Pioglitazone Improves Insulin Secretory Capacity and Prevents the Loss
of B-Cell Mass in Obese Diabetic db/db Mice: Possible Protection
of B Cells From Oxidative Stress
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In order to assess the beneficial effect of the peroxisome proliferator-activated receptor-y (PPAR-y) agonist pioglitazone on
reduction of mass and alteration of function of pancreatic B cells under diabetic conditions, diabetic C57BL/KsJ db/db mice
were treated with pioglitazone for 6 weeks, and insulin secretory capacity and insulin content of isolated pancreatic islets
were evaluated. In addition, the expression of oxidative stress markers, 4-hydroxy-2-nonenal (HNE)-modified proteins and
heme oxygenase-1, in endocrine pancreas was examined to measure reduction of oxidative stress in pancreatic g cells. The
capacity for glucose-induced insulin secretion from isolated islets and their insulin content were improved by pioglitazone
treatment (P < .01). When B cells were stained with anti-insulin antibodies, those of db/db mice treated with pioglitazone
exhibited strong staining, as also observed in their lean littermates. The density of immunostaining for oxidative stress
markers was significantly reduced in pancreatic islets of pioglitazone-treated db/db mice (P < .05). This study clearly
demonstrates the benefit of long-term treatment with pioglitazone in decreasing hyperglycemia and improving glucose-
induced insulin secretory capacity in diabetic db/db mice. The results of immunocytochemical examination suggest that this
treatment reduces oxidative stress and thereby preserves B-cell mass. Treatment with pioglitazone thus protects against

B-cell damage and would be useful for restoration of insulin secretory capacity in obese diabetes individuals.

© 2004 Elsevier Inc. All rights reserved.

T HAS LONG BEEN recognized that insulin resistance in
peripheral target tissues and impaired insulin secretory
capacity of pancreatic B cells contribute to the pathogenesis of
type 2 diabetes.13 Derivatives of thiazolidinedione, which are
agonists of nuclear peroxisome proliferator-activated recep-
tor-y (PPAR-v), have been shown to enhance insulin sensitivity
and to improve metabolic derangements in type 2 diabetes.45
These agents have been reported to prevent the development of
diabetesin leptin receptor-deficient Zucker diabetic fatty (ZDF)
rats, an animal model of type 2 diabetes. Very recently, it was
found that long-term administration of rosiglitazone prevents
the loss of B-cell mass in ZDF rats by maintaining B-cell
proliferation and preventing increased net B-cell death.” It is
thus possible that the thiazolidinediones can retard the progres-
sion of diabetes under conditions of increased insulin resis-
tance.
db/db mice are known to be inherited the gene encoding the
truncated and inactive leptin receptor,® and to exhibit severe
leptin resistance. This anima model is characterized by hy-
perphagia, obesity, hyperglycemia, and elevated fasting plasma
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insulin and closely resembles human type 2 diabetes with
peripheral insulin resistance.® In addition, it has been demon-
strated that PPAR-vy is expressed in pancrestic 8 cells. 1011

In the present study, we assessed the beneficial effect of the
PPAR-+vy agonist pioglitazone!213 on reduction of B-cell mass
and alteration of B-cell function under diabetic conditions.
Since it has been demonstrated that oxidative stress enhances
apoptosis of B cells and suppresses insulin biosynthesis, 1415
immunostaining of the stress markers 4-hydroxy-2-nonenal
(HNE)-modified proteins and heme oxygenase-1 was per-
formed to examine the involvement of oxidative stress in the
pathogenesis of B-cell damage and to ascertain the benefits of
pioglitazone treatment. The effects of another hypoglycemic
agent nateglinide, a short-acting blocker of B-cell adenosine
triphosphate (ATP)-sensitive K* channels,16 were compared
with those of pioglitazone.

