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Abstract

The prevalence of type-2 diabetes increases remarkably in post-menopausal women, possibly because
insulin secretion fails to compensate for the insulin resistance induced in various tissues by estrogen insuf-
ficiency. However, this has not been fully defined. Therefore, the present study investigated whether an
ovariectomy (OVX) would increase insulin resistance and decrease the B-cell function and mass in female
rats with and without a 90% pancreatectomy (Px). Female rats aged 15 weeks were divided into four groups:
1) OVX + Px, 2) SOVX (sham operation of OVX) + Px, 3) OVX 4 SPx (sham operation of Px), and 4) SOVX +
SPx, and given a 30% fat diet for 8 weeks. At the end of the experimental period, the islet function and
insulin resistance were determined using a hyperglycemic clamp and a euglycemic hyperinsulinemic clamp,
respectively. The OVX only increased the body weight in the SPx rats, which was partially related to the
food intake. Yet, the OVX did increase the peripheral insulin resistance, while the Px increased this resistance
further. The OVX and Px both exacerbated the islet function, as measured by the insulin secretion pattern,
while delaying and decreasing the first-phase insulin secretion. The OVX conly decreased the proliferation
of PB-cells in the Px rats, while increasing apoptosis in both the Px and SPx rats. As a result, the OVX
decreased the B-cell mass in the Px rats, but increased the mass in the SPx rats. In conclusion, an OVX
was found to accelerate the development and progression of diabetes by increasing the insulin resistance
and decreasing the B-cell mass. Therefore, menopause can be a risk factor for type-2 diabetes, mainly due

to a deceased proliferation of B-cells.
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INTRODUCTION

Insulin resistance is a characteristic feature of type-2
diabetes. However, even in an insulin resistant state,
normoglycemia is maintained by compensatory hyperin-
sulinemia until the pancreatic B-cells become unable to
meet the increased demand for insulin, at which point
type-2 diabetes begins (1). The mechanism by which B-
cells become unable to meet the rising insulin demand
has never been elucidated, primarily because of the un-
availability of human pancreatic islets for appropriate
study. Yet, post-mortem studies in patients with type-2
diabetes have indicated that the B-cell mass is reduced
(h.

The dysregulation of insulin secretion is an important
factor for developing diabetes, and possibly insulin re-
sistance. When increased insulin secretion is able to com-
pensate for insulin resistance, type-2 diabetes does not
develop. Insulin resistance is known to be accompanied
by hyperinsulinemia and islet hyperplasia, and some stud-
ies (2-4) have shown that a sufficient B-cell mass is es-
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sential for insulin secretion to compensate for insulin re-
sistance. Insulin resistance has also been associated with
a biphasic effect, initially enhancing insulin output by
stimulating hyperplasia (5,6), then subsequently revers-
ing these compensatory changes when the insulin resis-
tance becomes extremely high (5,6). However, there is
still no explanation for the initial development of hyper-
plasia and its eventual failure.

When insulin resistance is induced by a high fat diet
and insulin receptor substrate (IRS)-1 deletion, islet hy-
perplasia and hyperinsulinemia are both exhibited, yet
not diabetes (2,3). In contrast, in IRS2 knockout mice
insulin secretion cannot compensate for insulin resistance
because of a decreased B-cell cell mass, in which case
they developed severe diabetes, unlike IRS1 knockout
mice (4). Therefore, it is important to increase the islet
mass in a high insulin resistant state to prevent pro-
gression to diabetes. An increased B-cell mass may result
from an increased insulin signaling cascade in B-cells.
Pancreatic f-cells predominantly contain IRS2, not IRS1,
and the insulin signaling cascade is mediated via the
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increased phosphorylation of IRS2.

