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Abstract
Aims/hypothesis Using a mouse model of lipoatrophic
diabetes, we hypothesised that the chemokine (C–C motif)
ligand 2 (CCL2)/chemokine (C–C motif) receptor 2
(CCR2) pathway contributes to hepatic macrophage accu-
mulation and insulin resistance through induction of a
chronic inflammatory state.
Methods Metabolic variables of insulin resistance and
inflammation were characterised in wild-type and lip-
oatrophic A-ZIP/F-1 transgenic (AZIP-Tg) mice. The
AZIP-Tg mice were then treated with a CCR2 antagonist
(RS504393, 2 mg kg−1 day−1) or vehicle for 28 days via a
subcutaneous mini-osmotic pump to examine the role of the
CCL2/CCR2 pathway in lipoatrophic diabetes.
Results The lipoatrophic AZIP-Tg mice were diabetic with
high fasting glucose and serum insulin concentrations
compared with littermate controls. The livers of AZIP-Tg
mice were more than threefold enlarged and exhibited
increased triacylglycerol content. CCL2 levels were highly
elevated in both liver and serum of the AZIP-Tg mice
compared with controls. In addition, the circulating CCL2
concentration was associated with increased macrophage
accumulation and inflammation as documented by upregu-
lation of Cd68 gene and Tnf-α [also known as Tnf] gene in

livers from the AZIP-Tg mice. Treatment of the lipo-
atrophic AZIP-Tg mice with the CCR2 antagonist amelio-
rated the hyperglycaemia, hyperinsulinaemia and
hepatomegaly in conjunction with a reduction in liver
inflammation.
Conclusions/interpretation These findings demonstrate a
significant role of the CCL2/CCR2 pathway in
lipoatrophy-induced diabetes and provide clear evidence
that metabolic improvements resulting from the inhibition
of this inflammatory pathway are not adipose tissue-
dependent.

Keywords Hepatic steatosis . Inflammation . Lipoatrophic
diabetes . CCL2/CCR2 pathway

Abbreviations
AZIP-Tg mice A-ZIP/F-1 transgenic mice
CCL2 Chemokine (C–C motif) ligand 2
CCR2 Chemokine (C–C motif) receptor 2
CD11B Anti-integrin alpha M
PAI-1 Plasminogen activator inhibitor-1

Introduction

Liver steatosis afflicts approximately 20–30% of adults in
the USA and other Western countries [1, 2] and has been
associated with insulin resistance in both obese and
lipodystrophic individuals [3, 4]. Liver steatosis is probably
initiated at an early stage of type 2 diabetes without clinical
symptoms or consequences. However, liver steatosis ac-
companied by other metabolic disorders more often
progresses to severe stages of non-alcoholic fatty liver
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disease (e.g. steatohepatitis and cirrhosis) later in life,
which is associated with a major compromise of liver
function and increased morbidity [2].

Although liver steatosis is typically associated with
excessive adipose tissue or alcohol intake, insufficient
adipose tissue (lipoatrophy) also induces insulin resistance
and promotes metabolic abnormalities such as dyslipidae-
mia, lipotoxicity and hepatic steatosis [5]. As adipose tissue
is considered the primary site of triacylglycerol storage, the
absence of adipose tissue has profound detrimental meta-
bolic consequences. For example, human lipoatrophic
patients (who lack adequate adipose tissue) store triacyl-
glycerol in other insulin-responsive tissues such as liver and
skeletal muscle. These patients typically have severe insulin
resistance, hyperglycaemia and dyslipidaemia [6]. Similar-
ly, A-ZIP/F-1 transgenic (AZIP-Tg) mice, a model of
lipoatrophy, also have lipid accumulation in the liver,
insulin resistance and diabetes [7]. Although a strong link
is evident between hepatic steatosis and insulin resistance,
the underlying mechanism for this link is poorly under-
stood. The aetiology is considered to be dynamic and
complex at both cellular and molecular levels with
alterations in signalling molecules and upregulation of
pro-inflammatory cytokines and chemokines.

