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Obesity and type 2 diabetes are characterized by decreased
insulin sensitivity, elevated concentrations of free fatty acids
(FFAs), and increased macrophage infiltration in adipose tis-
sue (AT). Here, we show that FFAs can cause activation of
RAW264.7 cells primarily via the JNK signaling cascade and
that TLR2 and TLR4 are upstream of JNK and help transduce
FFA proinflammatory signals. We also demonstrate that
F4/80*CD11b"CD11c* bone marrow-derived dendritic cells
(BMDCs) have heightened proinflammatory activity com-
pared with F4/80"CD11b*CD11c~ bone marrow-derived
macrophages and that the proinflammatory activity and JNK
phosphorylation of BMDCs, but not bone marrow-derived
macrophages, was further increased by FFA treatment.
F4/80*CD11b*CD11c* cells were found in AT, and the propor-
tion and number of these cells in AT is increased in ob/ob mice
and by feeding wild type mice a high fat diet for 1 and 12 weeks.
AT F4/807CD11b*CD11c™* cells express increased inflamma-
tory markers compared with F4/80*CD11b*CD11c™ cells, and
FFA treatment increased inflammatory responses in these cells.
In addition, we found that CD11c expression is increased in
skeletal muscle of high fat diet-fed mice and that conditioned
medium from FFA-treated wild type BMDCs, but not TLR2/4
DKO BMDCs, can induce insulin resistance in L6 myotubes.
Together our results show that FFAs can activate CD11c* mye-
loid proinflammatory cells via TLR2/4 and JNK signaling path-
ways, thereby promoting inflammation and subsequent cellular
insulin resistance.

Chronic inflammation is a well described feature of insulin
resistance and obesity characterized by elevated proinflamma-
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tory JNK” and IKK kinase activity (1, 2) and increased cyto/
chemokine expression in insulin target tissues (3). In white adi-
pose tissue, chronic inflammation is associated with an increase
in macrophage infiltration (4-6). Surgically induced weight
loss (7), diet and exercise (8), and treatment with rosiglitazone,
an insulin-sensitizing drug (5), all reduce macrophage infiltra-
tion in white adipose tissue (AT) and decrease the expression of
proinflammatory markers in white AT and plasma. A definitive
role for immune cells in metabolic dysregulation was recently
demonstrated in mice with myeloid cell-specific knock-out of
IKKp (9), indicating that macrophage activation can cause sys-
temic insulin resistance.

Macrophages are a heterogeneous population of phagocytic
cells found throughout the body that originate from the mono-
nuclear phagocytic system (10). These are highly plastic cells
that arise from circulating myeloid-derived blood monocytes
that have entered target tissues and gained the phenotypic and
functional attributes of their tissue of residence. Like for other
immune cells, the distribution and function of tissue macro-
phages have been largely characterized using monoclonal anti-
bodies to cell surface proteins. In mice, the most commonly
used monocyte/macrophage and myeloid cell surface markers
are F4/80 and CD11b, although F4/80 and CD11b antibodies
have been reported to react with eosinophils and dendritic cells
and NK and other T and B cell subtypes, respectively (11).

In AT, resident macrophages are surrounded by adipocytes
that constantly release free fatty acids (FFAs) via lipolysis. FFAs
thus have the potential to activate AT macrophages and conse-
quently alter their function. FFAs can cause activation of JNK
and IKKp inflammatory pathways in adipose tissue, liver, and
skeletal muscle (1, 2, 12, 13), leading to cellular inflammation
and insulin resistance. In man, elevated FFA levels are a feature
of obesity and type 2 diabetes (12, 14). In animal models, high
fat (HF) feeding and direct lipid infusion can increase plasma

2 The abbreviations used are: JNK, c-Jun N-terminal kinase; FA, fatty acid; FFA,
free fatty acid; TLR, Toll-like receptor; AT, adipose tissue; BM, bone marrow;
BMDC, bone marrow-derived dendritic cell; BMDM, bone marrow-derived
macrophage; HF, high fat; HFD, high fat diet; IL, interleukin; TNF, tumor
necrosis factor; FBS, fetal bovine serum; BSA, bovine serum albumin; RT,
reverse transcription; ELISA, enzyme-linked immunosorbent assay; siRNA,
small interfering RNA; WT, wild type; GM-CSF, granulocyte macrophage-
colony-stimulating factor; FACS, fluorescence-activated cell sorter; PBS,
phosphate-buffered saline; ITT, insulin tolerance test; SVF, stromal vascular
fraction; SVC, stromal vascular cell; NC, normal chow; MNC, mononuclear
cells; CM, conditioned medium; KD, knockdown; qPCR, quantitative PCR.
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FFA levels and cause tissue and sys-
temic inflammation and insulin
resistance (15, 16). Toll-like recep-
tors (TLRs) are thought to partici-
pate in sensing extracellular FFAs.
TLRs belong to the Toll/interleu-
kin-1 receptor superfamily and are
widely expressed on cells of the
immune system (17, 18). TLRs rec-
ognize bacteria-associated molecu-
lar patterns with high specificity,
and TLR-mediated signal transduc-
tion leads to the activation of JNK
and NFkB signaling pathways (17,
19), initiating the innate immune
response. The saturated FA, lauric
acid, was shown to activate TLR2 in
293T cells as well as NFkB-medi-
ated, TLR4-dependent signaling
pathways in RAW?264.7 cells (20).
Similarly, an oleate/palmitate mix-
ture can induce NFkB-dependent
TLR4 signaling in 293T cells and
cause inflammation in wild type
(WT) but not TLR4-deficient adi-
pocytes. The saturated FA palmitate
was also shown to cause TLR4-de-
pendent IkBa degradation in elic-
ited peritoneal macrophages (21).

In the present study, we examined
the effects of saturated and unsatur-
ated FFAs in cultured RAW?264.7
cells, primary bone marrow (BM)-de-
rived cells and adipose tissue macro-
phages. We demonstrate that FFAs
signal through both TLR2 and TLR4
to activate JNK and stimulate inflam-
matory pathways in CD11¢ " myeloid
cells. We also show that in AT,
F4/80"CD11b*CD11c™ cells are the
direct targets for FFAs and that HF
feeding increases the number of these
cellsin AT. As such, these results pro-
vide a novel mechanistic link between
lipid metabolism, inflammation, and
insulin resistance.

EXPERIMENTAL PROCEDURES

Reagents—Antibodies to IL-6,
MCP-1,TNF-a, and horseradish
peroxidase-linked secondary anti-
bodies were purchased from Santa
Cruz Biotechnology (Santa Cruz,
CA), and all other antibodies were
from Cell Signaling (Beverly, MA).
Tissue culture reagents were pur-
chased from Invitrogen and
Hyclone (Logan, UT).
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Cell Culture and Treatment—Mouse monocyte/macrophage
RAW?264.7 cells were obtained from American Type Culture
Collection (Manassas, VA) and cultured in Dulbecco’s modi-
fied Eagle’s medium (1g/liter glucose) supplemented with 10%
low endotoxin FBS. In pretreated cells, 1 uM rosiglitazone or
vehicle Me,SO was added at least 24 h prior to FFA treatment.
RAW cells were then incubated for 3 h with either 500 uM of an
FFA mixture containing equimolar amounts of tissue culture-
grade arachidonic, lauric, linoleic, oleic, and myristic acids or
with individual FFAs (500 um) or ethanol vehicle in Dulbecco’s
modified Eagle’s medium supplemented with FFA-free BSA
(Sigma-Aldrich). All of the FFA solutions were pre-equilibrated
with BSA at 37 °C for 1-1.5 h (22), and a 5:1 FFA:BSA ratio was
used to simulate elevated FFAs levels.

