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Abstract

Membrane microdomains rich in gangliosides are recognized as being critical for proper compartmentalization of insulin signaling.

Plasma membrane–associated sialidase, NEU3, is a key enzyme for ganglioside hydrolysis. We previously reported that mice overexpressing

NEU3 mainly in muscles developed severe insulin-resistant diabetes. To examine the possible contributions of NEU3 to in vivo insulin

sensitivity and glucose tolerance, NEU3 was expressed by using adenoviral vectors in the livers of C57BL/6 mice on standard and high-fat

diets, and insulin-resistant KKAy mice on standard diets. Hepatic NEU3 overexpression paradoxically improved glucose tolerance and

insulin sensitivity in the C57BL/6 mice fed standard diets, and glucose tolerance in the C57BL/6 mice fed high-fat diets and in KKAy mice.

Hepatic NEU3 overexpression increased hepatic glycogen deposition and triglyceride accumulation, and enhanced the hepatic peroxisome

proliferator–activated receptor c and fetuin expression in the C57BL/6 mice on standard and high-fat diets, and in KKAy mice. Thin-layer

chromatographic analysis demonstrated increased levels of GM1 and markedly reduced GM3 in the livers of mice with hepatic NEU3

overexpression (NEU3 mice). Basal and insulin-stimulated tyrosine phosphorylations of insulin receptor substrate 1 were significantly

increased, but tyrosine phosphorylations of the insulin receptor and insulin receptor substrate 2 in the NEU3 liver were unchanged. Insulin-

stimulated tyrosine phosphorylations of the insulin receptor were increased in adipose tissues of NEU3 mice. These results suggest that

hepatic NEU3 overexpression improves insulin sensitivity and glucose tolerance through modification of ganglioside composition and

peroxisome proliferator–activated receptor c signaling. Our findings also provide further evidence that NEU3 is an important regulator of

insulin sensitivity and glucose tolerance.

D 2007 Elsevier Inc. All rights reserved.
1. Introduction

Gangliosides are a family of sialic acid–containing

glycosphingolipids present on cell surface membranes.

Several lines of evidence suggest their functional roles in

regulating a wide range of biological processes including

cell growth, cell differentiation, and transmembrane signal-

ing [1-4]. Gangliosides are involved in cell-signaling

functions as ligands and as modulators of receptor activity
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[3,5-7]. Sialylparagloboside and the structurally related

GM3 ganglioside have been found to inhibit the intrinsic

tyrosine kinase activity of soluble insulin receptors [8,9].

Furthermore, GM3 ganglioside depressed insulin-mediated

signaling in cultured cells [9,10].

Mice with disrupted GM3S gene, which encodes GM3

synthase, such that they lack the capacity to synthesize GM3

ganglioside, had enhanced tyrosine phosphorylation of the

skeletal muscle insulin receptor after ligand binding and

showed improved responses on glucose and insulin toler-

ance tests [11]. The GM3S knockout (KO) mice were

protected from high-fat diet–induced insulin resistance [11].
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against insulin receptor substrate 1 (IRS-1), which was

induced by tumor necrosis factor a in 3T3-L1 adipocytes,

was reportedly accompanied by increased GM3 expression

caused by elevations of GM3 synthase activity and its

messenger RNA (mRNA) [9,12]. When the adipocytes were

incubated with exogenous GM3, tyrosine phosphorylation

of insulin receptors and IRS-1, as well as glucose uptake in

response to insulin stimulation, were suppressed. Obese

Zucker fa/fa rats and ob/ob mice, models of insulin

resistance, had significantly higher levels of GM3 synthase

mRNA in adipose tissues than their lean counterparts [9].

Plasma membrane–associated sialidase, NEU3, is a key

enzyme for ganglioside hydrolysis [13,14]. Membrane

microdomains rich in gangliosides are now recognized as

being critical for proper compartmentalization of insulin

signaling [4,6,15]. We generated mice overexpressing

NEU3 and reported that these mice developed a diabetic

phenotype associated with hyperinsulinemia, islet hyperpla-

sia, and increased beta cell mass [16].

