Inflammation and adipose tissue macrophages in

lipodystrophic mice

Laura Herrero', Hagit Shapiro, Ali Nayer, Jongsoon Lee, and Steven E. Shoelson?

Joslin Diabetes Center and Department of Medicine, Harvard Medical School, Boston, MA 02115

Edited by Michael Karin, University of California, San Diego School of Medicine, La Jolla, CA, and approved November 11, 2009 (received for review May

26, 2009)

Lipodystrophy and obesity are opposites in terms of a deficiency
versus excess of adipose tissue mass, yet these conditions are
accompanied by similar metabolic consequences, including insulin
resistance, dyslipidemia, hepatic steatosis, and increased risk for
diabetes and atherosclerosis. Hepaticand myocellular steatosis likely
contribute to metabolic dysregulation in both states. Inflammation
and macrophage infiltration into adipose tissue also appear to
participate in the pathogenesis of obesity-induced insulin resistance,
but their contributions to lipodystrophy-induced insulin resistance
have not been evaluated. We used aP2-nSREBP-1c transgenic (Tg)
mice, an established model of lipodystrophy, to ask this question.
Circulating cytokine elevations suggested systemic inflammation
but even more dramatic was the number of infiltrating macro-
phages in all white and brown adipose tissue depots of the Tg mice;
in contrast, there was no evidence of inflammatory infiltrates or
responses in any other tissue including liver. Despite there being
overt evidence of adipose tissue inflammation, antiinflammatory
strategies including salicylate treatment and genetic suppression of
myeloid NF-kB signaling that correct insulin resistance in obesity
were ineffective in the lipodystrophic mice. We further showed that
adipose tissue macrophages (ATMs) in lipodystrophy and obesity
are very different in terms of activation state, gene expression pat-
terns, and response to lipopolysaccharide. Although ATMs are even
more abundant in lipodystrophy than in obesity, they have distinct
phenotypes and likely roles in tissue remodeling, but do not appear
to be involved in the pathogenesis of insulin resistance.
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Lipodystrophy is a condition in which adipose tissue mass is
reduced, either regionally or in more general patterns. The
etiology of adipose tissue loss may be linked in different indi-
viduals to genetic abnormalities, autoimmunity, or to certain
drugs. Lipodystrophy is most commonly seen today in patients
treated with retroviral agents (1). Given that they are opposites
in terms of adipose tissue mass, it seems paradoxical that lip-
odystrophy and obesity are accompanied by similar pathological
sequelae, including insulin resistance and heightened risk for
diabetes, dyslipidemia, and hepatic steatosis (2). At least two
consequences of diminished adipose tissue mass in lipodystrophy
may contribute to the clinical picture. First is a decrease in cir-
culating leptin, which leads to persistent hyperphagia and
chronic overnutrition. Second is the loss of adipose tissue as the
normal repository for lipid storage, which leads to triglyceride
deposition elsewhere. The liver is an obvious site of lipid redis-
tribution, as it is often enlarged, but other organs and tissues are
also affected, including skeletal muscle (3). The insulin resist-
ance seen in patients with lipodystrophy is often severe and has
been attributed to both hepatic and myocellular steatosis.
Obesity is also accompanied by dyslipidemia and the ectopic
deposition of triglyceride outside of the adipocyte (4). In obesity,
adipocytes are enlarged and often increased in number, yet with
such an excess of lipid some also “spills over” into other tissues.
Shulman and colleagues (5) have hypothesized that the accu-
mulation of hepatic and intramyocellular lipid causes insulin
resistance through activation of protein kinase C (PKC) en-
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zymes. Obesity is also associated with a heightened inflammatory
state in adipose tissue (6). As adipose tissue expands during
periods of nutritional excess, at least two inflammatory pathways
are activated, the stress kinase, JNK, mediates one and the
transcription factor, NF-kB, mediates the other (7, 8). Potential
initiators of the inflammatory activation include ER and oxida-
tive stress, ceramides, and other lipids, possibly by activating toll-
like receptors (TLRs) (9-12). Once activated, the downstream
consequences include the production of proinflammatory cyto-
kines, chemokines, and cellular adhesion molecules that recruit
and localize immune cells including monocytes and macrophages
(13, 14); accumulating macrophages in expanding adipose tissue
potentially participate in the pathophysiology of insulin resist-
ance (15). In contrast, T regulatory cells (Tregs), which normally
suppress inflammation and autoimmunity, decrease in number as
adipose tissue expands (16).

