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Atorvastatin improves insulin sensitivity in mice with
obesity induced by monosodium glutamate
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Institute of Materia Medica, Chinese Academy of Medical Science & Peking Union Medical College, Beijing 100050, China

Aim: To examine the mechanisms underlying the effects of atorvastatin on glucose and lipid metabolism.

Methods: Mice with insulin resistance and obesity induced by monosodium glutamate (MSG) were used. Atorvastatin (80 mgkg™*d™) or
vehicle control treatment was given orally once a day for 30 days. Plasma levels of total cholesterol, triglycerides, low-density lipopro-
tein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and free fatty acids were monitored. Serum insulin and glucose
concentrations were used to calculate the insulin resistance index and insulin sensitivity index using a homeostasis model. Body
length, waistline circumference, intraperitoneal adipose tissue mass, and total body mass were measured. Semi-quantitative RT-PCR
and Western analysis were used to determine the expression of inflammatory factors and proteins involved in inflammation signaling
pathways.

Results: Atorvastatin improved insulin sensitivity, ameliorated glucose tolerance, and decreased plasma levels of total cholesterol,
triglycerides, LDL-C, HDL-C and free fatty acids. Semi-quantitative RT-PCR and Western analysis revealed increased expression of inter-
leukin 6 (IL-6) and tumor necrosis factor o (TNF-o) in serum and adipose tissue in MSG obese mice. Atorvastatin treatment decreased
expression of IL-6, TNF-a, nuclear factor kB (NF-kB) and I-kappa-B (IkB) kinase-3, but increased the expression of kB, in adipose tissue.
Conclusion: Atorvastatin is a potential candidate for the prevention and therapy of diseases associated with insulin resistance such
as type 2 diabetes mellitus and cardiovascular disease. One possible mechanism underlying the effects of atorvastatin on glucose and

lipid metabolism may be to ameliorate a state of chronic inflammation.
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Introduction
Obesity is frequently associated with metabolic syndrome, a
disease state that includes glucose intolerance, insulin resis-
tance, hypertension, hypertriglyceridemia, low level of high-
density lipoprotein cholesterol (HDL-C), and type 2 diabetes
mellitus (T2DM). Low-grade inflammation is associated
with insulin resistance and precedes the onset of T2DM in
obese individuals®”. Adipose tissue is an important endocrine
organ that regulates the insulin sensitivity of other peripheral
insulin target tissues”. Excess adipose tissue, especially in the
visceral compartment, results in excess secretion of peptide
hormones and cytokines, which leads to whole-body insulin
resistance and predisposes to T2DM"],

Tumor necrosis factor a (TNF-a), interleukin 6 (IL-6), and
monocyte chemotactic protein 1 (MCP-1) are some of the
inflammatory signaling molecules that may contribute to
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insulin resistance. TNF-a may enhance Ser*” phosphorylation
of insulin receptor substrate 1 (IRS-1) proteins or other down-
stream effectors of the insulin signaling cascade that play
negative regulatory roles in insulin action. Serine phosphory-
lation impairs insulin-stimulated tyrosine phosphorylation of
IRS proteins, uncouples insulin signal transduction, and has
been implicated in the development of insulin resistance”!.

Previously, Hong™ implicated the signaling pathway of the
transcription factor, nuclear factor kB (NF-xB), in the induc-
tion of insulin resistance. I-kappa-B (IkB) kinase (IKK) plays
an important role in this pathway. IKKs, together with their
upstream activating kinases, mediate signaling to NF-«kB from
a diverse array of stimuli, including TNF-a. TNF-a activates
IKKs, which can in turn phosphorylate IkBs (the inhibitors
of NF-xB) and activate NF-«xB. Increased NF-«B activity up-
regulates multiple inflammatory factors that aggravate insulin
resistancel”.

