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number of studies that subjects having normal fasting plasma
glucose at OGTT together with high 1-h PG are followed as
carefully as IGT subjects in cases of higher frequency of
elevated HbAlc, hypertension, family history of diabetes, or
peripheral vascular involvement [15]. In addition, 1-h PG is
used in diagnosis of gestational diabetes mellitus (GDM) and
risk of macrosomia and other perinatal complications [16,17].

In the present study, the insulin secretion and insulin
sensitivity indices of Japanese subjects undergoing OGTT in
three WHO categories, normal glucose tolerance (NGT),
isolated impaired fasting glucose (IFG) and isolated impaired
glucose tolerance (IGT), subdivided at 1-h PG of 10.0 mmol/l
were evaluated and compared.

2, Subjects and methods

2.1.  Subjects

We recruited subjects undergoing OGTT because of positive
urine glucose test, >5.0% HbA1lc level, »5.6 mmol/l fasting
plasma glucose level, and family history of diabetes at initial
examination for medical check-up at Kyoto University
Hospital, lkeda Hospital, Kansai Electric Power Hospital,
Kansai Health Management Center, and Kyoto Preventive
Medical Center from 1993 to 2005. Subjects in the three
categories of glucose tolerance, NGT (n = 179: fasting plasma
glucose (FPG) level = 6.1 mmol/l and 2-h PG level < 7.8 mmoal/
1), isolated IFG (n=44: FPG level of 6.1-7.0 mmol/l and 2-h
PG < 7.8 mmol/l), and isolated IGT (n = 103; FPG level < 6.1 m-
mmol/l and 2-h PG level of 7.8-11.1 mmol/]) according to the
diagnostic criteria of World Health Organization in 1998 [18)
were enrolled in the study. All subjects were men with no
signs of hypertension, hepatic or renal dysfunction, endocrine
or malignant disease, engaging in heavy exercise, history of
gastrectomy, or history of medication known to affect glucose
metabolism. The study was designed in compliance with the
ethics regulations of the Helsinki Declaration. After the
subjects fasted overnight for 10-16 h, standard OGTT with
75g glucose was administered according to the National
Diabetes Data Group recommendations [16].

The three WHO categories of glucose tolerance were
divided into subgroups at 1-h PG of 10.0 mmol/1 in this study:
NGT with higher 1-h plasma glucose (NGT-HG: NGT criteria
and 1-h PG >10.0 mmol/l), NGT with lower 1-h plasma glucose
(NGT-LG: NGT criteria and 1-h PG <10.0 mmol/l), isolated IFG
with higher 1-h plasma glucose (IFG-HG: IFG criteria and 1-h
PG >10.0 mmol/l), isolated IFG with lower 1-h plasma glucose
(IFG-LG: IFG criteria and 1-h PG <10.0 mmol/l), isolated IGT
with higher 1-h plasma glucose (IGT-HG: IGT criteria and 1-h
PG >10.0 mmol/l), and isolated IGT with lower 1-h plasma
glucose (IGT-LG: IGT criteria and 1-h PG <10.0 mmol/l).

2.2.  Laboratory examination

Blood samples were collected at 0, 30, 60, and 120 min after
OGTT, and plasma glucose and serum insulin levels were
measured for all subjects. Plasma glucose and serum insulin
levels at 90 min were measured for 75 NGT subjects. Blood
samples for measurements of HbAlc, total cholesteral, HDL

cholesterol, and triglycerides were drawn after an overnight
fast.

The plasma glucose level was measured by glucose
oxidase method using the Hitachi Automatic Clinical Analy-
zer 7170 (Hitachi, Tokyo, Japan). Serum insulin was measured
by two-site radioimmunoassay (Insulin Riabead 11, Dainabot,
Tokyo, Japan) as reported previously [19]. Serum total
cholesterol and triglycerides levels were measured as
reported previously [20].

2.3.  Measurement

Basal insulin secretion and sensitivity were evaluated by
HOMA B-cell and HOMA-IR [21,22], respectively. Early-phase
insulin secretion and systemic insulin sensitivity during OGTT
were evaluated by insulinogenic index [23] and 151 composite
[24,25]. The calculations were as follows:

HOMA f-cell
20 x fasting serum insulinlevel (FI) (mU/l)
~ fasting plasma glucose level (FPG) (mmol/I) — 3.5

FI{mU/l) = FPG (mmol/1)
225

HOMA-IR =

30-mininsulin - FI (pmol/l)

Psliniggenteiadex « 30-min plasma glucose — FPG (mmol/1)

1Sl composite
B 10.000
[FPG(mg/dl} FI(mU/ml) = mean OGTT glucose (mg/dl)
«mean OGTT serum insulin (mu/ ml}j“ ¥

2.4.  Statistical analysis

All analyses were performed using STATVIEW 5 system (Stat
View, Berkeley, CA). Differences between two groups were
assessed by unpaired t-test in terms of age, BMI, plasma
glucose level, serum insulin level, HbAlc, triglyceride, total
cholesterol, insulinogenic index, 151 composite, HOMA-IR, and
HOMA p-cell. We used simple regression analysis and multiple
regression analysis for comparison of the relationship
between 1-h PG and the indices of insulin secretion and
sensitivity. Probability (p) values less than 0.05 were con-
sidered statistically significant. Data are presented as mean
+ 5.E.

3. Results
Table 1 shows the clinical and metabolic characteristics of the
six subgroups. NGT-HG had higher average age, BMI, FPG, 2-h
PG and HbA1e than NGT-LG. IFG-HG had higher BMI than IFG-
LG. IGT-HG had higher BMI, FPG, 2-h PG, 1-h insulin and HbAlc
than IGT-LG, There were no significant differences in insulin
(fasting and 2-h), triglycerides, total cholesteral and HDL-
cholesterol levels between the two subgroups of NGT, isolated
IFG, and isolated IGT.

The insulin secretion indices of insulinogenic index and
HOMA p-cell indices in the three WHO categories are shown in



286

Table 1 - Clinical chara

Isolated IFG Isolated IGT

NGT-LG NGT-HG IFG-LG IFG-HG IGT-LG IGT-HG

Total N 179 L 103
N 121 58 14 30 32 b3
Age (years) 472411 S3.1+137 544421 515419 520+ 16 522+ 11
BMI (kg/'m32) 231+1 2424+04 226+ 08 242+ 06 2B+05 240+03
FPG (mmol/) 52400 56+00 63401 63400 52401 56400
1-h PG{mmal/) 77401 115£027 82404 125404~ 79403 1224027
2-h PG{mmol/l) 57401 62401 60404 65+01 86+01 524017
Fasting insulin{pmol/1) 341 3042 2642 3343 3444 3442
1-h insulin{pmol/) 250 + 18 287 +23 287 + 68 238 429 146 + 16 221 +18
2-h insulin(pmol/) 191416 196 + 16 133 +17 192 +27 1+22 254 + 20
HbAlc(%) 51401 54+017 56401 56+01 52401 56401
Triglycerides(mmol/l) 1.28 +0.08 147 +0.16 1144017 1314015 1.74 +0.29 1.85+ 025
Total cholesterol(mmol/l) 533401 5314011 501403 541+ 014 534016 541401
HDL-cholesteral{mmal/) 1.45 + 0,05 147 +0.07 146 +011 151+ 011 1.37 +0.10 1.39 + 006

*p<005, " p<001, ~ p<0001vs, LG. Data are mean £ S.E.

Fig. 1A and B. The insulinogenic index in the HG groups was
remarkably lower than in the LG groups. The insulinogenic
index values were 25.6 + 0.3 vs. 75.9 + 1.6 (NGT-HG vs. NGT-
LG p<0.01), 231£05 vs. 67.0£35 (IFG-HG vs. IFG-LG:
p <0.05) and 226 £ 0.3 vs. 56.4 + 1.9 (IGT-HG vs. IGT-LG:
p < 0.01). The HOMA-B cell index of the HG group was
significantly lower than that of the LG group in NGT and
isolated IGT. There was no difference between IFG-HG and
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Fig. 1-Indices of insulin secretion in six subgroups of three
WHO categories: (A) insulinogenic index, (B) HOMA fi-cell;
light bars indicate subjects without elevated 1-h PG, dark
bars indicate subjects with elevated 1-h PG. p <0.05, **
p<0.01, """ p<0.001 vs. LG, data are mean + S.E.

IFG-LG in HOMA B-cell index. We also estimated the insulin
sensitivity indices using ISI composite and HOMA-IR in the
three categories. The ISI composite index represents insulin
sensitivity during OGTT, while HOMA-IR represents insulin
resistance at fasting state. The ISI composite and the HOMA-IR
values were similar in the HG group and the LG group in all
three WHO categories. 1SI composite values were 7.5 £ 0.6 vs.
9.2 4 0.4 (NGT-HG vs. NGT-LG: n.s.), 6.9 + 0.6 vs. 8.0 + 0.8 (IFG-
HG vs. IFG-LG: n.s.) and 7.0 £ 0.4 vs. 7.8 £ 0.7 (IGT-HG vs. IGT-
LG: n.s.). HOMA-IR values were 1.2 £ 0.1 vs. 1.2 £ 0.1 (NGT-HG
vs. NGT-LG:n.s.), 1.4 + 0.1 vs. 1.2 + 0.1 (IFG-HG vs. IFG-LG: n.5.)
and 1.4+ 0.1 vs. 1.4 + 0.1 (IGT-HG vs. IGT-LG: n.s.),

In addition, we then analyzed the relationship between 1-h
PG and the indices of insulin secretion and insulin sensitivity.
Scattered plots of simple regression analysis between 1-hPG
and the four indices are shown in Fig. 2. 1-h PG had a
significant correlation with the insulinogenic index, HOMA g-
cell, and ISI composite. Multiple regression analysis revealed
that HOMA g-cell, ISI composite, and insulinogenic index were
the independent factors in the variation of 30.0% in 1-h PG
(p < 0.001). The correlation coefficients of these indices with 1-
h PG in simple regression analysis, and the g values and p-
values of multiple regression analysis are shown in Table 2.
The insulinogenic index was the strongest factor to explain
the 1-h PG levels.