Inflammation is believed to be a key factor in the
development of both obesity- and lipoatrophy-induced type
2 diabetes. In obesity, the presence of excessive adipose
tissue does not appear to inherently drive insulin resistance,
rather the infiltration of adipose tissue by pro-inflammatory
macrophage cells may initiate the detrimental effects of
excess adiposity [8–10]. Similarly, the presence of in-
creased lipid in the liver does not directly result in insulin
resistance. Rather, the subsequent pro-inflammatory state of
the liver that results from an excessive influx of NEFA
appears to exert detrimental effects on insulin sensitivity
[11–13]. Interestingly, liver inflammation appears to have
several parallels to adipose tissue inflammation. The most
striking parallel is macrophage infiltration of the inflamed
tissue promoting a positive feedback of increased cytokine
production and additional macrophage recruitment [8, 13–
15]. In obesity, chemokine (C–C motif) ligand 2 (CCL2)
has been demonstrated to be produced in adipose tissue by
resident macrophages [16] and inhibition of its receptor
(chemokine (C–C motif) receptor 2 [CCR2]) has resulted in
improvements in insulin resistance and attributed to
reductions in adipose tissue inflammation [17]. However,
the potential role of the CCL2/CCR2 pathway to exert
effects on insulin resistance independently of adipose tissue
has not been examined. Furthermore, the role of this
inflammatory pathway in lipoatrophic insulin resistance
has not been described.

In this study of lipoatrophic mice, we observed a
robust upregulation of CCL2 and hypothesised that the

CCL2/CCR2 pathway in a model of lipoatrophy contrib-
utes to hepatic macrophage accumulation and insulin
resistance. Whether the alteration in the CCL2/CCR2
pathway is functionally significant in the lipoatrophic
diabetic mouse model was tested by treatment with a
CCR2 antagonist.

Methods

Animals AZIP-Tg FVB male and KK/HIJ female mice
were purchased from Jackson Laboratory (Bar Harbor, ME,
USA) and bred to generate FVB/KK F1 offspring. This
breeding strategy was used to improve the viability of the
offspring as AZIP-Tg mice on the FVB background have
poor survival [18]. The AZIP transgene was genotyped and
found to be in the expected Mendelian ratio (∼50%) with
non-transgenic siblings. Mice were maintained in a
temperature- and humidity-controlled room with a 12 h
light/dark cycle and fed Purina LabDiet 5001 rodent chow
diet (5% wt/wt fat; Purina Mills, Richmond, IN, USA) ad
libitum. Purina LabDiet 5008 rodent chow diet (6.5% wt/wt
fat; Purina Mills) was provided to breeders.

Blood and tissue collection Twenty-week-old non-
transgenic mice (wild-type, n=23) and AZIP-Tg mice (n=
15) on the FVB/KK F1 background were anaesthetised
with sodium pentobarbital after a 5 h fast and blood was
collected via cardiac puncture. After blood collection,
tissues were harvested and stored at −20°C or −80°C until
further analysis. All animal experimental protocols were
approved by the Animal Investigation Committee at Wayne
State University.

Histology and immunohistochemistry Livers from wild-
type and AZIP-Tg mice were fixed overnight in 10% zinc
formalin (vol./vol.), dehydrated in a graded series of
alcohol washes, cleared in toluene and embedded in
paraffin. Using a microtome, 5 µm sections were generated,
collected on slides and then stained with haematoxylin and
eosin. For immunohistochemistry, macrophages in liver
sections were identified with anti-CD68 (1:50 dilution;
AbD Serotec, Raleigh, NC, USA) and anti-integrin alpha M
(CD11B; 1:10 dilution; AbD Serotec) monoclonal anti-
bodies. Aminoethyl carbazole (Invitrogen, Carlsbad, CA,
USA) staining followed by counterstaining with haematox-
ylin was performed.

