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Abstract
Aims/hypothesis Type 2 diabetes mellitus is a common age-
dependent disease. We discovered that male offspring of
non-diabetic C57BL/6 and DBA/2 mice, called JYD mice,
develop type 2 diabetes when they grow old. JYDmice show

characteristics of insulin resistance, hyperglycaemia and
hyperinsulinaemia in old age without obesity. We postulated
that the mechanism of age-dependent type 2 diabetes in this
model relates to caveolin-1 status in skeletal muscle, which
appears to regulate insulin sensitivity in the mice.
Methods We compared insulin sensitivity in aged C57BL/6
and JYDmice using glucose and insulin tolerance tests and 18F-
fluorodeoxyglucose positron emission tomography. We also
determined insulin signalling molecules and caveolin proteins
using western blotting, and altered caveolin-1 levels in skeletal
muscle of C57BL/6 and JYD mice using viral vector systems,
to examine the effect of this on insulin sensitivity.
Results In 30-week-old C57BL/6 and JYD mice, the basal
levels of IRS-1, Akt and peroxisome proliferator-activated
receptor-γ decreased, as did insulin-stimulated phosphorylation
of Akt and insulin receptor β. However, caveolin-1 was only
increased about twofold in 30-week-old JYDmice as compared
with 3-week-old mice, whereas an eightfold increase was seen
in C57BL/6 mice. Downregulation of caveolin-1 production in
C57BL/6 mice caused severe impairment of glucose and
insulin tolerance. Upregulation of caveolin-1 in aged diabetic
JYD mice significantly improved insulin sensitivity with a
concomitant increase of glucose uptake in the skeletal muscle.
Conclusions/interpretation The level of skeletal muscle
caveolin-1 is correlated with the progression of age-dependent
type 2 diabetes in JYD mice.
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IR insulin receptor
MES 2-(N-morpholino)ethanesulfonic acid
PET positron emission tomography
PKB protein kinase B
PPAR peroxisome proliferator-activated receptor
shRNA short-hairpin RNA

Introduction

Insulin resistance plays a major role in the development of
type 2 diabetes [1]. Skeletal muscle is the predominant site
for disposal of glucose and fatty acids, and insulin resistance
of this tissue has been recognised as the beginning of type 2
diabetes.

The incidence of type 2 diabetes increases with age [2]. In
Korea, 70 to 80% of age-related, type 2 diabetic patients are
non-obese, which is different from Western type 2 diabetic
patients, the majority of whom are obese [3]. However, the
precise role of ageing in the development of type 2 diabetes
remains undefined. One reason for this may be the lack of an
adequate animal model exhibiting an age-dependent non-
obese phenotype of type 2 diabetes. Previous animal models
such as the ob/ob mouse and OLETF rat develop early-onset
diabetes resembling obesity-dependent human diabetes, but
not late-onset, non-obese type 2 diabetes [4, 5]. We found
that male offspring of non-diabetic C57BL/6 and DBA/2
mice, called here JYD mice, developed type 2 diabetes when
they grew old. These JYD mice developed insulin resistance,
hyperglycaemia and hyperinsulinaemia in old age, but
without obesity. As such, JYD mice offer the potential for
investigating mechanisms related to non-obese, age-related
type 2 diabetes.

Caveoli are 50 to 100-nm-sized invaginations in cells that
contain 21 to 24 kDa structural proteins called caveolins [6].
Caveolin-1 and -2 are co-expressed in many cell types to
form a hetero-oligomer in the plasma membrane [7], whereas
the production of caveolin-3 is muscle-specific and regulates
myotubule formation [8]. Recently, it was reported that
caveolin-1 plays an important role in the regulation of
glucose homeostasis, especially in adipocytes [9, 10]. We
also found that caveolin-1 plays an important role in the
senescent phenotype [11, 12] and that caveolin-1 production
is upregulated in tissues of old rats as compared with tissues
from young rats [13]. It was reported that caveolin-1 is also
produced in skeletal muscle [14–16] and that caveolin-1
interacts with caveolin-3 in a muscle-specific manner [17].
When we examined the functional significance of caveolin-1
and -3 in skeletal muscle, we found that caveolin-1, but not
caveolin-3 plays a crucial role in glucose uptake in
differentiated muscle cells [18].

