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Orchidectomy in a Nonobese Type 2 Diabetes Animal Model

Yoon Sin Oh," Tae Sup Lee,” Gi Jeong Cheon,” Ik-Soon Jang,” Hee-Sook Jun," and Sang Chul Park*

"Lee Gil Ya Cancer and Diabetes Institute, Gachon University of Medicine and Science, Incheon, Korea; *Molecular Imaging Research
Center, Korea Institute of Radiological and Medical Sciences, Seoul, Korea; *Korea Basic Science Institute, Daegeon, Korea;
*Department of Biochemistry and Molecular Biology, Seoul National University College of Medicine, Seoul, Korea

Previously, we found that male JYD mice developed type 2 diabetes but female mice did not, and that decreased expression
levels of caveolin-1 were correlated with the development of a diabetic phenotype in these mice. Therefore, we hypothesized
that sex hormones affect the expression of caveolin-1 and conftribute to the development of insulin resistance and hyperglyce-
mia in JYD mice. We used glucose and insulin tolerance tests fo examine insulin sensitivity in male, female and orchidectomized
male JYD mice. Glucose uptake was analyzed by using ‘BF—ﬂuorodeoxyglucose positron emission fomography. We also examined
insulin-signaling molecules and caveolin proteins in various tissues in these mice by Western blofting. In addition, we examined
changes of caveolin-1 expression in L6 skeletal muscle cells freated with 17-f estradiol or dihydroxytestosterone. We found that
glucose and insulin folerance were impaired and hyperglycemia developed in male, but not female, JYD mice. Expression of
insulin-signaling molecules such as insulin receptor, protein kinase B, and glucose transporter-4 were decreased in male JYD mice
compared with female mice. Orchidectomized JYD male mice showed improved glucose and insulin tolerance with a concomi-
tant increase in the expression of insulin-signaling molecules and caveolin-1 in adipose tfissue and skeletal muscle. Moreover, 17-
B-estradiol freatment increased the expression of caveolin-1 in differentiated skeletal muscle cells. We conclude that sex hor-
mones modulate the expression of caveolin-1 and insulin-signaling molecules, subsequently affecting insulin sensitivity and the
development of type 2 diabetes in JYD mice.
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INTRODUCTION and impaired glucose tolerance (5,6). Sex nent of the caveolae, which are flask-

Onset of type 2 diabetes and metabolic
syndrome in old age has been observed
to be more prevalent in men than in
women (1), suggesting that sex hor-
mones may affect the development of
type 2 diabetes. Circulating levels of sex
hormone binding protein, which binds
strongly to testosterone and to a lesser
extent to estradiol, is a predictor of the
risk of type 2 diabetes (2—4). It was previ-
ously reported that high serum levels of
testosterone in polycystic ovary syn-
drome is a risk factor for type 2 diabetes

hormones such as estrogen and testos-
terone are known to modulate glucose
and lipid metabolism (7), and adminis-
tration of testosterone to women im-
paired glucose tolerance and induced hy-
perinsulinemia (8). In animal studies,
insulin sensitivity was reduced in skele-
tal muscle of ovarectomized female rats,
and treatment of these rats with estradiol
restored insulin sensitivity and glucose
uptake (9).

Caveolin-1, a 21-24-kDa integral
membrane protein, is a major compo-
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shaped membrane invaginations en-
riched with cholesterol, glycosphin-
golipid and lipid-modified signaling
proteins (10). Caveolae function in vesic-
ular transport, endocytosis and transcy-
tosis (11), and also play a role in signal
transduction (12). Caveolin-1 and steroid
hormones appear to have reciprocal in-
teractions. Caveolin-1 regulates steroid
hormone signaling by directly interact-
ing with hormone receptors in the mem-
brane (13,14), and estrogens modulate
caveolin-1 expression in both MCF breast
cancer cells and vascular smooth muscle
cells (13,15). In addition, caveolin-1 regu-
lates insulin signaling by the glucose up-
take system (16,17).