We ensured that all components for cell culture and treat-
ment experiments contained very low or undetectable amounts
of contaminating lipopolysaccharide by measuring endotoxin
levels in the serum, culture medium, BSA preparation, and FFA
stock solutions (LAL assay kit, Cambrex, East Rutherford, NJ).
All of the solutions used contained undetectable amounts of
endotoxin except for the BSA solution, which contained 0.3
EU/ml (0.03 ng/ml) of endotoxin. This amount of contaminat-
ing lipopolysaccharide was not sufficient to activate RAW264.7
cells and BMDCs. We found that treating RAW?264.7 cells and
BMDCs with 0.03 ng/ml of endotoxin for 3 h did not cause
phosphorylation of JNK and secretion of TNF-« and JNK phos-
phorylation in these cells (data not shown).

Western Blotting—The cells were lysed in cold buffer con-
taining 50 mm HEPES, pH 7.4, 150 mm NaCl, 200 mm NaF, 20
mM sodium pyrophosphate, 10% glycerol, 1% Triton X-100, 4
mM sodium orthovanadate, 2 mm phenylmethylsulfonyl fluo-
ride,and 1 mm EDTA. Whole cell lysates (25 ug) or conditioned
medium (30 ul) were resolved by SDS-PAGE and transferred
onto polyvinylidene difluoride membranes (Immobilon-P; Mil-
lipore, Bedford, MA). Following blocking with 5% milk in
TBST, the membranes were probed with primary antibodies as
indicated and subsequently incubated with horseradish perox-
idase-linked secondary antibodies for chemiluminescent detec-
tion (Pierce). The blots were stripped in Restore™ Western
blot stripping buffer (Pierce) and reprobed as necessary.

Semi-quantitative RT-PCR—Total RNA was isolated and
purified using RNeasy columns and RNase-free DNase accord-
ing to the manufacturer’s instructions (Qiagen). One-step RT-
PCR kits (Qiagen) and sequence-specific primers (see supple-
mental Fig. S3) were used to generate RT-PCR products, which
were then run on 8% acrylamide gels, stained with ethidium
bromide, visualized, and quantitated using the Kodak ID Imag-

ing station and software (Kodak Scientific Imaging Systems,
New Haven, CT).

Real Time PCR—Total RNA was isolated from cells as out-
lined above. First strand cDNA was synthesized using Super-
ScriptIITand random hexamers (Invitrogen). The samples were
run in 20-pul reactions using an AB1 7300 (Applied Biosystems,
Foster City, CA); SYBR Green oligonucleotides were used for
detection, and sequence-specific primers are listed in supple-
mental Fig. S3. Gene expression levels were calculated after
normalization to the standard housekeeping gene GAPDH
using the AAC; method as described by the manufacturer
(Invitrogen) and expressed as relative mRNA levels compared
with control.

ELISA—Conditioned medium was assayed for mouse IL-13,
IL-6, MCP-1, and TNF-a using ELISA kits (BIOSOURCE,
Camarillo, CA) following the manufacturer’s protocol.

Protein Knockdown—2 X 107 RAW?264.7 cells were elec-
troporated with 2.5 nmol of high pressure liquid chromatog-
raphy-purified siRNA oligonucleotides (IDT, Coralville, IA)
to mouse JNK1, JNK2, p65-NF«B, TLR2, or TLR4 or with
luciferase control siRNA (oligonucleotide sequences in sup-
plemental Fig. S3) using the XCell Gene Pulser (Bio-Rad).
The cells were plated into 24-well tissue culture plates, and
24—48 h post-electroporation, they were treated with FFAs
as described above. Conditioned medium and cell lysates
were analyzed by immunoblotting.

Isolation and Treatment of Bone Marrow-derived Cells—All
of the animal experiments were performed humanely under
protocols approved by the University of California, San Diego.
TLR2/4 DKO male mice on a C57BL/6 background (kindly pro-
vided by Dr. Shizuo Akira, University of Osaka, Japan) and WT
C57BL/6 male mice were maintained under specific pathogen-
free conditions.

Bone marrow cells were isolated from the femurs and tibias
of 10 —12-week-old homozygous and WT mice by flushing the
medullary cavity with RPMI medium. After washing, the cells
were seeded in tissue culture plates and differentiated into
either bone marrow-derived macrophages (BMDMs) or bone
marrow-derived dendritic cells (BMDCs) in RPMI medium
containing 30% of L-929 conditioned medium or 10 or 40 ng/ml
of recombinant GM-CSF, respectively, and supplemented with
20% low endotoxin FBS and streptomycin/penicillin. We
observed that differentiating precursor cells in 40 ng/ml of GM-
CSF yielded more BMDCs than when using 10 ng/ml of GM-
CSE. However, this higher GM-CSF concentration did not
affect BMDC proinflammatory gene expression (IL-6, TNF-a,
IL-1B, and COX-2), differentiation and cell surface antigen

FIGURE 1.FFAs activate JNK and IKKB in RAW264.7 cells. RAW264.7 cells were treated with 500 um of a mixture of saturated and unsaturated FFAs or control
vehicle (veh) for 3 h and analyzed as described. A, FFAs activate the JNK and IKKB pathways in RAW264.7 cells. The cells were lysed for Western blot analysis of
components of the JNK and IKK signaling pathways. n = 6 or more, in triplicate. B-E, contribution of the JNK and IKKB-NFkB proinflammatory pathways in
mediating the actions of FFAs. RAW264.7 cells electroporated with JNK1, JNK2, p65-NF«B, or control (Con) siRNAs were treated with 500 um FFA or control
vehicle (veh) for 3 h and harvested for real time qPCR and Western blot analyses. B, JNK isoforms and p65 protein were efficiently knocked down by RNA
interference in RAW264.7 cells. C-E, INK plays a more prominent role in mediating the effects of FFAs. C, effect of JNK and p65 KD on gene expression. JNK
KD but not p65 KD decreased basal expression of MMP-9 gene by ~50%, of IL-18 and TNF-a genes by >40% and of COX-2 gene by ~20%. JNK KD and
p65 KD also inhibited the FFA-induced increase in MMP-9 and IL-13 gene expression. D and E, effect of INKand p65 KD on TNF-a protein levels. Both JNK
and p65 KD decreased the ability of FFAs to activate JNKand p65, respectively, as assessed by JNK (D) and p65 (E) phosphorylation levels. INK KD but not
p65 KD can inhibit the FFA-induced increase in intracellular and secreted TNF-« levels. n = 3 or more in triplicate. *, p < 0.05 for FFA versus vehicle; #,

p < 0.05 for vehicle versus control siRNA vehicle.
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expression (F4/80, CD11b, and CDl1c), as determined by
qPCR and FACS analysis (data not shown). We were also able to
differentiate BMDMs from bone marrow precursor cells using
murine recombinant M-CSF (data not shown). BMDM and
BMDC differentiation was complete 8 days after cell plating;
this was confirmed by the expression of F4/80, a marker pref-
erentially expressed by mature macrophages, and of CD11c, a
cell surface marker for dendritic cells, using FACS (data not
shown). For FFA experiments, day 8 or 9 BMDMs and BMDCs
were stimulated with 500 um FFA for 3 h, and conditioned
medium and cell lysates were analyzed as indicated.