With discovery of the JYD mouse model of non-obese
type 2 diabetes, we decided to examine the possible

involvement of skeletal muscle caveolin in the development
of age-related insulin resistance in non-obese type 2 diabetes.

Methods

Animals C57BL/6 and DBA/2 mice were obtained from
Charles River Laboratories (Wilmington, MA, USA) and ob/
ob mice were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). Female C57BL/6 mice were mated with
male DBA/2 mice at the University of Calgary to obtain F1
mice (JYD mice).

Mice were given free access to food and water, except
when noted otherwise, and were kept on a 12 h light, 12 h dark
cycle. Body weights and blood glucose levels were measured
in JYD mice at 10 and 30 weeks of age. Animals with blood
glucose level higher than 13.8 mmol/l were considered to be
diabetic. Age-matched male C57BL/6 and DBA mice were
used as controls. All protocols for animal use and killing were
reviewed and approved by the Animal Care Committee of
University of Calgary and Seoul National University College
of Medicine.

Cells L6 cells, a rat skeletal muscle cell line, were obtained
fromATCC (Manassas, VA, USA) andmaintained in DMEM/
F12 containing 10% (vol./vol.) fetal bovine serum, 100 U/ml
penicillin and 100 μg/ml streptomycin.

Glucose and insulin tolerance tests For glucose tolerance
tests, mice were fasted overnight (16 h) and then injected with
glucose (2 g/kg body weight, i.p.). Glucose was measured in
the tail vein blood at 0, 15, 30, 60 and 120 min after injection
using a glucometer (One Touch; Lifescan, Milpitas, CA,
USA). For insulin tolerance tests, fed mice were injected with
insulin (1 U/kg body weight i.p.; Humilin; Lilly, Indianapolis,
IN, USA) and tail vein blood glucose was measured at 0, 15,
30, 60 and 120 min after injection.

Glucose uptake using 18F-fluorodeoxyglucose positron
emission tomography Positron emission tomography (PET)
scanning was performed with a dedicated small animal PET
system (microPET-R4; Concorde Microsystems, Knoxville,
TN, USA). Mice were starved for 18 to 20 h and then injected
i.v. with 18F-fluorodeoxyglucose (FDG) (7.4 MBq [200 μCi]
in 0.1 ml; Kirams, Seoul, Korea). Whole body PET imaging
was started 60 min after 18F-FDG injection and continued
for 30 min. Mice were kept anaesthetised with isoflurane
(0.5% [vol./vol.] in oxygen) and placed on a heating pad at
30°C for the duration of the procedure. The PET data were
transformed to two-dimensional sinograms using histogram-
ming and Fourier rebinning, and were reconstructed to
tomographic data using 2-dimensional ordered subset
expectation maximisation algorithm. Reconstructed PET
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images were converted into images of per cent injected dose
per gram (%ID/g), corrected for individual doses using the
formula:

