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Anti-inflammatory effect of atorvastatin ameliorates insulin resistance in
monosodium glutamate–treated obese mice
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Abstract

Considering that inflammation contributes to obesity-induced insulin resistance and that statins have been reported to have other effects
beyond cholesterol lowering, the present study aimed to investigate whether atorvastatin treatment has anti-inflammatory action in white
adipose tissue of obese mice, consequently improving insulin sensitivity. Insulin sensitivity in vivo (by insulin tolerance test); metabolic-
hormonal profile; plasma tumor necrosis factor (TNF)–α, interleukin (IL)-6, and adiponectin; adipose tissue immunohistochemistry; glucose
transporter (GLUT) 4; adiponectin; TNF-α; IL-1β; and IL-6 gene expression; and IκB kinase (IKK)–α/β activity were assessed in 23-week-
old monosodium glutamate–induced obese mice untreated or treated with atorvastatin for 4 weeks. Insulin-resistant obese mice had increased
plasma triglyceride, insulin, TNF-α, and IL-6 plasma levels. Adipose tissue of obese animals showed increased macrophage infiltration, IKK-
α (42%, P b .05) and IKK-β (73%, P b .05) phosphorylation, and TNF-α and IL-6 messenger RNA (mRNA) (∼15%, P b .05) levels, and
decreased GLUT4 mRNA and protein (30%, P b .05) levels. Atorvastatin treatment lowered cholesterol, triglyceride, insulin, TNF-α, and IL-
6 plasma levels, and restored whole-body insulin sensitivity. In adipose tissue, atorvastatin decreased macrophage infiltration and normalized
IKK-α/β phosphorylation; TNF-α, IL-6, and GLUT4 mRNA; and GLUT4 protein to control levels. The present findings demonstrate that
atorvastatin has anti-inflammatory effects on adipose tissue of obese mice, which may be important to its local and whole-body insulin-
sensitization effects.
© 2010 Published by Elsevier Inc.
1. Introduction

Obesity is strongly associated with insulin resistance and
reduced glucose transporter (GLUT) 4 expression in insulin-
sensitive tissues [1]. Furthermore, in obesity, white adipose
tissue (WAT) overexpresses several proinflammatory cyto-
kines, such as tumor necrosis factor (TNF)–α and interleukin
(IL)-6 [2], which are reported to induce insulin resistance
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[3,4]. In this regard, the IκB kinase (IKK)–dependent
nuclear factor–κB (NF-κB) activation, a major component
of the inflammatory pathway, has already been suggested as
a repressor of the GLUT4 gene expression [3,5], pointing out
a mechanism by which inflammation links obesity and
insulin resistance.

Several beneficial effects of the 3-hydroxy-3-methyl-
glutaryl–coenzyme A reductase inhibitors (statins) be-
yond cholesterol lowering have been identified, including
anti-inflammatory and insulin-sensitization effects [6-8].
However, the impact on glucose metabolism of statins is
controversial [6,9]; and molecular mechanisms are
poorly understood.

In the current study, monosodium glutamate–treated
mice, as a model of obesity, were investigated to verify
whether atorvastatin (1) ameliorates insulin resistance, (2)
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Table 1
Profile of control mice and obese mice untreated or treated with atorvastatin
for 4 weeks

C O OA

Body weight (g) 37.9 ± 1.14 37.9 ± 1.1 38.2 ± 1.3
Lee obesity index (×100) 32.64 ± 0.34 35.98 ± 0.28‡ 35.78 ± 0.32‡

Absolute WAT weight (g) 0.47 ± 0.06 1.62 ± 0.08‡ 1.36 ± 0.07‡,§

Relative WAT weight
(×100) (g)

1.26 ± 0.21 4.21 ± 0.14‡ 3.54 ± 0.27‡,§

Food ingestion (g) 6.68 ± 0.31 4.87 ± 0.15‡ 5.39 ± 0.09‡

Plasma cholesterol
(mmol/L)

1.93 ± 0.09 2.0 ± 0.15 1.31 ± 0.07⁎,‖

Plasma triglyceride
(mmol/L)

1.37 ± 0.17 1.77 ± 0.12⁎ 1.08 ± 0.11‖

Plasma glucose (mmol/L) 8.72 ± 0.47 8.06 ± 0.48 8.03 ± 0.24
Plasma insulin (pmol/L) 659.4 ± 67.7 848.4 ± 7.9⁎ 817.6 ± 27.3⁎

Plasma adiponectin
(μg/mL)