To investigate the role of NEU3 in insulin and glucose

metabolism, we investigated the effects of hepatic NEU3

overexpression on in vivo glucose tolerance and insulin

sensitivity in C57BL/6 mice fed standard and high-fat diets,

as well as on KKAy mice receiving a standard diet. Our

results show that hepatic overexpression of NEU3 improves

insulin sensitivity and glucose tolerance in C57BL/6 mice

fed standard diets, as well as glucose tolerance in C57BL/6

mice fed high-fat diets and in KKAy mice. Possible

molecular mechanisms underlying improved glucose toler-

ance and insulin signaling are discussed.

2. Methods

2.1. Preparation of recombinant adenovirus

Adenoviral-mediated gene transfer was used to over-

express the human NEU3 (hNEU3) gene in the livers of

male mice. The active adenovirus (AdNEU3) was con-

structed by using the AdEasy system (Stratagene, La Jolla,

CA) and contained the human NEU3 complementary DNA

(cDNA) and a short hemagglutinin (HA) tag sequence under

the control of cytomegalovirus (CMV) promoters. The

adenovirus bearing the bacterial b-galactosidase gene

(AdLacZ) was used as a control.

2.2. Animals

Male C57BL/6 mice were housed individually and given

free access to a standard diet (65% carbohydrate, 4% fat,

and 24% protein) or a high-fat diet (Quick Fat; 60.2%

carbohydrate, 15.3% fat, and 24.5% protein; Clea Japan,

Tokyo, Japan), starting at 5 weeks of age, for 5 weeks.

KKAy mice also were housed individually and given free

access to a standard diet. Four weeks after separation, the

body weight–matched C57BL/6 mice and KKAy mice

received a single dose of AdNEU3 or AdLacZ adenoviruses

at a dose of 4 � 108 plaque-forming units by tail-vein

injection, resulting in liver-specific infection. Animal study
protocols were in accordance with the institutional guide-

lines for animal experiments at Tohoku University.

2.3. Triglyceride and glycogen contents of the liver

Frozen livers were homogenized, and triglycerides were

extracted with CHCl3/CH3OH (2:1, vol/vol), dried, and

resuspended in 2-propanol [17]. Triglyceride contents were

measured using Lipidos liquid (TOYOBO, Osaka, Japan).

Glycogen was isolated from 30 to 50 mg of frozen liver by

dissolving the tissue in 30% potassium hydroxide saturated

with sodium sulfate for 30 minutes at 1008C, followed by

ethanol precipitation. Glycogen content was determined by

the phenol-sulfuric acid spectrophotometric method at

490 nm [18] and expressed as micrograms of glycogen

per milligram of liver.

2.4. Histologic analysis

Livers were removed from the mice on day 7 after

adenovirus injection, fixed with 10% formalin, then

embedded in paraffin. Tissue sections were stained with

periodic acid-Schiff (PAS) and Oil Red O.

2.5. Tyrosine phosphorylation of the insulin receptor, IRS1,

and IRS2

Insulin receptor antibody and anti-IRS2 antibody were

purchased from Upstate Biotechnology (Lake Placid, NY).

Affinity-purified antibody against IRS1 was prepared as

described previously [19].

Mice that had been fasted for 16 hours received an

injection of 100 lL of normal saline (0.9% NaCl) with or

without insulin (standard diets, 2 U/kg body weight; high-

fat diets, 10 U/kg body weight), via the tail vein [20]. Liver,

epididymal fat tissues and hind-limb muscles were removed

300 seconds later and immediately homogenized. After

centrifugation, the resultant supernatants were used for

immunoprecipitation with anti-insulin receptor, anti-IRS1,

or anti-IRS2 antibody. Immunoprecipitates were boiled in

Laemmli buffer containing 10 mmol/L dithiothreitol and

subjected to sodium dodecyl sulfate–polyacrylamide gel

electrophoresis and then immunoblotted with antiphospho-

tyrosine antibody (4G10) as described previously [19]. The

immunoblots were visualized with an enhanced chemilumi-

nescence detection kit (Amersham, Buckinghamshire, UK).

