD-1. Thus, the RP105/MD-1 complex is a major
mediator of adipose tissue inflammation independent of TLR4 sig-
naling and may represent a novel therapeutic target for obesity-
associated metabolic disorders. Diabetes 61:1199-1209, 2012
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besity is associated with chronic low-grade
inflammation characterized by increased pro-
inflammatory cytokines and infiltration of mac-
rophages within adipose tissue (1), leading to
insulin resistance (2). Although several inflammatory medi-
ators and cell types promote these processes, precise roles
of the immune system are not fully understood. Most of the
infiltrated adipose tissue macrophages (ATMs) in obese
adipose tissue are CD11c-positive inflammatory M1 mac-
rophages responsible for the development of adipose tissue
inflammation, which is countered by CD206-positive anti-
inflammatory M2 macrophages (3,4).

Pattern recognition receptors (PRRs) such as Toll-like
receptors (TLRs) quickly recognize pathogenic agents
called pathogen-associated molecular patterns (5). The
TLR4/myeloid differentiation protein (MD)-2 complex is
indispensable for lipopolysaccharide (LPS) recognition (6,7).
TLR4 requires two important adaptor molecules, myeloid dif-
ferentiation factor 88 (MyD88) and TIR-domain-containing
adaptor-inducing interferon-3 (TRIF), to transmit its down-
stream signaling (5). A TLR4 homolog, radioprotective 105
(RP105), forms a complex with MD-1 (8,9). RP105 or MD-1
knockout (KO) mice show reduced proliferative responses to
LPS in B cells and are impaired in hapten-specific antibody
production against LPS (10-12), suggesting that the RP105/
MD-1 complex cooperates with the TLR4/MD-2 complex in
LPS responses. RP105/MD-1 also is expressed on macrophages
(12). However, roles for RP105/MD-1 in chronic inflammation—
associated metabolic disorders have not been suspected.

PRRs also can sense endogenous ligands called danger-
associated molecular patterns. These include intracellular
molecules such as fatty acids (FAs), heat shock proteins,
and host nucleic acids, as well as extracellular compo-
nents, such as hyaluronan and proteoglycans (13). These
molecules can ligate PRRs, leading to activation of proin-
flammatory pathways and cytokine secretion. This often is
referred to as “sterile” inflammation (14).

Adipose tissue—derived saturated free FAs may stimu-
late TLR4 and promote adipose tissue inflammation and
insulin resistance (15-17). The Nlrp3 (nucleotide-binding
domain, leucine-rich repeats containing family, pyrin do-
main-containing-3) inflammasome senses obesity-associated
FAs and contributes to obesity-induced inflammation and
insulin resistance (18,19). Double-stranded RNA-dependent
protein kinase can sense FAs from nutrients as well as en-
doplasmic reticulum stress and plays critical roles in regu-
lating insulin action and metabolism (20). Of interest, the
G-protein—coupled receptor 120 recognizes unsaturated
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omega-3 FAs (docosahexaenoic acid and eicosapentae-
noic acid) and mediates insulin sensitizing by suppressing
macrophage-induced inflammation (21). However, it remains
unclear whether RP105/MD-1 has a role in sensing obesity-
related natural ligand or whether the complex participates in
immune responses leading to diet-induced chronic inflam-
mation and insulin resistance.

We now report that RP105 or MD-1 KO mice were pro-
tected from high-fat diet (HFD)-induced obesity, hepatic
steatosis, insulin resistance, and adipose tissue inflamma-
tion. RP105/MD-1 was expressed on macrophages in the
stromal vascular fraction (SVF) of epididymal white adi-
pose tissue (eWAT). RP105 mRNA expression was signif-
icantly increased in the visceral adipose tissue (VAT) of
obese subjects. An HFD and coculture with adipocytes
dramatically increased the expression of RP105 by macro-
phages. Endogenous TLR4 ligands, palmitic and stearic
acids, did not stimulate RP105/MD-1. Therefore, the RP105/
MD-1 receptor complex contributes in unique ways to diet-
induced obesity and related inflammatory responses.

RESEARCH DESIGN AND METHODS

Mice. C57BL/6 mice were purchased from Japan SLC (Hamamatsu, Japan)
and were used at 10 weeks of age. Mice were fed an HFD containing 60% fat
(Research Diet, New Brunswick, NJ) or a standard diet containing 10% fat
starting at 10 weeks of age for 12 weeks. Male mice were maintained in
microisolator cages under specific pathogen-free conditions with a 12-h light/
12-h dark cycle in the animal facility of University of Toyama and given free
access to food and water. All experiments were performed according to the
guidelines for the care and treatment of experimental animals at the University
of Toyama.

Reagents. LPS from Escherichia coli O55:B5, palmitic, stearic, and lauric
acids were purchased from Sigma-Aldrich (St. Louis, MO).

