
T

i

h

w

i

c

f

s

t

t

a

s

g

fi

r

i

©

T
F
t
s
p
i
r
d
a
d
t
t
a
w
A
t
n
t
i
i

r
t
t
g
a
L
s
i
r
b
a
w
p
t
g

M

Bezafibrate on Lipids and Glucose Metabolism in Obese Diabetic
Otsuka Long-Evans Tokushima Fatty Rats

Dongmei Jia, Mitsuyoshi Yamamoto, Munenori Otani, and Makoto Otsuki

ype 2 diabetes is caused by insulin resistance and �-cell dysfunction. The Otsuka Long-Evans Tokushima Fatty (OLETF) rat

s an established animal model of human type 2 diabetes that exhibits chronic and slowly progressive hyperglycemia and

yperlipidemia and is accompanied by progressive fibrosis in the islets. The aim of the present study was to examine whether

orsening of hyperglycemia, insulin resistance, and histologic alterations of the islets in OLETF rats is related to hyperlip-

demia by treating these animals with a lipid-lowering drug, bezafibrate. The bezafibrate-treated groups of OLETF and their

ontrol counterpart Long-Evans Tokushima Otsuka (LETO) rats received a bezafibrate-rich diet (150 mg/100 g normal chow)

or 16 weeks, from 12 to 28 weeks of age, while the other groups of rats received standard rat chow. Bezafibrate treatment

ignificantly reduced serum triglyceride (TG) and free fatty acid (FFA) levels, suppressed the increase in islet size, and inhibited

he expression of �-smooth muscle actin, a marker for activated pancreatic stellate cells that are involved in the fibrosis of

he pancreas, in the islets in OLETF rats, but had no influences on food intake, body weight gain, abdominal adipose depots,

nd pancreatic insulin content in both strains of rats. Although bezafibrate significantly reduced circulating lipid levels and

uppressed the increase in insulin secretion evaluated by area under the curve (AUC) analysis in response to an intravenous

lucose tolerance test (IVGTT) until the end of the experiment, improvement of insulin resistance was observed only for the

rst 8 weeks after the onset of bezafibrate treatment. These results suggest that dyslipidemia is not responsible for the

educed insulin sensitivity, but the impairment of glucose tolerance is the primary defect in the OLETF rats, although

mprovement of dyslipidemia suppressed histologic alterations in the islets and temporally improved insulin resistance.
2004 Elsevier Inc. All rights reserved.
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YPE 2 DIABETES is caused by insulin resistance and
�-cell dysfunction. The Otsuka Long-Evans Tokushima

atty (OLETF) rat is an established animal model of human
ype 2 diabetes.1 OLETF rats exhibit a late-onset of chronic and
lowly progressive hyperglycemia and show innate poly-
hagia, which causes rapid body weight gain, resulting in hyper-
nsulinemia, hypertriglyceridemia, and hyperglycemia. Insulin
esistance appears at 12 to 24 weeks of age, and overt diabetes
evelops at 20 to 30 weeks of age. At later than 40 weeks of
ge, OLETF rats become hypoinsulinemic, and they also have
efects in insulin secretion.1-3 Histologically, OLETF rat shows
he progressive fibrosis in the pancreas. After 20 weeks of age,
he fibrosis and enlargement of the islets become prominent,
nd the islets are clustered by connective tissues.1,4 After 40
eeks of age, the islets are replaced by connective tissues.
fter 70 weeks of age, the pancreas is extremely atrophic, and

he tissue is replaced by fatty and connective tissue. Both the
umber and size of islets are decreased significantly.1-4 Thus,
he genetically obese-hyperglycemic OLETF rat has many sim-
larities with human type 2 diabetes, and its diabetic syndrome
s characterized by a high degree of insulin resistance.1-3,5,6

Hypertriglyceridemia is known to be a feature of obesity-
elated type 2 diabetes, but the pathoetiologic significance of
his association is obscure. In our previous studies,2,3 we found
hat abnormalities in fasting serum glucose, insulin, and tri-
lyceride (TG) values in the OLETF rats are already apparent
t 6 weeks of age compared with the control counterpart
ong-Evans Tokushima Otsuka (LETO) rats, whereas those in
erum concentrations of free fatty acid (FFA) and cholesterol
ncrease above those in LETO rats at 12 and 28 weeks of age,
espectively.3 Administration of �-glucosidase inhibitor, acar-
ose, to OLETF rats reduced serum glucose and insulin levels
nd improved hyperlipidemia.2 After the cessation of a 16-
eek treatment with an �-glucosidase inhibitor, however, im-
airment of insulin action (insulin resistance) appeared before
he onset of abnormal lipid metabolism and preceded hyper-

