Obesity is associated with
macrophage accumulation
in adipose tissue
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Obesity alters adipose tissue metabolic and endocrine function and leads to an increased release of
fatty acids, hormones, and proinflammatory molecules that contribute to obesity associated complications. To further characterize the changes that occur in adipose tissue with increasing adiposity, we
profiled transcript expression in perigonadal adipose tissue from groups of mice in which adiposity
varied due to sex, diet, and the obesity-related mutations agouti (Ay) and obese (Lepob). We found that the
expression of 1,304 transcripts correlated significantly with body mass. Of the 100 most significantly
correlated genes, 30% encoded proteins that are characteristic of macrophages and are positively correlated with body mass. Immunohistochemical analysis of perigonadal, perirenal, mesenteric, and subcutaneous adipose tissue revealed that the percentage of cells expressing the macrophage marker F4/80
(F4/80+) was significantly and positively correlated with both adipocyte size and body mass. Similar
relationships were found in human subcutaneous adipose tissue stained for the macrophage antigen
CD68. Bone marrow transplant studies and quantitation of macrophage number in adipose tissue
from macrophage-deficient (Csf1op/op) mice suggest that these F4/80+ cells are CSF-1 dependent, bone
marrow–derived adipose tissue macrophages. Expression analysis of macrophage and nonmacrophage
cell populations isolated from adipose tissue demonstrates that adipose tissue macrophages are
responsible for almost all adipose tissue TNF-α expression and significant amounts of iNOS and
IL-6 expression. Adipose tissue macrophage numbers increase in obesity and participate in inflammatory pathways that are activated in adipose tissues of obese individuals.
J. Clin. Invest. 112:1796–1808 (2003). doi:10.1172/JCI200319246.

Introduction
Adiposity, the fraction of total body mass comprised
of neutral lipid stored in adipose tissue, is closely correlated with important physiological parameters such
as blood pressure, systemic insulin sensitivity, and
serum triglyceride and leptin concentrations (1–3).
Strong positive correlations exist between degree of
adiposity and several obesity-associated disorders
such as hypertension, dyslipidemia, and glucose intolerance (2, 4). Visceral fat mass is more closely correlated with obesity-associated pathology than overall
adiposity (5, 6). Obesity in humans is an independent
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risk factor for myocardial infarction, stroke, type 2
diabetes mellitus, and certain cancers (7–9).
Changes in adipose tissue mass are associated with
changes in the endocrine and metabolic functions of
adipose tissue that link increased adiposity to alterations in systemic physiology. Increased adipocyte volume and number are positively correlated with leptin
production, and leptin is an important regulator of
energy intake and storage, insulin sensitivity, and metabolic rate (10–13). Leptin signaling has also been implicated in the pathogenesis of arterial thrombosis (14).
Adiposity is negatively correlated with production of
adiponectin (also known as ACRP30), a hormone that
decreases hepatic gluconeogenesis and increases lipid
oxidation in muscle (15–17).
The altered production of proinflammatory molecules (so-called “adipokines”) by adipose tissue has
been implicated in the metabolic complications of
obesity. Compared with adipose tissue of lean individuals, adipose tissue of the obese expresses
increased amounts of proinflammatory proteins such
as TNF-α, IL-6, iNOS (also known as NOS2), TGF-β1,
C-reactive protein, soluble ICAM, and monocyte
chemotactic protein-1 (MCP-1) (18–25), and procoagulant proteins such as plasminogen activator
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inhibitor type-1 (PAI-1), tissue factor, and factor VII
(26–28). Obese mice deficient in TNF-α and iNOS are
more sensitive to insulin than are obese wild-type
mice (21, 29). Proinflammatory molecules have direct
effects on cellular metabolism. For example, TNF-α
directly decreases insulin sensitivity and increases
lipolysis in adipocytes (30, 31). IL-6 leads to hypertriglyceridemia in vivo by stimulating lipolysis and
hepatic triglyceride secretion (32).
Despite the increased production of proinflammatory molecules, infiltration of adipose tissue by
inflammatory cells has not been described as a common feature of obesity. That adipocytes express receptors for several proinflammatory molecules (e.g.,
TNF-α, IL-6) supports models in which adipocytes
were both the source and target of proinflammatory
signals. However, recent data suggest that in adipose
tissue, proinflammatory molecules, including IL-1β,
PG-E2, TNF-α, and IL-6, are produced by stromal vascular cells (SVCs) (33, 34).
To identify genes whose expression correlated with
adiposity, we profiled gene expression in perigonadal
adipose tissue from 24 mice in which adiposity varied
due to sex, diet, and the obesity-related mutations
agouti (Ay) and obese (Lepob).We used an analytical
approach that calculated Kendall’s τ, a nonparametric,
robust correlation statistic for each gene in our data
set. This analysis identified 1,304 transcripts that were
significantly correlated with body mass, an easily measured indirect indicator of adiposity. A large proportion
of these transcripts encoded proteins characteristic of
macrophages. These results suggested — and histological data from both mice and humans confirmed —
that the macrophage content of adipose tissue correlated positively with two indices of adiposity: BMI and
adipocyte size. Expression analysis of macrophage and
nonmacrophage cell populations isolated from adipose
tissue showed that adipose tissue macrophages are the
primary sources of TNF-α and other proinflammatory
molecules in adipose tissue.

