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Obesity activates toll-like receptor-mediated proinflammatory signaling cascades
in the adipose tissue of mice☆
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Abstract

Obesity is characterized by low-grade and chronic inflammation, a phenomenon explained with a new term, metaflammation. Recent studies suggest that
adipocytes may play an important role in the physiological regulation of immune responses in fat deposits via toll-like receptor (TLR) signaling cascades. This
study investigates the role of the visceral as well as subcutaneous adipose tissues in the development of metaflammation by characterizing the tissue-specific
expression profiles of TLRs and downstream signaling molecules and explores the differential responsiveness of TLR-mediated proinflammatory signaling
cascades to diet-induced obesity (DIO) and obesity induced by a leptin gene deficiency. The obesity that was induced by a high-fat diet or leptin deficiency up-
regulated the expression of TLR1–9 and TLR11–13 in murine adipose tissues, a phenomenon linked with downstream nuclear factor κB, interferon regulatory
factors, and STAT-1 activation, and up-regulated the expression of cytokines and chemokines via MyD88-dependent and MyD88-independent cascades. The
extent of the obesity-induced up-regulation of most TLR genes and related proinflammatory signaling cascades was much greater in the epididymal adipose
tissues than in the subcutaneous fat tissues of the mice with DIO. Furthermore, the magnitudes of the obesity-induced up-regulation of the TLR1, TLR4, TLR5,
TLR8, TLR9, and TLR12 genes and most of the downstream signaling molecules and target cytokine genes in the visceral adipose tissue were greater in the DIO
mice than in the ob/ob mice. These results suggest that TLRs and related proinflammatory signaling molecules that are overexpressed in enlarged adipose tissues
may play an important role in the obesity-associated phenomenon of metaflammation.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Adipose tissue had been regarded as a silent and inert organ that
stores excess energy as triglycerides and releases energy as fatty acid.
Beginning with the discovery of leptin in 1995, however, the view of
adipose tissue has changed considerably: it is now recognized as an
endocrine organ that secretes a wide variety of hormones, cytokines,
chemokines, and growth factors that influence metabolism, vascular
and endothelial functions, appetite, satiety, immunity, inflammation,
tumor growth, and many other physiological processes [1]. In
particular, obesity is increasingly being associated with a phenome-
non recently termed metaflammation (metabolically triggered in-
flammation), which describes low-grade and chronic activation of the
inflammatory response [2]. The physiological mechanisms that link
obesity to metaflammation include the production of various
adipocytokines (e.g., adiponectin, resistin, visfatin, and leptin) and
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proinflammatory cytokines such as tumor necrosis factor α (TNFα),
interleukin (IL)-6, and IL-1 by the expanded adipose tissues [3-6].
Furthermore, elevated free fatty acids (FFAs) in the serum and
visceral fat tissues in obese humans, as well as in animal models of
obesity, have been shown to induce proinflammatory signaling and
insulin resistance in peripheral tissues [7,8].

Toll-like receptors (TLRs) are a family of pattern-recognition
receptors that play a critical role in the innate immune system by
activating proinflammatory signaling pathways in response to
microorganisms [9]. Until recently, 10 distinct TLRs have been
identified in humans [10], and 13, in mice [11]. Mesenchymal stem
cells that were isolated from human adipose tissue were reported to
express TLR1 to TLR6 and TLR9 [12], whereas mature adipocytes of
human subcutaneous and visceral adipose tissues were reported to
express TLR1 to TLR4 and TLR6 [13]. The TLRs recognize the conserved
pathogen-associated molecular patterns (PAMPs) of invading micro-
bial pathogens, the structures of which include lipids, carbohydrates,
nucleic acid, and various proteins [10, 14, 15]. The TLRs occur as
dimers from the PAMPs [16]. For example, TLR1 and TLR2 hetero-
dimerize, and the resulting dimmer recognizes bacterial triacylated
lipopeptides, whereas TLR2, which heterodimerizes with TLR6,
senses bacterial diacylated lipopeptides. Homodimerized TLRs in-
clude TLR4, a receptor for the Gram-negative bacterial product
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lipopolysaccharide; TLR9, a receptor for the unmethylated CpG-
containing DNA motifs that occur in bacterial and viral DNAs; TLR3,
which senses synthetic and viral double-stranded RNAs and TLR5,
which binds flagellin from bacteria [10,14,17-19]. TLR8, which binds
viral single-stranded RNAs, heterodimerizes with TLR7 or TLR9. TLR11
responds specifically to uropathogenic bacteria [20,21], whereas the
ligands for TLR10, TLR12 and TLR13 have not yet been identified [17].

There are several proofs of the involvement of TLR2 and TLR4 in
metabolic functions as well as in innate immune responses in obesity.
Shi et al. [22] suggested that TLR4 may be one mechanism by which
fatty acids induce inflammation and insulin resistance in conventional
insulin-target tissues, such as adipose tissue [22-24] and muscles
[25,26] of obese mice and human subjects. Mice with loss-of-function
mutation in TLR4 (C3H/HeJ, a TLR4-deficient mouse strain) are
protected against the development of diet-induced obesity, inflam-
mation via nuclear factor κB (NFκB) activation and insulin resistance
[25]. Recently, three different groups have demonstrated that the
activation of a TLR2 signaling pathway is related to the development
of insulin resistance in adipocytes or myotubes [27-29]. The
adipocytes and preadipocytes that were isolated from the adipose
tissues of the ob/ob and db/db mice, which are leptin and leptin
receptor deficient, respectively, were characterized by more signifi-
cant up-regulation of TLR1 to TLR9 expression than with wild-type
cells [30-32]. Obesity-induced changes, however, in the expression
patterns of TLRs and related signaling cascades in the adipose tissues
remain widely unclear.

The metabolic and endocrine functions of adipose tissue from
various depots differ in a way that may explain the association of
visceral but not subcutaneous fat with obesity-related metabolic
problems [33]. This study focuses on two aspects. First, it defines the
role of the visceral and subcutaneous adipose tissues in the
development of metaflammation through the characterization of
the tissue-specific expression profiles of TLRs and downstream
signaling molecules. Second, the degrees of responsiveness of TLR-
mediated proinflammatory signaling cascades to obesity in enlarged
adipose tissues between a mouse model with diet-induced obesity
(DIO) and a leptin-deficient (ob/ob) obese mouse were compared.

