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Chronic inflammation in adipose tissue is thought to be important for the development of insulin
resistance in obesity. Furthermore, the level of monocyte chemoattractant protein-1 (MCP-1) is
increased not only in adipose tissue but also in the circulation in association with obesity. However,
it has remained unclear to what extent the increased circulating level of MCP-1 contributes to
insulin resistance. We have now examined the relevance of circulating MCP-1 to the development
of insulin resistance in mice. The plasma concentration of MCP-1 was increased chronically or
acutely in mice to the level observed in obese animals by chronic subcutaneous infusion of recom-
binant MCP-1 with an osmotic pump or by acute intravenous infusion of MCP-1 with an infusion
pump, respectively. Whole-body metabolic parameters as well as inflammatory changes in adipose
tissue were examined. A chronic increase in the circulating level of MCP-1 induced insulin resis-
tance, macrophage infiltration into adipose tissue, and an increase in hepatic triacylglycerol con-
tent. An acute increase in the circulating MCP-1 concentration also induced insulin resistance but
not macrophage infiltration into adipose tissue. In addition, inhibition of signaling by MCP-1 and
its receptor CCR2 by administration of a novel CCR2 antagonist ameliorated insulin resistance in
mice fed a high-fat diet without affecting macrophage infiltration into adipose tissue. These data
indicate that an increase in the concentration of MCP-1 in the circulation is sufficient to induce
systemic insulin resistance irrespective of adipose tissue inflammation. (Endocrinology 151:
971–979, 2010)

The number of individuals with type 2 diabetes is in-
creasing as a result of the aging population, urbaniza-

tion, and physical inactivity. In particular, the marked
increase in the worldwide prevalence of obesity is a sub-
stantial contributing factor to the increased incidence of
diabetes (1). Over the past decade, obesity research has
revealed that adipose tissue is indispensable for appropri-
ate glucose and lipid metabolism as well as energy ho-
meostasis (2). In addition to its role in energy storage,
adipose tissue is an active endocrine organ and secretes a
variety of bioactive molecules, known as adipokines, that

include leptin, adiponectin, resistin, TNF-�, IL-6, and
monocyte chemoattractant protein-1 (MCP-1). Some adi-
pokines are proinflammatory whereas others are antiin-
flammatory. Changes in adipokine expression induced by
obesity are associated with systemic insulin resistance and
reflect chronic inflammation in adipose tissue (3, 4). These
findings suggest that obesity, insulin resistance, and type
2 diabetes are all associated with chronic inflammation
characterized by abnormal cytokine production, up-reg-
ulation of acute-phase reactants, and activation of a net-
work of inflammatory signaling pathways (5).
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The inflammatory response associated with obesity ap-
pears to be triggered by and to be largely restricted to
adipose tissue, although other metabolically important or-
gans, in particular the liver, may also be affected during the
course of the disease (6). In both humans and mice, the
number of bone marrow-derived macrophages that have
infiltrated into adipose tissue correlates with obesity and
adipocyte size (7). Adipose tissue in obese subjects is thus
characterized by macrophage infiltration (7, 8). These
macrophages possess the characteristics of M1 or classi-
cally activated macrophages (9) and are a substantial
source of TNF-�, IL-6, and MCP-1 in white adipose tissue
of obese mice and humans (7, 8). These observations sug-
gest that macrophage infiltration into adipose tissue is an
early contributing event to the development of systemic
insulin resistance. The increased expression of MCP-1 in
white adipose tissue associated with obesity is thought to
play an important role in recruiting monocytes to adipose
tissue. Indeed, transgenic mice that overexpress MCP-1
specifically in adipocytes develop adipose tissue inflam-
mation and insulin resistance without obesity (10, 11). In
addition, mice deficient in MCP-1 or its receptor chemo-
kine (C-C motif) receptor 2 (CCR2) manifest a reduced
susceptibility to the development of adipose tissue inflam-
mation and insulin resistance when fed a high-fat diet (10,
12). In vitro studies have also shown that recombinant
MCP-1 induces insulin resistance in 3T3-L1 adipocytes
and C2C12 myotubules (11, 13). However, other studies
have found that MCP-1-deficient mice exhibit an in-
creased susceptibility to the development of inflammation
in white adipose tissue when fed a high-fat diet (14, 15).