Methods
Animals and animal care. Unless otherwise noted, all
mice were obtained from The Jackson Laboratory (Bar
Harbor, Maine, USA) at 6–8 weeks of age and housed in
ventilated Plexiglas cages (one to three animals per
cage) within a pathogen-free barrier facility that maintained a 12-hour light/dark cycle. Mice had free access
to autoclaved water and irradiated pellet food.
C57BL/6J mice in which obesity was induced by a highfat diet (diet-induced obese or DIO mice) were fed pellets that derived approximately 45% of calories from
lipids (diet D12451; Research Diets Inc., New
Brunswick, New Jersey, USA) for 12 weeks. All other
mice were fed a standard pellet diet that derived about
5% of calories from lipids (PicoLab Rodent Diet 20;
Purina Mills Inc., Brentwood, Missouri, USA). The
toothless FVB/NJ Csf1op/op mice were fed a powdered
form of the standard diet.
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Mice were sacrificed by CO2 asphyxiation at 20–21
weeks of age during the second and third hour of the
light cycle. Animals were weighed and adipose tissues
(epididymal or parametrial, perirenal, mesenteric,
and inguinal subcutaneous depots), liver, and extensor digitalis longus muscle were removed. Tissues to
be analyzed by FACS were processed immediately;
other samples were frozen in liquid nitrogen and
stored at –75°C prior to RNA extraction and immunohistochemical analysis. All procedures were
approved by Columbia University’s Institutional Animal Care and Use Committee.
A total of 24 mice were included in the microarray
expression study, four from each of the following
groups: C57BL/6J males, C57BL/6J females, high
fat–fed C57BL/6J males, B6.Cg Ay/+ females, B6.V
Lepob/ob males, and B6.V Lepob/ob females. In B6.Cg Ay/+
mice, ectopic overexpression of the agouti transcript
leads to a moderate increase in the mass of adipose tissue and a hyperleptinemic form of obesity (35). Feeding male C57BL/6J mice a high-fat diet also leads to
hyperleptinemic moderate obesity. B6.V Lepob/ob mice
are leptin-deficient and severely obese (36, 37). A pair
of 2-month-old macrophage-deficient (FVB/NJ
Csf1op/op) and control (FVB/NJ Csf1+/+) female mice were
a gift of E. Richard Stanley (Albert Einstein College of
Medicine, New York, New York, USA). Macrophagedeficient mice are osteopetrotic and toothless; these
mice were maintained on a powdered chow diet (∼5%
fat content). For transplant experiments, CD45.2+
(C57BL/6J) recipient and CD45.1+ (B6.SJL Ptprca
Pep3b/BoyJ) donor mice were purchased from The
Jackson Laboratory. These mice are homozygous for
antigenically distinct forms of the CD45 protein, a
protein expressed on all leukocytes.
Human subjects and materials. Healthy lean, overweight,
and obese subjects were admitted to the Clinical
Research Center at Columbia Presbyterian Medical
Center (New York, New York, USA) as part of a longitudinal study of the metabolic effects of weight perturbation. The details of this study have been described
previously (38–40). The study protocol was approved
by the Institutional Review Board of Columbia University, and written informed consent was obtained
from each subject. Subjects were fed a liquid formula
diet of 40% fat (corn oil), 45% carbohydrate (glucose
polymer), and 15% protein (casein hydrolysate) supplemented with 5.0 g iodized NaCl, 1.9 g K, and 2.5 g calcium carbonate per day, 1 mg of folic acid twice weekly, and 36 mg ferrous iron every other day. Daily
formula intake was adjusted until weight stability —
defined as a slope of < 0.01 kg/d in a 14-day plot of
weight versus days — was achieved. Subjects were fed
the liquid formula diet for 5–8 weeks before adipose tissue aspiration was performed. Subjects in the postabsorptive state underwent needle aspirations of abdominal subcutaneous adipose tissue at the level of the
umbilicus. Local anesthesia was achieved with 1% xylocaine, and 2–4 g subcutaneous adipose tissue was aspi-
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rated using a 15-gauge needle. A sample of tissue was
frozen immediately in liquid nitrogen and stored at
–80°C. These samples were used in the studies of tissue
morphology and gene expression described here.
Microarray gene expression. Total RNA was extracted
from the perigonadal (epididymal or parametrial) adipose tissue of individual mice using a commercially
available acid-phenol reagent (TRIzol; Invitrogen
Corp., Carlsbad, California, USA). RNA concentration
was assessed by absorbance spectroscopy, and RNA
integrity was confirmed by nondenaturing agarose gel
electrophoresis. Twenty micrograms of RNA from
each sample was further purified to remove contaminating organics and non-RNA species using a silica
resin (RNeasy; Qiagen Inc., Valencia, California, USA)
protocol according to the manufacturer’s instructions.
Total RNA from single animals was individually converted into biotinylated, fragmented cRNA using protocols recommended by the microarray manufacturer
(Affymetrix Inc., Santa Clara, California, USA). Samples of cRNA derived from single animals were
hybridized in recommended buffer to microarrays
(Murine Genome Array U74Av2, Affymetrix Inc.) at
45°C for 16 hours. The samples were stained and
washed according to the manufacturer’s protocol on a
Fluidics Station 400 (Affymetrix Inc.) and scanned on
a GeneArray Scanner (Affymetrix Inc.). Primary data
extraction was performed with Microarray Suite 5.0
(Affymetrix Inc.), and signal normalization across
samples was carried out using all probe sets with a
mean expression value of 500.
Statistical analyses. Without any computational prefiltering of genes, the normalized expression signal
from each microarray probe set was examined to identify genes that were significantly associated with body
mass among the 24 mice in this study. We used
Kendall’s τ statistic, a rank-based test of correlation, to
detect transcripts whose expression levels were significantly correlated with body mass. Each analysis was
performed by allowing the false discovery rate to be no
more than 0.03, where the false discovery rate was
defined as the expected proportion of falsely rejected
hypotheses (“false positives”) as described by Benjamini and Hochberg (41). We used a false discovery rate
rather than standard significance measures to avoid an
inflated false-positive rate as a consequence of the large
number of hypothesis tests (42). All statistical analyses
were implemented in S-Plus (http://www.insightful.
com) or R (http://www.r-project.org).
Immunohistochemistry. Adipose tissue, muscle, and
liver samples were fixed for 12–16 hours at room temperature in zinc-formalin fixative (Anatech Ltd., Battle
Creek, Michigan, USA) and embedded in paraffin. Fivemicron sections cut at 50-µm intervals were mounted
on charged glass slides, deparaffinized in xylene, and
stained for expression of F4/80 as described by Cecchini et al. (43) with an anti-F4/80 monoclonal antibody
provided by E. Richard Stanley (Albert Einstein College
of Medicine), or for expression of CD68 with the com1798
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mercially available monoclonal antibody PG-M1
according to the manufacturer’s instructions (Dako
CytoMation, Carpinteria, California, USA). For each
individual mouse adipose depot, four different highpower fields from each of four different sections were
analyzed. The total number of nuclei and the number
of nuclei of F4/80-expressing cells were counted for
each field. The fraction of F4/80-expressing cells for
each sample was calculated as the sum of the number
of nuclei of F4/80-expressing cells divided by the total
number of nuclei in sections of a sample. The same
procedure was used to measure the fraction of CD68expressing cells in human tissues. Adipocyte cross-sectional area was determined for each adipocyte in each
field analyzed using image analysis software (SPOT version 3.3; Diagnostic Instruments Inc., Sterling Heights,
Michigan, USA). Average adipocyte cross-sectional area
was calculated for each animal using Microsoft Excel
(Microsoft Corp., Redmond, Washington, USA).
Isolation of adipose tissue macrophages, adipocytes, and
SVCs. Adipose tissue was isolated from mice immediately after CO2 asphyxiation. Tissues were handled
using sterile techniques and minced into fine (<10
mg) pieces. Minced samples were placed in HEPESbuffered DMEM (Invitrogen Corp.) supplemented
with 10 mg/ml fatty acid–poor BSA (FAP-BSA; SigmaAldrich, St. Louis, Missouri, USA) and centrifuged at
1,000 g for 10 minutes at room temperature to pellet
erythrocytes and other blood cells. An LPS-depleted
collagenase cocktail (Liberase 3; Roche Applied Science, Indianapolis, Indiana, USA) at a concentration
of 0.03 mg/ml and 50 U/ml DNase I (Sigma-Aldrich)
was added to the tissue suspension and the samples
were incubated at 37°C on an orbital shaker (215 Hz)
for 45–60 minutes. Once digestion was complete,
samples were passed through a sterile 250-µm nylon
mesh (Sefar America Inc., Depew, New York, USA).
The suspension was centrifuged at 1,000 g for 10 minutes. The pelleted cells were collected as the SVCs, and
the floating cells were collected as the adipocyteenriched fraction. The adipocyte fraction was further
digested for 1 hour, washed twice with DMEM, and
centrifuged as above until there was no further
