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Obesity represents a state of chronic, low grade inflammation
and is associated with infiltration of increased numbers of adi-
pose tissue macrophages (ATMs). Diet-induced obesity leads to
an increase in non-inflammatory M1-like ATMs displaying the
CD11c surface marker. We assessed the function of CD11c-pos-
itive ATMs when insulin resistant high fat diet (HFD) mice
become insulin-sensitive after switching from HFD to normal
chow (NC). HFD mice rapidly become insulin-sensitive in all
major insulin-target tissues, including muscle, liver, and adi-
pose tissue, after the diet switch. In adipose tissue the CD11c-
positive macrophages remain constant in number despite the
presence of insulin sensitivity, but these macrophages now
assume a new phenotype in which they no longer exhibit in-
creased inflammatory pathway markers. Adipose tissue markers
of apoptosis and necrosis were elevated on HFD and remain
high after the HFD — NC diet switch. Furthermore, ATM accu-
mulation preceded detectable adipocyte necrosis at the early
phase of HFD. Together, these results indicate that 1) CD11c-
positive M1-like ATMs can exhibit phenotypic plasticity and
that the polarization of these cells between inflammatory and
non-inflammatory states is well correlated to the presence of
absence of insulin resistance, and 2) adipocyte necrosis and apo-
ptosis can be dissociated from ATM accumulation.

It is now clear that obesity gives rise to a state of chronic, low
grade inflammation that contributes to insulin resistance and
type-2 diabetes (1). In both humans and rodents, macrophages
(M) accumulate in adipose tissue (AT) with increasing body
weight (2—4), and recent evidence implicates ATMs? as major
contributors to tissue inflammation and insulin resistance in

* This work was supported, in whole or in part, by National Institutes of Health
Grants DK033651, DK074868, DK063491, DK020541, and DK048321 and
Eunice Kennedy Shriver NICHD/National Institutes of Health Cooperative
Agreement U54 HD 012303 as part of the specialized Cooperative Centers
Program in Reproduction and Infertility Research.

I The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1-7.

" To whom correspondence should be addressed: 9500 Gilman Drive, La Jolla,
CA 92093. Tel.: 858-534-6651; Fax: 858-534-6653; E-mail: jolefsky@
ucsd.edu.

2 The abbreviations used are: ATM, adipose tissue macrophage; ITT, Insulin
tolerance test; GTT, glucose tolerance test; SVC, stromal vascular cell; FA,
fatty acid; FFA, free FA; WAT, white adipose tissue; epi-WAT, epididymal
WAT; HGP, hepatic glucose production; NC, normal chow; TNF, tumor
necrosis factor; IL, interleukin; IFN, interferon; HFD, high fat diet; FACS,

pCEEYE

MAY 14, 2010-VOLUME 285+NUMBER 20

obesity (5, 6). For example, mouse models have demonstrated
that ATM:s can be both necessary and sufficient (1, 7-9) for the
development of insulin resistance in obesity. Specifically, dis-
abling the inflammatory pathway within macrophages by cre-
ating myeloid cell-specific knockouts of IkB kinase 8 or JNK1
protected mice from diet-induced insulin resistance (5, 6).
Macrophages have broad functions in the maintenance of tis-
sue homeostasis through the clearance of senescent cells and
remodeling and repair of tissues after inflammation (10). It has
been shown that infiltrating ATMs play an important role in
obesity-associated AT remodeling, based on the observations
that ATMs in obese mice and humans localize around dead
adipocytes, which are more prevalent in obesity (11). At these
sites of adipocyte death, ATMs aggregate to form “crown-like
structures” that envelope and ingest the large dead or dying
adipocytes. In obesity, these ATMs secrete increased amounts
of proinflammatory cytokines, such as TNFa and IL-6, which
are implicated in the development of insulin resistance (12—15).

Macrophages show significant functional heterogeneity,
as local environmental factors can shape their properties and
activation state (16, 17). Different stimuli activate macro-
phages to express distinct patterns of chemokines, surface
markers, and enzymes that ultimately generate the diversity
of macrophage function seen in inflammatory and non-inflam-
matory settings. This is reflected in macrophage cell types with
tissue specific functions, such as osteoclasts, Kupffer cells, and
alveolar macrophages. Macrophage heterogeneity can also be
observed within a single tissue type. In general, ATMs have
been operationally defined across M1-like to M2 polarization
states. These states have largely been defined in vitro, but tissue
macrophages most likely operate along a continuum between
these states in vivo. M1-like or “classically activated” macro-
phages are induced by proinflammatory mediators such as
lipopolysaccharide and IFNvy. These cells secrete high levels of
proinflammatory cytokines (TNFq, IL-6, IL-12) and generate
reactive oxygen species through the actions of inducible nitric-
oxide synthase (Nos2). M2 or “alternatively activated” macro-
phages can be generated in vitro by exposure to IL-4 and IL-13
(18). M2 macrophages secrete low levels of proinflammatory
cytokines and high levels of anti-inflammatory cytokines.
M1-like cells but not M2 cells express the CD11c surface
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marker and are the ones that produce the high levels of pro-
inflammatory cytokines that are linked to the development of
obesity-associated insulin resistance (19). Recent evidence
shows that the majority of the ATMs that accumulate in obese
adipose tissue are proinflammatory and express the cell surface
markers F4/80, CD11b, CD11c, and are M1-like. In contrast,
ATMs, which display F4/80 and CD11b but are negative for
CD11c, do not exhibit inflammatory pathway activation and are
M2-like. Lumeng et al. (19) showed that ATMs undergo a phe-
notypic switch from the M2 polarization state to a more
M1-like, CD11c™ polarization state upon high fat feeding, and
Patsouris et al. have shown that selective depletion of CD11c¢™
ATMs reverses insulin resistance even in the presence of a high
fat diet (HFD) and obesity (20). Furthermore, over the past few
years, several studies have reported increased TH1 lymphocyte
and decreased content of Tregs in obese adipose tissue, and
these adipose tissue lymphocytes may provide local tissue sig-
nals promoting ATM chemotaxis and activation (21, 22).

