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Subcutaneous Adipose Tissue Macrophage Inﬁltration Is
Associated With Hepatic and Visceral Fat Deposition,
Hyperinsulinemia, and Stimulation of NF-kB
Stress Pathway
Kim-Anne Lê,1 Swapna Mahurkar,1 Tanya L. Alderete,1 Rebecca E. Hasson,1 Tanja C. Adam,1
Joon Sung Kim,1,2 Elizabeth Beale,3 Chen Xie,4 Andrew S. Greenberg,4 Hooman Allayee,1 and
Michael I. Goran1

OBJECTIVE—To examine in obese young adults the inﬂuence of
ethnicity and subcutaneous adipose tissue (SAT) inﬂammation on
hepatic fat fraction (HFF), visceral adipose tissue (VAT) deposition,
insulin sensitivity (SI), b-cell function, and SAT gene expression.
RESEARCH DESIGN AND METHODS—SAT biopsies were
obtained from 36 obese young adults (20 Hispanics, 16 African
Americans) to measure crown-like structures (CLS), reﬂecting SAT
inﬂammation. SAT, VAT, and HFF were measured by magnetic
resonance imaging, and SI and b-cell function (disposition index
[DI]) were measured by intravenous glucose tolerance test. SAT
gene expression was assessed using Illumina microarrays.
RESULTS—Participants with CLS in SAT (n = 16) were similar to
those without CLS in terms of ethnicity, sex, and total body fat.
Individuals with CLS had greater VAT (3.7 6 1.3 vs. 2.6 6 1.6 L; P =
0.04), HFF (9.9 6 7.3 vs. 5.8 6 4.4%; P = 0.03), tumor necrosis
factor-a (20.8 6 4.8 vs. 16.2 6 5.8 pg/mL; P = 0.01), fasting insulin
(20.9 6 10.6 vs. 9.7 6 6.6 mU/mL; P , 0.001) and glucose (94.4 6
9.3 vs. 86.8 6 5.3 mg/dL; P = 0.005), and lower DI (1,559 6 984 vs.
2,024 6 829 31024 min21; P = 0.03). Individuals with CLS in SAT
exhibited upregulation of matrix metalloproteinase-9 and monocyte antigen CD14 genes, as well as several other genes belonging
to the nuclear factor-kB (NF-kB) stress pathway.
CONCLUSIONS—Adipose tissue inﬂammation was equally distributed between sexes and ethnicities. It was associated with
partitioning of fat toward VAT and the liver and altered b-cell function, independent of total adiposity. Several genes belonging to the
NF-kB stress pathway were upregulated, suggesting stimulation
of proinﬂammatory mediators. Diabetes 60:2802–2809, 2011

A

dipose tissue inﬂammation is now recognized
as an important mediating link that may help
explain the relationship between obesity and
several metabolic abnormalities, including insulin
resistance (1,2), liver fat accumulation (1,2), and vascular
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dysfunction (3). This association, however, is not consistent across obese individuals. For example, despite a
similar degree of obesity, some obese individuals develop
insulin resistance, type 2 diabetes, and nonalcoholic fatty
liver disease, whereas others remain protected. This has
led to the description of metabolically healthy obese patients
(4) who display low hepatic fat content and high insulin
sensitivity (SI) together with a favorable inﬂammatory
proﬁle (5). One factor that may explain differences in
metabolic risk between individuals with the same degree
of body fat is adipose tissue inﬂammation.
Adipose tissue has long been considered as an inactive
tissue, in which its presumed primary role was to store energy excess as triglycerides (TG). It is now widely accepted
that adipose tissue acts as an endocrine organ as well
through secretion of various adipokines and cytokines and
plays a role in regulation of metabolic pathways (6). In
obese individuals, excessive storage of free fatty acids (FFA)
as TGs may lead to subcutaneous adipose tissue (SAT)
dysfunction, resulting in impaired TG storage and possibly
diversion of FFA to other tissues, such as the liver or the
visceral compartment (7). Such a condition has been associated with high adipose tissue inﬂammation, characterized
by higher secretion of proinﬂammatory cytokines and macrophage recruitment. Previous research has demonstrated
that in adipose tissue from obese mice and humans, such
macrophages aggregate around dead adipocytes, forming
characteristic ring patterns referred to as crown-like structures (CLS) (8). Furthermore, the macrophages within CLS
have been shown to be proinﬂammatory, and their presence
is associated with insulin resistance (9,10).
Hispanics are more prone to an ectopic fat pattern, such
as visceral and liver fat accumulation (11), when compared with African Americans; this may be driven partly by
impaired SAT storage function and associated with adipose macrophage inﬁltration (12). Conversely, African
Americans are similarly prone to obesity but appear protected against visceral and hepatic fat accumulation.
The purpose of this study, therefore, was to investigate
the effect of adipose tissue inﬂammation on visceral
and hepatic fat deposition, SI, and adipose tissue gene
expression in two different ethnic groups. We hypothesized that individual differences in adipose tissue inﬂammation, reﬂected by the presence of CLS, may explain
metabolic abnormalities of obesity, such as hepatic fat
deposition and insulin resistance. We therefore recruited
participants of Hispanic and African American ethnicity,
who are obese and at high risk for type 2 diabetes but
diabetes.diabetesjournals.org
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show very distinct fat repartition patterns, and investigated
whether histological and gene expression differences in
adipose tissue contribute to poor metabolic outcomes,
such as higher liver fat and insulin resistance.
RESEARCH DESIGN AND METHODS
Study participants. This cross-sectional analysis includes 36 obese (BMI $30
kg/m2) African American (7 men, 9 women) or Hispanic participants (9 men,
11 women) aged 18–25 years. Participants were excluded if they had taken
medications known to affect body composition, been diagnosed with any
major illness since birth, or had any diagnostic criteria for diabetes. Written
informed consent and assent were received from all participants. This study
was approved by the Institutional Review Board of the Keck School of Medicine, University of Southern California.
Fat quantiﬁcation. Whole-body fat was measured by dual-energy X-ray
absorptiometry using a Hologic QDR 4500 W (Hologic, Bedford, MA). Abdominal magnetic resonance imaging data were obtained by the Dixon method,
with a sensitive three-point chemical-shift fat-water separation method using
a 1.5 Tesla Siemens Symphony Maestro whole-body scanner (Siemens AG,
Erlangen, Germany) with Numaris 4 software. A two-dimensional multislice
breath-hold protocol previously reported by Hussain et al. (13) was adopted to
obtain 19 axial images across the abdomen from the dome of the liver to the
L2-L3 vertebrae. The slice thickness was 10 mm with no interslice gaps. The
fat-only dataset was used in the subsequent quantiﬁcation of SAT volume and
visceral adipose tissue (VAT) volume, whereas the fat fraction dataset was
used to assess percent hepatic fat content (hepatic fat fraction [HFF]).
A commercially available image segmentation and quantiﬁcation software