Proteome profiler array Following a 5 h fast, blood was
collected from 13-week-old wild-type (n=6) and AZIP-Tg
(n=3) mice. Blood was collected into serum separator tubes
(BD, Franklin Lakes, NJ, USA) and allowed to clot for 2 h
before being centrifuged at 2,000×g for 20 min. One
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hundred microlitres of serum was analysed using a
proteome profiler array (Mouse Cytokine Array Panel A;
R&D Systems, Minneapolis, MN, USA), which can
identify 40 different cytokines simultaneously. Serum was
conjugated with 40 different antibodies that were spotted in
duplicate on nitrocellulose membranes. The conjugates
were captured by horseradish peroxidase and were detected
by chemiluminescence. The intensity of signals was
scanned by a Chemidoc XRS gel scanner (Bio-Rad,
Hercules, CA, USA) and quantified by densitometry.

Metabolic variables Blood obtained via submandibular
bleeding after a 5 h fast was immediately analysed for
glucose concentration using a Glucometer Elite (Bayer,
Mishawaka, IN, USA). Commercially available ELISA
kits were used for the measurements of adiponectin (B-
Bridge International, Mountain View, CA, USA), insulin
and leptin (Crystal Chem, Downers Grove, IL, USA),
CCL2 and IL-6 (R&D Systems), and plasminogen
activator inhibitor-1 (PAI-1) (Molecular Innovations,
Novi, MI, USA). Triacylglycerol concentration was
measured with an enzymatic assay (Sigma, St Louis,
MO, USA). Total cholesterol concentration was measured
by a Cholesterol E test (Wako Pure Chemical Industries,
Richmond, VA, USA). All values of triacylglycerol and
total cholesterol in liver and muscle were normalised to
protein concentration.

Gene expression analysis Total RNA was isolated from
liver with the use of an RNAqueous kit (Ambion, Austin,
TX, USA). Reverse transcription was performed using a
high-capacity cDNA RT kit (Applied Biosystems, Foster
city, CA, USA) following the manufacturer’s instructions.
mRNA expression was quantified by real-time PCR
(Stratagene MX 3005P; Stratagene, La Jolla, CA, USA).
Synthesised cDNAwas mixed with TaqMan Universal PCR
Master Mix (Applied Biosystems) and a gene-specific
primer and probe mixture (TaqMan Gene Expression
Assays; Applied Biosystems). Individual reactions for
target and 18S cDNA were carried out separately with
negative controls lacking cDNA. The conditions used were
as follows: 50°C for 2 min, 95°C for 10 min followed by 40
cycles of denaturation (95°C for 15 s) and annealing/
extension (60°C for 1 min). The cycle number for the
threshold of detection was determined by MxPro QPCR
software (Stratagene). mRNA expression of each target was
normalised to that of the 18S gene and expressed as fold
change relative to controls.

Treatment of CCR2 antagonist using osmotic pump
implantation In total, 23 AZIP-Tg mice at 4 weeks of age
were treated with either the CCR2 antagonist (n=11; six
males and five females) or vehicle (n=12; seven males and

five females). The CCR2 antagonist, RS504393 (2 mg kg−1

day−1; Tocris Bioscience, Ellisville, MO, USA), or vehicle
(50% DMSO in water [vol./vol.]) was administered by
continuous subcutaneous infusion (0.11 µl/h) for 28 days
via a mini-osmotic pump (Alzet Model 1004; Durect
Corporation, Palo Alto, CA, USA). The osmotic pump
was incubated in PBS for 24 h at 37°C prior to implantation
and was implanted dorsally using isoflurane anaesthesia.
The condition of mice and body weight were monitored
daily following the pump implantation. Blood was collected
at day 0, 14, and 28 following a 5 h fast and analysed for
glucose and serum insulin. After treatment, blood and liver
tissue were collected and stored for further analysis.

Statistical analysis All statistical analyses were performed
using SPSS 16.0 (SPSS, Chicago, IL, USA). Data are
expressed as means±SEM. The Student’s t test was
performed to compare two groups. One-way ANOVA was
used when more than two groups were compared and
significance of observed differences among the groups was
evaluated with a least significant difference post hoc test.
Pearson’s correlation coefficients (r) were used to describe
the linear association between variables. Values of p<0.05
were considered statistically significant.

