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Abstract

Oral administration of «-glucosidase inhibitor reduces postprandial serum glucose and insulin concentrations; thus, o-glucosidase
inhibitor is used for the treatment of diabetes mellitus worldwide. In our study, we have evaluated the effect of «-glucosidase inhibitor,
acarbose, on age-related glucose intolerance and pancreatic atrophy in the Long-Evans Tokushima Otsuka (LETO) rat. The first group of
rats received a standard rat diet (control). The second group received a diet containing acarbose (150 mg/100 g food) from 12 to 28 weeks
and then switched to a standard rat diet until 72 weeks of age (A12-28W). The third group was administered the same diet containing
acarbose from 12 to 72 weeks of age (A12-72W). Fasting serum glucose and insulin concentrations gradually increased with increasing age
in the control group, but these increases were completely prevented (A12-72W) or delayed (A12-28W) by acarbose treatment. In addition,
acarbose treatment prevented the deterioration in insulin resistance with increasing age. At 72 weeks of age, pancreatic wet weight and
DNA content in the A12-72W group were significantly higher than those in the control group. Although most islets were enlarged, and
some portions of pancreatic tissue contained fatty and connective tissue in the control group, these alterations were mild in the A12-28W
group and remained minimal in the A12-72W group. Our study suggests that acarbose is useful in the prevention of age-related glucose
intolerance and pancreatic atrophy.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction disaccharides and oligosaccharides into monosaccharides in
the small intestine and thereby reduces postprandial glucose
and insulin responses [6,7]. Therefore, the «-glucosidase
inhibitor is generally used for the treatment of type 2 diabetes
mellitus in combination with diet or other antidiabetic agents
[8-13]. In addition, previous studies also reported that
acarbose is effective for the treatment of type 1 diabetes
mellitus [14] and impaired glucose tolerance (IGT) [15].
Recently, the randomized controlled prospective trial, the
Study TO Prevent Non—Insulin Dependent Diabetes Mellitus
(STOP-NIDDM), demonstrated the potential efficacy of
acarbose in preventing or delaying progression of IGT to
type 2 diabetes mellitus [16].

Aging in both humans and animals is associated with
elevated fasting and postprandial plasma insulin concen-
trations, suggesting an insulin-resistant state [17-20].
Indeed, there is a high prevalence of IGT and type 2
diabetes mellitus in the elderly [21]. The interaction of many
factors associated with aging, including increased adiposity,
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Although the treatment of type 2 diabetes mellitus has
become increasingly sophisticated during the last decade
[1-3], normalization of blood glucose levels is seldom
achieved [4]. Because type 2 diabetes mellitus often has an
insidious onset associated with the presence of hyperglyce-
mia for many years before the diagnosis, some patients
already have vascular complications at diagnosis, and
numerous patients later develop micro- and/or macroangiop-
athy. Therefore, the worldwide increase in type 2 diabetes
mellitus is a major health concern as it is associated with
excess morbidity, mortality, and substantial health care costs
[5]. The prevention of type 2 diabetes mellitus is thus regarded
as a pertinent health care issue.

The a-glucosidase inhibitor, acarbose, retards carbohy-
drate digestion by inhibiting «-glucosidases that hydrolyze
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alterations in glucose tolerance. Because acarbose improves
insulin sensitivity in subjects with glucose intolerance
through the combined effects of decreased glucose toxicity
and reduced down-regulation of the insulin receptor [15],
administration of acarbose seems to be an appropriate
therapy for age-related glucose intolerance. However, the
effect of acarbose on age-related glucose intolerance has
been poorly defined to date. A recent study [22] reported
that acarbose was unable to reverse beta-cell dysfunction in
the elder people with IGT. However, this study was
conducted only for 6 weeks, and the effect of acarbose on
progression to IGT with advancing age was not examined.
On the other hand, the pancreas undergoes a continuous
aging process leading to alterations such as atrophy, fatty
infiltration, fibrosis [23], and thereby results in dilation of
pancreatic duct [24]. However, the effect of acarbose on the
alterations in the pancreas with aging has not been
examined. Because acarbose does not induce hypoglycemia
and has a good safety profile [25], and it has been used most
widely among o-glucosidase inhibitors, we designed the
present study to assess the effects of acarbose treatment on
age-related glucose intolerance and alterations in the
pancreas in the Long-Evans Tokushima Otsuka (LETO) rat.