(SliceOmatic; Tomovision, Inc.) was used. SAT and VAT volumes were
computed across all 19 image slices in each participant. HFF was computed
as the mean fat fraction of all imaging slices within which the liver was
present.
SAT collection. Abdominal SAT biopsies were performed lateral to the umbilicus in the skin crease below the abdominal pannus in the lower abdomen
using standard sterile techniques. The region was locally anesthetized with
2 mL of 2% lidocaine. Through a 0.5-cm skin incision, SAT was collected with
a disposable 0.5-cm diameter biopsy punch using three passes. All tissue
samples were stored in formalin or promptly frozen in liquid nitrogen (LN2) and
stored at 280°C.
Adipose tissue immunohistochemistry. Inﬁltration of macrophage cell
populations into adipose tissue was characterized using cell-speciﬁc stains
against CD68, an established cell surface marker for macrophages (predilute
antibodies from DakoCytomation Corporation). In brief, 5-mm-thick adipose
tissue sections were ﬁxed and loaded onto a Biogenex I-6000 machine for
incubation with primary antibodies. Multilink biotinylated secondary antibody
was then allowed to react for 30 min at room temperature. Slides were then
washed with PBS and placed in diaminobenzidine solution and microscopically examined for a positive reaction and counterstained with hematoxylin.
All samples were evaluated in a blinded fashion by the pathologist for the
presence (+) or absence (2) of macrophage CLS, indicating the presence of
dead adipocytes (8). Tissue sections were observed with a Nikon Eclipse E800
light microscope using a 320 objective, and digital images were captured with
a DXM 1200 camera. CLS density (CLS per 400 adipocytes) was determined
using a drawing tablet and the Nikon Lucia IMAGE version 4.61 morphometric
program. Four representative tissue sections in each sample were observed,
and participants were dichotomously categorized as being CLS+ if distinct
adipose tissue macrophage clusters were present in any examined high-power

TABLE 1
Anthropometric, body composition, SI, and plasma parameters stratiﬁed by adipose tissue inﬂammatory status

n
Number of CLS (per 400 adipocyte)
Age (years)
Sex (men/women)
Ethnicity (Hispanic/African American)
Body composition
BMI (kg/m2)
Total fat (%)
SAT (L)
VAT (L)
HFF (%)
SI
Fasting glucose (mg/dL)
Fasting insulin (mU/mL)
HOMA-IR
HOMA–b-cell
Acute insulin response (mU/mL 3 10 min)
SI (31024 min21/mU/mL)
DI (31024 min21)
Lipid metabolism
FFAs (mmol/L)
TGs (mg/dL)
Cholesterol (mg/dL)
Total
LDL
HDL
Inﬂammation
MCP-1 (pg/mL)
IL-8 (pg/mL)
TNF-a (pg/mL)
HGF (ng/mL)
PAI-1 (ng/mL)
hs-CRP (mg/L)
Leptin (ng/mL)
Adiponectin (mg/mL)