The abundance of MCP-1 mRNA in adipose tissue has
been shown to be increased in obese individuals (16) and
to correlate with body mass index (17). The serum con-
centration of MCP-1 was also found to be higher in pa-
tients with type 2 diabetes than in normal subjects (18).
These observations suggest that MCP-1 in adipose tissue
or in circulating blood may contribute to the development
of insulin resistance in humans. However, the mechanism
by which MCP-1 might contribute to insulin resistance has
remained unknown. Furthermore, it has not been clear
whether macrophage infiltration into adipose tissue is re-
quired for the induction of insulin resistance by MCP-1, or
whether an increase in the circulating concentration of
MCP-1 is sufficient for such induction. To address these
questions,wehavenowexamined the effectsof an increase
in the plasma concentration of MCP-1 resulting from
short-term (acute) or long-term (chronic) administration
of recombinant MCP-1 in mice. In addition, we examined
whether inhibition of MCP-1-CCR2 signaling by admin-
istration of a novel CCR2 antagonist in mice might ame-

liorate insulin resistance irrespective of adipose tissue
inflammation.

Materials and Methods

Experimental animals
C57BL/6N mice were obtained from CLEA Japan (Tokyo,

Japan), and a high-fat diet (56% of calories from fat) was from
Oriental Yeast (Tokyo, Japan). All mice were maintained under
a 12-h light, 12-h dark cycle and had access to food and water ad
libitum. The experimental protocols were performed with male
mice in accordance with the guidelines of the animal ethics com-
mittee of Kobe University Graduate School of Medicine.

Acute or chronic administration of recombinant
MCP-1

For chronic administration of MCP-1, the recombinant
mouse protein (R&D Systems, Minneapolis, MN) was dissolved
in PBS containing 0.1% BSA and administered at the rate of 10
ng/h for 14 d via a micro-osmotic pump (Alzet Model 1002;
Durect, Cupertino, CA) implanted sc in the back of 11-wk-old
mice. Saline was injected at the same rate via the same apparatus
in control mice. For acute administration, MCP-1 was injected
directly with the use of an infusion pump into a catheter inserted
into the internal jugular vein of 13-wk-old mice for hyperinsu-
linemic-euglycemic clamp analysis. MCP-1 administration was
initiated at a rate of 15 ng/h beginning 30 min before the onset
of the clamp analysis.

Administration of a CCR2 antagonist
A novel CCR2 antagonist, 2-{[2-amino-5-(trifluoromethoxy)

phenyl] formamido}-N-[(3R)-1-{[4-(3-amino-5-methyl-1,2-
oxazol-4-yl) thiophen-2-yl] methyl} pyrrolidin-3-yl] acetamide
(TEI-K03134), was obtained from Teijin Pharma (Tokyo,
Japan) and dissolved in 0.5% lactic acid. Either TEI-K03134
(150 mg/kg of body mass) or vehicle (0.5% lactic acid) was
administered by oral gavage twice a day for 21 d to 13-wk-old
mice that had been fed a high-fat diet for 8 wk; the mice con-
tinued to receive the high-fat diet during treatment.

Measurement of metabolic parameters
The plasma concentrations of insulin and MCP-1 were mea-

sured with an insulin assay kit (Morinaga Institute of Biological
Science, Yokohama, Japan) and a Quantikine M mouse MCP-1
ELISA kit (R&D Systems), respectively. The nonesterified fatty
acid (NEFA) concentration in serum was measured with the use
of a NEFA-C test (Wako, Osaka, Japan). Serum adiponectin
level was measured with ELISA kits from Otsuka Pharmaceutical
(Tokyo, Japan). Lipids were extracted from liver homogenates
with isopropanol, and the triacylglycerol (TAG) content was
determined with the use of a Triglyceride E test (Wako). Food
intake was measured by weighing the food given at the beginning
and that remaining at the end of each day for 1 wk.

Hyperinsulinemic-euglycemic clamp analysis
Five to seven days before the clamp, mice were anesthetized

