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aBsTRACT.  WBN/Kob-Lepr™® (fa/fa) rats have been identified as a new animal model of type 2 diabetes (T2DM), as they are characterized
by impaired pancreatic insulin secretion and severe insulin resistance. Our previous study demonstrated impaired insulin secretion and its
involvement in hyperglycemia in fa/fa rats. The present study was aimed at elucidating the role of insulin resistance in the development
and progression of diabetes in these animals. Troglitazone (TGZ) was used as an insulin sensitizer. Insulin resistance and insulin secretory
capacity were measured by a homeostasis model assessment of insulin resistance and the area under the blood concentration—time curve for
plasma insulin levels after intravenous glucose tolerance testing, respectively. The fa/fa rats exhibited marked insulin resistance between
5 and 11 weeks of age, compared with age-matched Wistar rats. The insulin secretory capacity of fa/fa rats was higher than that of Wistar
rats at 5 weeks of age, but decreased by 50% between 9 and 11 weeks of age. The fa/fa rats were fed a standard diet, with or without
0.2% w/w TGZ, for 4 weeks. Treatment with TGZ significantly improved insulin resistance, hyperglycemia and hypertriglyceridemia in
both prophylactic and therapeutic study groups. These results suggest that insulin resistance is markedly involved in the development and

progression of T2DM in fa/fa rats.
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Diabetes mellitus can be broadly classified into type 1
and type 2. While type 1 diabetes is believed to be caused
by an absolute lack of insulin secretion associated with the
destruction of pancreatic  cells, the major causes of type
2 diabetes mellitus (T2DM) are believed to be insulin re-
sistance and impaired insulin secretion [5]. In recent years,
the rapid increase in the prevalence of diabetes has become
a serious problem worldwide [20]. This increase in diabetes
warrants the development of new antidiabetic drugs. The use
of animal models is essential when conducting pharmaco-
logical testing pertaining to drug efficacy and for elucidating
the pathophysiology of diabetes itself.

Male WBN/Kob rats are known to develop a wide range
of pathological conditions, such as pancreatic endocrine dis-
orders and chronic pancreatitis that are not associated with
obesity [12, 16]. Akimoto et al. [1] recently generated a fa/
fa congenic rat strain by introducing the obesity gene (Lep-
#%) into wild-type WBN/Kob rats through mating, creating
a new rat model of diabetes. These rats represent a multi-
factorial inherited model of diabetes: they develop diabetes
spontaneously, are primarily obese and exhibit pathological
conditions, such as hyperglycemia and pancreatitis. Howev-
er, the contribution of impaired insulin secretion and insulin
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resistance to the development and progression of diabetes in
these animals is not fully understood.

In a previous study, we demonstrated the involvement of
impaired insulin secretion in the development of hypergly-
cemia in fa/fa rats [7]. The aim of the present study was to
examine the role of insulin resistance in the pathogenesis
and development of T2DM in fa/fa rats.

MATERIALS AND METHODS

Animals: Male fa/fa rats and age-matched male Wistar rats
(Japan SLC, Inc., Hamamatsu, Japan) were housed in plastic
cages and given a standard laboratory chow powdered diet
(CRF-1; Oriental Yeast Co., Ltd., Tokyo, Japan). Water was
provided ad libitum, and room temperature was controlled at
23 4 3°C with the humidity being 55 + 5%. The room was
lighted between 0700 and 1900 daily. All rats were handled
according to the experimental animal guidelines of Azabu
University.