2
lycemia. We have also demonstrated that activation of per-

etabolism, Vol 53, No 4 (April), 2004: pp 405-413
xisome proliferator-activated receptor (PPAR)-� by chronic
ral administration of troglitazone in the OLETF rats reduces
nsulin resistance and maintains the postglycemic insulin re-
ponse at a normal level, and thus, inhibits the development of
nsulin insensitivity, hyperlipidemia, severe histopathologic
hanges of pancreatic islets, and frank diabetes up to 70 weeks
f age.3 These results suggest that the impairment of insulin
ction appears before the onset of abnormal lipid metabolism in
he OLETF rats. In contrast to these observations, several
revious studies have revealed that a primary increase in
lasma TG and FFA levels can lead to hyperglycemia by
ultiple converging mechanisms.7-10 Man et al9 revealed that

ypertriglyceridemia causes significant TG stores in the islets
f OLETF rats, which subsequently inhibits glucose-induced
nsulin secretion. Moreover, Lee et al10 have reported that
lasma FFA begins to increase progressively 2 weeks before
yperglycemia in Zucker diabetic fatty (ZDF) rats, and that
orrelations exist among plasma FFA and glucose concentra-
ions and islet triacylglycerol contents.

Because pancreatic � cells express the PPAR-�, �, and �
soforms11 and because PPAR-� agonist, troglitazone, not only
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406 JIA ET AL
revented, but also dramatically improved insulin sensitivity,
lucose tolerance, and morphologic changes and reduced insu-
in resistance and hyperlipidemia in OLETF,3 we undertook the
resent study to examine whether treatment with PPAR-�
gonist, bezafibrate, has similar preventive effects on insulin
esistance and morphologic changes of the islets in the OLETF
ats to those observed with troglitazone. Indeed, some studies
ave reported that bezafibrate reduces serum lipids levels,
nsulin resistance, and fasting serum glucose levels in non-
bese type 2 diabetic patients.12-15

MATERIALS AND METHODS

nimals and Diet

Spontaneously diabetic OLETF rats and their counterpart control
ETO rats were kindly supplied by the Tokushima Research Institute,
tsuka Pharmaceutical, Tokushima, Japan. Rats were maintained in a

emperature (23°C � 20°C)- and humidity (55% � 15%)-controlled
oom with a 12-hour light/dark cycle (lights on at 7 AM). The animals
ere provided standard rat chow ad libitum consisting of (as a per-

entage of calories) 61% carbohydrate, 26% protein, and 13% fat with
ellulose (wt/wt) (3.596 kcal/g diet; Oriental Yeast, Tokyo, Japan) and
ap water. The rats were maintained according to the ethical guidelines
f our institution, and the experimental protocol was approved by the
nimal welfare committee at our university.

dministration of Bezafibrate

Standard rat chow was pulverized to a fine powder, and bezafibrate
a generous gift from Kissei Pharmaceutical, Tokyo, Japan) was added
nd thoroughly mixed to a final concentration of 150 mg/100 g food.
he drug-chow powder mixture was reconstituted into pellets with a
ormal appearance. Chow for control rat was prepared in a similar
ashion, but without the addition of bezafibrate.

OLETF and LETO rats at 12 weeks of age consumed approximately
8 and 22 g of food/day, respectively, and the average food intake
emained nearly the same until the end of this study. Because bezafi-
rate did not alter food consumption in both strains of rats, the daily
osage of bezafibrate taken by the OLETF rats was approximately 42
g/rat, which is equivalent to 105 mg/kg body weight (at 12 weeks of

ge) to 70 mg/kg body weight (at 28 weeks of age), and that by the
ETO rats was approximately 33 mg/rat, which is equivalent to 110
g/kg body weight (at 12 weeks of age) to 66 mg/kg body weight (at

8 weeks of age). The dose of bezafibrate given to OLETF and LETO
ats in the present study was lower or similar to that used to reduce
erum lipids in hyperlipidemic rat,16,17 but approximately 10 times
igher than that used to improve insulin sensitivity in rats.12

xperimental Protocol

All animals were fed standard rat chow until 12 weeks of age and
hen randomly divided into 2 groups (the start of the experiment). The
reated groups of rats were maintained on bezafibrate-rich chow from
2 weeks of age until the end of the study at 28 weeks. The control
roups of rats received standard rat chow free of bezafibrate.
Rats in all groups were allowed free access to food and water