Statins, the inhibitors of 3-hydroxy-3-methyl glutaryl coen-
zyme A reductase (HMG-CoA) appear to have a number of
potentially beneficial effects!"”, some of which are indepen-
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dent of their cholesterol-lowering effect. Some effects include
improved endothelial function, anti-thrombotic and anti-
proliferative effects, stabilization of atherosclerotic plaque,
anti-cancer and anti-oxidant effects, and anti-inflammation.
Regarding anti-inflammatory activity, statins may down-reg-
ulate activation of NF-«xB in human endothelial and vascular
smooth muscle cells"". By reducing the activity of this stimu-
lator of IKK signaling, the anti-inflammatory consequences
of statins may have benefits in insulin resistance. Therefore,
we investigated the effects of atorvastatin, an HMG-CoA
reductase inhibitor, on insulin resistance, glucose concentra-
tion, and lipid levels in an insulin-resistant mouse model of
obesity.

Materials and methods

Reagents

Atorvastatin was obtained from Aifeimu Chemical Co (Zhe-
jiang, China). Monosodium glutamate (MSG) was obtained
from Huaboyuan Technologic Development Center (Beijing).
RNA;, protection liquid was from Applygen Technologies
(Beijing). TRIzol reagent, random hexamer primers, and
Superscript II reverse transcriptase were obtained from Invit-
rogen (Carlsbad, CA). Primary antibodies for NF-xB p65 and
IxkB-a were from Santa Cruz Biotechnology, Inc (Santa Cruz,
CA). All other regents used in this paper were from Sigma
Aldrich (St Louis, MO).

Animals and experimental protocol

Pregnant ICR mice were purchased from the Experimental
Animal Center, Chinese Academy of Medical Sciences (Bei-
jing), and cared for in accordance with the standards for labo-
ratory animals established by the People’s Republic of China
(GB14925-2001). Monosodium glutamate (MSG) was subcu-
taneously injected in neonatal mice at 4 g/kg body weight
once daily for 7 consecutive days after birth to induce obesity.
Only mice with impaired insulin tolerance were used in this
study™
groups (n=8 mice each) for treatment with vehicle (water) or

. Female and 6 months mice were divided into two

atorvastatin (80 mg/kg), by oral administration. Treatment
was given orally for 30 consecutive days, and mice underwent
an insulin tolerance test (ITT) and oral glucose tolerance test
(OGTT) and monitoring for plasma levels of cholesterol and
triglycerides. On the last day of the experiment, mice were
sacrificed by decapitatation. Plasma was collected for mea-
surement of LDL-C, HDL-C, IL-6, and TNF-a. Body length,
whole body mass, intraperitoneal adipose mass and waistline
circumference were measured. The waistline index (waistline
to body length) was calculated. Samples of plasma and adi-
pose tissue were stored at -70 °C. Intraperitoneal adipose tis-
sue was stored in an RNA protection liquid, RNA,,, at -70 °C
for later semi-quantitative RT-PCR analysis. Eight female ICR
mice were used as normal non-obese controls.

Oral glucose tolerance test (OGTT) and insulin tolerance test (ITT)
After 10 days of oral atorvastatin treatment, obese mice were
fasted 2 h before the OGGT. Two hours after atorvastatin (80
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mg/kg) or vehicle (water) treatment, initial blood samples
were drawn. Then, glucose (2 g/kg) was administered orally.
Subsequent blood samples were taken at 0, 30, 60, and 120
min. The ITT was preceded by 20 days of atorvastatin or
vehicle treatment. Fasted mice were given 0.4 U of insulin
intraperitoneally, and then blood samples were taken at 0, 40,
and 90 min. Plasma glucose concentrations were measured by
the glucose oxidase method. The areas under the curve (AUC)
from blood glucose recordings were calculated.

Biochemical analysis

Plasma levels of total cholesterol, triglycerides, LDL-C,
HDL-C, and free fatty acids (FFAs) were determined by enzy-
matic colorimetric methods with commercial kits (Biosino Bio-
Technology and Science Inc, Beijing). Plasma insulin (PI) was
measured with a radioimmunoassay kit (Chinese Institute of
Atomic Energy, Beijing). Adipose tissue samples were homog-
enized in ice-cold PBS buffer containing 10 mmol/L sodium
fluoride, 10 pg/mL leupeptin, and 10 pg/mL aprotinin and
centrifuged at 14000xg for 15 min and the supernatants were
collected for assay. The concentrations of TNF-a and IL-6 in
plasma and adipose tissue were measured with a radioimmu-
noassay kit (North TZ-Biotech, Beijing).