4, Discussion

In the present study, we found that elevated 1-h PG is strongly
associated with decreased insulinogenic index, indicating
reduced capacity of early-phase insulin secretion [24,25]. The
insulinogenic index in NGT-HG became remarkably lower
than in NGT-LG at about 20, declining to the absolute levels of
IFG-HG and IGT-HG. Multiple regression analysis showed that
the insulinogenic index was the strongest factor among the
four indices in elevated 1-h PG. These results indicate that
decreased insulinogenic index is the major factor in elevated
1-h PG during oral glucose tolerance test. Since NGT-HG
showed significantly higher area under the curve of glucose
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Fig. 2 - Relationship between 1-h PG and indices of insulin secretion and insulin sensitivity; (A) insulinogenic index, (B)
HOMA f-cell, (C) ISI composite, (D) HOMA-IR,; in insulin secretion, insulinogenic index and HOMA f3-cell had significant
relationships with 1-h PG (r = —0.46, p < 0.001, and r = —0.2, p < 0.01, respectively) In insulin sensitivity, there was a only
mild significant relationship between 1-h PG and ISI composite (r = —0.18, p < 0.05). HOMA-IR had no significant

relationship with 1-h PG (r = 0.06).

(G-AUC) compared to NGT-LG (19930 + 256 vs, 15131 + 181:
p < 0.05), mildly impaired glucose tolerance due to reduced
early-phase insulin secretion may already be present in NGT-
HG. In addition, NGT-HG showed normal 2-h PG despite the
elevated 1-h PG in the present study. Regarding the serum
insulin level during OGTT, the 90 min insulin level in NGT-HG
was significantly higher than in NGT-LG subjects (56.4 + 7.3 vs.
40.3 £ 4.1: p < 0.05) in the cases we could analyze. Since late-
phase insulin secretion in NGT-HG was sufficient to normalize
2-h PG, the regulatory mechanisms of elevated 1-h PG and 2-h
PG are at least partly distinct.

HOMA p-cell measures insulin secretion capacity in the
fasting state. HOMA B-cell values in NGT-HG and IGT-HG were
significantly lower than those in NGT-LG and IGT-LG, but were
similar to those in IFG-LG and IFG-HG. The values of HOMA p-
cell is influenced with fasting PG per se. Isolated IFG subjects
whose fasting PG levels are higher than those of NGT and

ionship of indices of insulin secretion and

ty with 1-h PG
Correlation Standardized § p-Value

coefficients
Insulinogenic index -0.47 0.42 <0.001
HOMA p-cell ~-0.2 -0.31 <0.05
ISI composite -0.18 -0.23 <0.05
0.06 0.13 n.s

HOMA-IR

80

isolated IGT had already low HOMA B-cell. It may explain for
no significant difference between [FG-HG and IFG-LG in HOMA
p-cell. Further studies are necessary to elucidate the other
factors to influence HOMA B-cell in isolated IFG subjects.

ISI composite and HOMA-IR are used to estimate insulin
sensitivity [23]. We found both indices in LG and HG subjects
to be similar in all three WHO categories. However, the
insulin sensitivity of these subjects was higher than in
Mexican Americans and Caucasians, as previously reported
[26-28]. Since Japanese diabetes subjects are less obese than
Caucasians, and insulin
sensitivity is the more important factor in the progression
from NGT to diabetes in Japanese, it is likely that elevated 1-h
PG in these subjects is mainly due to decreased early-phase
insulin secretion rather than to impaired insulin sensitivity
[19,29-31].

The ratio of NGT-HG subjects to total NGT subjects was
33% (58/121), while it was 69% (14/30) and 68% (32/71) for
isolated IFG and isolated IGT subjects, respectively. The fact
that the ratios increased similarly and progressively from
NGT toisolated IFGand isolated IGT also suggests the use of 1-
h PG as a marker to detect early stages of impaired glucose
tolerance.

In conclusion, we have elucidated that impaired early-
phase insulin secretion is strongly associated with an elevated
1-h PG level in Japanese subjects, suggesting that elevated 1-h
PG may be a convenient marker to screen for decreased early-
phase insulin secretion in early stage glucose intolerance

insulin secretion rather than
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Gastrointestinal hormones incl gastric inhibitory
polypeptide (GIP), glucagon-like peptide (GLP)-1, and GLP-2
are secreted immediately after meal ingestion, and GIP and
GLP-2 have been shown to bone turnover. We hy-
pothesize that endogenous GLP-1 may also be important for
control of skeletal h tasis. We investigated the role of
GLP-1 in the regulation of bone metabolism using GLP-1 re-
ceptor knockout (Glplr“"} mice. A combination of bone den-
sity and hist last activation studies, bio-
chemical -.n.nlylu of l:nll::mn and PTH, and RNA analysis was
used to characterize bone and mineral homeostasis in Glp-
Ir”’" and Glp-1r*'* littermate controls. Glp-1r™'~ mice have
cortical osteopenia and bone fragility by bone densitometry

as well as increased osteoclastic numbers and bone resorption
activity by bone histomorphometry. Although GLP-1 had no
direct effect on osteoclasts and osteoblasts, Glp-1r'" mice
exhibited higher levels of urinary deoxypyridinoline, a
marker of bone on, and reduced levels of calcitonin
mRNA transcripts in the thyroid. Moreover, calcitonin treat-
ment effectively suppressed urinary levels of deoxypyridino-
line in Glp-1r~'~, mice and the GLP-1 receptor agonist ex-
endin-4 increased calcitonin gene expression in the thyroid of
wi.ld-type mice, These ﬂmli.ngs establish an essential role for
endog GLP-1 recey ling in the control of bone
resorption, likely through a calcitonin-depaudmt pathway.
(Endocrinology 149: 574579, 2008)

ONE IS CONTINUQUSLY remodeled throughout life,
and osteoblastic bone formation and osteoclastic bone
resorption are closely coordinated by a variety of local and
systemic factors to maintain constant bone mass. Bone re-
sorption is known to be rapidly inhibited by acute nutrient
ingestion, suggesting that it might be mediated by other
physiological factors, the levels of which change in response
to the nutritional state such as incretins. Gastrointestinal
hormones including gastric inhibitory polypeptide (GIP),
glucagon-like peptide (GLP)-1, and GLP-2 are secreted im-
mediately upon meal ingestion, although the fasting level of
these peptides is low. GIP and GLP-2 are known to be in-
volved in the regulation of bone turnover (1, 2).

The effect of GIP on bone has been extensively investigated
in vitro and in vivo. The GIP receptor is expressed in osteo-
blasts (3), and GIP increases collagen type 1 expression and
alkaline phosphatase activity in osteoblast-like cells (3) and
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Abbreviations: BMC, Bone mineral content; BMD, bone mineral den-
sity; BS, bone surface; BV, bone volume; CT, computed tomography;
DPD, deoxypyridinoline; ES, eroded surface; GIP, gastric inhibitory
polypeptide; GLP, glucagon-like peptide; N.Mu.Oc, number of multinu-
clear osteoclasts; N.Oc, number of osteoclasts; TV, tissue volume; WT,
wild type.
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protects osteoblasts from apoptosis (2), consistent with an
anabolic effect. Recently, the presence of the GIP receptor in
osteoclasts has been reported, and GIP has been shown to
inhibit PTH-induced bone resorption, suggesting that a role
of the postprandial rise in GIP is to stop active bone resorp-
tion such as occurs during fasting (4). The physiological
importance of GIP receptor signaling on bone in vivo has been
demonstrated using GIP receptor knockout (Gipr™/ ) mice,
which exhibit a low bone mass phenotype due to both de-
creased bone formation and increased bone resorption (2, 5);
and conversely, GIP-overexpressing transgenic mice exhibit
increased bone mass (6).

GLP-2 is cosecreted with GLP-1 from L cells in the small
and large intestine, and acts in the intestine to stimulate
mucosal growth and nutrient absorption. Acute administra-
tion of GLP-2 decreases serum and urine markers of bone
resorption in postmenopausal women (1, 7, 8), whereas bone
formation appears to be unaffected by treatment with exog-
enous GLP-2. The effect of GLP-2 on bone has been inves-
tigated predominantly in humans, and the mechanism(s)
underlying the GLP-2-mediated modulation of bone turn-
over remain unclear.

GLP-1 is well known as an incretin, and meal-stimulated
plasma levels of GLP-1 are known to be diminished in pa-
tients with impaired glucose tolerance or type 2 diabetes (9).
GLP-1 also has effects independent of insulin secretion such
as inhibition of glucagon secretion and gastric emptying. In
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contrast to information derived from studies of GIP and
GLP-2 on bone formation and resorption, the physiological
role of GLP-1, if any, on bone is completely unknown. Be-
cause the GLP-1 receptor is expressed in thyroid C cells, and
GLP-1 directly stimulates the secretion of calcitonin (10, 11),
a potent inhibitor of osteoclastic bone resorption, GLP-1 may
contribute to nutrient-mediated reduction of bone
resorption,

In the present study, we have investigated the role of
endogenous GLP-1 in the regulation of bone metabolism
using GLP-1 receptor knockout (Glp-1r /") mice. We per-
formed morphological analyses of bones from Glp-1r /"
mice and wild-type (WT) littermate controls, including den-
sitometry and histomorphometry. We also evaluated the ef-
fects of exogenous GLP-1 on thyroid C cells, and we deter-
mined the effect of calcitonin treatment in Glp-1r~/~ mice.
Taken together, our data illustrate an essential role for the
GLP-1 receptor in the control of bone resorption.

Materials and Methods
Animals

Glp-1r~’~ mice and Glp-1r"/" littermate WT controls were main-
tained on a C57BL/6 background as described previously (12). Mice
were kept in cages with four to six animals per cage with free access to
standard rodent diet and water. Male mice were used for all experi-
ments. Crown to rump length was measured from tip of the nose to the
end of the body. All procedures for animal care were approved by the
Animal Care Committee of Kyoto University Graduate School of
Medicine.

Bone densitometry and body composition analysis

For computed tomography (CT)-based analysis of bone mineral den-
sity (BMD), 10-wk-old WT and Glp-1r™'~ mice were anesthetized with
ip injections of pentobarbital sodium (Nembutal; Dainippon Pharma-
ceutical, Osaka, Japan). Tibiae (between proximal and distal epiphysis)
and lumber spines (between L2 and L4) were scanned at 1-mm intervals
using an experimental animal CT system (LaTheta LCT-100; Aloka,
Tokyo, Japan). Bone mineral content (BMC) (milligrams), bone volume
(cubic centimeters), and BMD (milligrams per cubic centimeter) were
calculated using the LaTheta software (version 1.00). The minimum
moment of inertia of cross-sectional areas (milligram-centimeters),
which represents the flexural rigidity, and the polar moment of inertia of
cross sectional areas (milligram-centimeters), which represents the torsional
rigidity, were also calculated automatically by the LaTheta software (13).
For bud;r compaosition analysis, the whole bodies of 10-wk-old WT and
Glp-1r~"" mice were scanned using the LaTheta CT system.