Human study. A total of 18 Japanese male patients with urological diseases
who received surgery in Tokushima University Hospital were recruited in this
study (Supplementary Table 1). Adipose tissue around the kidney or prostate
was obtained as VAT samples. Subcutaneous adipose tissue (SAT) samples
were obtained from the abdominal walls during urological surgery. This study
protocol was approved by the ethics committee on human research of the
University of Tokushima Graduate School and University of Toyama.
Metabolic measurements. Serum total cholesterol and alanine transaminase
(ALT) were measured by Reflotron-plus (Roche Diagnostics, Mannheim,
Germany). The glucose tolerance test (GTT) was performed by intraperi-
toneally injecting 1 g glucose/kg. For the insulin tolerance test (ITT), the mice
were injected with 0.75 units of human insulin/kg i.p. (Eli Lilly, Indianapolis,
IN). Blood glucose was measured by NIPRO FreeStyle FLASH (NIPRO, Osaka,
Japan), and serum insulin was measured by an enzyme-linked immunosorbent
assay kit (Shibayagi, Shibukawa, Japan).

Measurement of Vo, Vcos, and respiratory quotient. Mice were placed in
standard metabolic cages (model MK5000RQ@; Muromachikikai, Tokyo, Japan)
with an airflow of 0.5 L/min. Oxygen consumption (Vo,) and carbon dioxide
production (Vco;) were measured during 3 consecutive days (three dark
cycles and two light cycles). Respiratory quotient (Rg) was calculated as
a ratio of Vco, to Vos.

Isolation of adipocytes and SVF from eWAT. Mice were fasted for 12 h
before dissection. Isolation of adipocytes and SVF was performed as described
previously (4).

Flow cytometry analysis. The cells (1 X 105) were incubated with anti-
mouse FcyR (2.4G2) to block binding of the labeled antibodies to FcyR. After
15 min, the cells were stained with predetermined optimal concentrations of
the respective antibodies. 7-Amino-actinomycin D (BD Bioscience, San Diego,
CA) was used to exclude dead cells. Flow cytometry analyses were conducted
on a FACSCanto (Becton Dickinson, Mountain View, CA), and the data were
analyzed with Flowjo software (Treestar, San Carlos, CA). The information for
antibodies is listed in Supplementary Table 2.

Cell culture. RAW264.7 cells (RIKEN BioResource Center, Tsukuba, Japan)
and 3T3-L1 cells (American Type Culture Collection, Manassas, VA) were
maintained with DMEM containing 10% fetal calf serum and antibiotics and
incubated at 37°C in a humidified 5% CO,. 3T3-L1 cells were differentiated based
on a standard protocol (22). Bone marrow—derived macrophages (BMMs) were
differentiated into M1 and M2 macrophages as described previously (23).
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Coculture of adipocytes and macrophages. Coculture of 3T3-L1 cells and
macrophages was performed as described previously (17). RAW264.7 cells
were cocultured with the 3T3-L1 cells in the absence or presence of piogli-
tazone (Funakoshi, Tokyo, Japan) for 24 h.

Real-time quantitative PCR. Total RNA was isolated with an RNeasy mini
kit (Qiagen, Hilden, Germany) or TRIzol Reagent (Invitrogen, Carlsbad,
CA). RNA was reverse transcribed with a TagMan Reverse Transcription
Reagents (Applied Biosystems, Carlsbad, CA). Real-time quantitative PCR
(RT-gPCR) was performed with a TagMan Gene Expression Master Mix
(Applied Biosystems) and analyzed with an Mx3000P (Agilent Technolo-
gies, Santa Clara, CA). Relative transcript abundance was normalized for
that of Hprt mRNA. The information for primers is listed in Supplementary
Table 3.

Immunoprecipitation and Western blot analysis. The immunoprecipitation
for RP105 was performed by using anti-RP105 (RP/14) (24). To detect RP105 by
Western blotting, the anti-RP105 (0.5 pg/mL) (ProSci, Poway, CA) and
horseradish peroxidase—conjugated anti-rabbit IgG (Cell Signaling, Beverly,
MA) were used. Anti-actin was purchased from Sigma-Aldrich. The reactive
bands were visualized by ECL Plus (GE Healthcare, Little Chalfont, Bucks,
U.K).

Immunohistochemistry analysis. Portions of the liver and eWAT were ex-
cised and immediately fixed with 4% formaldehyde at room temperature.
Paraffin-embedded tissue sections were cut into 4-mm slices and placed on
slides. CD11c staining was performed as described previously (4). The sections
were incubated with anti-Mac-2 (macrophage surface glycoproteins binding to
galectin-3), anti-MD-1 (MD113), or anti-RP105 (ProSci) for 1 h and then with
ready-to-use polymered secondary antibodies for rat or rabbit monoclonal
antibodies with peroxydase (Envision-PO; Dako, Glostrup, Denmark) for 1 h.
Bound antibodies were detected with 3,3'-diaminobenzidine. Sections were
counterstained with hematoxylin.