Results

AZIP-Tg mice are characterised by hepatic steatosis and
insulin resistance Body weights were similar in both
groups within the same sex (Table 1). As expected, the
expression of the AZIP transgene resulted in no discern-
ible white adipose tissue in males or females (Fig. 1a,
Table 1). Livers from AZIP-Tg mice showed hepatomeg-
aly with 309–389% enlargement compared with wild-type
mice and were pale in colour (Fig. 1b). Histological
analyses demonstrated that AZIP-Tg livers were filled
with large lipid droplets and had evidence of macro-
vesicular steatosis while wild-type livers exhibited a
normal morphology (Fig. 1c,d). In addition, other collect-
ed organs (heart, spleen, kidney and lung) were heavier in
AZIP-Tg mice demonstrating organomegaly compared
with wild-type mice (Table 1). The AZIP-Tg mice were
diabetic with high levels of fasting blood glucose and
serum insulin compared with littermate controls (Fig. 2a,
b). AZIP-Tg mice had very low or undetectable levels of
serum leptin and adiponectin (Fig. 2c), demonstrating that
these adipocytokines are primarily produced in adipose
tissue. Levels of triacylglycerol and total cholesterol in
plasma and liver were increased in AZIP-Tg mice
(Fig. 2d–g), but muscle triacylglycerol was not affected
(wild-type, 9.33±1.36; AZIP-Tg, 6.66±0.23 μg/mg pro-
tein; p=0.100).
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Levels of CCL2 expression in liver and circulating CCL2
are highly increased in lipoatrophic AZIP-Tg mice We
expected that excessive secretion of pro-inflammatory
mediators from liver would play a major role in
lipoatrophy-induced insulin resistance. To characterise
the main circulating cytokines altered in this extreme
insulin-resistant state, we conducted a screening test of
serum using a proteome profiler array. Among 40 tested
cytokines, levels of circulating CCL2 were increased 9.8-
fold in AZIP-Tg mice compared with wild-type litter-
mates. Using this technique, no other cytokines were
found to be consistently altered between wild-type and
AZIP-Tg mice. It should be noted that this technique has
less sensitivity compared with other techniques (e.g.
ELISA and real-time PCR). Given that the cytokine array

showed a robust elevation of circulating CCL2 in AZIP-
Tg mice, we hypothesised that CCL2 may be a central
mediator of pro-inflammatory conditions promoting insu-
lin resistance in this lipoatrophic model. To provide a
more sensitive determination of CCL2 concentration,
CCL2 analyses in serum and liver were performed using
ELISA. These studies revealed that serum CCL2 was
significantly increased in both male and female AZIP-Tg
mice compared with wild-type mice (Fig. 3a). Liver CCL2
protein levels were also significantly increased in both
male (15.2-fold) and female (16.3-fold) AZIP-Tg mice
compared with wild-type mice (Fig. 3b). A strong
correlation was evident between circulating CCL2 and
liver CCL2 concentrations (r=0.937, p<0.001), suggest-
ing that the liver may direct the systemic elevations in
CCL2. Subsequently, we performed gene expression
studies and demonstrated that the Ccl2 mRNA expression
in liver was highly upregulated (21.0-fold) in AZIP-Tg
mice compared with wild-type littermates (Fig. 3c),
providing further evidence that the liver was a source of
the elevated CCL2.

To examine whether other markers of systemic
inflammation were elevated in the lipoatrophic diabetic
state, additional circulating inflammatory cytokines
were assessed by ELISA. Serum IL-6 (wild-type,
0.60±0.22; AZIP-Tg, 1.52±0.35 pmol/l; p=0.041) and
plasma PAI-1 concentrations (wild-type, 78.67±8.89;
AZIP-Tg, 260.89±47.33 pmol/l; p<0.001) were signifi-
cantly elevated in AZIP-Tg mice compared with wild-
type littermates.