Immunohistocytochemistry—Paraffin-embedded adipose tissue
was sectioned, deparaffinized, and rehydrated prior to
endogenous peroxidase and biotin removal using 0.03%
H,O, and 0.1% avidin. The slides were heated in 0.1 M citrate
buffer for antigen retrieval, cooled, washed, and then
blocked with 1% BSA in TBST. The sections were incubated
overnight with CD11c primary antibody (eBioscience, San
Diego, CA). Biotin-conjugated secondary and horseradish
peroxidase-conjugated streptavidin tertiary antibodies were
applied for detection, and the sections were developed in
substrate chromogen, counterstained in Mayers Hematoxy-
lin, and mounted in Gelmount Biomedia.

Frozen quad muscle tissue was sectioned (5 um), air-dried,
and fixed in acetone. After endogenous peroxidase removal
using 0.03% H,O,, the sections were washed in PBS and
blocked in 0.01% biotin for 15 min and then in 1% BSA in PBS
for 30 min. Biotin-conjugated CD11c antibody was overlaid for
1 h, and the sections were further processed as outlined above.

Animal Studies—Wild type male C57BL/6 and 0b/ob’ male
mice were purchased from Harlan (Indianapolis, IN). The ani-
mals were housed in a pathogen-free facility with a 12-h light/
12-h dark cycle and given free access to food and water.
C57BL/6 mice were placed on a HFD consisting of 40% of cal-
ories from fat (TD.96132; Harlan Teklad, Madison, W1I) starting
at 12 weeks of age for 1, 12, or 20 weeks. Control C57BL/6 mice
were fed a standard diet with 12% of calories from fat (LabDiet,
5001; Richmond, IN). The body weights and food intakes were
recorded every week (data not shown).

An insulin tolerance test (ITT) was performed on mice after
1 and 12 weeks of chow or HFD feeding. The mice were fasted
for 6 h. After 4 h of fasting, basal plasma glucose was measured.
At 6 h, the mice were injected intraperitoneal with 0.6 units of
insulin/kg of body weight. Blood glucose was measured through
the tail tip at the indicated times, using a OneTouch glucose-
monitoring system (Lifescan, Milpitas, CA).

Stromal Vascular Fraction (SVF) Isolation and FACS
Analysis—Epididymal fat pads were excised from male
C57BL/6 mice fed normal chow (NC) or HFD, weighed, rinsed
three times in PBS, and then minced in FACS buffer (PBS + 1%
low endotoxin BSA). Tissue suspensions were centrifuged at
500 X g for 5 min and then collagenase-treated (1 mg/ml; Sig-
ma-Aldrich) for 30 min at 37 °C with shaking. The cell suspen-
sions were filtered through a 100-um filter and centrifuged at
500 X g for 5 min. SVF pellets were then incubated with RBC
lysis buffer (eBioscience) for 5 min prior to centrifugation
(300 X g for 5 min) and resuspension in FACS buffer.

35282 JOURNAL OF BIOLOGICAL CHEMISTRY

Stromal vascular cells (SVCs) were incubated with Fc Block
(BD Biosciences, San Jose, CA) for 20 min at 4 °C prior to stain-
ing with fluorescently labeled primary antibodies or control
IgGs for 25 min at 4 °C. F4/80-allophycocyanin FACS antibody
was purchased from AbD Serotec (Raleigh, NC); all other fluo-
rescein isothiocyanate- and phycoerythrin-conjugated FACS
antibodies were from BD Biosciences. The cells were gently
washed twice and resuspended in FACS buffer with propidium
iodide (Sigma-Aldrich). SVCs were analyzed using FACSCalibur
and FACSAria flow cytometers (BD Biosciences). Unstained, sin-
gle stains, and fluorescence minus one controls were used for set-
ting compensation and gates.

Forcellsorting,F4/80"CD11b"CD11c~andF4/80*CD11b™-
CD11c™ cells from lean, NC SVFs were sorted into FBS. Sorted
cells were allowed to recover for 2 h. The cells were then washed
and treated with FFA for subsequent RNA extraction and real
time PCR analysis.

Glucose Uptake Assay—BMDCs from WT and TLR2/4 DKO
mice were treated with 500 um FFA or vehicle for 3 h and then
washed twice with RPMI medium to remove the FFAs. The
cells were subsequently incubated with fresh culture medium
containing 2% FBS. After 6 h of incubation, CM was harvested
for ELISA analysis and co-culture experiments.

L6 myocytes were cultured in a-minimal essential medium
supplemented with 10% FBS and differentiated into myotubes
in a-minimal essential medium containing 2% FBS for ~6-7
days. The L6 myotube culture medium was then replaced with
CM from BMDCs diluted 1:1 in fresh L6 differentiation
medium. L6 myotubes were incubated with BMDC-derived
CM for 24— 48 h prior to assaying glucose uptake. For glucose
uptake assays, L6 myotubes were serum starved for 3 h in
a-minimal essential medium with 0.5% FFA-free BSA and then
glucose-starved for 30 min in HEPES salt buffer containing
0.5% FFA-free BSA. The cells were stimulated with insulin (5
nMm) at 37 °C for 20 min; tracer glucose was then added for 10
min. After 30 min of insulin stimulation, glucose uptake was
assayed in quadruplicate wells for each condition using 1,2->H-
2-deoxy-p-glucose (0.2 uCi, 0.1 mm, 10 min) in four independ-
ent experiments.

Data Analysis—Densitometric quantification and normal-
ization were performed using the NIH Image 1.63 software.
The values presented are expressed as the means *= S.E. The
statistical significance of the differences between various treat-
ments was determined by one-way analysis of variance with the
Bonferroni correction.

RESULTS

FFAs Cause a Proinflammatory Response in RAW264.7 Cells—
Recent studies suggest that chronic inflammation in AT is an
important mechanism underlying the insulin resistance associ-
ated with obesity, HF feeding, and diabetes and that infiltrating
macrophages may be responsible for the activation of proin-
flammatory pathways (6, 23). Because FFAs are released in AT,
we studied the effects of FFAs on AT macrophage function.