We previously found that male, but
not female, JYD mice developed type 2
diabetes in old age, and that reduced lev-
els of caveolin-1 were correlated with the
development of diabetes in male mice
(18). In the present study, we investi-



gated whether sex hormones affect the
development of insulin resistance and di-
abetes in JYD mice, and if so, whether
this effect is correlated with modulation
of caveolin-1 expression.

MATERIALS AND METHODS

Animals

JYD F1 mice were obtained from mat-
ing female C57BL/6 and male DBA /2
mice, as previously described (18). Mice
were given free access to food and water,
except when noted otherwise, and were
kept on a cycle of 12-h light/12-h dark at
23°C and 65% humidity. Animals used
for this study were 25-30 wks old. Mice
with blood glucose levels higher than
250 mg/dL were considered to be dia-
betic. All protocols for animal use and
euthanization were reviewed and ap-
proved by the animal care committee of
the Gachon University of Medicine and
Science and Seoul National University
College of Medicine.

Orchidectomy

When male mice were 20-25 wks old
(nonfasting blood glucose level
=200 mg/dL), we performed surgical
orchidectomy while mice were under
light avertin anesthesia, as previously
described (19). Sham-operated animals
received a ventral incision, but the testes
remained intact.

Glucose- and Insulin-Tolerance Tests
Glucose- and insulin-tolerance tests
were performed when mice were 30 wks

old. For glucose tolerance tests, mice
were fasted overnight and then injected
with glucose (2 g/kg body weight inter-
peritoneally). A glucometer (Onetouch;
Lifescan, Milpitas, CA, USA) was used to
measure glucose in the tail vein blood at
0, 15, 30, 60, and 120 min after injection.
For insulin tolerance tests, fed mice were
injected with insulin (1U/kg body
weight interperitoneally) (Humilin; Lilly,
Indianapolis, IN, USA), and tail vein
blood glucose was measured at 0, 15, 30,
60, and 120 min after injection. Changes
in blood glucose were calculated as the

percentage of the initial blood glucose
level.

Cells and In Vitro Hormone Treatment
L6 cells, a rat skeletal muscle cell line,
were obtained from American Type Cul-
ture Collection (Manassas, VA, USA). Pre-
myocytes were differentiated into my-
otubules and maintained in DMEM /F12
containing 2% (vol/vol) fetal bovine
serum, 100 U/mL penicillin and 100
ug/mL streptomycin. Fully differentiated
cells were serum starved for 24 h and
treated with 25 ng/mL 17p-estradiol (E,)
(Sigma, St. Louis, MO, USA) or dihydrox-
ytestosterone (DHT) (Sigma).

Glucose Uptake Measured by Using
18F-Fluorodeoxyglucose Positron
Emission Tomography

Positron emission tomography (PET)
scanning was performed with a dedi-
cated small animal PET system
(microPET-R4; Concorde Microsystems,
Knoxville, TN, USA). Mice were starved
for 18-20 h and then injected intra-
venously with '*F-fluorodeoxyglucose
(FDG) (7.4 MBq [200 uCi] in 0.1 mL;
KIRAMS, Seoul, Korea). Whole-body
PET imaging was started 60 min after
BE-FDG injection and continued for
30 min. Mice were kept anesthetized
with isoflurane (0.5% [vol/vol] in oxy-
gen) and placed on a heating pad at 30°C
for the duration of the procedure. The
PET data were transformed into two-
dimensional sinograms by using histo-
gramming and Fourier rebinning and
were reconstructed to tomographic data
by using the two-dimensional ordered
subset expectation maximization algo-
rithm (18,20,21). The three-dimensional
regions of interest (ROIs) were manually
drawn around the brain, liver, and
hindlimb muscle activity by visual in-
spection with the nonproprietary
Amide’s a Medical Image Data Examiner
(AMIDE) software. The mean activities
were recorded from the entire ROL The
percentage injected dose per gram
(%ID/g) and the glucose standardized
uptake values (SUV_) were calculated as
follows: %ID/g = ROI activity divided
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by injected dose; SUV_, = (ROI activity x
body weight x normalized blood glucose
level) divided by injected dose.