Bone histomorphometry

Six-week-old male mice were used for studies of bone histomor-
phometry as described previously (2). Briefly, mice were double labeled
with sc injections of 30 mg/kg tetracycline hydrochloride (Sigma Chem-
ical Co., St. Louis, MO) 4 d before being killed and 10 mg/kg calcein
(Dojindo Co., Kumamoto, Japan) 2 d before being killed. Bones were

tained with Vill va bone stain for 7 d, dehydrated in graded con-
centrations of ethanol, and embedded in methyl-methacrylate (Wako
Chemicals, Osaka, Japan) without decalcification. Bone histomorpho-
metric measurements were made using a semiautomatic image analyz-
ing system (System Supply, Ina, Japan) and a fluorescent microscope
(Optiphot; Nikon, Tokyo, Japan) set at a magnification of X400, Standard
bone histomorphometrical nomenclatures, s s, and units were
used as described in the report of the American Society of Bone and
Mineral Research Histomorphometry Nomenclature Committee (14).

Osteoclast and osteoblast assays

For osteoclast differentiation assay, mouse primary osteoblasts and
bone marrow cells were cocultured for 7 d in a-MEM (Sigma) containing
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10% fetal bovine serum in the presence or absence of 10°% M 1a,25-
dihydroxyvitamin D, with or without 10™% M GLP-1 (Peptide Institute,
Inc., Osaka, Japan). Cells positively stained for tartrate-resistant acid
phosphatase containing more than three nuclei were counted as oste-
oclasts (15, 16). For pit formation assay of mature osteoclasts (16), ali-
quots of crude osteoclast preparations were plated on dentine slices and
cultured with or without 10~* M GLP-1 or 107'° m calcitonin (Peptide
Institute) for 48 h. The number of resorption pits was quantified under
scanning electron microscopy. For osteoblast apoptosis assay, Saos-2
osteoblasts (Dainippon Pharmaceutical Co., Ltd., Osaka, Japan) were
pretreated for 1 h with or without 10”® s GLP-1 and then incubated for
an additional 6 h in the presence or absence of 50 um etoposide, as
described previously (2).

Biochemical Pg

Total calcium concentration was measured using Spotchem SP-4420
(Arkray, Kyoto, Japan), and ionized calcium was measured using a
blood gas analyzer (GEM premier 3000; Instrumentation Laboratory,
Tokyo, Japan) after overnight fasting and 6 h after refeeding. Plasma
imsulin, leptin, and intact PTH levels were determined by ELISA kits for
mouse insulin (Shibayagi, Gunma, Japan), mouse leptin (Morinaga,
Yokohama, Japan) and mouse intact PTH (Immutopics Inc., San Clem-
ente, CA). Urinary deoxypyridinoline (DPD) concentrations were mea-
sured using an ELISA kit (Quidel, San Diego, CA) before and at 4 h after
single administration of 10 1U /kg eel calcitonin (Elcitonin; Asahi Kasei
Pharma, Tokyo, Japan).

RNA preparation and quantitative real-time PCR

For analysis of thyroid calcitonin gene expression, mice were injected
ip with the GLP-1 receptor agonist exendin-4 (Sigma) at a dose of 24
nmol/kg or the same volume of PBS 6 h before RNA isolation. Total
RNA was extracted from thyroid tissue using RNeasy Mini Kit (QIA-
GEN, Valencia, CA). cDNAs were synthesized by SuperScript Il Reverse
Transcriptase system (Invitrogen, Carlsbad, CA) and subjected to quan-
titative real-time PCR using SYBR Green master kit and the ABI PRISM
7000 Sequence Detection System (Applied Biosystems, Foster City, CA).
Primers for the caleitonin gene were calcitonin forward 5'-CTCACCAG-
GAAGGCATCAT-3' and calditonin reverse 5'- CAGCAGGCGAACTTCT-
TCTT-3". The relative amount of mRNA was calculated with glyceralde-
h 3- hate dehydrogenase (GAPDH) mRNA as the invariant
ct};\dt?nl:Pha'}’DH t'm'\-}\[ratd 5-TCGTTGATGGCAACAATCTC-3" and
GAPDH reverse 5'-AAATGGTGAAGGTCGGTGTG-3".

Statistical analysis

Results are expressed as means = sg. Statistical significance was
assessed by ANOVA and unpaired Student's t test, where appropriate.
A P value of <0.05 was considered to be statistically significant.

Results
Baseline characteristics of WT' and Glp-1r

Growth of Glp-1r /™ mice was similar to that of WT mice
in body weight during the 50-wk observation period (sup-
plemental Fig. 1A, published as supplemental data on
The Endocrine Society’s Journals Online web site at http://
endo.endojournals.org). Body length and length of tibia mea-
sured at 10 and 50 wk of age were also almost identical to
each other (supplemental Fig. 1, B and C). No significant
difference was observed in fat mass (supplemental Fig. 1D)
and lean body mass (supplemental Fig. 1E) between 10-wk-
old WT and Glp-1r /"~ mice determined by CT-based body
composition analysis. Similarly, plasma leptin levels (sup-
plemental Fig. 1F) were comparable in 10-wk-old WT and
Glp-1r™/" mice. These data indicate that there was no dif-
ference between WT and Glp-1r/~ mice in body mass, body
composition, or hormone levels that might affect bone mass.

' miee
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Decreased cortical bone mass and diminished bone rigidity
in the tibia of Glp-1r '~ mice

To evaluate the impact of the lack of GLP-1 receptor sig-
naling on bone mass, we performed CT-based bone densi-
tometry in bones of differing cortical/cancellous bone ratio.
Tibia and lumber spine were used because the former has a
higher cortical /cancellous bone ratio, whereas the latter has
a lower cortical/ cancellous bone ratio. The results are shown
as total, cortical, cancellous, and trabecular bone mass in Fig.
1. There was no significant difference between WT and Glp-
Ir"" mice in BMC (milligrams) (Fig. 1, A-D) and bone
volume (cubic centimeters) (Fig. 1, E-H). Total BMD of tibia
was significantly lower in Glp-1r 7 mice than in WT mice
(WT mice, 61297 = 4.03 mg/ cm’; Glp-1r " mice, 570.07 =
4.22 mg/em’; P = 0.0000036), but no significant difference
was observed in total BMD of spine (Fig. 2I). Cortical BMD
also was significantly decreased in Glp-Ir * mice com-
pared with WT mice in both tibia and spine (tibia: WT mice,
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Fic. 1. CT-based bone densitometry of tibia and lumbar spine in
10-wk-old male WT (white bars) and Glp-1r /' (black bars) mice. A-D,
Total (A), cortical (B), cancellous (C), and trabecular (D) BMC; E-H,
total (E), cortical (F), cancellous (G), and trabecular (H) BV; [-L, total
(1), cortical (J), cancellous (K), and trabecular (L) BMD; M, minimum
mament of inertia of cross-sectional areas, representing the flexural
rigidity; N, the polar moment of inertia of cross-sectional areas, rep-
resenting the torsional rigidity, calculated by LaTheta software. Val-
ues are expressed as means = 8E; n = 6 mice per group. *, P < 0.05;
== P < 0.01, WT vs. Glp-1r™"" mice.
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Fio. 2. Bone histomorphometry of tibia and lumbar spine in 6-wk-old
male WT (white bars) and Glp-1r "~ (black bars) mice. A, Represen-
tative pictures of proximal tibia. Original magnification, x20. B,
Representative pictures of lumbar spine. Original magnification,
% 40. C, BV/TV of tibin and lumbar spine in WT and Glp-1r ' mice.
D, Multinuclear osteoclasts in WT and Glp-1r '~ mice. Original mag-
nification, ¥400. E and F, N.Mu.Oc (E) and ES/BS (F) as cellular
activity parameters regarding bone resorption. G-I, Osteoblast sur-
face (Ob.SVBS (G), mineral apposition rate (MAR) (H), and bone
formation rate (BFRVBS (1) as bone formation parameters. Values are
expressed as means = Sg; n = 5-7 mice per group. *, P < 0.05; ** P <
0.01, WT vs. Glp-1r '~ mice.

687.34 + 357 mg/cm’; Glp-1r/~ mice, 650.06 * 10.59 mg/cm®;
P = 0.0093; spine: WT mice, 411.31 = 877 mg/cm"'; Glp-1r 4
mice, 38045 * 6.67 mg/cm‘; P = 0.018) (Fig. 1)). However,
cancellous and trabecular BMD were not significantly different
in WT and Glp-1r  ~ mice in both tibia and spine (Fig. 1, Kand
L). Reflecting the loss of cortical bone, Glp-1r '~ mice showed
skeletal fragility by diminished bone rigidity indexes. The min-
imum moment of inertia of cross-sectional areas, which repre-
sents flexural rigidity, was significantly reduced in Glp-1r /
mice (WT mice, 0.014 = 0.002 mgem; Glp-1r /"~ mice, 0.008 =
0.001 mgem; P = 0.022) (Fig. 1IM). Moreover, torsional rigidity
as indicated by the polar moment of inertia of cross-sectional
areas also was significantly diminished in Glp-1r~ "~ mice (WT
mice, 0.064 = 0.006 mgem; Glp-1r / mice, 0.040 * 0.006
mg<m; P = 0.020) (Fig. IN). These results indicate that Glp-
Ir /" mice have cortical osteopenia and bone fragility.

