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The present study examined the role of clusterin in insulin resistance in high fat-fed wild-type and
clusterin knockout (KO) mice. The plasma levels of glucose and C-peptide and islet size were
increased in clusterin KO mice after an 8-week high-fat diet. In an ip glucose tolerance test, the area
under the curve for glucose was not different, whereas the area under the curve for insulin was
higher in clusterin KO mice. In a hyperinsulinemic-euglycemic clamp, the clamp insulin levels were
higher in clusterin KO mice after the high-fat diet. After adjusting for the clamp insulin levels, the
glucose infusion rate, suppression of hepatic glucose production, and glucose uptake were lower
in clusterin KO mice in the high fat-fed group. The plasma levels of clusterin and clusterin mRNA
levels in the skeletal muscle and liver were increased by the high-fat diet. The mRNA levels of the
antioxidant enzymes were lower, and the mRNA levels of nicotinamide adenine dinucleotide
phosphate oxidase (NOX) 1 and cytokines and protein carbonylation were higher in the skeletal
muscle and liver in clusterin KO mice after the high-fat diet. Palmitate-induced gene expressions
of NOX1 and cytokines were higher in the primary cultured hepatocytes of clusterin KO mice
compared with the wild-type mice. Clusterin inhibited the gene expression and reactive oxygen
species generation by palmitate in the hepatocytes and C2C12. AKT phosphorylation by insulin was
reduced in the hepatocytes of clusterin KO mice. These results suggest that clusterin plays a pro-
tective role against high-fat diet-induced insulin resistance through the suppression of oxidative
stress and inflammation. (Endocrinology 155: 2089–2101, 2014)

Clusterin is a disulfide-linked heterodimeric glycopro-
tein composed of �- and �-subunits that is constitu-

tively expressed in almost all mammalian tissues (1). Al-
though a single gene encodes clusterin, 3 mRNA isoforms
are translated into a variety of proteins that can be
grouped into secreted and nuclear clusterin according to

their localization (2, 3). Clusterin forms a high-density
lipoprotein (HDL) complex with apolipoprotein A-1
(ApoA1) and is also incorporated into the soluble terminal
complement complex in the plasma (4).

Clusterin is known to be involved in physiological pro-
cesses, such as complementary activity, lipid transporta-
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tion, sperm maturation, and apoptosis (5). Moreover, ep-
idemiological studies reveal that clusterin is associated
with inflammatory and metabolic diseases, including di-
abetes, atherosclerosis, and cancer (6–9). The serum clus-
terin levels are increased in type 2 diabetes patients and
positively correlated with the blood glucose levels (6, 9),
whereas the clusterin levels in HDL are lower in individ-
uals with reduced insulin sensitivity and a higher body
mass index (10). Furthermore, the clusterin single nucle-
otide polymorphism in Japanese diabetic patients is asso-
ciated with the prevalence of type 2 diabetes (11). Al-
though the physiological role of clusterin and previous
epidemiological studies indicate the close relationship be-
tween clusterin and insulin resistance or diabetes, there is
no direct evidence suggesting the involvement of clusterin
in insulin sensitivity.

Therefore, in this study, we examined whether clusterin
is involved in insulin resistance in high fat-fed wild-type
and clusterin knockout mice using a hyperinsulinemic-
euglycemic clamp study.

Materials and Methods

Animals
Eight-week-old male C57BL/6 wild-type and clusterin knock-

out mice were used in these experiments. To generate clusterin
knockout mice with a C57BL/6 genetic background, clusterin-
deficient mice originally generated using a Swiss black genetic
background were backcrossed onto the C57BL/6 strain for at
least 7 generations (12, 13). Mice were housed in a room with a
12-hour light, 12-hour dark cycle, with lights-on at 7 AM and
light-off at 7 PM. The mice were fed on a standard chow diet or
a high-fat diet for 8 weeks and given ad libitum access to water.
The chow diet provided 64% energy as carbohydrate, 20% as
protein, and 16% as fat (AIN-93G; Feedlab). The high-fat diet
provided 20% energy as carbohydrate, 20% as protein, and
60% as fat (HFD 60% calories; Feedlab). The study was con-
ducted in accordance with the guidelines for the care and use of
laboratory animals provided by Yeungnam University, and all of
the experimental protocols were approved by the Ethical Com-
mittee of Yeungnam University.

Intraperitoneal glucose tolerance test (IPGTT)
After an 8-week high-fat diet, the mice were fasted overnight,

and blood samples were collected for basal glucose and insulin
levels. Glucose (1.5 g/kg body weight) was injected ip, and blood
samples for glucose were collected at 15, 30, 60, 90, and 120
minutes, whereas blood samples for insulin were collected at 15
and 60 minutes. Glucose was measured with OneTouch blood
glucose meters (LifeScan Europe).

Homeostasis model assessment of insulin
resistance (HOMA-IR)

HOMA-IR was calculated with fasting glucose and insulin
concentrations, using the following formula: fasting blood glu-
cose (mg/dL) � fasting insulin (�U/mL)/405.