%ID=g ¼ count per pixel� cross calibration factorð Þ=
injected dose, if 1 ml=1 g

Western blot DBA/2, C57BL/6 and JYD mice were killed at
3, 10 or 30 weeks of age by administering CO2. Skeletal
muscles (hindlimb) and other tissues were rapidly excised,
immediately frozen in liquid nitrogen and stored at −70°C.
For in vivo phosphorylation assays of insulin receptor (IR) β
and Akt/protein kinase B (PKB), mice were fasted for 16 h
and then injected with insulin (1 U/kg body weight, i.p.).
After 30 min, skeletal muscle tissues were quickly collected
and stored in liquid nitrogen. These tissues (10–30 mg) were
lysed in 1% SDS buffer (1% SDS [wt/vol.], 50 mmol/l Tris–
HCl, pH 7.4, 150 mmol/l NaCl, 1 mmol/l EDTA, 1 mmol/l
NaF, 1 mmol/l phenylmethylsulfonyl fluoride) and subjected
to western blotting with the following primary antibodies:
anti-IRβ antibody (Upstate, Lake Placid, NY, USA), anti-IRS
antibody (Upstate), anti-tubulin and anti-glucose transporter 4
(GLUT-4) antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-Akt/PKB antibody (New England BioLabs,
Ipswich, MA, USA), anti-peroxisome proliferator-activated
receptor (PPAR)γ (New England BioLabs), anti-caveolin-1
and -3 antibodies (BD Transduction, Palo Alto, CA, USA),
anti-phospho-IRβ and phospho-Akt/PKB antibodies (Cell
Signaling Technology, Beverly, MA, USA) and anti-flotillin
antibody (BD Transduction).

Immunohistochemistry Muscle tissues were removed, fixed in
Tissue-Tek (Sakura Finetek, Torrance, CA, USA) solution and
cut in 4 μm consecutive sections on a cryostat. The sections
were immediately collected on glass slides to be used for
haematoxylin–eosin and immunohistological staining. Sections
were incubated overnight at 4°C with anti-caveolin-1 antibody
(1:100; BD Transduction) and anti-myogenin antibody (1:100;
Santa Cruz Biotechnology). The avidin–biotin peroxidase
complex method according to the LSAB kit (DAKO, Glostrup,
Denmark) was used and slides were counterstained with
haematoxylin. Slides were dehydrated sequentially in ethanol,
cleared with xylenes and mounted with Permount.

Caveolae extraction and fractionation Caveolae were
extracted according to the detergent-free protocol. Briefly,
virus-infected skeletal muscle cells were washed with ice-cold
phosphate-buffered saline, scraped into 1ml of 0.5mol NaCO3,
pH 11.0, and homogenised. Sonicated cell samples were
mixed with equal volumes of 80% (wt/vol.) sucrose solution
in 2-(N-morpholino)ethanesulfonic acid (MES)-buffered saline
(25 mmol/l MES, pH 6.5, 0.15 mol NaCl), placed in an
ultracentrifuge tube and overlaid with 4 ml 30% (wt/vol.)

sucrose and 4 ml of 5% (wt/vol.) sucrose in MES-buffered
saline containing 0.25 mol Na2CO3. Gradients were generated
by centrifugation at 200,000 g for 18 h in a SW41 rotor
(Beckman, Fullerton, CA, USA). Fractions that contained
caveolin proteins were used as caveolar fractions and fractions
that did not contain caveolin proteins were used as non-
caveolar fractions.

Production of short-hairpin lenti-Cav-1 viral vector The
short-hairpin RNA (shRNA) lentivirus vector for targeting the
gene that encodes caveolin-1 (Cav-1), named shlenti-Cav-1,
was constructed by inserting synthetic double-stranded
oligonucleotides (5′-CGGAATTCCATCTACAAGCCCAA
CAACttcgGTTGTTGGGCTTGTAGATGTTTTTGATATC
TAGACA-3′) into EcoRI-XbaI restriction enzyme sites of
shLenti1.1-lentiviral vector (Macrogen, Seoul, Korea). This
shLenti1.1 lentiviral vector is designed to produce shRNAs
from the U6 promoter and to express a gene for green
fluorescent protein (GFP) located downstream from an
internal ribosomal entry site (IRES). As a control vector
(shlenti-GFP), scrambled sequences (AATCGCATAGCG
TATGCCGTT) were inserted into the shLenti1.1 lentiviral
vector described above.