2. Materials and methods

2.1. Animals

Male LETO rats aged 5 weeks were supplied by the
Otsuka Pharmaceutical (Tokushima, Japan). Long-Evans
Tokushima Otsuka rat strain was established in the
Tokushima Research Institute of Otsuka Pharmaceutical
from an outbred colony of Long-Evans rats that had been
purchased from Charles River Canada (Montreal, Canada)
[26]. The LETO line originated from the same colony of
spontaneously diabetic strain, the Otsuka Long-Evans
Tokushima Fatty (OLETF) rats, and the genetic profiles of
LETO rats were similar to those of OLETF rats. Although
the LETO line has not shown diabetes mellitus, serum
insulin concentrations tended to increase with aging [26].
The rats were maintained in a temperature-controlled
(23°C £ 2°C) and humidity-controlled (55% =+ 5%) room
with a 12-hour light-dark cycle (lights on at 7:00 AM) and
received humane care according to the guidelines at our
institution. This experimental protocol was approved by our
institutional animal welfare committee.

2.2. Administration of acarbose

Standard rat diet consisting of 54.8% carbohydrate,
23.4% protein, 5.1% fat, 3.6% dietary fiber, and 13.1%
others (wt/wt) (15.046 kJ [3.596 kcal/g] diet; Oriental Yeast,
Tokyo, Japan) was powdered, and o-glucosidase inhibitor,
acarbose (a generous gift from Bayer Pharmaceutical,
Osaka, Japan), was added and thoroughly mixed to a final
concentration of 150 mg/100 g food. Acarbose concentra-
tion was selected based on the data from our previous

studies [27-30]. The drug-diet powder mixture was recon-
stituted into pellets with a normal appearance.

2.3. Experimental protocol

Rats were randomly divided into 3 groups at 12 weeks of
age. The first group received a standard rat diet throughout
the entire experimental period (control). The second group
received the diet containing acarbose from 12 to 28 weeks
and then switched to a standard diet until 72 weeks (A12-
28W). The third group received the same acarbose diet from
12 to 72 weeks of age (A12-72W). All groups of rats were
allowed free access to food and water throughout the
experimental period. The body weight and food intake were
measured weekly, and fasting serum glucose and insulin
concentrations were determined every 4 weeks. At 12, 36,
52, and 70 weeks of age, intravenous glucose tolerance test
(IVGTT) was performed. For IVGTT, rats were fasted
overnight, and anesthesia was induced by sodium pento-
barbital (50 mg/kg body weight, IP), and then a bolus dose
of 0.2 g/kg body weight glucose was injected into the
jugular vein. Blood samples were collected before and at 5,
10, 30, and 60 minutes after glucose loading to determine
serum concentrations of glucose and insulin. The areas
under the curve (AUCs) for insulin and glycemic response
to intravenous glucose load were evaluated.

At 72 weeks of age, the rats were fasted overnight and
anesthetized with pentobarbital (50 mg/kg body weight).
Blood samples were taken from jugular vein for determi-
nation of serum cholesterol and triglyceride (TG) and
plasma cholecystokinin (CCK) concentrations. The abdo-
men was opened to remove the pancreas and adipose depots.
The pancreas was cleared of lymph nodes and fat and
weighed. White adipose depots were collected from the
retroperitoneum, mesentery, and epididymis and then
weighed. A splenic portion of the pancreas was frozen at
—80°C until measurement of pancreatic contents of DNA,
protein, enzymes, and insulin.

2.4. Histologic examination

A duodenal portion of the pancreatic tissue was fixed
overnight in 4% buffered neutral paraformaldehyde solu-
tion, embedded in paraffin, and deparaffinized by standard
procedure. Thin sections (5 wm) were stained with
hematoxylin-eosin for light microscopic examination. Im-
munohistochemistry for tumor necrosis factor o (TNF-o)
was performed using goat antimouse TNF-o antibody in
1:10 dilution (Santa Cruz Biotechnology, Santa Cruz, CA).
The primary antibody was visualized using the labeled
streptavidin-biotin method available as a commercial kit
(Dako, Carpinteria, CA) according to the instructions
provided by the manufacturer [30]. Volume density of islets
was quantified by using an Axiophot microscope (Carl
Zeiss, Eching, Germany) connected to an interactive image
analysis system (IBAS, Carl Zeiss). For each pancreatic
specimen, 8 nonoverlapping fields of hematoxylin-cosin
staining (n = 6) were randomly selected at a magnification
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Fig. 1. Serial changes in body weight (A) and daily food intake (B) in rats
treated with or without acarbose. Data are presented as mean + SEM of 7 to
9 rats. *Significant difference vs control value at corresponding time point.
"Significant difference vs value at 12 weeks of age in the same group. The
control group (O) was given standard rat diet. The A12-28W group (@)
received a diet containing acarbose from 12 to 28 weeks of age and then
switched to standard rat diet until 72 weeks of age. The A12-72W group
(A) was maintained on a diet containing acarbose from 12 to 72 weeks
of age.

x100. Volume density of islets was indicated as a percent-
age of total specimen using the following equation: total
cross sectional area of islets/total area of specimen.