MATERIALS AND METHODS
Animals

Male weanling C57BL/KsJ db/db mice (db/db) and their age-and
sex-matched lean littermates (db/+) obtained from Japan Clea (Tokyo,
Japan) were raised on standard laboratory chow (Oriental Yeast, To-
kyo, Japan). All of the animals were housed in stainless steel cagesin
an air-conditioned room with a 12-hour light, 12-hour dark cycle in
specific pathogen-free conditions. Male db/db mice were divided into 3
groups: an untreated control group, a pioglitazone group (15 mg/kg
pioglitazone administered daily through a gastric lavage tube) and a
nateglinide group (60 mg/kg nateglinide administered daily by the
same method). The administration of vehicle and of these drugs was
started at 10 weeks of age, when the diabetic state in db/db mice had
aready been established. For reference, lean littermates (db/+) were
administered vehicle alone and were also examined. The animals were
raised in pair-fed state and 3 g of chow was given to each of them twice
daily. Blood samples were collected in the fasting state from the tail
vein just before treatment, and 2 and 6 weeks after initiation of it.
Blood samples were centrifuged at 4°C, and plasma was separated,
frozen immediately, and stored at —70°C until assayed. These samples
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Table 1. Fasting Plasma Glucose, Insulin and Triglyceride of the db/db Mice Before and After 2 and 6 Weeks of Treatment

10 Weeks of Age
(before treatment)

12 Weeks of Age
(after 2 weeks treatment)

16 Weeks of Age
(after 6 weeks treatment)

Fasting plasma glucose (mg/dL, n = 7)

db/db (untreated) 463.1 £ 19.5
Pioglitazone 466.4 =+ 17.4
Nateglinide 469.4 = 17.8
db/+ 84.6 + 3.7*
Insulin (uU/mL, n = 7)
db/db (untreated) 177.8 = 8.0
Pioglitazone 172.8 + 48.8
Nateglinide 147.4 + 28.8
db/+ 16.4 + 2.0*
Triglyceride (mg/dL, n = 7)
db/db (untreated) 311.8 +41.9
Pioglitazone 288.3 = 31.9
Nateglinide 274.3 = 9.1
db/+ 785 = 7.1*

352.0 = 71.3 321.9 = 85.0
118.6 * 8.4*% 91.7 = 7.0t%
323.1 = 34.28 275.5 = 65.28
62.1 = 3.1*8 97.0 = 4.9%
147.1 £ 26.2 149.8 * 40.0
85.0 = 7.8t% 66.0 = 8.4t%
154.6 + 30.2 133.3 £ 34.9
8.4 £ 1.4*8 5.6 = 0.8*%
268.1 = 21.3 154.6 = 25.18
120.0 £ 12.0*% 94.1 = 7.71%
260.1 = 27.0 147.8 = 19.68
66.0 = 7.5* 65.3 + 3.2*

*P < .01, TP < .05 v corresponding untreated db/db control.
P < .01, 8P < .05 v before treatment.

were analyzed for glucose, insulin, and triglyceride levels. Plasma
glucose and triglyceride levels were measured using a Hitachi 7350
autoanalyzer (Hitachi, Tokyo, Japan). The homeostasis model assess-
ments (HOMA) index was calculated to estimate periphera insulin
resistance after treatment for 6 weeks with the following formula:
fasting plasma glucose (mg/dL) X fasting plasmainsulin (wU/mL)/405
(HOMA-R), as described by Matthews et a.1” The experiments were
performed according to the National Institutes of Health (NIH) Guide
for the Care and Use of Laboratory Animals. The study was approved
by the Committee on Animal Care of our university.

Insulin Secretory Capacity of 8 Cells and Insulin Content
of Idlets

After treatment for 6 weeks (16 weeks of age), the pancreatic islets
were isolated by collagenase digestion and Ficoll gradient centrifuga-
tion, as described previously.1® The islets were picked up under a
dissecting microscope. Insulin release from isolated islets was moni-
tored using static incubation. For this purpose, islets were preincubated
at 37°C for 1 hour in Krebs-Ringer bicarbonate buffer (KRBB) sup-
plemented with 2.2 mmol/L glucose, 0.2% bovine serum abumin
(BSA), and 10 mmol/L HEPES adjusted to pH 7.4. Groups of islets
were then batch-incubated for 1 hour in 0.7 mL KRBB containing 2.2
mmol/L, 5.5 mmol/L, 11 mmol/L, and 22 mmol/L glucose. At the end
of the incubation periods, islets were pelleted by centrifugation
(1,000 X g, 180 seconds), and aliquots of the buffer were sampled. The
amount of immunoreactive insulin was determined by radioimmuno-
assay, using rat insulin as a standard, as described previously.2® Insulin
content of the islets was determined at the end of incubation, as
previously described.20