The development of insulin resistance and diabetes is
linked to both genetic and environmental factors (7-9).
Various environmental factors, such as aging and diet,
are involved in their development and progression. Aging
is an important risk factor for insulin resistance in both
men and women (7). However, the prevalence and pro-
gression of diabetes increases markedly in post-meno-
pausal women, possibly due to an estrogen insufficiency
leading to an increased insulin resistance and/or de-
creased compensatory insulin secretion. The administra-
tion of estradiol alone would seem to have potentially
beneficial effects for the improvement of glucose tol-
erance or insulin sensitivity or both in post-menopausal
women (10,11). Accordingly, this study examined whether
an ovariectomy (OVX) would modulate insulin resis-
tance, insulin secretion, and pancreatic P-cell mass in
90% pancreatectomized (Px) and sham-operated (SPx)
rats, since an OVX effectively induces estrogen insuf-
ficiency. The compensatory insulin secretion was found
to be lower in the OVX-Px rats, yet only associated with
a decreased B-cell mass in the Px rats. In contrast, in
the SPx rats, the insulin secretion compensated for the
insulin resistance and was accompanied by an increased
B-cell mass. The .decreased B-cell mass in the Px rats
resulted from a decreased proliferation and increased
apoptosis. Thus, estrogen insufficiency was found to im-
pair the P-cell compensatory response in mild type-2 di-
abetes.

MATERIALS AND METHODS

Experimental animals

Female Sprague Dawley rats weighing 277 £22 g were
randomly divided into two groups, then 90% pancrea-
tectomies were performed on one group and sham-
operations (SPx) on the other. Using the technique of
Hosokawa et al. (12), 90% of the pancreas was removed,
leaving less than 2 mm of the common bile duct, ex-
tending from the duct to the first part of the duodenum.
The Px rats showed characteristics of mild type-2 dia-
betes, and those with a random fed serum glucose level
of less than 9.4 mmol/L two weeks after surgery were
eliminated. The remaining Px rats and the SPx rats were
randomly subdivided into two groups each (13) and either
overectomized or sham-operated (SOVX). The result was
four groups as follows: 1) OVX+Px, 2) SOVX (sham
operation of OVX)+Px, 3) OVX + SPx (sham operation
of Px), and 4) SOVX+ SPx. After the OVX or SOVX
surgeries, all the rats in the four groups freely consumed
a 30% fat diet for 8 weeks. The animals were individ-
ually housed in stainless steel cages in a controlled (23°C;

12 hour light and dark cycle) environment. All surgical
and experimental procedures were performed according
1o the guidelines of the Animal Care and Use Review
Committee at Konkuk University, Korea. The serum glu-
cose levels, food intake, and body weight were measured
weekly on Tuesday at 10 AM.

Insulin secretion and insulin resistance

After seven weeks of treatment, catheters were sur-
gically implanted into the right carotid artery and left
jugular vein of the rats anesthetized with ketamine and
xylazine (100 mg and 10 mg/kg body weight, respec-
tively) via intraperitoneal access. After 5~6 days of
implantation, a hyperglycemic clamp was performed in
conscious and fasting rats to measure the insulin se-
cretion capacity (14). Bolus glucose (375 mg glucose/kg
body weight) was infused through the cannula for the
first 5 minutes of the clamp, followed by 25% glucose
to keep the blood glucose levels at 6 mM above the
fasting level. Blood was collected from the carotid artery
at 0, 5, 10, 40, 50, and 60 min and the glucose and
insulin levels measured.

Two days after the use of the hyperglycemic clamp,
a euglycemic hyperinsulinemic clamp (15) was used un-
der the same conditions as the hyperglycemic clamp to
determine insulin resistance. The basal and insulin-stim-
ulated .whole body glucose flux was estimated using a
primed continuous infusion of [3—3H] glacose (10 uCi bolus,
0.1 uCi/min, NEN, Boston, MA). After basal artery blood
sampling, a primed continuous infusion of regnlar human
insulin (Humulin, Eli Lilly and Co., Indianapolis, IN)
was infused at a rate of 20 pmol/kg/min to raise the
plasma insulin concentration to approximately 1100 pM.
Blood samples were collected from the arteries at 10-min
intervals for glucose estimation, then 25% glucose was
infused at variable rates as needed to clamp the glucose
levels at approximately 6 mM. The glucose disposal rate
was considered as the total glucose infused, which was
calculated and expressed in terms of mg of glucose per
kg body weight per minute. The glucose disposable rate
is an index of the whole-body response to exogenous
insulin. The serum glucose levels were analyzed using
a Glucose Analyzer II (Beckman, Palo Alto, CA), while
the serum insulin, leptin, and 17B-estradiol levels were
measured by a radioimmunoassay (Linco Research, St.
Charles, MO). The advanced glycated endproducts of the
subcutaneous tissue were measured using fluorescence
methods (16).