Hyperinsulinemic-euglycemic clamp
A hyperinsulinemic-euglycemic clamp study was performed

as previously described (14). Briefly, 4 days before the experi-
ments, a catheter (silicone tubing; Helix Medical) was inserted
into the right internal jugular vein of the mice to deliver solutions.
After overnight fasting, a 2-hour hyperinsulinemic-euglycemic
clamp was performed with a primed (900 pmol/kg body weight),
and continuous infusion of human regular insulin (Novolin,
Novo Nordisk) at a rate of 15 pmol/kg�1�min�1, and 20% glu-
cose was infused to maintain glucose at constant concentrations.
Blood samples were collected from the tail vessel, and the plasma
glucose levels were measured using a Beckman Glucose Analyzer
2 (Beckman). The basal and insulin-stimulated rates of the
whole-body glucose uptake were estimated with a continuous
infusion of [3-3H] glucose (PerkinElmer Life and Analytical Sci-
ences) for 2 hours before the clamps (0.05 �Ci/min) and through-
out the clamps (0.1 �Ci/min), respectively. To estimate insulin-
stimulated glucose uptake in individual tissues, 2-deoxy-D-[1-
14C]glucose (2-[14C]DG) (PerkinElmer Life and Analytical
Sciences) was administered as a bolus (10 �Ci) at 75 minutes
after the start of the clamps. At the end of the clamps, the mice
were anesthetized, and the tissue samples were dissected and
stored at �80 °C. The epididymal fat pads were excised and
weighed, and fat mass was expressed as percentage of total body
weight. The whole-body glucose uptake rate was determined as
the ratio of the [3H] glucose infusion rate (disintegrations per
minute [dpm/min]) to the specific activity of plasma glucose
(dpm/�mol). Hepatic glucose production (HGP) during the
clamps was determined by subtracting the glucose infusion rate
from the whole-body glucose uptake rate. The glucose uptake
rate in individual tissues was calculated from the plasma
2-[14C]DG profile and the tissue 2-[14C]DG 6-phosphate con-
tent using MLAB (Civilized Software).

Plasma biochemicals
Plasma levels of free fatty acids (Wako Diagnostics), triglyc-

erides (Sigma-Aldrich), and cholesterols (Asan Pharmaceutical)
were measured with enzymatic colorimetric method. Plasma lev-
els of insulin (Millipore), C-peptide (Alpco), clusterin (Uscn Life
Science, Inc), and ApoA1 (Uscn Life Science, Inc) were measured
by an ELISA according to manufacturer’s instructions.

Generation of recombinant adenovirus
Adenoviruses expressing clusterin (Ad-CLUs) were generated

as previously described (15). Briefly, the cDNA encoding rat
clusterin was inserted into the BglII/XhoI sites of the pAd-Track-
CMV shuttle vector, and then the resultant shuttle vector was
electroporated into BJ5138 cells containing the AdEasy adeno-
viral vector. The recombinant adenoviral plasmids were trans-
fected and amplified in human embryonic kidney-293. The ef-
ficiency of adenoviral infection was assessed using a recombinant
Ad-CLU fused to green fluorescent protein (GFP) (data not
shown). Control adenoviruses (adenovirus expressing GFP [Ad-
GFP]) were prepared by the same method.

Cell cultures
For the primary culture of mice hepatocytes, livers were per-

fused with Ca2�-free Krebs-Ringer’s HEPES buffer, followed by
perfusion with Krebs-Ringer’s HEPES buffer containing CaCl2
and 0.3 mg/mL collagenase IV (Sigma-Aldrich). The isolated
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hepatocytes were filtered through 100-�m nylon mesh, counted,
and tested for viability using trypan blue exclusion. Cells were
plated on 0.2% gelatin-coated dishes in DMEM (Gibco), sup-
plemented with 10% fetal bovine serum (FBS), 10 mg/mL insu-
lin, glutamin, and antibiotics. After attachment, the medium was
replaced with fresh DMEM without insulin. C2C12 cells (Amer-
ican Type Culture Collection) were cultured in DMEM supple-
mented with 10% FBS and 1% penicillin/streptomycin (Sigma-
Aldrich). For differentiation, cells grown to 70% confluence
were switched to differentiation media (DMEM with 2% FBS)
and then cultured for 6 days, during which time the medium was
changed every 2 days.

Flow cytometry
The C2C12 cells were treated with 1 �g/mL recombinant

mouse clusterin (R&D Systems) for 1 hour and then treated with
500�M palmitate for 6 hours. Reactive oxygen species (ROS)
generation was determined using flow cytometry. The reagents
were obtained from Becton Dickinson and used according to the
manufacturer’s instructions. Briefly, the cells were treated with
20�M 2�,7�-dichlorofluorescein diacetate (Sigma-Aldrich) for
20 minutes in the dark and washed twice with cold PBS. 2�,7�-
dichlorofluorescein diacetate-V-fluorescein isothiocyanate-con-
jugated cells were detected with the FACScanto II (Becton
Dickinson).

