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Abstract

Abscisic acid (ABA) is a natural phytohormone and peroxisome proliferator-activated receptor γ (PPARγ) agonist that significantly
improves insulin sensitivity in db/db mice. Although it has become clear that obesity is associated with macrophage infiltration into white
adipose tissue (WAT), the phenotype of adipose tissue macrophages (ATMs) and the mechanisms by which insulin-sensitizing compounds
modulate their infiltration remain unknown. We used a loss-of-function approach to investigate whether ABA ameliorates insulin resistance
through a mechanism dependent on immune cell PPARγ. We characterized two phenotypically distinct ATM subsets in db/db mice based on
their surface expression of F4/80. F4/80hi ATMs were more abundant and expressed greater concentrations of chemokine receptor (CCR) 2
and CCR5 when compared to F4/80lo ATMs. ABA significantly decreased CCR2+ F4/80hi infiltration into WAT and suppressed monocyte
chemoattractant protein-1 (MCP-1) expression in WAT and plasma. Furthermore, the deficiency of PPARγ in immune cells, including
macrophages, impaired the ability of ABA to suppress the infiltration of F4/80hi ATMs into WAT, to repress WAT MCP-1 expression and to
improve glucose tolerance. We provide molecular evidence in vivo demonstrating that ABA improves insulin sensitivity and obesity-related
inflammation by inhibiting MCP-1 expression and F4/80hi ATM infiltration through a PPARγ-dependent mechanism.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Obesity is characterized by low-grade chronic inflamma-
tion and insulin resistance. In parallel with the obesity
epidemic, the prevalence of insulin resistance and type 2
diabetes (T2D) has also seen a precipitous growth [1].
Adipocyte hypertrophy is believed to be at the core of the
pathogenesis of obesity-induced insulin resistance [2,3].
Hypertrophic adipocytes are insulin resistant and secrete
more free fatty acids (FFAs) and triglycerides (TGs) than
they take up, leading to lipid deposition in peripheral tissues
⁎ Corresponding author. Tel.: +1 540 231 7421; fax: +1 540 231 3916.
E-mail address: jbassaga@vt.edu (J. Bassaganya-Riera).

0955-2863/$ – see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jnutbio.2007.02.010
such as the liver and skeletal muscles; they also produce
chemokines, such as monocyte chemoattractant protein-1
(MCP-1) and macrophage inflammatory protein 1α (MIP-
1α), which promote macrophage infiltration into white
adipose tissue (WAT) [4–6]. Macrophages, not adipocytes,
are the main pro-inflammatory mediators in WAT, and these
cells play a prominent role in the induction and maintenance
of obesity-induced inflammation and insulin resistance [2,5].

Thiazolidinediones (TZDs) are drugs that improve
systemic insulin sensitivity mostly by activating the nuclear
receptor, peroxisome proliferator-activated receptorγ (PPARγ)
[7]. This nuclear receptor is endogenously activated by some
polyunsaturated fatty acids and products of lipid metabolism
[8]. PPARγ activation significantly attenuates adipocyte
hypertrophy and inhibits WAT inflammation [5,9]. The
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prevailing notion is that the beneficial actions of TZDs in
the uncoupling of obesity from insulin resistance are
mediated by adipocyte PPARγ, which induces the transcrip-
tion of a number of adipogenic genes and is essential for the
differentiation of preadipocytes into adipocytes [8,10,11].
The increased adipocyte differentiation induced by PPARγ
ligands significantly increases the number of small insulin-
sensitive adipocytes; augments insulin-stimulated glucose,
FFA and TG uptake from the circulation; and partitions
FFAs away from skeletal muscles and the liver; these effects
will result in decreased extra adipose fat deposition [12].

Immune cells, the key pro-inflammatory mediators in the
WAT of obese mice and humans, also express PPARγ and
are plausible therapeutic targets for PPARγ agonists [13,14].
Thus, it is possible that the clinically proven efficacy of
PPARγ agonists in T2D prevention and treatment [15] is also
mediated via the anti-inflammatory actions of PPARγ
activation in immune cells. At the molecular level, PPARγ
is a direct transcriptional repressor of chemokine receptor
(CCR) 2, the receptor for MCP-1 [16], which is prominently
expressed in immune cells, including macrophages. More-
over, MCP-1 expression and secretion are significantly
inhibited in WAT following treatment with synthetic PPARγ
ligands [4,5]. Whole-body disruption of either Ccr2 or
Mcp- 1 genes has recently been shown to ameliorate obesity-
induced insulin resistance by dampening the recruitment of
macrophages into WAT [17–19]. MCP-1 directly inhibits the
insulin signaling pathway and may be involved in the
progression of hepatic steatosis, which is a paradigm of
insulin resistance states due to preserved lipid storage
capacity and enhanced gluconeogenesis in the insulin-
resistant liver [18,19].

Despite the impressive and persistent benefits of synthetic
PPARγ ligands in improving systemic insulin sensitivity,
their side effects, including fluid retention, weight gain and,
in some cases, congestive heart failure [20], make them
unlikely candidates for insulin resistance prevention. Against
this background, our laboratory has recently begun examin-
ing the insulin-sensitizing effects of the phytochemical and
novel PPARγ agonist, abscisic acid (ABA). Administration
of ABA to db/db mice improves glucose tolerance and up-
regulates PPARγ and PPARγ-responsive gene expression in
WATwithout affecting body weight [21]. We also observed a
significant suppression in WAT tumor necrosis factor α
(TNF-α) mRNA expression and macrophage infiltration in
ABA-fed db/db mice [21].