We first treated RAW264.7 murine monocyte/macrophage
cells with a mixture of saturated and unsaturated FFAs and
surveyed various stress/inflammatory signaling responses. FEA
treatment broadly activated the JNK and IKKf signaling path-
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FIGURE 2. TLR2 and TLR4 mediate FA signaling in RAW264.7 cells. RAW264.7 cells were electroporated with
siRNAs targeted against TLR2 or TLR4 or with control (Con) siRNA. 24 - 48 h post-electroporation, the cells were
treated with 500 um FFA or control vehicle (veh) for 3 h and harvested for real time gPCR and Western blot
analyses. A, TLR2 and TLR4 KD efficiency in RAW264.7 cells. KD was visualized by gel electrophoresis of RT-PCR
product, and KD efficiency was quantitated by real time qPCR. n = 4. B, effect of TLR2 and TLR4 KD on gene
expression. TLR2 and TLR4 KD decreased basal expression of MMP-9 gene by >60% and of IL-13 gene by
~40%. TLR2 and TLR4 depletion also decreased TNF-a gene expression by ~30 and 55%, respectively, and
TLR4 KD inhibited COX-2 gene basal expression by ~20%. In addition, TLR2 and TLR4 KD inhibited the FFA-
induced increase in MMP-9 and IL-18 gene expression. C and D, both TLR2 KD and TLR4 KD inhibited the
FFA-induced JNK phosphorylation and increase in intracellular and secreted TNF-a cytokine. This inhibition
was more pronounced with TLR4 depletion.n = 3 or more in triplicate. *, p < 0.05 for FFA versus vehicle; #, p <
0.05 for vehicle versus control siRNA vehicle.

ways (Fig. 1A4), in a time- and concentration-dependent man-
ner, with JNK activation being observed as early as 5 min after
FFA treatment (data not shown). After washing to remove

NOVEMBER 30, 2007« VOLUME 282+NUMBER 48

FFAs, followed by a 12-h recovery
period, inflammatory markers re-
turned to base-line levels, and the
cells were once again responsive
to lipopolysaccharide stimulation
(data not shown). Thus, the proin-
flammatory effects of FFAs were
specific and reversible and did not
result from cell toxicity. When the
cells were treated with 500 um
FFA for 3 h, we observed induction
of the proinflammatory genes
IL-183, IL-6, MCP-1, and MMP-9,
an increase in intracellular MCP-1
and TNF-«a levels, and an increase
in secreted proinflammatory chemo/
cytokines IL-18, IL-6, MCP-1, and
TNF-« (supplemental Fig. S1, A-C).
When we tested individual FAs,
each FA in the mixture, except for
myristic acid, was able to activate
the proinflammatory kinase path-
ways in RAW264.7 cells and
increased intracellular and secreted
TNEF-« levels, albeit to different
degrees (supplemental Fig. S1, D
and E). Overall, the unsaturated
FA arachidonic acid was most
potent in causing these effects. We
assessed whether a TZD, rosiglita-
zone, could inhibit FFA-induced
inflammation in RAW?264.7 cells
and found that all the FFA-in-
duced effects were attenuated by
pretreatment with rosiglitazone
(supplemental Fig. S2, A-C).
Contribution of JNK and IKKB-
NFkB to the FFA Proinflammatory
Effects—Previous reports have doc-
umented that FFAs induce mostly
NFkB-dependent effects, and we
observed that FFA treatment acti-
vated both JNK and IKKf signaling
pathways. Therefore, we assessed
the contribution of these two
kinases to the overall FFA effect
using siRNAs targeted specifically
against JNK1, JNK2, and p65-NF«B.
JNK1 and JNK2 siRNAs decreased
levels of both JNK protein isoforms
by >70% (13), and p65-NFkB
siRNA decreased p65 protein levels
by ~75% (Fig. 1B). INK knockdown
(KD) significantly reduced basal
MMP-9, IL-13, TNF-q, and COX-2

gene expression levels, and inhibited the FFA-induced up-reg-
ulation in IL-18 and MMP-9 gene expression (Fig. 1C). In con-
trast, knocking down p65 produced smaller inhibitory effects
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been reported that bacterial lipopo-
* lysaccharide, which contains an FA
moiety, can induce proinflamma-
tory effects through TLR4 (17, 24,
25). Thus, we hypothesized that
TLR4, and possibly TLR2, another
member of the TLR family, could
mediate the FFA proinflammatory
signals. To test this idea, siRNAs
were used to knockdown TLR4 and
TLR2 proteins in RAW?264.7 cells
(Fig. 2A), achieving ~50% and

IL-6

IL-10

1 ~75% KD efficiency for TLR2 and

TLR4, respectively (bar graph in Fig.
2A). TLR2 KD significantly reduced
basal expression of MMP-9, IL-18,
and TNF-a genes, whereas TLR4
KD reduced the basal expression of
ND. these genes and that of COX-2 (Fig.

*
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20
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2B). TLR2 and TLR4 KD also inhib-
ited the FFA-induced up-regulation
in IL-18 and MMP-9 gene expres-
sion. Fig. 2C shows that in the TLR2

BMDC

KD cells, FFA-induced JNK phos-
phorylation was inhibited, as was
the increase in intracellular and
secreted TNF-a levels. When TLR4

was depleted, these proinflamma-
tory responses were also inhibited,
but to a greater extent (Fig. 2D).
These results indicate that both
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FIGURE 3. Characteristics of bone marrow-derived cells. Bone marrow cells were isolated from mouse tibias
and femurs and differentiated into BMDMs and BMDCs, as described in detail under “Experimental Proce-
dures.” A, basal gene expression in BMDMs and BMDCs. The expression profiles from BMDMs and BMDCs are
distinct. BMDCs, and not BMDMs, express high levels of the proinflammatory genes COX-2, IL-1, IL-6, TNF-q,
and CCR2. In contrast, BMDMs and not BMDCs, express high levels of anti-inflammatory gene IL-10. n = 4 or
more in duplicate. *, p < 0.05. B, TLR2 and TLR4 gene expression levels are higher in BMDCs than BMDMs. RNA
was extracted from BMDMs and BMDCs for semi-quantitative RT-PCR analysis. C, BMDMs and BMDCs express
TLR2 at the cell surface. FACS logarithmic dot plots show that >80% of BMDMs and BMDCs express TLR2.
BMDMs and BMDCs from TLR2/4 DKO mice did not display cell surface TLR2 protein.

on gene expression. Moreover, JNK KD resulted in decreased
FFA-induced intracellular and secreted TNF-« levels (Fig. 1D),
whereas p65 KD, while having the expected effect to
decrease phosphorylation of NF«B, had little or no effect on
intracellular and secreted TNF-a (Fig. 1E). This suggested
that JNK plays a more central role in mediating the FFA-
induced proinflammatory effects in RAW264.7 cells. We
thus focused on examining the role of JNK kinase in mediat-
ing the effects of FFAs.