Production of adenoviral caveolin-1 vector Infective recom-
binant adenovirus was made using the AdEasy system [19].
Recombinant adenovirus producing caveolin-1 (Ade-Cav-1)
was produced by inserting the wild-type Cav-1 cDNA into a
shuttle plasmid (pAdTRACK-CMV; Invitrogen, Carlsbad,
CA, USA) and performing homologous recombination in E.
coli BJ5183 with this shuttle vector and a large adenovirus-
containing plasmid (pAdEasy-1) following electroporation.
Recombinant viruses were selected with kanamycin then
determined by restriction endonuclease digestion. Infective
adenovirus virons were produced following transfection of the
linearised recombinant adenovirus plasmid in HEK293 cells.
Virus stocks were amplified in HEK293 cells on 15 cm plates
and purified using kits (BD Adeno-X Purification kits;
Clontech, Palo Alto, CA, USA). A control vector (Ade-
GFP) carrying the cDNA for modified GFP, EGFP, was
prepared as described above.

Statistics All results are presented as means ± SEM.
Statistical analyses were performed using one-way factorial
ANOVA. Pair-wise comparisons were evaluated by means of
Fisher’s least significant differences. Statistical significance
was assumed at p<0.05.

Results

Validation of JYD mouse model of type 2 diabetes To
confirm the development of diabetes in the JYD mice, we
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compared blood glucose levels in male JYD mice and
parental male C57BL/6 and DBA/2 mice. The mean blood
glucose levels in male JYD mice at 10 weeks of age
(10.1 mmol/l) were significantly higher than those of
control male C57BL/6 (9.0 mmol/l) and DBA/2
(8.3 mmol/l) mice. At 30 weeks, blood glucose levels in
male JYD mice were significantly higher than at 10 weeks
of age (Fig. 1a). Blood glucose levels >13.8 mmol/l [20]
were considered to be diabetic. Male JYD mice showed a
significantly higher (51%, 24/47) incidence of diabetes at
30 weeks of age than 30-week-old male C57BL/6 and
DBA/2 mice (8.7%, 4/46 and 2.2%, 1/46, respectively;
Fig. 1b). Male JYD mice showed 10.6% incidence of
diabetes even at 10 weeks of age, whereas none of the male
C57BL/6 and DBA/2 mice (Fig. 1b) or female JYD mice
(data not shown) developed diabetes at this age. The body
weights of male JYD mice were significantly higher than
those of male C57BL/6 and DBA/2 mice at 10 weeks of
age, but were not significantly different at 30 weeks of age
(Fig. 1c). Female JYD mice showed normal blood glucose
levels and body weights at all ages tested (data not shown).

Glucose and insulin tolerance We performed glucose
tolerance tests in male JYD mice at 10 and 30 weeks of
age. At 10 weeks of age, blood glucose levels peaked at
15 min after glucose injection and were significantly higher
at all time points in male JYD mice than in male C57BL/6
and DBA/2 mice (Fig. 2a). At 30 weeks of age, male JYD
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Fig. 3 Whole body 18F-FDG PET images showing glucose uptake in
male JYD mice. a Sagittal sections through C57BL/6, ob/ob and JYD
mice. b Corresponding cryotomy section. %ID/g, per cent injected
dose per gram
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Fig. 2 Intraperitoneal glucose tolerance (a, b) and insulin tolerance
(c, d) test results at 10 (a, c) and 30 (b, d) weeks of age in male JYD
mice (circles). Age-matched male C57BL/6 (grey squares) and DBA/2
(white squares) mice served as controls. Values are means±SEM, n=6
per group. Representative data from three independent experiments
are shown. *p<0.05 vs DBA mice
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Fig. 1 Mean non-fasting blood glucose levels (a), cumulative
incidence of diabetes (b) and body weights (c) of male JYD mice
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mice showed more severe impairment of glucose tolerance
than at 10 weeks of age. Male C57BL/6 mice also showed
impaired glucose tolerance at 30 weeks, whereas male DBA/
2 mice showed normal clearance of exogenous glucose
(Fig. 2b). To determine whether male JYD mice have a
defect in insulin responsiveness, we performed insulin
tolerance tests. At 10 weeks of age, blood glucose levels
in male JYD mice were not significantly reduced after
insulin injection compared with male C57BL/6 and DBA/2
mice (Fig. 2c). At 30 weeks of age, male JYD mice showed
little reduction of glucose in response to insulin (Fig. 2d).