2.5. Assays

The pancreas was homogenized in a 0.15 mol/L sodium
chloride solution using a motor-driven, Teflon-coated glass
homogenizer. The homogenates were filtered through 3
layers of gauze and then sonicated for 1 minute. The
aqueous phase was used for protein, enzymes, and DNA
assay. Insulin was extracted by a modified method of
Davoren [31]. Protein concentration in the pancreatic ho-
mogenate was measured using the method of Lowry et al
[32] with bovine serum albumin (BSA) as a standard.
Pancreatic DNA was measured fluorometrically by the
reaction between 3,5-diaminobenzoic acid and deoxyribose
sugar using calf thymus DNA as a standard [33]. Insulin
concentrations in serum and pancreatic homogenates were
determined by radioimmunoassay [34] using a commercial-
ly available kit (ShionoRIA, Shionogi Pharmaceutical,

Osaka, Japan) with crystalline insulin of the strain of rats
(Novo Industria, Copenhagen, Denmark) as a reference
standard. Serum glucose concentration was determined by
the glucose oxidase method using a commercially available
kit (Glucose-E reagent; International Reagents, Kobe,
Japan) [35]. Plasma CCK concentration was measured by
a sensitive and specific radioimmunoassay using antiserum
OAL-656 with CCK-8 as a standard [36]. Serum choles-
terol and TG concentrations were analyzed enzymatically
using commercially available kits (Wako Pure Chemical,
Tokyo, Japan).

2.6. Evaluation of insulin resistance

Insulin resistance was estimated by the homeostasis
model assessment of insulin resistance (HOMA-R) calcu-
lated with the following formula: fasting insulin (mU/mL) X
fasting glucose (mmol/L)/22.5, as described by Matthews
et al [37]. Homeostasis model assessment of insulin
resistance was calculated at 12, 36, 52, and 70 weeks of age.
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Fig. 2. Serial changes of fasting serum glucose (A) and insulin (B)
concentrations in rats treated with or without acarbose. Data are presented
as mean + SEM of 7-9 rats. “Significant difference vs control value at
corresponding time point. PSignificant difference vs value at 12 weeks of
age in the same group. The control group (O) was given standard rat diet.
The A12-28W group (@) received a diet containing acarbose from 12 to
28 weeks of age, and then switched to standard rat diet until 72 weeks of
age. The A12-72W group ( A ) was maintained on a diet containing acarbose
from 12 to 72 weeks of age.
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Fig. 3. Serial changes of HOMA-R in rats treated with or without acarbose.
Data are presented as mean = SEM of 7 to 9 rats. “Significant difference vs
control value at corresponding time point. *Significant difference vs value
at 12 weeks of age in the same group. The control group (O0) was given
standard rat diet. The A12-28W group (@) received a diet containing
acarbose from 12 to 28 weeks of age and then switched to standard rat diet
until 72 weeks of age. The A12-72W group (A ) was maintained on a diet
containing acarbose from 12 to 72 weeks of age.

2.7. Statistical analysis

Each experiment was performed in 7 to 9 rats, and results
are expressed as the mean + SEM. Statistical analysis was
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performed by analysis of variance followed by Fisher exact
test using StatView (Abacus concepts/Brain Power, Berke-
ley, CA). Differences with P < .05 were considered to be
statistically significant.

3. Results
3.1. Body weight and daily food intake

There was a significant body weight gain with increasing
age in all the experimental groups of rats. However,
acarbose treatment slightly, but significantly lowered body
weight compared with that in the control group. The body
weight gain in the A12-28W group gradually increased after
switching to the standard diet (Fig. 1A).

The food intake in the control group gradually decreased
until 52 weeks of age, but thereafter it gradually increased.
The food intake in the A12-28W and A12-72W groups
immediately and markedly increased after switching to
acarbose diet, but returned to the control levels in the A12-
28W group after withdrawal of acarbose diet (Fig. 1B).