Staining
Pancreas were fixed in 10% neutral buffered formalin, em-

bedded in paraffin block, sectioned into 4-�m-thick sections,
and stained with hematoxylin and eosin. The digital images were
captured using ProgRes C14 plus microscope camera (Jenoptik
AG), and the largest diameters from each islet were measured to
calculate the mean diameter (ProgRes Capture Pro V 2.8.8; Jen-
optik AG). For immunohistochemical staining for insulin, 4-�m-
thick tissue sections were mounted on poly-L-lysine-coated
slides. Endogenous peroxidase activity was inactivated by incu-
bation of the sections in 4% H2O2 for 5 minutes. After rinsing
the sections in PBS, the tissue sections were then incubated with
primary antibody (1:200, polyclonal; Abcam) for 60 minutes at
room temperature, and then visualization of positive staining
was achieved with use of a DAKO EnVision Plus-HRP labeled
polymer detection kit (DAKO) according to the manufacturer’s
instructions.

Western blotting
The antibodies for the phosphorylated AKT at serine-473 and

AKT were obtained from Cell Signaling Technology. The anti-
body for inducible nitric oxide synthase (iNOS) was from BD
Biosciences, the antibody for IL-6 was from Abcam, and the
antibody for glyceraldehyde 3-phosphate dehydrogenase was
from Santa Cruz Biotechnology, Inc. Western blotting was per-
formed as previously described (16). Briefly, the tissue samples
were homogenized in lysis buffer, and protein concentrations
were determined by a Bradford assay (Sigma-Aldrich). The pro-
teins were separated by SDS-PAGE and transferred to a polyvi-
nylidene fluoride membrane (Millipore). After blocking the
membrane with Tris-buffered saline with Tween-20 (TBST) so-
lution, the membrane was incubated with the primary antibodies
overnight at 4°C. The membrane was washed in TBST, incu-
bated with an antirabbit IgG secondary antibody (BD Biosci-

ences) for 1 hour at room temperature. The bands were visual-
ized with a chemiluminescent detection reagent (Millipore).

Protein carbonylation
Protein carbonylation was measured with an OxyBlot Protein

Oxidation Detection kit (Millipore) as previously described (17).
Briefly, the tissues were homogenized in lysis buffer (iNtRON
Biotechnology) with 50mM dithiothreitol, and 10 �g of protein
were incubated with 2,4-dinitrophenylhydrazine to form the
2,4-dinitrophenyl hydrazone derivatives. Protein was separated
by SDS-PAGE and transferred to a polyvinylidene fluoride mem-
brane. After blocking with TBST containing 1% BSA, the mem-
brane was incubated with primary antibody, specific to the 2,4-
dinitrophenyl moiety of the protein, and then incubated with
goat antirabbit IgG coupled to horseradish peroxidase. Car-
bonylated protein was visualized using an enhanced chemilumi-
nescence detection reagent (Millipore).

Quantitative real-time PCR (qRT-PCR)
A qRT-PCR was performed as previously described (16).

Briefly, 25-mg tissue samples were homogenized in TRI reagent
(Sigma-Aldrich), and RNA was reverse transcribed to cDNA
using a reverse transcription kit (Applied Biosystems). qRT-PCR
was performed using the Real-Time PCR 7500 System and
Power SYBR Green PCR Master Mix (Applied Biosystems) ac-
cording to the manufacturer’s instructions. The expression levels
of �-actin were used for sample normalization. Each reaction
mixture was incubated at 95°C for 10 minutes followed by 45
cycles of 95°C for 15 seconds, 55°C for 20 seconds, and 72°C for
35 seconds. The primer sequences were: �-actin (121 bp: for-
ward, 5�-TGGACAGTGAGGCAAGGATAG-3�; reverse, 5�-
TACTGCCCTGGCT CCTAGCA-3�), iNOS (71 bp: forward,
5�-CTCCTGCCTCATGCCATT-3�; reverse, 5�-TGTTCC TC-
TATTTTTGCCTCTTTA-3�), TNF-� (71 bp: forward, 5�-CT
ACTCCCAGGTTCTCTTCAA-3�; reverse, 5�-GCAGAGAG-
GAGGTTGACTTTC), IL-1� (71 bp: forward, 5�-GCCCATCC
TCTGTGA CTCA-3�; reverse, 5�-AGTGCAGCTGTCTAAT
GGGA-3�), IL-6 (71 bp: forward, 5�-GTCGGAGGC TTAA
TTACACATG-3�; reverse, 5�-TCAGAATTGCCATTGCACA-
3�), superoxide dismutase (SOD) (71 bp: forward, 5�-CTGC
TCTAATCAGGACCCATT-3�; reverse, 5�-GTGCTCCCACA
CGTCAATC-3�), glutathione peroxidase 1 (GPx1) (71 bp:
forward, 5�-GAAGTGCGAAGTGAATGGTG-3�; reverse, 5�-
TGGGTGTTGGCAAGGC-3�), clusterin (71 bp: forward, 5�-
GCATACCTGCATGAAGTTCTAT G-3�; reverse, 5�-GTA
GAAGGGTGAGCTCTGGTTT-3�), and nicotinamide adenine
dinucleotide phosphate oxidase (NOX) 1 (71 bp: forward,
5�-GGCTGCTGGACACCTATGT-3�; reverse, 5�-AGATCCA-
GAGGTTTGGGTACA-3�), fructose-1,6-bisphosphatase (FBP)
(71 bp: forward, 5�-AGCCTTCTGAGAAGGATGCTC-3�; re-
verse, 5�-GTCCA GCATGAAGCAGTTGAC-3�), glucose-6-
phosphatase (G6P) (71 bp: forward, 5�-TGTCTAAC CG-
GCTTCAGTTG-3�; reverse, 5�-TAATCGCCTTTAACT-
GGCTACT-3�), ApoA1 (100 bp: forward, 5�-CAGCGGCA-
GAGACTATGTGT-3�; reverse, 5�-AACGGTTGAACCCAGA
GTGT-3�), and apolipoprotein B (ApoB) (100 bp: forward, 5�-
CAGCCATGGGCAACTTTAC-3�; reverse,5�-TGGGCAACGAT-
ATCTGATTG-3�).
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Tissue lipid and ApoA1 levels
The lipids in the liver and skeletal muscle were extracted by