TLR2 and TLR4 Mediate FA Signaling in RAW264.7 Cells—
TLRs are expressed on monocytes and macrophages, and it has
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TLR4 and TLR2 play a role in me-

diating FA signaling via JNK
o1 00| TLR2/4 activation.
~— DKO Studies in Bone Marrow-derived

Cells—RAW?264.7 cells have been

0.1 %

TS| T T T T

10" 10° 10° 10
TLR2

extensively used as a model cell
line for studies of macrophage
biology. We found that RAW?264.7
cells express high levels of the
macrophage and myeloid cell sur-
face markers F4/80 and CD11b but
also high levels of a cell surface
marker more typical of dendritic
and T cells, CDl1lc (data not
shown). With this in mind, and
given the heterogeneity and plas-
ticity of the macrophage population, we further examined
the effects of FFAs in two types of primary myeloid-derived
cell types: BMDMs, which express F4/80, CD11b but not
CDl1l1c, and BMDCs, which express all three markers.
BMDMs and BMDCs were prepared as described in detail
under “Experimental Procedures. ” According to previously
established methods, the phenotype of these primary cells
was confirmed by FACS using fluorescently labeled antibod-
ies showing that BMDMs express F4/80 and CD11b, whereas
BMDOC:s are positive for F4/80, CD11b, and CD11c (data not
shown).
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FIGURE 4. FFAs induce inflammation in BMDCs but not in BMDMs. A, FFAs increase JNK phosphorylation in BMDCs but not BMDMs. WT BMDMs and BMDCs
were treated with 500 um FFA or vehicle control (veh) and JNK phosphorylation was assessed by immunoblotting. Basal p-JNK levels were ~50% lower in
BMDMs than BMDCs. FFA treatment increased p-JNK levels in BMDCs (by ~33%) but not in BMDMs. p-JNK levels were normalized against total JNK protein and
quantification of six independent experiments is presented in the bar graph. B, FFAs increase JNK phosphorylation in WT BMDCs and not TLR2/4 DKO BMDCs.
BMDCs from WT and TLR2/4 DKO mice were treated and analyzed as above. Quantification of four independent experiments (with duplicates) is presented in
the bar graph. C, TLR2/4 DKO BMDCs do not respond to FFAs specifically but these cells are not broadly hyporesponsive cells as they can be activated by other
treatments. Treatment of TLR2/4 DKO BMDCs with 10 ng/ml TNF-a (TNF) and 1 wg/mlionomycin (iono) markedly increased TNF-aand IL-1 proinflammatory
gene expression in those cells, similar to what is observed in treated WT BMDCs. D, effect of FFAs on BMDM and BMDC gene expression profiles. BMDMs and
BMDCs were prepared from WT (left panels of bar graphs) and TLR2/4 DKO (right panels of bar graphs) mice and treated with 500 um for 3 h prior to RNA
extraction and real time qPCR analysis (n = 4 or more in duplicate). FFA treatment increased COX-2, IL-6, and IL-1 gene expression by 3.5-, 2.0-, and 3.3-fold,
respectively,in WT BMDCs and not in BMDM:s. This FFA-induced up-regulation in gene expression was not observed in TLR2/4 DKO BMDCs. In addition, BMDMs
but not BMDCs express anti-inflammatory IL-10 cytokine, and IL-10 expression in BMDMs is decreased by FFA treatment. E, effect of FFAs on BMDM and BMDC
cytokine secretion. CM was harvested from WT and TLR2/4 DKO BMDM and BMDC cultures treated with 500 um FFA or vehicle control. Secreted TNF-«, IL-6, and
IL-1B protein in CM was measured by ELISA. FFA treatment increased TNF-g, IL-6, and IL-1p3 levels by 32, 54, and 30%, respectively, in WT BMDCs. There is no
significant effect of FFA treatment on TNF-¢, IL-6, and IL-13 secretion in WT BMDMs. Furthermore, FFA treatment did not have a significant effect in BMDCs
from TLR2/4 DKO mice. n = 3 with eight samples/condition. *, p < 0.05 for FFA (or other treatment) versus vehicle and for BMDC versus BMDM; #, p < 0.05 for
BMDM or DKO BMDC versus WT BMDC.
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To characterize these two cell types, we examined the
expression of inflammatory genes by qPCR (Fig. 34). The
relative expression of COX-2, CCR2, IL-183, IL-6, and TNF-«
genes was strikingly higher in BMDCs than BMDMs (p <
0.05 or less), suggesting that BMDCs possess greater proin-
flammatory activity than BMDMs. Consistent with this,
BMDMs expressed high levels of anti-inflammatory cyto-
kine IL-10, whereas BMDCs exhibited no detectable levels of
IL-10. BMDMs and BMDCs have been shown to express
TLR2 and TLR4. Because BMDCs have heightened proin-
flammatory activity and because FFAs exert their inflamma-
tory effects through both TLR2 and TLR4, we determined
whether BMDCs and BMDMs differentially express TLR2
and TLR4. As shown in Fig. 3B, both cell types expressed
TLR2 and TLR4 mRNA, with higher levels of expression in
BMDCs. FACS analysis showed that >80% of BMDMs and
BMDCs expressed TLR2 on the cell surface (Fig. 3C, upper
panels). We also analyzed BMDMs and BMDCs prepared
from TLR2 and TLR4 double knock-out (TLR2/4 DKO) mice
by FACS. As expected, BMDMs and BMDCs showed no
TLR2 expression (lower panels). Because of limitations of
FACS antibodies against mouse TLR4, we were unable to
assess TLR4 cell surface expression.

FFAs Induce Inflammation in BMDCs but Not in BMDMs—
We treated BMDMs and BMDCs with FFAs, and Fig. 44 shows
that basal JNK phosphorylation is higher in BMDCs than
BMDMs (lane 3 versus lane 1) and that FFA treatment further
enhanced p-JNK levels in BMDCs but not in BMDMs (lane 2
versus lane 1 and lane 4 versus 3). In agreement with our find-
ings that both TLR2 and TLR4 mediate the effects of FFAs, we
found that FFA treatment of BMDCs lacking both TLR2 and
TLR4 did not increase p-JNK levels (Fig. 4B) in these cells. This
further supports a critical role for JNK kinase in mediating the
effects of FFAs. The lack of an inflammatory response in
TLR2/4 DKO BMDCs was relatively specific to FFA stimula-
tion, because treatment of these cells with ionomycin or exog-
enous TNF-a produced an increase in proinflammatory TNF-«
and IL-18 gene expression comparable with that seen in WT
BMDC:s (Fig. 4C).

The effects of FFAs on inflammatory gene expression and
cyto/chemokine secretion were compared between vehicle-
and FFA-treated BMDMs and BMDC:s (Fig. 4, D and E). Fig. 4D
(left panels of bar graphs) shows that FFA treatment signifi-
cantly increased COX-2, IL-6, and IL-18 gene expression in
BMDCs and not in BMDMs. Furthermore, FFA treatment
down-regulated the level of anti-inflammatory IL-10 gene

expression in WT BMDMs, but not in BMDCs. In cells from
TLR2/4 DKO mice, we found that BMDCs showed much lower
basal COX-2, IL-6, and IL-1f3 gene expression profiles, with no
significant effect of FFAs (Fig. 4D, right panels of bar graphs).
ELISA analysis of conditioned medium showed that FFA treat-
ment significantly increased the secretion of IL-18, IL-6, and
TNE-« cytokines from BMDCs and not BMDMs (Fig. 4E, left
panels). This increase was abolished in TLR2/4 DKO BMDCs
(Fig. 4E, right panels). This is consistent with the view that
FFAs stimulate BMDCs via a TLR2/4-dependent mecha-
nism. Pretreatment of the BMDCs with rosiglitazone atten-
uated the FFA-induced inflammation in BMDCs (supple-
mental Fig. S2D).