Histological Sudies

The db/db mice of the 3 groups and their lean littermates were used
for histological studies. Pancreases were removed, and then fixed with
10% formalin, embedded in paraffin, and sectioned. Aldehyde fuchsin
staining was performed. Immunohistochemical staining of B8 cellsusing
an anti-insulin antibody (Dako, Santa Barbara, CA) was aso per-
formed, as previously described.2t Staining of HNE-modified proteins
or heme oxygenase-1 was performed using anti-HNE-modified protein
antibody (JCA, Shizuoka, Japan), or anti—heme oxygenase-1 antibody
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), respectively,
followed by hematoxylin nuclear counterstaining. The RGB-spectrum

and contrast of each color image were uniformly adjusted using Adobe
Photoshop Version 3.0 (Adobe, San Jose, CA, ). The images were then
converted to grayscale and analyzed by Scion image software based on
NIH image on a Macintosh platform (Scion, Frederick, MD). The
HNE- and heme oxygenase-1-positive areas, islet area, and islet cell
number were measured after setting a proper threshold on the basis of
gray level.

Satistical Analysis

Values are expressed as means = SE. Statistical analysis was per-
formed with paired and unpaired t tests, and analysis of variance
(ANOVA) with Fisher's protected least significant difference [PLSD]
post hoc test was performed for multiple comparisons. P values less
than .05 were considered significant.

RESULTS

The body weights of the 3 groups of db/db mice at the
beginning of the study did not differ significantly (31.9 = 0.3 g,
32.6 = 0.4, and 31.9 *= 0.4 in the untreated control, pioglita-
zone, and nateglinide groups, respectively), and were al sig-
nificantly higher than that of the lean littermates (18.1 = 0.5;
P < .01). After treatment for 6 weeks, the body weight of the
pioglitazone-treated group was 31.2 *+ 0.8, and significantly
higher (P < .05) than those of the other groups, possibly due to
its suppression of lipolysis via improvement of insulin resis-
tance (28.4 = 0.7 and 26.9 = 0.4, in untreated control and
nateglinide groups, respectively), although the value of 18.6 +
0.4 g in lean littermates was still lower (P < .01).

Plasma Glucose, Insulin, and Triglyceride Levels

The changes in fasting plasma glucose, insulin, and triglyc-
eride levels before to after treatment for 2 and 6 weeks are
shown in Table 1. Fasting plasma glucose levels were signifi-
cantly improved in the pioglitazone group after treatment (P <
.05 to .01). On the other hand, no significant difference was
observed in fasting plasma glucose between the nateglinide and
control groups. Plasma insulin in the pioglitazone group was
significantly lower than that in the untreated control group after
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Table 2. HOMA-R of the db/db Mice Before and After
6 Weeks of Treatment

10 Weeks of Age
(before treatment)

16 Weeks of Age

HOMA-R (X 10, n = 7) (after 6 weeks treatment)

db/db (untreated) 204 =11 7.8 £ 1.4%

Pioglitazone 19.8 £ 2.2 1.6 = 0.5%%
Nateglinide 17.56 = 0.9 7.1 = 1.31%
db/+ 0.4 = 0.1* 0.1 = 0.2*%

*P < .05 v corresponding untreated db/db control.
tP < .05 v pioglitazone.
P < .01 v before treatment.

treatment (P < .05). However, no significant difference was
found in this parameter between the nateglinide and control
groups. In the untreated control group, plasmatriglyceride level
was reduced to almost half that before treatment during the
observation period. Treatment with pioglitazone further low-
ered plasma triglyceride level (P < .05 to .01), although no
significant difference was found in this parameter between the
nateglinide and untreated groups.

HOMA-R

To estimate the effects of pioglitazone and nateglinide on
insulin resistance in db/db mice, the HOMA-R index was
calculated before treatment and after treatment for 6 weeks
(Table 2). A higher value of HOMA-R was found in db/db mice
before treatment because of severe hyperinsulinemia (P < .01).
Significant improvement of insulin resistance as measured by
HOMA-R was observed after 6 weeks of treatment in all 4
groups (P < .01), since they were raised in the pair-fed state (3
g of chow given twice daily) throughout the experiment and
were subject to calorie restriction (equal to dietary therapy).
Pioglitazone treatment further reduced HOMA-R values in
db/db mice (P < .05) compared to those in untreated and
nateglinide-treated db/db mice, indicating that it can decrease
insulin resistance during dietary therapy in the diabetic state.