Insulin Secretion Assay

Serum samples were collected 30 min
after glucose loading (2 g/kg body
weight intraperitoneally) of mice that
had been fasted overnight. The amounts
of secreted insulin were determined by
using a mouse insulin ultrasensitive en-
zyme immunoassay kit (Alpco Diagnos-
tics, Windham, NH, USA) according to
the manufacturer’s instructions.

Immunohistochemistry

Tissue sections were deparaffinized in
toluene, rehydrated in grades of alcohol,
and washed in water. After antigen un-
masking, all slides were blocked in
blocking solution (2.5% horse serum) for
1 h at room temperature and then incu-
bated at 4°C with primary antibody solu-
tion: mouse anti—caveolin-1 (1:100; BD
Transduction, Palo Alto, CA, USA). Sec-
tions were incubated with biotinylated
secondary antibody (Vectastatin Kit; Vec-
tor Laboratories, Burlingame, CA, USA),
and staining was performed with VIP as
a chromogen (Vector VIP kit, Vector Lab-
oratories). Hematoxylin (Sigma, St Louis,
MO, USA) was used as a nuclear coun-
terstain for light microscopy:.

Western Blot

When the mice were 30 wks old, adi-
pose tissue (epididymal fat), muscle
(hindlimb), liver and pancreas were re-
moved and homogenized. Differentiated
skeletal muscle cells treated with E, or
DHT were lysed in 1% sodium dodecyl
sulfate (SDS) buffer (1% SDS [wt/vol],
50 mmol/L Tris-HCI, pH 7.4, 150 mmol/L
NacCl, 1 mmol/L EDTA, 1 mmol/L
phenylmethysulfonyl fluoride, 1 mmol/L
NaF). Proteins (50 ug) were separated by
SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) on a 10% separating gel.
After electrophoresis, membranes were
blocked with 3% skim milk in Tris-
buffered saline with Tween buffer (0.1 %
Tween 20, 200 mmol /L Tris-HCI,
500 mmol/L NaCl, pH 7.4) for 1 h at
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room temperature. After blocking, mem-
branes were incubated overnight at 4°C
with one of the following primary anti-
bodies: anti-insulin receptor (IR)-f anti-
body (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), antitubulin antibody
(Santa Cruz Biotechnology), anti-glucose
transporter-4 (GLUT-4) antibody,
anti-Akt/protein kinase B (Akt/PKB)
antibody (BD Transduction, Palo Alto,
CA, USA) and anti—caveolin-1 and -3
antibodies (BD Transduction). Immuno-
reactive proteins were detected with an
enhanced chemiluminescence Western
blot detection kit (Pierce, Rockford, IL,
USA), and the relative abundance of
each band was estimated by densitomet-
ric analysis.

Statistics

Results are presented as mean + SEM.
Results were evaluated by ANOVA, and
pairwise comparisons were made by
using the Duncan multiple range test. A
level of P < 0.05 was considered to be
significant.

RESULTS

Body Weight, Diabetic Incidence and
Glucose and Insulin Tolerance in Male
and Female JYD Mice

The incidence of diabetes was deter-
mined in male and female JYD mice at
30 wks of age. Although body weights
were not different (Figure 1A), about
50% of male JYD mice were diabetic at
30 wks of age, whereas diabetes was not
detected in female mice (Figure 1B). Fast-
ing glucose levels were significantly
higher in male mice compared with female
mice (134 + 5 mg/dL, 116 + 4 mg/dL).
Glucose tolerance tests showed that the
blood glucose levels of male mice peaked
at 30 min after glucose injection and were
significantly higher at all times compared
with levels in female mice (Figure 1C).
Moreover, results of insulin tolerance
tests showed that blood glucose levels in
female JYD mice were reduced after in-
sulin injection, whereas blood glucose
levels in male JYD mice were not re-
duced (Figure 1D).
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Figure 1. (A) Body weight (n = 8/group), (B) cumulative incidence of diabetes (n = 15/group),
(C) glucose tolerance tests (n = 5/group) and (D) insulin tolerance tests (n = 5/group) of male
and female JYD mice at 30 wks of age. *P < 0.05 compared with male JYD mice.