2. Materials and methods

2.1. Mice and experimental diets

Twenty-five 5-week-old male C57BL/6J mice and five 5-week-old ob/ob mice
(Orient, Gyeonggi-do, Korea) were housed in a room with controlled temperature
(21±2.0°C) and humidity (50±5%) and with a 12-hour light/12-hour dark cycle and
were fed a commercial diet (Ralston-Purina, St. Louis, MO, USA) for a week. Twenty of
the C57BL/6J mice were randomly divided into two groups and fed either the normal
diet (ND) or a high-fat diet (HFD) for 12 weeks. The HFD contained 200 g of fat/kg
(170 g of lard plus 30 g of corn oil) and 1% cholesterol by weight. The HFD was
formulated to provide 40% of the total energy generated by the diet from fat by
replacing carbohydrates with lard and corn oil, but it contained the same amount of
vitamins and minerals per kJ as were in the ND. The remaining five C57BL/6J mice and
five ob/ob mice were fed standard rodent chow for 12 weeks.

The mice were anesthetized with diethyl ether following overnight fasting. Blood
was drawn from their abdominal aorta into a vacuum tube, and the epididymal and
subcutaneous fat-pads were removed, weighed, and frozen in liquid nitrogen. All mice
were housed in the specific pathogen-free facility of the Yonsei University, Seoul,
Korea, and this study was approved by the institutional animal care and use committee
of Yonsei University.

2.2. Biochemical analysis

The serum glucose concentration was measured using the Express Plus Chemistry
Analyzer (Chiron Diagnostics, Emeryville, CA, USA). The serum insulin and leptin levels
were measured through radioimmunoassay (Linco Research, St. Louis, MO, USA), and
the serum cholesterol, triglyceride and free fatty acid levels were determined using
commercially available kits (Bio-Clinical System, Gyeonggi-do, Korea). The hepatic
lipids were extracted through the procedure that Folch et al. [34] developed using a
chloroform-methanolmixture (2:1 v/v). The dried lipid residues were dissolved in 2ml
ethanol. The hepatic cholesterol, triglyceride and free fatty acid concentrations were
analyzed using the same enzymatic kits that were used for the plasma analyses.
2.3. Semi-quantitative reverse transcriptase polymerase chain reaction (RT-PCR)

The total RNA was isolated from the epididymal and subcutaneous adipose tissues
of each mouse using Trizol (Invitrogen, Carlsbad, CA, USA), and then pooled for the RT-
PCR analysis (n=10). Four micrograms of the total RNA was reverse-transcribed using
the Superscript II kit (Invitrogen) according to the manufacturer's recommendations.
The PCR was programmed as follows: 10 min at 94°C, 30 cycles of 94°C for 30 s, 55 or
60°C for 30 s, and 72°C for 1min, and 10-min incubation at 72°C. The glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene was used as the internal control of equal
amounts of cDNA in the PCR reactions. The PCR products were subjected to
electrophoresis in 1–2% agarose gel, and the densitometric quantification of the band
intensity was analyzed using the Quantity One analysis software (Bio-Rad, Hercules,
CA, USA). The primers for the PCR are shown in Table 1.

2.4. Nuclear fraction extraction

The preparation of the nuclear extract (NE) was carried out as described [35]. The
epididymal and subcutaneous fat tissues from the ND- or HFD-fed mice (for 12 weeks)
were homogenized using a Dounce homogenizer in the lysis buffer, and nuclear
proteins were further extracted with buffer C that contained 20 mM of ph 7.9 HEPES-
KOH, 1.5 mM of MgCl2, 420 mM of NaCl, 25% glycerol, 0.2 mM of EDTA, 0.5 mM of
dithiothreitol (DTT) and 0.5 mM of phenylmethylsulfonyl fluoride (PMSF).

2.5. Western blot analysis

The NE proteins (3 μg/lane) were separated in a 10% sodium dodecyl sulfate
polyacrylamide gel and transferred to a nitrocellulose membrane (Amersham,
Buckinghamshire, UK). The membranes were then blocked for 2 h in 5% bovine
serum albumin (BSA) in a Tris-buffered saline/Tween buffer (20 mM Tris-base, pH 7.5,
150 mM NaCl and 0.2% Tween 20). Then the membranes were probed with a 1:1000
dilution of the primary antibody. After the incubation of membrane with the
corresponding secondary antibody, signals were detected using the chemiluminescent
detection system (Amersham, Uppsala, Sweden). Antibodies against NFκB p50, p65,
Lamin B and horseradish peroxidase-conjugated goat anti-rabbit IgG were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Lamin B was used as the internal
control of equal amounts of NE protein in Western blot. The ECL chemiluminescent
detection reagent was purchased from Amersham (Arlington Heights, IL, USA).

2.6. Electrophoretic mobility shift assay (EMSA)

EMSAwas carried out as previously described [35]. For the binding reaction, 2 μg of
NE was incubated with the 32P-labeled probe in the binding buffer that contained 10
mM of ph 7.5 Tris, 100 mM of KCl, 1 mM of DTT, 1 mM of EDTA, 0.2 mM of PMSF, 1 mg/
ml of BSA and 5% glycerol at room temperature for 30 min. For the competition
experiments, a 100-M excess cold probe was added to the reaction mixture. Bound and
free DNAs were analyzed via electrophoresis through a 6% polyacrylamide gel and
exposed to autoradiography. The sequence of the oligonucleotides that were used as
probes was as follows: NFκB, 5′-AGTTGAGGGGACTTTCCCAGGC-3′, and STAT-1, 5′-
CATGTTATGCATATTCCTGTAAGTG-3′.