Statistical analysis. Statistical significance was evaluated by one-way
ANOVA followed by a post hoc Tukey test. P < 0.05 was considered statisti-
cally significant.

RESULTS

RP105 expression dramatically increases in the adi-
pose tissue from HFD-fed mice and obese subjects. Our
initial studies evaluated the expression of genes encoding
RP105/MD-1, TLRs, MD-2, and components involved in TLR
signaling in the eWAT from WT mice fed with a normal diet
(ND) or an HFD (Fig. 1A). HFD treatment markedly in-
creased the expression of RP105 mRNA by 13-fold. The
expression of MD-1, TLR1, TLR7, TLR8, and TLR9 mRNA
also was increased by HFD, whereas the expression of
TLR4 and MD-2 mRNA was not affected. The MyD88 and
TRIF are critical adaptor molecules for TLR4 signaling (5)
but are not involved in RP105 signaling (data not shown).
MyD88 and TRIF mRNA, as well as TLR4 mRNA, were not
increased by an HFD in eWAT (Fig. 14). RP105 and MD-1
mRNAs also were significantly increased in other WAT
depots, such as subcutaneous and retroperitoneal WAT, by
an HFD (Supplementary Fig. 1). Levels of TLR4 mRNA in
retroperitoneal adipose tissue were slightly increased by an
HFD. HFD also increased RP105 mRNA in the liver, brown
adipose tissue, and skeletal muscle by 1.6-, 3-, and 1.7-fold,
respectively (Supplementary Fig. 2). In addition, the ex-
pression of RP105 and MD-1 mRNA in the spleen and bone
marrow was not significantly affected by an HFD. Expres-
sion of TLR4, MD-2, MyD88, and TRIF in these tissues was
not significantly affected by an HFD.

To test the clinical relevance of data generated from
mouse models, we examined RP105 and MD-1 mRNA ex-
pression in human adipose tissue. Linear regression anal-
yses showed a positive correlation between RP105 mRNA
levels and BMI in the VAT but not the SAT (Fig. 1B). RP105
mRNA expression was increased in the VAT but not the
SAT of obese subjects relative to nonobese subjects (Fig.
1C). In contrast, MD-1 mRNA expression was significantly
increased in the SAT but not the VAT of obese subjects
(Supplementary Fig. 3).
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FIG. 1. RP105 and MD-1 expression in mouse and human adipose tissues. A: RT-qPCR of TLRs, RP105/MD-1, MD-2, MyD88, and TRIF mRNA in the
eWAT from WT fed with an ND or HFD for 12 weeks (n = 8 per group). Data are presented relative to the expression in ND-fed mice, set as 1. Data
are shown as means = SE. *P < 0.05 vs. ND. B: Linear regression analysis of the correlation between adipose RP105 mRNA expression and BMI. C:
RP105 mRNA expression of the human adipose tissue of nonobese (BMI <25 kg/m?; n = 11) and obese (BMI >25 kg/m?; n = 7) subjects. Data are
shown as means *= SE. *P < 0.05. D: RT-qPCR of TLR4, MD-2, RP105, and MD-1 mRNA in adipocytes and SVF from WT mice on an ND (n = 8 per
group). Data are shown as means = SE. *P < 0.05 vs. adipocyte. N.D., not detected. E: RT-qPCR of TLR4, MD-2, RP105, and MD-1 mRNA in SVF
from WT mice on an ND or HFD for 12 weeks (n = 8 per group). Data are presented relative to the expression in the ND, set as 1. Data are shown as
means * SE. *P < 0.05 vs. ND. F: RT-qPCR of RP105 mRNA in SVF from WT or TLR4 KO mice fed with an ND or HFD for 12 weeks (n = 7 per group).
Data are presented relative to the exp’ression in WT mice fed with an ND, set as 1. Data are shown as means * SE. G: Immunoprecipitation analysis
of RP105 in lysates of spleen (2 X 10° cells/lane) or SVF (2 X 108 cells/lane) from WT mice on an ND or HFD for 12 weeks. Data are presented as
means * SE normalized to B-actin expression (bar graphs). *P < 0.05 vs. WT ND.

To determine the nature of RP105-bearing cells in
eWAT, we isolated adipocytes and the SVF from the e WAT
of WT mice (Fig. 1D). In adipocytes, MD-1, TLR4, and MD-2
mRNA were expressed, whereas RP105 mRNA was not
detected. The SVF expressed all the tested genes, but the
level of RP105 mRNA was lower than those of others. In
SVF, only RP105 was increased by an HFD (Fig. 1E). In
addition, this change was independent of TLR4 signaling,
as it was present in KO mice lacking TLR4 (Fig. 1F).
Likewise, RP105 protein levels were increased in obese
mice compared with lean mice (Fig. 1G). This change was
not detected in the spleen. These results indicate that the
expression of RP105 is associated with diet-induced
obesity.