3.2. Fasting serum glucose and insulin concentrations

Fasting serum glucose concentration in the control group
gradually increased with age. Indeed, significant differences

52 week 70 week

Control A12-28W A12-72W Control A12-28W A12-72W

Control A12-28W A12-72W Control A12-28W A12-72W

Fig. 4. The areas under the response curves of serum glucose (A) and insulin (B) during an IVGTT in rats treated with or without acarbose. The AUCs are
presented as mean + SEM of 7 to 9 rats. *Significant difference vs control group. “Significant difference vs A12-28W group. The control group was given
standard rat diet. The A12-28W group received a diet containing acarbose from 12 to 28 weeks of age and then switched to standard rat diet until 72 weeks of
age. The A12-72W group was maintained on a diet containing acarbose from 12 to 72 weeks of age.
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Table 1
Effect of acarbose treatment on pancreatic weight and pancreatic contents of protein, DNA, enzymes and insulin, and plasma CCK concentration at 72 weeks
of age
Control A12-28W A12-72W
Pancreatic weight (mg) 1308.0 + 48.5 1382.7 & 46.6 1509.4 + 58.6"
(mg/100 g BW) 2498 +£ 7.8 2439 + 8.8 321.7 + 18.2*°
Pancreatic protein, DNA,
enzyme, and insulin contents
Protein (mg per pancreas) 204.0 £ 6.2 208.6 = 9.9 235.6 £ 123
DNA (mg per pancreas) 6.7 £0.2 7.1 +£02 7.7 £ 0.3°
Protein/DNA (mg/mg DNA) 30.8 + 1.6 295+ 1.0 31.0 £ 2.0
Amylase (103 X SU per pancreas) 51.0 £ 32 30.2 + 3.3° 16.1 £ 2.1%°
Lipase (10> x U per pancreas) 13.1 £ 2.0 147 £ 0.8 16.0 £ 22
Trypsinogen (mg per pancreas) 48 £ 0.8 6.1 £ 0.2 72+ 1.1
Insulin (mmol per pancreas) 69 + 0.6 7.1 £ 0.4 5.1 + 0.5%°
Plasma CCK concentration (pmol/L) 1.9 + 0.6 1.8 £ 0.6 1.7 £ 0.6

Values are mean = SEM of 7 to 9 rats. Control was given standard rat chow throughout the entire experimental period. A12-28W received a diet containing
acarbose from 12 to 28 weeks of age and then switched to standard rat chow until 72 weeks of age. A12-72W was maintained on a diet containing acarbose

from 12 to 72 weeks of age.
 Significant difference vs control.
® Significant difference vs A12-28W.

were observed at 40, 60, and 70 weeks when compared with
the concentration recorded at 12 weeks of age. However, the
increase was completely prevented in the A12-72W group,
or delayed in the A12-28W group (Fig. 2A).

Fasting serum insulin concentration in the control group
gradually increased after 40 weeks of age. However, serum
insulin concentration in the A12-72W group remained at
similar level to that recorded at 12 weeks of age until the end
of the experimental period, whereas it gradually increased
after 52 weeks of age in the A12-28W group (Fig. 2B).

Although insulin resistance estimated by HOMA-R in
the control group deteriorated with age, the increase in
HOMA-R was prevented in the A12-72W group and was
reduced in the A12-28W group (Fig. 3).

3.3. Serum glucose and insulin response to IVGTT

Although there were no significant differences in AUCs
of glycemic response to intravenous glucose load among
3 experimental groups until 52 weeks of age, the AUC of
glycemic response in the A12-72W group was slightly but
significantly lower than that in the control group at 70 weeks
ofage (Fig. 4A). On the other hand, AUCs of insulin response
in acarbose treatment groups significantly decreased com-
pared with that in the control group after 52 weeks of age
(Fig. 4B). In the control group, although the AUC of the
glycemic response slightly increased with advancing age, the
AUC of insulin response markedly increased with aging.

3.4. Pancreatic wet weight and pancreatic contents of
protein, DNA, enzymes, and insulin, and plasma CCK levels

At 72 weeks of age, pancreatic wet weight and DNA
content in the A12-72W group were significantly increased
in comparison to those in the control group. Acarbose
treatment markedly decreased pancreatic content of amylase
compared with that in the control group. Pancreatic insulin
content in the A12-72W group was significantly decreased

when compared with that in the control and A12-28W
groups (Table 1). Although the differences were not
significant, pancreatic content of protein, trypsinogen, and
lipase in the A12-72W group was higher than those in the
A12-28W and control groups. There was no significant
difference in plasma CCK concentrations among the 3
experimental groups at 72 weeks of age (Table 1).

