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2. Materials and methods
2.1. Animals

Male C57/BL6] mice weighing 25-30 g (8-14 weeks old) were
housed in a temperature (25 +2°C)- and moisture (50%)-con-
trolled room with a 12 h light/dark cycle (6:00 AM/6:00 PM). The
mice were fed standard mouse chow (Oriental Yeast, Osaka) and
tap water ad libitium, and used as wild-type mice,

Generation of GIPR™/~ mice and GLP-1 receptor-deficient mice
(GLP-1R™!~ mice) was described previously [2,6]. GLP-1R™/~ mice
were kindly provided by Dr. Daniel J. Drucker [6]. Age-matched
male GIPR™/~ and GLP-1R~/~ mice were used in the experiments.
The Animal Care Committee of Kyoto University Graduate School
of Medicine approved animal care and procedures.

2.2. Materials

Synthetic human GIP was purchased from Peptide Institute
(Osaka, Japan). The somatostatin receptor antagonist, cyclo(7-
aminoheptanoyl-PHE-p-TRP-LYS-THR(BZL))  (cyclosomatostatin
(CSS)) and somatostatin 28 (SST) were from Sigma Chemical Co.
(St. Louis, MO). All other chemicals were of reagent grade.

2.3. Perfusion experiment

Single-pass perfusion method [7] was used to measure the ef-
fect of exogenous GIP or SST on intestinal glucose absorption using
C57/BL6] mice. Preperfusion was done for a 45 min equilibration
period and the samples were discarded. Three 15 min samples
were then collected. GIP or SST was administered intraperitoneally
at 60 min after starting the preperfusion according to the protocol
(Fig. 1A). The change of absorption was calculated as the glucose
concentration of the first sample collected (Period 1) minus the
glucose concentration of the last sample collected (Period 2), and
expressed as per centimeter perfused bowel. Negative values indi-
cate an inhibitory effect on absorption; positive values indicate an
increased effect on absorption.

2.4. Glucose uptake in jejunum in vitro

Incorporation of p-glucose into everted jejunal rings was deter-
mined as described previously [8]. SGLT-dependent glucose uptake
for 15 min was determined as the glucose uptake in the absence of
phlorizin minus the glucose uptake in the presence of phlorizin.

2.5, Small intestinal transit after intraperitoneal administration of GIP

Transit through the stomach and small intestine was measured
by administering a non-absorbed marker containing 10% charcoal
suspension in 5% gum Arabic, as previously described [9]. The mice
were given 0.2 ml of the suspension by gavage through a straight
blunt-ended feeding needle. GIP (50 nmol/kg body weight) or SST
(75 nmol/kg body weight) or vehicle (saline) was administered
intraperitoneally 15 min prior to the administration of the non-ab-
sorbed marker. CSS (1 pg/kg body weight), or vehicle (saline) was
intraperitoneally administered 10 min prior to GIP administration.

2.6. Plasma GIP and SST assays

Blood was collected from the tail vein before the intraperitoneal
administration of GIP (50 nmol/kg body weight) and collected
again 20 min after the administration. ELISA assay kit was used
according to the manufacture’s instruction for the determination
of plasma total GIP concentration (Linco Research, St. Charles,
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Fig. 1. (A) Diagram showing the sampling protocol of intestinal perfusion. The flow
rate of the perfusion fluid was 2 ml/15 min. Perfusion began with an equilibration
period of 45 min, which samples were discarded. The samples of Period 1 and
Period 2 were then collected. GIP was administered intraperitoneally 60 min after
the beginning of preperfusion. The change of absorption was calculated as the
glucose concentration of the first samples collected (Period 1) minus the glucose
concentration of the last samples collected (Period 2), and expressed as per
centimeter perfused bowel. (B) Concentration-dependence of inhibition of glucose
absorption by GIP in wild-type mice. Data are shown as means with SEM (n =6 for
each group, P <0.05 by ANOVA).

MO) and SST concentration (Phoenix Pharmaceuticals INC., Bel-
mont, CA), respectively.