hroughout the study. Animals were weighed on a weekly basis, and
ood intake was determined every 2 weeks over a 48-hour period by
eighing the full food cups and then weighing the food cups again 48
ours later, correcting for spillage. The average food intake was esti-
ated as the amount of food consumed per cage.
At 6 weeks of age, after an overnight fast, the rats were intraperito-

eally (IP) injected with 50 mg/kg body weight sodium pentobarbital,
nd blood samples were collected from the jugular vein for measure-

ent of insulin, glucose, TG, and FFA. At 12, 16, 20, 24, and 28 weeks b
f age, an intravenous glucose tolerance test (IVGTT) was performed
fter an overnight fast. Animals were weighed before the experiments,
nd anesthesia was induced using sodium pentobarbital. A bolus dose
f 200 mg/kg body weight glucose was injected into the right jugular
ein immediately after blood sampling for measurement of serum
oncentrations of insulin, glucose, TG, and FFA. Blood samples were
ollected again from the left jugular vein at 5, 10, 30, and 60 minutes
or measurements of serum concentrations of glucose and insulin. After
VGTT, the abdomen was quickly opened, and retroperitoneal, mes-
nteric, and epididymal white adipose depots were dissected and
eighed. The pancreas was excised and cleared of lymph nodes and fat.
ortions of each pancreatic tissue with similar anatomic orientation
ere used for histologic examination and biochemical determination.
A portion of the pancreatic tissue was homogenized in saline using
motor-driven glass homogenizer at 3,000 rpm (8 passes). The ho-
ogenates were filtered through 3 layers of gauze and then sonicated

or 1 minute. The aqueous phase obtained after 15 minutes standing
as used for DNA assay. Insulin was extracted by a modified method
f Davoren.18

uantitative Analysis for Pancreatic Islets

A portion of the pancreatic tissue was fixed overnight in 10%
ormaldehyde solution for hematoxylin and eosin staining, and a quan-
itative evaluation of the islet size in the pancreatic specimen after
harmacologic intervention with or without bezafibrate was performed
sing an Axiophot microscope (Carl Zeiss, Eching, Germany) con-
ected to an interactive image analysis system (IBAS, Carl Zeiss). Ten
onoverlapping fields per pancreatic specimen of hematoxylin and
osin staining (n � 6) were randomly selected at a � 100 magnifica-
ion. The area of islet (�m2) was determined by IBAS image analysis
ystem.

mmunohistochemistry

Histologic changes were evaluated by immunostaining for �-smooth
uscle actin (�-SMA), a marker for activated pancreatic stellate cells

PSCs) that are involved in the fibrosis of endocrine and exocrine
ancreas.4,19

Paraffin-embedded pancreatic tissue sections were prepared on glass
lides. The sections were treated with graded alcohol solutions and
ncubated for 15 minutes in 3% H2O2 to block endogenous peroxidase
ctivities. Nonspecific staining was blocked by incubating with bovine
ormal serum for 10 minutes at room temperature. These sections were
ncubated with mouse antihuman �-SMA antibody (Dako, Carpinteria,
A) at a dilution 1:50 at room temperature for 30 minutes. Bound
ntibodies were detected with the peroxidase-labeled streptavidin-bi-
tin (LSAB) method using a commercially available kit (LSAB Kit;
ako), and all procedures were performed as recommended by the
anufacturer. These sections were then stained with diaminobenzidine

DAB). Counterstaining was performed with Mayer’s hematoxylin, and
he sections were mounted.

ssays

Serum glucose concentrations were determined by the glucose-
xidase method using a glucose kit (Glucose-E reagent; International
eagents, Kobe, Japan).20 Insulin concentrations in the serum and
ancreatic homogenates were measured by radioimmunoassay using
he double-antibody method21 with a commercially available radioim-
unoassay kit (ShionoRIA; Shionogi Pharmaceutical, Osaka, Japan)

sing crystalline rat insulin as a reference standard. Serum TG and FFA
oncentrations were determined by enzymatic colorimetric methods
sing commercially available kits (Wako Pure Chemical, Tokyo, Ja-
an). DNA concentrations in pancreatic homogenates were determined