3.5. Concentrations of serum lipid and weight of the
adipose depots

Serum cholesterol and TG concentrations in the A12-
72W group were slightly, but not significantly, decreased
compared with those in the control group (Table 2).
However, the total weight of abdominal white adipose
depots in the A12-72W group significantly decreased
compared with those in the control and A12-28W groups.
In the A12-28W group, although the total amount of

Table 2
Effect of acarbose treatment on fasting plasma cholesterol and TG
concentrations, and abdominal adipose depots at 72 weeks of age

Control A12-28W A12-72W

Serum lipid levels (mg/dL)

Cholesterol 90.3 £ 5.6 107.5 £ 6.8 86.3 + 2.9°
TG 39.8 £ 6.9 385+ 35 372 £ 35
Depots of abdominal fat (g)

Mesenteric 7.6 + 0.6 10.6 + 0.9° 4.5 +0.3*
Retroperitoneal + 217+ 13 20.7 + 1.0 13.5 £ 1.2*°

epididymal
Total 293 + 1.8 313 £ 19 18.0 + 1.2*°

Data are mean = SEM of 7 to 9 rats. The control group was provided with
standard rat chow throughout the entire experimental period. The A12-28W
group received a diet containing acarbose from 12 to 28 weeks of age and
then switched to standard rat chow until 72 weeks of age. The A12-72W
group was maintained on a diet containing acarbose from 12 to 72 weeks
of age.

* Significant difference vs A12-28W.

b Significant difference vs control.
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Fig. 5. Representative light microscopic appearances of the pancreas at 72 weeks of age (A-C). Immunohistochemistry for TNF-o in the pancreas (D-F).
Sections of the pancreas in the control group contain adipose and connective tissue, and most islets were enlarged (A). In A12-28W, some islets were enlarged,
but areas of fatty and connective tissue were rarely observed (B). In A12-72W, histologic alterations in exocrine and endocrine pancreas remained minimal (C)
(original magnification X 100). Tumor necrosis factor o was expressed in most islets in the control group (D) and A12-28W group (E), but was rarely noted in
the A12-72W (F) (original magnification x200). The control group was given a standard rat diet. The A12-28W group received a diet containing acarbose from
12 to 28 weeks of age and then switched to standard rat chow until 72 weeks of age. The A12-72W group was maintained on a diet containing acarbose from

12 to 72 weeks of age.

abdominal fat depots was similar to those in the control
group, mesenteric fat weight significantly increased com-
pared with that in the control group (Table 2).

3.6. Histologic findings

Histologic examination revealed that fatty and connec-
tive tissue infiltrated into exocrine pancreas, and most islets
were enlarged in the control group (Fig. 5A). Although some
islets became larger, fatty and connective tissue replace-
ments were mild in the A12-28W group (Fig. 5B). However,
theses alterations remained minimal in the A12-72W group
(Fig. 5C). Immunohistochemistry revealed that TNF-o
expression was noted in the islets in the control (Fig. 5D)
and A12-28W groups (Fig. 5E), but was only scantily pre-
sent in the A12-72W group (Fig. 5F). Quantitative analysis
of the volume density of islets, using IBAS, demonstrated
that the islets became markedly larger with age in the
control and A12-28W groups, but not in the A12-72W
group (Table 3).

4. Discussion

We have shown in the present study that acarbose
treatment prevented or delayed the exaggeration of age-
related glucose intolerance. The increases in serum insulin

concentrations at fasting and postglucose load with aging
were prominent in the control group, although the increases
in serum glucose concentrations remained mild. In addition,
insulin resistance estimated by HOMA-R was markedly
exaggerated, and volume density of islets became larger
with advancing age in the control group. These results
suggest that insulin resistance play a central role in age-
related glucose intolerance. Serum insulin concentrations
seemed to be increased to compensate for insulin resistance,
as previous studies have shown [17-20]. Since acarbose

Table 3
Effect of acarbose treatment on volume density of islets at 12 and 72 weeks
of age

Groups (%) 12 wk 72 wk
Control 0.64 + 0.21 553 + 1.16°
A12-28W 0.67 + 0.21 291 + 0.71°
A12-72W 0.60 + 0.19 0.70 + 0.19°¢

Values are mean = SEM of 7 to 9 rats. The control group was provided
with standard rat chow throughout the entire experimental period. The A12-
28W group received a diet containing acarbose from 12 to 28 weeks of age
and then switched to standard rat chow until 72 weeks of age. The A12-
72W group was maintained on a diet containing acarbose from 12 to
72 weeks of age.

 Significant difference in the same group.

® Significant difference vs control at the same weeks.

¢ Significant difference vs A12-28W at the same weeks.
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prevented hyperinsulinemia and exaggeration of HOMA-R,
acarbose prevented glucose intolerance by maintaining
insulin sensitivity. It is conceivable that acarbose maintained
insulin sensitivity largely through decreased postprandial
serum glucose and insulin concentrations. In addition,
insulin resistance is closely associated with obesity, in
particular, abdominal adiposity [20,38]. These findings
indicate that the decreased body weight gain and abdominal
fat deposition by acarbose treatment also participated in
maintaining insulin sensitivity. On the other hand, mesen-
teric fat depot in the A12-28W group significantly increased
compared with that in the control and A12-72W groups at
72 weeks of age. In the A12-28W group, absorption of
carbohydrates and delivery of monosaccharides into the
portal system might have markedly increased after with-
drawal of acarbose treatment. Moreover, food intake had
remained at higher levels than that in the control group for a
long period after withdrawal of acarbose treatment. There-
fore, it is likely that the mesenteric fat depot increased and
thereby insulin resistance ensued in the A12-28W group.