Insulin Secretory Capacity of 8 Cells and Insulin Content
of Idets

Figure 1 shows the glucose responsiveness of insulin release
from idets after treatment for 6 weeks. No significant differ-
ence was found among levels of insulin secretion with 2.2
mmol/L glucose (basal insulin release) in the 4 groups. In the
lean littermates, insulin secretions with 5.5 mmol/L, 11
mmol/L, and 22 mmol/L glucose were 3.1 + 1.3 ng/10 islets/h,
182 £ 5.0, and 24.2 = 4.9, respectively, and significantly
higher than basal secretion (1.1 = 0.3, P < .01). Insulin
secretions by untreated control db/db mice were 0.8 = 0.4
ng/10 idetgh, 3.1 = 1.6, and 4.8 = 1.1 with 5.5 mmol/L, 11
mmol/L, and 22 mmol/L glucose, respectively. These values
were significantly lower than those in corresponding lean lit-
termates (P < .01). The secretion observed with 5.5 mmol/L
glucose was not significantly different from that observed with
2.2 mmol/L glucose (0.8 = 0.3 ng/10 idets/h), but those
observed with 11 mmol/L and 22 mmol/L glucose were signif-
icantly higher than that with 5.5 mmol/L glucose (P < .05 and
P < .01, respectively). In the pioglitazone-treated group, insu-
lin secretions with 5.5 mmol/L, 11 mmol/L, and 22 mmol/L
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Fig 1. Glucose responsiveness of insulin release from islets after
6 weeks of pioglitazone treatment. In the presence of 2.2 mmol/L
glucose (basal insulin release), there were no significant differences
among the groups. In the lean littermates (CJ; db/+), dose-dependent
induction of insulin secretion by glucose was observed. The insulin
secretion of untreated db/db mice ([7]) was significant lower than
that of the lean littermates in response to corresponding concentra-
tions of glucose (P < .01). In the pioglitazone-treated group (%),
insulin secretion with 5.5 mmol/L, 11 mmol/L, and 22 mmol/L glu-
cose was significantly increased compared to that in the untreated
db/db group (P < .05 to .01). On the other hand, no additional
increase in insulin release was observed in the nateglinide-treated
group (m), when islets were stimulated with 11 mmol/L and 22
mmol/L glucose.

glucose were 5.2 = 1.9 ng/10 idetgh, 8.3 = 2.1, and 13.4 =
4.2, respectively, and significantly higher than basal value
(0.9 = 0.3 ng/10 idets/h, P < .01). The insulin secretion with
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Fig 2. Insulin content of islets after 6 weeks of pioglitazone treat-
ment. In the lean littermates ((J; db/+), islet insulin content was
significantly higher than in untreated db/db mice ([71). The value in
pioglitazone-treated db/db mice (H) was significantly higher than
that in untreated db/db mice, but was still lower than that in lean
littermates. On the other hand, no significant difference was ob-
served between insulin content in untreated db/db controls and that
in nateglinide-treated mice (m), and these values were each signifi-
cantly lower than that in the pioglitazone-treated group. *P < .01.
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Fig 3. (A) Aldehyde fuchsin staining of B cells. Bcell staining of nondiabetic lean littermates is shown in (a). Diabetic db/db mice exhibited

degenerated B cells (b), but after long-term treatment with pioglitazone they exhibited active g cells (c). On the other hand, no morphological
changes were observed in B cells of nateglinide-treated db/db mice (d), compared to untreated db/db mice. Bar, 20 um. (B) Immunohisto-
chemical staining for insulin. (b) shows weak staining of B cells with anti-insulin antibodies in untreated db/db mice. db/db mice treated with
pioglitazone exhibited strong staining (c), as seen in lean littermates (a). No apparent staining was observed in $ cells of db/db mice treated
with nateglinide (d). Bar, 20 um. (C) Expression of HNE-modified proteins was examined by immunostaining. Staining was observed in g cells
in untreated db/db mice (b), but was markedly reduced in pioglitazone-treated db/db mice (c). However, staining was still noted in the
nateglinide-treated group (d). Bar, 20 um. (D) Immunostaining of heme oxygenase-1 was observed in  cells in untreated db/db mice (b). This
staining was markedly decreased in the pioglitazone-treated group (c). On the other hand, staining was still observed in the nateglinide-treated

db/db mice (d). Bar, 20 um.