2.7. Analysis

The results are given as mean + standard error (SEM, n = num-
ber of mice). Statistical significance was determined using paired
and unpaired Student's t-test and analysis of variance (ANOVA).
P <0.05 was considered significant.

3. Results
3.1. Perfusion experiment

Inhibition of glucose absorption was calculated by change in
glucose concentration in effluent perfusate in wild-type mice
(Fig. 1A). Spontaneous inhibition of glucose absorption of
49 + 44 nmol/cm/15 min is shown in saline-administered controls
(Fig. 1B). Inhibition of glucose absorption was enhanced to
67 + 40, 163 £ 84, and 409 + 96 nmol/cm/15 min when the amount
of intraperitoneally-administered GIP was increased to 12.5, 25,
and 50 nmol/kg body weight, respectively.

3.2. Glucose uptake by jejunum in vitro

We investigated glucose uptake by the jejunum in vitro using
everted jejunal rings. In the presence of 100 nM GIP in the incuba-
tion medium, glucose uptake into jejunal rings in wild-type mice
was similar to that in the presence of vehicle (control:
4.2 +0.9 pmol/g weight; GIP: 3.5+ 0.9, P=NS; Fig. 2A). Addition-
ally, glucose uptake into jejunal rings in GIPR™/~ mice was similar
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Fig. 2. Glucose uptake in the jejunum. (A) Glucose uptake in the jejunum in wild-
type mice in the absence and in the presence of 100 nM GIP. (B) Glucose uptake in
the jejunum in wild-type and GIPR™/~ mice. SGLT-dependent glucose uptake was
determined as the glucose uptake in the absence of 1 mM phlorizin minus the
glucose uptake in the presence of 1 mM phlorizin. Data are shown as means with
SEM (n = 8 for each group).

to that in wild-type mice (wild-type mice: 4.0 + 0.5 pmol/g weight;
GIPR™/~ mice 4.6 £0.7, P=NS; Fig. 2B).

3.3. Small intestinal transit after intraperitoneal administration of GIP

Intestinal transit rate was measured by the length of small
intestine traversed by the charcoal suspension. In wild-type mice,
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the intestinal transit rate in GIP-administered mice was signifi-
cantly less than that in saline-administered control (45 + 8% vs.
68 + 4%, P<0.01; Fig. 3A). On the other hand, in GIPR™/~ mice,
the intestinal transit rate was similar to that in saline-administered
control and GIP-administered mice (65 + 3% vs. 63 * 4%; Fig. 3B).

3.4. Perfusion and intestinal transit in GLP-1 receptor-deficient mice

To determine whether GIP affects intestinal glucose absorption
through GLP-1 signaling, inhibition of glucose absorption by GIP
was measured in GLP-1R™/~ mice. Inhibition of glucose absorption
in GLP-1R™/~ mice was 44 + 100 nmoljcm/15 min in saline-admin-
istered control mice and 426 + 104 nmol/cm/15 min in GIP-admin-
istered mice (50 nmol/kg body weight, P < 0.05, Fig. 3C). Thus, GIP
significantly inhibited glucose absorption in GLP-1R~/~ mice.

The intestinal transit rate was also evaluated in GLP-1R™/~ mice,
and was 59+ 13% in saline-administered control and 42 + 7% in
GIP-administered mice, respectively. Thus, GIP significantly inhib-
ited the intestinal transit rate in GLP-1R™/~ mice (P < 0.01, Fig. 3D).
Consequently, the genetic disruption of GLP-1 receptor did not af-
fect GIP action on intestinal glucose absorption and intestinal
transit.

3.5. Involvement of SST in the action of GIP

To determine whether the inhibitory effect of GIP on intestinal
transit is due to release of SST, a somatostatin receptor antagonist,
CSS (1 pg/kg body weight), was intraperitoneally administered
10 min prior to GIP administration in wild-type mice (Fig. 4A). In
the presence of CSS, the intestinal transit rate in GIP-administered
wild-type mice was significantly higher than that in the absence of
CSS (60 +3% vs. 45 +8%; P<0.01). Accordingly, CSS reduced the
inhibitory effect of GIP on intestinal transit. Moreover, intraperito-
neally-administered SST itself significantly inhibited the intestinal
transit rate in wild-type mice compared to control (SST: 37 + 5% vs.
control: 68 + 4%, P < 0.01).