22
y the method of Labarca and Paigen using the fluorescent dye
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407EFFECT OF BEZAFIBRATE ON LIPIDS AND GLUCOSE METABOLISM
-33258 (Hoechst, AG, Frankfurt, Germany) and calf thymus DNA
Type I; Sigma Chemical, St Louis, MO) as a standard. All samples
ere assayed at least in duplicate.
Insulin resistance was calculated by homeostasis model assessment

nsulin resistance (HOMA-IR) with the following formula: fasting
nsulin (mU/mL) � fasting glucose (mmol/L)/22.5, as described by

atthews et al.23 With such a method, high HOMA scores denote low
nsulin sensitivity (insulin resistance).23 Because the HOMA-IR is only
ased on fasting insulin and glucose concentrations, there are limita-
ions of the HOMA-IR method. However, HOMA-IR value is revealed
o be highly correlated with insulin resistance calculated by the mini-
al model approach in subjects with varying degrees of glucose

olerance.24,25

tatistical Analysis

Results are presented as the mean � SEM. Differences between
roups were tested for statistical significance using analysis of variance
ANOVA) followed by Tukey’s test. A P value less than .05 denoted
statistically significant difference. The same statistical procedure was
sed to analyze the results of serum glucose and insulin concentrations
sing area under the curve (AUC) analysis.

RESULTS

ood Consumption and Body Weight

OLETF rats at 6 weeks of age consumed more food than
ETO rats. The average food intake of OLETF rats gradually

ncreased up to 28.5 � 0.5 g/rat/d at 12 weeks of age and
emained at nearly the same levels until the end of the study.
ood intake in the control LETO rats also increased up to
2.5 � 0.3 g/rat/d at 12 weeks of age and remained at nearly
he same levels until the end of the study (Table 1). Bezafibrate

Table 1. Effect of Bezafibrate Treatment on Body Weig

in OLETF and LETO

Parameters

LETO

L-Cont

Body weight (g) 461 � 10
Food intake (g/d) 21.2 � 0.4
Serum lipid concentrations

TG (mmol/L)
6 weeks of age* 0.42 � 0.03
12 weeks of age* 0.32 � 0.04
28 weeks of age 0.63 � 0.09‡

FFA (g/L)
6 weeks of age* 0.150 � 0.013
12 weeks of age* 0.153 � 0.016
28 weeks of age 0.174 � 0.031 0

Total adipose tissue (g/rat) 21.1 � 2.3
(mg/g body weight) 45.2 � 4.2

Pancreatic insulin content
(nmol/pancreas) 20.1 � 1.1
(nmol/mg DNA) 2.66 � 0.20

NOTE. Values are the mean � SEM of 6 to 8 rats.
Abbreviations: L-Cont, control LETO rats; L-BF, bezafibrate-treated L
*Data from both the untreated control and the bezafibrate-treated
ere pooled as the control.
†Significant difference v L-Cont at the same age.
‡Significant difference v respective baseline at 12 weeks of age.
§Significant difference v respective control.
reatment did not influence food intake in both strains of rats. v
ased on the food intake, the daily dosage of bezafibrate taken
y the OLETF rats was estimated to be approximately 42
g/rat, which is equivalent to 105 to 70 mg/kg body weight/

ay, and that by the LETO rats was approximately 33 mg/rat,
hich is equivalent to 110 to 66 mg/kg body weight/day.
OLETF rats at 6 weeks of age were already significantly

eavier than LETO rats at the corresponding age (229.0 � 5.0 g
190.0 � 2.0 g, P � .01). The body weight of both strains of

ats increased progressively with age, although the weight gain
n OLETF rats was significantly greater than that in LETO rats.
ddition of bezafibrate to the diet had no significant influence
n weight gain in both strains of rats (Table 1).

asting Serum Levels of TG and FFA

Fasting serum TG levels at 6 weeks of age in OLETF rats
ere already significantly higher than those in LETO rats

0.94 � 0.08 v 0.38 � 0.02 mmol/L, P � .01) and increased
rogressively with age (Table 1). Addition of bezafibrate to the
iet from 12 weeks of age markedly decreased serum TG levels
rom 1.21 � 0.08 mmol/L at 12 weeks of age to 0.75 � 0.06
mol/L at 16 weeks of age (P � .01 v at 12 weeks of age).
fter 16 weeks of age, serum TG levels in bezafibrate-treated
LETF rats slightly increased, but were significantly lower

han those in the control OLETF rats at the corresponding age.
n LETO rats, fasting serum TG levels gradually increased with
ge, and bezafibrate prevented the age-related TG increase
Table 1).