CLS2

CLS+

20
060
21.6 6 2.2
8/12
10/10

16
12.9 6 17.9
21.1 6 2.4
8/8
10/6

35.1
37.7
16.0
2.6
5.8

6
6
6
6
6

3.3
7.4
4.9
1.6
4.4

86.8
9.7
2.0
191.4
1,320
1.9
2,024

6
6
6
6
6
6
6

5.3
6.6
1.4
125.4
912
0.7
829

P value
0.002
NS
NS
NS

36.3
37.3
17.3
3.7
9.9

6
6
6
6
6

4.1
6.3
3.9
1.3
7.3

NS
NS
NS
0.04
0.03

94.4
20.9
4.4
399
1,116
1.3
1,559

6
6
6
6
6
6
6

9.3
10.6
2.2
301
796
0.9
984

0.005
,0.001
,0.001
0.01
NS
NS
0.03

0.87 6 0.19
113 6 59

0.83 6 0.15
102 6 48

NS
NS

155 6 31
81 6 26
50 6 11

158 6 35
94 6 39
43 6 13

NS
NS
0.09

6
6
6
6
6
6
6
6

NS
NS
0.01
NS
NS
NS
NS
NS

349
9.7
16.2
2.1
104
7.7
45
17

6
6
6
6
6
6
6
6

182
3.3
5.8
0.8
44
16.2
22
6

379
11.4
20.8
2.1
121
6.7
51
14

97
3.2
4.8
0.8
43
8.3
28
5

Data are means 6 SD. HGF, hepatocyte growth factor; hs-CRP, high-sensitivity C-reactive protein; NS, not signiﬁcant; PAI-1, plasminogen
activator inhibitor 1.
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FIG. 1. Fasting insulin (A), TNF-a concentrations (B), VAT volume (C), and HFF (D) stratiﬁed by adipose tissue CLS status. All P values < 0.05.

ﬁeld or CLS2 if clusters were completely absent in all histological ﬁelds for
a given participant. To further characterize macrophage type, we performed
CD11c immunoreactivity in six CLS+ (four Hispanics, two African Americans)
and four CLS2 participants (three Hispanics, one African American) using
a mouse monoclonal antibody against human CD11c, a speciﬁc cell surface
marker for type 1 macrophages (Novacastra Mouse Monoclonal Antibody
CD11c [Clone 5D11]).
Adipose tissue microarray analysis. Total RNA was isolated from adipose
tissue biopsies using RNeasy Mini kits (Qiagen, Valencia, CA). Biotinylated
RNA for hybridization with the Illumina arrays was ampliﬁed using the
TotalPrep RNA Ampliﬁcation Kit. Global gene expression was determined for
each sample using an Illumina (San Diego, CA) HumanHT-12 v3 expression
bead chip through a service provided by the Southern California Genotyping
Consortium (http://scgc.genetics.ucla.edu/). Quality control was performed
and fulﬁlled the criteria for array hybridization suggested by the Tumor
Analysis Best Practices Working Group (14). Data analysis was performed
using Genome studio and Partek Inc. (St. Louis, MO). Background corrected
and quantile normalized signal intensity values were exported to Partek. Array
data have been submitted to the Gene Expression Omnibus (accession:
GSE23506). A fold change of 1.3 was used as a criterion for inclusion of
genes in functional annotation and pathway analysis. Our study was 70%
powered to detect a fold change of 1.3 (http://bioinformatics.mdanderson.org/
MicroarraySampleSize/MicroarraySampleSize.aspx).
RT-PCR. Genes of interest were validated using quantitative RT-PCR. Reverse
transcription was performed with 0.5 mg of total RNA and random hexamer
primers (Applied Biosystems, Foster City, CA). Inventoried and validated
TaqMan probes were used. RT-PCR ampliﬁcation was performed using an
ABI HT7900 instrument (Applied Biosystems). All values are expressed as
the average relative expression normalized to GUS-B endogenous control
subjects.
SI and intravenous glucose tolerance test. An insulin-modiﬁed frequently
sampled intravenous glucose tolerance test (IVGTT) (15) was performed after
an overnight fast. Upon arrival, a catheter was inserted into both arms at the
antecubital level. At time 0, glucose (25% dextrose, 0.3 g/kg body wt) was
administered intravenously. Insulin (0.02 units/kg body wt, Humulin R [regular
insulin for human injection]; Eli Lilly, Indianapolis, IN) was injected intravenously at 20 min. Blood samples of glucose and insulin were collected at
time points 215, 25, 2, 4, 8, 19, 22, 30, 40, 50, 70, 100, and 180 min and of FFA,
TG, cholesterol, and cytokines at time 215. Glucose and insulin values
obtained from the IVGTT were entered into the MINMOD Millenium 2003
computer program (version 5.16, Bergman, USC) to determine SI, glucose
effectiveness, acute insulin response (AIR), and disposition index (DI) (15).
Homeostasis model assessment-insulin resistance (HOMA-IR) was calculated
according to the following formula: fasting insulin [mU/mL] 3 fasting glucose
[mmol/L]/22.5, while HOMA–b-cell = 20 3 fasting insulin [mU/mL]/fasting
glucose [mmol/L] 2 3.5.
Blood analysis. Blood samples from all time points taken during the IVGTT were
centrifuged immediately for 10 min at 2,500 revolutions per minute at 8–10°C and
2804
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frozen at 270°C until analysis. Glucose was assayed in duplicate on a Yellow
Springs Instrument 2700 Analyzer (Yellow Springs, OH) using the glucose oxidase method. Insulin was assayed in duplicate using a speciﬁc human insulin
ELISA kit from Linco (St. Charles, MO), and FFA were quantiﬁed using a colorimetric kit (NEFA-HR(2); Wako Diagnostics, Richmond, VA). TGs and total,
LDL, and HDL cholesterol were measured using the Kodak Ektachem DT slide
assay. Circulating inﬂammatory mediators including plasminogen activator inhibitor 1, monocyte chemoattractant protein 1 (MCP-1), interleukin-8 (IL-8),
tumor necrosis factor-a (TNF-a), and hepatocyte growth factor were measured
in batch using multiplex Luminex assays (Linco Research). High-sensitivity
C-reactive protein was measured chemically using ADVIA 1800 Chemistry
System (Siemens Healthcare Diagnostics, Deerﬁeld, IL).
Statistical methods. All data are means 6 SD, unless otherwise speciﬁed.
Statistical analyses were performed using STATA 11.0 (Stata Corporation,
College Station, TX). P values , 0.05 were considered statistically signiﬁcant.
Values for high-sensitivity C-reactive protein were log-transformed to reach
a normal distribution. Unadjusted comparisons for parameters between adipose inﬂammatory status were done using Student t tests. Adjustments of
comparisons for sex, ethnicity, total fat, and VAT were performed using
ANCOVA when appropriate. Because of the large SDs of HOMA–b-cell, SI,
AIR, and DI, these parameters were tested using the nonparametric Wilcoxon
signed-rank test. x2 Tests were performed to assess the effect of ethnicity and
sex on inﬂammatory status. Correlation analyses were done using Pearson
correlation tests. Differentially expressed genes were determined using oneway ANOVA and exported to Ingenuity pathway analysis 8.6 (Ingenuity Systems, Redwood City, CA).