To further characterize these promising findings, the
present study aims to dissect the expression of PPARγ-
responsive and inflammatory genes by adipocytes versus
stromal–vascular cells (SVCs) in WAT. We also phenotypi-
cally characterized subsets of adipose tissue macrophages
(ATMs) targeted by ABA and determined whether ABA
ameliorates insulin resistance and obesity-related inflamma-
tion through a mechanism dependent upon immune cell
PPARγ. Our data demonstrate that SVCs, not adipocytes, are
the main producers of PPARγ-responsive genes and
chemokines in WAT. In addition, we provide in vivo
molecular evidence suggesting that ABA ameliorates
glucose tolerance and obesity-related inflammation by
suppressing MCP-1 expression and F4/80hi macrophage
infiltration into WAT through a mechanism dependent on
immune cell PPARγ.
2. Materials and methods

2.1. Mice and dietary treatments

BKS.Cg−+Leprdb/+Leprdb/OlaHsd(db/db) (PPARγ fl/fl),
MMTV-Cre+/PPARγ fl/fl and MMTV-Cre− mice in C57BL/
6J background were housed in animal facilities at the
Virginia Polytechnic Institute and State University in a
room maintained at 22°C, with a 12:12 h light–dark cycle
starting from 0600 h. All experimental procedures were
approved by the Institutional Animal Care and Use
Committee of the Virginia Polytechnic Institute and State
University and met or exceeded requirements of the Public
Health Service/National Institutes of Health and the
Animal Welfare Act.

Db/db mice (n=10) were fed high-fat diets with a
previously described ingredient composition [21] containing
0 or 100 mg of racemic ABA (Sigma Aldrich, St. Louis,
MO) per kilogram of diet for 36 days. On Day 36, fasted
mice (12 h) were sacrificed by CO2 narcosis, and blood was
withdrawn directly from the heart for assessment of fasting
glucose levels with an Accu-Chek® Glucometer (Roche,
Indianapolis, IN). Plasma was also collected for analysis of
MCP-1 protein levels and plasma TGs. Abdominal WATwas
then excised to generate single-cell suspensions for flow
cytometry. Liver specimens were placed in 10% buffered
neutral formalin for histological evaluation. Liver samples
were also stored in RNAlater (Ambion, Austin, TX), a
commercial solution that inhibits RNases, for RNA isolation
and quantitative gene expression analyses.

PPARγ floxed mice expressing the Cre transgene (e.g.,
PPAR-γ fl/fl and MMTV-Cre) underwent premature termi-
nation of translation following the loss of the exon 2 of
PPARγ due to the enzymatic activity of recombinase on
genomic DNA [22,23]. PPARγ fl/fl, MMTV-Cre+/
PPARγ fl/fl and MMTV-Cre− littermate mice were fed
high-fat diets with or without ABA (100 mg/kg). After
28 weeks, the mice were fasted for 6 h and bled through the
caudal vein for assessment of fasting blood glucose (FBG)
concentrations using an Accu-Chek® Glucometer (Roche).
The mice were then subjected to an intraperitoneal glucose
tolerance test (GTT; 2 g/kg body weight), with determina-
tion of glucose levels at 15, 30 and 90 min postchallenge.
At the 90-min time point, mice were sacrificed by CO2

narcosis. Abdominal WAT was then excised to generate
single-cell suspensions for flow cytometry or placed in a
10% buffered neutral formalin for histological evaluation
and stored in RNAlater (Ambion) for RNA isolation and
quantitative gene expression analyses.
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2.2. WAT digestion

Abdominal WAT was excised, weighed, minced into
small b10-mg pieces and placed into digestion media
consisting of Dulbecco's modified Eagle's medium
(DMEM; Mediatech, Herndon, VA) supplemented with
2.5% HEPES (Mediatech) and 10 mg/ml fatty-acid-free
bovine serum albumin (FAB-poor BSA; Sigma), Liberase
Blendzyme 3 (0.03 mg/ml; Roche) and DNase I (50 U/ml;
Qiagen, Valencia, CA). Samples were incubated in a rotating
37°C water bath for 90 min, filtered through a 250-μm nylon
mesh (Sefar America, Inc., Depew, NY) to remove
undigested particles and centrifuged at 4°C at 1000×g for
10 min. The pellet, consisting of SVCs containing
endothelial cells, preadipocytes, macrophages and T cells,
was washed with DMEM and centrifuged at 4°C at 1000×g
for 10 min. Supernatant was discarded, and erythrocytes
were lysed by incubating SVCs in 2 ml of erythrocyte lysis
buffer for 2 min before stopping the reaction with 9 ml of 1×
phosphate-buffered saline (PBS). Cells were then centri-
fuged again at 4°C at 1000×g for 10 min, suspended in 1 ml
of 1× PBS and enumerated with a Z1 Single Particle Counter
(Beckman Coulter, Fullerton, CA). SVCs were resuspended
in FACS buffer (1× PBS, 1% normal goat serum and 0.2%
sodium azide) at a concentration of 2×106 cells/ml. SVCs not
used in resuspensions were centrifuged for 5 min at
10,000×g, resuspended in RLT lysis buffer (Qiagen)
containing 1% β-mercaptoethanol and immediately frozen
at −80°C for RNA isolation and gene expression analyses.