2.7. Statistical analyses

The data on the body weight gain and the serum and biochemistries are presented
in this study as the means±S.E.M. of 10 mice. The RT-PCR data that are shown are from
representative experiments out of three independent experiments in which the RNA
samples were pooled from 10 or 5 mice per group. The densitometric quantification of
the band intensity is presented here as the mean±S.E.M. of three independent
experiments. The statistical significance, denoted as ⁎, ⁎⁎ or ⁎⁎⁎, was defined as Pb.05,
Pb.01, or Pb.001, respectively, and was determined by the Student's t test using the
SPSS software.

3. Results

3.1. Phenotypic characteristics of obese mice

The mice that were fed the HFD for 12 weeks had significantly
greater final body weight (39% greater, Pb.001) and body weight
gains (188% greater, Pb.001) and heavier relative weights of the
visceral fat depots than the mice that were fed the ND. The
retroperitoneal, epididymal, mesenteric, and perirenal fat pads were
215%, 151%, 64%,and 186% heavier, respectively, in the mice that were
fed the HFD than in those that were fed the ND (Pb.001). The HFD-fed
mice exhibited significantly higher levels of serum total cholesterol
(Pb.001), triglycerides (Pb.01), free fatty acids (Pb.001), glucose
(Pb.05), insulin (Pb.001) and leptin (Pb.001) than the ND-fed mice.



Table 1
Specific primers used for the RT-PCR

Primer pair (5′-3′, forward and reverse) Tm
(°C)

Cycles Size
(bp)

TLR1 TCT CTG AAG GCT TTG TCG ATA CA
GAC AGA GCC TGT AAG CAT ATT CG

55 426

TLR2 TCT AAA GTC GAT CCG CGA CAT
TAC CCA GCT CGC TCA CTA CGT

55 344

TLR3 TTG TCT TCT GCA CGA ACC TG
CGC AAC GCA AGG ATT TTA TT

55 217

TLR4 CAA GAA CAT AGA TCT GAG CTT CAA CCC
GCTGTC CAA TAG GGA AGC TTT CTA GAG

58 278

TLR5 ACT GAA TTC CTT AAG CGA CGT A
AGA AGA TAA AGC CGT GCG AAA

55 401

TLR6 AAC AGG ATA CGG AGC CTT GA
CCA GGA AAG TCA GCT TCG TC

58 199

TLR7 TTC CGA TAC GAT GAA TAT GCA CG
TGA GTT TGT CCA GAA GCC GTA AT

55 199

TLR8 GGC ACA ACT CCC TTG TGA TT
CAT TTG GGT GCT GTT GTT TG

55 412

TLR9 ATG GTT CTC CGT CGA AGG ACT
GAG GCT TCA GCT CAC AGG G

55 118

TLR11 TGG AGC ACT TCT TTA TCT G
TTC CAC CAA CAAGTA TGA

55 619

TLR12 ATA CCC AAA TAC GGA TGA GC
GGC AGC CCA GTG ATA AGG

55 421

TLR13 CAA AGA CGC CTT CAC TCC
TGA CTT TAT TGC CAT TCC

58 284

TRIF ATG GAT AAC CCA GGG CCT T
TTC TGG TCA CTG CAG GGG AT

55 528

Tirap GTG GCC GCT GGA GCA AAG AC
TTG CCT CTG CCA TCC ACA TA

58 370

MyD88 AAG AAA GTG AGT CTC CCC TC
TCC CAT GAA ACC TCT AAC AC

55 149

TRAF6 GCA CAA GTG CCC AGT TGA CAA TGA
AGT GTC GTG CCA AGT GAT TCC TCT

56 479

IRF1 AGC TGT GTG CAG ATG TTA GCC
CGT GAA GAC ATG TTG TAT GCC

55 478

IRF3 ACA TCT CCA ACA GCC AGC CTA T
AGT CCA TGT CCT CCA CCA AGT C

56 30 80

IRF5 AAT ACC CCA CCA CCT TTT GA
TTG AGA TCC GGG TTT GAG AT

58 191

IRF7 CAG CGA GTG CTG TTT GGA GAC
AAG TTC GTA CAC CTT ATG CGG

58 350

TNFα TGT CTC AGC CTC TTC TCA TT
AGA TGA TCT GAG TGT GAG GG

58 156

IL-6 ATG AAG TTC CTC TCT GCA AGA GAC T
CAC TAG GTT TGC CGA GTA GAT CTC

55 638

IFNα ATG GCT AG(G/A) CTC TGT GCT TTC CT
GGG CTC TCC AGA (T/C)TT CTG CTC TG

58 500

IFNβ CCA CAG CCC TCT CCA TCA ACT ATA AGC
AGC TCT TCA ACT GGA GAG CAG TTG AGG

56 372

IL-12-p45 ATC GTT TTG CTG GTG TCT CC
CTT TGT GGC AGG TGT ACT GG

58 321

CXCL2 GTG CCT CGC TGT CTG AGA GTT
AGT TCC CAA CTC ACC CTC TCC

58 277

IκBξ ATC CGA AGC AAC AAG CAG AA
CAC GAA GTG AGA AGG CAA CA

58 186

F4/80 TTTCCTCGCCTGCTTCTTC 60 256
CCCCGTCTCTGTATTCAACC

CD68 AGGGTGGAAGAAAGGTAAAGC 60 382
AGAGCAGGTCAAGGTGAACAG

CD14 GGCTTGTTGCTGTTGCTTC 60 325
CAGGGCTCCGAATAGAATCC

NFκB (p50) CGCCAAAGTATAAGGATGTC 55 163
GTAGAGAAAGGGTTTCGGTT

NFκB (p650) AGCACAGATACCACCAAGAC 55 189
TCAGCCTCATAGTAGCCATC

STAT-1 GGAGGTGAACCTGACTTCCA 60 286
TCTGGTGCTTCCTTTGGTCT

SOCS-1 GAG GTC TCC AGC CAG AAG TG 59 235
CTT AAC CCG GTA CTC CGT GA

GAPDH AGA ACA TCA TCC CTG CAT CC
TCC ACC ACC CTG TTG CTG TA

55 367
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The feeding of the mice with the HFD led tomore significant increases
in the relative weight of their liver (87% increase) and in the hepatic
levels of their cholesterol (150% increase), triglycerides (86% greater),
and free fatty acids (344% greater) than in the ND mice (Pb.001)
(Table 2). Compared to the values observed in the DIO mice, final
body weight (53% greater), body weight gain (114% greater) and
visceral fat-pad weights (69% greater) were greater in the age-
matching ob/ob mice that were raised on a regular diet for the same
period (Table 2).