Elevated CCL2 is associated with increased macrophage
accumulation and inflammation in livers from lipoatrophic
mice We next examined whether the elevation in CCL2
was associated with monocyte/macrophage recruitment,
inflammation and hepatic steatosis using gene expression
studies of the livers of wild-type and AZIP-Tg mice

Fig. 1 Representative photographs of wild-type and AZIP-Tg mice at
age 20 weeks. Dorsal view (a) and liver appearance (b) of wild-type
(left) and AZIP-Tg mice (right). Haematoxylin and eosin-stained
sections of liver from wild-type (c) and AZIP-Tg mice (d). Original
magnification, ×200 for light microscopy

Variable Male Female

Wild-type (n=12) AZIP-Tg (n=8) Wild-type (n=11) AZIP-Tg (n=7)

Body weight (g) 46.07±1.41a 43.59±1.69ab 41.88±2.55ab 38.37±1.49b

Tissue weights (%)

Liver 4.62±0.19a 14.29±0.89b 3.63±0.08a 14.13±0.78b

Heart 0.44±0.03ab 0.52±0.04ac 0.38±0.01b 0.57±0.04c

Spleen 0.35±0.02a 0.71±0.09b 0.29±0.01a 1.06±0.22c

Kidney 1.54±0.04a 2.46±0.09b 1.07±0.03c 2.20±0.09d

Lung 0.46±0.03a 0.80±0.07b 0.51±0.04a 0.91±0.12b

Fat pads weights (%)

Gonadal fat 2.95±0.69 ND 9.38±0.56 ND

Perirenal fat 1.24±0.36 ND 1.62±0.19 ND

Table 1 Tissue weights of wild-
type and AZIP-Tg mice at
20 weeks of age on the FVB/KK
F1 background

Data are means±SEM

Tissue weights are expressed as
a percentage of fasted body
weight

Different letters within a vari-
able are significantly different at
p<0.05

ND, not detectable
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(Fig. 4). CD68 is a transmembrane glycoprotein that is
specifically expressed by the monocyte and macrophage
and is used as a macrophage-specific marker. We found an
elevation in mRNA expression of Cd68 and the pro-
inflammatory cytokine Tnf-α [also known as Tnf], in
AZIP-Tg mice compared with wild-type littermate controls.
The upregulated mRNA expression of Cd68 and Tnf-α in
AZIP-Tg mice demonstrates a pro-inflammatory state with
marked macrophage accumulation. In addition, mRNA
expression of the Lpl gene for liver lipoprotein lipase
(LPL) was highly upregulated in AZIP-Tg mice compared
with wild-type mice, suggesting that LPL may contribute to
the excessive fat accumulation in the liver of this lipo-
atrophic mouse model.

A correlational analysis was conducted by Pearson’s
correlation coefficient using data from 20-week-old wild-
type and AZIP-Tg mice. Liver CCL2 was positively associated
with hepatomegaly (r=0.483, p=0.003), liver triacylglycerol
content (r=0.598, p<0.001), liver Cd68 mRNA (r=0.712,
p=0.006), serum CCL2 (r=0.937, p<0.001), serum
insulin (r=0.612, p<0.001) and plasma PAI-1 (r=0.872,
p<0.001).

Inhibition of the CCL2/CCR2 pathway using a CCR2
antagonist ameliorates lipoatrophy-induced insulin resis-
tance and inflammation To assess whether the
lipoatrophy-induced elevation in CCL2 is functionally
significant, the CCR2 antagonist, RS504393 (2 mg kg−1

day−1), was administered to the AZIP-Tg mice via mini-
osmotic pumps for 28 days. Control pumps delivering only
the vehicle were used for comparison. There was no
difference in weight change between the groups during
the 4 week infusion period. However, liver weight was
significantly lower in the CCR2 antagonist-treated group
compared with controls demonstrating reduced hepatomeg-
aly (Table 2). This effect appeared liver-specific as other
tissue weights were not different between groups following
the treatment period (Table 2).
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Despite no differences in weight gain during the treat-
ment period, lipoatrophic mice given the CCR2 antagonist
exhibited a significant improvement in concentrations of
fasting blood glucose and serum insulin (Fig. 5a,b),
consistent with a protective effect on the progression of
diabetes in this mouse model. Plasma triacylglycerol and
total cholesterol concentrations in plasma and liver were
significantly lowered with the CCR2 antagonist treatment;
however, the reduction of liver triacylglycerol concentration
was not statistically significant (p=0.144) (Fig. 5c–f).
Levels of circulating CCL2 and liver CCL2 expression
(protein and mRNA) were lower in the CCR2 antagonist-
treated group (Table 3). Furthermore, the liver mRNA
expression of Cd68 and Tnf-α were significantly lower in
CCR2 antagonist-treated mice compared with vehicle-
treated mice (Fig. 6), demonstrating an effective reduction
in the pro-inflammatory state of the livers of these mice in