with sodium pentobarbital (80–100 mg/kg, ip) and a catheter
was inserted into the right internal jugular vein for infusion. The
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analysis was performed under nonstressful conditions with con-
scious mice that had been deprived of food for 4 h. The
[3-3H]glucose was infused for 2 h at a rate of 0.05 �Ci/min before
initiation of the clamp, and a blood sample was collected at the
end of this period to estimate basal glucose turnover. After a
bolus injection of [3-3H]glucose (10 �Ci; NEN Life Science
Products, Boston, MA) and the onset of subsequent continuous
infusion of [3-3H]glucose (0.1 �Ci/min), a hyperinsulinemic-eu-
glycemic clamp was applied for 120 min with continuous infu-
sion of insulin at a rate of 2.5 and 4.0 mU/kg�min in the exper-
iment of MCP-1 administration and in that of CCR2 antagonist
administration, respectively. Plasma glucose concentration was
monitored every 10 min, and 30% glucose was infused at a vari-
able rate to maintain plasma glucose concentration at about 110
mg/dl. Blood samples were collected 80, 90, 100, 110, and 120
min after the onset of the clamp for determination of the plasma
concentrations of [3-3H]glucose and 3H2O. The rates of glucose
disposal and hepatic glucose production (HGP) were calculated
as described (19).

Isolation of total RNA and quantitative RT-PCR
analysis

Total RNA was extracted from adipose tissue or liver with the
use of TRIzol reagent (Invitrogen, Carlsbad, CA) and was sub-
jected to reverse transcription. The resulting cDNA was sub-
jected to real-time PCR analysis with specific primers and SYBR
Green PCR Master reagents (PerkinElmer Life Sciences,
Waltham, MA) and with the use of a Sequence Detector (model
7900; PE Applied Biosystems, Foster City, CA). The relative
abundance of target mRNAs was calculated with 36B4 mRNA
as the invariant control.

Immunohistochemical analysis
Adipose tissue was fixed for 24–48 h with 10% paraformal-

dehyde at 4 C, dehydrated, embedded in paraffin, and sectioned
at a thickness of 5 �m. The sections were mounted on glass slides,
depleted of paraffin with xylene, exposed to microwave radia-
tion (500 W for 5 min) in 0.01 mol/liter sodium citrate buffer (pH
6.0), and treated both with a Biotin Blocking System (Dako,
Glostrup, Denmark) to block endogenous biotin and avidin
binding sites and with PBS containing 20% FBS to block Fc
receptors. They were then incubated overnight at 4 C with a
mouse monoclonal antibody to Mac3 (M3/84; BD Biosciences,
San Jose, CA) at a dilution of 1:100, after which immune com-
plexes were detected with biotinylated secondary antibodies (BD
Biosciences), horseradish peroxidase-conjugated streptavidin
(Dako), and the peroxidase substrate diaminobenzidine (Dako).
The sections were stained with hematoxylin (Muto Pure Chem-
icals, Tokyo, Japan), after which mounting solution (Matsunami
Glass, Kishiwada, Japan) and cover slips were added and the
slides were observed with a light microscope.

Flow cytometry
The stromal vascular fraction of mouse epididymal adipose

tissue was prepared as described (10), and red blood cells present
in this fraction were lysed with the use of Pharm Lyse (BD Bio-
sciences). The remaining cells were suspended in PBS containing
2 mmol/liter EDTA, exposed to FcBLOCK (BD Biosciences) for
20 min, and then labeled with phycoerythrin-conjugated anti-
bodies to mouse CD11b (M1/70; BD Biosciences) and fluores-
cein isothiocyanate-conjugated antibodies to mouse CD45 (BD

Biosciences). Dead cells were stained with 7-amino-actinomycin
D (BD Biosciences), and live cells positive for both CD11b and
CD45 (macrophages) were quantitated by flow cytometry with
a FACSCalibur analyzer (BD Biosciences) (20).

Measurement of the effect of the CCR2 antagonist
on ligand binding

The inhibitory effect of TEI-K03134 on ligand binding was
determined with the use of CHO-K1 cells expressing human
CCR2. The cells were incubated for 1 h at 25 C with 0.1 nmol/
liter 125I-labeled recombinant MCP-1 in a solution containing 25
mmol/liter HEPES-NaOH (pH 7.4), 1 mmol/liter CaCl2, 0.5%
BSA, and 5 mmol/liter MgCl2. Nonspecific binding was deter-
mined in the presence of 0.03 �mol/liter MCP-1. The IC50 value
was determined by nonlinear, least squares regression analysis
with the use of MathIQ software (ID Business Solutions, Guild-
ford, UK). The inhibition constant (Ki) for TEI-K03134 was
calculated from the observed IC50 with the use of the equation of
Cheng and Prusoff (21).

Statistical analysis
Data are presented as means � SEM and were analyzed by

Student’s t test. A P of �0.05 was considered statistically
significant.