Glp-1r~' " mice exhibit increased numbers of osteoclasts
and bone resorption activity in the tibiae

We next performed histomorphometrical analyses of prox-
imal tibiae (Fig. 2A) and lumbar spines (Fig. 2B) of 6-wk-old
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male WT and Glp-1r~/~ mice. Although the bone volume
(BV)/tissue volume (TV) ratio (Fig. 2C) was somewhat lower
in Glp-1r~/ " mice in both tibia and spine, the difference was
not statistically significant. The number of osteoclasts (N.Oc),
especially multinuclear osteoclasts (N.Mu.Oc), the fully dif-
ferentiated cells responstble for active honc rcwrphon was
significantly increased in tibia of Glp-1r~/~ mice (Fig. 2, D
and E), and all of the following parameters indicating oste-
oclastic number were also significantly higher in the tibia of
Glp-1r 7~ mice: N.Mu.Oc per bone surface (BS) (2.06/mm?

vs. 390/mm?, P = 0, 022), N.Mu.Oc per eroded surface (ES)
(6. 18/mm vs. 9.32/mm?, P = 0.040), NMu.Oc/TV (]2 22/
mm? vs. 20.26/mm?, P = 0.012), N.Oc/BS (3.21/mm? vs.

5.98/1111112. P = 0.002), and N.Oc¢/TV (19.28/mm? vs. 31.59/
mm?, P = 0.009), for WT vs. Glp-1r~/~ mice, respectively.

Furthermore eroded surface {ES/BS) was significantly in-

creased in the tibiae of Glp-1r /" mice compared with WT
mice (Fig. 2F). However, osteoclastic bone resorption activity
was less apparent in spine of G]p-lr"' ~ mice (Fig. 2, E and
F). On the other hand, no significant difference was observed
in bone formation parameters, including osteoblast surface
per BS (Fig. 2G), mineral apposition rate (Fig. 2H), and bone
formation rate (Fig. 2I) between WT and Glp-1r /" mice.

GLP-1 has no direct effect on osteoclasts and osteoblasts

Because osteoclastic number and bone resorptive activity
were increased in Glp-1r~’~ mice, we investigated whether
GLP-1 has a direct effect on osteoclasts and/or osteoblasts
using cell culture models. We first evaluated the effect of
GLP-1 on osteoclastic differentiation by culturing bone mar-
row cells together with osteoblasts, because osteoclasts are
formed from the precursor cells in bone marrow by stimu-
lation from osteoblasts. As a result, GLP-1 had no inhibitory
effect on 1a,25-dihydroxyvitamin D;-induced osteoclastic
generation (Fig. 3A). Pit-forming assays showed that GLP-1
had no direct effect on pit-forming activity of mature oste-
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Fic. 3. Effects of GLP-1 on osteoclasts and osteoblasts in vitro. A,
Effect of GLP-1 on osteoclastic differentiation. The numbers of tar-
trate-resistant acid phosphatase (TRAP)-positive osteoclasts formed
from coculture of osteoblasts and bone marrow cells in the presence
or absence of 10°® M 1a,25-dihydroxyvitamin Dy [1a, 26(0H), D,
(white bars)and/or 10% M GLP-1 (black bars) are shown. B, Effect of
GLP-1 on the pit-forming activity of mature osteoclasts, using 10~ ¢
M caleitonin as a positive control. C, Effect of GLP-1 on osteoblastic
apoptosis. Saos-2 cells were pretreated with 10 ~* M GLP-1 for 1 h and
then incubated for an additional 6 h in the absence (white bars) or
presence of 50 uM etoposide (black bars). Values are expressed as
means * SE,
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oclasts placed on dentine slices, whereas calcitonin com-
pletely inhibited pit formation (Fig. 3B). Unlike the GIP re-
ceptor, the GLP-1 receptor was absent in osteoblasts, and
GLP-1failed to increase intracellular cAMP levels in Saos-2
cells (data not shown). Furthermore, GLP-1 had no protective
effect on etoposide-induced osteoblastic apoptosis (Fig. 3C).
These in vitro experiments demonstrate that GLP-1 has no
direct effect on either osteoclasts or osteoblasts.

GLP-1 receptor signaling modulates calcitonin expression
in mice

Because GLP-1 has no direct effect on bone cells, we in-
vestigated indirect pathways of GLP-1-mediated bone me-
tabolism. Plasma levels of total calcium (data not shown) and
ionized calcium (Fig. 4A) were unchanged in both fasting
and fed conditions. Because hyperparathyroidism is a cause
of cortical bone loss, plasma intact PTH levels were mea-
sured, but there was no difference in PTH levels between WT
and Glp-1r /™ mice (Fig. 4B). Because the GLP-1 receptor is
expressed in thyroid C cells and GLP-1 stimulates calcitonin
secretion in vitro via a cAMP-mediated mechanism (10, 11),
calcitonin could be involved in the alteration of bone me-
tabolism observed in Glp-1r~/~ mice. Quantitative real-time
PCR analysis revealed that administration of the GLP-1 re-
ceptor agonist exendin-4 significantly increased thyroid cal-
citonin mRNA levels in WT mice (Fig. 4C). Conversely, the
loss of GLP-1 receptor signaling in Glp-1r / mice was as-
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FiG. 4. Calcitonin deficiency resulted in increased bone resorption in
Glp-1r™"" mice. A and B, Plasma levels of ionized calcium (A) and
intact PTH (B) in WT and Glp-1r™'~ mice. Values are expressed as
means * SE; n = 6-8 mice per group. C, Relative expression levels of
calcitonin mRNA in thyroid from WT mice injected ip with PBS or 24
nmolkg exendin-4 (Ex-4) 6 h before RNA isolation. Values are ex-
pressed as means = SE; n = 5 mice per group. *, P < 0.01, PBS vs.
exendin-4 treatment. D, Relative expression levels of calcitonin
mRNA in thyroid from WT and Glp-1r ’" mice determined by quan-
titative real-time PCR. Values are expressed as means * SE;n = 4
mice per group. *, P < 0.05; **, P < 0.01, WT vs. Glp-1r '~ mice. E,
Urinary elimination of DPD from WT and Glp-1r~'~ mice before and
at 4 h after single administration of 10 [U/kg calcitonin. Values are
expressed as means * SE; n = 6 mice per group. *, P < 0.05, WT vs,
Glp-1r~'" mice.
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sociated with a significant reduction in levels of calcitonin
mRNA transcripts, 41% of levels in control WT thyroid
glands (Fig. 4D). Consistent with results of bone histomor-
phomehy showing increased osteoclastic bone resorption,
Glp-1r™'" mice showed significantly higher urinary DPD
concentration (Fig. 4E). However, calcitonin treatment effec-
tively decreased the urinary DPD concentration in Glp-1r /
mice (Fig. 4E), demonstrating that increased bone resorption
in Glp-1r~'~ mice remains sensitive to the antiresorptive
actions of calcitonin,

Discussion

Decreased BMD is a major determinant of fracture, but
fracture risk in diabetic patients is often increased (17-19)
and is not necessarily associated with decreased BMD. BMD
in type 2 diabetes has been reported to be decreased, normal,
or increased depending on various factors such as body
weight or the site where BMD is measured. Body weight is
one of the main determinants of BMD in both diabetic and
nondiabetic subjects, suggesting that the increased BMD
could be explained by the higher body weight. In the present
study, there was no difference in several metabolic factors
that often indirectly modulate BMD, including body weight,
fat mass, or plasma levels of leptin, between WT and Glp-
Ir~/~ mice.

Quantitative CT was used in the present study for the
measurement of BMD because of the merits of the method
with regard to distinct assessment of cortical, cancellous, and
trabecular bones and to providing indexes of bone strength
in live animals (13, 20). We found that total BMD of tibia,
which has a higher cortical /cancellous bone ratio, was sig-
nificantly lower in Glp-1r " mice and that cortical BMD at
both tibia and lumbar spine was selectively reduced in Glp-
1r /" mice compared with WT mice. Reflecting the cortical
bone loss, Glp-1r~/~ mice showed skeletal fragility. In dia-
betic patients, BMD measured at sites with high cortical/
cancellous bone ratio, such as distal radius or metacarpal
bone, has been reported to be selectively decreased com-
pared with sites high in cancellous bone such as lumbar spine
or femoral neck (21-24). Reduced GLP-1 secretion is one of
the features of type 2 diabetes (9), and 1t is of interest that
cortical bone loss is observed in Glp-1r /™ mice as well as in
diabetic patients. Therefore, we suppose that modulation of
GLP-1 receptor signaling may theoretically contribute to reg-
ulation of bone turnover in diabetic subjects, a hypothesis
that requires further testing.

We found by bone histomorphometry that genetic loss of
GLP-1 receptor signaling resulted in significantly increased
osteoclastic bone resorption activity, whereas the effects on
bone formation parameters were less marked, similar to the
changes in bone turnover induced by gastrointestinal factors.
However, unlike GIP, GLP-1 had no direct effects on oste-
oclasts and osteoblasts as shown by the in vitro experiments.

Calcitonin is a known inhibitor of bone resorption and has
been reported to prevent or retard bone loss in animal models
of excessive bone resorption (25-28). As to the effect of cal-
citonin on cortical bone, calcitonin treatment has been shown
to increase lumbar vertebral cortical thickness (29) and fem-
oral cortical areas (30) in ovariectomized rats. It has been
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reported that the GLP-1 receptor is expressed in thyroid C
cells and that GLP-1 stimulates calcitonin secretion via a
cAMP-mediated mechanism in cultured C cells (10, 11); we
also found that GLP-1 has a stimulatory effect on calcitonin
gene expression in thyroid C cells in vivo, because attempts
at measurement of plasma calcitonin were not successful due
to sample volumes and assay sensitivity. Thus, increased
osteoclastic bone resorption in Glp-1r/~ mice might arise
indirectly from loss of GLP-1 receptor signaling on C cells,
leading to calcitonin deficiency. Consistent with this hypoth-
esis, Glp-1r /" mice exhibit reduced levels of calcitonin
mRNA transcripts in the thyroid. Furthermore, calcitonin
treatment effectively suppressed the urinary DPD concen-
tration in Glp-1r~/ "~ mice. Taken together, these findings are
consistent with an essential role for calcitonin in the
lation of bone turnover (31) and raise the possibility that
modulation of GLP-1 receptor signaling may regulate bone
resorption indirectly through the thyroid C cell.