2.3. Flow cytometry

SVCs (2×105 cells) were seeded into 96-well plates and
centrifuged at 4°C at 1800×g for 4 min. The cells were then
incubated in the dark at 4°C for 20 min in FcBlock (20 μg/
ml; BD Pharmingen) and then for an additional 20 min with
fluorochrome-conjugated primary antibodies anti-F4/80-PE-
Cy5 (5 μg/ml), anti-CD11b-FITC (2 μg/ml; eBioscience),
anti-CCR5-PE or anti-CCR2-PE (R&D Systems, Minnea-
polis, MN). The specific antibody combinations used were
Table 1
Oligonucleotide sequences for real-time quantitative PCR

Primer Sequence

β-ActinF 5′-CCCAGGCATTGCTGACAGG-3′
β-ActinR 5′-TGGAAGGTGGACAGTGAGGC-3′
MCP-1F 5′-CTTGCCTAATCCACAGACTG-3′
MCP-1R 5′-GCCTGAACAGCACCACTA-3′
PPARγF 5′-CAGGCTTGCTGAACGTGAAG-3′
PPARγR 5′-GGAGCACCTTGGCGAACA-3′
CD36F 5′-CCGGGCCACGTAGAAAACA-3′
CD36R 5′-CCTCCAAACACAGCCAGGAC-3′
TLR-4F 5′-GGCGCTCCGAGTTGTGA-3′
TLR-4R 5′-GTACCTGCTTCAGCCCAGTG-3′

F, forward; R, reverse. PCR primer pairs were designed for 73 and 157 bp. Anne
CD36; 54°C for MCP-1 and TLR-4.
When plotting threshold cycle versus log starting quantity (pg), standard curves ha
and R2 was N.98.
F4/80–CD11b–CCR5 and F4/80–CD11b–CCR2. After
incubation with primary antibodies, cells were centrifuged
at 4°C at 1800×g for 4 min and washed with 200 μl of FACS
buffer. After washing, cells were suspended in 200 μl of
PBS, and three-color data acquisition was performed on a
FACS Calibur flow cytometer. Data analyses were per-
formed by using CellQuest software (BD).

2.4. Real-time quantitative reverse transcription–
polymerase chain reaction (qRT-PCR)

Total RNAwas isolated from SVCs and the liver using the
RNA isolation Minikit (Qiagen) according to the manufac-
turer's instructions. RNA from adipocyte fraction and WAT
was isolated using the Lipid Minikit (Qiagen). Total RNA
(1 μg) was used to generate complementary DNA (cDNA)
template using the iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, CA). The total reaction volume was 20 μl, with the
reaction incubated in an MJ MiniCycler as follows: 5 min
at 25°C, 30 min at 52°C, 5 min at 85°C and hold at 4°C.
PCR was performed on cDNA using Taq DNA polymerase
(Invitrogen, Carlsbad, CA) and using previously described
conditions [23]. Each gene amplicon was purified with the
MiniElute PCR Purification Kit (Qiagen) and quantitated
on an agarose gel using a DNA mass ladder (Promega,
Madison, WI). These purified amplicons were used to
optimize real-time PCR conditions and to generate standard
curves in real-time PCR assay. Primer concentrations and
annealing temperatures were optimized for the iCycler iQ
System (Bio-Rad) for each set of primers using the system's
gradient protocol. PCR efficiencies were maintained between
92% and 105%, and correlation coefficients were maintained
above 0.98 for each primer set (Table 1) during optimization
and also during the real-time PCR of sample DNA.

cDNA concentrations for genes of interest were examined
by real-time quantitative PCR using an iCycler iQ System
and the iQ SYBR Green Supermix (Bio-Rad). A standard
curve was generated for each gene using 10-fold dilutions of
purified amplicons starting at 5 pg of cDNA and used later to
Length Accession number

141 X03672

146 AJ238892

117 NM_011146

156 NM_007643

73 NM_009841

aling temperatures were as follows: 57°C for β-actin, TNF-α, PPARγ, and

d slopes between −3.1 and −3.7, PCR efficiencies were between 92 and 105,
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calculate the starting amount of target cDNA in unknown
samples. SYBR Green I is a general double-stranded DNA-
intercalating dye and may, therefore, detect nonspecific
products and primers/dimers in addition to the amplicon of
interest. In order to determine the number of products
synthesized during real-time PCR, a melting curve analysis
was performed on each product. Real-time PCR was used to
measure the starting amount of nucleic acid of each unknown
sample of cDNA on the same 96-well plate. Results are
presented as the starting quantity of target cDNA (pico-
grams) per microgram of total RNA.

2.5. Hepatic steatosis, plasma MCP-1 and liver TG content

Liver specimens were excised and immediately fixed in
10% phosphate-buffered neutral formalin, embedded in
paraffin, cut at thicknesses of 5 μm and stained with
hematoxylin and eosin (H&E) for histological examination.
For hepatic TG assessment, livers fragments (50–100 mg)
were extracted for 16 h at 4°C with 4 ml of CHCl3/methanol
(2:1, vol/vol). Two milliliters of 0.6% NaCl was then added
to the extract, and the mixture was centrifuged at 2000×g for
20 min. Lipids were isolated by nitrogen evaporation,
dissolved in 100 μl of isopropanol and quantified with the
Triglyceride Assay Kit (Stanbio). The Triglyceride Assay Kit
Fig. 1. ABA ameliorates fasting glucose concentrations without inducing body weig
Db/db mice were fed control or ABA-supplemented (100-mg/kg diet) high-fat die
After dietary treatment, plasma was withdrawn from fasted mice (12 h) to obtain
squares mean±S.E. of 10 mice. The error bars at some time points (A and B) are sm
asterisk are significantly different (Pb.05).
(Sigma) and Ready–Set–Go MCP-1 ELISA (eBioscience)
were used to quantify plasma TGs and MCP-1, respectively,
according to the manufacturer's instructions.