RESULTS

Clinical and histological data. A total of 36 obese participants with an average BMI of 35.6 6 3.9 kg/m2 completed the study (mean age 21.2 6 2.3 years; 55%
Hispanics, 55% women). We ﬁrst carried out histological
analyses of adipose biopsies to determine the presence of
aggregated macrophages as CLS. Mean section area was
14.0 6 5.1 mm2; 16 participants showed presence of CLS
(CLS+), whereas there were no signs of CLS in the
remaining 20 participants (CLS2). In the CLS+ participants, the mean number of CLS per 400 adipocytes was
12.9 6 17.9, with a median of 5.4 and an interquartile range
of 2.4–14.2. The characteristics of the participants, stratiﬁed by CLS status, are shown in Table 1. Of note, CLS+
participants were equally distributed among men and
women as well as Hispanics and African Americans (x2
tests: P . 0.05), even after adjusting for total fat and VAT.
diabetes.diabetesjournals.org
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FIG. 2. Identiﬁcation of CD11c+ macrophages (arrows) in CLS2 (A and B) and CLS+ (C and D) individuals. Note the presence of CD11c+ immunoreactivity (brown staining) only in subjects with CLS. (A high-quality digital representation of this ﬁgure is available in the online issue.)

This suggests that major differences with respect to the
presence of CLS are not driven by sex or ethnicity in our
study population. In the whole group, CLS+ individuals
had increased VAT (3.7 6 1.3 vs. 2.6 6 1.6 L; P = 0.04), HFF
(9.9 6 7.3 vs. 5.8 6 4.4%; P = 0.03), fasting TNF-a (20.8 6
4.8 vs. 16.2 6 5.8 pg/mL; P = 0.01), and insulin concentrations (20.8 6 2.6 vs. 9.7 6 6.5 mU/mL; P = 0.0007),
independent of sex, ethnicity, total fat, and visceral fat
volume (Fig. 1). Markers of insulin resistance, including
fasting glucose, fasting insulin, HOMA-IR, and HOMA-b,
were also signiﬁcantly higher in the CLS+ group, compared
with the CLS2, and these comparisons remained signiﬁcant after adjusting for covariates. DI, reﬂecting b-cell
function, was signiﬁcantly lower in the CLS+ group (1,559 6
984 vs. 2,024 6 829 310 24 min 21 ; P = 0.03), whereas
SI, glucose effectiveness, and AIR were not signiﬁcantly
different (Table 1). HDL cholesterol concentrations tended
to be lower in CLS+ participants (P = 0.09), but there were
no differences in fasting TGs and total and LDL cholesterol
concentrations. In a subset of participants, we performed
further immunohistochemical studies to examine the presence of CD11c+ immunoreactivity, to detect the presence of
dendritic cells. Of the six participants with CLS+, four of
them showed positive CD11c immunoreactivity staining,
whereas it was completely absent in all four CLS2 participants (Fig. 2). CD11c+ cells are a subclass of macrophages,
called dendritic cells, which have been demonstrated to be
proinﬂammatory and linked to systemic insulin resistance
(10,16).
We then investigated whether presence of CLS translated
into the same phenotypes between Hispanics and African
Americans. When analyses were stratiﬁed by ethnicity,
presence of CLS was speciﬁcally associated with higher VAT
(2.8 6 0.9 vs. 1.6 6 0.9 L; P = 0.02) and glucose (100.1 6 8.6
vs. 84.4 6 5.6 mg/dL; P , 0.001) in African Americans. In
diabetes.diabetesjournals.org