2.6. Blood analysis

Blood glucose was assayed with Glucose Ace (Sanwa

Kagaku Kenkyusho, Nagoya, Japan). Serum insulin and

leptin were determined with enzyme-linked immunosorbent

assay (ELISA) kits (Morinaga Institute of Biological

Science, Yokohama, Japan). Serum adiponectin concentra-

tions were measured with an ELISA kit (Ohtsuka Pharma-

ceutical, Tokyo, Japan). Serum total cholesterol,

triglyceride, and free fatty acid (FFA) concentrations were

determined with Cholescolor liquid, Lipidos liquid

(TOYOBO), and NEFA C (Wako Pure Chemical, Osaka,

Japan) kits, respectively.
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2.7. Glucose and insulin tolerance tests

Glucose tolerance and insulin sensitivity were assessed

with intraperitoneal glucose tolerance and insulin tolerance

tests. Glucose tolerance tests were performed on fasted

(16 hours) mice. Mice were given intraperitoneal glucose

(2 g/kg body weight), and blood glucose was assayed

immediately before and at 15, 30, 60, and 120 minutes after

administration. Intraperitoneal insulin tolerance tests were

performed on mice fed ad libitum. Mice received an

injection of human regular insulin (0.75 U/kg body weight;

Eli Lilly, Kobe, Japan) into the intraperitoneal space, and

blood glucose was assayed immediately before and at 20,

40, 60, and 80 minutes after injection.

2.8. Quantitative reverse transcription-polymerase chain

reaction–based peroxisome proliferator–activated receptor

c and fetuin gene expression

Total RNA was isolated from 0.1 g of mouse hepatic

tissue with ISOGEN (Wako Pure Chemical), and cDNA

synthesis was performed with a Cloned AMV First Strand

Synthesis Kit (Invitrogen, Rockville, MD) using 5 lg of

total RNA. cDNA synthesized from total RNA was

evaluated in a real-time polymerase chain reaction quanti-

tative system (Light Cycler Quick System 350S, Roche

Diagnostics, Mannheim, Germany).

2.9. Ganglioside-specific sialidase activity assays

Crude homogenates from livers were used for sialidase

activity assays with mixed gangliosides (Sigma-Aldrich, St

Louis, MO) as substrates in the presence of Triton X-100 as

described previously [21,22]. One unit of sialidase was

defined as the amount of enzyme catalyzing the release of

1 nmol of sialic acid per hour.

2.10. Glycolipid analysis by thin-layer chromatography

Glycolipids were extracted from mouse tissues as

described elsewhere [23,24] and fractionated by thin-layer
Fig. 1. Hepatic NEU3 overexpression and ganglioside composition changes in the

(B), and TLC analysis of gangliosides (C). C57BL/6 male mice fed standard diets

alpha-galactosidase (AdLacZ) or human NEU3 (AdNEU3) construct via the tail v

were collected. A, Western blotting of liver lysates. Liver lysates (45 lg) from A

with anti-HA antibody (Roche Applied Science, Tokyo, Japan). B, Sialidase activit

the presence of Triton X-100. Similar representative results were obtained from 3 o

of each group. *P b .05, assessed by unpaired t test. C, Thin-layer chromatogra

Representative immunoblots and TLC analysis data are presented.
chromatography (TLC) on high-performance TLC plates

(J. T. Baker, Phillipsburg, NJ) in chloroform-methanol-0.5%

CaCl2 (60:40:9, vol/vol/vol). Each lane of the plate was

loaded with the equivalent of 6 mg, wet weight, of liver

tissues, and then was visualized with orcinol-H2SO4.

2.11. Statistical Analysis

The statistical significance of differences was assessed by

the unpaired Student t test. A P value of b .05 was

considered significant.
3. Results

3.1. Adenovirus-mediated NEU3 expression in the liver

improved glucose tolerance and insulin sensitivity in

C57BL/6 mice fed standard diets

The NEU3 adenovirus vector was administered intrave-

nously to C57BL/6 mice on the standard diet (AdNEU3

mice). Mice given the LacZ adenovirus were used as

controls (AdLacZ mice). Compared with the controls, the

AdNEU3 mice had significantly higher hepatic contents and

enzymatic activities of NEU3 at 7 days after infection (Fig.

1A and B). HA-tagged NEU3 was not detected in skeletal

muscles, adipose tissues, heart, and kidney by Western

blotting with anti-HA antibody (data not shown). There

were no changes in NEU3 enzymatic activities in skeletal

muscle and adipose tissues (data not shown). Thin-layer

chromatography demonstrated increases in GM1 and a

decrease in GM3 in the livers of AdNEU3 mice compared

with those of AdLacZ mice (Fig. 1C).