2.6. Transfection of 3T3-L1 preadipocytes

A pCMX.PPARγ expression plasmid (kindly provided by
Dr. R.M. Evans; The Salk Institute, San Diego, CA) and
pMCP-1-514(enh) luc construct [24] were purified using
Qiagen's Maxi kit. 3T3-L1 cells (American Type Culture
Collection, Manassas, VA) were grown in 24-well plates in
DMEM high-glucose medium (Invitrogen) containing 10%
fetal bovine serum (FBS) until 60–70% confluence. Before
transfection, the medium was changed to 1% FBS. The cells
cultured in 24-well plates were cotransfected with 0.8 μg of
plasmid DNA and 1 ng of pRL reporter control plasmid per
well using F-1 transfection reagents (Targeting Systems,
Santee, CA) according to the manufacturer's protocol.
Transfection efficiencies were determined by cotransfecting
cells with a pcDNA 3.1/His/lacZ control vector at 24 h.
Transfected cells were then treated with either a racemic
ABA mixture (12.5 μM; Sigma) or rosiglitazone (1 μM;
Cayman Chemicals, Ann Arbor, MI) for 24 h. Designated
wells were also treated with the PPARγ antagonist GW9662
(30 μM; Cayman Chemicals). Transfected cells were
ht gain. Effect of ABA on body weight, feed intake, FBG and plasma lipids.
ts for 36 days. (A) Body weights and (B) food intake were assessed weekly.
(C) FBG (mg/dl) and (D) plasma TGs (mg/ml). Data are presented as least
aller than the symbols and cannot be seen in the figure. Data points with an
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harvested in reporter lysis reagent. Luciferase activity,
normalized to pRL activity in cell extracts, was determined
by using the dual luciferase reporter assay system (Promega)
in a TD-20/20 Single-Tube Luminometer (Turner Biosys-
tems, Sunnyvale, CA). Relative luciferase activity was
calculated as the ratio of chemiluminescence 10 s after the
Luciferase Assay Reagent II (Promega) to chemilumines-
cence 10 s after the Stop&Glo Reagent (Promega).

2.7. Statistical analyses

For db/db experiment, data were analyzed as a completely
randomized design. To determine the statistical significance
of the model, analysis of variance (ANOVA) was performed
using the general linear model procedure of Statistical
Analysis Software (SAS). In the experiment using PPARγ fl/
fl, MMTV-Cre+/PPARγ fl/fl and MMTV-Cre− mice, data
were analyzed as a 2×2 factorial arrangement within a
completely randomized design. The statistical model utilized
was: Y ijk=μ+genetic background i+diet j+(genetic
background×diet)ij+errorijk. To determine the statistical
significance of the model, ANOVA was performed using
the general linear model procedure of SAS, and the
probability value (P) of b.05 was considered significant.
When the model was significant, ANOVA was followed by
Fisher's Protected Least Significant Difference multiple
comparison method. Nonparametric data were analyzed by
Fig. 2. Phenotypic analysis of macrophage subsets within the SVF of WAT. (A and
80lo subsets differed significantly in (C) the total amount of macrophages and (D)M
in each population, respectively. (G) The percentage of macrophages in each popu
mean±S.E. of 10 observations. Data points with an asterisk or number sign indicat
the Mann–Whitney U test followed by Dunn's multiple
comparisons test.
3. Results

3.1. ABA improves fasting glucose and lowers plasma TGs
in db/db mice without affecting body weight

ABA supplementation to db/db mice for 36 days
significantly lowers fasting glucose levels and improves
their response to intraperitoneal GTT [21]. Similar to these
previous findings, ABA did not alter the food intake or body
weights of db/db mice throughout the course of the
experiment (Fig. 1A and B). In this study, db/db mice fed
the ABA-supplemented diet had significantly lower FBG
and plasma TG concentrations when compared to mice fed
the control high-fat diet (Fig. 1C and D).

3.2. The stromal–vascular fraction (SVF) contains two
phenotypically distinct macrophage subpopulations

To characterize phenotypical differences in ATM in the
SVF, we examined the surface expression of F4/80, CD11b
and CCRs (CCR2 and CCR5). SVCs were isolated from
adipocytes by gradient centrifugation and subsequently gated
on the immune cell population based on forward-versus-side
scatter (Fig. 2A). We identified two phenotypically distinct
B) Representative dot plots from a control db/db mouse. The F4/80hi and F4/
FIs. (E and F) MFIs of CCR2-expressing and CCR5-expressing macrophages
lation expressing either CCR2 or CCR5. Data are presented as least squares
e a significant difference (Pb.05) between separate macrophage populations.
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subpopulations of F4/80+ CD11b+ macrophages in the SVF
of WAT that differed in their mean fluorescence intensity
(MFI) for F4/80, yielding a macrophage subset expressing
high surface concentrations of the F4/80 molecule (F4/80hi)
and a subset expressing low surface concentrations of the F4/
80 molecule (F4/80lo) (Fig. 2B and C). The F4/80hi
Fig. 3. ABA decreases the numbers of F4/80hi macrophages in WAT. (A–C) Represe
CCR2+ macrophages in the F4/80hi and F4/80lo subsets, respectively, for control-fed
db mouse. (G–I) The contribution of SVF macrophages, F4/80lo macrophages and
macrophage subpopulation for (J) CCR2 and (K) CCR5. (L) The difference in the M
presented as least squares mean±S.E. of 10 observations. Data points with differe
population was more abundant in WAT than in the F4/80lo