Hispanics, CLS was associated with higher TNF-a (22.6 6
3.8 vs. 16.5 6 5.8 pg/mL; P = 0.01) and a trend for lower SI
(1.6 6 0.4 vs. 2.1 6 0.2 [31024 min21/mU/mL]; P = 0.06).
Adipose tissue gene expression analysis. In the same
participants, we subsequently assessed gene expression in
SAT biopsies. Of the 23,000 known annotated genes analyzed on the Illumina Human HT-12 chip, 375 genes (;2%)
were differentially expressed between the CLS+ and CLS2
groups based on a detection P value , 0.05. Table 2 shows
the top 15 differentially up- and downregulated genes in
CLS+ compared with CLS2 individuals. Based on Gene
Ontology descriptions, molecules involved in inﬂammatory
disease, such as matrix metalloproteinase-9 (MMP9; fold
change: +4.8; P = 0.0004), interferon g-inducible protein 30
(fold change: +2.2; P = 0.003), and IL-1 receptor antagonist
(fold change: +2.0; P = 0.03), were among the most upregulated genes in CLS+ subjects compared with CLS2
individuals. Genes involved in response to inﬂammation
were also upregulated, including lipopolysaccharide binding protein (fold change: +2.0; P = 0.004), TNF receptor
superfamily, member 11b (fold change: +1.4; P = 0.01),
MCP-1 (fold change: +1.6; P = 0.02), and monocyte antigen
CD14 (fold change: +1.5; P = 0.01). By comparison, insulin
receptor substrate (IRS)-1 (fold change: 21.6; P = 0.02)
and IRS-2 (fold change: 21.5; P = 0.01), which play central
roles in the insulin signaling cascade, were downregulated
in CLS+ individuals. Importantly, the differential expression of these inﬂammatory and insulin signaling genes was
observed in both Hispanics and African Americans. On the
basis of their relevance to inﬂammatory pathways we selected the following genes for RT-PCR validation: CD14,
MMP9, suppressor of cytokine signaling 3, and IRS-1. In
agreement with our hypothesis and the microarrays results,
CLS+ individuals showed upregulation of CD14 (1.7 6 0.9
vs. 0.9 6 0.3; P = 0.02) and MMP9 (1.3 6 1.1 vs. 0.3 6 0.2;
DIABETES, VOL. 60, NOVEMBER 2011
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PLA2G7
IFI30
PLA2G2A
LBP
ITGAX
IL1RN
CLIC6
CHI3L2
HMOX1
ACP5
PRND
HP
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Positive fold change, upregulated in individuals with CLS (CLS+); negative fold change, downregulated in individuals with CLS (CLS2).

21.8
21.8
21.6
21.6
21.6
21.6
21.6
21.6
21.6
21.5
21.5
21.5
0.004
0.04
0.02
0.02
0.02
0.04
0.006
0.02
0.02
0.01
0.03
0.02
0.005
0.003
0.003
0.004
0.006
0.03
0.03
0.001
0.0001
0.007
0.005
0.009

+2.6
+2.2
+2.1
+2.1
+2.0
+2.0
+2.0
+2.0
+2.0
+2.0
+1.9
+1.8

COL6A6
CEACAM6
S100P
GSDMB
CISH
ALDH3B2
ADH1A
IRS1
FHOD3
IRS2
RAP1GAP
ADH1B

collagen, type VI, a-6
carcinoembryonic antigen-related cell adhesion molecule 6
S100 calcium binding protein P
gasdermin B
cytokine inducible SH2-containing protein
aldehyde dehydrogenase 3 family, member B2
alcohol dehydrogenase 1A (class I), a-polypeptide
insulin receptor substrate 1
formin homology 2 domain containing 3
insulin receptor substrate 2
RAP1 GTPase activating protein
alcohol dehydrogenase 1B (class I), b-polypeptide