The RP105/MD-1 complex is expressed in ATMs. We then
traced the expression of RP105 and MD-1 in SVF cells.

diabetes.diabetesjournals.org

Approximately 40% of the SVF cells from ND-fed mice
were composed of CD45" cells, and the percentage in-
creased to ~55% by HFD (Fig. 2A4). In contrast, an HFD
decreased the percentage of CD45 cells. RP105 and
MD-1 were seen on CD45" but not CD45™ cells in ND-
fed mice (Fig. 2B). Those leukocytes were heteroge-
neous with respect to RP105 and MD-1 densities, and the
percentages of RP105- and MD-1-bearing cells increased
by HFD. The TLR4/MD-2 complex was not displayed by
either CD45" or CD45 cells. The staining intensity of
RP105 correlated with that of MD-1 (Fig. 2C). There was
good correlation between transcript expression and
flow cytometry results (Supplementary Fig. 4). Of in-
terest, CD45  cells had TLR4 and MD-2 mRNA, and an
HFD increased MD-2 mRNA in CD45™ cells by approx-
imately threefold.
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FIG. 2. ATMs are major RP105/MD-1-expressing cells in SVF. A: Flow cytometry analysis of CD45 expression on SVF cells from WT mice on an ND
or HFD for 12 weeks. B: Flow cytometry analysis of RP105, MD-1, and TLR4/MD-2 expression on CD45* or CD45~ SVF cells from WT mice on an ND
or HFD for 12 weeks. C: Flow cytometry analysis of RP105 and MD-1 expression on CD45* SVF cells from WT mice on an ND. D: Flow cytometry

analysis of CD45* SVF cells from WT mice on an ND. E: RT-qPCR of RP105,

MD-1, TLR4, and MD-2 mRNA in F4/80* or CD3* SVF cells from WT mice

on an ND. Data are shown as means + SE. N.D., not detected. F: Representative histological images of eWAT from WT mice on an ND or HFD for 12

weeks stained with RP105, MD-1, and CD11c. Scale bars, 50 pm (ND) and

100 pm (HFD). All data are representative of at least two independent

experiments. (A high-quality digital representation of this figure is available in the online issue.)

Additional flow cytometry analyses revealed that a major-
ity of the RP105-expressing CD45" cells were F4/80* and
CD11b/Mac-1* (Fig. 2D). Some RP105-expressing cells were
CDl11e¢, B220, and CD19 positive. CD8* T cells have been
reported to promote the recruitment and activation of
macrophages in adipose tissue (25). However, CD3" and
CD8" cells did not have detectable RP105 (Fig. 2D). CD3"
cells had no RP105 and low MD-1 mRNA (Fig. 2E). In ad-
dition, RP105 and MD-1 were made by CD11b/Mac-1* and
CD19" cells but not CD3" cells in spleen cells of WT animals
(Supplementary Fig. 5A and B). RP105 and MD-1 were pre-
dominantly expressed in ATM clusters in eWAT from HFD-
fed mice (Fig. 2F). These RP105/MD-1-positive cells also
stained positive for CD11c. It is clear from these findings that
majority of RP105/MD-1-expressing SVF cells is ATMs.

1202 DIABETES, VOL. 61, MAY 2012

Expression of RP105 and MD-1 on M1 macrophages
reflects differentiation and is regulated by HFD and
adipocytes. Additional information about RP105/MD-1
expression was obtained by examination of M1 and M2
macrophage subsets (Fig. 3A). Differentiated M1 macro-
phages were strongly positive for RP105 and MD-1 as well
as tumor necrosis factor (TNF)-a and inducible nitric ox-
ide synthase, representative M1 markers. MD-2 mRNA also
was significantly increased by M1 differentiation. In con-
trast to the expression of arginase 1 and Mgl2 mRNA, the
levels of RP105 and MD-1 mRNA in M2 were similar to
those in undifferentiated BMMs. TLR4 and MD-2 mRNA
were not significantly influenced by M2 differentiation. The
RP105/MD-1 complex was detected on M1 and M2 ATMs
from ND-fed mice (Fig. 3B). Of interest, RP105/MD-1 on