Insulin resistance and insulin sensitivity index calculations

The homeostasis model assessment was used to calculate the
insulin resistance (HOMA-IR) index and insulin sensitivity
index (ISI) using the values of fasting plasma glucose (FPG)
and PI as follows: ISI=1/(FPGxPI)*x1000, with FPG expressed
as mg/dL and PI as mU/L; HOMA-IR=FPGxP1/22.5, with
FPG expressed as mmol/L and PI as mU/L.

RNA preparation and semi-quantitative RT-PCR

Total RNA was isolated from mouse adipose tissue with TRI-
zol reagent (Invitrogen, Carlsbad, CA). First-strand cDNA
was synthesized from 5 pg of total RNA with random hex-
amer primers and Superscript II reverse transcriptase (Invit-
rogen). The reaction mixture was amplified with primers
specific for inflammatory factors and proteins (Table 1) in a
total volume of 20 pL. Linearity of the PCR amplification was
tested with amplification cycles between 32 and 40. The PCR
products were analyzed on a 2% agarose gel, and the intensity
of the corresponding bands was determined using a Kodak
image station 440CF and 1D image analysis software (Eastman
Kodak; Rochester, NY). mRNA expression of the genes was
normalized to that of GAPDH™!,

Adipose tissue homogenization and Western analysis

Adipose tissue samples were homogenized in ice-cold buffer
containing 50 mmol/L HEPES (pH 7.6), 150 mmol/L sodium
chloride, 20 mmol/L beta-glycerophosphate, 10 mmol/L
sodium fluoride, 2 mmol/L EDTA, 10% glycerol, 1 mmol/L
magnesium chloride, 1 mmol/L calcium chloride, 10 pg/mL
leupeptin, and 10 pg/mL aprotinin. Tissue homogenates were
clarified by centrifugation at 14000xg for 15 min, and protein
concentrations in the supernatant were determined with a



Table 1. Primers used for RT-PCR of inflammatory factors and proteins in monosodium glutamate (MSG)-induced obese mice with insulin resistance.
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Target gene

Forward primer

Reverse primer

GAPDH 5-AGGTCGGTGTGAACGGATTTG-3'
NF-kB p65 5-AGGCTTCTGGGCCTTATGTG-3'
IkB-ot 5"-TGAAGGACGAGGAGTACGAGC-3'
IKK-B 5-ACAGCCAGGAGATGGTACG-3'
TNF-o 5-CCCTCACACTCAGATCATCTTCT-3"
IL-6 5"-TAGTCCTTCCTACCCCAATTTCC-3'

5"-TGTAGACCATGTAGTTGAGGTCA-3’
5"-TGCTTCTCTCGCCAGGAATAC-3’
5-TTCGTGGATGATTGCCAAGTG-3'
5-CAGGGTGACTGAGTCGAGAC-3'
5'-GCTACGACGTGGGCTACAG-3’
5-TTGGTCCTTAGCCACTCCTTC-3'

Bradford assay. Proteins in the supernatants of the tissue
homogenates were resolved by SDS-PAGE and transferred
to PVDF membrane. Bound proteins were blocked with 1%
nonfat dry milk in Tris-buffered saline with 0.1% Tween 20,
and probed with specific primary antibodies (NF-xB p65 and
IkB-a from Santa Cruz). The membranes were washed with
Tris-buffered saline with 0.5% Tween 20, then incubated with
horseradish peroxidase-conjugated secondary antibody (Pro-
mega Corp, Madison, WI). Proteins were visualized by chemi-
luminescence reactions, and the intensity of the corresponding
bands was analyzed with a Kodak image station 440CF and
1D image analysis software (Eastman Kodak). The expression
of proteins was normalized to that of GAPDH!,

Statistical analysis

Results are presented as means+SEM. Statistical significance
of differences was assessed by ANOVA, followed by the t-test.
P<0.05 was considered statistically significant. All analyses
were performed using SPSS version 13.0.

Results

Insulin tolerance

Plasma glucose levels after insulin injection were significantly
lower in the obese mice treated with atorvastatin (80 mg/kg)
than those in the vehicle-treated control obese mice at all times
tested. As shown in Figure 1B the mean AUC for glucose was
significantly reduced after atorvastatin treatment, compared to
the control treatment (n=8, P<0.01, Figure 1).