subset, encompassing approximately 75% of total macro-
phages versus 25% in control-fed db/db mice, respectively
(Fig. 2B). The F4/80hi macrophage subset also expressed
higher surface concentrations of CCR2 and CCR5 when
compared to the F4/80lo subset (Fig. 2G).
ntative dot plots for total SVFmacrophage infiltration and the percentages of
db/db mice. (D–F) The respective dot plots for a representative ABA-fed db/
F4/80hi macrophages to the total amount of gated cells. The MFIs of each
FI of total SVF macrophages between control and ABA-fed mice. Data are

nt superscripts are significantly different (Pb.05).
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3.3. ABA inhibits F4/80hi macrophage infiltration into WAT

After characterizing these two macrophage subpopula-
tions, we next determined whether ABA targeted one of
these populations or both. We found that ABA significantly
suppressed F4/80hi macrophage infiltration into WAT
(P=.05) but had no effect on F4/80lo ATM (Fig. 3). In
addition, the amount of F4/80 expressed in the surface of F4/
80hi macrophages administered ABA, as measured by MFI,
was significantly lower than that in mice fed the control diet
(Fig. 3L). The differences observed in the F4/80hi population
Fig. 4. ABA induces PPARγ and suppresses the expression of MCP-1 in WAT. Effe
1 protein levels, liver TG concentrations and hepatic steatosis scores. Db/db mice w
kg) for 36 days. Gene expression in RNA isolated from SVCs and adipocytes was an
Liver MCP-1 expression, (E) plasma MCP-1 (pg/ml) and (F) liver TGs (mg/g tissue
to the housekeeping gene β-actin. Data are presented as least squares mean±S.E.
(Pb.05). (G) Liver histology scores. (H and I) Representative photomicrographs o
in mice fed ABA were due primarily to a reduction in a
subset of F4/80hi CD11b+ CCR2+ ATM (P=.006).

3.4. ABA decreases MCP-1 mRNA expression in WAT and
MCP-1 protein concentrations in plasma, and attenuates
liver TG accumulation and hepatic steatosis

A significant reduction in the infiltration of the F4/80hi

CD11b+ CCR2+ macrophage subset into WAT could be
due to attenuated CCR2 surface expression in monocytes,
repression of CCR2 ligand expression in WAT, or both.
ct of dietary ABA supplementation on WATand liver gene expression, MCP-
ere fed high-fat diets with (black bars) or without (empty bars) ABA (100 mg/
alyzed by real-time qRT-PCR for (A)MCP-1, (B) PPARγ and (C) CD36. (D)
) were also assessed. Gene expression values are expressed as a relative ratio
of 10 observations. Data points with an asterisk are significantly different
f liver histology specimens stained with H&E.
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CCR2 and its principal ligand MCP-1 have been recently
linked to the development of obesity-induced insulin
resistance [17–19]. To determine whether ABA inhibited
MCP-1 expression in WAT, we assessed levels of MCP-1
mRNA content in the SVF (i.e., macrophages, T cells,
fibroblasts, preadipocytes and endothelial cells) and in the
adipocyte fraction. Both WAT fractions produce MCP-1 in
obese mice and humans [2]. We found that ABA
decreased the concentrations of MCP-1 mRNA by almost
15-fold in SVCs. There was also a significant reduction
in MCP-1 mRNA in the adipocyte fraction following
ABA supplementation (P=.05), although this reduction
was not as drastic as the difference observed in SVCs
Fig. 5. The beneficial effects of ABA on insulin resistance are abrogated in immun
MMTV-Cre− littermates (wild-type phenotype) were fed high-fat diets with or
intraperitoneal glucose challenge (2 g glucose/kg body weight) in fasted mice (6 h)
as least squares mean±S.E. of eight mice. The error bars at some time points (B and
with different superscripts are significantly different (Pb.05).
(Fig. 4A). PPARγ mRNA expression was higher in both
SVCs and adipocytes (Fig. 4B), but expression of the
well-known PPARγ-responsive gene and fatty acid
transporter CD36 was only significantly elevated in
SVCs (Fig. 4C). We did not see significant differences
in the mRNA expression of MIP-1α or the innate
immune receptor toll-like receptor 4 (TLR-4) in either
SVCs or adipocytes (data not shown).