diabetes.diabetesjournals.org
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nitric oxide synthase [iNOS]), M2 markers (arginase 1 and Mgl2), RP105, MD-1, TLR4, and MD-2 mRNA in differentiated M1 and M2 macrophages
(n = 3 per group). (—), undifferentiated BMMs. *P < 0.05 vs. (—). B: Flow cytometry analysis of RP105, MD-1, and TLR4/MD-2 expression on M1
and M2 ATMs from WT mice fed with an ND or HFD for 12 weeks (blue lines, isotype control antibodies). All data are representative of at least
three independent experiments. C: Illustration of the coculture system. D: RT-qPCR of TNF-a, MCP-1, CD11¢, adiponectin, RP105, MD-1, TLR4,
and MD-2 mRNA in the control and cocultured cells (n = 3 per group). As the control, the equal numbers of each cell were cultured separately and
mixed after harvest. Data are presented relative to the expression in the control culture, set as 1. *P < 0.05 vs. control culture. E: RT-qPCR of TNF-
o, MCP-1, RP105, and MD-1 mRNA in the control and cocultured cells with or without pioglitazone (n = 3 per group). Data are presented relative to
the expression in the control culture, set as 1. (—), coculture without pioglitazone. *P < 0.05 vs. coculture without pioglitazone. Data are shown as
means = SE (4, D, and E). All data are representative of at least three independent experiments.

M1 but not M2 ATMs was upregulated by an HFD. The
TLR4/MD-2 complex was not displayed on ATMs from
both ND- and HFD-fed mice.

To understand molecular mechanisms underlying HFD-
induced upregulation of RP105/MD-1 on M1 ATMs, we
prepared a coculture system composed of 3T3-L1 adipo-
cytes and macrophages (Fig. 3C). Using this approach, a
previous study determined that saturated FAs and TNF-« in
a paracrine loop could exacerbate adipose tissue inflam-
mation (15). We observed increased expression of TNF-q,
monocyte chemoattractant protein (MCP)-1, and CDllc
and decreased expression of adiponectin in the cocultured
cells (Fig. 3D). In parallel with the upregulation of TNF-«
and CDl11c, RP105 and MD-1 were markedly increased in
the cocultured cells compared with cells in control cultures.
Because 3T3-L1 cells did not express RP105 and MD-1
mRNA, macrophages were responsible for this change (data
not shown). In addition, this increase was independent of
TLR4 (Supplementary Fig. 6). We also observed increased
expression of TLR4 and MD-2; but these changes were
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smaller than those of RP105 and MD-1 (Fig. 3D). A perox-
isome proliferator-activated receptor-y agonist pioglitazone
treatment of HFD-fed WT mice decreased M1 markers and
increased M2 markers in eWAT (4). Pioglitazone stimulation
decreased RP105 and MD-1 mRNA, as well as TNF-a and
MCP-1 mRNA induced by the coculture in a dose-dependent
manner (Fig. 3E). Collectively, RP105 and MD-1 are asso-
ciated with differentiation and responsible for activation of
M1 macrophages.

RP105 KO and MD-1 KO mice have increased energy
expenditure and are protected from HFD-induced
obesity and hepatic steatosis. The above observations
led us to analyze RP105 KO and MD-1 KO mice in the de-
velopment of obesity and insulin resistance, comparing
them with WT and TLR4 targeted animals. RP105 KO and
MD-1 KO mice gained significantly less weight than WT and
TLR4 KO mice on an HFD, whereas no significant differ-
ences were found in body weights on an ND (Fig. 4A).
Representative photos and magnetic resonance imaging
revealed decreased fat masses in RP105 KO and MD-1 KO
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FIG. 4. RP105 KO and MD-1 KO mice with increased energy expenditure are protected from HFD-induced obesity and hepatic steatosis. A: Body
weight changes of WT, RP105 KO, MD-1 KO, and TLR4 KO mice fed with an ND or HFD (n = 12 per group). B: Fat-pad weights of WT, RP105 KO, MD-
1 KO, and TLR4 KO mice fed with an ND or HFD for 12 weeks (n = 12 per group). C: Food intake was measured for WT, RP105 KO, MD-1 KO, and
TLR4 KO mice fed with an HFD for 12 weeks (n = 12 per group). D: Liver weights of WT, RP105 KO, MD-1 KO, and TLR4 KO mice fed with an ND or
HFD for 12 weeks (n = 12 per group). E: Serum ALT levels were measured for 12-h fasting mice fed with an ND or HFD for 12 weeks (n = 12 per
group). F: Representative images of hematoxylin and eosin-stained sections of livers from WT, RP105 KO, MD-1 KO, and TLR4 KO mice fed with an
HFD for 12 weeks. Scale bars, 200 pm. G: Oxygen consumption (Vo) and carbon dioxide consumption (Vcos) were measured for WT, RP105 KO,
MD-1 KO, and TLR4 KO mice fed with an HFD for 12 weeks (n = 6 per group). Data are shown as means. H: The data from 8 A.m. to 2 p.m. or 8 p.M. to 2
AM. in G were calculated and shown as bar graphs. Data are shown as means + SE (A-E and H). *P < 0.05 vs. WT (A, B, D, E, and H). (A high-
quality digital representation of this figure is available in the online issue.)