Inflammation has not been shown to contribute to the dysme-
tabolic consequences of lipodystrophy, although increases in the
expression of proinflammatory cytokines and increased macro-
phage numbers have been found in the s.c. adipose tissue of
patients with HIV-associated lipodystrophy (17, 18). We there-
fore tested whether inflammation is associated with lipodystrophy
and its metabolic consequences in aP2-nSREBP-1c transgenic
(Tg) mice, an established model of the disease with characteristics
that match many of those seen in humans (19). Preclinical studies
with these mice formed the basis for ultimately using leptin to
treat patients with lipodystrophy (20, 21), further suggesting
that the pathophysiology and pharmacological responsiveness of
these mice is relevant to related human conditions.

Results

Systemic Inflammation in Lipodystrophic Mice. Our first studies
looked for circulating evidence of inflammation in the Tg mice (Fig.
1A4). Proinflammatory cytokines were elevated 1.9-fold for TNF-a
and 10.2-fold for IL-6 compared to WT littermates (P < 0.05),
whereas the antiinflammatory cytokine IL-10 was 3.3-fold lower in
Tg mice (P < 0.03). MCP-1 was concordantly elevated 1.4-fold
relative to WT (P < 0.03). Consistent with substantially reduced
white adipose tissue (WAT) mass, circulating adipokines, including
leptin and resistin, were lower in Tg vs. WT littermates (Fig. S1).

Adipose Tissue Inflammation. To identify the source of circulating
inflammatory mediators we conducted a whole-body histological
examination of the Tg mice. After total body fixation and en bloc
sectioning, we examined essentially every tissue and found that
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Fig. 1. Circulating cytokines and gene expression. (A) Circulating cytokine
and chemokine concentrations WT control (open bars) vs. Tg (filled bars)
littermates. (B, C) mRNA expression in epididymal (epi) WAT; s.c. (sc) WAT;
interscapular BAT, liver, muscle, and spleen. (n = 6) *P < 0.05 WT vs. Tg.

although there was little evidence for inflammation in other tis-
sues, the adipose tissue of Tg mice was highly abnormal and
heavily infiltrated with mononuclear cells (Fig. S2). The affected
WAT included epididymal, perirenal, retroperitoneal, mesen-
teric, cervical, and all s.c. depots (e.g., axillary, inguinal, and
popliteal). Brown adipose tissue (BAT) was also affected, in-
cluding the interscapular, cervical, mediastinal, and retro-
peritoneal regions. Despite severe steatosis there was no evidence
for an enhanced inflammatory response in the liver.

Consistent with the histological observations, mRNA expres-
sion levels for the proinflammatory cytokines TNFa, IL-1p, and
IL-6 were elevated in Tg vs. WT WAT and BAT, but unchanged in
other tissues such as liver, muscle, and spleen (Fig. 1 B and C; Fig.
S3 A4 and B). In epididymal WAT, mRNA levels from TNF-a and
IL-1p were elevated 9.1- and 2.6-fold, respectively, in Tg mice vs.
WT controls (P < 0.02). mRNA levels for TNF-a, IL-1p, and IL-6
were increased 2.0-, 2.4-, and 2.5-fold, respectively, in inguinal s.c.
WAT and 18.8-, 15.9-, and 9.2-fold respectively in interscapular
BAT in Tg mice relative to WT littermates (P < 0.05).

Mononuclear cells infiltrated the atrophic visceral and s.c.
WAT (Fig. 2A-D), as well as the hypertrophic interscapular BAT
(Fig. 2 E and F) of the Tg mice. The size distribution of Tg white
adipocytes is markedly heterogeneous, comprising mixtures of
what appear to be smaller, immature cells and larger, more ma-
ture adipocytes (Fig. 2 A-D). Tg brown adipocytes are enlarged,
compared to WT counterparts, and contain large, unilocular va-
cuoles resembling WT white adipocytes; visually, this appears to
be a BAT to WAT transition. Cytokines produced selectively by
adipocytes include leptin, adiponectin, and possibly resistin.
mRNA expression levels for each of these adipokines was corre-
spondingly reduced in epididymal and s.c. Tg WAT (Fig. S3 C and
D), consistent with the degree of lipoatrophy. Leptin, adiponectin,
and resistin mRNA expression levels were also reduced in the Tg
BAT, suggesting that although Tg BAT is hypertrophic and re-
sembles WT WAT, the histological appearance is not accom-
panied by corresponding biochemical changes. A dedifferentiated
phenotype for Tg BAT was further demonstrated by a strikingly
diminished expression of UCP-1 (370-fold lower, P < 0.001, Fig.
S3E), again suggesting that the Tg BAT lacks characteristics of
both mature WT WAT and mature WT BAT. We conclude that
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Fig. 2. Adipose tissue histology and FACS analysis. (A-F) Histological sec-
tions from epi (A, C) and s.c. (B, D) WAT, and BAT (E, F) from representative
24-week-old WT control and Tg littermates stained with H&E. (G-/) mRNA
expression from epi (G) and sc (H) WAT, and BAT (/) from WT control (open
bars) vs. Tg (filled bars) littermates (n = 6). (J-O) Immunohistochemical
localization of macrophages in epi (J, L), sc (K, M), and BAT (N, O) of a
representative WT control vs. Tg littermates. (P) Counting of crown-like
structures (CLS) per high power field (HPF) from the above male WT control
and Tg littermates (10 HPF counted per mouse, n = 5 mice per genotype). (Q)
Flow cytometry analyses of macrophage number from epi, sc, BAT, and
spleen WT controls vs. Tg littermates. n = 4, *P < 0.05 WT vs. Tg.