The fasting serum FFA levels in OLETF rats were nearly the
ame as those in LETO rats at 6 weeks of age (0.144 � 0.010

dipose Tissue Weight, and Pancreatic Insulin Content

at 28 Weeks of Age

OLETF

-BF O-Cont O-BF

13 593 � 9† 602 � 23†
0.3 28.7 � 0.4† 29.4 � 0.5†

1.0 � 0.06†
1.2 � 0.08†

0.06 1.75 � 0.06†‡ 1.23 � 0.21†§

0.145 � 0.020
0.229 � 0.022†

0.016‡§ 0.236 � 0.135 0.120 � 0.025†‡§
1.4 56.7 � 3.0† 52.3 � 3.3†
2.8 94.6 � 3.3† 88.7 � 1.2†

0.6 26.8 � 1.4† 25.9 � 1.6†
0.23 4.06 � 0.20† 3.58 � 0.15†

rats; O-Cont, control OLETF rat; O-BF, bezafibrate-treated OLETF rats.
s before the start of bezafibrate administration (at 12 weeks of age)
ht, A

Rats

L

451 �

21.3 �

0.43 �

.094 �

18.5 �

40.9 �

21.5 �

2.71 �

ETO
group
0.138 � 0.018 g/L, not significant [NS]), but were signifi-
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408 JIA ET AL
antly higher than those in LETO rats at 12 weeks of age
0.22 � 0.02 v 0.12 � 0.01 g/L, P � .01) and remained at
igher levels until the end of this study at 28 weeks of age.
upplementing the diet with bezafibrate significantly decreased
erum FFA levels in both OLETF and LETO rats (Table 1).

erum Insulin and Glucose Response to IVGTT

Fasting serum glucose (Fig 1A) and insulin (Fig 1B) levels in
LETF rats were significantly higher than those in LETO rat at
weeks of age, before the start of this experiment, and in-

reased progressively with age.
In the control untreated OLETF rats, the glycemic response

Fig 1. Serial changes of (A) fasting serum glucose and (B) insulin

evels in the untreated control and bezafibrate-treated OLETF (�, ■ )

nd LETO rats (E, F). Control rats received a standard rat chow free

f bezafibrate until the end of the study (E, �), whereas bezafibrate-

reated rats received a bezafibrate-rich diet from 12 to 28 weeks of

ge (F, ■ ). Results are the mean � SEM of 6 to 8 rats. O-Cont, control

LETF rat; O-BF, bezafibrate-treated OLETF rats; L-Cont, control

ETO rats; L-BF, bezafibrate-treated LETO rats. aSignificant differ-

nce v control LETO rats (L-Cont) at the same age; bsignificant dif-

erence v bezafibrate-treated OLETF rats (O-BF) at the same age; and

significant difference v bezafibrate-treated LETO rats (L-BF) at the

ame age.
o an IVGTT gradually increased with age (Fig 2A). Addition a
f bezafibrate to the diet from 12 weeks of age prevented the
ge-dependent increase in serum glucose levels at fasting until
0 weeks of age (12 weeks of age v bezafibrate-treated OLETF
ats at 20 weeks of age, 6.7 � 0.3 v 7.4 � 0.2 mmol/L, NS) (Fig
A). Bezafibrate significantly suppressed the total glucose re-
ponse represented by the area of glucose curve (AUC) until 24
eeks of age (Fig 3A).
Fasting and the AUC of insulin response exhibited progres-

ive elevations as the OLETF rats increased in age (Figs 1B,
B, and 3B). Although suppressive effects of bezafibrate on the
ge-dependent increase in basal serum insulin levels were
bserved only for the first 8 weeks after the onset of treatment
from 14 to 24 weeks of age) (Fig 1B), bezafibrate almost
ompletely prevented the age-related increases in the AUC of
nsulin response to an IVGTT until the end of the study at 28
eeks of age (Fig 3B).
In the control LETO rats, fasting serum glucose concentra-

ions showed a tendency to increase with age (Fig 1A), whereas
asting serum insulin concentrations significantly increased
rom 108 � 12 pmol/L at 6 weeks of age to 225 � 23 pmol/L
t 12 weeks of age and further increased with age (Fig 1B).
ezafibrate had no significant influences on fasting and post-
lycemic serum glucose (Figs 1A, 2A, and 3A) and insulin
evels (Figs 1B, 2B, and 3B) in the LETO rats.

OMA-IR

HOMA-IR in OLETF rats at 6 weeks of age was already
ignificantly higher than that in LETO rats and progressively
ncreased with age (Fig 4). Although there are limitations of the
OMA-IR method, which is only based on fasting insulin and
lucose concentrations, addition of bezafibrate to the diet pre-
ented the increase in the HOMA-IR for the first 8 weeks after
he onset of treatment (until 20 weeks of age). Therefore,
ezafibrate treatment transiently prevented the increase in in-
ulin resistance. HOMA-IR in the control LETO rats also
howed a slight, but progressive, increase with age (Fig 4).

bdominal Fat Weight and Pancreatic Insulin Content

Total abdominal fat weight (mesenteric, retroperitoneal, and
pididymal) in the untreated control OLETF rats was almost 3
imes heavier than that in the control LETO rats (Table 1).
upplementing the diet with bezafibrate showed a tendency to
ecrease the total adipose depots in both strains of rats, al-
hough not statistically significant.