FDG-PET of glucose metabolic rates It has been reported
that FDG uptake in type 2 diabetes patients is poor because
the body’s glucose utilisation is decreased [21]. With this
method, we therefore examined whole body glucose
utilisation of male JYD mice, using C57BL/6 and ob/ob
mice as controls. FDG uptake in 30-week-old C57BL/6
mice was higher than that in JYD mice of the same age and
that in 10-week-old ob/ob mice (Fig. 3), especially in brain,
spine and lung. The low systemic glucose uptake of JYD
mice was similar to that of ob/ob mice.

Levels of insulin signalling-related proteins and phosphor-
ylated proteins in skeletal muscle To elucidate the mecha-
nisms of age-dependent type 2 diabetes in JYD mice, we
analysed the levels of insulin signalling-related proteins,
such as IRS-1, IRβ, Akt/PKB, PPAR-γ and GLUT-4 in the
skeletal muscle of JYD and control DBA/2, C57BL/6 mice
at 3, 10 and 30 weeks of age (Fig. 4a). The levels of IRS-1,
Akt/PKB and PPAR-γ significantly decreased with age
both in JYD and C57BL/6 mice, whereas levels of IRβ and
GLUT-4 did not change with age either in JYD or in
C57BL/6 mice (Fig. 4c,d). The levels of these proteins did
not change with age in DBA/2 mice (Fig. 4b).

Impairment of insulin action might be affected by changes
in activity as well as basal levels of the molecules involved in
insulin signalling [22]. Therefore, we checked the phosphor-
ylation status of IRβ and Akt/PKB upon insulin stimulation
in 30-week-old DBA/2, C57BL/6 and JYD mice. We found
that phosphorylation of IRβ and Akt/PKB after insulin
stimulation was increased in DBA/2 mice, but remained
unchanged in C57BL/6 mice and JYD mice (Fig. 4e).

Levels of caveolins in skeletal muscle and other insulin-
responsive tissues To determine the involvement of caveo-
lins in the mechanism for diabetes in JYD mice, we checked
the levels of caveolins in skeletal muscle, adipose tissue,
liver and pancreas in DBA/2, C57BL/6 and JYD mice at 3,
10 and 30 weeks of age. In all three mouse groups,
quantitative western blots showed that the caveolin-1 levels
were increased at 30 weeks compared with 3 weeks (Fig. 5a).
However, caveolin-1 levels in skeletal muscle of DBA/2

and C57BL/6 mice increased about eightfold, in contrast to
the twofold increase seen in JYD mice (Fig. 5b). The levels
of caveolin-3, the muscle-specific caveolin isoform, did not
change with age in DBA/2, JYD and C57BL/6 mice.

It has been reported that ageing skeletal muscle can contain
adipose tissue [23]. Therefore, to rule out that caveolin-1
production detected in skeletal muscle originated from
adipocytes within ageing tissues, we examined the expres-
sion of Lep (an adipogenic gene that encodes leptin) and
Myog (which encodes myogenin, a skeletal muscle marker)
by RT-PCR in skeletal muscle tissues of 30-week-old mice
(see Electronic supplementary material [ESM 1]). As shown
in ESM Fig. 1a, expression of Lep was detected only in
adipose tissues, but not in skeletal muscle, whereas Myog
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and levels of insulin signalling proteins analysed by western blot.
Tubulin was used as loading control. b–d Quantitative analysis of
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was expressed only in skeletal muscle tissues. These results
suggest that the caveolin-1 detected in muscle did not
originate from adipose tissue. In addition, immunohisto-
chemical analysis showed that caveolin-1 staining of skeletal
muscle fibre was lower in 30-week-old JYD mice than in
C57BL/6 and DBA/2 mice (ESM Fig. 1b), which was
similar to the pattern of caveolin-1 protein levels seen by
western blot (Fig. 5a,b).