the sources for elevated circulating inflammatory mediators in the
Tg mice include both WAT and BAT and that potential con-
tributions from other organs are likely negligible.

Evidence for inflammatory cell infiltration of the adipose tis-
sue of Tg mice was further evaluated using quantitative RT-
PCR. mRNA expression levels corresponding to macrophage-
related proteins were elevated in epididymal WAT from Tg
relative to WT mice, including the chemokine MCP-1 (2.7-fold,
P < 0.0002), the surface antigen Emr1 recognized by F4/80 an-
tibody (5.8-fold, P < 0.008), and the macrophage transcription
factor PU.1 (3.8-fold, P < 0.003) (Fig. 2G). mRNA expression
levels for MCP-1 (4.7-fold, P < 0.004), F4/80 (2.7-fold, P <
0.002), and PU.1 (3.7-fold, P < 0.01) were similarly elevated in
inguinal s.c. WAT (Fig. 2H) and to an even greater degree in the
intrascapular BAT of Tg mice relative to WT littermates: MCP-1
(5.9-fold, P < 0.05), F4/80 (12-fold, P < 10~°), and PU.1 (16-fold,
P < 0.0001) (Fig. 2I). Up-regulated expression of F4/80(Emr1)
and PU.1 most likely reflect macrophage recruitment, whereas
TNF-a, IL-16, IL-6, and MCP-1 may be expressed by adipocytes
as well as macrophages and other leukocytes.

Adipose Tissue Macrophages. Immunohistochemistry further iden-
tified cell types involved in the inflammatory changes in Tg
adipose tissue. Mac2-staining macrophages were abundant in both
epididymal and s.c. WAT from lipodystrophic Tg mice and almost
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absent in control littermate WAT (Fig. 2 J-M). The ATMs oc-
curred both individually and enveloping selected adipocytes to
form crown-like structures (Fig. 2P; five mice of each genotype
and tissue, 10 high power fields examined). ATMs were also
present but infrequent in control BAT (Fig. 2N), but here too the
number of infiltrating ATMs in the hypertrophic Tg BAT in-
creased dramatically (Fig. 2 O and P). Macrophages were present
diffusely but also surrounding adipocytes, suggesting accelerated
adipocyte dropout as well in lipodystrophic Tg BAT.

Flow cytometry was used to further characterize and quantify
the infiltrating ATMs in Tg WAT and BAT (Fig. S4 A-F). ATM
numbers were increased 2.5-fold in epididymal Tg WAT (P <
0.02), 2.6-fold in s.c. Tg WAT (P < 0.02), and 41.0-fold in Tg
BAT (P < 0.02) compared with WAT and BAT from WT lit-
termates (Fig. 20). Macrophage numbers in the spleens of Tg
and WT mice were equivalent, in contrast to the differences seen
in WAT and BAT.

Antilnflammatory Strategies. Tg adipose tissue was infiltrated with
a striking number of macrophages, reminiscent of obesity but to
a more exaggerated extent (Fig. S4G). We therefore wondered
whether antiinflammatory strategies being used to treat insulin
resistance in obesity could similarly be used in lipodystrophic
mice. Two methods are available to conveniently target in-
flammation in obese mice as a way of improving insulin resist-
ance. The first is the antiinflammatory drug salicylate, an
effective pharmacologic inhibitor of NF-kB and insulin sensitizer
in rodents and humans (8, 22-25). The other uses Cre-Lox
technology to genetlcally delete IxB kinase f (IKKp) and thus
inhibit NF-xB, in myeloid cells (Ikkf*™"¢), including macro-
phages (26). We asked whether either of these antiinflammatory
approaches would be effective in lipodystrophy.