Age-related changes in insulin secretory capacity and
insulin resistance: Intravenous glucose tolerance tests
(IVGTTs) were performed, as described previously [7],
in 5-, 9- and 11-week-old fa/fa and Wistar rats (5 rats per
group). After a 16-hr overnight fast, the animals were anes-
thetized with pentobarbital sodium (50 mg/kg, ip). A fasting
blood sample (0.2 m/) was collected from the jugular vein
into a heparinized tube for measurement of baseline glucose
and insulin, and 0.5 g/kg glucose (20% w/v; Otsuka Pharma-
ceutical Co., Ltd., Tokyo, Japan) was then injected into the
femoral vein. Blood samples (0.2 m/) were taken 2, 5, 10 and
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20 min after the glucose injection. Finally, a blood sample (3
m/) for chemical analysis was collected from the abdominal
vena cava into a heparinized tube. Blood samples were cen-
trifuged at 3,000 x g for 15 min at 4°C, and the plasma was
removed and flash-frozen for performing analyses later.

Effects of TGZ on fa/fa rats: The fa/fa rats (n=30) were
divided into 4 groups: (1) TGZ (n=8) and (2) control (n=8)
groups in the prophylactic study; (3) TGZ (n=7) and control
(n=7) groups in the therapeutic study. The TGZ rats were
fed a diet of rat chow mixed with 0.2% w/w TGZ (Daiichi-
Sankyo Co., Ltd., Tokyo, Japan) for 4 weeks, beginning at 7
weeks of age for the prophylactic group and at 12 weeks of
age for the therapeutic group. Blood samples were collected
weekly from the tail vein during the experimental period,
and IVGTTs were performed at the end of each experiment.

Blood biochemical analysis: Levels of total cholesterol
(T-Chol), triglycerides (TG) and non-esterified fatty acids
(NEFA) in heparinized plasma were measured using an au-
tomatic analyzer (JCA-BM 2250; JEOL Ltd., Tokyo, Japan).
Plasma immunoreactive insulin was measured using a rat
insulin enzyme-linked immunosorbent assay kit (Morinaga
Institute of Biological Science, Inc., Yokohama, Japan).

The area under the curve (AUC) for plasma glucose and
plasma insulin, which represented the total glucose level and
total insulin secretion, respectively, from 0 to 20 min during
IVGTT, was determined according to the trapezoidal rule.
The AUC of the blood insulin levels found during IVGTT
was used as an index of the insulin secretory capacity of
the pancreatic B cells. The fasting plasma glucose and in-
sulin levels were used to calculate the homeostasis model
assessment of insulin resistance (HOMA-IR), a measure of
insulin-resistance status [10].

Statistical analysis: The results were calculated as the
mean £ SEM. Student’s #-test was used for statistical analy-
sis; the level of significance was set at P<0.05.

RESULTS

Comparison between fa/fa rats and Wistar rats: The plas-
ma glucose levels of fa/fa rats were comparable to those of
Wistar rats at 5 weeks of age, but while the levels remained
constant in Wistar rats, they rose in fa/fa rats to become sig-
nificantly higher between 9 and 11 weeks of age (P<0.01)
(Fig. 1A). In contrast, the plasma insulin levels were signifi-
cantly higher in fa/fa rats than in Wistar rats at 5 weeks of
age, but there were no statistically significant differences at
9 and 11 weeks of age (Fig. 1B).

The HOMA-IR, representing insulin resistance, showed a
virtually constant value in both fa/fa and Wistar rats between
5 and 11 weeks of age. Throughout the experiments, howev-
er, the HOMA-IR values of the fa/fa rats were significantly
higher than those of the Wistar rats (P<0.01) (Fig. 1C).

The AUC of the blood insulin levels, representing insulin
secretory capacity, was significantly higher in fa/fa rats than
in Wistar rats at 5 weeks of age (59.7 + 4.8 min-ng-m/ ™! vs.
130.7 £ 6.2 min-ng-m/"'; P<0.01). In Wistar rats, the AUC
of insulin at 9 and 11 weeks of age was similar to the value
at 5 weeks. However, the AUC decreased markedly in fa/fa
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Fig. 1. Changes in values by age. Plasma glucose (A) and insulin

(B) levels; homeostasis model assessment of insulin resistance
(HOMA-IR) values (C); area under the curve (AUC) of blood
insulin levels (D). O: Wistar rats; B: fa/fa rats. Numerical values
are given as the mean + SEM; b: P<0.01.

rats: the values at 9 and 11 weeks of age were significantly
lower than the values of age-matched Wistar rats (P<0.01)
(Fig. 1D).