Also, we checked the caveolin-1 level in non-diabetic F1
male and female mice. As seen in Fig. 5c, we found that the
level of caveolin-1 in these non-diabetic mice was higher
than in the mice showing diabetic phenotype.

Downregulation of caveolin-1 production by lentivirus-
mediated caveolin-1 silencing impairs glucose tolerance
and insulin sensitivity in C57BL/6 mice Since C57BL/6
and DBA/2 mice had significantly high levels of caveolin-1

compared with JYD mice (Fig. 5), we asked whether
downregulation of caveolin-1 production would negatively
affect glucose and insulin tolerance in C57BL/6 mice. To
answer this question, we created a lentivirus expressing an
shRNA that inhibits caveolin-1 production (shlenti-Cav-1)
and GFP (shlenti-GFP) as a marker (ESM Fig. 2). We first
assessed the efficiency of lentivirus-mediated caveolin-1
silencing by infecting L6 cells in vitro (Fig. 6a). Western
blotting showed that caveolin-1 production was reduced as
a result of shlenti-Cav-1 infection (Fig. 6b). When we
examined the caveolar/non-caveolar compartments after
sucrose gradient fractionation, we found that the caveolin-
1 level in the caveolar compartment was reduced in cells
infected with shlenti-Cav-1 (Fig. 6c). As seen in Fig. 6d,
immunohistochemistry revealed a decrease in the caveolin-
1 protein level compared with shlenti-GFP-treated mice.
Since the efficiency of shlentivirus production decreased
2 weeks after injection (data not shown), we conducted the
experiment up until 2 weeks after viral injection. At 14 days
after the injections, the caveolin-1-downregulated mice
showed more severe impairment of glucose (Fig. 6e) and
insulin tolerance (Fig. 6f) than shlenti-GFP-treated mice.

Adenoviral-mediated caveolin-1 overproduction improves glu-
cose and insulin tolerance and glucose uptake in 30-week-old
JYD mice Since JYD showed significantly lower caveolin-1
levels than C57BL/6 mice (Fig. 5), we asked whether
overproduction of caveolin-1 would positively affect glucose
and insulin tolerance in 30-week-old JYD mice. We used an
adenoviral vector producing both caveolin-1 and enhanced
GFP (Ade-Cav-1) and an adenoviral vector producing
enhanced GFP as a control (Ade-GFP; ESM Fig. 3a). We
first assessed the efficiency of adenoviral-mediated overpro-
duction of caveolin-1 by infecting L6 cells in vitro (Fig. 7a).
Western blotting showed that caveolin-1 production increased
in Ade-Cav-1-infected cells compared with Ade-GFP-
infected cells (Fig. 7b). By sucrose gradient fractionation,
we found that the caveolin-1 content of the caveolar
compartment was increased in cells infected with Ade-Cav-
1 (Fig. 7c). To determine whether intra-muscular injection of
the adenoviral vector would affect other tissues, we injected
Ade-GFP (3×1011 plaque-forming units) intra-muscularly
and examined the muscle, adipose tissue and liver. Western
blot (ESM Fig. 3b) showed that GFP protein was confined to
the muscle after intra-muscular injections, but was found in
all tissues after intra-venous injection. When Ade-Cav-1 was
injected into the skeletal muscle of JYD mice, immunohis-
tochemical staining of the muscle revealed that caveolin-1
production was increased compared with Ade-GFP-injected
mice (Fig. 7d). Using an in vivo fluorescence imaging
system, we observed that the production of caveolin-1 was
maximal at 3 days after injection (data not shown); therefore,
subsequent experiments were performed at day 3.
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muscle (Mus), adipose tissue (Adi), Pancreas (Pan) and Liver (Liv) of
DBA/2, C57BL/6 and JYD mice. Tubulin was used to confirm equal
loading. b Quantitative analysis of western blots of caveolin-1 in
skeletal muscle from mice as indicated. The relative fold change in
30 weeks (white bars) to its control band (3 weeks, black bars) on
western blots was quantitated by densitometric analysis. Grey bars,
10 weeks. Each bar is the mean±SEM. *p<0.05 vs the level at
3 weeks, n=3 per group. c Levels of caveolin in skeletal muscle
tissues from diabetic and non-diabetic F1 JYD mice. D-M, diabetic
male; ND-F, non-diabetic female; ND-M, non-diabetic male
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After glucose loading, exogenous glucose was more
efficiently cleared in the Ade-Cav-1-injected animals than
in Ade-GFP-injected animals (Fig. 7e). Also, exogenously
injected insulin significantly reduced glucose level in Ade-
Cav-1-treated mice compared with Ade-GFP-treated mice,
suggesting that insulin sensitivity was improved (Fig. 7f).