Results

Chronic administration of MCP-1 in sc tissue
induces insulin resistance

We previously generated transgenic mice in which
MCP-1 is overexpressed almost exclusively in adipocytes
under the control of the promoter-enhancer of the aP2
gene (10). The plasma level of MCP-1 in these transgenic
mice is similar to that in obese mice (10). In addition, the
transgenic animals manifest systemic insulin resistance to-
gether with macrophage infiltration into adipose tissue.
To clarify whether increased expression of MCP-1 in ad-
ipose tissue or an increase in the plasma concentration of
MCP-1 is more important for inducing insulin resistance,
we administered recombinant MCP-1 in C57BL/6N mice
via an sc implanted osmotic pump. MCP-1 infusion for
14 d resulted in an approximately 2-fold increase in the
plasma MCP-1 concentration (to 100.7 pg/ml) compared
with that of control mice (Table 1). This level of plasma
MCP-1 is similar to that observed in obese mice (10).
MCP-1 infusion for 14 d had no effect on body mass, food
intake, fasting plasma glucose concentration, or serum
adiponectin level (Table 1). However, it induced a signif-
icant increase in the serum NEFA concentration and
showed a tendency to increase the plasma insulin level in
the fed condition (Table 1).

We next investigated the effect of chronic MCP-1 ad-
ministration on insulin sensitivity with the use of hyper-
insulinemic-euglycemic clamp analysis. We confirmed
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that plasma glucose was actually clamped at euglycemic
levels and was almost same between control and MCP-1-
treated mice during the latter half of hyperinsulinemic-
euglycemic clamp period (control mice, 108.8 � 3.8 mg/
dl; MCP-1-treated mice, 108.4 � 1.7 mg/dl; P, not
significant) (supplemental Fig. S1, published as supple-
mental data on The Endocrine Society’s Journals Online
web site at http://endo.endojournals.org). In this condi-
tion, the glucose infusion rate was reduced by 65% in mice
treated with MCP-1 compared with that in control mice
(Fig. 1A and supplemental Fig. S2). This result implies that
MCP-1 infusion induced systemic insulin resistance on the
assumption that plasma insulin levels during the clamp
period were same between two groups, although we did
not measure them actually. HGP during the clamp period
was also markedly increased in mice treated with MCP-1,
although basal HGP was not altered (Fig. 1A). Insulin’s
ability to suppress HGP during clamp was significantly
impaired in mice treated with MCP-1 (Fig. 1B). These
results were thus indicative of the presence of hepatic in-
sulin resistance in mice subjected to chronic administra-
tion of MCP-1.

Chronic administration of MCP-1 in sc tissue
induces macrophage infiltration into adipose
tissue

Transgenic mice in which MCP-1 is overexpressed in
adipose tissue manifest macrophage infiltration into this
tissue (10, 11). We therefore next investigated the inflam-
matory status of adipose tissue in mice subjected to
chronic subcutaneous infusion of MCP-1. Immunohisto-
chemical analysis with a monoclonal antibody to Mac3
revealed macrophage infiltration in epididymal adipose
tissue of mice infused with MCP-1 but not in that of con-
trol mice (Fig. 1C). Quantitative analysis by flow cytom-
etry with antibodies to CD11b and to CD45 confirmed the
greater extent of macrophage infiltration into adipose tis-
sue of the MCP-1-treated animals (Fig. 1C). We also ex-
amined the expression of genes whose products are asso-
ciated with inflammation. Quantitative RT-PCR analysis
revealed that the amounts of the mRNAs for F4/80, CD68,

and CD11c in epididymal adipose tissue were all increased
in mice subjected to chronic administration of MCP-1
compared with those in control mice (Fig. 1D). These re-
sults suggested that an increase in the plasma MCP-1 con-
centration similar to that observed in obese mice was suf-
ficient to induce macrophage infiltration into adipose
tissue, even if the source of the MCP-1 was not adipose
tissue.

Chronic administration of MCP-1 in sc tissue
induces hepatic steatosis

Transgenic mice overexpressing MCP-1 in adipose tis-
sue develop hepatic steatosis (10). We found that sc
MCP-1 infusion also increased the hepatic TAG content
(Fig. 1E). Expression of the gluconeogenic gene for glu-
cose-6-phosphatase (G6Pase) and the lipogenic gene for
sterol regulatory element-binding protein 1c (SREBP1c) in
the liver is also increased in adipocyte-specific MCP-1
transgenic mice (10). Similarly, we found that the hepatic
expression of G6Pase and phosphoenolpyruvate car-
boxykinase genes as well as that of the SREBP1c gene were
increased in mice subjected to chronic MCP-1 adminis-
tration (Fig. 1F), likely contributing to the increased HGP
during the hyperinsulinemic-euglycemic clamp and the in-
creased hepatic TAG content in these animals. Mice sub-
jected to chronic sc infusion of MCP-1 thus show a phe-
notype that is similar to that of adipocyte-specific MCP-1
transgenic mice (10, 11) and characterized by insulin re-
sistance, adipose tissue inflammation, and hepatic
steatosis.