Expression of Insulin-Signaling
Molecules and Caveolins in Male and
Female JYD Mice

We used Western blot to examine the
expression levels of insulin-signaling—
related proteins such as IR, Akt/PKB
and GLUT+4, as well as caveolins in insulin-
sensitive tissues, in male and female JYD
mice at 30 wks of age (Figure 2A). The ex-
pression of IR was dramatically de-
creased in adipose tissue of male JYD
mice compared with female mice (Fig-
ure 2B). In skeletal muscle, expression
levels of IRP (Figure 2B), Akt/PKB (Fig-
ure 2C) and GLUT-4 (Figure 2D) were
lowered in male mice compared with
females. Expression of these insulin-
signaling molecules was not found to be
different in the liver and pancreas of male
and female JYD mice. Previously, we re-
ported that reduced expression of cave-
olin-1 in skeletal muscle was correlated
with type 2 diabetes in JYD mice (18);
therefore, we checked expression of cave-
olin in male and female mice. Caveolin-1
expression levels were lowered in both
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adipose tissue and skeletal muscle of
JYD male mice compared with female
mice (Figure 2E). Levels of caveolin-3,
the skeletal muscle-specific isoform,
were slightly lowered in male mice com-
pared with female mice (Figure 2F). To
determine if caveolin-1 expression is af-
fected in a particular cell type within adi-
pose, skeletal muscle, liver and pancreas
tissues, we performed immunohisto-
chemical analysis of caveolin-1 in these tis-
sues (Figure 3). We found that caveolin-1
in adipose tissues showed an increased
staining of the cellular membrane in fe-
male mice compared with male mice. In
skeletal muscle tissue, stained caveolin-1
cells were increased in muscle fibers of
female mice. In liver tissues, caveolin-1
was located on the sinusoidal lining cells
and bile canaliculi (22), and the expres-
sion level of caveolin-1 on both cell types
was increased in female mice. Caveolin-1
stained cells were detected both in pan-
creatic exocrine cells (23) and endocrine
cells (24) of female mice, but detected
only in endocrine cells of male mice.
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Figure 2. Expression level of insulin-signaling molecules and caveolins in male and female
JYD mice. (A) Insulin-signaling molecules and caveolin proteins were analyzed by Western
blot in adipose fissue (Adi), skeletal muscle (Mus), liver (Liv) and pancreas (Pan) of male
(M) and female (F) JYD mice at 30 wks of age. Tubulin was used to confirm equal loading.
(B-F) Quantitative analysis of Western blofs in fissues. The relative fold-change in male
mice (white bars) to its control band (female mice, black bars) on Western blots was

quantified by densitometric analysis.

Glucose and Insulin Tolerance in
Orchidectomized Male JYD Mice
To determine whether sex hormones

play a role in the development of type 2
diabetes in male JYD mice, we exam-
ined glucose and insulin tolerance in
orchidectomized male JYD mice at 30 wks
of age, 5 wks after the orchidectomy.

Sham-operated or orchidectomized male
JYD mice showed no significant weight
changes after surgery (Figure 4A). After
glucose loading, exogenous glucose was
more efficiently cleared in orchidec-
tomized mice than in sham-operated
mice (Figure 4B). Also, exogeneously in-
jected insulin significantly reduced glu-

Figure 3. Immunohistochemical analysis of caveolin in various tissues. In male (M) and fe-
male (F) mice at 30 wks of age, sections of adipose fissue (Adi), skeletal muscle (Mus), liver
(Liv) and pancreas (Pan) were stained with anti-caveolin-1 antibody (100x).
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cose levels in orchidectomized mice
compared with sham-operated mice
(Figure 4C).