mice on the HFD (Supplementary Fig. 7A and B). Fat-pad obesity and hepatic steatosis, and energy expenditure is in-
weights were similar in WT and TLR4 KO animals on the creased when RP105 and MD-1 are nonfunctional.
HFD but much smaller in RP105 KO and MD-1 KO mice RP105 KO and MD-1 KO mice are protected from
(Fig. 4B). Daily food intakes were similar in all groups of HFD-induced hypercholesterolemia and insulin resis-
mice (Fig. 4C). tance. All gene-targeted animals had reduced fasting se-
Chronic exposure of mice to HFD causes hepatic rum cholesterol levels on the HFD (Fig. 5A). Chronic
steatosis. In WT mice, this is reflected in increased liver exposure to HFD increased fasting glucose and insulin
weights and levels of serum ALT (Fig. 4D and E). The latter levels in WT and TLR4 KO but not RP105 and MD-1 KO
response was abrogated in Rp105 and Md-1 gene—targeted mice (Fig. 5B and C). The HFD caused insulin resistance
animals. HFD induced macrovesicular steatosis in WT and and impaired glucose tolerance in WT mice, whereas the
TLR4 KO but not RP105 or MD-1 KO mice (Fig. 4F). KO mice seemed to be more insulin sensitive and to have
We further found no significant differences in locomotor better glucose tolerance (Fig. 5D and E). Insulin sensitiv-
activity in these mice (Supplementary Fig. 84). RQ fluc- ities of MD-1 KO and TLR4 KO but not RP105 KO mice
tuated between 0.70 and 0.75 in all groups of mice main- significantly improved compared with WT mice (Fig. 5F,
tained on the HFD (Supplementary Fig. 8B). O, and COs left). Significant differences between WT and the KO mice
consumption were significantly increased through light were not observed in the GTT (Fig. 5F, right).
and dark phases in RP105 KO and MD-1 KO mice, whereas HFD-induced macrophage infiltration and adipose
these measurements were similar in WT and TLR4 KO mice tissue inflammation are attenuated in RP105 KO and
(Fig. 4G and H). These data clearly demonstrated that RP105 MD-1 KO mice. The improved insulin action in RP105- or
KO and MD-1 KO mice are protected from HFD-induced MD-1-deficient mice led us to investigate cell subsets in
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*P < 0.05 vs. WT.

adipose tissue and assess their expression of inflammatory
genes. Compared with WT mice on an HFD, RP105 KO and
MD-1 KO mice had severe reductions in the number of SVF
cells and F4/80" cells in eWAT (Fig. 6A and B). In contrast,
adipose tissue from TLR4 KO mice on an HFD exhibited
mild reductions in these numbers compared with WT mice.
The number of M1 ATMs (F4/80"/CD11c*/CD206 ) was
markedly reduced in RP105- or MD-1-deficient eWAT
compared with WT mice (Fig. 6C). M2 ATMs (F4/80*/
CD11c¢™/CD206™) also accumulated in eWAT during obesity
(Fig. 6C). Their numbers were significantly reduced in
RP105 KO, MD-1 KO, and TLR4 KO mice compared with WT
mice. An HFD induced a large increase in ATMs, which
form a crown-like structure around adipocytes in WT mice
(Fig. 6D). We observed severe reductions of ATMs in the
eWAT of RP105 KO and MD-1 KO mice. TLR4-deficient
eWAT showed mild reductions in ATMs compared with WT
mice. Expression of inflammatory genes, such as TNF-q,
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MCP-1, and IKKe, was increased by an HFD compared
with an ND in WT and TLR4 KO mice (Fig. 6F). TNF-a and
MCP-1 mRNAs also were increased by an HFD in sub-
cutaneous and retroperitoneal adipose tissues of WT mice
(Supplementary Fig. 1). In contrast, such increases were not
observed in the eWAT of RP105 KO and MD-1 KO mice (Fig.
6F). Consistent with the reduction in the number of F4/
80" cells and M1 macrophages, expression of F4/80 and
CD11c mRNA was decreased in RP105- or MD-1-deficient
eWAT fed with an HFD. Adiponectin expression was de-
creased by an HFD in WT and TLR4 KO mice but not RP105
or MD-1 deficiency. In addition, the lack of RP105/MD-1 did
not affect the differentiation of BMMs into M1 subset in-
duced by LPS plus interferon-y (Fig. 6F).