Although much is known about the accumulation of ATMs
during the development of obesity and insulin resistance,
relatively little is known about ATM fate and function during
the resolution of obesity and insulin resistance. Therefore, in
this study we explored whether the number of CD11c-positive
ATMs decreases or whether these cells acquire a new pheno-
type when obese, insulin-resistant HFD mice become insulin-
sensitive after their diet is changed from HFD back to normal
chow (NC).

EXPERIMENTAL PROCEDURES

Animals and Animal Care—Male C57BL/6] mice were pur-
chased from The Jackson Laboratory at 12 weeks of age and
were rendered insulin resistant by feeding an HFD (60% kcal
from fat; D12492, Research Diets) for 20 weeks. Then the diet
was switched to NC (12% kcal from fat; Purina 5001, LabDiet)
for another 3 weeks. Control mice were fed a NC all the time.
Animals were maintained on a 12-h/12-h light/dark cycle with
free access to food and water. All animal procedures were in
accordance with University of California San Diego research
guidelines for the care and use of laboratory animals.

Metabolism Insulin Tolerance Tests (ITTs), Glucose Toler-
ance Tests (GTTs), Hyperinsulinemic Euglycemic Clamp—Glu-
cose and insulin tolerance tests were performed on 4-h-fasted
mice. For GTT, animals were injected intraperitoneally with
dextrose (1 g/kg, Hospira, Inc), whereas for ITT 0.5 units/kg
insulin (Novolin R, Novo-Nordisk) was injected intraperitoneal
glucose excursion after injection was monitored over time.
Blood samples were drawn at 0, 15, 30, 60, and 120 min after
dextrose injection or 0, 15, 30, 60, and 90 min after insulin
injection. And glucose was measured using a One-Touch glu-
cose-monitoring system (Lifescan). Mouse clamp was per-
formed as previously described (23).

Stromal Vascular Cell (SVC) Isolation and FACS Analysis—
Epididymal fat pads were weighed, rinsed 3 times in phosphate-
buffered saline (PBS), and then minced in FACS buffer (PBS +
1% low endotoxin bovine serum albumin). Tissue suspensions
were centrifuged at 500 X g for 5 min and then collagenase-
treated (1 mg/ml, Sigma) for 30 min at 37 °C with shaking. Cell
suspensions were filtered through a 100-um filter and centri-
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fuged at 500 X g for 5 min. SVC pellets were then incubated
with RBC lysis buffer (eBioscience) for 5 min before centrifuga-
tion (300 X g for 5 min) and resuspended in FACS buffer. SVC
were incubated with Fc Block (BD Biosciences) for 20 min at
4 °C before staining with fluorescently labeled primary anti-
bodies or control IgGs for 30 min at 4 °C. F4/80-APC FACS
antibody was purchased from AbD Serotec (Raleigh, NC);
FITC-CD11b and PE-CD11c FACS antibodies were from BD
Biosciences. Cells were gently washed twice and resuspended in
FACS buffer with propidium iodide (Sigma). For FITC-Galec-
tin-3 staining (Cedarlane Laboratories Ltd.), SVCs were fixed
with 4% paraformaldehyde in phosphate-buffered saline for 5
min at 4 °C and wash twice, and resuspended SVC were treated
with 100 ul of 0.1% saponin in Hanks’ balanced salt solution for
5 min at 4 °C, washed once, then incubated with the FITC-
Galectin-3 antibody for 30 min at 4 °C. SVCs were analyzed
using a FACSAria flow cytometer (BD Biosciences). Unstained,
single stains and Fluorescence Minus One controls were used
for setting compensation and gates. The events are first gated
based on Forward-area versus Side scatter-area as well as Side
scatter-height versus Side scatter-width and Forward scatter-
height versus Forward scatter-width for a total of three dual-
parameter plots to gate out aggregates and debris. We used
single color controls to calculate compensation using the
FACSDiva software. A plot of Forward scatter versus propidium
iodide was used as the fourth gate to identify individual, live
cells. To measure markers with the maximum sensitivity, each
fluorochrome is plotted versus propidium iodide, and polygons
are drawn, angled with the aid of the Fluorescence Minus One
controls. This excludes dead and autofluorescent cells but
includes dim positives. By using polygon gates in combination
with logical gates, inclusion of false positive cells in the gates is
reduced.

Protein and Lipid Analyses—Plasma insulin levels were
measured by enzyme-linked immunosorbent assay (ALPCO).
Plasma FFA levels were measured enzymatically using a com-
mercially available kit (NEFA C; Wako Chemicals USA). Glyc-
erol was determined using the free glycerol reagent (Sigma).
Adiponectin was measured using a kit (Bridge International).
Leptin, resistin, MCP-1, and PAI-1 serum levels were mea-
sured using a multiplex enzyme-linked immunosorbent as-
say (Millipore/Linco research). IL-12p70, IFNvy, IL-6, IL-
10, keratinolyte-derived chemokine, and TNF-« levels in
epididymal white adipose tissue (epi-WAT) were measured
using a multiplex enzyme-linked immunosorbent assay
(Meso Scale Discovery).

Immunohistochemistry and Adipocyte Cell Sizing—Mice
were euthanized by CO, narcosis/cervical dislocation. Epi-
WAT, liver and muscle from quadriceps were dissected, fixed,
and embedded in paraffin and sectioned. Sections from at least
4 mice per group were stained with hematoxylin and eosin or
incubated with perilipin antibody (Abcam) at a 1:50 dilution
overnight at 4 °C. Subsequently, a biotinylated anti-rat second-
ary antibody (Pharmingen) was used at 1:100 dilution followed
by 1:500 horseradish peroxidase-streptavidin (The Jackson
Laboratory) and development in substrate chromogen. Slides
were counterstained with Mayer’s solution and mounted with
Vectashield mounting media. Brightfield pictures were taken of
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3 representative fields per slide using a fluorescent microscope
(10X objective). Using the apoptosis detection kit (Chemicon),
TUNEL staining was performed. Using the Image ] software,
adipocyte (n = 100 adipocytes) diameter was measured, and an
average diameter was recorded for each animal. Values were
recorded in arbitrary units.