a modified version of the method of Folch et al (18). Tissues were
homogenized with 0.01% butylethylhydroxylate containing
chloroform:methanol 2:1 solution. The same amount of chlo-
roform:methanol 2:1 solution was added, and the mixtures were
agitated for 2 hours in an orbital shaker at room temperature.
After adding distilled water, the tubes were centrifuged for 10
minutes at 3000 rpm. Chloroform layers were collected, and
same amount of chloroform solution containing 1% Triton
X-100 was added. After drying the sample, 100 �L of distilled
water were added. The triglyceride levels (Sigma-Aldrich) were
determined by enzymatic colorimetric methods (Sigma-Aldrich).
The total cholesterol and HDL-cholesterol content was mea-
sured using total cholesterol kit and HDL-cholesterol kit (Asan
Pharmaceutical). For tissue ApoA1 determination, liver was ho-
mogenized with a glass homogenized in PBS, and the homoge-
nates were centrifuged at 5000 g. The supernate was used in the
assay according to manufacturer’s instructions (Uscn Life Sci-
ence, Inc).

Statistics
The results are expressed as the mean � SEM. The differences

among the groups were analyzed with a one-way ANOVA fol-
lowed by Tukey’s post hoc test. The differences between the 2
groups were analyzed with Student’s t test. P � .05 was consid-
ered significant.

Results

Body weight, fat mass, and plasma biochemicals
The body weight, fat mass, and plasma levels of glu-

cose, insulin, and lipid were not different between the
wild-type and clusterin knockout mice in the chow-fed
group. An 8-week high-fat diet increased the body weight
and fat mass in both the wild-type and clusterin knockout
mice, and there was no difference between the 2 groups
(Table 1). The plasma levels of glucose and insulin was

also increased by the high-fat diet in both the wild- type
and clusterin knockout mice, and the plasma glucose levels
were significantly higher in the clusterin knockout mice
compared with wild-type mice in high fat-fed group. The
plasma levels of free fatty acids, triglycerides, and total
cholesterol were increased by the high-fat diet in both the
wild-type and clusterin knockout mice, and they were not
different between the 2 groups. The plasma levels of HDL
cholesterol were significantly reduced by the high-fat diet
in both groups, and there was no difference between the 2
groups (Table 1). The plasma levels of clusterin were in-
creased by the high-fat diet in the wild-type mice. The
plasma levels of ApoA1 were increased in the clusterin
knockout mice, and high-fat diet did not significantly af-
fect the ApoA1 levels (Table 1).

IPGTT and HOMA-IR
The blood glucose and plasma insulin levels were not

different between the 2 groups in the chow-fed mice after
overnight fasting. The high-fat diet increased the blood
glucose levels in the wild-type and clusterin knockout
mice. The blood glucose levels of the clusterin knockout
mice were significantly higher than those of the wild-type
mice. The plasma insulin levels were also increased in both
the wild-type and clusterin knockout mice after the high-
fat diet, and the plasma insulin levels tended to be higher
in the clusterin knockout mice than in the wild-type mice
(P � .07). After an ip injection of 1.5 g/kg glucose, the
blood glucose levels were higher at 15, 30, 60, 90, and 120
minutes in the mice with the high-fat diet, and there was
no difference between the wild-type and clusterin knock-
out mice. The area under the curve (AUC) for glucose
showed the same pattern of change after the high-fat diet
(Figure 1, A and B). The plasma levels of insulin were
increased at 15 and 60 minutes in the wild-type and clus-

Table 1. Body Weight, Fat Mass, and Plasma Levels of Glucose, Lipids, and Apolipoproteins in High Fat-Fed Wild-
Type and Clusterin Knockout Mice