In summary, our present findings demonstrate that ge-
netic disruption of GLP-1 receptor signaling results in cor-
tical osteopenia and bone fragility due to increased bone
resorption by osteoclasts, in association with reduced thy-
roid calcitonin expression. Moreover, exogenous GLP-1 ad-
ministration increased calcitonin expression in the thyroid
glands of normal WT mice. These findings raise the possi-
bility that clinical modulation of GLP-1 receptor signaling in
human subjects, either through administration of GLP-1 re-
ceptor agonists or dipeptidyl peptidase4 inhibitors, may
indirectly regulate bone turnover in diabetic subjects. Given
the recent observations of reduced bone density and in-
creased fracture rates in diabetic subjects treated with thia-
zolidinediones (32, 33), more studies directed at understand-
ing the actions of therapies that activate GLP-1 receptor
signaling seem warranted.,
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Abstract

Aims/hypothesis Na' /K -ATPase inhibition by ouabain
suppresses ATP production by generating reactive oxygen
species (ROS) and impairs glucose-induced insulin secre-
tion from pancreatic 1slets. To clanfy the signal-transducing
function of Na'/K'-ATPase in decreasing ATP production
by the gencration of ROS in pancreatic islets, the
involvement of Src was examined. In addition, the
significance of Src activation in diabetic islets was
examined.

Methods 1solated islets from Wistar rats and diabetic Goto-
Kakizaki (GK) rats (a model for diabetes) were used. ROS was
measured by 5-(and 6)-chloromethyl-2',7"-dichlorofluorescein
fluorescence using dispersed islet cells. Afier lysates were
immunoprecipitated by anti-Src antibody, immunoblotting was
performed.

Results Ouabain caused a rapid Tyr''® phosphorylation,
indicating activation of Src in the presence of high glucose.
The specific Src inhibitor 4-amino-5-(4-chlorophenyl)-7-
(+-butyl)pyrazolo[3 4-djpynmidine (PP2) restored the oua-
bain-induced decrease in ATP content and the increase in
ROS production. Both PP2 and ROS scavenger restored the
impaired insulin release and impaired ATP elevation in GK
islets, but had no such effect in control islets. PP2 reduced
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the high glucose-induced increase in ROS generation in GK
islet cells but had no effect on that in control islet cells.
Moreover, ouabain had no effect on ATP content and ROS
production in the presence of high glucose in GK islets.
Conclusions/interpretation These results indicate that Src
plays a role in the signal-transducing function of Na'/K'-
ATPase, in which ROS generation decreases ATP produc-
tion in control islets. Morcover, ROS generated by Src
activation plays an important role in impaired glucose-
induced insulin secretion in GK islets, in which Src is
endogenously activated independently of ouabain.

Keywords ATP- GK rat - Na /K -ATPase - Pancreatic islet -
ROS - Src

Abbreviations

AW, change in mitochondrial membrane potential

CM-DCF  5-(and 6)-chloromethyl-2’,7"-dichlorofluores-
cein

FCCP carbonyl cyanide p-trifluoromethoxyphenylhy-
drazone

GK Goto-Kakizaki

JC-1 5,5',6,6™tetrachloro-1.1",3,3"-tetraethylbenzimi-
dazolcarbocyanine iodide

KRBB Krebs Ringer bicarbonate buffer

ROS reactive oxygen species

PP2 4-amino-5-(4-chlorophenyl)-7-(s-butyl)pyra-
zolo[3,4-d]pyrimidine

Introduction

In pancreatic beta cells, intracellular glucose metabolism
regulates exocytosis of insulin granules according to
metabolism-secretion coupling, in which glucose-induced
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mitochondrial ATP production plays an essential role [1].
Since depletion of mitochondrial DNA abolishes the
glucose-induced ATP elevation, mitochondria clearly are a
major source of ATP production in pancreatic beta cells [2,
3]. Glucose-induced insulin secretion from beta cells is
often impaired by exposure to high concentrations of fuels
including glucose, NEFAs and ketone bodies, and by
administration of diabetogenic pharmacological agents, all
of which involve impaired glucose-induced ATP elevation
in beta cells [4-11]. Thus, reduced mitochondrial ATP
production plays an important role in impaired glucose-
induced insulin secretion,

Among the various agents that impair metabolism—
secretion coupling in beta cells, the effects of reactive
oxygen species (ROS) on glucose-induced insulin secretion
have been extensively examined. Exposure to exogenous
hydrogen peroxide (H,0,), the most abundant ROS,
reduces glucose-induced insulin secretion by impairing
mitochondrial metabolism in beta cells, Transient exposure
to H,0; suppresses the hyperpolarisation of mitochondrial
membrane potential [12], the increment in insulin secretion,
and the increase in ATP content induced by glucose in
pancreatic beta cells [12, 13].

However, little is known of the role of endogenous
ROS in impaired glucose-induced insulin secretion.
Recent studies have shown that mitochondria produce
endogenous ROS in beta cells under physiological and
pathophysiological conditions. Exposure to high glucose
increases mitochondrial ROS production [14, 15], and the
superoxide content of islets from Zucker diabetic fatty rats
is higher than that from Zucker lean control islets under a
basal level of glucose but are relatively insensitive to high
glucose [14].

Ouabamn, a well-known specific inhibitor of Na /K -
ATPase, decreases glucose-induced insulin release in the
second phase [16]. We have found that ouabain decreases
glucose-induced insulin release by reducing ATP content
[17]. In addition, high glucose-induced hyperpolarisation
of mitochondrial membrane potential was inhibited by
ouabain. Furthermore, ouabain induced mitochondrial
ROS production that was blocked by myxothiazol, an
inhibitor of site 11T of the mitochondrial respiratory chain.
Interestingly, these phenomena also occurred in Ca®'- or
Na'-depleted conditions. An antioxidant, «-locopherol,
blocked the ouabain-induced ROS increase as well as the
suppressive effect of ouabain on ATP production and
insulin release. However, ouabain did not directly affect
ATP production from the mitochondrial fraction. These
results suggest that ouabain suppresses mitochondrial
ATP production by generating mitochondrial ROS via
signal transduction, independently of the intracellular
cationic alternation, and has a suppressive effect on insulin
secretion.

However, the details of Na' /K -ATPase-mediated signal
transduction in suppressing ATP production by the gener-
ation of mitochondrial ROS in pancreatic islets remain
unknown. The binding of ouabain to Na /K -ATPase has
been shown to activate Src, a non-receptor protein-tyrosine
kinase, subsequently enhancing mitochondrial ROS pro-
duction in cardiac myocytes [18-20]. In the present study,
we investigated the involvement of Src in the signal-
transducing function of Na /K -ATPase that reduces ATP
production by generating mitochondrial ROS in pancreatic
islets. In addition, the role of Src activation in impaired
glucose-induced insulin secretion from diabetic islets was
examined,

Methods

Animals Male Wistar and Goto-Kakizaki (GK) rats were
obtained from Shimizu (Kyoto. Japan). The animals were fed
standard laboratory chow ad libitum and allowed free access
to water in an air-conditioned room with a 12 h light:12 h
darkness cycle until used in the experiments. All experiments
were carried out with rats aged 812 weeks, The animals were
maintained and used in accordance with the Guidelines for
Animal Experiments of Kyoto University.

Islet isolation and culture Islets of Langerhans were
isolated from Wistar and GK rats by collagenase digestion
as described previously [21]. Isolated islets were cultured
for 12 h in RPMI 1640 medium containing 10% (vol./vol.)
FCS, 100 U/ml penicillin, 100 pg/ml streptomycin and
5.5 mmol/l glucose, at 37°C in humidified air containing
5% CO,.

Solutions The medium used for islet 1solation and preincu-
bation of intact islets was Krebs Ringer bicarbonate buffer
containing (in mmol/l) 129.4 NaCl, 3.7 KCl, 2.7 CaCl,,
1.3 KH,PO,, 1.3 MgSO,, 24.8 NaHCO; (equilibrated with
5% CO,-95% 0, pH 7.4), and 0.2% (vol./vol.) BSA,
hereafier referred to as KRBB. Ca®'-free media were
prepared with Ca® -free KRBB plus | mmol/l EGTA and
10 mmol/l HEPES (Ca’'-free KRBB),

Measurement of ATP content After groups of ten islets were
preincubated in KRBB with 2.8 mmol/l glucose for 30 min,
they were batch-incubated for the indicated times in 0.5 ml
Ca®'-free KRBB with 2.8 or 16,7 mmol/l glucose with
or without test materials. 4-amino-5-(4-chlorophenyl)-7-
(r-butyl)pyrazolo[3, 4-d]pynmidine (PP2) and o-tocopherol
plus ascorbate were also included during preincubation.
After immediate addition of HCIOQy, sonication in ice-cold
waler for 3 min, and centrifugation, part of the supernatant
fraction was mixed with HEPES and Na,CO; and the ATP
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content in islets was determined by luminometry as
previously described [22).

Fluorescence measurement of ROS production and change
in mitochondrial membrane potemtial ROS production and
change in mitochondrial membrane potential (A¥,,) in
dispersed islet cells under Ca®'-free conditions were
measured by 5-(and 6)-chloromethyl-2',7"-dichlorofluores-
cein (CM-DCF) fluorescence and 5,5',6,6'-tetrachloro-
1,1",3,3"-tetraethylbenzimidazolcarbocyanine iodide (JC-1)
fluorescence, respectively, as previously reported [17].
Fluorescence was corrected by subtracting parallel blanks
in which islet cells were not loaded with probes, and is
presented as a ratio with respect to the value at time zero.