The fat cell size was compared in the epididymal and subcutane-
ous fat depots of ND and HFD groups. The HFD-fed mice had 98% and
166% increased epididymal and subcutaneous fat-cell sizes, respec-
tively, relative to the ND-fed mice (Fig. 1A and B). Therefore, the
magnitude of HFD-induced enlargement of adipocyte volume was
greater in the subcutaneous fat depot than in the epididymal fat
depot. To quantify macrophage infiltration into different depots of
adipose tissues, we analyzed the mRNA expression of macrophage
markers, such as F4/80, CD68 and CD14 in both visceral and
subcutaneous adipose tissues of mice. The densitometric analyses of
these gene bands in the epididymal adipose tissue indicated that the
HFD up-regulated the expression of F4/80 (190% increase), CD68
(280% increase) and CD14 (110% increase) as compared with the
values for the ND mice. These HFD-induced up-regulations of
macrophage marker genes were also observed in the subcutaneous
adipose tissue of mice, but to a lesser extent (for F4/80, 160% increase;
CD68, 20% increase; CD14, 90% increase) than in the epididymal
adipose tissue (Fig. 1C and D).
3.2. HFD-induced changes in the expression of TLRs and their
adaptor molecules

The expression patterns of the TLR genes in the visceral and
subcutaneous adipose tissues of the mice that were fed HFD or ND
were determined through RT-PCR analyses. Stronger signals for all 12
TLR genes (TLR1 to TLR9, and TLR11 to TLR13) were detected in the
epididymal and subcutaneous adipose tissues of the HFD-fed mice
than in the respective adipose tissues that were obtained from the ND
mice (Fig. 2A). The densitometric analyses of the TLR gene bands from
Table 2
Body weight, visceral fat-pad weights, serum and hepatic biochemistries

ND HFD Lean ob/ob

Final body weight (g) 26.3±0.8 36.5±1.2 ⁎⁎⁎ 23.8±0.5 55.9±1.3 ⁎⁎⁎

Body weight gain
(g/12 weeks)

5.8±0.3 16.7±0.6 ⁎⁎⁎ 4.9±0.1 35.8±0.6 ⁎⁎⁎

Visceral fat-pad weight (mg)
Retroperitoneal 139±10 605±32 ⁎⁎⁎ 92.8±7.1 1123±156 ⁎

Epididymal 581±34 2025±62 ⁎⁎⁎ 416±35 3303±83 ⁎⁎⁎

Mesenteric 310±21 708±36 ⁎⁎⁎ 268±38 1173±44 ⁎⁎

Perirenal 73±5.2 288±7.3 ⁎⁎⁎ 26.2±2.4 525±61 ⁎⁎

Total 1101±57 3628±120 ⁎⁎⁎ 806±102 6121±190 ⁎⁎⁎

Serum
Total cholesterol (mmol/L) 2.7±0.1 5.1±0.2 ⁎⁎⁎ ND ND
Triglyceride (mmol/L) 0.5±0.01 0.6±0.02 ⁎⁎ ND ND
Free fatty acid (μEq/L) 460±13 866±14 ⁎⁎⁎ ND ND
Glucose (mmol/L) 9.0±0.2 12.6±0.5 ⁎ ND ND
Insulin (pmol/L) 28.0±5.8 83.6±10.6 ⁎⁎⁎ ND ND
Leptin (ng/ml) 6.7±0.7 22.2±1.4 ⁎⁎⁎ ND ND
Liver
Weight (mg/100 g
body weight)

3.4±0.1 6.4±0.2 ⁎⁎⁎ ND ND

Cholesterol (μmol/g liver) 9.9±0.2 24.8±0.7 ⁎⁎⁎ ND ND
Triglyceride (μmol/g liver) 24.5±3.0 45.6±2.2 ⁎⁎⁎ ND ND
Free fatty acid (μEq/g liver) 2.0±0.2\ 8.7±0.4 ⁎⁎⁎ ND ND

Each value represents the mean±S.E.M., n=10.
⁎ Pb.05.
⁎⁎ Pb.01.
⁎⁎⁎ Pb.001.



Fig. 1. Adipocyte hypertrophy and macrophage infiltration. (A and B) Histology and mean adipocyte diameter of epididymal and subcutaneous fat-pads of mice. (C) Representative
RT-PCR results of the detection of F4/80, CD68, and CD14 gene expression. (D) Densitometry of the F4/80, CD68, CD14 and GAPDH gene bands for a semi-quantitative comparison of
their expression levels. The data are the mean±S.E.M. for three independent experiments using RNA samples pooled from 10 mice per group. ⁎Pb.05; ⁎⁎Pb.01; ⁎⁎⁎Pb.001.

Fig. 2. Expression pattern of TLRs and their adaptor molecules in the epididymal and subcutaneous adipose tissues of the mice. (A) and (C) Representative images of the RT-PCR
for the detection of the TLRs and their adaptor molecules. (B) and (D) The densitometry of the TLRs, adaptor molecules and GAPDH gene bands was presented for a semi-
quantitative comparison of their expression levels. The data are the mean±S.E.M. for three independent experiments using RNA samples pooled from 10 mice per group. ⁎Pb.05;
⁎⁎Pb.01; ⁎⁎⁎Pb.001.
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three independent experiments indicated that the HFD up-regulated
the expression of TLR1 (653% increase), TLR2 (162% increase), TLR3
(45% increase), TLR4 (394% increase), TLR5 (410% increase), TLR6
(559% increase), TLR7 (276% increase), TLR8 (1572% increase), TLR9
(1683% increase), TLR11 (397% increase), TLR12 (478% increase) and
TLR13 (281% increase) genes in the epididymal adipose tissue of the
mice compared with those of ND (Fig. 1B). The HFD-induced up-
regulation of the TLR genes was also observed in the subcutaneous
adipose tissue but to a lesser extent than in the epididymal adipose
tissue for TLR1 (105% increase), TLR3 (21% increase), TLR4 (121%
increase), TLR5 (39% increase), TLR6 (82% increase), TLR7 (157%
increase), TLR8 (113% increase), TLR9 (872% increase), TLR11 (100%
increase), TLR12 (212% increase) and TLR13 (164% increase) genes,
with the exception of the TLR2 (237% increase) gene, which was up-
regulated via HFD feeding to a greater extent in the subcutaneous
adipose tissue than in the epididymal adipose tissue (Fig. 2B).