Although many studies have examined the effect of
aging on insulin secretory function, there is a great deal of
variability in the outcome of these studies [39]. In our study,
insulin secretory function evaluated by the insulinogenic
index at IVGTT was unaltered with increasing age in the
control group, and acarbose treatment showed no influence
on the insulinogenic index (data not shown).

In line with our former studies [28,40], acarbose treatment
significantly decreased amylase content in the pancreas.
Previous studies [41,42] reported that carbohydrate-rich
diets increase the synthesis of pancreatic amylase, whereas
low-carbohydrate diets decrease pancreatic amylase because
of adaptation to the diet. It is likely therefore that the reduc-
tion of amylase in the pancreas in the A12-72W and A12-
28W groups is the consequence of deficient absorption of
carbohydrates resulting from inhibition of «-glucosidases.
On the other hand, pancreatic lipase and trypsinogen
contents tended to increase in acarbose treatment groups
compared with the control group. These alterations could be
attributable to the relatively increased absorption of protein
and fat due to inhibition of x-glucosidases in the acarbose-
treated groups. Because the decrease in pancreatic amylase
content may delay carbohydrate digestion, and thereby
reduce postprandial glucose and insulin responses, lowered
amylase content in the pancreas, together with acarbose in
the gut, played some roles in the maintenance of glucose
tolerance in the acarbose-treated groups. In addition,
pancreatic amylase content still significantly decreased in
A12-28W compared with that in the control group at
72 weeks of age, even after withdrawal of acarbose
treatment. It is likely therefore that glucose tolerance
was maintained after withdrawal of the treatment in the
A12-28W group.

A recent study demonstrated that pharmacologic inter-
vention with acarbose in patients with IGT can slow the
progression of type 2 diabetes mellitus [16]. Because

acarbose treatment prevented the progression to IGT with
aging, our study suggests that acarbose treatment is effective
to prevent or delay the onset of IGT in subjects not only
with old age, but also with other risk factors for type 2
diabetes such as obesity, physical inactivity, and a strong
familial history of this condition.

Pancreatic weight and pancreatic exocrine function
decrease with advancing age [23,43]. However, acarbose
treatment significantly increased pancreatic weight and DNA
content without altering protein/DNA in the A12-72W group
when compared with those in the control group at 72 weeks
of'age. These results suggest that acarbose treatment prevents
age-related pancreatic atrophy mainly through the stimula-
tion of hyperplasia. Because acarbose treatment prevented
hyperglycemia and hyperinsulinemia, it is likely that
maintenance of insulin sensitivity and glucose tolerance play
important roles in prevention of pancreatic atrophy in the
A12-72W group. Although insulin sensitivity was signifi-
cantly improved in the A12-28W group, pancreatic weight
was not significantly increased compared with those in the
control group. A possible explanation is that immunoreac-
tivity for TNF-o0 was expressed in most islets in the control
and A12-28W groups, but not in the A12-72W group.
Because TNF-o is a major mediator of cell death through
necrosis and/or apoptosis [44], it may have stimulated
pancreatic atrophy in the control and A12-28W groups.

In our study, supplementing the diet with acarbose
resulted in a significant increase in food consumption,
although there was a reduction in body weight gain. These
findings are similar to those from our previous study in the
diabetic strain OLETF rats [29,30], but are in contrast to our
former reports that showed unchanged body weight gain
and food intake in Wistar rats [27,28]. Because we used the
same dose of acarbose in the same rat diet, this disparity in
these effects is probably due to the difference of the species
of rats.

In conclusion, we have demonstrated that acarbose is
useful to prevent glucose intolerance and pancreatic atrophy
with advancing age in rats. Our results suggest that acarbose
treatment is beneficial for elderly populations to prevent the
development of IGT or pancreatic atrophy.

References

[1] Scheen AJ, Lefebvre PJ. Oral antidiabetic agents. A guide to selection.
Drugs 1998;55:225-36.

[2] DeFronzo RA. Pharmacologic therapy for type 2 diabetes mellitus.
Ann Intern Med 1999;131:281-303.

[3] Lebovitz HE. Oral therapies for diabetic hyperglycemia. Endocrinol
Metab Clin North Am 2001;30:909-33.