Cathepsin D Activity—Cathepsin D activity was determined
by the SensoLyte 520 cathepsin D assay kit (Anaspec). Frozen
adipose tissue was grinded in liquid nitrogen, and then dithio-
threitol-containing assay buffer was added. Supernatant from
centrifuging at 12,000 rpm for 10 min at 4 °C was used for the
assay according to the kit instructions. The data were normal-
ized to 10 ug of protein (relative fluorescence units/10 ug).

mRNA Isolation and gPCR—Total RNA was extracted from
skeletal muscle, liver, and adipose tissue using the RNA purifi-
cation kit (RNeasy Plus, Qiagen). First-strand cDNA was syn-
thesized using SuperScript III and random hexamers (Invitro-
gen). Samples were run in 25-ul reactions using an iTaq SYBR
Green supermix (Bio-Rad) on an MJ Research Chromo4 Real
Time PCR system (Bio-Rad). Samples were incubated at 95 °C
for 3 min followed by 40 cycles at 95 °C for 10's, 60 °C for 20 s,
and 72 °C for 30 s. Genes were expressed as mRNA level nor-
malized to a standard housekeeping gene (glyceraldehyde-3-
phosphate dehydrogenase or 36B4) using the AACT method.
The specificity of the PCR amplification was verified by melting
curve analysis of the final products using Opticon 3 software
(Bio-Rad). Primer sequences were: glyceraldehyde-3-phos-
phate dehydrogenase (forward, 5'-AATGTGTCCGTCGTGG-
ATCT-3'; reverse, 5'-CATCGAAGGTGGAAGAGTGG-3');
36B4 (forward, 5-TGGCCAATAAGGTGCCAGCTGCTG-
3'; reverse, 5'-CTTGTCTCCAGTCTTTATCAGCTGCAC-
3"); F4/80 (forward, 5'-CTTTGGCTATGGGCTTCCAGTC-
3’; reverse, 5'-GCAAGGAGGACAGAGTTTATCGTG-3');
CDl1l1c (forward, 5'-ACACAGTGTGCTCCAGTATGA-3';
reverse, 5'-GCCCAGGGATATGTTCACAGC-3'); (forward,
5'-ATGAAGAACCTCCGGGAAAT3'; reverse, 5'-GCTTAG-
ATCATGGCGTGGTT-3'); TNFa (forward, 5'-CCAGACCC-
TCACACTCAGATC-3'; reverse, 5'-CACTTGGTGGTTTG-
CTACGAC-3'); IL-1B (forward, 5'-AAATACCTGTGGCCTT-
GGGC-3'; reverse, 5'-CTTGGGATCCACACTCTCCAG-3');
IL-4 (forward, 5'-ATGGAGCTGCAGAGACTCTT-3'; reverse,
5'-AAAGCATGGTGGCTCAGTAC-3"); IL-6 (forward, 5'-
CCAGAGATACAAAGAAATGATGG-3'; reverse, 5'-ACTC-
CAGAAGACCAGAGGAAAT-3"); IL-10 (forward, 5 -TGAA-
TTCCCTGGGTGAGAAG-3'; reverse, 5'-TCACTCTTCAC-
CTGCTCCACT-3'); INFy (forward, 5'-TCAAGTGGCATA-
GATGTGGAAGAA-3'; reverse, 5'-TGGCTCTGCAGGATT-
TTCATG-3'); PGCla (forward, 5'-AGACGGATTGCCCTC-
ATTTGA-3'; reverse, 5'-TGTAGCTGAGCTGAGTGTTGG-
3"); PDK4 (forward, 5'-CCGCTTAGTGAACACTCCTTC-3';
reverse, 5'-TCTACAAACTCTGACAGGGCTTT-3'); galec-
tin-3 (forward, 5'-ATGAAGAACCTCCGGGAAAT-3’; re-
verse, 5'-GCTTAGATCATGGCGTGGTT-3').

Muscle and Liver Lipid Analyses—The lipids from plasma
and tissues are extracted in the presence of authentic internal
standards by the method of Folch et al. (24). Using chloroform:
methanol (2:1 v/v), individual lipid classes within each extract
are separated by liquid chromatography (Agilent Technologies
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model 1100 series). Each lipid class is trans-esterified in 1%
sulfuric acid in methanol in a sealed vial under a nitrogen atmo-
sphere at 100 °C for 45 min. The resulting fatty acid methyl
esters are extracted from the mixture with hexane containing
0.05% butylated hydroxytoluene and prepared for gas chroma-
tography by sealing the hexane extracts under nitrogen. Fatty
acid methyl esters are separated and quantified by capillary gas
chromatography (Agilent Technologies model 6890) equipped
with a 30-m DB-88MS capillary column (Agilent Technologies)
and a flame-ionization detector.

Statistical Analyses—Data are presented as the means * S.E.
The significance of differences between groups was evaluated
using analysis of variance. The p value <0.05 was considered
significant.

RESULTS

Switching from HFD to NC Improves Glucose Tolerance and
Insulin Sensitivity—As shown in Fig. 1, A and B, the diet switch
caused a 15% decrease in body weight and 25% decrease in
epi-WAT mass. We evaluated the effect of switching from (20
weeks, 60%) HFD to NC on glucose homeostasis and insulin
sensitivity. ITTs and GTTs were performed 3 weeks after the
dietary switch. As shown in Fig. 1, Cand D, 20 weeks of HFD led
to significant insulin and glucose intolerance in the C57BL/6]
mice compared with the NC diet, and this effect was markedly
attenuated in the HFD — NC group. Thus, basal glucose levels
(Fig. 1E) and glucose tolerance were nearly normalized, and
insulin tolerance was markedly improved. This was accompa-
nied by an ~80% decrease in basal insulin values (Fig. 1F), indi-
cating improved insulin sensitivity.