We examined the activity of some of the key signaling
molecules involved in adipose tissue inflammation and
insulin resistance. To assess the role of Jun NH2-terminal
kinase (JNK) (26,27), lysates from eWAT or SVF were
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FIG. 6. Obesity-induced macrophage infiltration and adipose tissue inflammation are attenuated in RP105 KO and MD-1 KO mice. A and B: Cell
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figure is available in the online issue.)

immunoblotted with a phospho-JNK antibody. We did not
observe significant increased phospho-JNK in the eWAT
from WT and the KO mice by HFD (Supplementary Fig. 94,
left). An HFD produced increased phospho-JNK in SVF
from WT mice (Supplementary Fig. 94, right). Of interest,
TLR4 KO but not RP105 KO and MD-1 KO mice exhibited
reduced levels of phospho-JNK in SVF by HFD, suggesting
that TLR4/MD-2 but not RP105/MD-1 is important for HFD-
induced JNK activation. An HFD induced IkBa degrada-
tion in SVF from WT but not RP105 KO, MD-1 KO, and
TLR4 KO mice, suggesting that nuclear factor (NF)-«kB is
activated by both TLR4/MD-2 and RP105/MD-1 (Supple-
mentary Fig. 9B). IKKe is a direct transcriptional target of
NF-kB (28). IKKe phosphorylation was investigated by
Western blotting, as a surrogate to assay activation of the
kinase. IKKe expression in eWAT was similarly increased
after an HFD in WT, RP105 KO, MD-1 KO, and TLR4 KO
mice (Supplementary Fig. 9C). Of interest, HFD increased
levels of phospho-IKKe in eWAT from WT, RP105 KO, and
MD-1 KO, but not TLR4 KO, mice, suggesting that IKKe
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phosphorylation after an HFD is downstream TLR4 but not
RP105 signaling.

Because TLRs can regulate inflammatory activation, we
wondered whether RP105 KO mice might also be hypores-
ponsive to acute inflammatory stimuli. LPS injection led to
a profound elevation in proinflammatory genes in the SVF
(Fig. 7). However, the levels of these genes were not affected
by RP105 deficiency. Collectively, the RP105/MD-1 complex
contributes to the development of diet-induced chronic, low-
grade adipose tissue inflammation.

The RP105/MD-1 complex is not involved in palmitic
and stearic acid-induced macrophage activation. Pal-
mitic acid is one of the most abundant saturated FAs in
plasma and is substantially elevated by an HFD (29). Fur-
thermore, palmitic acid has been reported to be an endog-
enous TLR4 ligand (15-17). BSA—palmitic acid, but not BSA
alone, increased TNF-a mRNA in WT BMMs (Fig. 84, upper
panel). TLR4-deficient BMMs showed a lower increase of
TNF-oo mRNA than WT upon BSA—palmitic acid stimulation.
In contrast, WT, RP105-deficient, and MD-1-deficient BMMs
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by RT-qPCR. Data are presented relative to the expression in PBS-injected WT mice, set as 1. Data are shown as means = SE. Data are representative

of at least two independent experiments.

generated similar levels of TNF-a mRNA in response to
BSA-palmitic acid. BMMs also were stimulated with other
saturated FAs. Upon 100 pmol/LL of BSA—stearic acid stim-
ulation, WT, RP105-deficient, and MD-1-deficient BMMs
similarly increased levels of TNF-a mRNA, and this was
dependent on TLR4 (Fig. 84, middle panel). However, upon
200 pmol/L. of BSA-stearic acid stimulation, we did not
observe the TLR4 dependency. Although lauric acid induces
NF-«B activation in RAW264.7 cells via TLR4 (30), we did
not observe significantly increased TNF-a mRNA by BSA-
lauric acid in BMMs from WT and all the KO mice (Fig. 84,
lower panel). Thus, although palmitic and stearic acids ac-
tivate innate immunity via TLR4/MD-2, a different ligand
must be recognized by RP105/MD-1 and be responsible for
most of obesity-related inflammation (Fig. 8B).

DISCUSSION

Here, we provided evidence that RP105/MD-1 plays a ma-
jor role in regulating adipose tissue inflammation and me-
tabolic disorders. Many detrimental consequences of an
HFD were ameliorated by targeting genes encoding for
RP105 or MD-1. TLR4 KO mice showed reduced HFD-
induced adipose tissue inflammation (Fig. 6), but our results
clearly revealed more requirements of RP105/MD-1 than
TLR4/MD-2 in the induction of adipose tissue inflammation
and obesity. The higher levels of cell surface and transcript
expression of RP105/MD-1 in eWAT might simply reflect the
requirements of RP105/MD-1 (Figs. 1-3). As is demonstrated,
however, RP105/MD-1 plays unique, TLR4-independent
roles in adipose tissue inflammation, and a ligand and
signaling pathway of RP105/MD-1 must be different from
those of TLR4/MD-2 (Fig. 8A and Supplementary Fig. 9).
A dietary or endogenous ligand other than palmitic and
stearic acids might trigger upregulation of RP105 on
macrophages that, in turn, accumulate in adipose tissue.
The underlying mechanisms require more investigation,
but some aspects are clear.