Chow diet High-fat diet

Wild-type Clusterin KO Wild-type Clusterin KO

Body weight (g) 30 � 0.8 29 � 0.9 37 � 0.8a 38 � 0.8a

Fat mass (% BW) 3.2 � 0.28 2.7 � 0.28 5.0 � 0.24a 5.3 � 0.24a

Glucose (mM) 7.8 � 0.56 8.9 � 0.23 10.3 � 0.58a 12.6 � 0.59ab

Insulin (pM) 40 � 5.1 51 � 4.0 263 � 33a 392 � 55a

Free fatty acids (mEq/L) 0.7 � 0.02 0.7 � 0.03 0.9 � 0.04a 0.9 � 0.06a

Triglycerides (mM) 0.7 � 0.01 0.7 � 0.01 1.8 � 0.08a 2.0 � 0.06a

Total cholesterol (mM) 1.9 � 0.05 2.0 � 0.02 2.6 � 0.17a 2.9 � 0.12a

HDL cholesterol (mM) 1.4 � 0.02 1.3 � 0.02 1.0 � 0.03a 0.9 � 0.03a

Clusterin (�g/mL) 123 � 3.7 140 � 3.5a

ApoA1 (mg/dL) 133 � 11.2 165 � 6.4a 152 � 6.5 168 � 8.1a

The results are expressed as mean � SE. Experimental cases in each group are 8–10. BW, body weight; KO, knockout.
a P � .05 vs chow-fed wild-type.
b P � .05 vs high fat-fed wild-type mice.
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terin knockout mice after the high-fat diet, and the plasma
levels of insulin in the clusterin knockout mice at 60 min-
utes were significantly higher than those of wild-type mice.
The AUC for insulin was significantly higher in the clus-
terin knockout mice than in the wild-type mice (Figure 1,
C and D). HOMA-IR was not different between the 2
groups in the chow-fed mice. The high-fat diet increased
HOMA-IR in the wild-type mice and further increased
HOMA-IR in the clusterin knockout mice (Figure 1E).
The plasma levels of C-peptide after overnight fasting and
feeding were not different between the wild-type and clus-
terin knockout mice in the chow-fed group. The high-fat
diet increased the C-peptide levels in the wild-type and
clusterin knockout mice, and the C-peptide levels were

significantly higher in the clusterin knockout mice than
those in the wild-type mice (Figure 1, F and G). The di-
ameter of islets was significantly increased in the high fat-
fed clusterin knockout mice compared with the chow-fed
wild-type mice, and most of islet cells were positive for
insulin (Figure 1, H and I).

Hyperinsulinemic-euglycemic clamp
Thebasalglucoseuptakedidnotdifferamong thegroups.

Theplasmainsulin levelsatbasal statewerehigher inthehigh
fat-fed mice, and there was no difference between the wild-
type and clusterin knockout mice. During the hyperinsuline-
mic-euglycmic clamp, the plasma glucose levels were main-
tained at approximately 6mM in all groups, and the plasma
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Figure 1. IPGTT and islet staining in the high fat-fed wild-type and clusterin knockout mice. After overnight fasting, the mice were injected with
glucose (1.5 g/kg) ip, and the blood glucose (A) and insulin (C) were measured at the indicated time. The AUCs for glucose (B) and insulin (D) were
calculated. HOMA-IR was calculated from glucose and insulin at 0 minutes (E). Plasma C-peptide levels after overnight fasting (F) and feeding (G).
Pancreas was stained with hematoxylin-eosin, and the largest diameters from each islet were measured to calculate the mean diameter in the
digital images (H). Immunohistochemical staining for insulin in pancreas (I). The results are expressed as the mean � SE. Experimental cases in each
group are 8–10. *, P � .05 vs chow-fed wild-type mice and #, P � .05 vs high fat-fed wild-type mice. WT, wild-type; CLU, clusterin; HF, high-fat;
WC, wild-type chow; CC, clusterin knockout chow; WH, wild-type high-fat; CH, clusterin knockout high-fat; KO, knockout.
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insulin levels were elevated to approximately 300pM in the
chow diet group. The plasma insulin levels during the clamp
were increased in the high fat-fed wild-type mice compared
with those the chow-fed mice, and they were further in-
creased in the high fat-fed clusterin knockout mice (Figure 2,
A and B).

The glucose infusion rate to maintain euglycemia and
whole-body glucose uptake were not different between the
wild-type and clusterin knockout mice in the chow-fed
group. The glucose infusion rate was reduced in both the
wild-type and clusterin knockout mice after the high-fat
diet, and there was no difference between the 2 groups
(Figure 2C). The high-fat diet also reduced the insulin-
stimulated whole-body glucose uptake in both the wild-
type and clusterin knockout mice, and there was no dif-
ference between the 2 groups (Figure 2A). Because the
clamp insulin levels were significantly higher in the clus-

terin knockout mice than in the wild-type mice after the
high-fat diet, the glucose infusion rate and whole-body
glucose uptake were adjusted for the clamp insulin levels.
After the adjustment, the glucose infusion rate and whole-
body glucose uptake were significantly reduced in the clus-
terin knockout mice compared with the wild-type mice in
the high fat-fed group (Figure 2, D and E).

Glucose uptake in the skeletal muscle was not different
between the 2 groups in the chow-fed mice. The high-fat
diet reduced glucose uptake in both the wild-type and clus-
terin knockout mice, and there was no difference between
the wild-type and clusterin knockout mice. After adjust-
ment with the clamp insulin level, glucose uptake in the
skeletal muscle was significantly lower in the clusterin
knockout mice than in the wild-type mice in the high fat-
fed group (Figure 3, A and B).