Food intakes of AdNEU3 mice were significantly lower

than those of AdLacZ mice from the 4th through the 7th

days after adenovirus injection (Fig. 2A). As a result, the

body weights on the 7th and 14th days were significantly

decreased in AdNEU3 mice, as compared with AdLacZ

mice (Fig. 2B). Blood glucose levels in the ad libitum–fed

state were markedly lower in AdNEU3 mice than in control
livers: Western blotting of NEU3 (A), ganglioside-specific sialidase activity

were injected with 4 � 108 plaque-forming units of adenovirus-containing

ein. Mice were killed on day 7 after adenoviral injection, and liver samples

dLacZ or AdNEU3 mice (n = 4) were electrophoresed and immunoblotted

y in liver homogenates was assayed with mixed gangliosides as substrates in

r more experiments, and the data are presented as meansF SD of the 4 mice

phy of glycolipids from the livers of AdLacZ and AdNEU3 mice (n = 3).



Fig. 2. Hepatic NEU3 expression reduced food feeding (A), body weights (B), and blood glucose concentrations (C) in C57BL/6 mice fed standard diets. Food

feeding (A), body weights (B), and blood glucose levels (C) in the ad libitum–fed state were measured every day after adenoviral administration in AdLacZ

(squares) and AdNEU3 mice (circles) for 2 weeks (n = 5 per each group). Similar representative results were obtained from 3 or more experiments, and the

data are presented as means F SD. *P b .05, assessed by unpaired t test.
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mice from the 3rd to the 15th day after adenovirus injection

(Fig. 2C).

On day 4 after adenovirus injection, glucose tolerance

tests, ie, intraperitoneal injection of 2 g glucose per kilogram

bodyweight, were performed onC57BL/6mice that had been

fasted overnight. As shown in Fig. 3A, the fasting blood

glucose levels did not differ significantly between the

AdLacZ and AdNEU3 groups. However, after a glucose

load, blood glucose levels were significantly reduced in

AdNEU3 mice after 15, 30, 60, and 120 minutes (P b .05).

Fasting insulin levels did not differ significantly between the

AdLacZ andAdNEU3 groups, although plasma insulin levels
Fig. 3. Hepatic NEU3 expression improved glucose tolerance and insulin sensiti

AdLacZ (squares, n = 4) or AdNEU3 mice (circles, n = 4) were fasted 16 hours be

and insulin levels (B) are determined. C, Insulin tolerance test. AdLacZ (squ

intraperitoneally challenged with 0.75 U/kg insulin, and blood glucose levels we

immediately before intraperitoneal insulin load. Similar representative results were

SD. *P b .05, assessed by unpaired t test.
were significantly reduced in the AdNEU3 mice after 30

minutes (P b .05). These results suggest that hepatic NEU3

expression improved glucose tolerance, possibly through

increased insulin sensitivity, after 4 days of administration.

Insulin tolerance tests (0.75 U/kg body weight) were

performed in mice fed ad libitum on day 5 after adenovirus

injection. The glucose-lowering effect of insulin was

significantly improved in the AdNEU3 mice at 20, 40,

and 60 minutes after insulin injection, as compared with the

AdLacZ mice, further confirming that hepatic NEU3 over-

expression significantly improves insulin sensitivity in

C57BL/6 mice fed standard diets.
vity in C57BL/6 mice fed standard diets. A and B, Glucose tolerance test.

fore intraperitoneal injection with glucose (2 g/kg). Blood glucose levels (A)

ares, n = 4) and AdNEU3 mice (circles, n = 4) fed ad libitum were

re determined. Data were expressed as percentages of blood glucose levels

obtained from 3 or more experiments, and the data are presented as meansF



Fig. 4. Hepatic NEU3 overexpression improved glucose tolerance tests in

C57BL/6 mice fed high-fat diets (A) and KKAy mice (B). A and B, glucose

tolerance test. AdLacZ (squares, n = 4) or AdNEU3mice (circles, n = 4)were

fasted 16 hours before intraperitoneal injection with glucose (2 g/kg). Blood

glucose levels were determined. Significant difference from the AdLacZ

value is shown. Data are mean F SD. *P b .05, assessed by unpaired t test.
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3.2. NEU3 overexpression improved glucose tolerance in