Both MD-1 and MD-2 are members of the same lipid-
recognition family (31), and MD-2 is essential for LPS rec-
ognition (7). Crystal structure analyses revealed that MD-1
could recognize lipid-like molecules (32,33). An endogenous
ligand for RP105/MD-1 must be something other than pal-
mitic and stearic acids (Fig. 84), inducing adipose tissue
inflammation by RP105/MD-1 signaling pathway. Otherwise,
it might not necessarily be a saturated FA, since some
proteins and other components induce sterile inflammation
via TLR4/MD-2. Other lipids or components derived from
inflamed tissues might stimulate RP105/MD-1 in adipose
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tissue inflammation. Identification of ligands that pro-
mote adipose tissue inflammation via RP105/MD-1 would
be an important achievement.

Although other TLRs have a Toll/interleukin-1 receptor
(TIR) domain in the intracellular segment, RP105 has only
11 amino acids in that portion (24). This suggests that
RP105 requires another molecule to transmit its signal. In
B cells, CD19 regulates RP105 but not TLR4 signaling (34).
The MyD88 and TRIF adaptors are involved in TLR4 (5)
but not RP105 signaling (data not shown). However, little
is known about how RP105 regulates chronic inflamma-
tion. The NF-kB pathway plays a crucial role in obesity-
associated inflammation. HFD activates NF-kB in fat and
liver and increases IKKe expression in M1 macrophages
(28). IKKe KO mice do not gain weight on an HFD with
increased energy expenditure (28). In addition, IKKe KO
mice are protected from diet-induced hepatic steatosis,
macrophage infiltration into adipose tissue, and increased
expression of inflammatory genes in eWAT. The similar-
ities between these changes and ones we attributed to
RP105/MD-1 are intriguing. However, although both TLR4
and RP105 are required for HFD-induced NF-kB activation
(Supplementary Fig. 9B), IKKe may be activated in the
downstream of TLR4 but not the RP105 pathway by HFD
(Supplementary Fig. 9C). In addition, TLR4 but not RP105
may activate JNK pathway in obese mice (Supplementary
Fig. 9A). Thus, RP105 shares some signaling pathways with
TLR4 but must have distinct ones from TLR4.

Levels of RP105 mRNA in SVF and macrophages were
dramatically increased by HFD and coculture with adipo-
cytes, respectively. We did not record similar changes in
spleen, bone marrow, or even other immune cells in eWAT
(data not shown). This raises the possibility of a self-
amplifying, feed-forward mechanism of diet-induced inflam-
mation. Processing or production of an RP105/MD-1 ligand
by adipocytes might recruit and activate macrophages that
produce cytokines capable of promoting obesity and sys-
temic metabolic changes.

The dramatic changes in metabolic status and in-
flammation in RP105 KO and MD-1 KO mice we observed
might have resulted from lower body weights in these KO
mice. However, deletion of some genes prevents inflam-
mation and insulin resistance but not weight gain from an
HFD (35-37). Others (16) and we have demonstrated that
TLR4 KO mice on an HFD have restored insulin resistance
but continue to gain weight. Blunting that response to diet
is desirable and unique to RP105/MD-1.

The RP105/MD-1 complex is not expressed in CD45™
nonleukocytes in eWAT and RP105 expression is largely
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0.05 vs. BSA control. Similar results were obtained in three independent experiments. B: Hypothetical model of RP105/MD-1 activation in LPS
responses in B cells and adipose tissue inflammation. The TLR4/MD-2 complex is essential for LPS recognition and responses. The RP105/MD-1
also could recognize LPS by low affinity and augment TLR4-dependent LPS responses in B cells. On the other hand, RP105/MD-1 might contribute
to the development of adipose tissue inflammation and insulin resistance by palmitate-TLR4-independent manner.

restricted to the immune system (24). However, involvement
of other cell types is possible. Signaling mediated by MyD88
can mediate HFD-induced leptin and insulin resistance in the
central nervous system (38). Another report (39) suggests
that TLR4 signaling in hematopoietic cells is important for
obesity-associated insulin resistance. Although RP105 tran-
scripts were low in the brain (data not shown), we observed
that an HFD increased RP105 mRNA in the liver, brown
adipose tissue, and skeletal muscle. Additional investigation
will reveal if RP105/MD-1 has roles in those tissues.

To conclude, the RP105/MD-1 complex mediates much
of the weight gain, insulin resistance, and sterile inflam-
mation that result from exposure to an HFD. Future studies
will clarify a precise ligand and signaling pathway of
RP105/MD-1, which link this complex and adipose tissue
inflammation.
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