Insulin Secretion and Glucose Uptake
in Orchidectomized Male JYD Mice

Both insulin secretion from the pan-
creas and glucose uptake in peripheral
tissues play major roles in the develop-
ment of type 2 diabetes. To test whether
sex hormones affect insulin secretion, we
checked the serum insulin levels of male,
female, and orchidectomized male mice
in both fed and fasted conditions. We
found that both fed and fasted orchidec-
tomized male mice had higher serum in-
sulin levels compared with nonorchidec-
tomized male mice, but this finding was
not statistically significant (Figure 5A).
Next, we compared overall glucose up-
take among female, male and orchidece-
tomized male JYD mice by using FDG-
PET methods (18). FDG uptake was
highest in orchidectomized male mice,
and uptake was higher in female mice
compared with intact male mice at 30 wks
of age, especially in brain and lung tissue
(Figure 5B). Because the major organs re-
sponsible for glucose uptake are the
liver, muscle and brain, we performed
ROI analysis of FDG-PET images. The
mean glucose standardized uptake val-
ues (SUV) of brain (21.273) and liver
(5.454) in orchidectomized male mice
were higher than those of brain (18.348)
and liver (4.304) in male mice, but were
lower than those of brain (24.508) and
liver (5.947) in female mice. The SUV
of muscle (2.94) in female mice was
higher than in male and orchidectomized
male mice (2.36 and 2.66, respectively)
(Figure 5C).

Expression of Insulin-Signaling
Molecules and Caveolins in
Orchidectomized Male JYD Mice

To determine whether sex hormones
affect the expression of insulin-signaling
proteins and caveolins, we compared the
levels of IRB, Akt/PKB and GLUT-4 in
insulin-sensitive tissues of orchidec-
tomized and sham-operated JYD male
mice at 30 wks of age (Figure 6A). Levels of

| OH ET AL. | 7



SEX HORMONES AND INSULIN SENSITIVITY

>

50

30 A

20 A

Body weight (g)

10 4

mbefore
40 4 Dafter

Sham-operated

B 600

= —e— Sham-operated
S
<))

é 400

?

o 300

o

=2

o 200

8

o 100

o

0

0 30 60 90 120 150
Time (min)

Orchidectomized

C 120

*
—e— Sham-operated
—o— Orchidectomized

-
=3
=

=3
=3

=
=3

=
=3

% of initial blood glucose

N
=3

0 30 60 90 120 150
Time (min)

Figure 4. Glucose and insulin tolerance in orchidectomized male JYD mice. (A) Body
weights before and 5 wk after orchidectomy for sham-operated and orchidectomized
mice. (B) Glucose and (C) insulin-tolerance tests were performed in orchidectomized and
sham-operated male mice at 5 wk affer orchidectomy; n = 5/group, *P < 0.05, compared

with sham-operated mice.

IR (Figure 6B) and Akt/PKB (Figure 6C)
were dramatically increased only in adi-
pose tissue, whereas GLUT-4 was in-
creased in both adipose tissue and skele-
tal muscle of orchidectomized mice
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compared with sham-operated mice (Fig-
ure 6D). No differences in protein levels
were observed in the pancreas or liver.
Levels of caveolin-1 were increased

in adipose tissue and skeletal muscle
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in orchidectomized mice compared with
sham-operated mice (Figure 6E), whereas
the level of caveolin-3, the muscle-
specific caveolin isoform, was not differ-
ent between two groups (Figure 6F).

Caveolin-1 Expression after Estradiol
or Dihydroxytestosterone Treatment In
Vitro

Previously, we observed that overex-
pression of caveolin-1 in skeletal muscle
of JYD mice increased insulin sensitivity
(18). To determine whether the increased
sensitivity seen in orchidectomized male
JYD mice might be an effect of sex hor-
mones on caveolin-1 expression, we
treated differentiated skeletal muscle cells
with E, or DHT in vitro and examined the
expression level of caveolin-1. The ex-
pression of caveolin-1 was significantly
increased by incubation with E, for 24 h,
but treatment with DHT had no effect on
expression of caveolin-1 (Figure 7).