The suppression of HGP by insulin was not different be-
tween the 2 groups in the chow-fed
mice. It was significantly reduced in
both the wild-type and clusterin
knockout mice after the high-fat diet,
and there was no difference between
the 2 groups. After adjustment with
the clamp insulin levels, the suppres-
sion of HGP was significantly lower in
the clusterinknockoutmice compared
with the wild-type mice in the high fat-
fed group (Figure 3, C and D). The
gene expression of G6P and FBP in the
liver after hyperinsulinemic-euglyce-
mic clamp was not different between
the2groups in thechow-fedmice.The
high-fatdiet significantly increasedthe
gene expression of these enzymes in
the wild-type mice and further in-
creased the gene expression of G6P
(P � .05) and FBP (P � .07) in the
clusterin knockout mice compared
with the high fat-fed wild-type mice
(Figure 3, E and F). The difference (�)
in gene expression of G6P before and
after insulin treatment was reduced in
the wild-type mice after the high-fat
diet, and it was further reduced in the
high fat-fed clusterin knockout mice.
The difference in gene expression of
FBP was also reduced in the wild-type
mice after the high-fat diet, and it
tended to be further reduced in the
high fat-fed clusterin knockout mice
(P � .07 vs high fat-fed wild-type
mice) (Figure 3, G and H).
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Oxidative stress and inflammation in skeletal
muscle

The gene expression of clusterin was increased in the
skeletal muscle of the wild-type mice after the high-fat diet
(Figure 4A). The gene expression of ApoA1 and ApoB was
not different among the groups (Figure 4, B and C). The
gene expression of NOX1 in the skeletal muscle was sig-
nificantly increased in the clusterin knockout mice. The
high-fat diet also increased the expression of NOX1 in the
wild-type mice and further increased the gene expression
in the clusterin knockout mice (Figure 4D). The gene ex-
pression of the antioxidant enzymes SOD and GPx1 was

decreased in the wild-type mice after
the high-fat diet, and it was further
decreased in the clusterin knockout
mice (Figure 4, E and F). Protein car-
bonylation in the skeletal muscle
tended to be increased in the clus-
terin knockout mice (P � .08). The
high-fat diet increased the protein
carbonylation in the skeletal muscle
of the wild-type mice and further in-
creased the protein carbonylation in
the clusterin knockout mice (Figure
4G). The gene expression of iNOS,
IL-6, IL-1�, and TNF-� in the skel-
etal muscle was increased by the
high-fat diet in the wild-type mice,
and it was further increased in the
clusterin knockout mice (Figure 4,
H–K). The high-fat diet also in-
creased the protein levels of iNOS
and IL-6 in the wild-type mice and
further increased the protein levels in
the clusterin knockout mice (Figure
4, L and M).

Oxidative stress and
inflammation in liver

The gene expression of clusterin
in the liver was also increased by the
high-fat diet in the wild-type mice
(Figure 5A). The gene expression of
ApoA1 was increased in the clusterin
knockout mice, and high-fat diet had
no significant effect on the ApoA1
mRNA levels. The ApoA1 protein
levels showed the same pattern of
change. The gene expression of
ApoB was not affected by either
high-fat diet or deficiency of clus-
terin (Figure 5, B–D). The gene ex-
pression of NOX1 was increased in

the clusterin knockout mice compared with the wild-type
mice in the chow-fed group. The high-fat diet increased
NOX1 mRNA levels in the wild-type mice and further
increased the gene expression in the clusterin knockout
mice (Figure 5E). The gene expression of SOD and GPx1
was decreased in both the wild-type and clusterin knock-
out mice by the high-fat diet, and it was significantly lower
in the clusterin knockout mice than in the wild-type mice
(Figure 5, F and G). The high-fat diet increased protein
carbonylation in the liver of the wild-type mice and further
increased the protein carbonylation in the clusterin knock-
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out mice (Figure 5H). The gene expression and protein
levels of iNOS were increased in both the wild-type and
clusterin knockout mice by the high-fat diet, and they were
significantly higher in the clusterin knockout mice than
those in the wild-type mice. The gene expression and pro-
tein levels of IL-6 showed the same pattern of change with
iNOS. The protein levels of IL-6 tended to be increased in
the clusterin knockout mice compared with the wild-type
mice after the high-fat diet (P � .07) (Figure 5, I–L).

Tissue lipid levels
Triglyceride, total cholesterol, and HDL-cholesterol

levels in the skeletal muscle were not different between the
2 groups in the chow-fed mice. The high-fat diet increased
the triglyceride and total cholesterol levels and decreased
the HDL-cholesterol levels in the skeletal muscle both in
the wild-type and clusterin knockout mice, and there was
no difference between the 2 groups (Figure 6, A–C). Lipid
levels in the liver showed a similar pattern of changes after

the high-fat diet, and there was no difference between the
2 groups (Figure 6, D–F).