cell/debris pellet. The SVCs were resuspended in erythrocyte lysis buffer and incubated at room temperature for 5 minutes. The erythrocyte-depleted SVCs
were centrifuged at 500 g for 5 minutes, and the pellet
was resuspended in FACS buffer (PBS containing 5
mM EDTA and 0.2% [wt/vol] FAP-BSA).
Immunophenotyping and FACS. SVCs isolated from
adipose tissue samples were cooled on ice and counted using a hemocytometer. Cell survival rates ranged
from 70% to 90%. After counting the cells, we centrifuged them at 500 g for 5 minutes and resuspended
in FACS buffer at a concentration of 7 × 106 cells/ml.
Cells were incubated in the dark at 4°C on a bidirectional shaker for 30 minutes in FcBlock (20 µg/ml)
(BD Pharmingen, San Jose, California, USA), then for
an additional 50 minutes with fluorophore-conjugat-
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ed primary antibodies or isotype control antibodies.
Antibodies used in these studies included: CD11bphycoerythrin (CD11b-PE) (2 µg/ml), CD45.1-PE (5
µg/ml), CD45.2-PE (5 µg/ml; eBioscience, San Diego,
California, USA), and F4/80-APC (5 µg/ml; Caltag
Laboratories Inc., Burlingame, California, USA). Following incubation with primary antibodies, 1 ml FACS
buffer was added to the cells. Cells were centrifuged at
500 g for 5 minutes and resuspended in 1 ml FACS
buffer. The wash was repeated twice. Cells were analyzed on a FACSCalibur and analysis was performed
using CellQuest software (Becton, Dickinson and Co.,
Franklin Lakes, New Jersey, USA). Macrophages
stained with F4/80-APC were separated from F4/80–
cells using a FACSAria cell sorter (BD Biosciences
Immunocytometry Systems Inc., San Jose, California,
USA). F4/80+ and F4/80– cells were collected into
cooled FACS buffer, centrifuged at 500 g for 5 minutes,
and immediately frozen for gene expression analysis.
Quantitative real-time PCR. Total RNA was extracted
from frozen adipose tissue (100 mg), FACS-isolated
cells (>105), or cultured cells (60-mm confluent plate)
using a commercially available acid-phenol reagent
(TRIzol; Invitrogen Corp.). For tissue samples, firststrand cDNA was synthesized using SuperScript II
reverse transcriptase and random hexamer primers as
described in the manufacturer’s protocol (Invitrogen
Corp.). Samples of cDNA were diluted 1:25 in nucleasefree water (Qiagen Inc.). For isolated cell populations,
SuperScript III was used to generate cDNA. Samples
from each cDNA pool were diluted 1:10, 1:30, 1:90, and
1:270 in order to create a standard curve for calculation
of relative gene expression levels. PCR amplification
mixtures (20 µl) contained 10 µl of 2× PCR SYBR
Green I QuantiTect Master Mix (Qiagen Inc.), 0.4 µl of
a mixture of 25 µM reverse and forward primers, and
11.6 µl diluted cDNA template. Real-time quantitative
PCR was carried out using either the LightCycler
(human samples; Roche Applied Science) or DNA
Engine Opticon instruments (mouse samples; MJ
Research Inc., Waltham, Massachusetts, USA) with the
following cycling parameters: polymerase activation for
15 minutes at 95°C and amplification for 40 cycles of
15 seconds at 94°C, 10 seconds at 58°C, and 10 seconds at 72°C. After amplification, melting curve analysis was performed as described in the manufacturer’s
protocol (Qiagen Inc.). Relative expression values were
calculated based on the standard curve using LightCycler software (version 3.5; Roche Applied Science).
Determination of relative expression values. The expression rates of three macrophage-specific genes (Emr1,
Cd68, and Csf1) that correlated with body mass in our
microarray studies, an adipocyte-specific gene (Acrp30),
and proinflammatory genes (Tnfa, Nos2, Il6) were determined by quantitative RT-PCR. To normalize expression data, we used multiple internal control genes as
described by Vandesompele et al. (44). Internal control
genes were selected from our murine microarray data
set and a separate human data set (A.W. Ferrante and
The Journal of Clinical Investigation
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D. McCann, unpublished results). For each species, we
chose control genes with high expression levels and little sample-to-sample variability. For human controls
these were Excision repair cross-complementing group 3
(ERCC3), Amplified in osteosarcoma (OS-9), and Casein
kinase-1d (CSNK1D). For each gene to be assayed,
intron-spanning primers were designed using publicly
available genomic contig sequences obtained through
LocusLink (http://www.ncbi.nlm.nih.gov/LocusLink/
index.html), the public domain primer design software
Primer3 (http://www-genome.wi.mit.edu/genome_
software/other/primer3.html), and the DNA analysis
software Vector NTI Suite, version 7 (Informax Inc.,
Bethesda, Maryland, USA) (45). Human primer
sequences were as follows: hCD68 forward (5′-GCTACATGGCGGTGGAGTACAA-3′), hCD68 reverse (5′ATGATGAGAGGCAGCAAGATGG-3′); hERCC3 forward
(5′-ACATTGACCTAAAGCCCACAGC-3′), hERCC3 reverse
(5′-AGTTGCCCAGCACCAGACAG-3′); hOS-9 forward (5′TAAACGCTACCACAGCCAGACC-3′), hOS-9 reverse (5′AGCCGAGGAGTGCGAATG-3′); hCSNK1D forward (5′AGGAGAAGAGGTTGCCATCAAG-3′), hCSNK1D reverse
(5′-TCCATCACCATGACGTTGTAGTC-3′).
For expression analysis in mice, we used microarray
data as described above to select two internal control
genes, cyclophilin B (Cphn2) and ribosomal protein S3
(Rps3). Mouse primer sequences were as follows: F4/80
forward (5′-CTTTGGCTATGGGCTTCCAGTC-3′), F4/80
reverse (5′-GCAAGGAGGACAGAGTTTATCGTG-3′); CD68
forward (5′-CTTCCCACAGGCAGCACAG-3′), CD68
reverse (5′-AATGATGAGAGGCAGCAAGAGG-3′); CSF1-R
forward (5′-GCATACAGCATTACAACTGGACCTACC-3′),
CSF1-R reverse (5′-CAGGACATCAGAGCCATTCACAG-3′);
TNF-α forward (5′-CCAGACCCTCACTAGATCA-3′),
TNF-α reverse (5′ CACTTGGTGGTTTGCTACGAC-3′);
IL-6 forward (5′-CCAGAGATACAAAGAAATGATGG-3′),
IL-6 reverse (5′- ACTCCAGAAGACCAGAGGAAAT-3′);
RPS3 forward (5′-ATCAGAGAGTTGACCGCAGTTG-3′),
RPS3 reverse (5′-AATGAACCGAAGCACACCATAG-3′);
iNOS forward (5′-AATCTTGGAGCGAGTTGTGG-3′),
iNOS reverse (5′-CAGGAAGTAGGTGAGGGCTTG-3′);
PEX11a forward (5′-GACTTTTCAGAGCCACTCAGCAC3′), PEX11a reverse (5′-GCCCACCTTTGCCATTTCTC-3′);
ACRP30 forward (5′-GCTCCTGCTTTGGTCCCTCCAC-3′),
ACRP30 reverse (5′-GCCCTTCAGCTCCTGTCATTCC-3′).
For each cDNA and standard curve sample, quantitative PCR reactions were performed to assay the expression of each internal control gene. To verify that the relative expression values of the control genes provided an
accurate reflection of cDNA loading, we correlated the
relative expression values of the control genes with one
another and with the geometric mean of the three values. The Pearson correlation coefficients were consistently greater than or equal to 0.97, strongly suggesting
that expression of the three control genes provided a
reasonably accurate reflection of cDNA loading. To calculate the normalized relative expression levels of each
gene assayed in each sample, we divided the relative gene
expression value for that sample by the geometric mean
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of the relative expression values of the control genes.
Separate analyses in which relative expression values
were normalized with the relative expression values of
each control gene yielded similar results.
Adipocyte differentiation of preadipocytes. 3T3-L1
preadipocytes (American Type Culture Collection,
Manassas, Virginia, USA) were grown to confluence in
DMEM-FBS at 37°C in a 5% CO2 incubator. Two days
after reaching confluence (day 0), the culture medium
was changed to DMEM-FBS supplemented with
insulin (50 µg/ml), 3-isobutyl-1-methylxanthine (0.4
mM), and dexamethasone (1 µM). After 2 days, the
medium was again changed to DMEM-FBS supplemented with insulin (50 µg/ml). Finally, 3 days later,
the medium was changed to DMEM-FBS. Medium was
replaced with fresh DMEM-FBS every 3 days thereafter.
Bone marrow transplantation. Six-week-old male
CD45.2+ (C57BL/6J) recipient mice and syngeneic
CD45.1+ (B6.SJL Ptprca Pep3b/BoyJ) donor mice were
purchased from The Jackson Laboratory. At 8 weeks of
age, recipient mice received a dose of 12 Gy from a
Cs137 source (Gammacell-40; Atomic Energy of Canada Ltd., Mississauga, Ontario, Canada). The γ radiation was administered as two 6-Gy doses separated by
a 3- to 4-hour interval in order to minimize radiation
toxicity. Bone marrow was collected from the femurs
and tibias of sex-matched donor mice into HBSS.
Donor marrow cells (5 × 106) were injected into the
recipient’s lateral tail vein 4 hours after irradiation.
The recipient mice were maintained in a pathogen-free
facility and were fed a standard chow diet and water
supplemented with 0.5 ml/l of 10% Baytril (Bayer
Corp., Shawnee Mission, Kansas, USA). After 4 weeks,
blood was collected from recipient mice and peripheral engraftment was confirmed via FACS analysis based
on presence of the CD45.1 antigen and absence of the
CD45.2 antigen. Ninety-five percent of mice survived
transplant and more than 95% of peripheral blood
leukocytes in recipients were donor-derived CD45.1+
cells. Once engraftment was confirmed, recipient mice
were placed on a high-fat diet containing about 60% of
calories from lipids (D12492; Research Diets Inc.) for
6 weeks. Mice were sacrificed by CO2 asphyxiation, and
SVCs from perigonadal adipose tissue were collected
for FACS analysis.