Salicylate was incorporated into the diet (4 g salicylate/kg
chow) as is often done to treat obesity-induced insulin resistance
(8, 23). Despite the fact that Tg mice were treated with the drug
at doses and periods of time sufficient to decrease insulin re-
sistance in both high fat diet (HFD) and genetic (ob/ob) obesity
models, salicylate had no impact on insulin resistance in lip-
odystrophic mice. Fasting glucose and insulin levels and HOMA-
IR values were identical to Tg littermates treated with the same
diet lacking salicylate (Fig. 3 A-D); in contrast, each of these pa-
rameters was improved by salicylate treatment of mice fed a HFD
(Fig. 3 E-H). In the second set of studies Tg mice were crossed
with TkkpF'o¥F1°% and yzM-Cre mice to generate lipodystrophic Tg
mice lacking IKKp in myeloid lineages. NF-kB activation is de-
fective in macrophages and granulocytes of Tkkp“™® mice, which
protects against the development of insulin resistance in diet-in-
duced obesity (26) (Fig. 3 M-P). This was not the case in Tg/
IkkB“™* mice, as body weights, fasting glucose, insulin levels, and
HOMA-IR values were essentially identical to Tg/lkkp" lox/Flox
littermate controls (Fig. 3 I-L). Measurements of TG content in
insulin-responsive tissues such as liver and muscle showed no
change between Tg and salicylate-treated or Tg/IkkBAmye mice
(Fig. S5). These data strongly indicate that inflammation in lip-
odystrophic mice does not induce insulin resistance as it does in
obesity, despite there being substantial evidence of inflammation
both systemically and in Tg adipose tissue.

Adipose Tissue Transplantation to Reverse Insulin Resistance. We
next asked the converse question, what effect would reversal of
insulin resistance have on the leukocyte infiltrates in Tg adipose
tissue? To accomplish this we used methods for adipose tissue
transplantation very similar to those originally developed by
Gavrilova and Reitman (27). Parametrial fat pads from WT fe-
male littermate donors were implanted s.c. into the recipients’
backs. Four weeks after surgery, transplanted Tg mice had nor-
malized fasting insulin levels (Fig. 44). The restoration of insulin
sensitivity was accompanied by a redistribution of triglyceride
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Fig. 3. Antiinflammatory strategies. (A-D) Sodium salicylate treatment of
lipodystrophic mice. WT control (open bars) and Tg (filled bars) littermates
were fed normal chow (control) or chow containing 4 g/kg sodium salicylate
for 5 weeks. (E-H) C57BL/6J male mice treated with chow (open bars) and HFD
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another 5 weeks (black bars). (I-L) Myeloid-selective deletion of IKKf in Tg
male mice. WT control (open bars), Tg (gray bars), and Tg/Ikkp*™® (black bars)
littermates were fed normal chow. (M-P) WT control male mice treated with
chow (open bars) or with HFD (gray bars) and Ikkp*™® mice treated with HFD
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from ectopic sites, including liver (Fig. 4B) and BAT (Fig. 4 C
and J-L), to the transplanted donor WAT, which appeared
healthy and well-vascularized, without overt signs of in-
flammation (Fig. 4M). Presumably in response to lipid redis-
tribution, the adipocytes in the transplanted donor parametrial
WAT were larger on average than adipocytes in control (sham)
parametrial WAT (Fig. 4 D and M). The restoration of insulin
sensitivity was likely contributed to by both redistribution of
triglyceride from ectopic sites (e.g., liver, muscle) into trans-
planted adipose tissue and increased circulating leptin to reduce
hyperphagia (WT sham, 2.19 + 0.40 ng/mL; Tg sham, 0.61 + 0.10
ng/mL; and transplanted Tg, 1.03 + 0.18 ng/mL).

Despite positive changes in multiple metabolic parameters,
endogenous WAT in the transplant recipients was unaltered
following surgery, with degrees of mononuclear cell infiltration
and heterogeneity of adipocyte size that were indistinguishable
from the Tg sham controls (Fig. 4 D-I). On the other hand,
brown adipocyte size decreased substantially (Fig. 4C) and there
was reversion from unilocular lipid vacuoles to more normal
appearing multilocular vacuoles, undoubtedly due to redis-
tribution of triglyceride into the WT donor transplanted fat (Fig.
4 C and J-L). Thus, insulin sensitivity and adipose tissue in-
flammation coexisted in the transplanted Tg mice, consistent
again with the notion that ATMs in the Tg mice do not con-
tribute to insulin resistance, as they appear to in obesity.