parallel to the improvements in fasting glucose and insulin.
Immunohistochemical analysis of macrophage markers,
CD68 and CD11B, revealed that the CCR2 antagonist
treatment reduced macrophage accumulation in liver
(Fig. 7).

Discussion

Increasing evidence demonstrates that lipoatrophy induces
insulin resistance with characteristics similar to those of
obese individuals inflicted with hepatic steatosis [5, 6]. In
this paper, we have demonstrated that lipoatrophy-induced
lipid accumulation in the liver leads to a pro-inflammatory
state similar to that observed in obesity-induced inflamma-
tion, marked by elevations in CCL2, TNF-α, PAI-1 and
IL-6 [19, 20]. Of particular interest, we have demonstrated
that blocking the CCL2/CCR2 pathway by use of a CCR2
antagonist results in attenuation of the lipoatrophy-induced
inflammation and diabetes. Previous pre-clinical studies
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Kidney 2.24±0.06 2.19±0.09

Lung 0.96±0.07 1.02±0.06

Data are means±SEM

Tissue weights are expressed as a percentage of fasted body weight

*p<0.05 vs vehicle-treated mice
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have provided evidence that the CCL2/CCR2 pathway
improves insulin sensitivity in conjunction with reduced
adipose tissue inflammation [17]. This paper extends our
understanding of the role of the CCL2/CCR2 pathway in
diabetes, as our results demonstrate an influential role of
this pathway in the near or complete absence of adipose
tissue.

Lipoatrophy-induced insulin resistance has been hypoth-
esised to result from the toxicity of elevated circulating
NEFA levels as well as increased lipid accumulation in
insulin-sensitive tissues such as liver and muscle [5, 7].
Pro-inflammatory signals, which result from the accumula-
tion of fatty acid metabolites in peripheral tissues, are often
considered a central factor to explain both obesity- and
lipoatrophy-induced insulin resistance [11–13, 21]. In
normal physiological conditions, toxicity from excessive
NEFA is prevented by well-controlled protective mecha-
nisms including triacylglycerol synthesis, mitochondrial
β-oxidation, binding to fatty acid binding proteins and
secretion as VLDL [1]. However, when these mechanisms
are compromised or become dysfunctional, the excess
influx of NEFA into peripheral tissues is toxic to cells and
results in membrane disruption, mitochondrial dysfunction

and alterations in intracellular signalling pathways [1, 11–
13]. The current study provides evidence that there is also a
robust increase in CCL2 in both the liver and systemic
circulation of lipoatrophic mice that parallels the metabolic
abnormalities. Presumably, the excessive influx of NEFA
into the liver triggers an activation of specific pro-
inflammatory signalling pathways (e.g. inhibitor of kappa
B kinase beta/nuclear factor-kappa B and Jun N-terminal
kinase) that results in the overproduction of CCL2 and
subsequent liver macrophage recruitment. This appears to
be a detrimental positive feedback cycle resulting in an
uncontrolled pro-inflammatory state and leading to the
extreme hyperglycaemia, hepatic steatosis and hepatomeg-
aly that is evident in lipoatrophy. The treatment of the
lipoatrophic mice with a CCR2 antagonist provided a
successful attenuation of this vicious cycle and resulted in
a reduction in the diabetes as well as the hepatic steatosis,
hepatomegaly and liver inflammation. Further studies are
needed to examine whether interruption of the CCL2/CCR2
pathway following advanced disease progression has the
same potent glucose-lowering effects.