Results
We hypothesized that in adipose tissue, molecular
processes regulate and respond to changes in adipose
tissue mass independent of diet, sex, or the mechanism
of obesity. To identify transcriptional patterns that correlate with body mass, we used oligonucleotide
microarrays to catalogue gene expression levels in the
parametrial or epididymal adipose tissue from two
dozen mice whose body mass and adiposity varied due
to diet, sex, and mutations in genes affecting energy
homeostasis. We examined six experimental groups of
20-week-old C57BL/6J mice: (a) lean C57BL/6J female
mice, (b) lean C57BL/6J male mice, (c) moderately
1800

The Journal of Clinical Investigation

|

obese C57BL/6J male mice with diet-induced obesity,
(d) moderately obese female B6.Cg Ay/+ mice, (e) severely obese female B6.V Lepob/ob mice, and (f) severely obese
male B6.V Lepob/ob mice. Each group contained four
mice. As expected, body mass varied widely, with a
range of 19.4–68.4 g and a mean of 44.6 ± 17.9 g.
For each transcript represented on the array, we computed Kendall’s τ rank-based correlation statistic as a
measure of the correlation between the expression data
and body mass for the entire sample of mice. To avoid
potential problems of non-normality and sensitivity to
outliers, we chose this nonparametric approach over
the standard Pearson correlation coefficient (46). The
P values corresponding to each test of correlation were
computed exactly. With this approach, we identified
1,304 transcripts that were significantly correlated with
body mass after controlling the false discovery rate at
no more than 0.03. Supplemental Table 1 available
online (http://www.jci.org/cgi/content/full/112/12/
1796/DC1) lists all transcripts whose expression in
perigonadal adipose tissue correlated with body mass.
We annotated each transcript whose expression correlated with body mass using the Gene Ontology Con-

Figure 1
Adipose tissue transcripts whose abundance was correlated with
body mass in mice. The expression of more than 12,000 transcripts
in parametrial and epididymal adipose tissue was monitored in
C57BL/6J mice whose body mass varied secondary to sex, diet, or
mutations in the agouti (Ay/+) or leptin (Lepob/ob) loci. Using Kendall’s
τ, a nonparametric correlation metric, we identified 1,304 transcripts
that correlated significantly with body mass when the false discovery
rate was held to 0.03. Examples of adipose tissue transcripts whose
expression correlated with body mass include (a) Csf1r and (b) CD68
antigen (Cd68), which correlated positively with body mass, (c) succinate dehydrogenase complex, subunit B, iron sulfur (Ip) (Sdhb), and
(d) ubiquinol–cytochrome c reductase subunit (Uqcr), which correlated negatively with body mass. Gray and black symbols denote
female and male mice, respectively. +, lean; triangles, Ay/+; squares,
DIO; circles, Lepob/ob mice.
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Figure 2
Adipose tissue macrophages in mice with varying degrees of adiposity. Immunohistochemical detection of the macrophage-specific antigen F4/80 (black arrows) in perigonadal adipose tissue from
C57BL/6J mice: (a) lean female, (b) Ay/+ female, (c) Lepob/ob female,
(d) lean male, (e) DIO male, and (f) Lepob/ob male. Macrophages are
stained brown. In lean animals (a and d), F4/80-expressing cells were
uniformly small, dispersed, and rarely seen in aggregates. The fraction of F4/80-expressing cells was greater in moderately obese mice
(b and e) and greatest in the severely obese Lepob/ob mice (c and f).
Depots from all animals contained small, isolated F4/80 expressing
cells (black arrows). In addition, depots from obese animals contained aggregates of F4/80 expressing cells (large blue arrows). Some
macrophage aggregates contained small lipid-like droplets (small
thin black arrow). Calibration mark = 40 µm.