C57BL/6 mice on high-fat diets and in KKAy mice

When AdNEU3 was administered to the C57BL/6

mice fed high-fat diets, there were no significant differ-
Fig. 5. Hepatic NEU3 overexpression increased liver weights (A), hepatic content

cholesterol concentrations (E), but not FFA (F) in C57BL/6 mice fed standard diet

16-h fast on day 7 after adenoviral injection, and livers were removed. Liver weigh

(n = 8 per group). Blood samples from AdLacZ (gray, n = 8) or AdNEU3 mice

injection. Plasma triglyceride (D), total cholesterol (E), and FFA concentrations (

more experiments, and the data are presented as means F SD. *P b .05, **P b
ences in food intake or body weight between AdNEU3

and AdLacZ mice (data not shown). However, blood

glucose levels in the ad libitum–fed state were markedly

decreased in AdNEU3 mice as compared with AdLacZ

mice from the 3rd to 15th days after adenovirus injection

(data not shown).

Glucose tolerance tests on mice fed high-fat diets

demonstrated blood glucose levels to be significantly

lower in AdNEU3 than in AdLacZ mice after 60 and

120 minutes (Fig. 4A). AdNEU3 treatment also improved

glucose tolerance in KKAy mice (Fig. 4B). These findings

indicate that hepatic NEU3 expression exerted therapeutic

effects on diabetic animal models with diet-induced

obesity.

3.3. NEU3 overexpression increased hepatic triglyceride

and glycogen accumulation and induced hyperlipidemia

Hepatic overexpression of NEU3 increased liver

weight and hepatic triglyceride deposition in C57BL/6

mice fed standard diets (Fig. 5A and B). AdNEU3 mice

had significantly higher hepatic glycogen deposition (Fig.

5C). NEU3 overexpression also promoted hepatomegaly

and triglyceride deposition in the livers of C57BL/6 mice

on high-fat diets and of KKAy mice (data not shown).

Hepatic NEU3 overexpression increased plasma triglyc-

eride and total cholesterol concentrations in C57BL/6

mice fed standard diets (Fig. 5D and E). However, there
s of triglyceride (B) and glycogen (C), and plasma triglyceride (D) and total

s. AdLacZ (gray, n = 8) or AdNEU3 mice (white, n = 8) were killed after a

t (A), triglyceride content (B), and glycogen synthesis (C) were determined

(white, n = 8) were collected after a 16-hour fast on day 7 after adenoviral

F) were determined. Similar representative results were obtained from 3 or

.03, #P b .02, ##P b .01, assessed by unpaired t test.
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were no significant differences in FFA concentrations

between AdNEU3 and AdLacZ mice fed standard diets

(Fig. 5F). NEU3 overexpression also increased plasma

triglyceride and total cholesterol concentrations, but not

plasma FFA in C57BL/6 mice on high-fat diets, and also in

KKAy mice (data not shown). There was no difference in

serum levels of either adiponectin or leptin between

AdNEU3 and AdLacZ mice (data not shown), suggesting

that these adipocytokines are not involved in the improve-

ment of glucose tolerance and insulin sensitivity seen in

AdNEU3 mice.

These results were confirmed by the histologic findings.

PAS staining demonstrated markedly increased glycogen

contents in the livers of AdNEU3 mice fed a standard diet

compared with AdLacZ mice (Fig. 6A). AdNEU3 mice on

standard diets had abundant lipid droplets in their livers

compared with AdLacZ mice (Fig. 6B). In the cases of high-

fat diet–fed mice (Fig. 6C and D) and KKAy mice (Fig. 6E

and F), AdNEU3 mice had abundant glycogen granules and

lipid droplets in their livers compared with AdLacZ mice.
Fig. 6. Hepatic glycogen and fat contents were increased in AdNEU3 mice. Mice w

were removed and subjected to histologic examination. Histologic findings with PA