In a perfusion experiment, to confirm that the inhibitory effect
of GIP on intestinal glucose absorption is attributable to release of
SST, CSS (1 pg/kg body weight) was intraperitoneally administered
10 min prior to GIP administration in wild-type mice (Fig. 4B). In
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Fig. 3. Intestinal transit after oral administration of non-absorbed marker (10% charcoal suspension in 5% gum Arabic) in wild-type (A) and GIPR-/~ (B) mice. Twenty minutes
after administration of non-absorbed marker by gavage, the animals were killed and the entire gastrointestinal transit tract was removed. GIP (50 nmol/kg body weight) or
saline was administered intraperitoneally 15 min prior to the administration of non-absorbed marker. Data are shown as means with SEM (n = 6 for each group). Statistical
significance was determined using Student’s t-test. **P < 0.01 compared with control. (C) Inhibition of glucose absorption in GLP-1R~/~ mice with or without intraperitoneal
GIP administration as indicated in the legends of Fig 1. (D) Intestinal transit after oral administration of non-absorbed marker in GLP-1R~/~ mice with or without
intraperitoneal GIP administration as indicated in the legends of Fig 3A. Data are shown as means with SEM (n = 6 for each group). Statistical significance was determined

using Student's t-test. *P < 0.05 compared with control.
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Fig. 4. (A) Intestinal transit after oral administration of non-absorbed marker in wild-type mice with or without pretreatment of CSS. The rate of transit was determined as
indicated in the legend of Fig 3A. GIP or SST or saline was administered intraperitoneally 15 min prior to the administration of non-absorbed marker. CSS or saline was
intraperitoneally administered 10 min prior to GIP administration. Data are shown as means with SEM (n = 6 for each group). Statistical significance was determined using
Student’s t-test. **P < 0,01 compared with control. ***P <0.01 compared with GIP alone administered mice. (B) Inhibition of glucose absorption by GIP in wild-type mice with
or without pretreatment of CSS, and inhibition of glucose absorption by SST. CSS or saline was intraperitoneally administered 10 min prior to GIP administration. Data are
shown as means with SEM (n = 6 for each group). Statistical significance was determined using Student's t-test. *P < 0.05 compared with control. ***P < 0.01 compared with

GIP alone administered mice.

the presence of CSS, the inhibition of glucose absorption in GIP-
administered wild-type mice was significantly lower than that in
the absence of CSS  (410+96 nmol/cm/15min  vs.
—-290 + 99 nmol/cm/15 min; P<0.01). Accordingly, CSS reduced
the inhibitory effect of GIP on intestinal glucose absorption. Fur-
thermore, inhibition of glucose absorption in wild-type mice was
49 + 44 nmol/cm/15 min in saline-administered control mice and
278 + 63 nmol/cm/15 min in SST-administered mice (75 nmol/kg
body weight, P < 0.05).

In an experiment of glucose uptake in everted jejunal ring,
100 nM SST did not alter glucose uptake compared to control {(con-
trol: 4.2 £ 0.9 umol/g weight; SST: 4.2 +0.4, n=8; P=NS).

3.6. Measurement of plasma GIP and SST levels

The plasma levels of total GIP and SST in mice were significantly
enhanced 20 min after the intraperitoneal GIP-administration at a
dosage of 50 nmol/kg body weight compared to the respective ba-
sal levels (GIP: 58 + 5 pg/ml vs. 3400 + 257 pg/ml, n=8; P<0.01;
SST: 9.9 £0.5 ng/ml vs.11.9 £ 0.3 ng/ml, n = 8; P<0.05).

4. Discussion

We investigated the inhibitory effect of exogenous GIP on glu-
cose absorption in small intestine. GIP has been known as an
important insulinotropic hormone released from duodenal K cells.
However, there have been few reports on the effects of GIP on
intestinal glucose absorption. In this study, GIP was found to inhi-
bit glucose absorption in a concentration-dependent manner by
the perfusion method.