The rats were killed by decapitation at the end of the
clamp. The liver and muscles were rapidly dissected,
weighed, and frozen in liquid nitrogen, all tissues were
stored at -70°C until further analyses were performed.
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Growth, maintenance, and survival of B-cells

The PB-cell area was measured by acquiring micro-
scopic images from two sets of eight to ten distal, ran-
dom non-overlapping images at 10x of insulin stained
pancreatic sections. The results of the B-cell quantifi-
cation were expressed as the percentage of the total
surveyed area containing insulin-positive cells. The f-
cell mass was then determined based on the P-cell area
multiplied by the pancreas weight.

Five rats from each group were treated with 5-bromo-
2-deoxyuridine (BrdU; Roche Molecular Biochemicals,
Indianapolis, Indiana, USA; 100 mg/kg body weight) six
hours before death (17). The B-cell proliferation was then
examined in the pancreas from the rats injected with
BrdU by performing double-label immunohistochemistry
with anti-insulin (Zymed Laboratories, South San Franci-
sco, CA) and BrdU antibodies (Roche Molecular Bioche-
micals) on rehydrated paraffin-embedded sections. The
BrdU-positive B-cell ratios were calculated as the BrdU-
positive B-cells over the total B-cell nuclei per section,
two sections per animal, five animals per group.

Statistical analysis

All results were expressed as the mean - standard de-
viation (SD). The statistical analyses were performed
using SAS software (18). Two-way analyses of variance
(ANOVA) were carried out to determine the main effects
of an OVX and Px. Since most factors did not have any
interaction, the significant differences of two main ef-
fects were determined. When necessary, an interaction
term was considered. Since the number of groups in each
main effect was 2, multiple comparisons were not used.
Differences with p<0.05 were considered statistically
significant.

RESULTS AND DISCUSSION

Body weight, food intake, and serum 178-estradiol
levels

The OVX increased body weights more than did the
SOVX in the SPx rats throughout the experimental period
(Fig. 1A, Table 1). However, the OVX did not affect
the body weight in the Px rats. The body weight gain
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Fig. 1. Changes of body weight (A) and serum glucose levels
(B) during the experimental periods. Serum glucose levels and
body weight were weekly measured on Tuesday at 10 AM
after overnight fasting.

OVX, ovariectomy; SOVX, sham operation of OVX; Px, 90%
pancreatectomy; SPx, sham operation of Px.

*p<0.05 in OVX effect. 'p<0.05 in Px effect.

was only associated with an increased food intake in the
SPx rats. The Px rats gained less weight than the SPx
rats, even though the Px rats consumed more calories
than the SPx rats. However, the serum leptin levels did
not differ among the groups. A previous study by the
current authors (19) and several other studies (20,21)
have also found similar results, where OVX rats without
diabetes gain more weight than SOVX rats, regardless
of the diet composition. In the present study, the weight

Table 1. Body weight, energy intake, and serum leptin and 17P-estradiol levels after 8 week experimental period

SPx"-0vX SPx-SOVX Px-OVX Px-SOVX
Body weight (g) 351.6+22.67 297.6+24.3 2922+19.6 281.4+18.4*"
Energy intake (kcal/day) 28.6%2.1 247123 32731 28.8+2.8*"
Serum leptin (ng/mL) 3.3+009 3.0+0.8 35+1.0 32409
Serum 17B-estradiol (pg/mL) 2.6%+0.6 62+1.0 2508 6.30.9***

DOVX, ovariectomy; SOVX, sham operation of OVX; Px, 90% pancreatectomy; SPx, sham operation of Px.

AValues are meant SD, n=8~9.
*p<0.05 and ***p<0.001 in OVX effect.
Tp<0.05 in Px effect.
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Table 2. Serum glucose and insulin levels and advanced glycated endproducts (AGE) in subcutaneous tissues after 8 week

experimental period

SPx"-0VX SPx-SOVX Px-OVX Px-SOVX
Serum glucose (mg/dL) 84.4+8.47 78.4+7.2 1322+11.6 101.5+12.3*7
AGE (arbitrary unit/mg collagen) 59+0.6 5410.7 7.2+0.8 6.1-0.7*"
Serum insulin (pmol/L) 570.3+61.5 452.7+52.4 309.21t34.6 358.7+422* 7