22.2
21.9
21.9
0.04
0.04
0.01
keratin 15
cell death-inducing DFFA-like effector a
cordon-bleu homolog (mouse)
KRT15
CIDEA
COBL
+4.8
+3.2
+2.7
0.0004
0.01
0.0001

matrix metallopeptidase 9
secreted phosphoprotein 1
solute carrier family 2 (facilitated glucose/
fructose transporter), member 5
platelet-activating factor acetylhydrolase, plasma
interferon, g-inducible protein 30
phospholipase A2, group IIA
lipopolysaccharide binding protein
integrin, a-X
IL-1 receptor antagonist
chloride intracellular channel 6
chitinase 3-like 2
heme oxygenase 1
acid phosphatase 5
prion protein 2
haptoglobin
MMP9
SPP1
SLC2A5

Gene name
Fold Unigene ofﬁcial
P value change gene symbol
Gene name

Upregulated in CLS+ individuals

Unigene
ofﬁcial
gene symbol

TABLE 2
Top 15 up- and downregulated genes in CLS+ compared with CLS2 individuals

Downregulated in CLS+ individuals

Fold
P value change

ADIPOSE TISSUE INFLAMMATION AND ECTOPIC FAT

P = 0.01) compared with CLS2 individuals. The suppressor
of cytokine signaling 3 was upregulated (1.5 6 1.9 vs. 0.8 6
0.5; P = 0.2) and IRS1 was downregulated in CLS+ individuals (1.0 6 0.6 vs. 1.4 6 1.2; P = 0.3), but these results did
not reach signiﬁcance. Figure 3 shows a schematic representation of the differentially expressed molecules and their
functions.
To gain further insight into the role of these 375 differentially expressed genes, we performed a pathway analysis using Ingenuity Pathway Analysis Systems and
identiﬁed 31 signiﬁcantly differentially regulated pathways
(some of which are listed in Table 3). The ﬁrst few differentially regulated pathways were related to liver disease
or injury, including: 1) liver X receptor/retinoid X receptor
activation pathways, which play a major role in hepatic
lipid synthesis; 2) hepatic cholestasis, a metabolic disease
resulting from abnormal bile ﬂow; 3) bile acid biosynthesis; 4) xenobiotic detoxiﬁcation by cytochrome P450
enzymes; and 5) hepatic ﬁbrosis and hepatic stellate cell
activation. Of note, molecules found in these various
pathways included MMP9; lipopolysaccharide binding
protein; CD14, IL-1-receptor-antagonist; TNF receptor superfamily, member 11b; and MCP1, which all belong to the
nuclear factor-kB (NF-kB) signaling pathway.
DISCUSSION

Obesity is associated with inﬂammation, which may play
an important role in fatty liver disease and insulin resistance (1,2,17,18). In this study, we showed that in a group
of obese Hispanics and African Americans, 44% of the
participants had adipose tissue inﬂammation, which was
associated with higher amounts of VAT and liver fat,
hyperinsulinemia, and reduced b-cell function. At the molecular level, individuals with CLS showed upregulation of
several genes belonging to the NF-kB stress pathway.
In obese individuals, inﬂammatory processes are thought
to originate from the excessive accumulation of fat in the
adipose tissue, where it translates into recruitment of
macrophages around dead adipocytes, forming ring patterns known as CLS (12). Consistent with a role for CLS
in adipose tissue inﬂammation, we demonstrated the presence of a subclass of proinﬂammatory macrophages,
CD11c+ dendritic cells, which have been linked to systemic insulin resistance, only in adipose tissue of subjects
with CLS (10,16). Moreover, we demonstrated that in obese
Hispanics and African Americans, VAT, liver fat, and circulating TNF-a were signiﬁcantly higher in individuals
with CLS in fat biopsies, independent of ethnicity, sex,
total body fat, and SAT. Such accumulation of fat in the
visceral compartment and the liver markedly increases the
risk for type 2 diabetes, and these metabolic abnormalities
have been recognized as independent features of the
metabolic syndrome (19,20). Indeed, inﬂammation is also
closely associated with insulin resistance, both in the liver
and the adipose tissue (21–23). This may be because of
decreased insulin signaling by inﬂammatory mediators
such as IL-1 and TNF-a (24). Consistent with these previous observations, we show that individuals with CLS
(CLS+) had increased fasting glucose and insulin, as well
as decreased DI, reﬂecting altered glucose homeostasis
and b-cell function.
We further investigated the effect of inﬂammation separately in Hispanics and African Americans. The prevalence of individuals with inﬂammation was equally
distributed among ethnicities, suggesting that there is no
diabetes.diabetesjournals.org
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FIG. 3. In individuals with high macrophage aggregation around dead
adipocytes as CLS, activation stimuli such as IL-1, lipopolysaccharide
(LPS) and lipopolysaccharide binding protein (LBP), and TNF-a bind to
their appropriate membrane receptors. Transduction of signal from
receptors activates the NF-kB pathway, which results in transcription
of several secreted molecules and downregulates insulin signaling. In
adipocytes, MCP-1 recruits macrophages and MMP9 stimulates adipocyte enlargement, whereas secreted ILs and TNF-a further activate
inﬂammatory cascades and participate to insulin resistance development. TLR, Toll-like receptor; TNFR, TNF receptor.