It is well established that macrophage infiltration into
adipose tissue and the pro-inflammatory state often found
in obesity contribute to insulin resistance and the risk of
diabetes [9, 10]. For example, increased levels of pro-
inflammatory cytokines including CCL2, TNF-α, IL-8,
IFN-gamma-inducible protein-10 and C-reactive protein
have been observed in obese individuals [22, 23] and
diabetic patients [24–26]. CCL2 has previously been
identified as one cytokine which may mediate these pro-
inflammatory signals in obesity and insulin resistance. In
addition, inhibition of the CCL2 receptor, CCR2, in obese
mice has been shown to improve insulin sensitivity and
reduce macrophage content in adipose tissue [17]. Consis-
tent with this importance of the CCL2/CCR2 pathway in
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Fig. 6 Gene expression analysis of Cd68 and Tnf-α in livers of
vehicle- (white columns) or CCR2 antagonist (RS504393) (black
columns)-treated AZIP-Tg mice. The gene expression levels were
normalised with respect to those of the 18S gene. Data are means±
SEM (n=10–12 per group). *p<0.05 vs vehicle-treated mice

Fig. 7 Immunohistochemical analysis of CD68 and CD11B in livers
of vehicle- or CCR2 antagonist (RS504393)-treated AZIP-Tg mice.
Macrophages are stained red. Original magnification ×400

Table 3 The effect of a CCR2 antagonist on levels of circulating and
liver-derived CCL2 and liver Ccl2 expression in AZIP-Tg mice

Variable Vehicle
(n=12)

CCR2 antagonist
(n=11)

Serum CCL2 (pmol/l) 3.12±0.80 0.38±0.06*

Liver CCL2 (pg/mg protein) 1.16±0.37 0.2±0.10*

Relative Ccl2 mRNA
expression in liver

1.00±0.24 0.26±0.04*

Data are means±SEM

*p<0.05 vs vehicle-treated mice
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obesity-induced insulin resistance, the suppression of CCL2
using a dominant-negative mutant improved insulin resis-
tance in both genetically diabetic and high-fat diet-induced
obese mouse models [16]. However, there is controversy
regarding the importance of the CCL2/CCR2 pathway in
promoting macrophage infiltration into adipose tissue. For
example, a recent paper by Inouye et al. did not observe a
reduction in macrophage infiltration and even demonstrated
poorer metabolic control in high-fat fed Ccl2-deficient mice
compared with their wild-type controls [27]. The authors
suggested that differences in genetic backgrounds and
colonies may contribute to the disparity of the results.
Although this controversy persists in regard to the
importance of CCL2/CCR2 in adipose tissue inflammation,
the current paper demonstrates a beneficial metabolic effect
of CCR2 antagonism mediated via an adipose tissue-
independent mechanism.

We speculate that interruption of the CCL2/CCR2
pathway may provide an effective therapeutic strategy for
attenuating the progression of hepatic steatosis. In the
current paper, we did not begin with a bias towards the
importance of the CCL2/CCR2 pathway. Rather, we were
influenced by the striking CCL2 elevation and the strong
relationship between liver CCL2 concentration and other
measured metabolic variables. Therefore, to determine
whether the CCL2/CCR2 pathway is causally related to
the metabolic abnormalities, we directly inhibited the
pathway using a CCR2 antagonist and evaluated the effects
on lipoatrophy-induced insulin resistance. Interestingly, this
4 week treatment not only resulted in improved glucose
homeostasis compared with vehicle-treated mice but also a
reduced liver size (by approximately 25%) and less liver
inflammation. This reduced liver size between CCR2
antagonist-treated and vehicle-treated mice suggests that
suppression of the CCL2/CCR2 pathway is adequate to
reduce the hepatomegaly that is so profound in the
lipoatrophic AZIP-Tg mice. In addition, a recently pub-
lished paper by Tamura et al. [28] cited a 30% reduction in
liver size in obese (db/db) mice treated for 12 weeks with
propergermanium, another CCR2 antagonist. Regarding the
reduced liver inflammation, it is also noteworthy that our
CCR2 antagonist treatment reduced levels of total choles-
terol in plasma and liver. This suggests that total cholesterol
may be associated with liver inflammation, as shown
previously [29]. Taken together, these studies suggest that
CCR2 inhibition results in the suppression of hepatomeg-
aly, liver inflammation and insulin resistance. So, although
important differences exist between lipoatrophy-induced
hepatic steatosis and that seen in non-alcoholic fatty liver
disease (e.g. the presence of circulating adipocytokines like
leptin and adiponectin), there appears to be protective
effects of CCR2 inhibition in both models. Future studies
will need to evaluate the relevance of this inflammatory

pathway in the progression of the hepatic steatosis that
accompanies lipodystrophy resulting from HIV infection
and highly active anti-retroviral therapy.