YSee the legend of Table 1.
"Values are mean=®SD, n=8~9.
*p<0.05 in OVX effect. 'p<0.05 in Px effect.

gain was partially due to a higher caloric intake by the
OVX rats than by the sham rats. The serum 17B-estradiol
levels in the OVX rats decreased to one third of those
in the SOVX rats, regardless of the Px (Table 1).
However, estrogen insufficiency was the major factor
disrupting the energy and glucose metabolism in the
OVX rats. Several studies (20,21) have already dem-
onstrated the reversal of an impaired energy and glucose
metabolism with estrogen replacement therapy. Kimura
et al. (20) showed that an OVX increased body weight
by decreasing the leptin signaling in the brain, even
though the serum leptin levels were unchanged due to
a decreased expression of leptin receptors in the brain.
However, Burguera et al. (21) revealed that leptin treat-
ment was only partially effective in modulating appetite
and limiting weight gain in OVX rats. Thus, the body
weight increase in the OVX rats would appear to be
related to more than altered leptin signaling.

Serum glucose and insulin levels

The OVX was found to increase the overnight fasting
serum glucose levels in the Px and SPx rats during the
experimental period (Fig. 1B, Table 2), with a greater
increase in the Px rats than in the SPx rats. The AGE,
representing long-term glucose regulation, was also in-
creased by the OVX and Px (Table 2), and was higher
in the Px rats than in the SPx rats. The AGE reflected
the changes in the serum glucose levels during the ex-
perimental period. Meanwhile, the OVX exacerbated the
glucose metabolism under diabetic conditions.

The fasting serum insulin levels were increased with
the OVX in the SPx rats (Table 2), possibly due to an
increased insulin resistance. However, unlike the SPx
rats, these levels were lower in the OVX-Px rats than
in the SOVX-Px rats. As such, the hyperglycemia in the
OVX-Px rats was apparently related to lower serum
insulin levels than in the SOVX-Px rats, possibly due to
an impaired compensatory insulin secretion and impaired
B-cell function. Previous human and animal studies (22,
23) have shown higher fasting serum insulin levels in
non-diabetic post-menopausal women and ovariectomized
rats with an estrogen insufficiency than in the same
subjects with an estrogen sufficiency; indicating that the

serum insulin levels were affected by an increased in-
sulin resistance via the estrogen insufficiency, although
a sufficient level of insulin was found in the pancreatic
B-cells until diabetes developed.

Insulin resistance

In both the Px and SPx rats, the OVX was found to
have decreased the whole-body glucose disposal rates
when applying the euglycemic hyperinsulinemic clamp,
revealing an insulin resistance in the body (p <0.05, Fig.
2A). The Px also decreased the glucose disposal rates,
indicating an increased insulin resistance (Fig. 2A). The
liver is an important organ for maintaining normogly-
cemia, as such, the hepatic glucose output is important
in preventing hypoglycemia and maintaining normogly-
cemia in a fasting state. The hepatic glucose output is
regulated by the PEPCK, which in turn is regulated by
the blood glucagon and insulin levels. Thus, the hepatic
glucose output reflects any impairment of insulin action
as exhibited by high levels of serum insulin. The hepatic
glucose output in the basal (fasting) state was higher in
the Px-OVX rats than in the other groups (Fig. 2B), as
reflected by the higher glucose levels in the Px-OVX
rats. In a clamped state, the hepatic glucose output
should be suppressed with high serum insulin levels, but
not suppressed in an insulin resistant state. As such, the
hepatic glucose output in the clamped state was increased
by the OVX and Px, and the Px-OVX rats exhibited the
highest hepatic glucose output (Fig. 2B), with a simul-
taneous decrease in liver the glycogen storage (Fig. 2C).
Many studies have shown that an OVX increases insulin
resistance accompanied by obesity, and the increased
insulin resistance is related to increased serum free fatty
acids as a result of the OVX (24,25). Higher serum free
fatty acids are a common symptom of insulin resistance.
Yet, the OVX itself does not induce diabetes as long
as insulin secretion can compensate for insulin resis-
tance.

Insulin secretion

To characterize the effects on B-cell function by OVX
and Px, the glucose-stimulated insulin secretion was
measured using a hyperglycemic clamp. The intensity
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Fig. 2. Insulin resistance: glucose disposal rates (A), hepatic
glucose output (B) and liver glycogen contents (C). At the end
of experimental periods, euglycemic hyperinsulinemic clamp
was performed in overnight fasted mice to determine whole
body glucose disposal rates and hepatic glucose output in basal
and clamped states (n=8~9).