Oral glucose tolerance

Compared to the control treatment, atorvastatin treatment
produced lower blood glucose concentrations before and 30,
60 and 120 min after glucose loading (Figure 2A), and reduced
the mean glucose AUC (Figure 2B).

Effect of atorvastatin on plasma lipid profile

On day 12, obese mice treated with atorvastatin showed sig-
nificantly lower plasma levels of total cholesterol, LDL-C and
HDL-C than the control obese mice (P<0.01). The atorvastatin
treated mice also had markedly lower levels of triglycerides
and FFAs (P<0.05, Table 2).

Characteristics of MSG-induced obese mice
The physical characteristics of the normal non-obese mice and
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Figure 1. Effect of atorvastatin on insulin tolerance in MSG-induced
obese mice with insulin resistance. (A) Mean blood glucose; (B) Mean
area under the curve (AUC) by insulin tolerance test (ITT). Obese mice
were challenged with oral glucose as described in the materials and
methods, and blood glucose measured at the indicated times by tail
blood sampling. Obese mice (n=8 /per group) were treated and untreated
with atorvastatin (80 mgkg™d™®) for 20 d. Results show means+SEM.
°P<0.05, °P<0.01 compared with groups untreated with atorvastatin.

the obese mice treated with either atorvastatin or vehicle con-
trol are shown in Table 3. Normal non-obese mice were lean
and had a smaller waistline circumstance, body weight and
smaller waistline index than MSG-induced obese mice treated
with vehicle control (P<0.01). Vehicle control-treated obese
mice had more intraperitoneal fat and a greater intraperitoneal
fat index than did non-obese mice (P<0.01). Atorvastatin treat-
ment had no effect on body weight, body length, waistline, or
intraperitoneal fat weight and index as compared with vehicle
control treatment in obese mice.

Effect of atorvastatin on inflammatory factors in plasma and
adipose tissue
The concentrations of IL-6 and TNF- a in serum and adipose
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Figure 2. Effect of atorvastatin on glucose tolerance in MSG-induced
obese mice with insulin resistance. (A) Mean blood glucose; (B) Mean
area under the curve (AUC) by oral glucose tolerance test (OGTT). Mice
(n=8/per group) were treated with atorvastatin (80 mg-kg™d™) for
10 d. n=8. All data are represented by means+SEM. °P<0.05, °P<0.01
vs control group.

tissue are shown in Table 4. The serum concentration of IL-6
and TNF-a in vehicle control-treated obese mice was similar to

that in normal non-obese mice. The atorvastatin-treated obese
mice showed no difference in content from the vehicle-control
treated obese mice. The adipose-tissue concentrations of IL-6
and TNF-a were significantly greater in vehicle-treated control
obese mice than in normal non-obese mice (1=8, P<0.01). Thir-
ty-day atrovastatin treatment produced significantly lower
adipose-tissue concentrations of IL-6 and TNF-a compared to
vehicle control treatment in the obese mice (n=8, P<0.05).

Homeostasis model assessment of insulin resistance (HOMA-IR)
index and insulin sensitivity index (ISI)

The calculated values for the insulin resistance index and
insulin sensitivity index are shown in Table 5. Fasting serum
insulin levels were significant higher in vehicle treated control
obese mice than in normal non-obese mice. The HOMA-IR
index was also higher in vehicle treated control mice than in
normal non-obese mice (n=8, P<0.001). The ISI for vehicle
treated control mice was lower than that for normal non-obese
mice (n=8, P<0.001). Atorvastatin treatment decreased the
HOMA-IR index and increased the ISI compared to vehicle
control treatment in obese mice (P<0.05, P<0.01, respectively)
(Table 5).

Semi-quantitative RT-PCR analysis of inflammatory factors

A semi-quantitative analysis of the expression of factors
involved in inflammation pathways are shown in Figure 3.
The expression of TNF-a and IL-6 was higher in the vehicle-
treated control obese mice than in normal non-obese mice
(Figure 3B, 3C), and the expression of IxB was lower in vehicle
treated obese controls than in normal non-obese mice (Fig-
ure 3E). Atorvastatin treatment decreased the expression
of TNF-a, IL-6, NF-xB, and IKK-p (P<0.01, P=0.08, P<0.05,
P<0.01, respectively) and enhanced of the expression of IxB

Table 2. Effect of atorvastatin on lipid metabolism in MSG-induced obese mice with insulin resistance. All data are represented by mean+SEM. Mice
were treated with atorvastatin for 30 d. n=8 mice/group. °P<0.05, °P<0.01 vs control-treated obese mice.