10.8 ± 1.2 9.8 ± 1.7 10.1 ± 0.9

Plasma TNF-α (pg/mL) 112.4 ± 9.4 220.7 ± 21.3† 63.6 ± 36.9‖

Plasma IL-6 (pg/mL) 185.9 ± 10.8 288.3 ± 22.5† 217.8 ± 20.3§

kITT (%/min) 4.37 ± 0.07 3.08 ± 0.23⁎ 5.11 ± 0.57§

Daily food, liquid, and calorie intake data were measured during the 4-week
atorvastatin treatment period. Data from plasma cholesterol, triglyceride,
glucose and insulin concentration, and kITTwere obtained frommice subjected
to 4 hours of food deprivation. Data are means ± SE of 8 to 10 (morphologic
parameters) and 3 to 6 (metabolic-hormonal parameters) animals. C indicates
control; O, obese untreated; OA, obese treated with atorvastatin.
⁎P b .05, †P b .01, and ‡P b .001 vs C; §P b .05 and ‖P b .01 vs O; 1-way
ANOVA and Student-Newman-Keuls post hoc test.
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modulates GLUT4 gene and protein expression in WAT, and
(3) has anti-inflammatory effect in WAT.
ig. 1. Glucose transporter 4 mRNA (A) and GLUT4 protein (B) expression
f epididymal WAT from control (white bars) and obese untreated (black
ars) or atorvastatin-treated (gray bars) mice. A and B, Images of one typical
xperiment and relative values of mRNA or protein content are shown. The
2. Materials and methods

2.1. Animals

Obesity was induced in male offspring mice (CD1) by
subcutaneous injections of monosodium glutamate (2 mg/g
body weight) from first to fifth day after birth [1]. Control
mice were injected with 0.9% NaCl. Animals were weaned
and allowed access to standard rodent chow and water ad
libitum. Atorvastatin (Pfizer, Guarulhos, SP, Brazil) was
given in chow (0.1%wt/wt) to 19-week-old mice for 4 weeks.
Lee obesity index (body weight [in grams]/nasoanal length
[in centimeters]) and relative weight of epididymal (tissue
weight [in grams]/bodyweight [in grams])WATwere used to
estimate the obesity degree. Blood and WAT were sampled
from 23-week-old mice. All procedures were performed in
anesthetized animals (50 mg/kg body weight sodium
pentobarbital intraperitoneally) and were approved by the
Ethical Committee for Animal Research of the Institute of
Biomedical Sciences, University of São Paulo (123/2005).
LUT4 mRNA expression was analyzed by Northern blotting (A). Forty
icrograms of protein was immunoblotted for GLUT4 protein (B). The
alues are means ± SE of 5 to 6 (GLUT4 mRNA) and 6 (GLUT4 protein)
nimals per group. *P b .05 vs control; #P b .05 vs obese untreated; 1-way
NOVA and Student-Newman-Keuls post hoc test. C indicates control; O,
bese untreated; OA, obese treated with atorvastatin.
2.2. Metabolic and hormonal analysis

Plasma glucose, insulin, cholesterol, and triglyceride, as
well as the glucose disappearance constant during the
insulin tolerance test (kITT), were measured as previously
described [10].

2.3. Enzyme-linked immunosorbent assays

Tumor necrosis factor–α, IL-6, and adiponectin concen-
trations in the plasma samples were determined by enzyme-
linked immunosorbent assay using commercially available
kits according to the manufacturer's instructions (R & D
Systems, Minneapolis, MN).

2.4. GLUT4 messenger RNA and protein

Glucose transporter 4 messenger RNA (mRNA) and
protein were analyzed by Northern and Western blotting as
previously described [11].

2.5. Phosphorylated IKK-α/β

Phosphorylated IKK-α (Ser180) and β (Ser181) were
assayed by Western blot [10] using anti-phospho-IKK-α/β
antibody (1:1000; Cell Signaling, Beverly, MA) followed by
standard chemiluminescence detection.