Glucose absorption includes two steps in enterocytes, perme-
ation through brush-border membrane and subsequently through
basolateral membrane. Glucose and galactose cross the brush-bor-
der membrane by means of SGLT-1, which is a rate-limiting step of
glucose absorption [10]. Recent in vitro study by Singh et al. found
that exogenous GIP stimulates SGLT-dependent glucose absorption
by using an Ussing chamber experiment [11]. In the experiment,
intestine was fixed between two chambers, and short-circuit-cur-
rent representing SGLT activity was measured. However, in our
experiments using everted jejunal rings, which is another method
to measure SGLT-dependent glucose absorption in vitro, the lack of
effect of exogenous GIP on SGLT-dependent glucose uptake was
shown, and genetic disruption of the GIP receptor was found not
to affect SGLT-dependent glucose absorption. The reason why our
results and theirs are different is unknown, but may be attributable
to difference in method.

It is generally accepted that there is a positive relationship be-
tween intestinal motility and absorption [4,5]. It has been shown
that increased intestinal motility, besides enhancing the functional
surface area, facilitates diffusion of glucose to the transporters of
the brush-border membrane by altering the unstirred water layer
[12,13]. We investigated the effect of GIP on motility of small intes-
tine by evaluating intestinal transit. In this study, GIP was found to
inhibit intestinal transit compared to control in wild-type but not
in GIPR™/~ mice. Thus, the inhibitory effect of GIP on glucose
absorption may be attributable, in part, to inhibition of intestinal
motility.

GLP-1, another incretin hormone, is secreted from L cells found
predominantly in ileal mucosa, and is known to be part of the “ileal
brake” that acts as an inhibitor of upper gastrointestinal motility
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[14]. In this study, GIP was found to inhibit intestinal transit in
GLP-1R~/~ mice as well as in wild-type mice, indicating that the
inhibitory action of GIP on gastrointestinal transit is not mediated
by GLP-1. Furthermore, glucose absorption was found to be inhib-
ited significantly by GIP in GLP-1R~/~ mice as well as in wild-type
mice, suggesting that the primary mechanism of the inhibition of
intestinal glucose absorption by GIP most likely does not involve
the GLP-1-mediated pathway.

Recently, Miki et al. reported that GLP-1 inhibited gut motility
while GIP did not [15]. In this study, however, GIP was found to in-
hibit intestinal transit. The inconsistency could be due to their use
of a non-absorbed marker containing a high concentration (as
much as 50%) of glucose to evaluate gut motility, whereas we used
a non-absorbed marker without glucose. Intraduodenal infusion of
hyperosmolar solution was reported to increase duodenal motility,
which is mediated by activation of osmoreceptors in duodenum
[16]. In our preliminary experiment on small intestinal transit
using 10% charcoal suspension in 5% gum Arabic with 50% glucose,
the intestinal transit rate was significantly greater than that when
using glucose-free solution (88 + 8% vs. 68 + 4%, P < 0.05, unpub-
lished data). Therefore, intestinal transit might be enhanced by
the high concentration of glucose itself in the suspension, which
could conceal a GIP-evoked inhibitory effect on intestinal transit.
However, limitations of this study must be considered. While GIP
was found to inhibit intestinal transit under the conditions of this
study, the effect of GIP on intestinal transit may differ among the
constituents of the food or nutrient. Further investigations are
required.

Regarding the GIP dosage applied in the in vivo experiments,
low GIP dosage has been used when applied by the route of contin-
uous intravenous administration; GIP (0.25 nmol/kg body weight)
was reported to stimulate insulin secretion by intravenous admin-
istration in rat [17] and (GIP 4 pmol/kg body weight/min) in hu-
man [18]. However, high GIP dosage has been used when applied
by the other routes of administration than intravenous administra-
tion. Indeed, one group has reported that subcutaneous pre-admin-
istration of 100 pug GIP (approximately 800 nmol/kg body weight)
lowered glucose excursion in oral glucose tolerance test in mice
[15] and another group has reported that intraperitoneal adminis-
tration of [p-Ala®]GIP (48 nmol/kg body weight/day), a DPP4-resis-
tant analogue, lowered glucose excursion in intraperitoneal
glucose tolerance test in mice [19]. In this study, we applied GIP
intraperitoneally at a dosage of 50 nmol/kg body weight to demon-
strate the pharmacological effects of GIP on intestinal transit and
glucose absorption, which dosage is comparable to those used in
the latter reports.