Adipocyte Apoptosis. The number of infiltrating leukocytes in Tg

WAT and BAT, and the envelopment of selected adipocytes by
infiltrating leukocytes, suggested that adipocytes were either

Herrero et al.


http://www.pnas.org/cgi/data/0905310107/DCSupplemental/Supplemental_PDF#nameddest=sfig04
http://www.pnas.org/cgi/data/0905310107/DCSupplemental/Supplemental_PDF#nameddest=sfig04
http://www.pnas.org/cgi/data/0905310107/DCSupplemental/Supplemental_PDF#nameddest=sfig05
www.pnas.org/cgi/doi/10.1073/pnas.0905310107

L T

= * * ’GT 6 * 8A12 * *
E° 2 ST
22 = 4 238
= 2 g%
£ 4 S 2 o+ 4
> 3 Q x
1] Lo g
g0 (O < 0
WT Tg Tg = WT Tg Tg WT Tg Tg

sham sham Tx

sham sham Tx

sham sham Tx

WT sham

(1960 S

epi sc BAT

Fig. 4. Fat transplantation and adipose tissue apoptosis. (A-M) Normal WT
fat was transplanted into Tg female littermate recipients. (A-C) Fasting in-
sulin, liver triglyceride (TG) content, and brown adipocyte area were meas-
ured four weeks after the surgery for sham-operated WT controls (open
bars), sham-operated Tg mice (black bars), and Tg mice transplanted with
WT fat (Tg Tx, gray bars) (n = 6). *P < 0.05. (D-L) Histological sections (H&E
staining) from parametrial (pm) WAT (D-F), sc (G-/) and BAT (J-L) of rep-
resentative WT sham-operated, Tg sham-operated, and Tg transplanted lit-
termates. (M) Histological section (H&E) of transplanted fat pad removed
from the recipient 4 weeks after the surgery. (N-O) Histological sections
stained for apoptosis of sc WAT from a representative WT control and Tg
littermates. (P) Cell counting per HPF from the above WT control (open bars)
vs. Tg (filled bars) littermates epi, sc and BAT (10 HPF counted per mice, n =5
mice per genotype). *P < 0.05 WT vs. Tg.

dying prematurely or producing chemoattractants that recruit
the immune cells. Dying adipocytes were identified in Tg epi-
didymal WAT by an increase in the number of cells that did not
stain for perilipin, a protein that coats the lipid droplet, com-
pared with littermate controls (Fig. S6 4 and B). The leukocyte-
encircled adipocytes appeared to lack an intact plasma mem-
brane and were likely dead or dying as has been observed in
obesity (28). We next considered potential mechanisms for cell
death in the Tg mice. Immunohistochemical staining with anti-
caspase-3 revealed increased numbers of apoptotic cells in both
WAT and BAT from Tg mice (Fig. 40; Fig. S6 F-H) compared
with control littermates (Fig. 4N; Fig. S6 C-E). Positively stained
cells, counted from multiple sections (5 mice each genotype, 10
high power fields/mouse), were increased 11-fold in epididymal
WAT (Tg, 1.76 + 0. vs. WT, 0.16 + 0.06; P < 0.0001), 10.7-fold in
s.c. WAT (Tg, 2.36 + 0.51 vs. WT, 0.22 + 0.1; P < 0.003), and 260-
fold in BAT (Tg, 5.22 + 1.72 vs. WT, 0.02 + 0.02; P < 0.02)
(Fig. 4P). In contrast, adipocytes from HFD treated mice did not
show evidence of apoptosis (Fig. S6I), indicating potentially dif-
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ferent mechanisms for adipocyte death, leukocyte recruitment,
and adipose tissue inflammation in obesity vs. lipodystrophy.

Macrophage Phenotypes. Macrophages that phagocytose apoptotic
cells use distinct mechanisms and are differentially activated
compared to macrophages recruited to sites of inflammation and
necrosis (29). Adipocyte apoptosis in Tg adipose tissue thus sug-
gested that these macrophages might differ from those present
in the adipose tissue of obese mice, particularly because macro-
phages thought to contribute to the development of obesity-
induced insulin resistance are thought to surround necrotic as
opposed to apoptotic adipocytes (28). We therefore further an-
alyzed the macrophages from obese and lipodystrophic mice
(Fig. 5 A-D).