Measurement of phosphorylation of Sre Activation of Src
in islets was determined by Western blotting after
immunoprecipitation. After preincubation in KRBB con-
taining 2.8 mmol/l glucose, islets were exposed to ouabain
in Ca®'-free KRBB or KRBB with 16.7 mmol/l glucose
for the indicated times. After washing with ice-cold PBS,
the islets were solubilised in ice-cold lysis buffer contain-
ing 10 mmol/l Tris—HC1 (pH 7.2), 100 mmol/l NaCl,
| mmoll EDTA, 5 mmol/l sodium pyrophosphate, 0.5%
sodium deoxycholate, 1% Nonidet P-40, protease inhibitor
cocktail tablet (Roche, Penzberg, Germany) and phospha-
tase inhibitor cocktail set [I (Calbiochem, Darmstadt,
Germany) and sonicated. Cell lysates were centrifuged
(560,000%¢ for 10 min at 4°C) to obtain crude cell
extracts. Protein content of the supematant was measured
and adjusted by the Bradford method. The supernatant was
mixed with 4 pg monoclonal anti-Sre antibody (mouse
monoclonal 1gG,. clone GDI11; Upstate, Lake Placid. NY,
USA) and 30 pl of washed Protein-G agarose beads, and
gently rotated for 4 h at 4°C. After washing three times
with ice-cold lysis buffer, immunoprecipitates were dis-
solved in 30 pl SDS-PAGE sample buffer (50 mmol/l Tris-
HCI [pH 6.8]. 2% SDS, 6% 2-mercaptoethanol, 10%
glycerol, 1% bromophenol blue) and boiled for 5 min at
95°C. The samples were subjected to electrophoresis on 10%
SDS-polyacrylamide gels and transferred onto nitrocellulose
membrane (Schleicher and Schuell, Keene, NH, USA). After
blocking with PBS containing 0.1% Tween 20 and 5% BSA
{blocking buffer) ovemnight at 4°C, blotted membranes were
incubated overnight with rabbit polyclonal anti-Src antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C in
blocking buffer, and subsequently with anti-rabbit 1gG
horseradish peroxidase-conjugated secondary antibody
(Amersham Biosciences, Tokyo, Japan) for | h prior to
detection using ECL Plus (Amersham Biosciences). In the
same membrane, the process was repeated for the following
primary phosphospecific antibodies: rabbit polyclonal anti-
body to Src phosphorylated at Tyr*'® (pY*'*Src) or rabbit
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polyclonal antibody to Src phosphorylated at Tyr'?
(pY**Src; Biosource, Camarillo, CA, USA) and mouse
polyclonal anti-phosphotyrosine antibody (pY: clone 4G10;
Upstate). Anti-mouse IgG horseradish peroxidase-conjugat-
ed secondary antibody (Amersham Biosciences) was used to
detect the mouse primary antibody.

Measurement of glucose oxidation Glucose oxidation was
measured as previously described [8]. Cultured islets were
preincubated in KRBB with 2.8 mmol/l glucose in the
presence or absence of Sre inhibitor and antioxidants at 37°
C for 30 min. Twenty-five islets in a small tube were
incubated at 37°C for 90 min in 150 ul Ca*'-frec KRBB
containing 2.8 or 16.7 mmol/l glucose, test materials, and
[U-""C]glucose (1.85x10* Bq per tube) (Amersham,
Buckinghamshire, UK). After 90 min incubation, the
reaction was stopped, and the dpm of trapped '*CO; in
the hydroxide of hyamine 10-X (Packard, Menden, CT,
UUSA) was counted.

Measurement of insulin release, insulin content and DNA
content Insulin release from cultured islets was monitored
using static incubation as descnibed previously [17]. After
an aliquot of incubation medium for insulin assay was
taken, the islets remaining were lysed to determine insulin
and DNA contents as described previously [22].

Materials RPMI 1640 medium, carbonyl cyanide p-trifluor-
omethoxyphenylhydrazone (FCCP), a«-tocopherol and L-
ascorbic acid were purchased from Sigma (St Louis, MO,
USA). Luciferin-luciferase was obtained from Tumer Designs
(Sunnyvale, CA, USA). CM-DCFH diacetate and JC-1 were
purchased from Invitrogen (Eugene, OR, USA). PP2,
herbimycin A and SU6656 were purchased from Calbiochem
(La Jolla, CA, USA). All other agents including ouabain were
obtained from Nacalai Tesque (Kyoto, Japan).

Statistical analysis Results are expressed as means+SE.
Statistical significance was evaluated by an unpaired
Student’s t test. p<0.05 was considered significant.

Results

Effect of ouabain on ATP content Exposure to 16.7 mmol/l
glucose for 15 min increased ATP content compared with
that in the presence of 2.8 mmol/l glucose (at 15 min,
16.7 mmol/ll glucose: 17.1£0.9 vs 2.8 mmolll glucose:
8.540.2 pmolislet; p<0.01; Fig. la). For the 60 min
incubation, ATP content remained high in the presence of
16.7 mmo/l glucose compared with that in the presence of
2.8 mmol/l glucose. Exposure to 1 mmol/l ouabain for
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Fig. 1 Effects of Src inhibitors on ATP at high glucose after
exposure 1o ouabain. a Time-course of ounbain-induced decrease of
ATP contents. Afler preincubation with 2.8 mmol/l glucose, islets
were incubated at 2.8 mmol/l glucose (white circles) or 16.7 mmol/
I glucose with (black squares) or without (black circles) | mmol/
| ouabain for the indicated times in Ca®*-depleted condition, and ATP
contents were determined. Values are means+SE (n=5), *p<0,01 vs
16.7 mmol/ glucose. b-d Effects of Src inhibitors on ouabain-induced
decrease of ATP contents in high glucose After preincubation with
2.8 mmol/l glucose with or without Src inhibitors, islets were
incubated for 60 min at 2.8 mmol/l glucose (white bars) or
16,7 mmol/l glucose with (hatched bars) or without (black bars)
ousbain in the presence or absence of Src inhibitors under Ca®'-
depleted condition, and ATP contents were determined. b Effect of
10 wmoll PP2. ¢ Effect of | pmol/l herbimycin A (Herb), d Effect of
5 pmol/l SU6656 (SU). Values are means=SE of n=8 (b), n=10 (c)
and #=8 (d) determmations. *p<0.01 vs 2.8 mmol/l glucose; 'p<0.01
vs 16.7 mmol/] glucose; *p<0.01 vs 16.7 mmol/l glucose plus ouabain
without Src inhibitors

15 min did not suppress ATP content in the presence of
16.7 mmo/l glucose (at 15 min, 16.7 mmol/l glucose plus
ouabain: 15.6£0.2 pmol per islet vs 16.7 mmol/l glucose; p=
NS). but such exposure for 30 min decreased ATP content in
the presence of 16,7 mmo/l glucose (at 30 min, 16.7 mmol/l
glucose plus ouabain: 14.9404 vs 16.7 mmoll glucose:
18.0£0.4 pmol per islet: p<0.01: Fig. la). Furthermore, an
exposure for 60 min profoundly suppressed ATP content at
high glucose (at 60 min, 16.7 mmol/l glucose plus ouabain:
10.6£0.6 vs 16.7 mmol/l glucose: 18.5+0.6 pmol per islet;
p=<0.01; Fig. 1a).

In the presence of 10 pmol/l PP2, a Src inhibitor,
I mmol/l ouabain failed to suppress ATP content in the
presence of 16.7 mmol/l glucose (16.7 mmol/l glucose plus
ouabain with PP2: 17.24£0.9 vs 16.7 mmol/l glucose with

PP2: 16.2+0.9 pmol per islet; p=NS) (Fig. 1b). ATP content
in ouabain-treated islets at high glucose in the presence of PP2
was larger than that in the absence of PP2 (16.7 mmol/
1 glucose plus ouabain with PP2 vs 16.7 mmol/l glucose plus
ouabain: 12.340.5 pmol per islet; p<0.01). Similar results
were observed in experiments using other Src inhibitors
(Fig. led).

Effect of ouabain on ROS production Exposure to | mmol/
| ouabain for 15 min did not increase CM-DCF fluores-
cence, which represents ROS production, in the presence of
16.7 mmo/l glucose (at 15 min, 16.7 mmol/l glucose plus
ouabain: 1.23+0.11 vs 16.7 mmol/l glucose: 1.08+0.13
relative units; p=NS; Fig. 2a). However, such exposure for
30 or 60 min augmented CM-DCF fluorescence in the
presence of 16.7 mmo/l glucose (at 30 min, 16.7 mmol/
| glucose plus ouabain: 1.58+0.10 vs 16.7 mmol/l glucose:
1.24£0.07 relative units; p<0.05; at 60 min, 16.7 mmol/
| glucose plus ouabain: 1.71+0.12 vs 16.7 mmol/l glucose:
1.29:+0.04 relative units; p<0.05; Fig. 2a). In the presence
of 10 pmol/l PP2, 1 mmol/l ouabain did not increase CM-
DCF fluorescence in the presence of 16.7 mmol/l glucose
(16.7 mmol/l glucose plus ouabain with PP2: 1,31£0.07 vs
16.7 mmol/l glucose with PP2: 1.33+0.05 relative units; p=
NS) (Fig. 2b). PP2 reduced CM-DCF fluorescence of islet
cells in the presence of 16.7 mmol/l glucose and | mmol/
| ouabain (16.7 mmol/l glucose plus ouabain with PP2 vs
16.7 mmol/l glucose plus ouabain: 1.63+0.08 relative units;
p<0.05; Fig. 2b).
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Fig. 2 Effects of Src mhibitor on ROS production at high glucose
afler exposure to ouabain. a Time-course of ouabain-induced increase
of ROS production. After fluorescence measurements at time zero, the
dispersed islet cells were incubated for the indicated times, with
(squares) or without (circles) 1 mmol/l ouabain in the presence of
16.7 mmol glucose under Ca*'-depleted conditions, Values are
means+SE (#=4) as a ratio of values at time zero. *p<0.05 vs
16.7 mmol/l glucose. b Effects of Src inhibitor (PP2) on bai
induced increase of ROS production at high glucose. After CM-DCF
Nuorescence was determined at time zero, islet cells were incubated
for 60 min with 16.7 mmol/l glucose with (hatched bars) or without
(black bars) | mmeol/] bain in the f ce or at of 10 pmol/
| PP2 under Ca”'-depleted conditions, and fluorescence was measured
at 60 min. Values are means+SE (n=4) as a ratio of values al ume
zero. *p<0.05 vs 16.7 mmol/l glucose. 'p<0.05 vs 16.7 mmol/
| glucose plus ouabain without PP2
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]"iQ. 3 Ouabain-induced Src tyrosine phosphorylation in islets under
Ca” -deprived condition in the presence of 16.7 mmol/ glicose. a
Time-course of ouabain-induced Src tyrosine phosphorylation. After
preincubation with 2.8 mmol/ glucose, islets were incubated with or
without | mmol/l ousbain in the presence of 16.7 mmol/l glucose
under Ca*"-depleted conditions for the indicated times. Islets were
then lysed, immunoprecipitated with an anti-Src antibody, and assayed
!'or Src tyrosine phosphorylation by Westem blotting using Tyt

pecific Sre antibody ( \" "Sre, white circles), Ty’
phosphospec1ﬁc Src antibody (pY~>"Sre, white squares) or phospho-
tyrosine antibody (pY, black squares) by repetition of stnpping and
reprobing for the same blot. To ensure equal loading. total Src
antibody (total Src, black circles) was also reprobed. Data are
expressed relative to control (16,7 mmol/l glucose without ouabain)