Regarding the mechanism of inhibition of intestinal transit by
GIP, SST secretion has been reported to be stimulated by GIP
[20-22] and to prolong intestinal transit [23,24]. The SST receptor
has five isoforms (sst1-5) and all five receptors have been shown to
be expressed in gastrointestinal tract, with high levels of sst2
receptor in intestine [25]. The sst2 receptors in intestine have been
shown not to be expressed on enterocytes or muscle cells, but on
myenteric and submucosal plexuses and on neuroendocrine cells
in epithelium [26] and also on interstitial cells of Cajal in deep
muscular plexus [27]. Thus, the mechanisms by which exogenous
GIP inhibits intestinal motility through two SST-mediated path-
ways may be as follows. In the first, exogenous GIP binds to the
GIP receptors on the cell surface membrane in SST-containing en-
teric neurons and/or in mucosal endocrine cells of D cells in gastro-
intestinal tract and/or in pancreatic islets, resulting in the release
of SST. Subsequently, the released SST acts as a neurotransmitter
and binds to sst2 receptors expressed on other neurons in myen-
teric plexus, parts of which nerve fibers are distributed to muscular
cells, permitting inhibition of intestinal motility. In this pathway,
the local SST concentration in interneural synaptic space may be

increased prominently. In an alternate pathway, SST secreted from
D cells flows into systemic circulation through submucosal vessels
to reach the neurons in myenteric plexus. Indeed, in this study,
intraperitoneally-administered GIP induced a small but significant
increase in plasma SST levels, suggesting involvement of the latter
pathway.

In our experiment of intestinal perfusion, GIP was found to in-
hibit intestinal glucose absorption primarily by reducing intestinal
motility. On the other hand, the tissue of everted intestinal ring is
set inside-out and distended far from the physiological condition,
and thus incapable of reflecting general intestinal motility. Thus,
the lack of GIP action on glucose uptake in the tissues of everted
intestinal ring in this study may be expected.

Several studies have found that the inhibitory effect of SST on
intestinal glucose absorption may be attributable to either the ef-
fect of SST on the splanchnic hemodynamics [28] or a direct effect
of SST on enterocytes [29]. However, consistent with this study,
another study has found that SST delays intestinal glucose absorp-
tion by its inhibitory effect on intestinal motility [24]. SST exerts its
inhibitory effect on intestinal glucose absorption by several mech-
anisms; our results indicate that the inhibitory effect of SST is med-
iated, at least in part, by alteration of intestinal motility.

In this study, the somatostatin receptor antagonist CSS was
found to reduce the inhibitory effect of GIP on intestinal transit,
suggesting that GIP stimulates SST release. In addition, we show
that SST itself inhibits intestinal transit and glucose absorption in
perfused intestine. Consistently, a recent study has reported that
SST inhibits intestinal glucose absorption [29]. Considered together
with previous reports, we conclude that exogenous GIP inhibits
intestinal transit and glucose absorption indirectly through a
somatostatin-mediated pathway.

One of the physiological roles of GIP is known to be facilitation
of nutrient uptake into adipose tissue and bone. In this study, exog-
enous GIP was found to inhibit intestinal glucose absorption by
reducing intestinal motility. Since this observation was obtained
by the action of a supraphysiological level of plasma GIP, it is un-
clear whether or not the action is associated with already known
physiological actions of GIP. In the point of delay of intestinal car-
bohydrate absorption, however, the biological action of GIP found
in this study appears to be similar to that of medical medicine o-
glucosidase inhibitor, which does not influence the regulation of
energy accumulation in adipose tissue or bone.
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ORIGINAL ARTICLE