The pancreatic insulin content in the control OLETF rats was
ignificantly higher than that in the control LETO rats. Admin-
stration of bezafibrate tended to decrease the pancreatic insulin
ontent in OLETF rats, whereas it tended to increase in LETO
ats. However, the differences were not statistically significant
ompared with that in the respective control rats (Table 1).

istologic Change

The islets of the untreated control OLETF rats were larger
nd had irregular boundaries (Fig 5A). Bezafibrate treatment
reatly suppressed the increase in islet size (Fig 5B).
Quantitative analysis of pancreatic islet size in OLETF and

ETO rats by using an IBAS imaging analysis system revealed

n age-related increase in islet size (Table 2). The islets of the
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409EFFECT OF BEZAFIBRATE ON LIPIDS AND GLUCOSE METABOLISM
ntreated control OLETF rats were larger and had irregular
oundaries. In addition, �-SMA was strongly expressed in the
nlarged islets of the untreated control OLETF rats (Fig 5A).
istribution of �-SMA-positive cells closely correlated with

he area of connective tissue proliferation. No significant his-
ologic changes, such as enlargement of islets and connective
issue proliferation, were observed in the control LETO rats,
nd bezafibrate had no influences on the pancreas of the LETO
ats. Administration of bezafibrate to OLETF rats reversed the
ize of islets to that in LETO rats (Table 2). Moreover, beza-
brate significantly suppressed the connective tissue prolifera-

ion and the expression of �-SMA in the islets of the OLETF
ats (Fig 5B). In the pancreas of bezafibrate-treated OLETF
ats, �-SMA immunoreactivity was seen only in the vessel
alls (Fig 5B).

DISCUSSION

Type 2 diabetes is a syndrome characterized by insulin
esistance and defective insulin secretion.26,27 Hypertriglyceri-

Fig 2. Serial changes in (A) serum glucose and (B) insulin respons

ontrol rats received a standard rat chow free of bezafibrate until

ezafibrate-rich diet from 12 to 28 weeks of age (■ ). Results are expre

lucose and insulin levels between the untreated control and the bez

ata from both groups were pooled as the control to make the figure

ats is shown, because there were no differences in serum glucose an

ETO rats. O-Cont, control OLETF rat; O-BF, bezafibrate-treated OL

orresponding time point; bsignificant difference v O-BF at correspo
emia and/or elevated serum FFA levels induces insulin resis- O
ance in the liver and peripheral tissue.28-30 It is not known,
owever, whether the increased serum lipids are responsible for
he reduced insulin sensitivity or whether the increased serum
ipids are secondary to the metabolic derangement due to
nsulin resistance.

In the present study, treatment with bezafibrate lowered
asting serum TG and FFA levels until the end of the experi-
ental period, as were observed after treatment with PPAR-�

gonist, troglitazone3 and suppressed connective tissue prolif-
ration and �-SMA expression in the islets of the OLETF rats.
owever, the improvement of insulin resistance and glucose
etabolism was quite small compared with that observed after

roglitazone treatment3 and was only transient for the first 8
eeks after the onset of treatment. Although the mechanism of

he transient effects of bezafibrate on glucose metabolism (es-
ape phenomenon or secondary failure) is unclear, these obser-
ations suggest a possibility that the improvement of glucose
etabolism is not due to an improvement of lipid metabolism,

ut the impairment of insulin action is the primary defect in the

an IVGTT (0.2 g/kg body weight) in OLETF (�, ■ ) and LETO rats (E).

d of the study (E, �), whereas bezafibrate-treated rats received a

s the mean of 6 to 10 rats. Because there was no difference in serum

te-treated groups before the start of bezafibrate administration, the

le. In the LETO rats, the data only from the untreated control LETO

lin levels between the untreated control and the bezafibrate-treated

rats; L-Cont, control LETO rats. aSignificant difference v L-Cont at

time point.
es to

the en
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afibra
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nding
LETF rats. Indeed, abnormalities in fasting serum glucose
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410 JIA ET AL
nd insulin levels in OLETF rats were already apparent at 6
eeks of age when serum FFA levels were still similar to those

n the control LETO rat (Table 1). Moreover, we found that
dministration of �-glucosidase inhibitor, acarbose, to OLETF
ats not only reduces serum glucose and insulin levels, but also
mproves hyperlipidemia, and that the increase in serum glu-