To more accurately quantify whole body alterations in insu-
lin sensitivity, hyperinsulinemic euglycemic clamp studies were
performed (Fig. 1, G-L). The amount of exogenous glucose
required to maintain euglycemia (GIR) and the glucose disposal
rate (GDR) during the clamp studies were substantially lower in
the HFD group compared with both the HFD — NC and NC
mice (Fig. 1, G and H). The insulin-stimulated glucose disposal
rate (IS-GDR), which primarily reflects skeletal muscle insulin
sensitivity, was markedly blunted in the HFD group, reflecting
HFD-induced muscle insulin resistance. This defect was essen-
tially normalized in the HFD — NC mice, demonstrating that
the dietary change reversed the skeletal muscle insulin-resis-
tant state (Fig. 17). The ability of insulin to suppress hepatic
glucose production (HGP), which reflects hepatic insulin sen-
sitivity, was markedly impaired in the HFD/obese mice (Fig. 1)),
as evidenced by decreased suppression of HGP by insulin dur-
ing the clamp study compared with NC mice. After the dietary
change (HFD — NC), HGP suppression was greater, indicating
improved hepatic insulin sensitivity. The basal HGP values
were also reduced (Fig. 1K) in the HFD-NC mice, consistent
with the reduction in basal glucose values (Fig. 1E) and
improved hepatic insulin sensitivity. Interestingly, the resolu-
tion of muscle insulin resistance (~90%) was somewhat greater
than the improvement in hepatic insulin resistance (~50%).
Insulin-induced suppression of plasma FFA and glycerol levels
are indicators of adipose tissue insulin sensitivity, and as shown
in Fig. 1, L and M, HFD-fed mice exhibited impaired FFA sup-
pression (32 versus 63%) and a higher plasma glycerol level
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FIGURE 1. Insulin resistance was improved in the HFD — NC-switched mice. C57BL/6J mice were fed a HFD
for 23 or 20 weeks then a NC diet for 3 or 23 weeks. Body weight (A) and epi-WAT weight (B) were measured. [TTs
(C) and GTTs (D) were performed by intraperitoneal injection of insulin (0.5 units/kg of body weight) or glucose
(1 g/kg of body weight) after 4 h of fasting. Basal glucose (E) and insulin (F) were measured just before the
insulin injection during ITTs. Hyperinsulinemic euglycemic clamp were performed after a 6-h fast. Glucose
infusion rates (GIR, G) and glucose disposal rates (GDR, H) indicate whole body insulin sensitivity. Insulin-
stimulated glucose disposal rate (IS-GDR; /) is indicative of insulin sensitivity in skeletal muscle, and liver insulin
sensitivity is reflected by suppression of hepatic glucose production (HGP, J and K). Blood levels of FFA (L) and
glycerol (M) reflect insulin sensitivity in adipose tissue. Data are expressed as the mean = S.E.,, n = 10 per group
in A-D, and n = 6 per group in E-K. *, p < 0.05; **, p < 0.01 (compared with the HFD group).

(0.13 = 0.01 versus 0.05 £ 0.004 mg/ml) compared with NC fed
mice. The HFD — NC diet switch resulted in normalization of
glycerol and FFA suppression by insulin. Together, these data
demonstrate that changing from HFD to NC leads to reduction
of systemic insulin resistance, and these insulin-sensitizing
effects occur in all three major insulin target tissues, with the
improvement in adipose tissue and muscle, which is somewhat
greater than in liver.

Macrophage Content of WAT after the HFD — NC Diet
Switch—Large numbers of ATMs accumulate in obesity, and
substantial evidence exists pointing to an etiologic role for these
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this is consistent with previous
studies (25). The increase in ATM
content in the epididymal fat pad
was comparable with accumula-
tion of ATMs in other visceral
depots such as mesenteric and ret-
roperitoneal fat. Interestingly, as
previously noted (26, 27), ATM
content in subcutaneous adipose
tissue did not increase nearly as
much as in the visceral fat
(supplemental Fig. 2). Importantly,
the HFD — NC mice exhibited the

same number of doubly positive

HFD HFD-NC NC

macrophages as the HFD group
(1.16 = 0.14 X 10°%/g of fat, Fig. 2, A
and B). These comparisons were
fully consistent with the relative
measurements of adipose tissue
F4/80 mRNA expression in HFD,
HFD — NC and NC mice (Fig. 2C),
which show equally high values in
HFD and HFD — NC mice com-
pared with NC. These findings indi-
cate that ATM content does not
diminish 3 weeks after switching
from HFD to NC.

ATMs are heterogeneous, and we
and others have found two subpopu-
lations of F4/80"CD11b™ ATMs, one
of which is positive and the other neg-
ative for CD11c. The CD11c+ (triply
positive, F4/80%, CD11b™, CD11c" cells) Ml-like macro-
phages account for the majority of the increase in ATMs in
obesity and overexpress proinflammatory cytokines compared
withthe CD11c¢™ ATMs (19, 28). As shown in Fig. 2D, there was
a 42-fold increase in CD11c mRNA in HFD compared with NC
mice, and the HFD — NC mice exhibited the same level of
CD11c as HFD mice. FACS analyses showed a much greater
number of F4/80, CD11b, and CD11c triple-positive ATMs in
the epi-WAT of HFD mice versus NC mice (0.486 * 0.034 X
10°/g of fat versus 0.038 = 0.007 X 10°%/g of fat; p < 0.01, Fig. 2,
A and E), and ~ 40% of the F4/80™, CD11b™ cells also displayed
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FIGURE 2. Macrophages maintained in the adipose tissue of HFD — NC-switched mice. SVCs were isolated from the epi-WAT samples then were stained
with F4/80, CD11b, and CD11c and analyzed by FACS for F4/80*CD11b™ (A and B). Samples were gated for F4/80"CD11b™ and examined for coexpression of
CD11c conjugated with phycoerythrin (PE) (A and E). The relative mRNA levels of the macrophage maker F4/80 (C) and M1-like marker CD11c (D) were analyzed
by qPCR. Data are expressed as the mean =+ S.E., n = 4 per group, **, p < 0.01 compared with the HFD group.