DISCUSSION

Type 2 diabetes is the most common
form of diabetes, which is characterized
by both insulin resistance and insulin
deficiency (25). It was recently reported
that type 2 diabetes is significantly more
common in women, but the prevalence
increases with old age in men whereas it
remains unchanged in women (1). In ad-
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Figure 5. Insulin secretion and glucose uptake in orchidectomized male JYD mice. (A) Serum insulin levels in fasting (overnight fasting)
and nonfasting (at 30 min after glucose loading) male (M), female (F) and orchidectomized male (OM) JYD mice. (B) Sagittal sections
through male (M), female (F) and orchidectomized male (OM) JYD mice. %ID/g indicates percent injected dose per gram. (C) Glucose
standardized uptake values (SUV) of brain, liver and muscle in male (M), female (F), and orchidectomized male (OM) JYD mice. SUV =
ROI activity x body weight x normalized blood glucose level.
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Figure 6. Expression of insulin-signaling molecules and caveolins in orchidectomized male
JYD mice. (A) Insulin-signaling molecules and caveolin proteins were analyzed by Western
blot in adipose tissue (Adi), skeletal muscle (Mus), liver (Liv) and pancreas (Pan) of sham-
operated (S) or orchidectomized (O) male JYD mice at 5 wks after orchidectomy. Tubulin
was used to confirm equal loading. (B-F) Quantitative analysis of Western blofs in tissues.
The relative fold-change in sham-operated mice (white bars) compared to the control
band (orchidectomized mice, black bars) on Western blots was quantified by densitomet-
ric analysis.

whether sex hormones affect the devel-
opment of insulin resistance and dia-
betes in JYD mice, and if so, whether
this effect is correlated with modulation
of caveolin-1 expression.

dition, some animal models of type 2 di-
abetes such as OLEFT rats and Wistar,
TalleyHo, TSOD and JYD mice develop
diabetes specifically in males (18,26). In
the present study, we investigated
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protein was extracted, separated by SDS-PAGE and probed with antfibodies against
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blots. Relative abundance of each band was estimated by densitometric analysis. Each
bar is the mean + SEM of three experiments.
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We first compared the incidence of di-
abetes between male and female JYD
mice and confirmed that the develop-
ment of diabetes was male specific. Con-
sistent with this result, only male mice
showed impaired glucose and insulin
tolerance. It was previously reported that
orchidectomy before puberty had protec-
tive effects against the development of
hyperglycemia in male, but not in fe-
male, spontaneously hypertensive rats
injected with streptozotocin (27)—a find-
ing that suggests that sex hormones
might be involved in the development of
diabetes. To determine whether the male-
specific diabetic phenotype in JYD mice
is affected by sex hormones, we per-
formed orchidectomies in male JYD
mice. Orchidectomized male JYD mice
had markedly attenuated severity of hy-
perglycemia, improved insulin sensitiv-
ity and increased whole-body glucose
uptake compared with sham-operated
male JYD mice. These results indicate
that sex hormones may influence insulin
sensitivity in JYD mice.

Although our results suggest that male
sex hormone deficiency is associated
with improved glucose and insulin toler-
ance in male JYD mice, evidence from
other studies has indicated that testos-
terone deficiency is associated with
metabolic syndrome, including type 2 di-
abetes and insulin resistance (28). Testos-
terone levels are significantly lower in
men with type 2 diabetes compared with
age-matched controls (4), and low testos-
terone levels can predict the develop-
ment of metabolic syndrome (29). How-
ever, conflicting results have been
obtained in investigations of the effects
of testosterone on insulin sensitivity in
humans, depending on age, fat mass and
basal testosterone levels. For example, in-
sulin sensitivity was not changed by in-
creasing doses of testosterone in young
and healthy men (30), and testosterone
had no effect on insulin action in normal
young men (31) or in men with hypogo-
nadism (32, 33). In animals, administra-
tion of testosterone to castrated male rats
has been shown to induce insulin resist-
ance (34). We consider it possible that the
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development of male-specific diabetes in
our particular polygenic animal model
was not simply a matter of testosterone
levels, but the mechanism might be more
complex and depend, in part, on the rela-
tive proportions of male and female sex
hormones.