Acute administration of MCP-1 in circulating blood
induces insulin resistance without macrophage
infiltration into adipose tissue

Chronic MCP-1 administration in sc tissue induced not
only insulin resistance but also concomitant macrophage
infiltration into adipose tissue. These results therefore did
not clarify whether MCP-1 elicited systemic insulin resis-
tance irrespective of adipose tissue inflammation. We thus
next subjected mice to short-term administration of
MCP-1 to determine the acute effect of MCP-1 on insulin

TABLE 1. Effects of long-term administration of recombinant MCP-1 on metabolic parameters in mice

Parameter Control Recombinant MCP-1 P

Plasma MCP-1 (pg/ml) 44.6 � 3.5 100.7 � 6.4 <0.01
Body mass (g) 27.0 � 0.19 26.5 � 0.3 0.30
Food intake (g/d) 4.4 � 0.14 4.2 � 0.13 0.34
Fasting plasma glucose (mg/dl) 71.9 � 2.8 67.3 � 3.8 0.35
Fed plasma insulin (pg/ml) 1080 � 73.6 1767.9 � 278.7 0.06
Serum NEFA (mEq/liter) 1.10 � 0.07 1.32 � 0.06 0.03
Serum adiponectin (�g/ml) 19.4 � 0.62 20.3 � 1.54 0.15

Each parameter was measured after the administration of recombinant MCP-1 for 14 d. Data are means � SEM from eight mice per group.
P values of �0.05 are shown in bold.

974 Tateya et al. MCP-1 Elicits Systemic Insulin Resistance Endocrinology, March 2010, 151(3):971–979



sensitivity. We administered recombinant MCP-1 directly
into the internal jugular vein with the use of an infusion
pump. At 30 min after the onset of MCP-1 infusion, the
mice were subjected to hyperinsulinemic-euglycemic
clamp analysis with further continuous infusion of
MCP-1. Metabolic parameters were determined during

the 2-h basal period and the subsequent 2-h clamp period.
At the end of the hyperinsulinemic-euglycemic clamp ex-
periment (4.5 h after the start of MCP-1 infusion), the
plasma MCP-1 concentration was approximately 110
pg/ml (Table 2), which was about twice that in control
mice and similar to the value observed in obese mice (10).
The serum NEFA concentration was not affected by acute
MCP-1 administration (Table 2). However, the glucose
infusion rate was reduced by 41% in MCP-1-treated mice
compared with that in control mice (Fig. 2A). HGP during
the clamp period was significantly increased in MCP-1-
treated mice (Fig. 2A). Suppression of basal HGP in re-
sponse to insulin was also smaller in MCP-1-treated mice
(Fig. 2B). In addition, this effect was accompanied by a
significant decrease in the rate of glucose disappearance
(Fig. 2A). These results were thus indicative of insulin re-
sistance in both skeletal muscle and liver of mice subjected
to acute administration of MCP-1.

Immunohistochemical and flow cytometric analyses re-
vealed no difference in macrophage infiltration into adi-
pose tissue between control mice and MCP-1-treated an-
imals after the glucose clamp experiment (Fig. 2C),
suggesting that an increase in the circulating MCP-1 con-
centration to the level apparent in obese mice is sufficient
to induce insulin resistance irrespective of macrophage
infiltration into adipose tissue.

A CCR2 antagonist ameliorates insulin resistance
in mice with high-fat diet-induced obesity

CCR2 is a major receptor for MCP-1 and regulates
monocyte and macrophage chemotaxis and local inflam-
matory responses (22). Mice deficient in CCR2 exhibit a
reduced number of macrophages and a lower level of in-
flammation in adipose tissue, a reduced level of hepatic
steatosis, and improved systemic glucose homeostasis and
insulin sensitivity when fed a high-fat diet compared with
control mice (12). We therefore next examined the effects
of TEI-K03134, a novel pharmacological antagonist of
CCR2 (Fig. 3A). We found that the IC50 and inhibition
constant (Ki) values of this compound for inhibition of
MCP-1 binding to cells expressing human CCR2 were
8.73 � 1.27 and 3.37 � 0.49 nmol/liter, respectively.