Ade-GFP and Ade-Cav-1 were injected into each side of
the thigh muscle of JYD mice (Fig. 7g) and glucose uptake
checked using FDG-PET. Glucose uptake increased in Ade-
Cav-1-injected muscle compared with Ade-GFP-injected
muscle at 3 days after injection (Fig. 7g,h).

Discussion

We show here that male JYD mice develop moderate to
severe hyperglycaemia in old age and are not obese as
compared with the parental C57BL/6 and DBA/2 strains.
The JYD mouse seems to be a promising model to study
the role of ageing in the development of the late-onset
diabetic type 2 diabetes phenotype.

Skeletal muscle is the primary sink for insulin-mediated
glucose uptake, whereas adipose tissue is relatively inert and
accounts for only 2 to 3% of total glucose uptake [24]. Many
studies examining the role of ageing on glucose uptake have
demonstrated decreased muscular insulin sensitivity [25, 26].
These studies suggest that insulin resistance in elderly people
appears predominantly in the skeletal muscle, but the precise
mechanism underlying age-dependent glucose uptake is not
known. We therefore attempted to address this issue,
employing the JYD mouse model.

When peripheral tissues are resistant to insulin, glucose
in the blood cannot be effectively absorbed and metabolised
in tissues, resulting in hyperglycaemia. In male JYD mice,
exogenous glucose was not cleared effectively and exoge-
nous insulin did not effectively lower blood glucose levels,
compared with DBA/2 mice. Interestingly, C57BL/6 mice
also showed impaired glucose tolerance and slightly
impaired insulin response at 30 weeks of age. However,
C57BL/6 mice did not develop hyperglycaemia, in contrast
to male JYD mice.

Insulin stimulates IRs, which activate kinases such as IR
tyrosine kinase, phosphatidylinositol 3-kinase and Akt/PKB
[27, 28]. Activation of this signal transduction pathway
increases glucose transport through GLUT-4 and glucose
metabolism. Thus, decreased levels of any of the molecules
in this pathway or their malfunction could result in insulin
resistance [29]. It is well known that a single defect in the
insulin-signalling pathway, such as knockout of the IR,
IRS-2 [30] or Akt [31], can produce type 2 diabetes.

To elucidate the mechanisms of ageing-dependent type 2
diabetes, we first analysed insulin signalling molecules in
skeletal muscle tissues. We found that 30-week-old C57BL/6
and JYD mice show impaired glucose and insulin
tolerance and that this phenotype could partially be
explained by the low levels of IRS-1, Akt/PKB and
PPAR-γ, and by the low levels of phosphorylated IRβ
and Akt/PKB upon insulin stimulation found in the
muscle tissue of these mice. However, the incidence of
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6 mice was injected with shlenti-Cav-1 or shlenti-GFP at a multiplicity
of infection (MOI) of 3×107, and caveolin-1 production was analysed
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GFP (black circles) and shlenti-Cav-1 virus (white circles). Values are
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diabetes in C57BL/6 mice (8.9%) was significantly lower
than in JYD mice (51%), suggesting that additional
defects beyond the direct insulin-signalling pathway are
required for disease development.