CD11c on HFD compared with <10% on NC. No decrease in
the number of CD11c-positive ATMs was seen in the HFD —
NC group (0.483 + 0.021 X 10°/g of fat, Fig. 2, A and E) and, as
on HFD, ~40% of F4/80, CD11b™ cells displayed CD11c. These
results show that total ATMs as well as CD11c* M1-like cells
remained constant in number after the 3-week dietary change
despite resolution of the glucose intolerance and insulin resis-
tance in the HFD — NC group. Interestingly, by 5 weeks of
the HFD — NC diet switch, CD11c-positive ATM content
decreased toward normal (supplemental Fig. 3).
Inflammatory Pathway Activation in WAT after the HFD — NC
Diet Switch—The CD11c™ ATM content increases markedly
during HFD, peaking at ~12 weeks (Fig. 2 and supple-
mental Fig. 4), and because these cells are important contribu-
tors to the increased expression of pro-inflammatory genes in
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obese AT (19, 28), we quantified the expression of several of
these genes in epi-WAT. As shown in Fig. 3, A—E, HFD led to a
marked increase in the mRNA levels of cytokines such as IL-6,
TNFeq, IFNYy, IL-10, and IL-183 compared with NC, and this
increase was markedly blunted in the HFD — NC mice. We also
measured tissue protein levels of these cytokines, which
revealed high levels on HFD compared with NC, with near nor-
malization of IL-6, TNF«, IFNv, IL-10, IL-18, and IL-12p70
along with a marked decrease in keratinocyte-derived chemo-
kine levels in the HFD — NC mice (Fig. 3, F-L). These results
are consistent with the qPCR data and demonstrate that the
dietary change from HFD to NC resulted in decreased proin-
flammatory responses in AT despite the fact that the CD11c™,
M1l-like ATMs remain constant in number. To test if the
CD11c* macrophages in the HFD — NC mice contribute to the
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HFD group). ND means not detectable.

reduction of inflammation, CD11c™ macrophages and CD11c™
macrophages were sorted by FACS from epi-WAT of 35 HFD
and 34 HFD — NC mice. As shown in Fig. 3, M and N, on HFD
the CD11c™ macrophages showed a marked increase in mRNA
levels of TNFa and IL-183 compared with CD11c™ cells, and
after the dietary switch to NC, the increase in gene expression
in the CD11c™ cells was markedly blunted, demonstrating that
CD11c* macrophages from the HFD — NC mice reverted to a
less inflammatory phenotype.

Galectin-3 is a lectin expressed by activated macrophages
that mediates macrophage chemotactic, phagocytic, and
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inflammatory responses. As shown in Fig. 30, ATM from
HFD mice expressed more galectin-3 compared with the NC
mice, and the diet switch significantly decreased galectin-3
levels. To relate galectin-3 expression to ATM number, we
normalized the results to F4/80 mRNA levels, and with this
analysis, galectin-3 levels were high in the HFD mice and fell
to the same levels in the NC and HFD — NC mice (Fig. 3P).
FACS analysis also showed that the CD11c* macrophages in
HFD mice express a higher intensity of galectin-3 than NC
mice, and this increase was blunted in the HFD — NC mice

(Fig. 3Q).
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Adipocyte Size and Adipokine Secretion—It is well known
that HED increases adipocyte size and adipose tissue mass and
that enlarged adipocytes are more insulin-resistant. As shown
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in Fig. 4, A and B, adipocyte size in
the epi-WAT of the HFD mice is
much greater than in NC mice, and
some adipocytes from the HFD
mice can be 5 times bigger than in
NC mice. This increase was partially
reversed in the HFD — NC mice.
Adipose tissue can secrete a variety
of adipokines and cytokines that
modulate insulin sensitivity and
ATM recruitment. As shown in Fig.
4, C-F, adipocytes from HFD mice
secrete more leptin, resistin, PAI-1,
and MCP-1 than NC, and this
increase was normalized in the
HED — NC group. Also, adipocytes
from HFD mice secrete less adi-
ponectin per gram of fat than NC,
and this decrease was ameliorated
in HFD — NC group (Fig. 4G).

Adipocyte Necrosis and Apopto-
sis—Strissel et al. (29) suggested
that adipocyte death is an early, pro-
gressive, and depot-dependent event
with up to 80% of fat cells undergo-
ing necrosis in diet-induced obese
mice. In our models we assessed
apoptosis in epi-WAT by TUNEL
staining. As shown in Fig. 54, there
was no detectable TUNEL staining
in NC, whereas there was an equiv-
alent severalfold increase in the
number of cells positive for TUNEL
staining in both HFD and HFD —
NC. Thus, HFD led to an increase in
adipocyte apoptosis that was not
alleviated by switching to chow diet
at 3 weeks.

Loss of perilipin staining is a gen-
eral marker for adipocyte death, and
we assessed the degree of adipocyte
necrosis by immunostaining adi-
pose tissue sections for perilipin,
which surrounds live adipocytes.
Adipose tissue from NC mice was
characterized by greater perilipin
staining compared with HFD mice,
and the HFD — NC diet switch did
not restore perilipin content (Fig.
5B). We also measured cathepsin D
activity in the epi-WAT as an
additional measure of necrosis. As
shown in Fig. 5C, adipose tissue
from HFD mice displayed increased
cathepsin D activity compared with

NC mice, and the HFD — NC diet switch did not cause a reduc-
tion in cathepsin D activity. These results indicate that HFD —
NC mice exhibit the same extent of necrosis in the epi-WAT as
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HFD mice. This indicates that the
improvement in insulin resistance
and reversal of proinflammatory
effects are independent of the
presence of adipocyte necrosis. To
further explore this dissociation
between necrosis and macrophage-
mediated inflammation, we as-
sessed these variables at an early
stage of HFD. As seen in Fig. 5D,
after 1 week of HFD, an increase in
ATM content was clearly observed.
However, despite the initial increase
in ATMs, we found no evidence for
increased cathepsin D activity (Fig.
5E), indicating that macrophage
immigration begins before the onset
of HFD-induced adipocyte necrosis.