Sorted macrophages (Fig. S4 A-F) were collected and ana-
lyzed for mRNA expression. The expression patterns for genes
associated with classical (M1) and alternative (M2) activation
are plotted in Fig. 5 A and B, respectively. As has been reported
previously (15), we see trends toward the up-regulation of a
subset of M1-associated genes and the down-regulation of a
subset of M2-associated genes in macrophages isolated from
obese adipose tissue. TNF-a, IL-1p, CXCL10, and IL-6 are up-
regulated 8- to 41-fold in ATMs from ob/ob mice, whereas
the expression of Ml-associated Nos2 and IL-12a are down-
regulated. In contrast all six of these M1-associated genes are up-
regulated in Tg ATMs but only by a marginal two- to threefold.
M2-associated genes are disparately regulated as well. IL-1Rp
and Ym1/Chi313 are substantially down-regulated in HFD and
ob/ob models of obesity but up-regulated in lipodystrophy. The
opposite holds for IL-10 and TGFp, which are up-regulated in
obesity but down-regulated in lipodystrophy. Triply positive F4/
80+CD11b+CDl11c+ macrophages, described to be found in
obese WAT (15), were present as well in the adipose tissue of the
lipodystrophic mice. In fact the percentages of CD11c+ cells
within the F4/80+CD11b+ gate were increased for epididymal
and s.c. WAT as well as interscapular BAT (Fig. 5C). Therefore,
the ATMs from neither obesity nor lipodystrophy have purely
M1 or M2 phenotypes, but are mixtures of expression corre-
sponding to the two categories. Most importantly, ATMs from
obese and lipodystrophic mice differ significantly from one an-
other and both are different from ATMs from WT mice.

Distinctions between ATMs in obesity and lipodystrophy were
further investigated using surface markers for macrophage acti-
vation. The proportion of CD11b+F4/80+ macrophages that also
express CD40is increased 4.1-fold in HFD mice (P < 0.04) and 3.6-
fold in ob/ob mice (P < 0.003) compared to relevant controls but is
unchanged in ATMs from Tg mice (Fig. 5D). Inasmuch as ATMs
contribute to insulin resistance in obesity, which appears to be the
case, ATMs in lipodystrophy have a distinct phenotype and acti-
vation state that does not contribute to insulin resistance.

Challenges with lipopolysaccharide (LPS), a prototypic endo-
toxin and TLR4 ligand, create a systemic inflammatory response
thought to mimic some features of insulin resistance (30). We
challenged WT and Tg mice with low dose LPS to further assess
ATM responses. Epididymal adipose tissue was harvested 2 h
after the i.p. injection of LPS, and mRNA expression was de-
termined for proinflammatory cytokines. The responses in WT
mice were dramatic, with large increases in the 2 h expression of
mRNAs encoding TNF-a (8.7-fold, P < 107%), IL-6 (26-fold, P <
107°), and IL-1p (90-fold, P < 10°) (Fig. 5 E-G). This is in sharp
contrast to the situation with Tg mice, where the identical i.p.
dose of LPS had no effect on the 2 h TNF-a or IL-6 mRNA
expression and a markedly blunted effect on IL-1p mRNA ex-
pression (10-fold compared to the 90-fold seen in WT mice).
This suggested an inability to respond to challenge, akin to
anergy or LPS tolerance, despite the fact that the Tg mice had
never before been challenged with LPS.
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Fig. 5. Analyses of macrophage gene expression and activation. (A-B)
mRNA gene expression from epi WAT sorted macrophages (CD11b+F4/80+)
from Tg (white bars), HFD (gray bars) and ob/ob (black bars) and their re-
spective littermate controls. Fold change in gene expression over the ap-
propriate control is plotted on a log, scale (n =5). P < 0.05 *Tg, HFD or ob/ob
vs. the respective control, #Tg vs. HFD, "Tg vs. ob/ob and SHFD vs. ob/ob. (C)
CD11c expression (CD11b+F4/80+CD11c+) in WT mice (open bars) vs. Tg lit-
termates (filled bars; n = 3-4). *P < 0.05 WT vs. Tg. (D) Adipose tissue mac-
rophage activation based on CD40 expression (CD11b+F4/80+CD40+) in
control mice (open bars) vs. Tg, HFD or ob/ob littermates respectively (filled
bars; n = 3-4). *P < 0.05 control vs. ob/ob or HFD. (E-G) Epididymal WAT
mRNA expression from WT control and Tg littermates injected with saline
(open bars), LPS (black bars) or treated with sodium salicylate before in-
jection with LPS (striped bars) (n = 5; *P < 0.05).
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Given our interest in using the antiinflammatory drug salicy-
late to treat insulin resistant states related to inflammation (8,
22, 24, 25), we also analyzed the ability of this drug to suppress
LPS-induced cytokine gene expression. Mice were chronically
treated with salicylate in their diet (4 g/kg), as we typically do to
treat insulin resistance in obese C57BL/6J mice. Salicylate sup-
pressed LPS-induced cytokine gene expression by 50-70% in WT
mice: TNF-a mRNA decreased from 8.7- to 3.5-fold over basal
(P < 0.0001), IL-6 mRNA expression decreased from 26-fold to
10-fold over basal (P < 0.01), and IL-1p expression decreased
from 90- to 40-fold over basal (P < 0.03) (Fig. 5 E-G). In con-
trast, salicylate treatment of Tg mice had no effect on the ex-
pression of the cytokine mRNAs in adipose tissue. The inability
of LPS to induce the expression of TNF-a and IL-6 and the in-
ability of salicylate to suppress expression of all three cytokines
underscores the significant differences in the activities of ATMs
from Tg vs. WT or obese epididymal fat. It further identifies a
population of ATMs in lipodystrophy different from obese
ATMs in terms of gene expression, CD40 activation, LPS re-
sponse, and involvement in insulin resistance.
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Discussion