sortium (http://www.geneontology.org/) and Mouse
Genomics Informatics (MGI) (http://www.informatics.
jax.org/) databases. Analysis of the 100 transcripts
that correlated most closely with body mass (i.e., had
the lowest P values) revealed three groups of functionally related genes that were coordinately regulated. Thirty percent of the 100 most significantly correlated transcripts encoded proteins characteristically
expressed by macrophages, such as the CSF-1 receptor
(τ statistic = 0.60, P = 4.5 × 10–5) and the CD68 antigen
(τ statistic = 0.75, P = 2.9 × 10–7). Twelve percent encod-

ed mitochondrial proteins such as succinate dehydrogenase complex, subunit B, iron sulfur (Ip) (τ statistic
= –0.76, P = 2.2 × 10–7), and ubiquinol–cytochrome c
reductase subunit (τ statistic = –0.65, P = 7.4 × 10–6)
(Figure 1), and 6% encoded lysosomal proteins (Supplemental Table 2, http://www.jci.org/cgi/content/full/
112/12/1796/DC1). The expression of all of the
macrophage and lysosomal transcripts correlated positively with body mass, while the expression of each
mitochondrial transcript was negatively correlated with
body mass. Using quantitative RT-PCR we confirmed
the expression profile of five genes (colony-stimulating
factor 1 receptor [Csf1r], Cd68, Pex11a, Emr1, and Mcp1) in
each of the 24 samples and found excellent agreement
between the microarray and RT-PCR expression data
(mean Pearson correlation coefficient = 0.91, microarray versus RT-PCR expression; Supplemental Table 3,
http://www.jci.org/cgi/content/full/112/12/1796/
DC1). The correlation of body mass with the expression of multiple genes characteristic of macrophages
suggested that the macrophage content of adipose tissue was positively correlated with adiposity. To identify and quantitate macrophages within adipose tissue,
we immunohistochemically stained sections for the
F4/80 antigen, a marker specific for mature
macrophages (Figure 2; ref. 43). We calculated the average adipocyte cross-sectional area and the percentage
of F4/80-expressing cells in the perigonadal, perirenal,
mesenteric, and subcutaneous inguinal adipose tissue
depots from Ay/+ female, Lepob/ob female, lean male, and
diet-induced obese (DIO) male mice.
We examined the relationship between average
adipocyte cross-sectional area and the percentage of
adipose tissue cells expressing F4/80. Average adipocyte
cross-sectional area (Figure 3) was a strong predictor of
the percentage of F4/80-expressing cells for each depot.
Body mass was also a strong predictor of the percentage of F4/80-expressing cells for each depot (data not
shown). The regression coefficients or slopes that
describe the linear relationship between average
adipocyte cross-sectional area and percentage of F4/80-

Table 1
Correlation of percentage of F4/80-expressing cells in adipose tissue with adipocyte size
Depot
Perigonadal

Perirenal
Mesenteric
Subcutaneous

Obesity models included
Lean male (n = 4),
DIO male (n = 4),
Ay/+ female (n = 4),
Lepob/ob female (n = 3)
DIO male (n = 6),
lean female (n = 3),
Lepob/ob female (n = 4)
DIO male (n = 5),
lean female (n = 2),
Lepob/ob female (n = 3)
DIO male (n = 8),
lean female (n = 3),
Lepob/ob female (n = 3)

r2
0.76

Slope
0.0082 (0.0012)

95% C.I. of slope
0.0056–0.011

P value
<10–4

0.73

0.0067 (0.0011)

0.0042–0.0092

<10–4

0.9

0.0068 (0.0008)

0.0050–0.0080

<10–4

0.39

0.0027 (0.0009)

0.0008–0.0047

0.01

Regression coefficients defining the relationship between the percentage of F4/80-expressing cells in adipose tissue and average adipocyte cross-sectional area in
mice. Data are presented as mean ± SD. C.I., 95% confidence interval.
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Figure 3
The relationship between adipocyte size and the percentage of macrophages in adipose tissue. Average adipocyte cross-sectional area and
the percentage of F4/80+ cells (macrophages) in adipose tissue depots were determined for each mouse in this study. Average adipocyte
cross-sectional area was a strong predictor of the percentage of F4/80+ cells in (a) perigonadal (r2 = 0.76, P < 10–4), (b) perirenal (r2 = 0.73,
P < 10–4), (c) mesenteric (r2 = 0.9, P < 10–4), and (d) subcutaneous (r2 = 0.39, P < 0.01) adipose tissue depots. (e) Data collected from all
mice and all depots were plotted together. Light gray and dark gray symbols denote female and male mice, respectively. +, lean; triangles,
Ay/+; squares, DIO; circles, Lepob/ob mice.

expressing cells were comparable across mesenteric,
perigonadal, and perirenal depots (Table 1). Although
the slopes corresponding to adipocyte cross-sectional
area for the subcutaneous depot were smaller than (and
fell outside the 95% confidence intervals of) the slopes
for the mesenteric and perigonadal depots, this difference was entirely attributable to the fact that the data
from three B6.V Lepob/ob mice fell below the line relating
adipocyte area to macrophage content in the other animals (Table 1). Except for leptin-deficient (ob) subcutaneous adipose tissue, the relationship of adipose tissue macrophage accumulation to adipocyte size was
similar in all depots studied (Figure 3).