Two important points regarding the dose of CCR2
antagonist that we used are (1) it was lower than the dose
used by other research groups [30, 31] and (2) it did not
cause any noticeable negative side effects associated with
toxicity, such as significant weight loss or excessive
immunosuppression. We speculate from our data that a
modest inhibition of CCR2 is adequate to disrupt the
detrimental positive feedback cycle that results in the
uncontrolled pro-inflammatory state evident in lipoatrophic
mouse liver. Although CCL2 antagonists are currently
unavailable, several CCR2 antagonists have been tested
for drug development to suppress the CCL2/CCR2 path-
way. In fact, disruption of the CCR2 pathway has already
been considered for the treatment of atherosclerosis,
inflammation, rheumatoid arthritis and multiple sclerosis
[32]. In addition, several pre-clinical studies also have
shown promise for CCR2 inhibition including protective
effects on diabetic nephropathy [33], renal fibrosis [31], and
high-fat diet-induced insulin resistance and glucose intoler-
ance [17]. However, it is worth noting that the complete
absence of CCR2 probably has detrimental effects. For
example, mice with complete CCR2 deficiency (i.e. Ccr2
gene knockout) have been shown to have a disruption in
normal monocyte recruitment to the liver following
paracetamol-induced hepatoxicity [34]. Similarly, studies
in gene knockouts of Ccl2 and Ccr2 have suggested that
both factors are important early responders to virus-induced
liver pathology [35]. Therefore, it appears that the complete
disruption of this pathway comes with a compromise in
regard to the repair of drug- and virus-induced liver injury.
Nevertheless, we have demonstrated that a modest dose of
CCR2 antagonist is adequate to induce significant protec-
tion from the associated metabolic perturbations of lipoa-
trophy. Our findings provide evidence that CCR2 inhibition
may be an effective therapeutic strategy for the treatment of
lipoatrophy-induced insulin resistance and hepatic steatosis.

Sex differences appear to exist for fatty liver disease
with approximately twice the prevalence of non-alcoholic
steatohepatitis among obese men compared with obese
women at 40 years of age [36]. In addition, it is widely
observed that women tend to have a later onset of fatty liver
disease than men, a difference proposed to relate to
oestrogen-mediated effects on lipid metabolism [37] and/
or mitochondrial function [38]. However, in this study
using the AZIP-Tg lipoatrophic mice, we observed strik-
ingly similarly levels of hepatic steatosis and liver
inflammation between male and female mice. In addition,
the response to CCR2 antagonist treatment was also very
similar in regard to the suppression of inflammation,
reduction in hyperinsulinaemia and improvement in circu-

Diabetologia (2009) 52:972–981 979



lating triacylglycerol. Therefore, in this model of lip-
oatrophic hepatomegaly, the beneficial effect of CCR2
treatment does not appear to be sex-specific.

The present study demonstrates that lipoatrophic AZIP-
Tg mice are characterised by extreme elevations in CCL2
as well as severe hepatomegaly, increased liver macrophage
accumulation and diabetes. The interruption of the CCL2/
CCR2 pathway results in an amelioration of the pro-
inflammatory state, including a reduction in hyperglycae-
mia, hyperinsulinaemia, hepatomegaly and overall liver
inflammation. Our findings demonstrate that beneficial
effects of CCR2 inhibition extend well beyond adipose
tissue inflammation and obesity-induced diabetes to include
direct effects on liver inflammation, hepatic steatosis, and
lipoatrophy-induced diabetes.
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