We next determined whether the suppressed MCP-1
expression observed in WAT of ABA-fed mice resulted in
decreased plasma MCP-1 concentrations. MCP-1 protein
concentrations were significantly decreased in plasma, but
not in the liver, from ABA-fed mice (Fig. 4D and E),
e-cell-specific PPARγ-null mice. PPARγ fl/fl, MMTV-Cre+/PPARγ fl/fl and
without ABA (100 mg/kg). (A) Final body weights and (B) response to
were assessed after 28 weeks of dietary supplementation. Data are presented
C) are smaller than the symbols and cannot be seen in the figure. Data points
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suggesting that WAT-derived MCP-1 may elicit systemic
actions. In a recent study, MCP-1-overexpressing mice under
the control of the aP2 promoter (i.e., adipose tissue specific)
had a significantly elevated risk of developing hepatic
steatosis [18]. Upon histological examination of liver
Fig. 6. The beneficial effects of ABA on the infiltration of monocytes and chemo
mice. Effect of dietary ABA supplementation and tissue-specific deletion of PPAR
macrophage infiltration and the percentage of F4/80lo and F4/80hi ATMs in P
Representative dot plots for SVF infiltration of ATMs in PPARγ fl/fl, MMTV-Cre
The respective dot plots for ABA-fed mice. Real-time qRT-PCR was used to assess
of eight mice. The error bars at some time points (B) are smaller than the symbols
significantly different (Pb.05).
specimens, we found that hepatic steatosis was less severe
in ABA-fed mice (Fig. 4G). In line with this histological
finding, the amount of liver TGs was significantly lower in
mice fed the ABA-supplemented diet than in mice fed the
control diet (Fig. 4F).
kine production in WAT are abrogated in immune-cell-specific PPARγ-null
γ in immune cells on ATM phenotype. (A–C) The effects of ABA on total
PARγ fl/fl, MMTV-Cre+/PPARγ fl/fl and MMTV-Cre− mice. (D and E)
+/PPARγ fl/fl and MMTV-Cre− mice fed the control high-fat diet. (F and G)
the expression of MCP-1 (H). Data are presented as least squares mean±S.E.
and cannot be seen in the figure. Data points with different superscripts are



Fig. 7. ABA inhibits MCP-1 promoter activity by acting through PPARγ.
3T3-L1 preadipocytes were transfected with an MCP-1 promoter luciferase
reporter construct with (black bars) or without (empty bars) cotransfection
with a pCMX.PPARγ expression plasmid. After 20 h, cells were treated with
the PPARγ antagonist GW9662 (GW; 30 μM), ABA (12.5 μM),
rosiglitazone (Ros; 1 μM), ABA and GW, or Ros and GW. The results
were normalized for Renilla activity. Data are presented as least squares
mean±S.E. of four observations. Data points with an asterisk are
significantly different (Pb.05).
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3.5. Targeted deficiency of PPARγ expression in immune
cells impairs the ability of ABA to improve glucose
tolerance

The greatest differences in MCP-1 and the PPARγ-
responsive gene CD36 induced by ABA occurred in SVCs,
suggesting that immune cell PPARγ (and not adipocyte
PPARγ) is the molecular target for ABA in WAT. To
determine whether the ability of ABA to normalize plasma
glucose concentrations following GTT was mediated
through immune cell PPARγ, we next fed high-fat diets
supplemented with or without ABA to PPARγ fl/fl and
MMTV-Cre+ mice, which do not express PPARγ in
hematopoietic cells, and in PPARγ fl/fl and MMTV-Cre−

littermates (wild-type phenotype). After 28 weeks of high-fat
feeding, the mice were overweight (Fig. 5A). Similar to our
findings with db/db mice, ABA did not increase body
weights in either MMTV-Cre+ and MMTV-Cre− and did not
effect food intake (data not shown). The deficiency of
PPARγ in immune cells abrogated ABA-induced normal-
ization of FBG concentrations 90 min following intraper-
itoneal GTT (Fig. 5B and C).

3.6. Deficient PPARγ expression in immune cells impairs
the ability of ABA to suppress MCP-1 expression and
infiltration of the F4/80hi macrophage subset into WAT

To determine whether the observed differences in glucose
tolerance corresponded to phenotypic changes in SVF
macrophage subsets, we investigated the effect of ABA on
both F4/80hi and F4/80lo ATM. Dietary ABA supplementa-
tion significantly decreased both total SVF macrophage
infiltration and the amount of F4/80hi macrophages in mice
expressing PPARγ in immune cells (i.e., PPARγ fl/fl and
MMTV-Cre−). However, the deficiency of PPARγ in
immune cells (i.e., PPARγ fl/fl and MMTV-Cre+) abrogated
the ability of ABA to suppress the infiltration of F4/80hi into
WAT. Of note, surface CCR2 was expressed by a greater
percentage of ATMs from tissue-specific PPARγ-null mice
(data not shown).

We next examined whether immune cell PPARγ was
required for the suppressive actions of ABA on WATMCP-1
mRNA expression. ABA decreased both WAT and plasma
MCP-1 levels in mice expressing PPARγ in immune cells
(Fig. 6H). However, in line with our findings on F4/80hi

macrophage infiltration into WAT, the ability of ABA to
suppress the expression of MCP-1 in WATwas significantly
impaired in tissue-specific PPARγ-null mice, suggesting that
ABA acts through a mechanism requiring the expression of
PPARγ in immune cells. The SVF of WAT contains
macrophages, T cells, endothelial cells, fibroblasts and
preadipocytes, but the only cell subsets in this fraction
lacking the PPARγ gene in the tissue-specific PPARγ-null
mouse would be cells of hematopoietic origin (i.e., bone-
marrow-derived macrophages and T cells). Thus, the
observed differences in glucose tolerance might be attributed
to one or both immune cell subsets.
3.7. ABA inhibits MCP-1 promoter activity through PPARγ