Lipid and Inflammatory Changes
in Liver and Muscle—HFD leads to
full blown hepatosteatosis (Fig. 6A)
as previously reported. Interest-
ingly, 3 weeks after switching from
HFD to NC, hepatic fat accumula-
tion was largely resolved, and this
was further demonstrated by bio-
chemical measurements showing
normalization of triacylglycerol, di-
acylglycerol, and cholesterol ester
content in the HFD — NC mice
(Fig. 6, B-D). Furthermore, we
found that HFD led to an increase in
hepatic expression of F4/80 and
CD11c (Fig. 6, E and F), suggesting
an increase in Kupffer cells or newly
recruited cells. In contrast to what
was observed in adipose tissue,
switching from HFD to NC led to a
substantial decrease in F4/80 and
CD11c expression. We also found
that the diet switch increased IL-4
expression, a TH2 cytokine, com-
pared with HFD mice, suggesting
that the remaining Kupffer cells
or newly recruited macrophages
acquire a less proinflammatory state
(Fig. 6G).

With respect to macrophages, skel-
etal muscle exhibited similar changes
as seen in liver, in contrast to the rel-
ative persistence of ATMs in adipose
tissue. As previously reported, HFD
can cause an increase in macro-
phage content of intermuscular fat
deposits (3, 30). In the current stud-
ies HFD led to an increase in F4/80
and CDllc expression in skeletal
muscle, which was reduced in the
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HFD — NC mice (Fig. 7, A and B). Consistent with this decrease
in macrophage content, inflammatory cytokine expression, such
as IL-6 and TNFe, was also markedly decreased (Fig. 7, C and D).
Interestingly, PGCla expression increased in the HFD — NC
mice (Fig. 7E), consistent with improved mitochondrial func-
tion and enhanced insulin sensitivity. It is known that PDK4 can
impair glucose oxidation followed by increased fatty acid oxi-
dation (31). As shown in Fig. 7F, HFD resulted in 3-fold higher
PDK4 expression compared with the NC fed mice, and this
increase was fully normalized by diet switching. We also found
that HED led to the expected increase in triacylglycerol, diacyl-
glycerol, and cholesterol ester content in muscle, and these bio-
chemical abnormalities were largely normalized back to NC
levels in the HFD — NC mice (Fig. 7, G-I). All of these changes
are fully consistent with the marked improvement in skeletal

pCEEYE

MAY 14, 2010+VOLUME 285+NUMBER 20

muscle insulin sensitivity observed in the euglycemic hyperin-
sulinemic clamp studies.

Lipid Class Composition in Liver, Muscle, Epi-WAT, and
Serum—Lipid accumulation was much greater in both liver
and muscle on HFD compared with NC and was greatly reduced
after the HFD— NC switch (Figs. 6 and 8). We also measured
fatty acid composition of the various tissues and plasma in the
NC, HFD, and HFD — NC mice utilizing a high density, quan-
titative lipidomic analysis. The results show that the dietary
manipulations led to major changes in lipid composition in all
tissues (Fig. 8 and supplemental Figs. 5-7). For example, across
the different lipid classes, there were generally less w3 fatty
acids and more w6 fatty acids in HFD mice in all three tissues.
Switching from HFD to NC led to an increase in w3 and a
decrease in w6 fatty acids in most lipid classes in liver and mus-
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cle with little if any changes in adipose tissue (Fig. 8 and
supplemental Figs. 5-7). As seen, analysis of the specific lipid
classes shows that the tissue levels of w3 and 6 fatty acids moi-
eties contained in the diets (18:3n3 and 18:2n6) differed mini-
mally, or not at all, between HFD and NC, whereas the more
downstream w3 and 6 FA showed large changes. This indicates
that the different dietary conditions modified the activity of the
metabolic pathways, which generate the w3 and 6 FA products,
including arachidonic acid, eicosapentaenoic acid, and docosa-
hexaenoic acid. The tissue content of the w3 and six FAs goes in
opposite directions, and it is possible that this reflects alter-
ations in subcellular localization of key biosynthetic enzymes or
differential affinity of one or more of these enzymes for sub-
strate. In liver, muscle, fat, and blood, stearic acid (18:0) levels
were higher on HFD compared with NC, and the diet switch
reversed this increase (Fig. 8D). In all three tissues as well as in
blood, palmitoleate (16:1n7) levels were higher on NC com-
pared with HFD, and this is consistent with a recent report that
palmitoleate may be an insulin-sensitizing lipokine (32). Palmi-
toleate levels increased after 3 weeks on NC in liver and blood
(Fig. 9, A and D) but did not change in the triacylglycerol frac-
tion and only slightly in the phospholipid fraction in WAT and
muscle (Fig. 9, Band C).

DISCUSSION

Itis now generally accepted that chronic tissue inflammation
isan important cause of insulin resistance in obesity (1, 3, 4) and
that the proinflammatory tissue macrophage, particularly in
adipose tissue, can be an initiating cell type in this inflammatory
response (1, 7-9). In addition, we and others have shown that a
specific subpopulation of macrophages, characterized by cell
surface positivity for the markers F4/80, CD11b, and CD11c,
accounts for the majority of the increased macrophage influx
into adipose tissue (19, 28). These cells assume a highly proin-
flammatory state, releasing large amounts of tissue cytokines
that can cause insulin resistance through paracrine mecha-
nisms. In addition, genetic deletion of CD11c-positive macro-
phages led to near reversal of HFD-induced inflammation with
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near complete normalization of glucose tolerance, hyperinsu-
linemia, and insulin sensitivity (20). In the current study we
have examined the kinetics of accumulation of these proinflam-
matory CD11c™ macrophages in adipose tissue during the
course of diet-induced obesity and have also assessed their dis-
appearance once high fat feeding is discontinued and normal
chow diet resumed. We found that CD11c* macrophages rap-
idly influx into adipose tissue, reaching a peak by ~12 weeks.
After switching from high fat diet to normal chow, ATMs
remain constant in number for 3 weeks and then decline toward
the values observed in NC fed mice by 5 weeks.