6 mice treated with AdNEU3 (left) or AdLacZ (right) are shown. PAS (C) and O

AdNEU3 (left) or AdLacZ (right), as well as PAS (E) and Oil Red O staining (

are shown.
3.4. NEU3 overexpression improved insulin-stimulated IRS1

tyrosine phosphorylation in the liver and insulin-stimulated

insulin receptor tyrosine phosphorylation in adipose tissues

The results of intraperitoneal glucose tolerance and

insulin tolerance tests on days 4 to 5 after adenoviral

administration clearly showed that hepatic NEU3 expression

markedly improved glucose tolerance and insulin sensitivity

in mice. To explore the potential cellular mechanisms by

which hepatic NEU3 overexpression influences insulin

sensitivity and glucose tolerance, we obtained samples of

hepatic, skeletal muscle, and adipose tissues after insulin

injection on day 4 after adenoviral administration. There

was no significant difference in food intake between

AdNEU3-and AdLacZ-treated mice until day 4 after

adenoviral administration (Fig. 2A).

We first determined whether NEU3 interferes with

activation of upstream insulin signaling components by

measuring tyrosine phosphorylation status of the insulin

receptors, IRS1 and IRS2. There was no significant
ere killed after a 16-hour fast on day 7 after adenoviral injection, and livers

S (A) and Oil Red O staining (B) of the liver from the standard diet C57BL/

il Red O staining (D) of the livers from high-fat diet C57BL/6 mice with

F) of the livers from KKAy mice with AdNEU3 (left) or AdLacZ (right)
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difference in insulin-stimulated insulin receptor tyrosine

phosphorylation in the liver or skeletal muscles between

AdNEU3 and AdLacZ mice (Fig. 7A and B). Basal and

insulin-stimulated tyrosine phosphorylations of IRS1 were

significantly higher in AdNEU3 than in AdLacZ mice (Fig.

7C). In contrast, IRS2 phosphorylation did not differ

between AdNEU3 and AdLacZ mice (Fig. 7D). Basal and

insulin-stimulated tyrosine phosphorylation of IRS1 was

significantly increased (Fig. 7H), but there were no

significant changes in insulin receptor tyrosine phosphory-

lation in the liver or skeletal muscles of AdNEU3 mice fed

high-fat diets (Fig. 7E and F). Insulin-stimulated insulin

receptor tyrosine phosphorylation was also increased in

adipose tissues of AdNEU3 mice on high-fat diets (Fig. 7G).

Improved insulin sensitivity in the liver was consistent

with enhanced basal and insulin-stimulated IRS1 phosphor-

ylation, although insulin receptor phosphorylation was not

affected. Improved insulin sensitivity in adipose tissues was

also consistent with enhanced insulin receptor phosphory-

lation in response to insulin administration.
Fig. 7. Insulin-induced tyrosine phosphorylation of the insulin receptor (A, E), IR

insulin receptor in skeletal muscles (B, F) and white adipose tissues (G) of C57BL

injection, the mice that were fasted for 16 hours received an intravenous injectio

weight; high-fat diets, 10 U/kg body weight). Liver, epididymal fat tissues and hin

E, H), adipose tissue (G), and muscle (B, F) lysates from C57BL/6 mice on standar

toward insulin receptor (A, B, E, F, G), IRS1 (C, H), and IRS2 (D) as indicated. Im

gel electrophoresis and immunoblotted with antiphosphotyrosine antibody (4G1

experiments, and the data are presented as means F SD. *P b .05, **P b .02, #
3.5. Hepatic NEU3 expression increased hepatic

peroxisome proliferator–activated receptor c expression in

C57BL/6 mice and KKAy mice

As shown in Fig. 8A, insulin-resistant diabetic NEU3-

transgenic mice [16] had significantly reduced hepatic

expression of peroxisome proliferator–activated receptor c
(PPARc), whereas hepatic overexpression of NEU3 signif-

icantly enhanced hepatic PPARc expression in mice fed

standard and high-fat diets, as well as in KKAy mice.

Hepatic fetuin expression was significantly reduced in

AdNEU3 mice fed standard diets and in KKAy mice as

compared with AdLacZ mice fed standard diets, and KKAy

mice (Fig. 8B). The expression level of these genes was

consistent with improvement of insulin sensitivity.