Studies of AT Macrophages—Our results have demonstrated
thatF4/80"CD11b*CD11c* BMDCs,andnotF4/80"CD11b*-
CD11lc™ BMDMs, are important target cells for FFAs. This
raised the question astowhether triply positive F4/80 " CD11b ™ -
CD11c™ cells reside in AT in vivo. We assessed the presence of
these cells in AT by immunohistochemical staining of AT tissue
sections with an antibody against CD11c. CD11c* cells were
readily detected in AT (Fig. 54), and the CD11c staining was
excluded from adipocytes and localized to cells surrounding adi-
pocytes, in close proximity to endothelial cells and blood vessels.

To quantitate the proportion of F4/80"CD11b"CD11c™
cells within AT, we prepared SVFs from AT of WT and ob/ob
mice and analyzed them by FACS. The logarithmic dot plot of
FACS data from representative 3-month-old WT and ob/ob
mice is displayed in Fig. 5B. The frequencies reported (% = S.E.)
were derived from multiple experiments. FACS analysis
revealed that of the total SVF cells (SVCs), there was a higher
percentage of F4/807 cells in the ob/ob mice than in lean WT
controls (50.5 versus 35.1%). When we gated for F4/80, CD11b,
and CDl11c, we found that AT-derived SVFs contained both
triply positive F4/80"CD11b*CD11c™ (Fig. 5B, upper right
quadrant) and doubly positive F4/80"CD11b*CD11c™ cells
(upper left quadrant). In the ob/ob mouse AT, a higher percent-
age of the total SVCs were triply positive (15.2%), compared
with only 6.5% in WT mice. There was a very large increase in
the number of triply positive cells in the AT of ob/ob mice,
ranging from 20- to 100-fold, depending on whether the data
are expressed per gram of fat (20-fold) or per mouse (100-fold)
(data not shown).

Next, we asked whether HF feeding can also affect AT
F4/80"CD11b"CD11c™ cell content. To study this, we placed
3-month-old WT mice on a 40% HFD or low fat NC diet for 1
week and 12 weeks. Fig. 5C shows that HF feeding increased the

FIGURE 5. Characterizing immune cell subpopulations in AT-derived SVFs. A, AT contains resident CD11c™ immune cells (denoted by arrows). Immuno-
histological analysis shows staining for CD11c antigen (shown in red). BV: blood vessel. B, ob/ob mice have elevated content in total F4/80™" cells as well as in
F4/80"CD11b*CD11c™ triply positive cells compared with WT mice. Epididymal fat pads were extracted from 3-month-old male mice for SVF isolation. SVCs
were stained for F4/80, CD11b, and CD11c cell surface proteins and analyzed by FACS. C, HFD increases F4/80* cell and triply positive cell content in AT.
3-month-old male mice were placed on a HFD or low fat NC for 1 or 12 weeks. At the end of the feeding study, animals were sacrificed and AT SVFs were isolated
for FACS analysis. D, the increase in triply positive cells accounts for the majority of the increase in total F4/80™ cells. The numbers of cells of F4/80™ cells, doubly
positive (F4/80"CD11b"CD11¢ ™), and triply positive cells were calculated from FACS data and SVF cell counts and expressed per gram of epididymal fat tissue.
E, 1-week HF feeding does not cause insulin resistance that is measurable by ITT. After 1 or 12 weeks of HFD or NC, the mice were fasted for 6 h and subjected
to ITT (0.6 units of insulin/kg of body weight; n = 10 for each group). No significant difference was observed between the two groupsin the ITT time course after
1 week of HFD. However, HFD mice became insulin-resistant after 12 weeks of HFD. F and G, HF feeding rapidly increases the inflammatory status of blood
mononuclear cells (MNC). MNC were harvested from WT and TLR2/4 DKO mice after 3 or 7 days (not shown) of HFD and subjected to immunoblotting and real
time PCR analysis. F, 3-day HF feeding increases p-JNK levels in MNC from WT but not TLR2/4 DKO animals. G, 3-day HF feeding increases IL-13 proinflammatory
cytokine expression in WT but not TLR2/4 DKO MNC. n = 5 or more. *, p < 0.05.
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We found that HFD led to an
increase in AT F4/807"CDI11b™-
CD11c™ cells after just 1 week of HF
feeding. At this time, mice had not
gained a measurable amount of
weight, and they were not yet insu-
lin-resistant, unlike after 12 weeks
of HFD, as assessed by I'TT (Fig. 5E).
This indicates that F4/80"CD11b™-
CD11c” cell infiltration of AT can
precede measurable insulin resist-
ance and raises the question as to
the source of these infiltrating cells.
Based on reports showing that lipid
infusion can trigger inflammation in
mononuclear cells (MNC) in
humans (26) and that a subset of
blood monocytes with the potential
to differentiate into CD11c™ cells
can be recruited to inflamed tissue
sites (27), we hypothesized that the
HFD-induced increase in mouse AT
F4/80"CD11b*CD11c™ cells cor-
relates with an early increase in acti-
vated blood monocytes. We there-
5 fore probed the inflammatory status
of blood MNC by examining p-JNK
levels and the expression of IL-1f3
0 after 3 and 7 days of HFD. We found

i ™ P8 ™ that p-JNK levels were significantly

higher in MNC of 3- (Fig. 5F) and
7-day (data not shown) HF-fed mice
compared with NC control mice. In
contrast, MNC of mice lacking both
TLR2 and TLR4 did not exhibit
increased p-JNK levels induced by
HF feeding. Consistent with this,
blood MNC from 3- (Fig. 5G) and
7-day (data not shown) HFD mice
expressed more IL-18 mRNA than
cells from control animals, whereas

TLR4

IL-10

1

.

F4/80+ CD11b+
CD11c+

F4/80+ CD11b+
CD11c-

percentage of F4/807 cells in SVFs after 1 and 12 weeks (p <
0.05). When cells were gated for F4/80, CD11b, and CD11c, the
percentage of triply positive cells in SVFs increased by ~2.2-
fold after 1 and 12 weeks of HFD (p < 0.05). The number of
triply positive cells/gram of fat tissue increased by 2.6- and 3.6-
fold after 1 and 12 weeks of HFD, respectively (Fig. 5D). As
shown, upon HF feeding, the majority of the increase in F4/80™"
cells is due to the increase in triply positive and not doubly
positive cells.
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F4/80+ CD11b+
CD1lc+
FIGURE 6. F4/80*CD11b"CD11" cells in AT are activated by FFAs. A, contour plot. Epididymal fat pads were
dissected from twenty-five 3-month-old lean WT mice. SVFs were isolated and SVCs were sorted into two cell
subpopulations, F4/80*CD11b*CD11™ (shown in brown) and F4/80"CD11b*CD11* (shown in green) cells. B, triply
positive cells express more proinflammatory markers than doubly positive cells. Real time qPCR analysis shows that
triply positive cells express more TNF-o, CCR2, and TLR4 than doubly positive cells. Cand D, FFA treatment increases
IL-6 expression in F4/80"CD11b"CD11c" cells and decreases IL-10 expression in F4/80"CD11b"CD11¢c™ cells.
Sorted cells were treated with control vehicle or 500 um FFAs for 3 h, and RNA was isolated for gPCR analysis.