Mice fed a high-fat diet for 8 wk were previously shown
to manifest increased expression of the genes for MCP-1,
CD68, and TNF-� in adipose tissue as well as an increased
plasma concentration of MCP-1 (23). Oral administration
of TEI-K03134 for 3 wk in mice fed a high-fat diet for 8
wk induced a significant decrease in the fasting plasma
glucose level without affecting either body mass, food in-
take, plasma insulin level in the fed condition, serum
NEFA concentration, or serum adiponectin level (Table
3). Administration of TEI-K03134 for the same period did

FIG. 1. Effects of chronic infusion of recombinant MCP-1 in mice on
insulin sensitivity, inflammatory status of adipose tissue, and liver
metabolism. A, Mice were subjected to infusion of recombinant MCP-
1 via a. sc implanted osmotic pump for 14 d. Both MCP-1-treated (n �
5) and control (n � 4) mice were then subjected to hyperinsulinemic-
euglycemic clamp analysis. Glucose infusion rate (GIR), the rate of
insulin-stimulated glucose disposal (Rd), and HGP during the basal or
clamp periods (BHGP and CHGP, respectively) were determined. B,
Percentage of suppression of basal HGP during the clamp period. C,
Epididymal adipose tissue of MCP-1-treated or control mice was
subjected to immunohistochemical analysis with antibodies to Mac3
(left panel); magnification, �200. The proportion of CD11b�CD45�

cells (macrophages) in the stromal vascular fraction of epididymal
adipose tissue was also quantitated by flow cytometry (right panel).
n � 5. D, Quantitative RT-PCR analysis of inflammation-related gene
expression in epididymal adipose tissue of MCP-1-treated (n � 9) or
control (n � 8) mice. Data are expressed relative to the corresponding
value for control mice. E, Hepatic TAG content of MCP-1-treated or
control mice. Data are expressed as milligrams of TAG per gram of liver
wet weight. n � 5. F, Quantitative RT-PCR analysis of hepatic gene
expression related to gluconeogenesis (G6Pase, phosphoenolpyruvate
carboxykinase) or lipid synthesis (SREBP1c) in MCP-1-treated (n � 9) or
control (n � 8) mice. Data are expressed relative to the corresponding
value for control mice. All quantitative data are means � SEM, with
white and black bars indicating control and MCP-1-treated mice,
respectively.
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not affect any of these parameters in mice fed a standard
diet (supplemental Table S1). Hyperinsulinemic-euglyce-
mic clamp analysis in mice fed a high-fat diet revealed that
both the glucose infusion rate and glucose disposal were
significantly increased, whereas HGP during the clamp
period was significantly decreased, by administration of
TEI-K03134 (Fig. 3B). In fact, suppression of basal HGP
by insulin was significantly larger in TEI-K03134-treated
mice (Fig. 3C). This suggests that inhibition of MCP-1-
CCR2 signaling ameliorated diet-induced insulin resis-
tance. In addition, we found that administration of TEI-
K03134 for 3 wk did not affect macrophage infiltration
into adipose tissue of mice fed a high-fat diet (Fig. 3D),
suggesting that inhibition of the MCP-1-CCR2 pathway
improves insulin sensitivity irrespective of such macro-
phage infiltration. This latter finding is consistent with our

observation that an acute increase in the circulating level
of MCP-1 induced insulin resistance in a manner indepen-
dent of macrophage infiltration. Furthermore, we inves-

FIG. 2. Effects of acute injection of recombinant MCP-1 on insulin
sensitivity and macrophage infiltration into adipose tissue in mice. A,
Recombinant MCP-1 was injected into the internal jugular vein of mice
with the use of an infusion pump for 4.5 h. Hyperinsulinemic-
euglycemic clamp analysis was performed in control (n � 13) and
MCP-1-injected (n � 12) mice beginning 30 min after the onset of
injection. B, Percentage of suppression of basal HGP during the clamp
period. C, Epididymal adipose tissue of MCP-1-treated or control mice
was subjected to immunohistochemical analysis with antibodies to
Mac3 (left panel); magnification, �200. The proportion of
CD11b�CD45� cells (macrophages) in the stromal vascular fraction of
epididymal adipose tissue was also quantitated by flow cytometry
(right panel). n � 7. All quantitative data are means � SEM, with white
and black bars indicating control and MCP-1-injected mice,
respectively.