To better understand the role of the CD11c¢* macrophage in
the etiology of insulin resistance, we examined the time course
of reversion of glucose intolerance, insulin resistance, ATM
content, and inflammation after discontinuing HFD. Under-
standing the temporal sequence of the events during reversion
of insulin resistance is a powerful tool to gain insights into the
underlying mechanisms, as events that occur after insulin sen-
sitivity is restored cannot be the cause of the reversion. The
major findings are that insulin resistance and glucose intoler-
ance return to normal, or near normal, levels after 3 weeks of
the diet switch, whereas total macrophage content in adipose
tissue as well as CD11c™ macrophage content remains un-
changed for 3 weeks but then declines toward normal by 5
weeks. Thus, at the time that glucose intolerance/insulin resist-
ance normalized (3 weeks post-diet switch), CD11c* and total
ATM content remains unchanged. Remarkably, however, we
found that despite the unchanged macrophage content, mark-
ers of inflammation (i.e. tissue cytokines, and inflammatory
pathway gene expression) were largely normalized in the
3-week HFD — NC mice. Thus, despite the ongoing presence
of the CD11c™ ATM subpopulation, these cells reorient their
phenotype from a highly proinflammatory state to a non-in-
flammatory state, consistent with the role of these cells and
tissue inflammation in the etiology of insulin resistance.

After 3 weeks of the diet switch from HFD to NC, the mice
showed a 15% decrease in body weight and a 25% decrease in fat
pad mass (Fig. 1, A and B). This suggests that the total number
of CD11c* ATMs per mouse could be decreased after the diet
switch, whereas the content of these ATMs per gram of fat was
unchanged, and this was accompanied by a large decrease in a
variety of tissue inflammatory markers. On the other hand, the
diet-switched mice were still obese compared with the NC
group, but insulin sensitivity was largely normalized, at least in
muscle and fat. This suggests potential effects of dietary nutri-
ent content independent of adiposity.

There are a number of chemotactic factors that can stimulate
macrophage migration (7, 33, 34). Adipocytes secrete MCP-1 as
well as other chemotactic factors, leading to initial macrophage
influx. Once within the adipose tissue, the resident ATMs also
secrete chemotactic factors, causing further macrophage in
migration, perpetuating the inflammatory state. In the context
of chronic obesity-related inflammation, it is important to
recall that acute inflammatory responses normally dissipate via
the process of inflammation resolution. Because obesity-in-
duced adipose tissue inflammation is a chronic, low grade tissue
phenotype, which likely lasts as long as the obesity and high
caloric state persist, it seems probable that some elements of
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the resolution process are attenuated in obesity. In this event,
events which initiate inflammatory responses as well as those
which maintain it become of etiologic interest. We found that
after 3 weeks of the diet switch, total ATM content remained
constant, although the CD11c* macrophages exhibited an
entirely different phenotype. This suggests that the CD11c™
ATMs present at the end of the HFD period responded to NC-
derived dietary or tissue cues that caused them to change their
polarization state to a less inflammatory cell type, whereas the
cell surface markers we measured remain unchanged. Because
ATM content eventually falls by 5 weeks, it is probable that
influx of macrophages is eventually curtailed by the diet switch.
Our data do not prove that the switch in ATM phenotype is not
due to an influx of non-inflammatory macrophages bearing
CD11c. However, our overall interpretation is that this scenario
is less likely than a polarization switch of the ATMs, which were
already present in the adipose tissue, from a proinflammatory
to aless inflammatory state while still expressing CD11c. There
are several reasons for this interpretation. First, because total
ATM content had not changed after 3 weeks of the diet switch,
this would mean that influx of this new cell type would have to
be balanced completely by efflux of the original ATMs. This
seems less likely, as it would require two processes to cancel
each other out, and the influx would be in the context of an
adipose tissue depot in which MCP1 expression is decreased.
Second, to our knowledge, a non-inflammatory monocytic cell
type expressing CD11c has not been identified (19). For these
reasons, we favor the repolarization concept.

ATMs typically form crown-like structures surrounding
large or dying adipocytes (11); it is logical to propose that sig-
nals derived from these dying adipocytes are responsible for
recruiting macrophages into adipose tissue. However, no direct
evidence for this exists, and our current results suggest that
other factors may contribute to this process. With respect to
apoptosis, although our data do not allow identification of
which cell types within the adipose tissue undergo apoptosis,
they do show that the overall level of apoptosis is higher in
adipose tissue from HFD versus NC mic, and that this level of
apoptosis remains unchanged after switching from HED to NC
for 3 weeks. Likewise, the number of necrotic cells, as measured
by decreased perilipin staining (11) and increased cathepsin D
activity, is increased on HFD compared with NC, but after 3
weeks of the diet switch, overall perilipin staining and cathepsin
D activity remained the same. These events occurred at the
same time that the CD11c* ATMs underwent the phenotypic
change to a relatively non-inflammatory profile, which was
accompanied by normalization of glucose intolerance and insu-
lin sensitivity. Interestingly, 1 week of HED feeding can cause
insulin resistance and increased ATM content in adipose tissue
(30, 35). However, our data show no evidence of adipocyte
necrosis at this early stage of ATM accumulation. These find-
ings suggest that the tissue cues, which influence the inflamma-
tory macrophage phenotype, can be dissociated from the pro-
cesses of necrosis/apoptosis and may be dietary in origin or
represent signals emanating from living adipocytes and/or
other constituents of adipose tissue such as lymphocytes.