Fig 3. Serial changes of the (A) area of glucose and (B) insulin

urves in response to an IVGTT in the untreated control and bezafi-

rate-treated OLETF (�, ■ ) and LETO rats (E, F). Control rats re-

eived a standard rat chow free of bezafibrate until the end of the

tudy (�, E), whereas bezafibrate-treated rats received a bezafibrate-

ich diet from 12 to 28 weeks of age (■ , F). Results are the mean �

EM of 6 to 8 rats. O-Cont, control OLETF rat; O-BF, bezafibrate-

reated OLETF rats; L-Cont, control LETO rats; L-BF, bezafibrate-

reated LETO rats. aSignificant difference v L-Cont at the same age;

significant difference v O-BF at the same age; csignificant difference

L-BF at the same age.
ose levels and insulin resistance after the cessation of treat- v
ent with an �-glucosidase inhibitor precedes the increase in
lasma TG and FFA in OLETF rats.2 These results suggest that
he increase in serum lipids is secondary to derangement of
lucose metabolism in OLETF rats. In support of this view,
armon et al16 have demonstrated in the ZDF rat that bezafi-
rate treatment does not prevent the increase in fasting plasma
lucose nor the associated decrease in insulin mRNA levels,
nd that treatment with phlorizin, a drug that reduces plasma
lucose, but has no influence on lipid levels, prevents hyper-
lycemia and preserves insulin mRNA levels without prevent-
ng hypertriglyceridemia. More recently, Koishi et al31 have
emonstrated that complete lack of hyperlipidemia in the KK/
an mice does not improve the diabetic phenotype and indi-
ated that the correction of diabetic dyslipidemia may not
mprove glucose tolerance.

In contrast, however, improvement of dyslipidemia is often
hown to reduce insulin resistance and improve glucose toler-
nce.12,13,15,32-36 Panz et al33 have suggested that the pathogen-
sis of lipoatrophic diabetes mellitus (LDM) is related primar-
ly to abnormal regulation of lipids rather than glucose
etabolism by demonstrating an improvement of �-cell func-

ion, a decrease in insulin resistance, and the attainment of
ormal glucose homeostasis in parallel with progressive reduc-
ions in serum concentrations of TG and nonesterified fatty
cids (NEFA) after administration of bezafibrate. Matsui et al12

ave also shown that bezafibrate improves insulin sensitivity in
ats fed the high-fructose plus lard diet by normalizing the fatty
cid composition of skeletal-muscle TG. Moreover, the in-
rease in plasma FFA levels in ZDF rats precedes the increase
n plasma glucose levels by 2 weeks.10

Although we have no explanation for these discrepancies of

Fig 4. Serial changes of HOMA-IR in the untreated control and

ezafibrate-treated OLETF (�, ■ ) and LETO rats (E, F). Control rats

eceived a standard rat chow free of bezafibrate until the end of the

tudy (�, E), whereas bezafibrate-treated rats received a bezafibrate-

ich diet from 12 to 28 weeks of age (■ , F). Results are the mean �

EM of 6 to 8 rats. O-Cont, control OLETF rat; O-BF, bezafibrate-

reated OLETF rats; L-Cont, control LETO rats; L-BF, bezafibrate-

reated LETO rats. aSignificant difference v L-Cont at the same age;

significant difference v O-BF at the same age; csignificant difference
L-BF at the same age.
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411EFFECT OF BEZAFIBRATE ON LIPIDS AND GLUCOSE METABOLISM
he effects of bezafibrate on glucose metabolism, it seems
ossible that bezafibrate may have different effects on hu-
ans13,15,28,29,32 from those on rodents.10,12 Differences of spe-

ies of animals used, ZDF,10 Sprague-Dawley rats,12 and
LETF rats (present study) and the doses and duration of
ezafibrate administration might be other possible explanations
or the discrepancies. In fact, if we brought the present study to
n end at 16 or 20 weeks of age, 4 to 8 weeks after the
ommencement of bezafibrate administration, we might have
oncluded that bezafibrate improves glucose tolerance and in-
ulin sensitivity by lowering serum levels of TG and FFA (Figs
, 2, 3, and 4).
Bezafibrate is not a pure PPAR-� agonist, but activates

PAR-�, �, and � with a comparable EC50 value.37 There is a
ossibility therefore that bezafibrate influences glucose ho-

Fig 5. Representative immunohistochemistry of �-SMA expressio

ats, islet was enlarged with irregular boundaries, and �-SMA was stro

ats, the expression of �-SMA in the islet was completely suppressed

agnification � 50.