Macrophages in the adipose tissue of lean mice were
uniformly small, isolated, and widely dispersed among
the adipocytes. In contrast, the macrophages in adipose
tissue from obese animals were frequently found in
aggregates. In the extremely obese animals, some of
these macrophage aggregates completely surrounded
adipocytes (Figure 2). These aggregates resembled the
macrophage syncytia characteristic of chronic inflammatory states such as rheumatoid arthritis and foreign
body giant cell induction (47–49).
We also examined the population of F4/80-expressing cells in liver and the extensor digitalis longus muscle from lean and obese Lepob/ob female mice. In liver,
Figure 4
Macrophages in the liver and muscle of
lean and obese mice. Immunohistochemical detection of cells expressing the
macrophage-specific antigen F4/80
(arrows) in extensor digitalis longus muscles from C57BL/6J (a and c) Lepob/ob female
and (b and d) lean female mice.
Macrophages were rarely detected in areas
surrounding the myofibrils (c and d). However, muscle from both lean and obese animals was infiltrated and surrounded by
adipose tissue that contained significant
numbers of F4/80-positive macrophages (a
and b). The percentage of F4/80-positive
macrophages within this adipose tissue
was markedly increased in obese compared
with lean mice (e, P < 0.005). The percentage of F4/80-positive Kupffer cells within
liver was not significantly altered in obesity. Calibration mark = 40 µm; white bars,
lean mice; gray bars, Lepob/ob mice.
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Figure 5
F4/80+ cells express macrophage markers. Perigonadal adipose tissue was collected from female B6.V Lepob/ob mice, digested, and centrifuged to yield a buoyant adipocyte-enriched cell population and a
pellet of SVCs. The SVCs were separated into F4/80+ (black bars) and
F4/80– (white bars) populations via FACS. Quantitative RT-PCR was
used to measure the relative expression of macrophage markers
(Emr1, Csf1r, Cd68) and an adipocyte-specific gene (Acrp30). Among
the three isolated cell populations, the relative gene expression of
macrophage markers was highest among the F4/80+ cells. *The
F4/80– SVCs did not express detectable amounts (< 0.05 of mean of
all populations) of the macrophage markers. The adipocyte-enriched
population (gray bars) expressed small amounts of the macrophage
markers (a), consistent with residual macrophage contamination
seen by immunofluorescent staining of live cells (b). In the adipocyteenriched fraction, large autofluorescent adipocyte cell membranes
(green) are not recognized by fluorescently conjugated F4/80 antibody (red), but membrane staining of small nonautofluorescent cells
is seen. Control fluorescently conjugated isotype antibody did not
recognize these cells (c).

there was no significant difference in the number of
F4/80-expressing Kupffer cells between lean and obese
mice (Figure 4). In muscle tissue, we observed only rare
F4/80-expressing cells between myofibrils. However,
muscle from both lean and obese animals was infiltrated and surrounded by adipose tissue (Figure 4).
Adipose tissue within muscle contained significant
numbers of F4/80+ macrophages, and the percentage
of F4/80+ cells within this adipose tissue was markedly
increased in obese mice compared with lean mice
(41% ± 4% of macrophages vs. 12% ± 2% of macrophages, respectively; P < 0.005, mean ± SD) (Figure 4).
To more fully characterize the F4/80+ cells in adipose
tissue and define their cellular lineage, we used FACS
to isolate and study the population of F4/80+ cells from
adipose tissue. Perigonadal adipose tissue was collected from obese B6.V Lepob/ob female mice and digested
with a combination of collagenase I and collagenase II.
The resultant digest was centrifuged and yielded a
buoyant adipocyte-enriched fraction and a pellet of
The Journal of Clinical Investigation
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SVCs. The SVCs were incubated with a fluorescently
labeled anti-F4/80 antibody and were sorted by FACS
into F4/80-expressing (F4/80+) and -nonexpressing
(F4/80–) populations. Quantitative RT-PCR analysis of
these cell populations revealed that F4/80+ cells express
genes for macrophage-specific markers, including
Csf1r, the CD68 antigen (Cd68), and the F4/80 antigen
(Emr1). These are among the genes whose expression in
our microarray expression data set correlated positively with body mass and adipocyte size.
The F4/80– population of cells expressed Emr1, Csf1r,
and Cd68 at less than 2% of the levels expressed in the
F4/80+ population (Figure 5). Using FACS we also
found that all of the F4/80+ cells coexpressed the common leukocyte antigen CD45 and the monocyte lineage marker CD11b (data not shown). F4/80+ cells did
express detectable amounts of mRNA for adiponectin/ACRP30 (Acrp30), albeit at levels more than an
order of magnitude lower that those found in primary
adipocytes and differentiated 3T3-L1 adipocytes (Figure 5). In contrast, at no timepoint during the differentiation of the preadipocyte cell line 3T3-L1 into
adipocytes did we did detect significant expression of
macrophage-specific genes (Csf1r, Emr1, Cd68) (Supplemental Table 4, http://www.jci.org/cgi/content/
full/112/12/1796/DC1).
The accumulation of adipose tissue macrophages in
direct proportion to adipocyte size and body mass may
explain the coordinated increase in expression of genes
encoding macrophage markers observed in our
microarray expression data. However, macrophages
and adipocytes express a number of genes in common,
including Cd36 (50), Pparg (51), and aP2 (52). Preadipocytes may also have phagocytic capabilities similar to macrophages (53).
Tissue macrophages are derived from bone marrow precursors that migrate from the peripheral circulation.
Preadipocyte populations are thought to be derived from
resident mesenchymal cells. To test whether adipose tissue F4/80+ cells shared a common bone marrow origin

Figure 6
F4/80+ cells in adipose tissue are bone marrow–derived. Adipose tissue was collected and SVCs were isolated 6 weeks after lethal irradiation and bone marrow transplantation. The SVCs were incubated with
APC-conjugated anti-F4/80 (F4/80-APC and either PE-conjugated
anti-CD45.1 (CD45.1-PE) or PE-conjugated anti-CD45.2 (CD45.2PE). Eighty-five percent of F4/80+ cells expressed the donor antigen,
CD45.1 (right upper quadrant in a). Only 14% of the F4/80+ cells also
expressed the recipient antigen, CD45.2 (right upper quadrant in b).
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Figure 7
Macrophage-deficient FVB/NJ Csf1op/op mice are also deficient in
F4/80+ cells in adipose tissue. SVCs were isolated from subcutaneous
and perigonadal adipose tissue of macrophage-deficient (FVB/NJ
Csf1op/op) and control (FVB/NJ Csf1+/+) mice. Flow cytometry of SVCs
isolated from two perigondadal adipose tissue depot illustrates that
tissue from macrophage-deficient mice (b) contains 34% the number
of F4/80+ cells found in adipose tissue from control mice (a).