Gro Triglycerides Total cholesterol LDL-C HDL-C Free fatty acids
u

P (mg/dL) (mg/dL) (mg/dL) (mg/dL) (MEa/L)
Control 79.945.1 103.9+7.8 16.7+1.0 77.7+6.4 415.7+15.9
Atorvastatin (80 mg/kg) 63.8+4.1° 59.3+5.4° 10.4+0.8° 37.5+2.9° 352.0+24.3°

LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.

Table 3. Effect of atorvastatin on body characteristics of MSG-induced obese mice with insulin resistance. Data are mean+SEM. Mice were treated
with atorvastatin for 30 d. n=8 mice/group. "P<0.05, °P<0.01 vs control obese mice.

ar Body weight Body length Waistline Intraperitoneal Waistline Intraperitoneal

oup © (cm) (cm) fat (g) index fat index
Normal non-obese 30.7+2.4 10.1+0.3° 8.73+0.42° 0.600+0.100° 0.86+0.062° 0.02+0.003°
Control 63.0+7.5 10.9+0.5 13.24+0.77 6.650+1.753 1.21+0.090 10.54+2.416
Atorvastatin (80 mg/kg) 59.7+6.2 10.5+£0.3 12.80+0.85 6.600+1.125 1.22+0.077 11.05+1.413

Waistline index=waistline circumference/body length. Intraperitoneal fat index is intraperitoneal fat/body weight.
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Figure 3. Effect of atorvastatin on inflammatory factors gene expressions at transcriptional levels in adipose tissue of MSG-induced obese mice with
insulin resistance. Mice (n=5) were treated with atorvastatin (80 mgkg™d™) for 30 days. Non-obese mice (n=3) and vehicle control-treated obese mice
(n=5) were normal and MSG respectively. (A) The products of semi-quantitative PCR were run on 2.0% agarose gels and stained with ethidium bromide.
The expression level of each inflammatory factors mRNA was normalized to that of GAPDH shown in panel A. Atorvastatin inhibited the expression of
TNF-a and IL-6 in the adipose tissue (B, C), meantime atorvastatin decreased the expression of IKK-B and NF-kB p65 (D, F). Futhermore, atorvastatin

increased the IkB-a expression in adipose tissue (E).
control-treated obese mice.

Values show means+SEM as ratio. "P<0.05 vs normal non-obese mice; °P<0.05, P<0.01 vs

Table 4. Effect of atorvastatin on levels of TNF-a and IL-6 in MSG-induced obese mice with insulin resistance. Data are mean+SEM. Mice were treated
with atorvastatin for 30 days. n=8 mice/group. *P>0.05, °P<0.05, °P<0.01 vs control-treated obese mice.

G Serum IL-6 IL-6 in adipose tissue Serum TNF-« TNF-a in adipose tissue
roup (ng/mL) (ng/mg protein) (ng/mL) (ng/mg protein)
Normal non-obese 0.096+0.007 0.127+0.025° 1.21+0.071 1.44+0.029°
Control 0.091+0.007 0.341+0.039 1.19+0.039 3.79+0.062
Atorvastatin (80 mg/kg) 0.069+0.007° 0.232+0.032° 1.34+0.025 2.20+0.021°

(P=0.08) compared to vehicle control treatment in obese mice
(Figure 3).