Prophylactic TGZ: The mean food intake of the TGZ and
control groups was not significantly different (TGZ group,
23.1 £+ 1.2 g/day; control group, 26.1 £ 1.5 g/day).

In 7-week-old fa/fa rats, blood glucose levels of the TGZ
and control groups were comparable (TGZ group, 208.1
+ 21.2 mg/d/; control group, 205.3 = 32.6 mg/d/). In the
control group, blood glucose levels increased rapidly after
8 weeks of age and were as high as 541.1 + 6.0 mg/d/ at 11
weeks of age. In contrast, in the TGZ group, there was no in-
crease in blood glucose levels after 7 weeks of age. Instead,
the levels decreased to approximately 100 mg/d/, and the
decreased levels were maintained until 11 weeks of age (Fig.
2A). At 7 weeks of age, there was no significant difference
in insulin levels between the TGZ and control groups (TGZ
group, 10.6 £ 0.7 ng/m/; control group, 11.4 + 0.6 ng/m/). By
8 weeks of age, insulin levels decreased in both groups and
were significantly lower in the TGZ group than in the control
group at 9 weeks of age (P<0.01) (Fig. 2B); these values
were the same in both groups at 10 and 11 weeks of age.

Blood glucose levels peaked in both the control and TGZ
groups 2 to 5 min after glucose loading. The blood glucose
levels in the TGZ group were consistently and significantly
lower than those in the control group, both before and after
glucose loading (P<0.01) (Fig. 2C). In response to the in-
crease in blood glucose levels, insulin levels peaked 2 min
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Fig. 2. Changes in plasma glucose (A) and insulin (B) levels in fa/fa

rats during the prophylactic study; changes in plasma glucose (C)
and insulin (D) levels on intravenous glucose tolerance testing
(IVGTT); HOMA-IR values (E) and AUC of blood insulin levels
(F) at the end of the prophylactic study. O, O: control group; @, H:
troglitazone (TGZ) group. Numerical values are given as the mean
+ SEM; a: P<0.05; b: P<0.01.

after glucose loading in both groups and decreased slowly
thereafter. There was no significant difference between
groups with respect to insulin levels before glucose loading,
but the insulin levels in the TGZ group were significantly
higher after glucose loading (P<0.05) (Fig. 2D). There were
no significant differences in glucose and insulin levels be-
tween Wistar rats and TGZ-treated fa/fa rats in the IVGTTs
(data not shown). The HOMA-IR values in the TGZ group
were significantly lower than that in the control group
(P<0.01) (Fig. 2E). The AUC of insulin was significantly
higher in the TGZ group than in the control group (P<0.01)
(Fig. 2F).

The results of the prophylactic study revealed that TG
and NEFA levels were significantly lower in the TGZ group
(P<0.01), whereas the T-Chol levels were significantly
higher in the TGZ group (P<0.01) (Table 1A).
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Table 1.  Effects of troglitazone (TGZ) on blood lipid levels in pro-
phylactic (A) and therapeutic (B) studies

Control group TGZ group

(A) Prophylactic study

Number of rats 8 8

TG (mg/dl) 160 + 17 46+50b

T-Chol (mg/d/) 94+4 162+50

NEFA (uEq//) 1,526 =280 421 +45°
(B) Therapeutic study

Number of rats 7 7

TG (mg/dl) 19172 50+8P

T-Chol (mg/d/) 114 +£43 161+6°

NEFA (uEq/I) 1,301 £492 1,111 £62°

Numerical values are given as the mean £ SEM. TG: triglyceride; T-
Chol: total cholesterol; NEFA: non-esterified fatty acids. b: P<0.01 vs.
control group.