Despite being opposites in terms of increased vs. decreased
adipose tissue mass, obesity and lipodystrophy share common
metabolic consequences, thus providing an opportunity to com-
pare and contrast their underlying pathophysiological mecha-
nisms. Obesity is accompanied by altered numbers and activities
of immune cells in adipose tissue (13, 14, 15, 28), where in-
filtrating macrophages, in particular, are suspected to be potential
mediators of insulin resistance and diabetes (14, 31), although
numerous questions about mechanism remain (32). In contrast,
inflammation has not been considered to be a significant con-
tributor to the metabolic derangements seen in lipodystrophy (1).
We have therefore evaluated biochemical, cellular, and phar-
macological parameters of inflammation in the circulations and
tissues of aP2-nSREBP transgenic mice, a favored model for
studies of lipodystrophy.

Significantly elevated levels of proinflammatory cytokines and
chemokines (e.g., TNF-a, IL-6, MCP-1) and decreased levels of
antiinflammatory cytokines (e.g., IL-10) in the circulations of
lipodystrophic mice provided the first clues about systemic in-
flammation. A whole-body histological scan found that the his-
topathologic picture in Tg mice is one of generalized
macrophage infiltration into all adipose tissue depots, with sig-
nificant numbers of T and B lymphocytes and mast cells also
present (Fig. S7 ). This is not the case in other tissues, including
the severely steatotic livers of the lipodystrophic mice. In-
flammatory infiltrates in the adipose tissue were confirmed using
RT-PCR to quantify relative mRNA expression levels corre-
sponding to proteins previously shown to be up-regulated in
obese adipose tissue. We therefore concluded that the circulat-
ing evidence for inflammation in the lipodystrophic mice origi-
nated in the dystrophic fat. Importantly and consistent with our
results, increased levels of expression of proinflammatory cyto-
kines and macrophages (17, 18) have been found in s.c. adipose
tissue from humans with HIV-associated lipodystrophy, the most
common form of lipodystrophy seen today. This data reinforces
the relevance of the lipodystrophic mouse model used here to
clinical practice.

We next investigated whether antiinflammatory strategies for
treating insulin resistance in obesity might also be helpful for
treating insulin resistance in lipodystrophy. Salicylates are antiin-
flammatory drugs known to decrease inflammation, glucose, and
insulin levels in rodents and humans with obesity and diabetes
(8, 22, 24, 25); we are currently conducting multicenter clinical
trials to determine whether salicylate might be used as a treatment
for obesity-induced insulin resistance (www.tinsal-t2d.org) (24,
25). High-dose salicylates do not promote the redistribution of
ectopic fat, as is seen with thiazolidinediones, but work at least in
part by inhibiting NF-xB signaling (8, 33). We therefore looked at
the ability of salicylates to improve insulin resistance in the lip-
odystrophic mice, but there was no improvement despite positive
effects in control obese mice. Similarly ineffective was the myeloid
deletion of Ikkf in lipodystrophic mice (Tg/Ikkp*™¢), despite the
fact that this maneuver improves insulin resistance in obese mice
through a blockade of NF-kB signaling in adipose tissue macro-
phages (26). We therefore believe that despite there being large
numbers of adipose tissue macrophages and additional evidence of
inflammation in both adipose tissue and the circulations of lip-
odystrophic mice, these apparently do not participate in the
pathogenesis of insulin resistance and therefore cannot be used as
pharmacological targets for reversal. Inasmuch as mouse models
predicts human responses, and this model has (20, 21), the results
presented here predict that antiinflammatory strategies including
salicylates will be of little use in lipodystrophic patients.