2.6. Semiquantitative reverse transcriptase polymerase
chain reaction

Total RNA (1 μg) was previously treated by RNase-free
DNase and then reverse transcribed following manufacturer's
instructions (Improm; Promega, Madison, WI). Complemen-
tary DNA was amplified by polymerase chain reaction (PCR)
in triplicate using GoTaq DNA Polymerase (Promega).
Reverse transcriptase PCR primers, designed to amplify
bases 187 to 387 of mouse TNF-α (National Center for
Biotechnology Information accession no. NM_013693), 599
to 803 ofmouse IL-1β (NM_008361), 121 to 340 ofmouse IL-
6 (NM_031168), 86 to 515 of mouse adiponectin
(NM_009605), and 56 to 349 of mouse glyceraldehyde-3-
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phosphate dehydrogenase (GAPDH) (NM_008084), com-
prised the following: TNF-α forward (FW) (5′-GAACTGG-
CAGAAGAGGCACT-3 ′ ) , TNF- α reverse (RV)
(5′-GGTCTGGGCCATAGAACTGA-3′), IL-1β FW (5′-
GGGCCTCAAAGGAAAGAATC-3′), IL-1β RV (5′-
CTCTGCTTGTGAGGTGCTGA-3′), IL-6 FW (5′-CCGGA-
GAGGAGACTTCACAG-3′), IL-6 RV (5′-TCCAGTTTGG-
TAGCATCCATC-3′), adiponectin FW (5′-TGGATCT-
GACGACACCAAAA-3′), adiponectin RV (5′-CGAAT-
GGGTACATTGGGAAC-3′), GAPDH FW (5′-GAAG-
GTCGGTGTGAACGGATT), and GAPDH RV (5′-AAGA-
CACCAGTAGACTCCACGA-3′). Annealing temperature
was 58°C with 34 cycles for adiponectin and GAPDH and
40 cycles for the other genes.

2.7. Morphologic and immunohistochemical analysis

White adipose tissue was fixed in methacarn (60%
methanol, 30% chloroform, and 10% acetic acid). Five-
micrometer Paraplast-embedded sections (Merck, São Paolo,
Brazil) were submitted to hematoxylin-eosin or immunoper-
oxidase staining. Sections were treated with H2O2 to block
endogenous peroxidase and incubated with normal donkey
serum to reduce nonspecific staining. Sections were
incubated with rat antibody raised against the mouse F4/80
macrophage antigen (1:500; Serotec, Oxford, United King-
dom), followed by biotin-conjugated donkey anti-rat immu-
noglobulin G (1:2000; Rockland, Gilberstsville, PA), and
finally streptavidin/peroxidase complex. Peroxidase was
Fig. 2. Morphologic and immunohistochemical analyses of epididymal WAT. He
untreated (B), or atorvastatin-treated mice (C). Frequency of crown-like structur
treatment. Immunohistochemistry analysis for the macrophage-specific antigen F4/
μm for A, B, and C and 50 μm for D. AU indicates arbitrary unit.
visualized using 3,3′-diaminobenzidine (Roche, Indianapo-
lis, IN) and counterstained with hematoxylin.

2.8. Statistical analysis

All data are reported as means ± SEM. Statistical analysis
was 1-way analysis of variance (ANOVA) (Student-New-
man-Keuls as a post hoc test).
3. Results

Although obese animals consumed less chow, they
became obese when compared with controls (C), as evident
from higher Lee obesity index and absolute and relative
weights of epididymal (Table 1) and retroperitoneal (data
not shown) WATs. Obese animals had higher plasma
triglyceride, insulin, TNF-α, and IL-6 levels, as well as
lower kITT, revealing the in vivo insulin-resistant and
inflammatory state (Table 1). In contrast, atorvastatin
treatment completely reversed these parameters (Table 1)
and impacted glucose metabolism by increasing insulin
sensitivity (66% vs obese untreated mice, P b .05). No
significant difference among all groups was found in
plasma adiponectin (Table 1). White adipose tissue
contribution to whole-body insulin sensitivity was assessed
by GLUT4 gene and protein analysis. The GLUT4 mRNA
(30%, P b .05 vs C, Fig. 1A) and protein (27%, P b .05 vs
C, Fig. 1B) expression decreased in obese animals.
matoxylin and eosin staining of epididymal WAT from control (A), obese
es around adipocytes, indicated by arrows, was reduced after atorvastatin
80 (D) confirmed the nature of crown-like structures. Calibration mark = 100
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Interestingly, atorvastatin treatment restored GLUT4 ex-
pression to control levels.

To assess whether atorvastatin has any effect in WAT
inflammatory state, a characteristic feature of obesity,
histologic analysis was performed. The presence of crown-
like structures was markedly found around obese adipocytes
(Fig. 2B compared with A), and atorvastatin greatly reduced
this infiltration (Fig. 2C). Immunohistochemical analysis for
F4/80 antigen (Fig. 2D) confirmed that the crown-like
structures were composed of macrophages.