Therapeutic TGZ: The average food intake of the TGZ
and control groups did not differ significantly (TGZ group,
26.5 £ 0.5 g/day; control group, 26.0 + 0.9 g/day).

High blood glucose levels were observed in both the TGZ
and control groups at 12 weeks of age, before TGZ admin-
istration (TGZ group, 610.1 £ 18.1 mg/d/; control group,
576.9 + 28.8 mg/d/; P>0.05). The high blood glucose levels
persisted in the control group, while the TGZ group demon-
strated decreased blood glucose levels from 13 weeks of age,
most noticeably 1 week after TGZ administration (P<0.01).
The blood glucose levels in the TGZ group tended to de-
crease continuously over the study period (Fig. 3A). Insulin
levels remained within the same range in both groups; no
significant difference was found except at 15 weeks of age
(3 weeks after TGZ administration) (Fig. 3B).

In both groups, blood glucose levels peaked 2 min after
glucose loading and decreased gradually thereafter; the
blood glucose levels in the TGZ group were significantly
lower than those in the control group, both before and after
glucose loading (P<0.01) (Fig. 3C). In both groups, insulin
levels peaked 2 min after glucose loading in response to a
rise in blood glucose levels induced by glucose loading, but
there was no significant difference between groups before
or after glucose loading (Fig. 3D). However, the insulin lev-
els in both groups were much lower than those seen in the
11-week-old fa/fa and Wistar rats in the initial experimenta-
tion groups. There were no significant differences in glucose
and insulin levels between Wistar rats and TGZ-treated fa/
fa rats in the IVGTTs (data not shown). The HOMA-IR was
significantly lower in the TGZ group than in the control
group (P<0.01) (Fig. 3E). The AUC of the insulin level in
the TGZ and control groups was 14.5 = 3.6 and 12.1 £ 1.8
min-ng-m/”!, respectively (P>0.05) (Fig. 3F).

The therapeutic study showed that plasma TG and NEFA
levels were significantly lower in the TGZ group (P<0.01),
whereas the T-Chol level was significantly higher in the TGZ
group (P<0.01) (Table 1B).
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Fig. 3. Changes in plasma glucose (A) and insulin (B) levels in fa/fa

rats during the therapeutic study, changes in plasma glucose (C)
and insulin (D) levels on IVGTT; HOMA-IR values (E) and AUC
of blood insulin levels (F) at the end of the therapeutic study. O, O:
control group; ®, B: TGZ group. Numerical values are given as the
mean + SEM; a: P<0.05; b: P<0.01.

DISCUSSION

T2DM is a disease primarily characterized by chronic hy-
perglycemia due to an imbalance between insulin secretion
and sensitivity. The present study examines the involvement
of insulin resistance in the onset and progression of diabetes
in fa/fa rats.

A comparative study with Wistar rats revealed that fa/fa
rats have higher insulin resistance. This insulin profile is
consistent with our previous data [7] and with past studies
reporting that Zucker fatty rats with Lepr/@ exhibit obesity,
insulin resistance and hyperinsulinemia [3, 8, 21]. The level
of insulin resistance is constant from 5 to 11 weeks of age.
The fa/fa rats also have high plasma insulin levels at 5 weeks
of age with decreased levels at 9 and 11 weeks of age. This
reduction in plasma insulin might be due to pancreatic 3
cell dysfunction similar to that observed in WBN/Kob rats

[1, 16]. The insulin profile found in our study suggests that
the metabolic abnormalities observed in fa/fa rats meet the
definition of T2DM. Compared to the parent strains, fa/fa
rats are characterized by an earlier onset of diabetes and
more severe pancreatic dysfunction. The latter feature dis-
tinguishes fa/fa rats from Zucker diabetic fatty (ZDF) rats,
which are widely used as an animal model of T2DM with
obesity. Future studies investigating the genetic background
of fa/fa rats are necessary to further differentiate fa/fa rats
from other animal models of T2DM, including ZDF rats.