Previously, we reported that caveolin is one of the prime
molecules at the membrane that play a determining role in

the senescent phenotype [32]. Therefore, we examined
whether expression of caveolin shows age-dependent
changes in JYD mice compared with their parental strains.
Caveolin-3 levels did not change with age in any of these
strains of mice. Interestingly, all strains showed an age-
related increase in skeletal muscle caveolin-1, but the
increase in C57BL/6 and DBA/2 mice was substantially
higher than that in JYD mice. These results suggest that a
potential defect in caveolin-1 content may be a factor in the
development of type 2 diabetes and insulin sensitivity in the
JYD mouse model. Consistent with this, caveolin-1-deficient
mice show insulin resistance and defective IR protein content
in adipose tissue [10].

Although other tissues showed changes in caveolin-1
levels with age that were similar to those for skeletal
muscle in our study, we focused our subsequent experi-
ments on manipulating caveolin-1 levels in skeletal muscle
because of the importance of muscle insulin resistance in
type 2 diabetes and our previous results on the role of
caveolin-1 in glucose uptake in skeletal muscle [18].

To test the role of caveolin-1 in the development of
insulin sensitivity, we experimentally reduced caveolin-1
levels in C57BL/6 mice and increased the caveolin-1 levels
in JYD mice. When caveolin-1 production was down-
regulated in C57BL/6 mice by RNA interference, blood
glucose levels increased and glucose tolerance and insulin
sensitivity were impaired compared with control C57BL/6
mice. In contrast, when caveolin-1 was overproduced in
JYD mice, glucose tolerance and insulin sensitivity im-
proved and glucose uptake increased in skeletal muscles.
We also checked the caveolin-1 levels of C57BL/6× DBA/2
F1 hybrid mice with normal blood glucose levels and found
that the level of caveolin-1 in these mice was higher than in
F1 mice showing the diabetic phenotype. These results
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strongly suggest a correlation between the level of
caveolin-1 in the skeletal muscle and the development of
the diabetic phenotype of JYD mice.

Glucose transport and glucose utilisation in cells are
involved in the pathogenesis of insulin resistance [18, 29,
33]. We previously found that GLUT-4 was mainly localised
in caveolin-rich membrane domain [18, 34] and that
caveolin-1 is involved in insulin-dependent glucose uptake
via regulation of GLUT-4 translocation in muscle cells rather
than via changes jin the level of GLUT-4. It is known that
caveolin-1 participates in cellular trafficking and caveolae
contain many molecules, including soluble N-ethylmaleimide-
sensitive factor attachment receptor proteins [35, 36], that
are required for the final fusion of GLUT-4 vesicles by
integrating GLUT-4 proteins into the plasma membrane.
Therefore, it is possible that caveolin-1 could affect GLUT-
4 translocation by regulation of these molecules. In
addition, upregulation of caveolin-1 in muscle by exercise
is an important molecular response that influences insulin
sensitivity [37]. These observations support the concept that
elevated levels of caveolin-1 enhance overall insulin
sensitivity via the glucose uptake system.

We compared the diabetic phenotype of JYD mice with
age-independent type 2 diabetic ob/ob mice. For this, we
checked the patterns of production of insulin signalling
molecules as well as caveolins in ob/ob mice. Interestingly,
obese diabetic ob/ob mice, in which GLUT-4 protein
production was downregulated (data not shown), showed
negligible changes in the level of caveolin-1 compared with
control mice.

In conclusion, we have shown that the JYD mouse is an
appropriate model for studying ageing-dependent non-
obese type 2 diabetes. We have also shown that down-
regulation of caveolin-1 production in the skeletal muscle
correlates with the development of type 2 diabetes in old
JYD mice, and that insulin sensitivity in these mice is
regulated by caveolin-1 production. It can therefore be
speculated that induction of caveolin production in the
skeletal muscle and control of insulin sensitivity in the aged
could prevent or delay the appearance of type 2 diabetes.
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