The above considerations raise the question as to what
causes the CD11c™* macrophages to assume their proinflamma-
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tory phenotype in the first place. Lumeng et al. (19) have pre-
sented data indicating that these cells exhibit their proinflam-
matory phenotype at the time they arrive in the adipose tissue.
Our data indicate that these cells retain a significant degree of
plasticity and that local environmental factors can alter their
phenotype, at least from the proinflammatory to the non-in-
flammatory state. Given this degree of plasticity, it seems likely
that during the course of obesity and HFD, local environmental
signals are involved in the maintenance of the proinflammatory
state of CD11c™ macrophages even though they might exhibit
this state after initial entry. It seems likely that the adipocyte,
adipose tissue lymphocytes, or some other adipose cell type is
the source of these local signals.

One of the potential tissue environmental signals is free fatty
acids. Within adipose tissue, macrophages are surrounded by
adipocytes constantly releasing free fatty acids, and previous
studies have shown that saturated fatty acids exert potent
proinflammatory effects in macrophages by signaling through
the TLR4 pathway (30, 36 —39). In these studies we showed that
switching the diet from HFD to NC led to normalization of
basal blood glycerol levels and normalization of insulin-medi-
ated suppression of circulating FFAs. Based on this, the ATMs
exist in a less proinflammatory environment in the 3-week
HFD — NC mice, likely contributing to the change in the
CD11c* cell phenotype. In addition to FFAs, adipose tissue
secretes a variety of chemokines and cytokines, and going from
HFD — NC has a profound effect on expression of these factors
(Fig. 3). Clearly one or more of these chemokines/cytokines
could serve as diet-sensitive environmental signals.

Based on the results of the glucose clamp data, switching
from HDF — NC for 3 weeks led to complete normalization of
skeletal muscle and adipose tissue insulin sensitivity, whereas
hepatic insulin sensitivity was only improved by ~50%. This
occurred at the same time that liver and muscle triglyceride and
diacylglyceride concentrations returned to normal. Although
the mechanism for this apparent delay in normalization of
hepatic insulin sensitivity remains to be determined, this result
is consistent with other studies showing dissociation of hepatic
steatosis from insulin resistance (6, 40, 41).

Polyunsaturated fatty acids can be classified into w3 and w6
categories, and we found that HFD led to increased w6 and
decreased w3 fatty acid content in liver, muscle, and fat com-
pared with NCs. However, the levels of 18:3n3 and 18:2n6 FAs,
which are the actual w3 and w6 constituents in the diets, were
very similar, whereas the levels of the downstream w3 and w6
products were altered by the different dietary conditions. This
indicates that it is the biochemical pathways which metabolize
dietary lipids that were altered by the HFD and NC conditions.
It has been shown that both w3 and w6 fatty acids can be pre-
cursors for signaling molecules with opposing effects. For
example, w6 fatty acids such as arachidonic acid (C20:4n6),
which was increased by HFD, can be converted to prostaglan-
dins, leukotrienes, and other lipoxygenase or cyclooxygenase
products. These products are important regulators of cellular
function and can cause proinflammatory, atherogenic, and pro-
thrombotic effects (42). On the other hand, w3 fatty acids, such
as docosahexaenoic acid (C22:6n3) and eicosapentaenoic acid
(C20:5n3), which were decreased on HFD, can antagonize the
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pro-inflammatory effects of w6 fatty acids and down-regulate
inflammatory gene expression (43—47). Furthermore, treat-
ment of obese mice and rats with w3 FAs improves insulin
resistance (48, 49). Our lipodomic data showed that w3 and w6
fatty acid composition was normalized in liver and muscle, but
not adipose tissue, 3 weeks after the diet switch, and these
changes may contribute to the improved insulin sensitivity.
Our lipodomic data also showed that stearic acid (C18:0) was
generally increased in most lipid classes and reverted to normal
after the diet switch. It is interesting to note that C16:0 did not
increase on HFD (supplemental Fig. 5). Which means that the
ratio of C18:0 to C16:0 actually went up. This is consistent with
Matsuzaka et al. (50), who showed that HFDs increase Elovl6
activity, which increases the ratio of C18:0 to C16:0. Because
saturated FAs can activate macrophages and w3 FAs are anti-
inflammatory, it seems possible that these dietary/obesity-in-
duced alterations in the mixtures of adipose tissue FAs could be
one of the tissue cues responsible for determining ATM con-
tent and phenotype. In addition, Cao et al. (32) have recently
reported that palmitoleate may function as a lipokine with insu-
lin-sensitizing properties. Interestingly, we found that blood,
muscle, and liver palmitoleate concentrations were depressed
on HFD compared with NC mice and increased in the 3-week
HED — NC group. The relative lack of change in 16:1n7 com-
position in adipose tissue suggests that adipocyte de novo fatty
acid synthesis is suppressed on HFD, as previously reported
(32), and does not appreciably increase after switching to NC
for 3 weeks. Because muscle FAs are largely derived from FAs
released from adipocytes, this could also explain why 16:1n7
values are largely unchanged in muscle after the diet switch.
This would also mean that the increase in palmitoleate levels in
liver are the product of de novo fatty acid synthesis in hepato-
cytes. Apart from changes in fatty acid composition, we also
observed normalization of intrahepatic and intramyocellular
triacylglycerol and diacylglycerol levels after 3 weeks of the diet
switch.

In summary, these results demonstrate the phenotypic plas-
ticity of CD11c+ ATMs elicited by changing from HFD to NC.
On HFDs, these cells are highly proinflammatory, leading to
tissue inflammation, which contributes to the insulin resistant
state. Three weeks after switching from HFD to NC, the insulin
resistance was nearly normalized, but CD11c+ ATM content
remained unchanged. However, these CD11c+ ATMs now
assume a non-inflammatory phenotype, showing that these
cells retain a degree of phenotypic plasticity and that it is the
inflammatory state of these cells rather than simply their pres-
ence in adipose tissue that influences overall insulin sensitivity.
In addition, adipose tissue markers of apoptosis and necrosis
were elevated on HFDs and remained equally high in the
3-week HFD — NC mice despite normalization of insulin sen-
sitivity. This suggests that ATMs can modify their cellular phe-
notype in response to nutritional or local tissue signals apart
from the apoptosis/necrosis pathways.
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