The HFD-induced changes in the expression of TLR-related
adaptor molecules in the epididymal and subcutaneous adipose
tissues of the mice that were fed the HFD or ND were also evaluated.
Compared to the ND, the HFD resulted in significant increases in the
expression of MyD88-dependent adaptor molecules, such as the Toll/
IL-1 receptor (TIR)-associated protein (Tirap), MyD88 and the TNF
receptor-associated factor 6 (TRAF6), in the epididymal (116%, 259%
and 440% increases, respectively) and subcutaneous (164%, 69% and
188% increases, respectively) adipose tissues of themice. TIR-domain-
containing and adaptor-inducing interferon (IFN) (TRIF), a MyD88-
independent adaptor molecule, was also significantly up-regulated in
the epididymal (1121% increase) and subcutaneous (94% increase)
adipose tissues of the HFD-fed mice (Fig. 2C and D).
Fig. 3. Activation and expression of TLR-mediated transcription factors in the epididymal and
epididymal and subcutaneous adipose tissues of the HFD- and ND-fed mice. The nuclear extrac
used for competition control. (B) Representative images of Western blotting for the transloc
extract from the HFD- and ND-fed mice were analyzed using antibodies against NFκB p50
condition. (C) Representative images of the RT-PCR for the detection of the IRFs. (D) Densitom
expression levels. The data are the mean±S.E.M. for three independent experiments using RN
3.3. HFD-induced changes in TLR-mediated transcription factors

To determine whether the HFD activated the NFκB translocation
into the nucleus, EMSA and Western blot analyses were performed
using a nuclear fraction extract that was prepared from the
epididymal and subcutaneous adipose tissues of mice that were fed
either the ND or HFD. For the competition experiments, a 100-M-
excess cold probewas added to the reactionmixture using the nuclear
fraction extract from the epididymal adipose tissues of the HFD-fed
mice. The results showed that the HFD induced NFκB activation in the
epididymal adipose tissue of the mice. HFD-induced NFκB activation
was also detected in the subcutaneous adipose tissues of the mice but
to a lesser degree than in the epididymal adipose tissue (Fig. 3A).
Nuclear NFκB subunits, p65 and p50, were released from cytoplasmic
complexes with the inhibitor of the NFκB (IκB) α and β protein
following IκB kinase complex (IKK)-mediated phosphorylation,
ubiquitylation, and proteolytic degradation [36]. Consistent with the
activation of NFκB in the adipose tissues of the HFD-fed mice, the
Western blot analysis revealed higher increased levels of both NFκB
sub-units, p65 and p50, in the nucleus of the epididymal adipose
tissues of the HFD group than with the ND mice, whereas NFκB p65
and p50were not detected in the nucleus of the subcutaneous adipose
tissues (Fig. 3B).

The HFD-induced changes in the expression of transcription
factors such as the interferon regulatory factor (IRF) 1, 3, 5 and 7
were determined. The HFD resulted in a down-regulation of IRF1
expression in the epididymal (84% reduction) and subcutaneous (43%
reduction) adipose tissues of the mice, whereas it led to an up-
regulation of IRF5 gene expression in the epididymal (223% increase)
subcutaneous adipose tissues of the mice. (A) Comparison of the NFκB activation in the
ts were prepared and used in the electrophoretic mobility shift assays. A cold probe was
ation of NFκB p50/p65 into the nucleus at protein levels. Western blots of the nuclear
and p65. The EMSA represent at least three independent experiments performed per
etry of the IRFs and the GAPDH gene bands for a semi-quantitative comparison of their
A samples pooled from 10 mice per group. ⁎Pb.05; ⁎⁎Pb.01; and ⁎⁎⁎Pb.001.

image of Fig. 3
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and subcutaneous (87% increases) adipose tissues of the mice. The
HFD-induced obesity did not affect the expression levels of the IRF3
and IRF7 genes in both the visceral and subcutaneous adipose tissues
(Fig. 3C and D).