with other tissue macrophage populations, we transplanted bone marrow from C57BL/6J mice expressing
the CD45.1 leukocyte marker into 6-week-old lethally
irradiated C57BL/6J mice expressing the CD45.2 leukocyte marker. After 6 weeks on a high-fat diet, 85% of the
F4/80+ cells in periepididymal adipose tissue of the recipient mice were donor-derived (i.e., CD45.1+). Conversely,
only about 14% of the F4/80+ cells in adipose tissue were
recipient-derived CD45.2 cells (Figure 6). Thus most
F4/80+ cells in adipose tissue are bone marrow–derived.
The primary regulator of macrophage development
and survival is CSF-1 (also known as M-CSF). Mice that
carry a homozygous missense mutation in the Csf1
gene (Csf1op/op) are relatively macrophage deficient (43,
54, 55). As a consequence of tissue macrophage deficiency, these mice develop a complex recessive phenotype of osteopetrosis, central blindness, and infertility
(56). This spontaneously arising mutation has been
maintained on a mixed genetic background (C57BL/J
× C3Heb/FeJ-a/a × CD1) but recently has been backcrossed onto the FVB/NJ strain (57).
In subcutaneous and parametrial adipose tissue,
the mean adipocyte size of the FVB/NJ Csf1op/op mice
(311 ± 71 µm2) was smaller though not significantly
different from that of control FVB/NJ Csf1+/+ mice
(476 ± 326 µm2) (P = 0.37). However, FACS analysis
showed that the fraction of F4/80+ SVCs was significantly greater in adipose tissue from control mice than
from macrophage-deficient mice. In the depots studied, the fraction of F4/80+ cells in Csf1op/op mice was only
34% of that in Csf1+/+ mice (P < 0.01) (Figure 7). Together these data suggest that the F4/80+ cells identified in
adipose tissue are CSF-1–dependent, bone marrow–
derived adipose tissue macrophages.
In most tissues, macrophages are a significant source
of proinflammatory molecules. To determine whether
adipose tissue macrophages express any molecules
implicated in obesity-associated complications, we iso1804
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lated three cell populations from the parametrial adipose tissue of three obese B6.V Lepob/ob mice: (a) an
adipocyte-enriched population, (b) a stromal vascular
macrophage F4/80+ population, and (c) an F4/80– stromal vascular population. Following isolation, RNA was
extracted from each population, and the expression of
three proinflammatory genes (Tnfa, Nos2, and Il6) was
determined by quantitative RT-PCR. Of the three adipose tissue cell populations, the F4/80+ adipose tissue
macrophages were the predominant source of TNF-α
expression. Expression of iNOS was detectable at significant levels in each fraction, though it was highest in
the macrophage fraction and thus it is likely that a significant portion of the iNOS expression in adipose tissue is derived from macrophages. In contrast, IL-6 was
highly expressed in all three factions (Figure 8).
Based on these results in mice, we assessed the relationship of BMI and adipocyte size to macrophage
abundance in abdominal subcutaneous adipose tissue
of humans. Using quantitative RT-PCR we determined
the relative expression levels of the macrophage
expressed gene Cd68 in human abdominal subcutaneous adipose tissue. We found that both BMI (r2 = 0.43,
P < 0.01; Figure 9) and average adipocyte cross-sectional area (r2 = 0.46, P < 0.05; data not shown) were significant predictors of Cd68 expression. Cd68 expression
was also significantly higher in the obese (BMI > 30
kg/m2; Cd68 expression = 1.67 ± 0.93 arbitrary units)
compared to the lean subjects (BMI < 30 kg/m2; Cd68
expression = 0.69 ± 0.39 arbitrary units, P < 0.02).
Using an antibody that recognizes the CD68 antigen
we performed immunohistochemical analysis on these
human samples and calculated the percentage of

Figure 8
Adipose tissue macrophages express proinflammatory factors. Perigonadal adipose tissue was collected from female B6.V Lepob/ob mice,
digested, and centrifuged to yield a buoyant adipocyte-enriched cell
population (gray bars) and a pellet of SVCs. The SVCs were separated into F4/80+ macrophages (black bars) and F4/80– populations
(white bars) via FACS. Quantitative RT-PCR was used to measure the
relative expression of three proinflammatory genes (Tnfa, Nos2, and
Il6). Expression of Tnfa was limited almost exclusively to adipose tissue macrophages. F4/80– SVCs did not express detectable amounts
of F4/80 or Tnfa (as indicated by asterisks). The adipocyte-enriched
fractions expressed Tnfa at levels commensurate F4/80 expression
and consistent with macrophage contamination. Nos2 was expressed
by both macrophages and F4/80– SVCs, and Il6 was detectably
expressed by all three populations in adipose tissue.
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Figure 9
CD68 expression in human subcutaneous adipose tissue. Subcutaneous adipose tissue samples were aspirated from the subcutaneous
abdominal region of human subjects whose BMIs ranged from 19.4
to 60.1 kg/m2. CD68 transcript expression was measured by quantitative real-time PCR. (a) BMI was a significant predictor of CD68
transcript expression (r2 = 0.43, P < 0.01). (b) Immunohistochemical detection and quantitation of CD68-expressing cells in subcutaneous adipose tissue from obese and lean subjects shows that the
average adipocyte cross-sectional area was a strong predictor of the
percentage of CD68-expressing cells (r2 = 0.86, P < 0.001). Typical
micrographs from (c) an obese (BMI 50.8 kg/m2) female and (d) a
lean (25.7 kg/m2) female subject are shown. Arrows in c indicate
F4/80+ cells. Squares and diamonds denote female and male subjects, respectively. Calibration mark = 40 µm.

CD68 expressing cells (Figure 9). Both BMI (r2 = 0.83,
P = 0.0004; data not shown) and average adipocyte crosssectional area (r2 = 0.86, P = 0.0002) were strong predictors of the percentage of CD68-positive cells (Figure 9).