[4] U.K. Prospective Diabetes Study Group. U.K. Prospective Diabetes
Study 16: overview of years’ therapy of type II diabetes: a progressive
disease. Diabetes 1995;44:1249-58.

[5] Harris MI. Diabetes in America: epidemiology and scope of the
problem. Diabetes Care 1998;21:C11-4.

[6] Clissold SP, Edwards C. Acarbose. A preliminary review of its
pharmacodynamic and pharmacokinetic properties, and therapeutic
potential. Drugs 1988;35:214-43.



540 M. Yamamoto, M. Otsuki / Metabolism Clinical and Experimental 55 (2006) 533 —540

[7] Balfour JA, McTavish D. Acarbose. An update of its pharmacology
and therapeutic use in diabetes mellitus. Drugs 1993;46:1025-54.

[8] Scheen AlJ. Clinical efficacy of acarbose in diabetes mellitus: a critical
review of controlled trials. Diabetes Metab 1998;24:311 -20.

[9] Chiasson JL, Josse RG, Hunt JA, Palmason C, Rodger NW, Ross SA,
et al. The efficacy of acarbose in the treatment of patients with non—
insulin-dependent diabetes mellitus. A multicenter controlled clinical
trial. Ann Intern Med 1994;121:928 -35.

[10] Hanefeld M, Fischer S, Schulze J, Spengler M, Wargenau M,
Schollberg K, et al. Therapeutic potentials of acarbose as first-line
drug in NIDDM insufficiently treated with diet alone. Diabetes Care
1991;14:732-7.

[11] Coniff RF, Shapiro JA, Seaton TB. Long-term efficacy and safety of
acarbose in the treatment of obese subjects with non-insulin-
dependent diabetes mellitus. Arch Intern Med 1994;154:2442 -8.

[12] Phillips P, Karrasch J, Scott R, Wilson D, Moses R. Acarbose
improves glycemic control in overweight type 2 diabetic patients
insufficiently treated with metformin. Diabetes Care 2003;26:269-73.

[13] Josse RG, Chiasson JL, Ryan EA, Lau DC, Ross SA, Yale JF, et al.
Acarbose in the treatment of elderly patients with type 2 diabetes.
Diabetes Res Clin Pract 2003;59:37-42.

[14] Hollander P, Pi-Sunyer X, Coniff RF. Acarbose in the treatment of
type 1 diabetes. Diabetes Care 1997;20:248-53.

[15] Chiasson JL, Josse RG, Leiter LA, Mihic M, Nathan DM, Palmason
C, et al. The effect of acarbose on insulin sensitivity in subjects with
impaired glucose tolerance. Diabetes Care 1996;19:1190-3.

[16] Chiasson JL, Josse RG, Gomis R, Hanefeld M, Karasik A, Laakso M.
STOP-NIDDM Trail Research Group. Acarbose for prevention of type
2 diabetes mellitus: the STOP-NIDDM randomised trial. Lancet
2002;359:2072-7.

[17] Davidson MB. The effect of aging on carbohydrate metabolism: a
review of the English literature and a practical approach to the
diagnosis of diabetes mellitus in the elderly. Metabolism 1979;28:
688-705.

[18] Reaven GM, Reaven EP. Age, glucose intolerance, and non—insulin-
dependent diabetes mellitus. ] Am Geriatr Soc 1985;33:286-90.

[19] Muller DC, Elahi D, Tobin JD, Andres R. Insulin response during the
oral glucose tolerance test: the role of age, sex, body fat and the
pattern of fat distribution. Aging (Milano) 1996;8:13-21.

[20] Barzilai N, Banerjee S, Hawkins M, Chen W, Rossetti L. Caloric
restriction reverses hepatic insulin resistance in aging rats by
decreasing visceral fat. J Clin Invest 1998;101:1353-61.

[21] Halter JB. Carbohydrate metabolism. In: Masoro E, editor. Handbook
of physiology. Aging. New York: Oxford University Press; 1995. p.
119-45.

[22] Chang AM, Smith MJ, Bloem CJ, Galecki AT, Halter JB. Effect of
lowering postprandial hyperglycemia on insulin secretion in older
people with impaired glucose tolerance. Am J Physiol Endocrinol
Metab 2004;287:E906-11.

[23] Majumdar AP, Jaszewski R, Dubick MA. Effect of aging on the
gastrointestinal tract and the pancreas. Proc Soc Exp Biol Med 1997;
215:134-44.

[24] Glaser J, Stienecker K. Pancreas and aging: a study using ultraso-
nography. Gerontology 2000;46:93 -6.