existing ethnic predisposition to adipose tissue inﬂammation. Previous reports have shown that Hispanics are more
prone to accumulation of lipids in the VAT and the liver
(11). Given the tight link between ectopic fat and inﬂammation, we therefore expected Hispanics to have a higher
degree of inﬂammation. However, our results show that
inﬂammation may occur in Hispanics regardless of VAT
amount. Moreover, presence of CLS was associated with
lower SI and increased plasma TNF-a concentrations. In
contrast, African Americans usually display lower amounts
of VAT; in this ethnic group, we found that VAT was signiﬁcantly increased only by the presence of adipose tissue
inﬂammation. Although we cannot establish any causal
relationship at this point, these ethnic discrepancies suggest that in Hispanics, presence of inﬂammation is not
a major player in these adipose tissue depots accumulation, but is instead associated with the development of
systemic inﬂammation and insulin resistance. By contrast,
in African Americans, who are usually protected against
VAT accumulation, presence of adipose tissue inﬂammation
may reﬂect a generalized increase in adipocyte depot mass
and activation of inﬂammatory pathways. This suggests that
presence of adipose tissue inﬂammation may be linked to
distinct metabolic outcomes, depending on ethnicity.
Based on these clinical observations, we investigated
how different gene expression patterns between CLS+ and
CLS2 individuals could provide a functional link between
adipose tissue inﬂammation, hepatic fat accumulation, and
insulin resistance. As a result, several molecules related to
the NF-kB pathway were upregulated in CLS+ individuals.
NF-kB pathway mediates important stress responses and
activates several proinﬂammatory cascades (25). Classically, its activation requires the binding of proinﬂammatory
stimuli such as TNF-a, IL-1, or bacterial lipopolysaccharide
to their appropriate membrane receptors, which subsequently trigger the activation cascade (26). Activation of NFkB results in enhanced transcription of IL-6, IL-8, and TNF-a,
which trigger stress and inﬂammatory pathways and further
diabetes.diabetesjournals.org

stimulate the NF-kB pathway (21). NF-kB also leads to increased MCP-1, which locally recruits macrophages, and
MMP9, which plays a role in inﬂammation-mediated tissue
remodeling, such as adipocyte size expansion (27) and ﬁbrosis in the liver (28). Notably, all of these molecules were
upregulated in CLS+ individuals in the current study,
reﬂecting a higher degree of inﬂammation and macrophage
activation (Fig. 3). In mononuclear cells from obese individuals, the NF-kB pathway is also activated, contributing
to higher blood concentrations of proinﬂammatory mediators such IL-6, TNF-a, and MMP9 (29). This suggests that
CLS-associated macrophages may have similar roles in adipose tissue, thus contributing to local release of proinﬂammatory cytokines (27). Using pathway analysis, we also
observed that the most differentially regulated pathways were
related to liver functions/diseases, such as liver X receptor/
retinoid X receptor activation, hepatic cholestasis, and hepatic
ﬁbrosis pathways, with activation of several genes related to
inﬂammatory processes, and more speciﬁcally to the NF-kB
pathway. These pathways play pivotal roles in liver injury
and may lead to increased hepatic lipid synthesis (30–32).
Our present results show that CLS may be found in some
but not all obese individuals, independently of their ethnic
background or sex, and is associated with increased VAT,
hepatic fat content, and insulin resistance (33). Although
our results are based on associations, when evaluated together with existing literature, the ﬁndings collectively suggest that with increasing obesity, adipocytes enlarge, until
reaching a threshold (33). This may promote adipocyte
death, macrophage aggregation, and CLS formation (8).
The ensuing inﬂammatory activity may trigger the NF-kB
stress pathway and additional remodeling mechanism,
characterized by increased MMP9 protease expression
(34,35). Excess TG accumulation in adipose tissue may
subsequently spill over to the systemic circulation and in
turn accumulate in ectopic tissues, such as VAT and the
liver (7,36), which may both contribute to decreased SI.
The fact that in Hispanics high amounts of VAT are not
necessarily associated with adipose tissue inﬂammation suggests that such relationships may be more subtle and possibly
depend on other environmental and/or genetic factors.
One limitation of our study is the absence of nutritional
data. Both high-fat or high-fructose diets induce insulin
resistance and inﬂammation (37). It remains therefore
possible that differences in dietary intakes may contribute to the inﬂammatory status of adipose tissue. Whether
the nutritional status may affect adipose tissue inﬂammation and the presence of CLS over the long run remains to
be investigated. Moreover, this study was limited to African Americans and Hispanics, and obesity duration was
not collected. It remains therefore to determine how the
onset and duration of obesity may affect adipose tissue
inﬂammation in these populations. Finally, we did not
separate adipocytes from other cell types. Further studies
using cell sorting will be required to discriminate the expression proﬁle between cell types within the adipose tissue.
In conclusion, this study demonstrates that macrophage
inﬁltration in SAT from obese individuals is equally distributed between sexes and ethnicities. Presence of inﬂammation
is associated with higher VAT and hepatic fat content, as well
as higher fasting glucose and insulin and reduced b-cell
function, independent of total fat. These phenotypes may be
attributed to upregulation of major gene pathways involved in
proinﬂammatory cascades, such as the NF-kB stress pathway.
Further intervention studies will be required to assess the
time course of such metabolic alterations and establish causal
DIABETES, VOL. 60, NOVEMBER 2011
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TABLE 3
Differentially regulated pathways between CLS+ and CLS2 individuals
No. of
genes