Western blot analysis of NF-kB p65 and IkB-a

The level of NF-xB p65 and IkB-a proteins were analyzed by
Western blot analysis, and the results shown in Figure 4. The
protein level of NF-xB was higher in vehicle treated control

obese mice than in normal non-obese mice. Atorvastatin
treatment reduced the protein level of NF-xB in obese mice
compared to vehicle-treated control mice (P<0.05, Figure 4A,
4B). The level of IkB-a protein was lower in vehicle treated
controls than in normal non-obese mice, and atorvastatin treat-
ment enhanced the protein expression of IkB-a in obese mice
(P<0.05, Figure 4A, 4C).
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Table 5. Effect of atorvastatin on homeostasis model assessment of insulin resistance (HOMA-IR) index and insulin sensitivity index (ISI) in MSG-
induced obese mice with insulin resistance. Data are meantSEM. Mice were treated with atorvastatin for 30 days. n=8 mice/group. °P<0.05,
°P<0.01 vs control-treated obese mice.
Group Fasting blood glucose Serum insulin ISl (x10%) HOMA-IR
(mg/dL) (miu/L)
Normal non-obese 101.8+4.0° 39.6+2.1° 2.6+0.18° 178.8+10.5°
Control 135.6+6.1 177.3+34.2 0.6£0.11 1071.3+225.7
Atorvastatin (80 mg/kg) 116.8+4.8" 85.0+£10.4° 1.2+0.20° 429.0+55.5"
) have a role in this process, such as adipokines, defects in the
A Normal MSG Atorvastatin K i . . i . i
S 165 — DD - ——— ?nsuhn SIgnallng pathway, mltochondrlall dysfunction and
- — inflammation"* . In the past few years it has been shown
L0 _ -- - -. clearly that obesity, along with diabetes, is characterized by
GAPDH S S s sy s S | | w—" v— — a state of chronic low-grade inflammation"*?", implying that
approaches designed to improve state of chronic low-grade
B 180 c inflammation should be useful in attenuating insulin resis-
160 I tance with obesity.
2 140 The effects of statins on insulin sensitivity had been reported
é 138 in the past years, simvastatin and atorvastatin may improve
% 80 insulin sensitivity in diabetic patients[m; however, others have
@ 60 e reported that simvastatin either did not change or worsened
Lo 40 insulin sensitivity in diabetic patients®™ *. And there are no
22 - - reports exist of their mechanism of action in insulin resistance,
Normal MSG  Atorvastatin obesity animal models. We investigated the effect of atorvas-
tatin on glucose metabolism and insulin resistance and the
C 120} mechanism of action in MSG-induced obese mice, a model
o 100A of T2DM with obesity, hyperinsulinemia, insulin resistance,
§ - . hyperlipidemia and hyperglycemia.. Atorvastatin signifi-
= cantly inhibited the plasma glucose and decreased the plasma
% 601 insulin level and the HOMA-IR index but increased the ISI
@ 40 in obese mice. These findings suggest that atorvastatin may
o0 b improve insulin resistance in MSG-induced obese mice.
I_T_l As mentioned before, mounting evidence indicates that
0 — SG | Aloradiarn adipose tissue is an important cytokines-secretory organ'!
and that adiposity contributes to a chronic state of systemic
Figure 4. Effect of atorvastatin on the expression of NF-kB p65 and IkB-a inflammation™. Actually, the molecular connection between
at translational levels in adipose tissue of MSG-induced obese mice with  obesity and inflammation was documented in 1993, after the
insulin resistance. Mice were treated with atorvastatin (80 mgkg*d™) for ~ demonstration of enhanced expression of TNF-a in adipose tis-
30 days. Normal: non-obese control mice; MSG: vehicle control-treated  gye of obese rodents, and more importantly, the amelioration
obese mice; Atorvastatin: atorvastatin-treated obese mice. The protein ¢ insulin sensitivity after neutralization of this multi-potent
expressions of NF-kB p65, |.KB—0(, and GAPDH were analyzed by Western inflammatory cytokine. Inflammatory mediators derived from
blot assay (A), the expressional levels of NF-kB p65, IkB-a, and GAPDH . . . . . I
were normalized to that of GAPDH, respectively. Atorvastatin significantly adlpose tissue and increased in level in Obe51ty include IL-6,
. . A ) IL-1B, and monocyte MCP-1%"*I. Further, growing evidence
reduced the expression of NF-kB p65 in adipose tissue compared to R .
MSG group (B), but induced the expression of IkB-a (C). Values are suggests that, similar to TNF-a, these and other inflammatory
meansSEM as ratio. "P<0.05, °P<0.01 vs normal mice: °P<0.05 vs MsG ~ Molecules negatively affect insulin sensitivity through activa-
mice. tion of NF-kB, a transcription factor, which triggers the pro-
duction of numerous inflammatory mediators such as TNF-a
and IL-6. These factors can sustain and heighten inflamma-
Discussion tory activation, thus leading to local and systemic insulin
Insulin resistance is the critical pathological feature of type 2 resistance™. In our study, atorvastatin significantly decreased
diabetes mellitus, obesity, metabolic syndrome, and aging"™”.  the secretory level of TNF-a and IL-6 in adipose tissue. This
Although the precise pathogenesis of insulin resistance finding suggests that atorvastatin may inhibit the generation
remains ill-defined, several factors have been proposed to of inflammatory factors, thereby improving insulin resistance
Acta Pharmacologica Sinica