3.4. HFD-induced changes in the expression of proinflammatory
cytokine genes

To confirm the regulation of the downstream target genes the
expressions of which were induced by NFκB or IRFs nuclear
transcription factors in the adipose tissues of the mice, a semiquan-
titative RT-PCR analysis was performed. The results demonstrated
that the expressions of the TNFα (2190% increase), IL-6 (115%
increase), IFNα (2355% increase), IFNβ (1439% increase), IL-12-p40
(509% increase), and chemokine (C-X-C motif) ligand 2 (CXCL2)
(248%) genes were more significantly up-regulated in the epididymal
adipose tissue of the HFD-fedmice than of the ND-fed mice. The HFD-
induced up-regulation of these proinflammatory cytokine genes, such
as TNFα (247% increase), IFNα (836% increase), IFNβ (527% increase)
and IL-12-p40 (403% increase), were also observed in the subcuta-
neous adipose tissue, but to a lesser extent than those observed in the
epididymal adipose tissue. The extent of the HFD-induced over-
expression of the CXCL2 (392% increase) gene was greater in the
subcutaneous adipose tissue than in the visceral fat tissues, whereas
the HFD induced the IL-6 gene to a similar extent in the subcutaneous
and visceral adipose tissues. The HFD did not affect the expression of
IκBξ gene in the visceral and subcutaneous adipose tissues of themice
(Fig. 4A and B).
Fig. 4. Expression of TLR-mediated proinflammatory cytokine and chemokine genes and activ
Representative images of the RT-PCR for the detection of proinflammatory cytokine and che
CXCL2, IκBξ and GAPDH gene bands for a semi-quantitative comparison of their expression
adipose tissues of the HFD- and ND-fed mice. The nuclear extracts were prepared and used in t
three independent experiments performed per condition. (D) Representative images of West
blots of the nuclear extract from the HFD- and ND-fed mice were analyzed using antibodies aga
data are the mean±S.E.M. for three independent experiments. ⁎Pb.05; ⁎⁎Pb.01; ⁎⁎⁎Pb.001.
The results of the EMSA using the nuclear extracts that were
prepared from the adipose tissues of the mice indicate that the
activity of signal transducers and the activator of transcription-1
(STAT-1) significantly increased in the epididymal adipose tissue of
the HFD-fed mice than of the ND-fed mice, whereas the HFD did not
affect the STAT-1 activity in the subcutaneous adipose tissues (Fig.
4C). Similarly, the immunoblot results indicate that the protein level
of STAT-1 more significantly increased in the epididymal adipose
tissue (but not in the subcutaneous adipose tissue) of the HFD-fed
mice than of the ND-fed mice (Fig. 4D).

3.5. Expression of TLRs and their adaptor molecules in the ob/ob mice

The expression patterns of the TLRs and their adaptor molecules in
the epididymal and subcutaneous adipose tissues of the leptin-
deficient obesity model, such as the ob/ob mice, were compared with
those of their age-matching lean controls. Compared with the lean
control, the ob/ob mice exhibited significantly increased expression
levels of a wide spectrum of TLR genes (TLR 1–9, and TLR 11–13) and
their adaptor molecules in both the visceral and subcutaneous
adipose tissues. The semiquantitative RT-PCR results demonstrated
that the TLR1 (186% increase), TLR2 (462% increase), TLR3 (241%
increase), TLR4 (79% increase), TLR5 (172% increase), TLR6 (582%
increase), TLR7 (357% increase), TLR8 (664% increase), TLR9 (625%
increase), TLR11 (829% increase), TLR12 (159% increase) and TLR13
(1720% increase) genes were more significantly up-regulated in the
epididymal adipose tissue of the ob/ob mice than of the lean control.
Most of the TLR genes, including TLR3, TLR4, TLR5, TLR7, TLR8 and
ation of STAT-1 in the epididymal and subcutaneous adipose tissues of the mice. (A)
mokine genes expression. (B) Densitometry of the TNFα, IL-6, IFNα, IFNβ, IL-12-p40,
levels. (C) Comparison of the STAT-1 activation in the epididymal and subcutaneous
he EMSAs. A cold probe was used for competition control. The EMSAs represent at least
ern blotting for the translocation of STAT-1 into the nucleus at protein levels. Western
inst STAT-1. The RNA and NE protein samples were pooled from 10mice per group. The
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TLR9, were also more significantly up-regulated in the subcutaneous
adipose tissue of the ob/ob mice than of their lean control, and the
magnitudes of these obesity-induced over-expressions of the TLR
genes were similar to those observed in their epididymal adipose
tissues. Interestingly, the TLR2 (221% increase), TLR6 (204% increase),
and TLR11 (414% increase) genes were up-regulated to a lesser
extent, whereas the TLR1 (313% increase), TLR12 (471% increase), and
TLR13 (2176% increase) genes were up-regulated to a greater extent,
in the subcutaneous adipose tissue than in the epididymal adipose
tissue of the ob/ob mice (Fig. 5A and B).

The expression levels of the TLR-related adaptor molecules in the
epididymal and subcutaneous adipose tissues of the ob/ob mice were
compared with those of their age-matching lean controls. The ob/ob
mice exhibited more significant up-regulation of the Tirap, MyD88
and TRAF6 genes in their epididymal (124%, 67% and 232% increases,
respectively) and subcutaneous (341%, 91%, and 273% increases,
respectively) adipose tissues than the lean controls. The TRIF gene
was also more significantly up-regulated in the epididymal (1155%
increase) and subcutaneous (380% increase) adipose tissues of the
ob/ob mice than of the lean control (Fig. 5C and D).

3.6. Expression of IRFs and proinflammatory cytokine genes in the
ob/ob mice

The ob/ob mice exhibited more significantly increased mRNA
levels of IRF1, 5 and 7 in their epididymal (358%, 130% and 51%
increases, respectively) and subcutaneous (1512%, 105% and 4.6%
increases, respectively) adipose tissues than their lean controls.
The expression levels of IRF3 in the visceral and subcutaneous
adipose tissues of the ob/ob mice and the lean mice did not
differ (Fig. 6A and B).

The RT-PCR results indicated that the expressions of the TLR-
mediated proinflammatory cytokine genes, such as TNFα (1845%
Fig. 5. Comparison of the expression of the TLRs and their adaptor molecules in the epididymal
Representative image of the RT-PCR for the detection of the TLRs and their adaptor molecules.
semiquantitative comparison of their expression levels in the subcutaneous adipose tissues
experiments using RNA samples pooled from five mice per group. ⁎Pb.05; ⁎⁎Pb.01; and ⁎⁎⁎Pb
increase), IL-6 (441% increase), IL-12-p40 (466% increase), CXCL2
(395% increase) and IκBξ (244% increase), were more significantly
up-regulated in the epididymal adipose tissue of the ob/ob mice than
of their lean controls (Fig. 5D and E). The obesity-induced up-
regulation of the TNFα (1606% increase), IL-12-p40 (63% increase),
CXCL2 (76% increase), and IκBξ (151% increase) genes was less
evident, whereas the over-expression of IL-6 (1126 % increase) was
more evident, in the subcutaneous adipose tissue than in the
epididymal adipose tissue of the ob/ob mice. In contrast, the
expression levels of the adipose tissue IFNα and β genes of the
ob/ob and lean mice did not differ (Fig. 6C and D). Leptin deficiency
led to a significant up-regulation of the NFκB (p65 and p50) and
down-regulations of STAT-1 and suppressor of cytokine signaling 1
(SOCS-1) in both visceral and subcutaneous fat tissues (Fig. 6E, F).