P value

9

4.20 E-05

12

6.69 E-05

7

9.26 E-05

Metabolism of xenobiotics by
cytochrome P450

10

1.17 E-04

Atherosclerosis signaling

10

1.4 E-04

Hepatic ﬁbrosis/hepatic stellate
cell activation

11

2.7 E-04

IL-10 signaling
Fatty acid metabolism

7
9

6.6 E-04
9.4 E-04

Complement system
Fcg receptor-mediated phagocytosis in
macrophages and monocytes
Lipopolysaccharide/IL-1-mediated
inhibition of retinoid X
receptor function

5

1.2 E-03

CD14, PDGFA, TIMP1, CCL2, EDNRA, TNFRSF11B, AGTR1,
MMP9, NGFR, EGFR, LBP
CD14, FCGR2B, CCR1, IL1RN, LBP, FCGR2A, HMOX1
ALDH1A3, CYP2F1, ADHFE1, AUH, CYP2C9, CYP2S1,
DHRS9, ADH1A, ADH1B
C5AR1, C1QC, C2, C3AR1, CFB

8

1.71 E-03

LYN, FCGR1A, PLD3, FGR, SYK, FCGR2A, WAS, HMOX1

12

2.1 E-03

Acute phase response signaling

11

2.8 E-03

Dendritic cell maturation

10

2.9 E-03

IL-9 signaling
PPAR signaling
IL-8 signaling

4
5
9

6.8 E-03
1.5 E-02
2.01 E-02

IL-6 signaling
Role of macrophages, ﬁbroblasts, and
endothelial cells in rheumatoid arthritis

6

2.07 E-02

CD14, ABCC3, IL4I1, TNFRSF11B, ALDH1A3, APOC1,
IRAK1, ALDH3B2 (includes EG:222), CYP2C9, NGFR,
RARA, LBP
TNFRSF11B, IRAK1, SERPINA3, C2, NGFR, HAMP, IL1RN,
HP, LBP, HMOX1, CFB
FCGR2B, CD86, TNFRSF11B, TYROBP, FCGR1A, NGFR,
IL1RN, TREM2, FCGR2A, FCGR1B
IRS1, BCL3, IRS2, CISH
PDGFA, TNFRSF11B, CITED2, NGFR, IL1RN, PPARGC1A
ITGB2, ITGAX, IRAK1, MMP9, PLD3, GNAI1, ANGPT2,
EGFR, HMOX1
CD14, TNFRSF11B, NGFR, IL1RN, LBP, TNFAIP6

13

3.6 E-02

1.26E00

3.8E-02

Canonical pathway
Liver X receptor/retinoid X
receptor activation
Hepatic cholestasis
Bile acid biosynthesis

Type 2 diabetes signaling

Symbol
CD14, CCL2, TNFRSF11B, APOC1, MSR1, MMP9, NGFR,
IL1RN, LBP
CD14, CYP27A1, ABCC3, SLCO3A1, TNFRSF11B, IRAK1,
ESR1, NGFR, RARA, IL1RN, LBP, HSD3B7
CYP27A1, ALDH1A3, ADHFE1, DHRS9, ADH1A, ADH1B,
HSD3B7
AKR1C2, ALDH1A3, CYP2F1, ALDH3B2 (includes EG:222),
ADHFE1, CYP2C9, CYP2S1, DHRS9, ADH1A, ADH1B
PDGFA, CXCR4, CCL2, ITGB2, ALOX5, MSR1, MMP9,
PLA2G2A, TNFRSF12A, IL1RN

PDGFA, F2RL1, TNFRSF11B, FCGR1A, CFB, C5AR1, CCL2,
FZD2, IRAK1, NGFR, HP, IL1RN, TNFSF13B
IRS1, TNFRSF11B, IRS2, PKM2, NGFR, SMPD1

PPAR, peroxisome proliferator–activated receptor.

relationship between adipose tissue inﬂammation, hepatic fat
accumulation, and development of insulin resistance.
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