Oxidative stress, inflammation, and AKT
phosphorylation in cells

Treatment of the hepatocytes with 500�M palmitate
for 10 hours increased the mRNA levels of iNOS, IL-6,
IL-1�, and TNF-� by 2-, 4-, 7-, and 1.7-fold, respectively,
in the wild-type mice, whereas palmitate increased the
gene expression of iNOS, IL-6, IL-1�, and TNF-� by 3-,
9-, 14-, and 3.3-fold, respectively, in the hepatocytes of
clusterin knockout mice (Figure 7, A–D). Treatment of the
hepatocytes from the wild-type mice with palmitate in-
creased the gene expression of NOX1, iNOS, and IL-6,
and clusterin overexpression using adenovirus (Ad-CLU)
reduced the palmitate-induced gene expression (Figure 7,
E–G). Treatment of the C2C12 myotubes with palmitate
increased the gene expression of NOX1, iNOS, and IL-6,
and clusterin treatment reduced the palmitate-induced
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gene expression (Figure 7, H–J). Treatment of cells with
500�M palmitate for 6 hours increased ROS levels, and
pretreatment of cells with 1 �g/mL clusterin reduced the
palmitate-induced ROS generation in C2C12 (Figure 7K).
Insulin-stimulated AKT phosphorylation at serine-473
was reduced in the hepatocytes of clusterin knockout
mice, which was also observed in cells treated with palmi-
tate (Figure 7L).

Discussion

The present study demonstrates that the high-fat diet in-
duces insulin resistance and enhances clusterin expression,
which is accompanied by increased oxidative stress and
inflammation. A deficiency of clusterin exacerbates high-
fat diet-induced insulin resistance and worsens oxidative
stress and inflammation in mice. Clusterin treatment in-
hibits palmitate-induced ROS production and cytokine

expression in cells, and insulin-stimulated AKT phosphor-
ylation is reduced in clusterin-deficient cells. These results
suggest that clusterin may have a protective role against
high-fatdiet-induced insulin resistance. Furthermore, they
also indicate an association between clusterin and oxida-
tive stress and inflammation after consumption of a high-
fat diet.

Clusterin expression is increased in a variety of cells
under stress conditions, including oxidative stress and in-
flammation. The gene expression of clusterin is increased
by hydrogen peroxide in human fibroblasts (19), pancre-
atic acinar AR4–2J cells (20), and human epidermoid can-
cer cells (21). Lipopolysaccharides and inflammatory cy-
tokines, such as TNF-� and IL-1, increase the hepatic
mRNA levels and serum levels of clusterin in Syrian ham-
sters (22). Because obesity, induced by a high-fat diet,
causes oxidative stress and inflammation (23, 24), it was
assumed that a high-fat diet would increase clusterin ex-
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pression. As we expected, chronic high-fat feeding en-
hanced clusterin expression in the plasma and tissues,
which was accompanied with increased oxidative stress
and inflammation. Previously, clusterin is increased in the
aortic lesions of the high fat-fed mice (25), and renal clus-
terin expression is higher in obese Zucker rats compared
with age-matched lean strain (26). Weight loss by gastric
bypass surgery reduces the plasma level of clusterin and
the gene expression of clusterin in mononuclear cells in
type 2 diabetes patients, which is accompanied by reduced
proinflammatory mediators (27, 28).

Although increased levels of clusterin under oxidative
stress may augment or retard the tissue damage, or may
simply be a stress marker for oxidative stress, a line of
evidence suggests the protective effects of clusterin on ox-
idative stress and inflammation. The overexpression of
clusterin shows enhanced viability and less apoptosis in
pancreatic acinar AR4–2J cells treated with hydrogen per-
oxide, whereas down-regulation of endogenous clusterin
expression displays reduced viability and increased apo-
ptosis (29). Increased clusterin expression suppresses the
oxidative stress induced by other oxidants, such as UV and
ethanol, and rescues the cells from apoptosis (21, 30, 31).
Consistent with these previous results, clusterin sup-
pressed the palmitate-induced ROS production and cyto-
kine expression in the hepatocyte and C2C12 myotubes in
the present study. Furthermore, the gene expression of
clusterin is increased after pancreatitis induction in rats
(20), and the clusterin knockout mice develop more severe
pancreatitis (29). We also presently showed that a defi-

ciency of clusterin presently exacerbated high-fat diet-in-
duced oxidative stress and inflammation in mice. The an-
tioxidant effect of clusterin is supported by thiol-reducing
equivalents but not by acorbate in vitro, suggesting that
clusterin inhibits ROS generation via its cysterin sulfhy-
dryl groups (32). We also presently found that the ApoA1
levels were increased in the clusterin knockout mice. It
seems that the increased ApoA1 expression is the com-
pensatory response to a deficiency of clusterin, because
ApoA1 is known to interact with clusterin and has anti-
oxidant and antiinflammatory effects (33, 34),