4. Discussion

TLRs play a crucial role in host defense against invading pathogens
by mediating innate and adaptive immunities. TLR signaling path-
ways are initiated by a conserved cytosolic domain called the TIR
domain, which associates with intracellular TIR-domain-containing
adaptors including MyD88, Tirap, TRIF and the TRIF-related adaptor
molecule (TRAM) [17-19,37]. Different TLRs trigger signals via
different combinations of adaptors. The TLR4 activation recruits four
major adaptors, MyD88, Tirap, TRIF, and TRAM. The TLR3 signaling
dependsmostly on TRIF, whereas TLR2 requiresMyD88 and Tirap. The
MyD88-dependent pathway includes the association and phosphor-
ylation of IL-1 receptor-associated kinase (IRAK) 4 (IRAK4) and
IRAK1. TRAF6 is recruited to these receptor complexes, which results
in the activation of the IKK complex and the phosphorylation of IκB.
The latter leads to the translocation of NFκB into the nucleus and
eventually leads to increased expression of its target genes. The
activation of downstream signaling pathways of TLR5, TLR7 or TLR9
and subcutaneous adipose tissues of the ob/obmice and of the lean control. (A) and (C)
(B) and (D) Densitometry of the TLRs, adaptor molecules, and GAPDH gene bands for a
of the ob/ob and lean groups. The data are the mean±S.E.M. for three independent
.001.

image of Fig. 5


Fig. 6. Comparison of the expression of IRFs and TLR-mediated proinflammatory cytokine and chemokine genes in the epididymal and subcutaneous adipose tissues of the ob/ob and
lean control mice. (A, C and E) Representative RT-PCR results of the detection of IRF, proinflammatory cytokine and chemokine, NFκB (p50, p65), STAT-1 and SOCS-1 gene expression.
(B, D and F) Densitometry of the IRFs, TNFα, IL-6, IFNα, IFNβ, IL-12-p40, CXCL2, IκBξ, NFκB (p50, p65), STAT-1, SOCS-1 and GAPDH gene bands for a semi-quantitative comparison of
their expression levels. The data are the mean±S.E.M. for three independent experiments using RNA samples pooled from five mice per group. ⁎Pb.05; ⁎⁎Pb.01; ⁎⁎⁎Pb.001.
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also depends onMyD88. TLR7 and TLR9 induce the expression of Type
I IFNs through the MyD88-IRF7 or -IRF1 pathway depending on the
type of cell and/or ligand [17-19,37-43]. In contrast, the TRIF pathway
is essential for theMyD88-independent pathway of the TLR-mediated
signaling cascade. IKKɛ and the TRAF family member-associated NFκB
activator-binding kinase 1 are the downstream kinases of TRIF, which
lead to the activation of IRF3 and the subsequent expression of Type I
IFNs and chemokines.

In addition to mature adipocytes, the adipose tissue is composed
of various cell types; the remaining stromal vascular fraction includes
preadipocytes, endothelial cells, fibroblasts and immune cells. In the
advanced stages of obesity, there are various kinds of stromal immune
cells such as neutrophils, T lymphocytes, and macrophages, which
infiltrate into obese adipose tissue and thus, enhance the inflamma-
tory changes through the crosstalk with parenchymal adipocytes
[44,45]. The presence of TLRs was originally discovered in innate
immune cells. Latest research, however, indicates that TLR expression
is not restricted to innate immune cells and TLRs can be detected in
adaptive immune cells as well as in parenchymal cells [46-48]. Thus,
the dynamic change, such as increased TLR expression, seen in obese
adipose tissues in the present study can be referred to as adipose
tissue remodeling during the course of obesity, in which stromal cells
change dramatically in number and cell type and/or to as activated
TLR-mediated proinflammatory signaling cascades within a specific
cell type.

Interestingly, this study indicates that the extent of the obesity-
induced up-regulation of most TLR genes and related proinflamma-
tory signaling cascades was much greater in the epididymal adipose
tissues than in the subcutaneous fat tissues of the mice with DIO. It is
possible that fat cells in various regions have different origins and,
because of this, express different genes. For example, the expression
levels of the angiotensinogen [33], carboxypeptidase E, thrombospon-
din-1, calcyclin, ras and adipsin genes [49,50] were greater in the
visceral adipose tissues than in the subcutaneous adipose tissues of
obese humans. It is well established that accumulation of visceral fat
is associated with a higher risk of the development of obesity-related
diseases such as Type 2 diabetes, cardiovascular disease, hypertension
and hyperlipidemia in humans [51]. A recent study on mice reported
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that enlarged visceral adipose tissues activate CD8+ T cells, which, in
turn, initiate and propagate inflammatory cascades, including the
recruitment of monocytes and macrophages and their subsequent
differentiation and activation [52]. In contrast, no significant changes
were found in the numbers of the CD8+ and CD4+ T cells in the
subcutaneous fat-pads of the obese mice, unlike in the lean controls
[52]. These results seem to show that the visceral adipose tissue plays
a more significant role in the development of metaflammation
induced by an HFD than does the subcutaneous fat tissue.

A recent study suggested that saturated fatty acids activate both
MyD88-dependent and -independent pathways in RAW264.7 cells
[53] and modulate the activation of TLR4 and its downstream
signaling pathways involving MyD88/IRAK/TRAF6 in macrophages
(RAW264.7) and 293T cells transfected with TLR4 and myeloid
differentiation-2 [54]. Creely et al. demonstrated that the expres-
sion of key components of innate immune cascades, including TLR2,
MyD88 and TRAF6, increased more significantly in the subcutane-
ous adipose tissue of obese subjects and Type 2 diabetic patients
than in the lean controls and non-diabetic subjects, respectively
[29]. In this study, proof is given that obesity induced by diet or
leptin gene mutation leads to significant induction of Triap, MyD88,
TRAF6 and TRIF at their mRNA levels in both types of adipose
tissues. These results suggest the first line of evidence that, in the
enlarged adipose tissues of mice, TLR-mediated inflammatory
signaling cascades activate both MyD88-dependent and MyD88-
independent signaling molecules.