in MSG-induced obese mice.

Furthermore, atorvastatin decreased the mRNA level of
TNF-a and IL-6 but not significantly (P=0.08) in adipose tis-
sue, which is consistent with the results of their secretory
levels in adipose tissue. In addition, atorvastatin significantly
decreased the expression of IKK-p and NF-xB and increased
that the expression of the inhibitor of NF-«B, IxB-a. IKK-p is
an important kinase that can affect insulin signaling through
serine phosphorylation of IRS-1 and by phosphorylation of
IxB-a, which leads to stimulation of the NF-xB pathway.
IxB -a inhibits the transcriptional activity of NF-xB in the cyto-
plasm by preventing the nuclear translocation of NF-«B. In the
nucleus, it dissociates NF-xB from DNA and transports it back
to the cytoplasm®
vastatin action through inflammatory factors, we analyzed the

. To further support the mechanism of ator-

protein level of NF-xB and IxB-a and found that atorvastatin
significantly reduced the level of NF-«B protein and increased
protein levels of IkB-a. These findings support our hypothesis
that atorvastatin inhibits the activity of IKK-p and NF-xB, and
increases that of IkB-a, which inhibits the activity of NF-xB.
Thus, atorvastatin reduced inflammatory factor activation and
improved insulin resistance in MSG-induced obese mice.
Results from our study and that of others raise questions
about the effects in humans being treated with approved
doses of atorvastatin. We chose doses of atorvastatin compa-
rable to those used for treatment of hypercholesterolemia in
humans. The dose of 80 mg-kg™ -d™ for mice is estimated to be
slightly higher than the maximal approved dose for humans.
Atorvastatin has a high LD, (5000 mg/kg) in the micePso
the dose used was safe for the mice in our study. Atorvasta-
tin can adversely affect liver function in some patients with

liver dysfunctionml.

In our study, we also assayed AST and
ALT levels in serum and found the liver function of MSG-
induced obese mice with atorvastatin treatment had no differ-
ence from that of the treated control mice (data not shown).
Interesting, we found a decrease in plasma HDL-cholesterol
after atorvastatin treatment. This result seems to be conflict-
ing with other reports about the role of increasing HDL with
atorvastatin. However, compared to humans, mice and rats
transport most of their serum cholesterol in the HDL-C frac-
tion, not the LDL-C fraction™!. In this mouse model, when
atorvastatin decreased the plasma level of total cholesterol, the
plasma level of HDL was decreased. However, we have used
the mice with MSG-induced obesity as a model of obesity-
associated insulin resistance for many years, and many char-
acteristics of this animal model have a striking resemblance
to human disease. The most important characteristic of such
mice is abdominal obesity. A large amount of abdominal fat
in MSG-induced obese mice with insulin resistance could be
related to chronic inflammation, so MSG-induced obese mice
are suitable for study of the effect of atorvastatin on improv-
ing insulin resistance to ameliorate the state of chronic inflam-
mation and inhibit the activity of proteins in the inflammatory
pathway.

In conclusion, atorvastatin treatment decreased lipid lev-
els, improved glucose metabolism after glucose loading, and
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improved insulin resistance in MSG-induced obese mice. Pos-
sible mechanisms of the improved glucose metabolism with
atorvastatin treatment may include ameliorating the state of
chronic inflammation by inhibiting synthesis of inflammatory
factors through inhibiting the expression of NF-xB and IKK-g,
as well as increasing the expression of IkB-a in adipose tissue.
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