OVX, ovariectomy; SOVX, sham operation of OVX; Px, 90%
pancreatectomy; SPx, sham operation of Px.; HGP, hepatic
glucose output.

*p<0.05 in OVX effect. 'p<0.05 in Px effcet.
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of the acute-phase insulin secretion was delayed and
lower in the OVX and Px rats. In contrast, the second-
phase insulin secretion was not changed by the OVX
in the SPx rats, but decreased by the OVX in the Px

rats. Thus, the Px decreased the insulin secretion capacity
and function, while the OVX impaired them further (Fig.
3). Not many studies have focused on insulin secretion
capacity and/or islet function in post-menopausal women
and OVX animals. Hirose et al. (23) showed that high
serum free fatty acids, an OVX symptom, impaired the
compensatory insulin secretion in obese Zucker rats, but
not in Wister rats, which was associated with a decreased
pancreatic B-cell mass.

Growth, maintenance, and survival of B-cells

The B-cell area was only lowered by the OVX in the
Px rats, whereas it was increased by the OVX in the
SPx rats (Table 2). The pancreas weight was not changed
as a result of the OVX in the SPx rats, but was lowered
in the Px rats. The B-cell mass, as determined by the
pancreas weight multiplied by the B-cell area, was used
to indicate the proliferation and apoptosis of B-cells. As
such, the B-cell mass was increased in the OVX-SPx rats,
yet not in the OVX-Px rats. Furthermore, the -cell mass
was increased when insulin resistance was exhibited with
hyperinsulinemia or sufficient insulin. However, the B-
cell mass was not increased in an insulin-resistant state
with low insulin. .

The current data showed that the above relationships
were associated with the proliferation of B-cells more
than apoptosis, as the proliferation of B-cells exhibited
the same results as the B-cell mass. Apoptosis was in-
creased by the OVX in both the Px and SPx rats. An
estrogen insufficiency increased apoptosis, regardless of
the Px. The insufficiency of estrogen decreased B-cell pro-
liferation in Px rats, while it increased B-cell proliferation
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Fig. 3. Insulin secretion at hyperglycemic clamp. At the end
of experimental periods, hyperglycemic clamp was performed
in overnight fasted mice to determine insulin secretion pattern
and amounts (n=8~9).

OVX, ovariectomy; SOVX, sham operation of OVX; Px, 90%
pancreatectomy; SPx, sham operation of Px.

*p<0.05 in OVX effect. 'p<0.05 in Px effcet.
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Table 3. Area, mass, proliferation, and apoptosis of B-cells

SPx"-0VX SPx-SOVX Px-OVX Px-SOVX

B-cell area (%) 35.3+3.6” 28.1+4.2 203129 324148
B-cell mass (mg) , 105.2+10.1 8441163 39.61+6.1 62.818.8
f-cell proliferation (# of BrdU" cells/m7m' pancreas) 2.1+03 1.6+04 22+04 2.8+05
Apoptotic bodies (# of brown dots/mm” pancreas) 0.1+0.02 0.06 £0.01 0.1830.04 0.08 £0.02*

USee the legend of Table 1.

MValues are mean+SD, n=5.

*p<0.05 in OVX effect.

in SPx rats. Yet, proliferation was the main regulatory REFERENCES

factor for the islet mass in the Px-OVX rats. When pro-
liferation overcame apoptosis, the islet mass was in-
creased in SPx-OVX rats. Various studies (2,3,5,6) with
different animal models, such as IRS1 knockout mice
and diet-induced insulin resistant rodents, have shown
that insulin resistance can be compensated for by hyper-
insulinemia, in which case diabetes does not develop.
As such, insulin-resistant animals have an increased B-
cell mass with increased proliferation via increased pan-
creatic homeodomain protein (PDX-1) expression levels,
the transcription factor involved in B-cell proliferation.
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diabetes while the islet mass is sufficient to secrete
insulin to normalize the blood glucose levels (5,6). How-
ever, IRS2 knockout mice do develop type-2 diabetes,
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cannot compensate for the insulin resistance (4).
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a normal weight to prevent and delay B-cell failure.
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