4. Discussion

This study demonstrates that NEU3 overexpression in

the liver improves insulin sensitivity and glucose tolerance

in C57BL/6 mice fed standard diets. Increased hepatic
S1 (C, H), and IRS2 (D) in the livers, and tyrosine phosphorylation of the

/6 mice on standard (A-D) or high-fat diets (E-H). On day 4 after adenovirus

n of 100 lL of saline with or without insulin (standard diets, 2 U/kg body

d-limb muscles were removed 5 minutes after the injections. Liver (A, C, D,

d (A-D) or high-fat diets (E-H) were immunoprecipitated with each antibody

munoprecipitates were subjected to sodium dodecyl sulfate–polyacrylamide

0, Upstate). Similar representative results were obtained from 3 or more

P b .01, ##P b .001, assessed by unpaired t test.



Fig. 8. The gene expression of PPARc (A) and fetuin (B) in the livers from NEU3 transgenic and wild C57BL/6 mice and AdNEU3- or AdLacZ-treated

C57BL/6 mice on standard or high-fat diets and AdNEU3- or AdLacZ-treated KKAy mice. The relative mRNA levels of PPARc and fetuin in the livers from

NEU3-transgenic mice (Tg) and wild C57BL/6 mice [16], and mice treated with AdNEU3 or AdLacZ, as measured by quantitative reverse

transcription-polymerase chain reaction. The primers used were the forward primer (5V-GAACGTGAAGCCCATCGAGGAC-3V) and the reverse primer

(5V-CTGGAGCACCTTGGCGAACA-3V) for PPARc, as well as the forward primer (5V-CCCAGTGTCTACTCTGGTGGA-3V) and the reverse primer

(5V-CTGTGTTTGGAATAACTTGCAG-3V) for fetuin. The relative amount of mRNAwas calculated with b-actin mRNA as the invariant control. Vertical axes

represent the fold change in mRNA levels compared with the control mice and those treated with AdLacZ, respectively. The bars represent the fold change of

PPARc and fetuin relative to the mean expression in the controls F SD (n = 5). Similar representative results were obtained from 3 or more experiments.

*P b .05, **P b .01, #P b .0005, assessed by unpaired t test.
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contents of glycogen and triglycerides suggest increased

hepatic insulin sensitivities in C57BL/6 mice. Hepatic

NEU3 overexpression also improves glucose tolerance in

2 types of insulin-resistant mice: C57BL/6 mice on a high-

fat diet and KKAy mice.

The present study clearly demonstrates that hepatic

NEU3 expression increased tyrosine phosphorylation of

IRS1 in the basal and insulin-stimulated states, thereby

leading to enhanced insulin sensitivity in vivo. In contrast,

NEU3 overexpression did not affect insulin-stimulated

tyrosine phosphorylation of IRS2 or the insulin receptor in

the liver. TLC analysis in this study demonstrated increased

levels of GM1; in contrast, GM3 was markedly reduced in

the livers of AdNEU3 mice. Modification of gangliosides

regulates intracellular insulin signaling through direct

modulation of insulin receptor tyrosine kinase in the

microdomain component of hepatocyte plasma membranes

[8-10]. These results suggest that hepatic NEU3 over-

expression improves insulin sensitivity and glucose toler-

ance through modification of the ganglioside composition,

possibly via accelerated degradation of GM3.

This study demonstrates that hepatic NEU3 overexpres-

sion enhances hepatic PPARc expression, increases triglyc-

eride accumulation, and induces hyperlipidemia.

Hyperlipidemia and fatty liver are thought to be part of

the metabolic syndrome, and are clinically associated with
hyperglycemia, hyperinsulinemia, and insulin resistance

[25]. Therefore, our finding that the beneficial effects of

hepatic NEU3 overexpression on glucose homeostasis are

associated with hyperlipidemia and fatty liver is somewhat

surprising. However, several recent studies on animal

models with hepatic modification of Akt, PTEN, PGC-1

and ANGPTL4 suggest that some signaling pathways that

reduce blood glucose and improve insulin sensitivity can

simultaneously induce hyperlipidemia and fatty liver

[20,26-28].