MNC from TLR2/4 DKO mice did
not show increased IL-183 expres-
sion when treated with FFAs. These
data show that HFD can cause an
increase in monocyte inflammation
as early as 3 days after the beginning
of the diet and support the idea that
inflammation precedes and is con-
ducive to the development of obesity and insulin resistance.
F4/80"CD11b*CDI11c* Cells from AT Are Activated by
FFAs—To characterize the macrophage subpopulations in nor-
mal mouse AT, doubly and triply positive cells were prepared
from epididymal fat pads derived from twenty-five 3-month-
old lean WT mice. SVCs were isolated and sorted into the two
cell subpopulations of interest, F4/80"CD11b"CD11~ and
F4/80"CD11b*CD11" cells (Fig. 6A4). The sorted cells were
treated with control vehicle or FFAs followed by qPCR analysis.

F4/80+ CD11b+
CD11c-
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FIGURE 7.CD11c* immune cells and insulin resistance in skeletal muscle cells. A, CD11c™ cells are present
in skeletal muscle. Immunohistochemical analysis was performed on mouse skeletal tissue sections using an
antibody against dendritic cell marker CD11¢, revealing the presence CD11c staining (shown in red) in this
tissue. B, HFD increases skeletal muscle CD11c and TNF-a expression. Soleus muscle was harvested from mice
fed NC or HFD for 20 weeks and subjected to real time PCR analysis. n = 3 for each group. C, cytokine content
in CM from BMDCs. CM was collected and analyzed, as described under “Experimental Procedures.” CM from
WT BMDCs contained high levels of TNF-«a and IL-6, which were further increased by FFA treatment. CM from
TLR2/4 DKO BMDCs contained much lower levels of those cytokines, which were not increased by FFA treat-
ment. D, effect of BMDC CM on insulin-stimulated glucose uptake in L6 myotubes. Insulin (5 nm) increased
glucose uptake in L6 cells co-incubated with vehicle-treated BMDC CM. This was significantly reduced when
cells were co-incubated with CM from FFA-treated, activated BMDCs. This inhibition of the effect of insulin on
glucose uptake was not present when cells were incubated with CM from FFA-treated BMDCs that lacked both
TLR2 and TLR4. n = 4 in quadruplicates for each condition. *, p < 0.05; **, p < 0.01 for HFD/FFA versus
NC/vehicle and insulin versus basal. #, p < 0.05 for CM-DKO BMDC versus CM-WT BMDC.

Effect of CD11c™ Immune Cells on
Skeletal ~ Muscle Cell  Insulin
Sensitivity—To determine whether
CD11c™ cells are present in normal
skeletal muscle, we performed
immunohistochemical analysis of
mouse skeletal tissue sections using
an antibody against CD11c. CD11c-
positive cells were detected, indicat-
ing that CD11c™ immune cells are
present in skeletal muscle (Fig. 7A).
Expression of CD11c was measured
in muscle tissue lysates from mice
fed NC and HFD for 20 weeks, and
Fig. 7B shows that muscle CD11c
gene expression increases with HF
feeding, as did TNF-« expression.
These results prompted us to exam-
ine whether triply positive cells
could play a role in promoting cellu-
lar insulin resistance.

To assess this, we measured the
effect of conditioned medium (CM)
harvested from BMDCs on insulin-
stimulated glucose uptake in L6
myotubes. CM from WT and
TLR2/4 DKO BMDCs were pre-
pared as indicated. CM from FFA-
treated WT BMDCs showed
increased levels of secreted TNF-«
and IL-6 compared with CM from
vehicle-treated cells (Fig. 7C, left
panels of bar graphs). As expected,
CM from vehicle-treated TLR2/4
DKO BMDCs contained much less
secreted TNF-a and no detectable
IL-6, and most importantly, FFA
treatment failed to stimulate TNF-«
and IL-6 secretion (Fig. 7C, right
panels of bar graphs). The results of
the L6 myotube glucose uptake
assays are presented in Fig. 7D. The
net increase in glucose uptake was
decreased (p < 0.05) in L6 cells
incubated with CM from FFA-
treated WT BMDCs compared with
vehicle-treated BMDCs. As ex-
pected, when L6 cells were incubated
with CM from TLR2/4 DKO BMDCs,
the insulin effect on glucose uptake

Fig. 6B shows that in the basal state, triply positive cells express
more TNF-a, CCR2, and TLR4 than doubly positive cells. When
cells were treated with FFAs, IL-6 gene expression was dramati-
cally increased in triply but not doubly positive cells (Fig. 6C).
Untreated doubly positive cells exhibited high levels of anti-in-
flammatory IL-10 mRNA expression, which was markedly
decreased by FFA treatment (Fig. 6D). In contrast, triply positive
cells did not express detectable levels of IL-10.
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was not decreased by CM from FFA-treated cells.

DISCUSSION

The increase in macrophage infiltration and associated
proinflammatory activity in hypertrophic and insulin-resistant
AT first reported by Weisberg and Xu (4) has highlighted the
role of macrophages in the development of obesity-associated
insulin resistance(5, 6). Macrophages from adipose tissue were
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found to express high levels of proinflammatory genes such as
TNF-q, inducible nitric-oxide synthase, and IL-6, suggesting a
causal link between inflammation and metabolic defects (23).
This contention was strongly supported by myeloid-specific
IKKP gene deletion studies (9) and, more recently, by macro-
phage-specific CAP KO studies (28). All of these findings indi-
cate that activation of inflammatory pathways in myeloid-de-
rived immune cells contributes to the development of systemic
insulin resistance.

In this study, we report that FFAs are important signaling
molecules that can stimulate proinflammatory pathway
activity in immune cells. Thus, treating RAW?264.7 or BM-
derived cells with a mixture of saturated and unsaturated
FAs caused activation of the stress/inflammatory JNK and
IKKp signaling cascades, increased the expression of proin-
flammatory genes, and augmented the secretion of chemo/
cytokines. In this regard, FFAs possess the capacity to induce
stress/inflammatory signals in immune cells as reported in
other cell types and tissues (1, 2, 13). We found that FAs
signal through both TLR2 and TLR4 to activate immune
cells. TLRs are essential participants in host defense against bac-
terial pathogens, but their role in nonmicrobial, sterile inflamma-
tory processes is still being explored (20). Here we show that when
TLR2 and TLR4 were knocked down in RAW264.7 cells or
deleted in TLR2/4 DKO BM-derived cells, the FFA-induced
inflammatory response was ablated, suggesting that both TLR2
and TLR4 deficiency in myeloid-derived cells contributes to the
prevention of fat-induced insulin resistance. This is supported
by a recent study showing that whole body TLR4 deficiency
prevented insulin resistance in lipid-infused male mice (21, 29).

Our results provide novel evidence demonstrating that JNK
activation is a key component in mediating TLR-dependent,
nonmicrobial inflammation in immune cells. Interestingly, INK
activity is abnormally elevated in obesity, and JNK1 KO mice
exhibit decreased adiposity and improved insulin sensitivity on
a HED (2). In light of our findings, it is possible that the protec-
tion from HFD-induced insulin resistance in JNK1 KO mice
might originate from the inability of their macrophages to
propagate JNK-dependent proinflammatory signals. Consist-
ent with this, our recent studies show that macrophage-specific
JNK1 KO mice are protected against HFD-induced insulin
resistance.”