Effect of ouabain on Src phosphorviation Src activity is
regulated by the phosphorylation of Tyr*'® and Tyr™™.
Either a decrease in phosphorylation of Tyr’*® or an
increase in phosphorylation of Tyr*'® stimulates Src kinase
activity. Ouabain (1 mmol/l) caused a rapid activation of
Src in the presence of 16,7 mmol/l glucose under Ca®'-
deprived conditions. The maximum increase in Tyr''®
phospholyration was observed 3 min after ouabain expo-
sure (Fig. 3a). Ouabain caused a significant increase in
Try*'® and total tyrosine phosphorylation, but had no effect
on Try’*” phosphorylation (at 3 min, fold increase relative
to control, pY*"*Src: 1.79+0.15, p<0.01 vs control; total
tyrosine phosphorylation (pY): 2.17£0.26, p<0.01 vs
control; pY”quc: 1.09£0.04, p=NS vs control; total Src:
0.96+0.03, p=NS vs control) (Fig. 3b.d). A dose-dependent
effect of ouabain on Tyr''® phosphorylation was also
observed (100 pmol/l ouabain, at 3 mn, fold increase
relative to control, pY*'®Src: 1.47+0.05, p<0.01 vs control;
total Src: 1.02£0.04, p=NS vs control; Fig. 3c.d). Such

cffects of ouabain on Src phosphorylation were also
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*p<0.01 vs control (16,7 mmol/l glucose without ouabain).
Reprcscman\fc immunoblots (IB) for total Sre antibody, Tyr*'™ or
Tyr'*® phosphospecific Src antibodies (pY*'*Src and pY***Src) and
phosphotyrosine antibody (pY) at 3 min in the same membrane. In the
pY immunoblot. blots of 1gG heavy chan derived from antibody used
during immunoprecipitation were also observed. ¢ Dose-dependent
effect of ombam on the level of Sre tyrosine phosphorylation in islets.
R ve i blot (IB) for total Src antibody and pY'm“m:
annbody al 3 min in the same membrane. d Quantification data are
expressed as means=SE of n=6 (100 umol/l ouabain), n=8& (1 mmol/
| ouabain) determinations relative to control (16.7 mmoll glucose
without ouabain) values. *p<0.01 vs control (16.7 mmoll glucose
without puabain), IP, immunoprecipitated

observed in a medium containing a physiological concen-
tration of Cab(fo]d increase relative to control, pY'"aSrc:
1.59+0.10, p<0.01 vs control; pY***Sre: 1.07+0.07, p=NS
vs control; total Src: 0.9640.06, p=NS vs control) (Fig. 4).

Effect of ouabain on A, To evaluate the effect of ouabain
on AWy, JC-1 fluorescence was measured in the presence
of 16.7 mmol/l glucose without Ca’" (Fig. 5). After
addition of 16.7 mmol/l glucose to the medium, fluores-
cence increased gradually, indicating hyperpolarisation of
mitochondrial membrane potential, whereas the basal level
of fluorescence was unchanged in the presence of
2.8 mmol/l glucose. Ouabain (I mmol/l) significantly
inhibited glucose-induced hyperpolarisation of mitochon-
drial membrane potential 30 min after administration (at
30 min, 16.7 mmol/l glucose plus ouabain: 1.04:0.03 vs
16.7 mmol/l glucose: 1.51+0.05 relative units; p<0.01).
However, in the presence of | mmol/l ouabain with
16.7 mmol/l glucose, 10 pumol/l PP2 reversed the effect of
ouabain on A¥,, and increased JC-1 fluorescence 30 min
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Fig. 4 Ouabain (1 mmol/l)-induced Src tyrosine phosphorylation in
islets in medium containing a physiological concentration of Ca®’
(2.8 mmol/) in the presence of 16.7 mmol/l glucose. a Representative
immunoblot (IB) for total Src antibody and pY*'*Sre or pY**'Sre

after administration (16.7 mmol/l glucose plus ouabain with
PP2: 1.41£0.07 vs 16.7 mmoll glucose plus ouabain:
1.04+0.03 relative units; p<0.01). JC-1 fluorescence
decreased to below the basal level afier the addition of
| pumol/l FCCP.

Effect of ouabain on glucose oxidation Glucose oxidation
in islets in the presence of 16.7 mmol/l glucose was
increased compared with that in the presence of 2.8 mmol/l
glucose (Fig. 6). Glucose oxidation with 2.8 mmol/l glucose
was not affected by | mmol/l ouabain (ouabain plus
2.8 mmol/l glucose: 7.6+1.0 vs 2.8 mmol/l glucose: 5.6+
0.6 pmol islet ' 90 min '; p=NS). However, glucose
oxidation with 16.7 mmol/l glucose was suppressed by
the agent (16.7 mmol/l glucose plus ouabain: 30.0£4.3 vs

16.7 mmol/l glucose: 53.9+6.1 pmol islet' 90 min';

JC-1 fluorescence
(arbitrary units)

04-

Time (min)

Fig. § Time-course effects of Src inhibitor (PP2) on ouabain-induced
decrease of mitochondrial membrane potential at high glucose. Afier
JC-1 was loaded, dispersed islet cells were preincubated for 30 min at
2.8 mmol/l glucose with or without 10 pmol/l PP2. At time zero, basal
fluorescence was determined. and islet cells were incubated for the
indicated time periods in Ca’" -depleted conditions at 2.8 mmol/
I glucose (white circles) or 16.7 mmol/l glucose with (black squares)
or without (black circles) 1 mmol/l ouabain, or with 16.7 mmol/
| glucose with | mmol/l ouabain in the presence of 10 pmol/l PP2
(black triangles). At 60 min, | pmoll FCCP was added to the
medium. Values are means=SE (n=6) as a ratio of values at time zero.
*p<0.01, 2.8 mmol/l vs 16.7 mmol/l glucose; 'p<0.01, 16.7 mmol/
I glucose vs 16.7 mmol/l glucose + ouabain; *p<0.01, 16.7 mmol/
I glucose + ouabain vs 16.7 mmol/l glucose + ousbain + PP2

o
n

Amount relative ta control (fold)
L

=1
L

Total p¥528  pydi8

Src S Src
antibodies at 3 min in the same membrane. b Quantification data from
n=5 independent experiments, Data are expressed relative to control
values (means+SE). *p<0.01 vs control (16.7 mmol/l glucose without
ouabain). IP, immunoprecipitated

p<0.01). In the presence of PP2 or «-tocopherol plus
ascorbate, ouabain did not affect glucose oxidation at
16.7 mmol/l glucose. Glucose oxidation with 16.7 mmol/l
glucose and ouabain in the presence of PP2 or a-tocopherol
plus ascorbate was larger than that in the absence of PP2 and
a-tocopherol plus ascorbate (16.7 mmol/l glucose plus
ouabain with PP2: 50.2+4.5 vs 16.7 mmol/l glucose
plus ouabain: 30.0£4.3; p<0.01; 16.7 mmol/l glucose
plus ouabain with a-tocopherol plus ascorbate: 45.6+
3.2 pmol islet ' 90 min ' vs 16.7 mmol/l glucose plus
ouabain; p<0.01).

Characteristics of animals and islets Table 1 shows the
charactenstics of the diabetes model GK rats and control
Wistar rats used in this study. GK rats had lower body
weight than control Wistar rats. In the fed state, GK rats had
higher plasma glucose concentration. DNA content and
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Fig. 6 Effects of Src inhibitor and ROS scavenger on ouanbain-
induced decrease of glucose oxidation at high glucose. After
preincubation with 2.8 mmoll glucose with or without Src inhibitor
and ROS scavenger, islets were incubated for 90 min at 2.8 mmol/
| glucose (white bars) or 16,7 mmoll glucose (black bars) with or
without | mmol/l ouabain (Ou) in the presence or absence of Src
inhibitor (10 pmol/l PP2) and ROS scavenger (100 umoll -
tocopherol plus 200 pmol/l ascorbate, VE+VC) under Ca”"-depleted
conditions, and glucose oxidation was determined. Values are means
+SE of n=11 determinations, *p<0.01 vs 16.7 mmoll glucose; 'p<
0.01 vs 16,7 mmol/l glucose plus ouabain without PP2 and o-
tocopherol plus ascorbate
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Table 1 Charactenistics of control Wistar and diabetic GK. rats used in
the experiments

Charactenistics Control Wistar GK

204+ (45)
5.83+0.11 (45)

163=1%* (78)
BR3I£0.11** (TR)

Bodyweight (g)

Non-fasting plasma glucose
(mmol/1)

Islet DNA content (ng/islet)

Islet insulin content (ng/islet)

13.540.6 (30)
21.8+0.9 (8D)

13.5+0.7 (80)
242+ 1.0 (80)

Data are means+SE for the number of observations shown i
parentheses
**p<0.01 vs control Wistar rat

insulin content of islets derived from GK rats did not differ
from those derived from control Wistar rats.

Effect of Src inhibition and ROS scavenger on insulin
release and ATP content of GK islets In the presence of
16.7 mmol/l glucose, insulin release from GK islets was
reduced compared with control Wistar rats (GK: 1.78+
0.25 vs Wistar: 4.36+0.23 ng islet ' 30 min '; p<0.01)
(Fig. 7a). PP2 and a-tocopherol plus ascorbate had no
effect on high glucose-induced insulin release from Wistar
islets (Fig. 7a,b). However, high glucose-induced insulin
release from GK islets was restored to control levels by Src
inhibitor (16.7 mmol/l glucose with PP2: 5.05£0.43 vs
16.7 mmol/l glucose: 1.78+0.25 ng islet! 30 min'; p<
0.01) and ROS scavenger (16.7 mmol/l glucose with o-
tocopherol plus ascorbate: 4.22+0.60 vs 16.7 mmol/l
glucose: 2.13:+0.42 ng islet ' 30 min '; p<0.01; Fig. 7ab).
The ATP content of GK islets in the presence of 2.8 mmol/
| glucose was not different from that in the presence of
16.7 mmol/l glucose (2.8 mmol/l glucose: 7.0+0.4 vs
16.7 mmol/l glucose: 8.340.7 pmolislet; p=NS; Fig. 7c).
In GK islets, ouabain did not suppress ATP content
(16.7 mmol/l glucose plus ouabain: 7.7+0.6 pmolislet vs
16.7 mmol/l glucose; p=NS), while PP2 and a-tocopherol
plus ascorbate increased ATP content in the presence of

16.7 mmol/l glucose (16.7 mmol/1 glucose with PP2: 12.3+
0.7 pmol/islet vs 16.7 mmol/l glucose, p<0.01; 16.7 mmol/
I glucose with a-tocopherol plus ascorbate: 11.0£0.7 pmol/
islet vs 16.7 mmolA glucose, p=0.01; Fig. 7c).