Afterward, to address the molecular mechanisms of
inflammatory pathway, NF-κB signaling and proinflamma-
Fig. 3. Phospho-IKK-α/β (A), IL-1β and adiponectin (B), and TNF-α and IL-6
mRNA (C) content of epididymal WAT from control (white bars) and obese
untreated (black bars) or atorvastatin-treated (gray bars) mice. A andB, Images
of one typical experiment and relative values of protein or mRNA content are
shown. Fifty micrograms of protein was immunoblotted for phospho-IKK-α/β
(A) analysis. The mRNA expressions of IL-1β, adiponectin, TNF-α, and IL-6
mRNA (B and C) were analyzed by semiquantitative reverse transcriptase
PCR. The values are means ± SE of 3 (P-IKK-α/β) and 5 to 7 (TNF-α, IL-1β,
and IL-6) animals per group. *P b .05 vs control; #P b .05 and ##P b .01 vs
obese untreated; 1-way ANOVA and Student-Newman-Keuls post hoc test. C
indicates control; O, obese untreated; OA, obese treated with atorvastatin.
tory cytokines were investigated. Fig. 3A clearly shows
that obese animals had an increase of IKK-α (42% vs C,
P b .05) and IKK-β (73% vs C, P b .05) phosphorylation,
and atorvastatin completely reversed these parameters to
control levels.

Fig. 3B shows that WAT of obese animals was unaltered
in adiponectin and IL-1β mRNA expression. In contrast,
TNF-α and IL-6 mRNA significantly increased in obese
mice (∼15% vs C, P b .05) and decreased to control levels
after atorvastatin treatment (Fig. 3C).

Atorvastatin treatment did not alter AST and ALT
plasma levels, suggesting that the drug did not cause
functional liver injury.
4. Discussion

The present study shows that obese mice develop whole-
body insulin resistance, which is associated with reduced
GLUT4 expression in adipose tissue, similar to that described
in obese humans [12]. Moreover, adipose tissue of obese
animals had increased macrophage infiltration and local
TNF-α and IL-6 expression, also similar to that described in
obese subjects [13-15], highlighting the inflammatory
condition. Atorvastatin treatment has been shown to be able
to reverse all these findings, providing evidences that, acting
as an anti-inflammatory drug, this statin can ameliorate
obesity-induced insulin resistance.

Nuclear factor–κB nuclear translocation (activation), a
major component of the inflammatory pathway, involves
phosphorylation of the inhibitor of NF-κB (IκB) by IκB
kinase complex (IKK[1]-α, IKK[2]-β, and IKK[3]-γ). The
present study demonstrated that activation of both IKK-β and
IKK-αwas increased in adipose tissue of obese mice and that
atorvastatin treatment repressed phosphorylation of these
factors. Moreover, increased expression of NF-κB target
genes, such as TNF-α and IL-6, was observed in obese
animals; and that decreased in response to atorvastatin, in a
parallel modulation of IKK activity. Statins have already
been described as able to both prevent NF-κB activation in
several cell types [16-19] and repress inducers of NF-κB
activation, such as TNF-α and IL-6 [16,20].

Improvement of insulin sensitivity in obese mice has
already been shown to involve increased GLUT4 expression
in adipose tissue [1], similar to that observed in the present
study in response to atorvastatin treatment. Opposite effect of
statins upon GLUT4 expression was described in 3T3-L1
adipocytes, in which decreased cell maturation was accom-
panied by decreased GLUT4 expression [9]. However, it is
important to note that there is no inflammatory state in this in
vitro model, differently from our in vivo study. As suggested
by few studies, inflammatory signals such as increased TNF-
α expression and NF-κB activity [3,5] can repress GLUT4
gene expression. Thus, atorvastatin treatment, by reducing
inflammatory activity in adipose tissue, was able to enhance
GLUT4 gene expression, contributing to improve whole-
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body insulin sensitivity. Furthermore, considering that IKK-β
can induce serine phosphorylation of insulin receptor
substrate–1[21], resulting in insulin signaling inhibition, it
is plausible to suppose that atorvastatin-induced reduction of
IKK-β phosphorylation would result in increased insulin
signaling and GLUT4 translocation to the plasma membrane,
additionally contributing to amelioration of insulin resis-
tance. In addition, the amelioration of insulin resistance and
inflammatory state could also be due to reduced WAT mass
observed in statin-treated animals. For this, other studies
should be addressed to figure out if statin plays a role in
lipogenesis- or lipolysis-related proteins such as the cell
death–inducing DNA fragmentation factor–α–like effector
A [22]. In summary, the results show that adipose tissue of
insulin-resistant obese mice decreased the GLUT4 gene
expression, which was accompanied by inflammatory signals
such as increased local macrophage infiltration, TNF-α and
IL-6 expression, and IKK phosphorylation, as well as
increased plasma levels of TNF-α and IL-6, pointing out
the association among obesity, inflammation, and insulin
resistance. In addition, atorvastatin treatment was shown to
be able to reverse all these findings, providing support that it
has anti-inflammatory effects that can ameliorate insulin
resistance in obesity.
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