Discussion
Transcriptional profiling of mouse adipose tissue identified 1,304 transcripts whose expression levels were
correlated with body mass in genetic and diet-induced
models of obesity. Correlation of gene expression
occurred across lean and obese mice, defining a common transcriptional response to variations in adiposity. These data demonstrate that variations in continuous quantitative traits such as body mass, adipocyte
size, and BMI are correlated with quantitative variations in the expression of genes. Furthermore, if transcriptional regulation of adipose tissue function contributes to adiposity-dependent modulation of insulin
sensitivity, blood pressure, and other medically important traits, then the genes that correlate with body mass
will be candidates for mediating these responses and
warrant further evaluation.
The Journal of Clinical Investigation
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Analysis of the annotated functions of genes that correlated with body mass revealed the coordinated regulation of genes whose products are characteristic of
lysosomes, mitochondria, and macrophages. Transcripts characteristic of macrophages were coordinately upregulated in direct proportion to body weight in
several models of obesity. This observation suggested
that the macrophage content of adipose tissue might
be positively correlated with adiposity. Previous reports
suggest that obesity alters the mononuclear phagocytic cell content in the circulation and within adipose tissue. Several groups have reported small increases in the
numbers of circulating monocytes in severely obese
individuals, and two groups have noted increased
macrophage gene expression and increased numbers of
phagocytic cells and cells expressing F4/80 in adipose
tissue from leptin-deficient mice (58–60).
Our results indicate that adipose tissue macrophage
accumulation is directly proportional to measures of
adiposity in mice and humans. Immunohistochemical
analysis of human subcutaneous adipose tissue showed
that both BMI and adipocyte size were strong predictors of the percentage of CD68-expressing macrophages. In mice, both body mass and adipocyte size
were strong predictors of the percentage of F4/80+
macrophages in the perigonadal, perirenal, mesenteric,
and subcutaneous adipose tissue depots. The slope
that defined the linear relationship between adipocyte
size and percentage of macrophages was smaller for
subcutaneous adipose tissue than for the other depots.
The reason for this difference is unclear. The scatterplot data suggest that macrophage accumulation in
the subcutaneous depot may plateau at high degrees of
adiposity, or that abnormalities associated with leptin
deficiency may cause decreased macrophage accumulation specifically in the subcutaneous depot (Figure
3d). We estimate that the percentage of macrophages
in adipose tissue ranges from under 10% in lean mice
and humans to over 50% in extremely obese, leptindeficient mice and nearly 40% in obese humans.
Macrophages are mononuclear phagocytes. They
reside within almost all tissues, where they are identifiable as distinct populations with tissue-specific morphologies, localizations, and functions. In the liver they
are Kupffer cells and line the sinusoids; in bone they
form multinucleated osteoclasts at the periosteum; in
the CNS they comprise the microglia, interspersed
among neurons; and in the kidney they form a network
around glomeruli as mesangial cells (61). Adipose tissue
depots contain macrophages and macrophage precursors, but their functions have not been delineated (62,
63). In addition to tissue-specific functions, macrophages serve important immune and scavenger functions. They are the primary mediators of the innate
immune response, and are important participants in
adaptive immunity. They recognize and phagocytose foreign organisms, release antimicrobial peptides, secrete
molecules that attract other immune cells to areas of
infection, and present antigens to lymphocytes (64).
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Activated macrophages release stereotypical profiles
of cytokines and biologically active molecules such as
NO, TNF-α, IL-6, and IL-1 (64). Depletion of macrophages from sites of inflammation prevents the elaboration of these molecules (65, 66). These molecules
increase the production of acute-phase proteins.
Increased TNF-α signaling mediates increased PAI-1
production in acute inflammation and in obesity (67).
Increased IL-6 signaling induces the expression of Creactive protein and haptoglobin in liver (68).
The strong relationship between adipose tissue
macrophage content and indicators of adiposity provides a mechanism for the increased adipose tissue production of proinflammatory molecules and acutephase proteins associated with obesity. Adipose tissue
produces several proinflammatory, procoagulant, and
acute-phase molecules in direct proportion to adiposity. Among these molecules, TNF-α, IL-6, PAI-1, NO,
factor VII, and MCP-1 have been implicated in the
development of adverse pathophysiological phenotypes associated with obesity (25, 69). For example,
iNOS and TNF-α are required for the development of
obesity-induced insulin resistance in mice (21, 29).
TNF-α and IL-6 also increase lipolysis and have been
implicated in the hypertriglyceridemia and increased
serum FFA levels associated with obesity (31, 32). The
increased production of PAI-1 and factor VII has been
implicated in the development of coagulation and fibrinolytic abnormalities characteristic of obesity (28,
70). Macrophage accumulation in proportion to
adipocyte size may increase the adipose tissue production of these proinflammatory and acute-phase molecules and thereby contribute to the pathophysiological
consequences of obesity.
Skeletal muscle tissue also produces increased
amounts of iNOS and TNF-α in obese compared with
lean rodents and humans (21, 71). Both NO and TNF-α
decrease insulin-stimulated glucose uptake in muscle
(72, 73). Our results indicate that the percentage of
macrophages in the adipose tissue that surrounds and
infiltrates the extensor digitalis longus muscle is
increased in obese mice compared with lean mice. The
production of iNOS and TNF-α by these macrophages
may contribute to the decreased insulin sensitivity of
muscle that is characteristic of obesity.
Our data in humans and mice show that adipocyte
size is a strong predictor of the percentage of
macrophages in adipose tissue (Figure 3e). Adipose tissue mass is the product of cell number and volume.
Adipocyte volume is highly correlated with indicators
of systemic insulin resistance, dyslipidemia, and risk
for developing type 2 diabetes (74–77). Weight reduction is accompanied by decreased adipocyte volume
and the reduction of these metabolic phenotypes (78,
79). Mechanisms have been proposed by which
adipocyte hypertrophy may perturb adipocyte function in a cell-autonomous fashion and thereby influence systemic glucose and lipid metabolism (80–82).
The close relationship between adipocyte size and the
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abundance of macrophages in adipose tissue suggests
that the influence of adipocyte size on adipocyte function may be conveyed through a paracrine pathway
involving adipose tissue macrophages.
Adipose tissue macrophages may be a target for the
thiazolidinedione (TZD) class of antidiabetic drugs.
TZDs increase systemic insulin sensitivity and adipose
tissue triglyceride storage while decreasing adipose tissue fatty acid efflux (83). The mechanisms by which
TZDs exert these effects on glucose and lipid metabolism are not completely defined, though many of their
actions appear to be mediated through activation of the
nuclear hormone receptor PPAR-γ. Adipocytes express
high levels of PPAR-γ, and TZDs promote adipocyte differentiation, prevent fatty acid release, and stimulate
adiponectin production, suggesting that adipocytes are
an important target for TZD action (84–86).
Macrophages also express high levels of PPAR-γ. TZDs
and other PPAR-γ agonists suppress macrophage production of TNF-α, IL-6, NO, and IL-1β induced by LPS
and IFN-γ (87–90). The action of TZDs on adipose tissue macrophages may decrease local production and
concentrations of proinflammatory factors and thereby contribute to their physiologically beneficial effects
on glucose and lipid metabolism.
The correlation of adipose tissue macrophage content with adiposity may affect the interpretation of
results obtained from mice in which transgene expression is driven by the aP2 promoter. To target expression
and to delete genes specifically in adipocytes, investigators have often used the aP2 promoter (91). The aP2
gene is highly expressed in differentiated adipocytes
but has recently been shown to be expressed by
macrophages as well (52). Our findings suggest that
data obtained from aP2 transgenics will need to be
carefully analyzed to distinguish between effects occurring primarily in adipocytes or macrophages.
Our data also suggest that the increased accumulation of macrophages in adipose tissue of the obese is
due to an influx of bone marrow–derived precursors
into adipose tissue and their subsequent differentiation into mature F4/80-expressing macrophages. A
recent report showed that adipose tissue production
of MCP-1 — a chemoattractant specific for monocytes
and macrophages — is increased in leptin-deficient
mice compared with lean mice (25, 92, 93). Our data
indicate that the expression of this chemokine and
several others are significantly and positively correlated with body mass in the perigonadal adipose tissue of mice (Supplemental Table 1, http://www.jci.
org/cgi/content/full/112/12/1796/DC1). Adipocytes
also produce CSF-1, the primary regulator of macrophage differentiation and survival (94). Therefore,
with increasing adiposity, adipose tissue may release
signals such as MCP-1, causing increased monocyte
influx. The production of CSF-1 by adipocytes may
then create a permissive microenvironment for these
monocytes to differentiate and survive as mature adipose tissue macrophages.
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