Effect of Src inhibition and ROS scavenger on ROS
production by GK islet cells Ouabain had no effect on
ROS production in the presence of high glucose in GK islet
cells (at 60 min, 16.7 mmol/l glucose plus ouabain: 2.19+0.18
vs 16.7 mmol/l glucose: 2.42+0.27 relative units; p=NS§;
Fig. 8a). However, PP2 and a-tocopherol plus ascorbate
decreased ROS production in the presence of high glucose in
GK islet cells (at 60 min, 16.7 mmol/l glucose with PP2:
1.53+0.08 relative units vs 16.7 mmol/l glucose, p<0.05;
16.7 mmol/l glucose with a-tocopherol plus ascorbate:
1.46+0.04 relative units vs 16.7 mmol/l glucose, p<0.05;
Fig. 8h).

Discussion

In the present study, we show that Src plays a role in the
signal-transducing function of Na'/K'-ATPase, by which
ROS generation decreases ATP production in control islets.
Moreover, ROS generated by Src activation plays an
important role in impaired glucose-induced insulin secretion
in GK islets, in which Src activation is ouabain independent.

In pancreatic beta cells, ROS production via non-
mitochondrial and mitochondrial pathways has been pro-
posed. ROS production from non-mitochondrial pathways
including the hexosamine pathway [23], an unknown
pathway from D-glyceraldehyde [24], and NADPH oxidase
[25] have been reported. However, in most tissues, the
major biological process leading to generation of ROS is
the electron transport chain associated with the mitochon-
drial membrane [26, 27]. Recent studies have shown that
beta cells exposed to high glucose produce mitochondrial
ROS [14, 15]. Increase in ROS in the presence of high

a b c
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Fig, 7 Effects of Src mhibitor and ROS scavenger on insulin release
and ATP contents in GK islets. After preincubation with 2.8 mmol/
| glucose for 30 mun, islets were incubated at 2.8 mmoll glucose
{white bars) or 16.7 mmol/l glucose (black bars) with or without test
materials for 30 mm (a, b) or 60 min (¢). PP2 and x-tocopherol plus
ascorbate were also included duning preincubation. a Effects of
10 wmoll PP2 on insulin release from control Wistar islets and GK

€ Springer

islets, Values are means+SE (n=10). *p<0.01 vs Wistar, 16.7 mmol/
I glucose; 'p<0.01 vs GK, 16.7 mmol/l glucose without PP2. b Effects
of 100 pmol/l a-tocopherol plus 200 umol/l ascorbate (VE=VC) on
ATP contents in GK islets. Afier incubation as indicated for 60 min in
Ca’"-depleted conditions, ATP contents were determined. Values arc
means+SE (n=10). *p<0.01 vs 16.7 mmol/l glucose
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Fig. 8 Effects of ouabain, Src inhibitor and ROS scavenger on ROS
production at high glucose in GK islet cells. a Effect of | mmol/l
ouabain on the time-course of high glucose-induced increase of ROS
production. After fl measu at time zero. the
dispersed islet cells were incubated for the indicated times with
(squares) or without (circles) | mmoll ouabain in the presence of
16.7 mmoll glucose under Ca” -depleted conditions. Values are
means=SE (n=3) as a ratio of values at time zero. b Effects of
I mmol/l ouabain (Ou), 10 umol1 PP2 and 100 umol/l x-tocopherol
plus 200 umoll ascorbate (VE + VC) on ROS production in the
presence of 16.7 mmol/l glucose in GK islet cells. After CM-DCF
fluorescence was determined at time zero, islet cells were incubated
for 60 min with 16,7 mmol/l glucose in the presence or absence of test
materials under Ca’’-depleted conditions, and fluorescence was
measured at 60 min. Values are means+SE (n=3) as a ratio of values
at time zero, *p<0.05 vs 16.7 mmol/l glucose

glucose may be attributable to AW,-dependence of ROS
formation, in which an exponential increase in ROS
production is observed above 140 mV in mitochondrial
membrane potential [28]. However, in the present study, we
show for the first time that there is an increase in
mitochondrial ROS production via intracellular signal
transduction in pancreatic islets. Thus, ROS production
via the signal-transducing function of Na' /K -ATPase does
not necessarily require hyperpolanisation of mitochondrial
membrane potential, as ouabain increases ROS production
while the agent simultaneously inhibits hyperpolansation of
mitochondrial membrane potential.

Src is a 60 kDa membrane-associated non-receptor
tyrosine kinase that regulates various signal transduction
pathways. Src production is widespread and has been
demonstrated in pancreatic islets and mn a beta cell line
[29-32]. Its catalytic activity is controlled by tyrosine
phosphorylation and protein-protein interaction. Phosphor-
vlation of Tyr'*” on Src holds the kinase in an inactive
conformation through an intramolecular interaction with its
Src homology 2 domain, whereas phosphorylation of Tyr*'®
activates Src by disrupting the intramolecular interaction
and creating the substrate-binding site [33]. The binding of
ouabain to the Na /K -ATPase causes rapid activation of
Src¢ in various cells including cardiac myocytes [34],
smooth muscle cells [34, 35] and kidney epithelial cells
[36] independently of the changes in intracellular ion
concentrations. In the present study, ouabain stimulated
Tyr*'"® phosphorylation but had no effect on Tyr**’
phosphorylation, a phenomenon also observed in different
types of cells [36]. Since ouabain-induced direct interaction

between the Na /K -ATPase a; subunit and Src is observed
in kidney epithehial cells [36], ouabain-induced direct
interaction between Na' /K -ATPase and Src may well be
involved in ouabain-induced Src phosphorylation in pan-
creatic beta cells.

A signal-transducing function of Na /K -ATPase via Src
activation has been proposed recently in different types of
cells including cardiac myocytes, A7r5 cells and HeLa cells
[37]. The binding of ouabain to Na /K -ATPase activates
Src, resulting in transactivation of the EGF receptor and
increased mitochondnal production of ROS independently
of changes in intracellular ion concentrations. In the present
study. PP2, a specific Src inhibitor that reduces Src kinase
activity and Tyr*'"® phosphorylation in rat islets [32], was
found to decrease ouabain-induced ROS production, indi-
cating that this signal-transducing function of Na /K-
ATPase plays a role in regulating mitochondrial ROS
production in islets. However, the involvement of the
transactivation of the EGF receptor in this pathway in islets
remains unknown.

In a previous study, we found that ouabain reduces not only
the increment in ATP content and the hyperpolarisation of
mitochondrial membrane potential by glucose, but also the
increment in O; consumption by glucose [17]. Since
increased O, consumption occurs in uncoupling [38],
ouabain-induced suppression of mitochondrial ATP produc-
tion clearly is not mediated by uncoupling, and the
suppression may derive from direct or indireci effects on
the respiratory chain. Ouabain (1 mmol/l) was found to
reduce glucose oxidation in the presence of 16.7 mmol/l
glucose in islets in medium containing a physiological level
of Ca®* [39]. In the present study, 1 mmol/l ouabain also
suppressed glucose oxidation in the presence of 16.7 mmol/l
glucose in Ca®*-depleted conditions, Since ouabain-induced
suppression of glucose oxidation was restored by ROS
scavenger and by Src inhibitor, increased ROS production
derived from Src activation may well suppress mitochondrial
metabolism in the Krebs cycle, in which CO; is released in
the reaction mediated by dehydrogenases. This is supported
by the fact that administration of 50 pmoll H,0,, a
concentration nearly equivalent to the | mmol/l ouabain-
induced increase in ROS production [17], to mitochondna
reduced activity of Krebs cycle enzymes including aconitase,
o-ketoglutarate dehydrogenase and succinate dehydroge-
nase, whose activities declined 96%, 39% and 37%,
respectively [40]. Considered together, these findings sug-
gest that ouabain-induced mitochondrial ROS suppresses
mitochondrial metabolism in the Krebs cycle, subsequently
reducing NADH supply to the respiratory chain, hyper-
polarisation of mitochondrial membrane potential, O; con-
sumption and ATP production.

We then investigated the role of ROS generated by Src
activation in impaired glucose-induced msulin secretion in
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diabetes. One of the characteristics of type 2 diabetes is that 4.
the insulin secretory response of beta cells to glucose is
selectively impaired [41]. In the GK rat, a genetic model of

type 2 diabetes mellitus [42], glucose-induced insulin s

secretion is selectively impaired [43]. On single-channel
recording, the glucose sensitivity of the beta cell Kamp
channel is remarkably reduced in GK rats, while the
inhibitory effect of ATP on channel activity is not
significantly different in control and GK rats [5]. The

intracellular ATP elevation induced by high glucose is 7.

impaired in GK rats [44] as well as in patients with type 2

diabetes [45]. Thus, the impaired insulinotrophic action of g
glucose in beta cells of GK rats may be attributable to

insufficient closure of the K yrp channel because of deficient

ATP production derived from impaired glucose metabolism. 9
While there is evidence that islets in GK rats (a diabetes
model) and human type 2 diabetes are oxidatively stressed
[46, 47], the association between oxidative stress and
impaired intracellular ATP elevation in islets is unclear. In
the present study, both Src inhibitor and ROS scavenger
restored the impairment in high glucose-induced insulin
release and ATP elevation in GK islets but had no such
effects in control islets. Moreover, Src inhibitor reduced the
high glucose-induced increase in ROS generation in GK islet

cells but had no effect on that in control islet cells. Ouabain 12,

had no effect on ATP content and ROS production in the
presence of high glucose despite the prominent recovery |4
effect of Src inhibitor in GK islets, suggesting that Src is
endogenously activated independently of ouabain. Taken

together, these results indicate that ROS generated by Src '*

activation plays an important role in impaired glucose-
induced insulin secretion derived from impaired glucose

metabolism in GK islets. 15,
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