The capacity of TLRs to trigger the induction of tailored profiles
of genes is underpinned by their ability to activate various
transcription factors. MyD88-dependent and MyD88-independent
pathways of TLR signaling couple to downstream protein kinases,
which ultimately leads to the activation of transcription factors,
such as NFκB, the activator protein-1 (AP-1), and the IRF family
[17-19]. Much interest has been focused on NFκB, a transcription
factor that is activated by all TLRs. Correlated with the HFD-induced
changes in the TLR gene expression patterns, the extents of the
obesity-induced activation and translocation of NFκB were much
greater in the epididymal adipose tissue than in the subcutaneous
adipose tissue of the HFD-fed mice, whereas the HFD did not induce
the activation and translocation of AP-1 in the visceral and
subcutaneous adipose tissues of the mice (data not shown).
Therefore, the visceral adipose tissue, rather than the subcutaneous
fat tissue, appears to play a critical role in TLR-mediated meta-
flammation in mice with DIO through the activation of NFκB.

Recent studies have highlighted specific members of the IRF family
as crucial factors in the induction of TLR-responsive genes [41]. In this
study, it was demonstrated that IRF5 expression was more signifi-
cantly up-regulated in both types of adipose tissues of the DIO and
ob/ob mice than in their lean controls. A recent publication [53]
stated that FFAs lead to TLR4-mediated activation of IRF3, which
results in the induction of the IFNβ expression and the subsequent
autocrine/paracrine action of IFNβ, including STAT-1 phosphorylation
and induction of proinflammatory genes in the macrophage [53]. The
IRF1 mRNA expression was reported to be down-regulated by the
SOCS-1 expression which is regulated by the STAT-1 [55]. Therefore,
increased STAT-1 activation observed in the adipose tissue of DIO
mice appears to play a role in down-regulating the IRF1 expression. In
this study, the extents of the obesity-induced activation and
translocation of STAT-1 were much greater in the epididymal adipose
tissue than in the subcutaneous adipose tissue of themicewith DIO. In
contrast, the ob/obmice exhibited significantly decreased mRNA level
of STAT-1 in their epididymal and subcutaneous adipose tissues
compared with the lean controls. Leptin is known to activate JAK-
STAT signaling [56], and as a result, STAT-1 expression and
phosphorylation were reduced in the lungs of ob/ob vs. wild-type
mice [57].
Adipose tissues or adipocytes release proinflammatory cytokines,
including TNFα, IL-1 and IL-6, and chemokines such as monocyte
chemoattractant protein-1, chemokine (C-Cmotif) ligands, and CXCLs
via TLR-mediated NFκB activation cascades [13,22,24,28,29,32]. The
TLR-dependent release of cytokines and chemokines from adipose
tissues could directly mediate severe inflammatory responses and
insulin resistance. The DIO and ob/ob mice exhibited significantly
increased mRNA levels of various proinflammatory cytokine and
chemokine genes such as TNFα, IL-6, IL-12-p40 and CXCL2 in their
visceral and subcutaneous adipose tissues.

The magnitudes of the obesity-induced up-regulation of the
TLR1, TLR4, TLR5, TLR8, TLR9 and TLR12 genes in the visceral
adipose tissue were greater in the DIO mice than in the ob/ob mice.
Similarly, the expression of the IFNα and IFNβ genes significantly
increased in the adipose tissues of the DIO mice but did not change
in the adipose tissues of the ob/ob mice. Therefore, in general,
visceral and subcutaneous adipose tissues appear to have equal
contributions, based on their regulation of relevant genes, to the
obesity-induced activation of inflammatory responses mediated
through TLRs and downstream signaling molecules. Nevertheless,
the magnitudes of the obesity-induced up-regulation of IκBξ, IRF1
and IRF7 genes in the visceral and subcutaneous adipose tissues
were greater in the ob/ob mice than in the DIO mice. These
different degrees of responsiveness of TLR-mediated proinflamma-
tory signaling cascades seen in the DIO and ob/ob mice could
possibly be attributed to the presence and absence of leptin. Recent
data from literature indicate that adipokines can actively participate
in the regulation of the immune system. This is especially so for
leptin, a hormone that can be structurally and functionally classified
as a cytokine [58,59]. Leptin-deficient ob/ob mice are protected in
multiple models of inflammation such as autoimmune encephalo-
myelitis, collagen-induced arthritis, delayed-type hypersensitivity
and dextran sulfate sodium- as well as trinitrobenzene sulfonic
acid-induced colitis [60-64]. Furthermore, a recent study showed
that leptin strongly regulated the expression and responsiveness of
TLR1–9 in murine preadipocytes as well as adipocytes [32]. Further
investigation is needed to explain the role of leptin in association
with TLR-mediated proinflammatory signaling cascades.

In summary, this study showed that obesity that was induced
by an HFD or a leptin deficiency up-regulated the expression of
TLR1 to 9 and TLR11 to 13 in murine adipose tissues. These up-
regulated expressions of TLRs in the expanded adipose tissues of
obese animals are linked with downstream NFκB, IRFs and STAT-
1 activation and up-regulated cytokines and chemokines expres-
sion via MyD88-dependent and -independent cascades in the
adipose tissues of the obese mice. The visceral adipose tissues
were much more susceptible to DIO than the subcutaneous
adipose tissues in terms of the induction and/or activation of TLR
genes and related proinflammatory signaling cascades. Further-
more, the magnitudes of the obesity-induced up-regulation of
most of the TLR genes, downstream signaling molecules and
target cytokines in the visceral adipose tissue were greater in the
DIO mice than in the ob/ob mice. It is suggested that TLRs and
related proinflammatory signaling molecules that are over-
expressed in the enlarged adipose tissues of mice with DIO or
ob/ob mice may play an important role in the obesity-associated
phenomenon of metaflammation.
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