Next, we examined the contribution of insulin resistance
to the onset and progression of T2DM in fa/fa rats using
TGZ, an insulin sensitizer. TGZ is a prototype thiazolidin-
edione derivative that is reported to improve insulin resis-
tance through its action on peroxisome proliferator-activated
receptor gamma (PPARY) [4]. Previous studies have sug-
gested that TGZ promotes the apoptosis of hypertrophic/
large adipocytes and the differentiation of preadipocytes
into small adipocytes [6, 13, 19]. Large adipocytes produce
significant quantities of resistin, free fatty acids and tumor
necrosis factor alpha, which impair insulin signaling in the
liver and skeletal muscles, causing insulin resistance [13].

In the present study, TGZ treatment of fa/fa rats resulted
in the significant inhibition of hyperglycemia and a decrease
in insulin resistance in both prophylactic and therapeutic
studies. The TGZ dose used in this study is equivalent to
130-140 mg/kg and has been frequently used in rat pharma-
cologic studies [4, 9, 17]. Treatment using TGZ in fa/fa rats
reduced plasma TG and T-Chol levels in the present study;
these plasma-lipid effects are consistent with previously
reported data from both human and animal experiments [11,
18]. In addition, TGZ treatments resulted in a significant
increase in body weight (data not shown), which is a typical
adverse effect of thiazolidinedione derivatives [14, 15].

The current and previous [7] studies showed that fa/fa
rats exhibit hyperinsulinemia at 5 and 7 weeks of age, but
that plasma insulin levels gradually decrease thereafter. The
high early insulin levels might represent compensation for
high insulin resistance with hyperglycemia resulting when
plasma insulin levels eventually drop. It was previously re-
ported that impaired pancreatic 3 cells precede the onset of
hyperglycemia [1, 2]. Insulin secretary capacity, as measured
by the IVGTT, was enhanced by TGZ in our prophylactic
study; however, plasma insulin levels in TGZ-treated rats
at 8 and 9 weeks of age, when plasma insulin levels were
sharply decreasing, were lower than those seen in the control
rats. The insulin levels at 7, 10 and 11 weeks of age were
comparable. The precise mechanism responsible for this
observation is not clear. It is unlikely that the higher insulin
secretory capacity observed in TGZ-treated fa/fa rats is due
to the direct effects of TGZ on pancreatic 3 cells, which
prevent pancreatitis/necrosis, as TGZ does not have a direct
anti-inflammatory or anti-necrosis action. One possible ex-
planation is that the improvement of insulin resistance by
TGZ results in a decrease in the amount of insulin required
to maintain normal blood glucose levels, thereby protecting
pancreatic 3 cells from exhaustion of insulin secretion.

Taken together, the data in the current study and previ-
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ous studies suggest that fa/fa rats exhibit insulin resistance
from an early age, but the occurrence of hyperglycemia is
prevented through compensatory enhanced insulin secretion.
Although direct evidence is lacking, it is assumed that as the
rats age, the burden imposed by the compensatory hyperse-
cretion of insulin exhausts the pancreatic f cells, leading to
impaired insulin secretion and the development of diabetes.
After the onset of diabetes, chronic hyperglycemia develops
as a result of severe insulin resistance and impaired insulin
secretion. Furthermore, the burden on the pancreas causes
irreversible changes in the B cells, which further exacerbate
the pathophysiological mechanisms involved in diabetes.
Pathological analysis is needed to confirm our hypothesis.

In summary, our study suggests that fa/fa rats exhibit insu-
lin resistance and impaired insulin secretion and that insulin
resistance is decidedly involved in the onset and progression
of diabetes in these rats. The fa/fa rats as models of T2DM
are useful for elucidating the pathophysiological mecha-
nisms of T2DM that are associated with advanced pancreatic
dysfunction and obesity as well as with the development of
new antidiabetic agents.
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