PPARc expression in the liver is low compared with

that in adipose tissues [29]; however, hepatic expression of

PPARc is functionally enhanced in a number of obesity

models [30,31]. In addition, liver-specific disruption of

PPARc in obese (ob/ob) mice prevents hepatic steatosis

but increases peripheral adiposity and decreases insulin

sensitivity in muscle and fat [32]. Synthetic agonists of

PPARc, thiazolidinediones, were shown to reduce hepatic

glucose production and increase glycogen synthesis in

diabetic animal models [33]. Mice lacking adipose tissue

showed increased insulin sensitivity with thiazolidinedione

administration, suggesting that thiazolidinediones can

enhance insulin sensitivity independently of adipose

tissues [30].

We recently reported that adenovirus-mediated expres-

sion of PPARc-2 in the liver induces acute hepatic steatosis,
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markedly decreasing peripheral adiposity, increasing ener-

gy expenditure, and improving systemic insulin sensitivity

[34]. Although there were no differences in peripheral

adiposity and energy expenditure between AdNEU3 mice

and AdLacZ mice in this study, the AdNEU3 mice had a

phenotype of hepatic steatosis and improved systemic

insulin sensitivity with enhanced PPARc expression in

liver. Thus, hepatic PPARc plays important roles not only

in the development of liver steatosis but also systemic

insulin sensitivity. Increased PPARc expression in the

livers of AdNEU3 mice might be one of the mechanisms

underlying increased systemic insulin sensitivity in vivo.

This is the first report, to our knowledge, of hepatic NEU3

expression increasing hepatic PPARc expression. Further

investigation is needed to elucidate the molecular mech-

anism by which hepatic NEU3 expression increases

hepatic PPARc expression and triglyceride accumulation

in the liver.

Fetuin is a natural inhibitor of the insulin-stimulated

insulin receptor tyrosine kinase [35,36]. Fetuin KO mice

demonstrate increased basal and insulin-stimulated phos-

phorylation of insulin receptor and the downstream signal-

ing molecules mitogen-activated protein kinase and Akt in

liver and skeletal muscle [37]. Glucose and insulin tolerance

tests in fetuin KO mice indicate significantly enhanced

glucose clearance and insulin sensitivity. Thus, fetuin is a

natural regulator of the insulin sensitivity in liver. Reduced

expression of fetuin in the AdNEU3 mice fed standard diets

and KKAy mice might contribute to improved insulin

sensitivity in these mice.

We previously demonstrated NEU3 transgenic mice to

have an insulin-resistant, diabetic phenotype [16]. In

contrast, this study demonstrates that NEU3 overexpression

in the liver improves insulin sensitivity and glucose

tolerance in C57BL/6 mice fed standard diet and in 2 types

of insulin-resistant mice, C57BL/6 mice on a high-fat diet

and KKAy mice. Recent accumulating evidence provides

evidence that hepatic expression of PPARc regulates

systemic insulin sensitivity [30,32,34]. Increased hepatic

expression of PPARc in the AdNEU3 mice improves insulin

sensitivity and glucose tolerance. In contrast, decreased

PPARc expression in the liver might contribute to the

insulin resistance and glucose intolerance of the NEU3

transgenic mice.

The NEU3 transgene was expressed in a wide range of

tissues, but most prominently in muscles, pancreas, and

heart in the transgenic mice. Chronically elevated NEU3

expression in muscle was speculated to contribute to in vivo

insulin resistance because intracellular insulin signaling was

reduced in muscles of transgenic mice [16]. In contrast, this

study demonstrates that acute expression of NEU3 in the

liver improves insulin sensitivity. These discrepancies might

be partially explained by the time (acute or chronic) and

tissue (liver or skeletal muscle) differences in NEU3

overexpression. Further studies are needed to investigate

the difference in molecular mechanism to regulate systemic
insulin sensitivity between the AdNEU3 mice and the

NEU3 transgenic mice.

In conclusion, NEU3 overexpression in the liver

improves insulin sensitivity and glucose tolerance, possibly

through the expression of PPARc and fetuin, and the

modification of the ganglioside composition in healthy

mice and 2 types of insulin-resistant mice, mice on a high-

fat diet and KKAy mice. Our findings also provide further

evidence that NEU3 is an important regulator of insulin

sensitivity and glucose tolerance, making it a potential

therapeutic target in type 2 diabetes mellitus.
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