We next examined the expression of
insulin-signaling molecules in various
tissues and found that the expression
levels of IR, Akt/PKB and GLUT-4 in
muscle and adipose tissues were lower
in male mice compared with female JYD
mice. However, the expression of these
molecules was not different in the pan-
creas and liver in males compared with
females, which suggests that tissue-
specific changes in the expression of in-
sulin signaling molecules are associated
with the sex of the mice. Similarly, E,
had no effect on the amount of hepatic
IR protein, but significantly increased
the expression of IR protein in the
uterus of ovarectomized rats (35). In or-
chidectomized male JYD mice, we ob-
served increased expression levels of IR,
Akt/PKB, and GLUT-4 in adipose tissue
and GLUT-4 in skeletal muscle, which
suggests that changes in insulin-signaling
molecules and GLUT-4 contribute to the
improvement of insulin sensitivity after
orchidectomy. Moreover, these results
suggest that adipose tissue may be a
major determinant for insulin sensitivity
in orchidectomized JYD mice, because
orchidectomy-induced changes in the
expression of insulin-signaling mole-
cules were most prevalent in adipose
tissue.

Caveolins, integral plasma membrane
proteins present in caveolae, along with
scaffolding, transport and signaling-cas-
cade proteins (36), have emerged as key
players in obesity and insulin resistance
(16,37). Recently, it was reported that
caveolin-1 was associated with sex hor-
mone sensitivity (38) as well as insulin
sensitivity (39). We previously found that
decreased levels of skeletal muscle cave-
olin-1 were correlated with the progres-
sion of type 2 diabetes in male JYD mice
and that caveolin-1 plays a determining
role in the senescent phenotype: upregu-

lation of caveolin-1 in male JYD mice sig-
nificantly improved insulin sensitivity,
with a concomitant increase of glucose
uptake (16,18). Therefore, we investi-
gated whether sex hormones affect cave-
olin-1 expression and insulin sensitivity.
We confirmed that expression levels of
caveolin-1 were downregulated in male
mice compared with female mice, but
were similar between orchidectomized
male mice and female mice. Moreover,
orchidectomy affected glucose uptake,
particularly in insulin-sensitive tissues,
but did not affect insulin secretion. The
addition of E, in vitro increased the ex-
pression of caveolin-1 in differentiated
muscle cells, whereas the addition of
DHT did not affect caveolin-1 expres-
sion. Therefore, it might be presumed
that reduction of male sex hormones and
upregulation of female sex hormones by
orchidectomy (27) would upregulate
caveolin-1 expression in skeletal muscle
and adipose tissue, and this might lead
to enhanced glucose uptake.

The mechanism by which estrogen
regulates cytoplasmic signaling is not yet
clear. It was reported that E, rapidly
stimulates the association of the estrogen
receptor and caveolin-1 in vascular
smooth muscle cells, and this complex
influences PI3K/ Akt activity (40). Simi-
larly, we found that in orchidectomized
JYD mice the level of Akt/PKB was in-
creased in adipose tissue, with a con-
comitant increase of caveolin-1 expres-
sion. These results indicate that at least
E, appears to affect insulin sensitivity by
regulating caveolin-1 expression in or-
chidectomized JYD mice. The effect of
hormones other than E, on caveolin ex-
pression and insulin sensitivity in JYD
mice remains to be elucidated.

Taken together, our data lead us to
conclude that sex hormones play an im-
portant role in the development of dia-
betes in male JYD mice, probably by
modulating the expression of caveolin-1,
which in turn upregulates insulin-related
signaling molecules and enhances insulin
sensitivity, contributing to the prevention
of diabetes in female and orchidec-
tomized male JYD mice.
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