Oxidative stress and inflammation induce insulin re-
sistance via activation of c-Jun N-terminal kinase, which
suppresses insulin-stimulated intracellular signaling path-
ways, including AKT phosphorylation (35, 36). The mod-
ulation of antioxidant enzymes improves or aggravates
insulin resistance by the high-fat diet via affecting the ox-
idative stress. Increased oxidative stress with deletion of
antioxidant enzymes, such as methionine sulfoxide A, ag-
gravates high-fat diet-induced insulin resistance (37). The
overexpression of SOD2 ameliorates high-fat diet-in-
duced insulin resistance in rat skeletal muscle (23). There-
fore, we suggest that a deficiency of clusterin results in
increased oxidative stress and inflammation, which leads
to aggravated insulin resistance in high fat-fed mice. In line
with this suggestion, clusterin knockout mice demon-
strated increased fasting glucose levels, HOMA-IR, and
AUC of insulin during IPGTT. Moreover, the reduced ac-
tivation of AKT by insulin in the hepatocytes of clusterin
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knockout mice also supports the association of clusterin
deficiency with insulin resistance.

A hyperinsulinemic-euglycemic clamp study was con-
ducted to define tissue-specific insulin resistance. How-
ever, we failed to observe a difference in insulin sensitivity
between the 2 groups in the skeletal muscle and liver,
which is incompatible with HOMA-IR and IPGTT data.
Interestingly, the clamp insulin levels were significantly
higher in high fat-fed clusterin knockout mice compared
with the wild-type mice. When the clamp insulin levels are
different among the comparison groups in the hyperinsu-
linemic-euglycemic clamp, the values can be adjusted with
the clamp insulin levels (38, 39). For this adjustment, the
clamp insulin level is assumed to be linearly related to
insulin sensitivity (39). According to Ayala et al (40), in-

sulin sensitivity is linearly related to the clamp insulin level
within a range between 83pM and 1270pM. Because the
clamp insulin levels in the present study were between 254
and 1170 pM, values that are within the range of the linear
relationship between insulin sensitivity and insulin levels,
we adjusted the values with the clamp insulin levels. The
adjusted glucose infusion rate, glucose uptake, and sup-
pression of HGP with the clamp insulin levels were sig-
nificantly lower in the clusterin knockout mice, which are
compatible with IPGTT and HOMA-IR data. These re-
sults suggest that a clusterin deficiency aggravates high-fat
diet-induced insulin resistance. FBP and G6P are the key
enzymes of HGP (41, 42), and the attenuated suppression
of mRNA levels of these enzymes by insulin treatment in
the high fat-fed clusterin knockout mice compared with
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Figure 7. Effect of clusterin on palmitate-induced oxidative stress, inflammation, and AKT phosphorylation in the primary cultured hepatocytes
and C2C12 myotubes. The hepatocytes from wild-type and clusterin knockout mice were treated with 500�M palmitate for 10 hours, and the
gene expression of iNOS (A), IL-6 (B), IL-1� (C), and TNF-� (D) was measured. The hepatocytes from wild-type mice and differentiated C2C12
myotubes were treated with 1 plaque-forming unit per cell (pfu/cell) of Ad-GFP or clusterin (Ad-CLU) for 24 hours, and then treated with 500�M
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the high fat-fed wild-type mice also suggests an aggravated
insulin resistance in the clusterin-deficient mice.

Increased insulin levels in clusterin knockout mice may
be caused by increased insulin secretion. The increased
C-peptide levels and islet size in the high fat-fed clusterin
knockout mice support this notion. Moreover, most of the
islet cells in the high fat-fed clusterin knockout mice were
stained with insulin, suggesting that the increased insulin
secretion may be caused by the increased �-cell numbers
and/or functions. It seems that insulin secretion is in-
creased to compensate for the peripheral insulin resistance
in the high fat-fed clusterin knockout mice, and this spec-
ulation is supported by the fact that the insulin secretion
in the chow diet group was not altered in this study. Be-
cause clusterin is also functionally implicated in the dif-
ferentiation and regeneration of the �-cells (43, 44), the
relationship between clusterin and insulin secretion needs
to be clarified in a future study.

It has been proposed that clusterin is also involved in
lipid metabolism, including lipid transportation and lipid
synthesis (15, 45). Because lipid accumulation in periph-
eral tissues, such as in the skeletal muscle and liver, is
associated with insulin resistance (46–48), we hypothe-
sized that higher lipid levels might be responsible for ag-
gravated insulin resistance in the clusterin knockout mice.
However, although the high-fat diet increased triglyceride
and total cholesterol levels in both the wild-type and clus-
terin knockout mice, the plasma and tissue levels of these
lipids in the skeletal muscle and liver did not differ between
the clusterin knockout mice and the wild-type mice. These
results suggest that a deficiency of clusterin does not affect
the lipid levels in the skeletal muscle and liver, and thus,
aggravated insulin resistance in the high fat-fed clusterin
knockout mice is not contributed by altered lipid metab-
olism in these tissues.

In summary, a deficiency of clusterin aggravates high-
fat diet-induced insulin resistance through increased oxi-
dative stress and inflammation, suggesting that clusterin
plays a protective role in high-fat diet-induced insulin re-
sistance. Clusterin may be a new therapeutic target for
type 2 diabetes.
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