[25] Scheen AlJ. Is there a role for alpha-glucosidase inhibitors in the
prevention of type 2 diabetes mellitus? Drugs 2003;63:933-51.

[26] Kawano K, Hirashima T, Mori S, Saitoh Y, Kurosumi M. Spontaneous
long-term hyperglycemic rat with diabetic complications. Otsuka
Long-Evans Tokushima Fatty (OLETF) strain. Diabetes 1992;41:
1422-8.

[27] Otsuki M, Sakamoto C, Ohki A, Okabayashi Y, Yuu H, Maeda M,
et al. Exocrine and endocrine pancreatic function in rats treated
with alpha-glucosidase inhibitor (acarbose). Metabolism 1983;32:
846-50.

[28] Otsuki M, Okabayashi Y, Ohki A, Suehiro I, Baba S. Effect of alpha-
glucosidase inhibitor on exocrine and endocrine pancreatic function in
rats fed a high-carbohydrate diet consisting of sucrose or glucose.
Diabetes Res Clin Pract 1988;5:257-63.

[29] Yamamoto M, Jia DM, Fukumitsu KI, Imoto I, Kihara Y, Hirohata Y,
et al. Metabolic abnormalities in the genetically obese and diabetic
Otsuka Long-Evans Tokushima Fatty rat can be prevented and
reversed by alpha-glucosidase inhibitor. Metabolism 1999;48:347 - 54.

[30] Yamamoto M, Jia DM, Fukumitsu K, Otsuki M. Treatment for
hyperglycemia promotes pancreatic regeneration in rats without CCK-
1 receptor gene expression. Pancreas 2003;26:368 - 74.

[31] Davoren PR. The isolation of insulin from a single cat pancreas.
Biochim Biophys Acta 1962;63:150-3.

[32] Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measure-
ment with the Folin phenol reagent. J Biol Chem 1951;193:265-75.

[33] Labarca C, Paigen K. A simple, rapid and sensitive DNA assay
procedure. Anal Biochem 1980;102:344-52.

[34] Morgan CR, Lazarow AL. Immunoassay of insulin: two antibody
system. Diabetes 1963;12:115-26.

[35] Bondar RJ, Mead DC. Evaluation of glucose-6-phosphate dehydro-
genase from Leuconostoc mesenteroides in the hexokinase method for
determining glucose in serum. Clin Chem 1974;20:586-90.

[36] Tachibana I, Watanabe N, Shirohara H, Akiyama T, Nanano S, Otsuki
M. Effects of tetraprenylacetone on pancreatic exocrine secretion and
acute pancreatitis in two experimental models in rats. Int J Pancreatol
1995;17:147-54.

[37] Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF,
Turner RC. Homeostasis model assessment: insulin resistance and
beta-cell function from fasting plasma glucose and insulin concen-
trations in man. Diabetologia 1985;28:412-9.

[38] Weyer C, Hanson K, Bogardus C, Pratley RE. Long-term changes in
insulin action and insulin secretion associated with gain, loss, regain
and maintenance of body weight. Diabetologia 2000;43:36-46.

[39] Adelman RC. Secretion of insulin during aging. J Am Geriatr Soc
1989;37:983-90.

[40] Otsuki M, Sakamoto C, Ohki A, Okabayashi Y, Suehiro I, Baba S.
Effect of acarbose on exocrine and endocrine pancreatic function in
the rat. Diabetologia 1983;24:445-8.

[41] Morisset J, Dunnigan J. Effects of glucose, amino acids, and insulin
on adaptation of exocrine pancreas to diet. Proc Soc Exp Biol Med
1971;136:231-4.

[42] Johnson A, Hurwitz R, Kretchmer N. Adaptation of rat pancreatic
amylase and chymotrypsinogen to changes in diet. J Nutr 1977;107:
87-96.

[43] Jia DM, Otsuki M. Troglitazone stimulates pancreatic growth in
normal rats. Pancreas 2002;24:303-12.

[44] Vassalli P. The pathophysiology of tumor necrosis factors. Annu Rev
Immunol 1992;10:411-52.



	Effect of inhibition of alpha-glucosidase on age-related glucose intolerance and pancreatic atrophy in rats
	Introduction
	Materials and methods
	Animals
	Administration of acarbose
	Experimental protocol
	Histologic examination
	Assays
	Evaluation of insulin resistance
	Statistical analysis

	Results
	Body weight and daily food intake
	Fasting serum glucose and insulin concentrations
	Serum glucose and insulin response to IVGTT
	Pancreatic wet weight and pancreatic contents of protein, DNA, enzymes, and insulin, and plasma CCK levels
	Concentrations of serum lipid and weight of the adipose depots
	Histologic findings

	Discussion
	References