Table 2. Effect of Bezafibrate Treatment o

Age (wk)

LETO

L-Cont L-BF

6 3,669 � 45 ND
12 8,395 � 1,255† ND
28 7,710 � 1,330† 6,130 � 21

NOTE. Values are the mean � SEM of 5 rats per group. Size of pa
nalysis system and indicated as �m2.
Abbreviations: L-Cont, control LETO rats; L-BF, bezafibrate-treated L

aseline, 12 weeks of age; ND, not determined.
*Significant difference v L-Cont at the same age.
†Significant difference v 6 weeks of age in the same strain of rats.
‡Significant difference v 12 weeks of age in the same strain of rats

§Significant difference v respective control without bezafibrate.
eostasis through the activation of PPAR-� and/or PPAR-�
ubtypes in adipocytes. It is also conceivable that PPAR-�,
PAR-�, and PPAR-� are differently activated by bezafibrate
epending on the doses used and the duration of administration.
he highly selective PPAR-� agonist, troglitazone, reduced the

nsulin resistance and maintained the postglycemic response at
normal level without changing body weight and adipose

epots in OLETF rats up to 70 weeks of age.3 Thus, bezafibrate
as less effective than troglitazone for preventing and improv-

ng insulin resistance (Jia et al3 v present study). On the other
and, the selective PPAR-� agonists, such as WY14,64338 and
enofibrate39 are shown to decrease body weight and visceral
at and improve insulin action. However, bezafibrate had no
nfluences on body weight gain and total abdominal adipose
epots in OLETF rats. Taken together, the results of the present

he pancreas at 28 weeks of age. In the (A) untreated control OLETF

expressed in the enlarged islets. In the (B) bezafibrate-treated OLETF

�-SMA immunoreactivity was seen only in the vessel walls. Original

creatic Islet Size in OLETF and LETO Rats

OLETF

O-Cont O-BF

4,917 � 410* ND
13,025 � 787*† ND
27,592 � 4,438*†‡ 7,378 � 1,620†‡§

tic islets in LETO and OLETF rats was evaluated by an IBAS image

ats; O-Cont, control OLETF rats; O-BF, bezafibrate-treated OLETF rats;
n in t

ngly

, and
n Pan

6†

ncrea

ETO r

.
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412 JIA ET AL
tudy indicate that multi-PPAR agonist, bezafibrate, has
maller effects on both PPAR-� and PPAR-� compared with
he respective selective agonists in this strain of rats fed stan-
ard rat chow.
The pancreatic � cells in OLETF rats are forced to secrete
ore insulin to overcome the loss of normal insulin sensitivity,

esulting in the islet to enlarge in a hyperplastic stage.1,4 Al-
hough improvement of insulin resistance by bezafibrate treat-
ent was observed only at early stage after the commencement

f the treatment, the AUC of insulin response to an IVGTT (Fig
B) and the islet size evaluated by an IBAS image analysis
ystem in the bezafibrate-treated OLETF rats were greatly
mproved until the end of the study at 28 weeks of age (Table
). In addition, administration of bezafibrate greatly suppressed
onnective tissue proliferation and the expression of �-SMA, a
arker for activated PSCs that are involved in the fibrosis of

he pancreas.4,19 Recently, we have also found that bezafibrate
reatly inhibits the infiltration of inflammatory cell and sup-
resses the expression of tumor necrosis factor (TNF)-� and
nterleukin (IL)-1� in the exocrine pancreas.40 Indeed, many
tudies have indicated that bezafibrate interferes with the re-
ponse of inflammatory cytokines and induces apoptosis of
onocyte-derived macrophages.41,42 These results suggest that
ezafibrate reduces insulin resistance and improves �-cell func-
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ion by reducing circulating lipid levels and probably accumu-
ation of TG in the islets. Further long-term studies are required
o examine whether the histologic changes observed in the
resent study after bezafibrate administration for 16 weeks
ould slow the ultimate pancreatic failure seen in older OLETF

ats.2,3

In summary, administration of bezafibrate to OLETF rats not
nly improved the hyperlipidemia and suppressed the connec-
ive tissue proliferation in the islets, but also delayed the
rogression of hyperglycema and insulin resistance. Because
he improvement of dyslipidemia and histologic alterations in
he islets was observed until the end of the study at 28 weeks
f age, and because the improvement of insulin resistance and
lucose metabolism was quite small and transient, it is reason-
ble to conclude that dyslipidemia is not responsible for the
educed insulin sensitivity, and that the impairment of glucose
olerance is the primary defect in the OLETF rats. Although it
s difficult to transfer the present observation made in a partic-
lar animal model to the human situation, bezafibrate may have
ome beneficial effects on insulin resistance and islet morphol-
gy in patients with obese type 2 diabetes.
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