So what distinguishes adipose tissue inflammation in lipodys-
trophy from adipose tissue inflammation in obesity and allows
antiinflammatory maneuvers to improve insulin resistance in the
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latter but not the former? There is evidence of accelerated
adipocyte apoptosis in the Tg mice, suggesting that the infil-
trating macrophages were recruited in response to dead or dying
adipocytes. Although adipocyte apoptosis is not known to be a
major feature of obesity, infiltrating macrophages in response to
dead or dying adipocytes is (28). This suggests that macrophage
recruitment and activation might occur in both conditions, but
the responses to apoptotic and necrotic cells may be different.
ATMs from lean mice have been described as having M2 or
alternatively activated characteristics, whereas those in the
expanding adipose tissue of obesity have more of an M1 polarity
(15). M1 and M2 categories were originally used to describe the in
vitro responses of elicited macrophages. LPS and/or IFN-y chal-
lenge yield an M1 phenotype and the production of proin-
flammatory cytokines and ROS having antimicrobial activity. IL-4
and/or IL-13 stimulation elicit an M2 phenotype more related to
tissue repair and the suppression of inflammation (34). That the
ATMs in lipodystrophy have neither a purely M1 nor purely M2
polarization is not surprising, after all these macrophages are not
responding to simple in vitro stimuli but to the much more complex
in vivo environment of lipodystrophic fat. Like the ATMs in obesity,
ATMs in lipodystrophy appear to have more of a mixed, inter-
mediate type of polarity. We found it more surprising and interesting
that the macrophages isolated from obese adipose tissue and those
isolated from lipodystrophic adipose tissue are so different from
each other in terms of surface marker expression, gene expression
profiling, and responses—or the lack of response—to potent stimuli.
From a clinical perspective, the most important result of this
study, however, is the finding that insulin resistance and hyper-
glycemia are not improved in the Tg mice by antiinflammatory
drug or genetic manipulations. The fact that these mice predicted
leptin responsiveness in human lipodystrophy and that obese mice
predicted salicylate responsiveness in subjects with type 2 diabetes
and the metabolic syndrome together argue that our current
findings predict that lipodystrophic patients will not respond to
antiinflammatory strategies, including salicylates. This can and
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most likely will be tested in human subjects, but the likelihood of
positive clinical results is substantially reduced by these findings.

Materials and Methods

Mice. Study mice were aP2-nSREBP-1c and ob/ob (Jackson Laboratories),
C57BL/6J and Ikkp>™*® (26). In selected experiments mice were fed for 16
weeks with either standard chow (10% kcal fat) or HFD (60% kcal fat) (Re-
search Diets). Sodium salicylate (4 g/kg) was incorporated into Purina 5008
chow by Harlan Teklad. Experiments were conducted in accordance with the
National Institutes of Health guidelines under protocols approved by the
Joslin Institutional Animal Care and Use Committee.

Methods. Serum insulin, TNFq, IL-6, and IL-10 were measured in the Joslin
Diabetes Endocrinology Research Center Assay Core. Serum MCP-1 was
measured by Luminex (Linco). For quantitative Real-time RT-PCR, total
RNA was extracted (RNeasy, QIAGEN) and cDNA synthesized (Advantage RT-
for-PCR kit, BD Biosciences). PCR amplifications (Applied Biosystems) were
normalized against 18S and TATA box binding protein (Tbp). Im-
munohistochemistry was performed by the Joslin Histology Core and the
Longwood Specialized Histopathology Core at the Brigham and Women's
Hospital. For flow cytometry, stromal-vascular fractions from adipose tissue
and spleen were stained with specific fluorescent antibodies and analyzed
by FACS (LSRII, BD Biosciences). RNA was extracted (TRIzol, Invitrogen) from
sorted macrophages (CD11b+F4/80+) and analyzed by FACS (FACSAria, BD
Biosciences). WAT transplantation experiments were performed as pre-
viously described (27).

Statistics. Data are presented as mean + SEM. Student t tests were used for
statistical analysis. A probability level of P < 0.05 was considered to be
statistically significant.

For additional information, see S/ Materials and Methods.
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