5.5 mmol/L glucose was significantly higher than that in un-
trested db/db mice (P < .01). Insulin secretions with 11
mmol/L and 22 mmol/L glucose were significantly higher than
those in the corresponding controls (P < .05 to .01). Insulin
secretion with 5.5 mmol/L glucose in the nateglinide-treated
group (4.1 = 1.7 ng/10 islets/h) was comparable to that in
corresponding lean littermates. However, no additiona in-
crease ininsulin release was observed in the nateglinide-treated
group stimulated with 11 mmol/L and 22 mmol/L glucose
(5.1 = 2.0 ng/10 idlets’h and 3.9 £ 1.0, respectively).

The insulin content of islets in lean littermates was 66.5 +
15.4 ng/idet, and significantly higher than that in untreated
control db/db mice (14.8 = 3.1, P < .01). The vaue in
pioglitazone-treated db/db mice was 35.8 = 5.0 ng/islet and
significantly higher than that in untreated mice (P < .01), as
shown in Fig 2. However, insulin content was still lower than
that in lean littermates (P < .01). On the other hand, there was
no difference between the insulin content in nateglinide-treated

mice (11.8 = 3.7 ng/islet) and that in untreated db/db controls,
and the former was significantly lower than that in the piogli-
tazone-treated group (P < .01). These findings suggest that the
capacity of isets to synthesize insulin was improved when
diabetic db/db/ mice were treated with pioglitazone, but not
when they were treated with nateglinide.

Histological Findings

Significant hisitological changes were noted between db/db
mice and their lean littermates. On aldehyde fuchsin staining,
diabetic db/db mice exhibited hyperplastic pancreatic islets and
degenerated 3 cells, in which degranulation of insulin secretory
vesicles had occurred (Fig 3A, b), whereas db/db mice treated
with pioglitazone (Fig 3A, c) exhibited hyperplastic islets with
active B cells. Treatment with nateglinide did not affect the
histology of db/db mice (Fig 3A, d). When S cells were stained
with anti-insulin antibodies, those of db/db mice treated with
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Fig 4. Quantitative analysis of HNE-positive (A) and heme oxy-
genase-1-positive (B) areas after 6 weeks of treatment. The HNE- and
heme oxygenase-1-positive areas (x 10~3), the number of positive
islet cells in islet area, were calculated from HNE- and heme oxygen-
ase-1-positive areas (um?), respectively. *P < .05 (n = 4-7).

pioglitazone exhibited strong staining (Fig 3B, c), asseeninthe
control littermates (Fig 3B, a). However, no apparent staining
of B cells was observed in the nateglinide-treated group (Fig
3B, d). To elucidate the potential benefit of pioglitazone for
reduction of oxidative stressin pancreatic 3 cells, expression of
HNE-modified proteins and of heme oxygenase-1 was exam-
ined by immunostaining. In untreated db/db mice, staining of
these stress markers was observed in the endocrine pancreas
(Figs 3C [HNE-modified proteins] and 3D [heme oxygenase-
1], b). Staining of these markers was reduced after pioglitazone
treatment (Figs 3C and D, c). Staining was, however, still noted
in the nateglinide-treated group (Figs 3C and D, d). Quantita-
tive analysis revealed that HNE-positive area was significantly
decreased in the pioglitazone-treated db/db mice compared to
that in untreated and nateglinide-treated db/db mice (P < .05;
Fig 4A). The density of staining of heme oxygenase-1 was aso
significantly reduced in the pioglitazone-treated group (P <
.05; Fig 4B). These results clearly indicate that treatment with
pioglitazone efficiently reduces the oxidative stress induced in
endocrine pancreas of diabetic db/db mice.
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DISCUSSION

This study clearly demonstrated that long-term treatment
with the insulin sensitizer pioglitazone ameliorates hypergly-
cemia and hypertriglyceridemia in obese diabetic db/db mice.
In addition, immunocytochemical examination revealed that
treatment with pioglitazone can prevent loss of B-cell mass.
These results agree with the recent finding that long-term
administration of rosiglitazone, an thiazolidinedione derivative,
prevented disruption of pancreatic islet architecture in ZDF
rats.” The batch incubation experiment with pancreatic islets of
db/db mice directly demonstrated beneficial effects of piogli-
tazone on insulin content of islets and glucose-induced insulin
secretory capacity. On the other hand, since the mechanism by
which nateglinide induces hypoglycemia does not involve re-
duction of peripheral insulin resistance,¢ this agent failed to
improve the metabolic derangements and morphological alter-
ations of idets in db/db mice.