FIG. 3. Effects of the CCR2 antagonist TEI-K03134 on glucose
metabolism and adipose tissue inflammation in mice fed a high-fat
diet. A, Structure of the novel CCR2 antagonist TEI-K03134. B, TEI-
K03134 was administered for 21 d to mice fed a high-fat diet for 8
wk. Hyperinsulinemic-euglycemic clamp analysis was then performed
in control (n � 6) or TEI-K03134-treated (n � 6) mice. C, Percentage
of suppression of basal HGP during the clamp period. D, Epididymal
adipose tissue of TEI-K03134-treated or control mice was subjected to
immunohistochemical analysis with antibodies to Mac3 (left panel);
magnification, �200. The proportion of CD11b�CD45� cells
(macrophages) in the stromal vascular fraction of epididymal adipose
tissue was also quantitated by flow cytometry (right panel). n � 5.
E, Quantitative RT-PCR analysis of inflammation-related gene
expression in epididymal adipose tissue of TEI-K03134-treated (n � 6)
or control (n � 5) mice. Data are expressed relative to the
corresponding value for control mice. All quantitative data are
means � SEM, with white and black bars indicating control and TEI-
K03134-treated mice, respectively.

TABLE 2. Effects of short-term administration of recombinant MCP-1 on plasma MCP-1 and serum NEFA
concentrations in mice

Parameter Control Recombinant MCP-1 P

Plasma MCP-1 (pg/ml) 55.0 � 12.0 110.3 � 15.6 0.01
Serum NEFA (mEq/liter) 0.83 � 0.04 0.75 � 0.05 0.25

Each parameter was measured at the end of the hyperinsulinemic-euglycemic clamp analysis in control (n � 13) and MCP-1-reated (n � 12) mice.
Data are means � SEM. P values of � 0.05 are shown in bold.
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tigated the macrophage characters in adipose tissue by
analyzing the expressions of M1 (TNF-� and IL-6) and
M2 (IL-10 and arginase-1) macrophage markers (9). We
found that expressions of TNF-�, IL-6, and IL-10 were not
changed by administration of TEI-K03134, although
arginase-1 expression was increased significantly (Fig.
3E). This may suggest the possibility that inhibition of
the MCP-1-CCR2 pathway partly modulated the mac-
rophage characters in adipose tissue of mice fed a high-
fat diet.

Discussion

The circulating concentration of MCP-1 is increased con-
comitant with the up-regulation of MCP-1 expression in
adipose tissue associated with obesity (7, 8, 10, 13). The
up-regulation of MCP-1 in adipose tissue is thought to
result from the generation of reactive oxygen species and
endoplasmic reticulum stress induced in adipocytes by the
excess intake of nutrients in obesity and is thought to re-
flect an inflammatory response in this tissue (24–26). The
increased production of MCP-1 by adipocytes results in
the recruitment of macrophages to adipose tissue and con-
sequent enhancement of inflammation as a result of the
release of proinflammatory cytokines and down-regula-
tion of adiponectin. These effects are thought to underlie
the development of insulin resistance in liver and skeletal
muscle. However, it has not been clear whether inflam-
mation in adipose tissue is indispensable for the develop-
ment of insulin resistance. We have now shown that a
chronic increase in the circulating level of MCP-1 in mice
similar to that observed in obese animals resulted in the
development of systemic insulin resistance together with
inflammatory changes in adipose tissue. In contrast, a sim-
ilar acute increase in the plasma concentration of MCP-1
led to systemic insulin resistance without macrophage in-
filtration into adipose tissue. Furthermore, inhibition of
MCP-1-CCR2 signaling improved insulin resistance in
mice fed a high-fat diet without affecting the extent of
macrophage accumulation in adipose tissue. Our findings
thus indicate that an increase in the concentration of
MCP-1 in the circulation is sufficient to induce systemic

insulin resistance irrespective of inflammatory changes in
adipose tissue.