To further examine the effect of ABA on MCP-1
transactivation, 3T3-L1 preadipocytes were transfected
with an MCP-1 promoter luciferase reporter construct and
cotransfected with a pCMX.PPARγ expression plasmid to
increase endogenous PPARγ activity. Cells were then treated
with ABA (12.5 μM), rosiglitazone (1 μM), the PPARγ
antagonist GW9662 (30 μM) or a combination of agonist
and inhibitor. We previously found that ABA (12.5 μM) and
rosiglitazone (1 μM) were equally effective in inducing
PPARγ transactivation [21]. In this study, cotransfection
with the PPARγ expression vector significantly enhanced
the ability of both ABA and rosiglitazone to inhibit MCP-1
promoter activity (Fig. 7). The effects of both compounds on
MCP-1 transactivation were significantly inhibited by
cotreatment with GW9662.
4. Discussion

The obesity and T2D epidemics follow a similar
demographic pattern [1,25], but little is known about the
factors linking obesity to insulin resistance and T2D at the
cellular and molecular levels. The “FFA efflux theory”
proposes that adipocyte dysfunction and extra adipose fat
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storage are the central components in the pathogenesis of
insulin resistance, highlighting the importance of adipocytes
as cellular targets [26–28]. In contrast, the “endocrine
theory” suggests that pro-inflammatory mediators play an
essential immunopathogenic role, favoring immune cells as
central cellular targets for therapies against T2D [29].
PPARγ is expressed in both adipocytes and immune cells,
and has been identified as an important therapeutic target in
both insulin resistance and T2D. In this report, we show that
PPARγ and its responsive gene CD36 are expressed at
higher concentrations in SVCs than in adipocytes, and that
treatment with a novel insulin-sensitizing PPARγ agonist
induces PPARγ-responsive gene expression primarily in
SVCs. These results are also suggestive that TZDs may elicit
their insulin-sensitizing actions through PPARγ expressed in
immune cells infiltrating the WAT. Hence, PPARγ activation
in immune cells may be a central regulator of insulin
resistance and obesity-related inflammation. In line with this
hypothesis, obesity-induced insulin resistance is associated
with the infiltration of bone-marrow-derived monocytes into
WAT and with differentiation into ATM [2,5]. This study
phenotypically characterized the subsets of ATM targeted by
ABA and investigated whether this compound ameliorates
insulin resistance and obesity-related inflammation through a
mechanism dependent upon immune cell PPARγ.

We have previously found that ABA improves glucose
tolerance and reduces total ATM infiltration and TNF-α
expression in WAT of db/db mice [21]. To phenotypically
characterize the actions of ABA on the ATM population, we
presently isolated SVCs from WAT and assayed their
expression of the glycoproteins F4/80 and CD11b and of
CCR2 and CCR5. F4/80 contains extracellular epidermal-
growth-factor-like domains and a seven-span transmem-
brane (TM7) domain; it has been suggested to play a role in
cell adhesion and cell signaling, and it is widely used as a
maturation marker for macrophages [30]. We report for the
first time the presence of two phenotypically distinct subsets
of macrophages in the SVF of WATs, which differ in the
amount of surface F4/80 (e.g., F4/80lo and F4/80hi). The
newly identified F4/80hi subset is more abundant (i.e., 75%
of macrophages in the SVF) and expresses higher surface
concentrations of CCR2 and CCR5 in comparison to the F4/
80lo population.

The expression of F4/80 is tightly regulated according to
the physiological status of cells. Because the precursor of
tissue macrophages (the bone-marrow-derived blood mono-
cyte) expresses lower surface F4/80 than its mature
counterparts [30], the F4/80hi ATM subset is probably a
mature cell type that contributes to obesity-related inflam-
mation, whereas F4/80lo ATM may comprise monocytes that
have recently transmigrated into the WAT. Alternatively, a
difference in the ontogeny of F4/80hi and F4/80lo macro-
phages could account for these two distinct ATM subsets.
The SVF, in addition to containing bone-marrow-derived
cells of myeloid origin, includes preadipocytes that can
differentiate into adipocytes or F4/80-expressing macro-
phages of mesenchymal origin [31]. Resident macrophages
from different organs differ considerably in the amount of
F4/80 expressed on their surfaces [32]. Moreover, the limited
expression of CCRs on the majority of F4/80lo ATMs may be
indicative of a predominantly resident population [33].

After phenotypically characterizing these two ATM
subsets, we next examined the ability of ABA to differen-
tially modulate their numbers in WAT. We found that ABA
decreased the amount of F4/80hi CCR2+ ATM but had a
negligible effect on the F4/80lo population. Although the
effect of synthetic PPARγ ligands on the infiltration of F4/
80hi CCR2+ ATM has not been studied, the reduction of this
subset of ATM by ABA is in line with the well-characterized
ability of PPARγ to suppress CCR2 expression. At the
molecular level, the CCR2 gene contains two promoters that
are both repressed by PPARγ [16], and TZDs down-regulate
MCP-1-induced chemotactic response in THP-1 monocytes
[34]. Moreover, in obese mice matched for adiposity, Ccr2
deficiency decreased macrophage content and WAT inflam-
mation while ameliorating hepatic steatosis [17]. We propose
that ABA activates PPARγ in monocytes, which in turn
suppresses surface CCR2 expression and infiltration of F4/
80hi ATM.