Prolonged hyperglycemia has been considered to be toxic for
pancreatic B cells. Because prolonged exposure to high glucose
concentrations impairs the glucose responsiveness of insulin
release from B cells2223 the restoration of glucose-induced
secretory capacity after pioglitazone treatment is thought to be
due to eimination of glucotoxicity. Another possible explana-
tion for this restoration could be the long-term reduction of
insulin resistance by pioglitazone in vivo. Improvement of
peripheral insulin sensitivity through PPAR-+ activation would
avoid excessive insulin release and insulin content of the islets
would be preserved, resulting in restoration of insulin secretory
capacity. On the other hand, recent studies have reveaed that
high glucose concentrations induced a process of apoptotic
B-cell death?425 and that oxidative stress induced by chronic
hyperglycemia reduced B-cell mass due to apoptosis.i415 |n-
terestingly, our immunostaining examination indicated that ox-
idative stress was markedly reduced in pancresatic islets after
pioglitazone treatment and that loss of B-cell mass was even-
tually prevented by this agent.

It has been reported that troglitazone, another thiazolidinedi-
one derivative, improves hyperlipidemia and exerts direct li-
popenic effects in islets while improving B-cell function of
obese prediabetic ZDF rats.26 We recently observed that high
fatty acid levels suppress glucose-induced proinsulin biosyn-
thesis.2” The preservation of insulin content after long-term
pioglitazone treatment might therefore be due at least in part to
improvement of hyperlipidemia. In addition, the reduction of
oxidative stress in db/db islets could be due to relief of hyper-
lipidemia, since incubation in the presence of elevated concen-
trations of fatty acids induces B-cell death through apoptosis.28
However, since hyperlipidemia has been reported to be delete-
rious only in the presence of hyperglycemia,29:30 the beneficial
effects observed with pioglitazone treatment appear to be
mainly due to its dramatic reduction of plasma glucose levels.

The accepted classical concept of insulin resistance is that it
is due to disturbance of the intracellular signaling pathway in
peripheral tissues expressing functional insulin receptors, such
as muscle, white adipose tissue, and liver. However, in addition
to PPAR-, it has recently been found that the insulin receptor
and its substrate proteins are also functionally expressed in
insulin-secreting pancreatic B cells.31-33 |n fact, following tis-
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sue-specific knockout of the insulin receptor in B cells (B
IRKO), impairment of glucose-induced insulin secretion and
basal hyperinsulinemia has been observed along with deterio-
ration of glucose tolerance.®* It has therefore been suggested
that chronic defects in insulin signaling at the B-cell level may
be involved in the pathogenesis of type 2 diabetes. In this
context, the beneficial effect of long-term pioglitazone treat-
ment could accordingly be due to amelioration of defective
insulin signaling in diabetic B cells. Upregulation by PPAR-y
of glucokinase gene expression in 3 cells, as recently demon-
strated,35 should contribute to the restoration of glucose-in-
duced insulin secretory capacity. On the other hand, it has been
reported that tumor necrosis factor (TNF)-« from adipocytes, a
cytokine proposed to mediate insulin resistance in insulin target
tissues by interfering with insulin signaling, similarly induces
insulin resistance in pancreatic 3 cells,3® a state characterized
by disturbance of intracellular metabolism. The decrease of
TNF-a expression by pioglitazone in adipose tissue in db/db
mice3” might result in improvement of B-cell insulin resistance.
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Interestingly, it has recently been reported that this agent can
reduce oxidative stress, and that it contributes to reduction of
susceptibility of low-density lipoproteins to oxidation as well
as decrease in aortic wall stiffness in diabetic animals.38:39
Further detailed study, such as measurement of the induction of
anti-oxidant enzyme activitiesin B cells, isneeded to clarify the
mechanism of reduction of oxidative stress by which B-cell
function is improved by pioglitazone treatment.

In conclusion, the present study demonstrated that treatment
with pioglitazone restores the insulin secretory capacity of
pancreatic B cells of obese diabetic db/db mice. It seems likely
that this beneficial effect is due in part to prevention of loss of
B-cell mass through reduction of oxidative stress. The precise
mechanism of this effect remains to be elucidated.
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