MCP-1 is secreted by a variety of cell types, including
mononuclear cells, endothelial cells, fibroblasts, and adi-
pocytes. However, given that MCP-1 expression is in-
creased predominantly in adipose tissue in obese mice (10,
13), the source of the increased amount of MCP-1 in the
circulating blood in obese animals is likely adipose tissue.
Our present data now suggest that a chronic increase in the
circulating level of MCP-1 induces insulin resistance and
adipose tissue inflammation, even if the primary source of
the MCP-1 is not adipose tissue. MCP-1 was previously
shown to induce insulin resistance directly in 3T3-L1 adi-
pocytes (13), C2C12 myotubules, and isolated skeletal
muscle (11) in vitro, suggesting that elevated levels of
MCP-1 in the circulation directly induce insulin resistance
in insulin target tissues. Indeed, the circulating MCP-1
level was found to correlate with the homeostasis model
assessment of insulin resistance but not with body mass
index in Japanese individuals with type 2 diabetes (27). It
was also associated with indices of insulin resistance re-
gardless of body adiposity in Italian subjects (28). These
observations suggest that elevated levels of MCP-1 in the
circulation induce insulin resistance irrespective of obe-
sity. The precise mechanism by which an increase in the
circulating concentration of MCP-1 induces macrophage
infiltration into adipose tissue remains unclear. However,
MCP-1 activates ERK, c-Jun NH2-terminal kinase, and
p38 MAPK in endothelial cells (29). Given that ERK and
c-Jun NH2-terminal kinase contribute to the inflamma-
tory response by activating the transcription factor acti-
vator protein-1, an increase in the circulating level of
MCP-1 may up-regulate the expression of adhesion mol-
ecules in vascular endothelial cells of adipose tissue (30),
leading to macrophage infiltration into this tissue. Such
infiltration of macrophages into adipose tissue specifically
may reflect the different expression patterns of adhesion
molecules apparent among vascular endothelial cells from
different tissues (31).

With the use of a novel CCR2 antagonist, TEI-K03134,
we found that inhibition of MCP-1-CCR2 signaling ame-
liorated insulin resistance in mice fed a high-fat diet. Al-

TABLE 3. Effects of the CCR2 antagonist TEI-K03134 on metabolic parameters in mice fed a high-fat diet

Parameter Control TEI-K03134 P

Body mass (g) 32.2 � 1.15 31.6 � 0.65 0.63
Food intake (g/d) 2.1 � 0.07 2.1 � 0.1 0.37
Fasting plasma glucose (mg/dl) 132 � 4.8 104 � 5.0 0.03
Fed plasma insulin (pg/ml) 1565.3 � 166.9 1635.6 � 121.4 0.75
Serum NEFA (mEq/liter) 1.44 � 0.18 1.56 � 0.09 0.46
Serum adiponectin (�g/ml) 20.1 � 0.98 19.8 � 1.26 0.85

Each parameter was measured after the administration of TEI-K03134 for 21 d in mice fed a high-fat diet for 8 wk. Data are means � SEM (n � 5).
P values of � 0.05 are shown in bold.
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though inhibition of CCR2 signaling by a CCR2 antago-
nist was previously shown to improve insulin resistance in
mice with diet-induced or genetic obesity (12, 32), we fur-
ther found that inhibition of macrophage infiltration into
adipose tissue was not required for amelioration of insulin
resistancebyaCCR2antagonist.Althoughwearenotable
to exclude the possibility that administration of TEI-
K03134 for a longer period might have reduced the extent
of macrophage infiltration into adipose tissue of mice fed
a high-fat diet, we found that inhibition of CCR2 signaling
was able to ameliorate insulin resistance without such an
effect. A CCR2 antagonist was also recently shown to
ameliorate insulin resistance and hepatic steatosis in a
mouse model of lipoatrophic diabetes (A-ZIP/F-1 trans-
genic mice), in which the level of MCP-1 in liver and serum
is highly increased in spite of adipose tissue loss (33). These
findings together with our present results suggest that an
increase in the circulating level of MCP-1 can induce sys-
temic insulin resistance independently of adipose tissue
inflammation.

In summary, we have found that an increase in the cir-
culating concentration of MCP-1 is sufficient to provoke
insulin resistance directly in insulin target tissues in the
absence of macrophage infiltration into adipose tissue. In
addition, persistent elevation of circulating MCP-1 induces
macrophage accumulation and inflammatory changes in ad-
ipose tissue, leading to further exacerbation of insulin resis-
tance. Our results indicate that plasma MCP-1 is not merely
a marker of systemic inflammation or insulin resistance but
an important inducer of insulin resistance and adipose tissue
inflammation. They also suggest that CCR2 antagonists
might prove beneficial for the treatment of type 2 diabetes
and metabolic syndrome.
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