We next determined whether ABA down-regulated the
expression of MCP-1, the main ligand for CCR2, in WAT.
Similar to CCR2, MCP-1 is inhibited following TZD
treatment in both SVCs and adipocytes [35]. We found a
15-fold decrease in MCP-1 mRNA in the SVF of WAT and a
4-fold decrease in plasma MCP-1. The decrease observed in
SVCs was far greater than the approximately twofold
decrease Xu et al. [5] obtained following similar short-term
intervention with rosiglitazone in ob/ob mice. In addition to
recruiting macrophages and directly impairing insulin
signaling by blocking IRS-1 and Akt phosphorylation [19],
MCP-1 has been recently shown to increase the risk for
hepatic steatosis by activating the gluconeogenic genes
phosphoenolpyruvate carboxykinase (PEPCK) and glucose-
6-phosphatase (G6P) and by preserving lipid storage capacity
[18]. In line with the suppressed expression ofMCP-1mRNA
inWATand the decreased concentrations ofMCP-1 protein in
the plasma of ABA-fed mice, we observed a decreased
severity in high-fat-diet-induced hepatic steatosis that could
not be attributed to differences in MCP-1 mRNA expression
in the liver. In addition to decreased systemic MCP-1
concentrations, ABA-induced reduction in plasma TGs may
contribute to the improvement of liver steatosis. To further
characterize the role of PPARγ in mediating ABA-induced
repression of MCP-1, we cotransfected 3T3-L1 preadipo-
cytes with an MCP-1 reporter construct and a PPARγ
expression vector. The presence of the expression vector
significantly enhanced the ability of both ABA and
rosiglitazone to inhibit MCP-1 promoter activity. The effects
of both compounds were also inhibited by the selective
PPARγ antagonist GW9662. Because theMCP-1 promoter is
not known to contain PPRE (peroxisome proliferator
response element), the inhibition of MCP-1 promoter activity
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may have occurred though PPARγ-induced inhibition of NF-
κB-responsive genes. In 2005, Pascual et al. [36] demon-
strated that, following ligand binding, the PPARγ ligand-
binding domain becomes sumoylated, resulting in its
migration to nuclear receptor corepressor (NCoR)–histone
deacetylase-3 complexes on inflammatory gene promoters.
The presence of PPARγ at these sites inhibited the
ubiquitination of NCoR, which is required for NF-κB-
induced transcription of pro-inflammatory genes [36].

Because macrophages are the main producers of MCP-1
in WAT, we next examined whether the deletion of PPARγ in
immune cells would impair the ability of ABA to ameliorate
insulin resistance and obesity-related inflammation. For this
purpose, we used a mouse model in which the PPARγ gene
has been disrupted in immune cells. While several studies
have been performed on muscle-specific [37] and adipose-
tissue-specific PPARγ-null mice [38], little is known about
the importance of immune cell PPARγ in the regulation of
insulin resistance and T2D. PPARγ fl/fl and MMTV-Cre+

mice lack PPARγ in immune and epithelial cells but express
it at normal concentrations in adipocytes. Thus, they
represent an excellent model to dissect the immune-cell-
dependent mechanisms of PPARγ action. We have pre-
viously used this loss-of-function approach to characterize in
vivo the mechanism by which conjugated linoleic acid,
another natural agonist of PPARγ, prevents intestinal
inflammation [23]. Our present findings indicate that the
loss of PPARγ in immune cells impairs the ability of ABA to
improve glucose tolerance, suppress F4/80hi ATM infiltra-
tion and down-regulate MCP-1 expression in WAT, suggest-
ing that the protective actions of ABA on insulin resistance
are mediated, in part, through a mechanism dependent upon
the expression of PPARγ in immune cells. These findings,
however, do not preclude that possibility that ABA can also
activate other extracellular or intracellular receptors to
induce its insulin-sensitizing effects, and current work in
our laboratory is being conducted to explore these options.
Moreover, since we have observed that fasting glucose levels
were improved by ABA supplementation in both Cre+ and
Cre− mice, other cells and tissues, including adipocytes,
preadipocytes, skeletal muscle, liver and others, may have
played a role in the beneficial effects of ABA.

In summary, we have characterized for the first time two
phenotypically distinct subsets of ATM (F4/80hi and F4/80lo)
and have demonstrated that a novel PPARγ agonist decreases
the infiltration of F4/80hi ATM, MCP-1 expression in WAT
and MCP-1 promoter activity, and ameliorates insulin
resistance through a mechanism requiring immune cell
PPARγ. These data further support the theory that immune-
cell-derived pro-inflammatory mediators are essential com-
ponents in the pathogenesis of insulin resistance and T2D.
While our data show that F4/80hi ATMs are important
contributors to the immunopathogenesis of insulin resistance,
additional work is needed to characterize the role of other
immune cell subsets (i.e., natural killer cells, dendritic cells
and regulatory T cells) in modulating this abnormal immune
response. Of particular interest are infiltrating regulatory T
cells given their higher concentrations of PPARγ when
compared to other T cell subsets and their ability to suppress
established inflammation. Uncovering immunoregulatory
mechanisms, such as PPARγ action, by which insulin
resistance can be prevented may take us one step closer to
halting the epidemics of insulin resistance and T2D.
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