Pretreatment with rosiglitazone, a selective insulin sensi-
tizing peroxisome proliferator-activated receptor vy ligand,
inhibited the FFA-induced activation of the JNK inflamma-
tory pathway in both RAW264.7 cells and BM-derived cells.
This is consistent with previous studies demonstrating that
TZDs have anti-inflammatory properties in various cell types
(30-32) and suggests that the anti-inflammatory properties of
TZDs in immune cells contributes to their insulin sensitizing
effects.

We studied the effects of FFAs in two types of myeloid-derived
cells: BMDMs and BMDCs, which are F4/80"CD11b*CD11c™
and F4/80"CD11b"CD11c™ cells, respectively. CD11c* BMDCs

3 Solinas, G., Vilcu, C,, Neels, J. G., Bandyopadhyay, G. K., Luo, J.-L., Naugler, W.,
Grivenikov, S., Wynshaw-Boris, A., Scadeng, M., Olefsky, J. M., and Karin, M.
(2007) Cell Metab., in press.
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showed heightened proinflammatory activity, expressed more
TLR2 and TLR4, and were activated by FFAs in contrast to
CD11c™ BMDMs. Interestingly, FFAs decreased IL-10 expression
in BMDMs. Because IL-10 is highly expressed in AT macrophages
from lean mice and can protect adipocytes from TNF-induced
insulin resistance (33), these findings suggest that FFAs can induce
insulin resistance via direct effects on immune cells to increase
levels of cytokines that cause insulin resistance while decreasing
levels of cytokines that prevent insulin resistance.

We found triply positive F4/80"CD11b"CD11c™ and dou-
bly positive F4/80"CD11b"CD11c™ cells in mouse AT. In
agreement with our data showing that CD1lc™ but not
CD1l1c  cells (RAW?264.7 cells and BMDCs versus BMDMs)
respond to FFAs, we demonstrated that triply positive cells dis-
played increased proinflammatory markers compared with
doubly positive cells and that FFA treatment enhanced inflam-
matory responses only in triply positive cells. Thus, AT con-
tains at least two phenotypically distinct types of immune cells
that respond differently to microenvironmental cues like FFAs.
This further suggests that these cells fulfill different roles in AT
homeostasis.

We show that acute and chronic HF feeding increased the
number of F4/80" macrophages in AT. An increase in
inflammatory markers and macrophage content in adipose
tissue from obese rodents and humans has been previously
reported (4, 5,7, 8), but the increased number and nature of
resident immune cells have largely been assessed by histo-
logical methods, with few (33-35) attempts to quantitate
these findings. In the current studies, we used a quantitative
approach, flow cytometry, to investigate the cell populations
in AT-derived SVFs. Our FACS results clearly show that
resident F4/80" and, more specifically, F4/80"CD11b™-
CD11c™ cell content increases under the influence of HFD
and in genetic obesity. This is consistent with a recent report
by Lumeng et al. (33) showing that ob/ob mice and mice
rendered obese by a 20-week HFD exhibited increased
F4/80" and F4/80"CD11c™ cell content in the SVFs. More
interestingly, our results show that the most important
changes induced by HF feeding are related to the shifts in
immune cell subpopulations, with a significant increase in
triply positive cells that contributes the major part to the
increase in F4/80™ total cell number. In addition, our results
demonstrate that in contrast to doubly positive
F4/80*CD11b*CD11c™ cells, the F4/80"CD11b*CD11c™
cells display elevated markers of proinflammatory gene acti-
vation and are responsive to the inflammatory effects of
FFAs. Hence, these triply positive cells likely account for the
enhanced proinflammatory activity reported in obese AT (4,
5,7, 8). Moreover, because AT F4/80"CD11b"CD11c™ cells
can release cytokines, such as TNF-«, which stimulate lipol-
ysis, this could raise the local tissue FFA concentrations,
representing an interesting feed forward process that could
contribute to sustained inflammation and the development
of tissue insulin resistance.

We show that CD11c and TNF-« expression is increased in
skeletal muscle of mice fed a HFD for 20 weeks, raising the
possibility that activated CD11c™ immune cells can promote
cellular insulin resistance in this tissue. Consistent with this, we
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found that CM from FFA-activated, CD11c* BMDCs, but not
CD11lc™ BMDMs (data not shown), inhibited insulin stimu-
lated glucose uptake in L6 myotubes. Glucose uptake was not
inhibited by CM from FFA-treated, TLR2/4-deficient BMDC:s.
These findings reinforce the role of TLR2 and TLR4 in mediat-
ing the effects of FFAs in myeloid cells and indicate that FA-
responsive, CD11c¢™ immune cells can directly modulate insu-
lin sensitivity in insulin target cells.

The presence of F4/80"CD11b*CD11c™ cellsin AT raises
the question as to the nature and origin of these cells. F4/80
and CD11c are primarily regarded as cell surface markers of
macrophages and dendritic cells, which are immunopheno-
typically defined as F4/80"CD11lc™ and F4/80 CDllc™,
respectively. Thus, AT triply positive cells are unusual in
that they have both macrophage- and dendritic cell-like fea-
tures. These could be cells that have not yet completed their
process of transitioning from a F4/80"CDllc™ to a
F4/80 CD11c" state or cells that have transitioned from a
CD1lc™ to CD11c™ phenotype but have retained some of
their original phenotypical characteristics. For instance,
they could be infiltrating F4/80" blood monocytes or AT
resident F4/80" macrophages that have gradually acquired a
CD11c™ phenotype because of changes in the AT local micro-
environment but have not yet, or not totally, lost F4/80 expres-
sion and macrophage properties. Interestingly, we found that
AT F4/80"CD11c* cells express high MHCII levels and DC-
SIGN, another dendritic cell marker (data not shown), suggest-
ing that at least some F4/80"CD11b"CD11c™ cells may be
functionally viewed as dendritic-like.

The increased content of AT triply positive cells in obesity
and upon HFD further poses the question as to the source of
these new cells. Do infiltrating cells derive from circulating
monocytes that already display a CD11c™ profile, or do they
originate from invasive CD11c™ resident tissue macrophages
which undergo conversion to CD11c" cells because of local
environmental cues? Our findings show that increased triply
positive cell content in AT correlates with increased blood
MNC activation. This suggests that activated MNC may be pre-
cursor cells for the F4/80"CD11b"CD1lc™ cells invading
inflamed AT tissue and that analysis of the inflammatory status
of circulating monocytes (36, 37) might prove to be a useful tool
to gain insight into the development of obesity-associated insu-
lin resistance.

In summary, we have provided a novel mechanistic link
between lipid metabolism, inflammation, and insulin resist-
ance. We showed that FFAs activate RAW264.7 and BMDCs
via TLR2-, TLR4-, and JNK-dependent inflammatory path-
ways. CD11c” immune cells are the key targets for the proin-
flammatory actions of FFAs, as well as for the anti-inflamma-
tory actions of TZDs, and acute and chronic HF feeding
increases the number of F4/80"CD11b"CD11c™ cells and
their relative contribution to the total F4/80" cell number in
AT. Thus, metabolic signals can utilize immune signaling
mechanisms to trigger the activation of immune cells. Our find-
ings support the view that FFA-induced, TLR-mediated activa-
tion of JNK proinflammatory pathways in CD11c" immune
cells plays a central role in the development of AT inflamma-
tion and insulin resistance.
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