Exendin-4 Suppresses Src Activation and Reactive
Oxygen Species Production in Diabetic Goto-Kakizaki
Rat Islets in an Epac-Dependent Manner

Eri Mukai,"* Shimpei Fujimoto,' Hiroki Sato,' Chitose Oneyama,® Rieko Kominato,' Yuichi Sato,!
Mayumi Sasaki, Yuichi Nishi," Masato Okada,® and Nobuya Inagaki'*

OBJECTIVE—Reactive oxygen species (ROS) is one of most
important factors in impaired metabolism secretion coupling in
pancreatic f-cells. We recently reported that elevated ROS
production and impaired ATP production at high glucose in
diabetic Goto-Kakizaki (GK) rat islets are effectively ameliorated
by Src inhibition, suggesting that Src activity is upregulated. In
the present study, we investigated whether the glucagon-like
peptide-1 signal regulates Src activity and ameliorates endoge-
nous ROS production and ATP production in GK islets using
exendin-4.

RESEARCH DESIGN AND METHODS—Isolated islets from
GK and control Wistar rats were used for immunoblotting
analyses and measurements of ROS production and ATP content.
Src activity was examined by immunoprecipitation of islet ly-
sates followed by immunoblotting. ROS production was mea-
sured with a fluorescent probe using dispersed islet cells.

RESULTS—Exendin-4 significantly decreased phosphorylation
of Src Tyr416, which indicates Src activation, in GK islets under
16.7 mmol/l glucose exposure. Glucose-induced ROS production
(16.7 mmoll) in GK islet cells was significantly decreased by
coexposure of exendin-4 as well as PP2, a Src inhibitor. The Src
kinase-negative mutant expression in GK islets significantly
decreased ROS production induced by high glucose. Exendin-4,
as well as PP2, significantly increased impaired ATP elevation by
high glucose in GK islets. The decrease in ROS production by
exendin-4 was not affected by H-89, a PKA inhibitor, and an
Epac-specific cAMP analog (8CPT-2Me-cAMP) significantly de-
creased Src Tyr416 phosphorylation and ROS production.

CONCLUSIONS—Exendin-4 decreases endogenous ROS pro-
duction and increases ATP production in diabetic GK rat islets
through suppression of Src activation, dependently on Epac.
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n pancreatic B-cells, glucose metabolism regulates

exocytosis of insulin granules through metabolism

secretion coupling, in which glucose-induced ATP

production in mitochondria plays an essential role
(1). Impairment of mitochondrial ATP production causes
reduced glucose-induced insulin secretion.

Reactive oxygen species (ROS) is one of the most
important factors that impair metabolism secretion cou-
pling in B-cells. Exposure to exogenous hydrogen perox-
ide (H,0,), the most abundant ROS, reduces glucose-
induced insulin secretion by impairing mitochondrial
metabolism in B-cells (2,3). However, little is known of the
role of endogenous ROS in impaired glucose-induced
insulin secretion from B-cells. Some studies (4,5) have
shown that endogenous ROS is produced in mitochondria
by exposure to high glucose. In Zucker diabetic fatty rats,
the superoxide content of islets at basal glucose levels is
higher than that in Zucker lean control rats (4). Further-
more, we recently reported that high glucose-induced
ROS production in islet cells is elevated in diabetic Goto-
Kakizaki (GK) rats compared with control Wistar rats (6).
Thus, endogenous ROS production is elevated in B-cells
under diabetic pathophysiological conditions.

Although the mechanism of endogenous ROS produc-
tion in B-cells in the diabetic state remains largely un-
known, we have reported that Src (c-Src) plays an
important role in the signal transduction that produces
ROS (6). Src is a nonreceptor tyrosine kinase that is
associated with the cell membrane and plays important
roles in various signal transductions, and its activity is
regulated by intramolecular interactions that depend on
tyrosine phosphorylation (7,8). Phosphorylation of Tyr527
(Tyr529 in humans), which is located near the C terminus
of Src, is brought about by COOH terminal Src kinase
(Csk), a negative regulator of Src (9), and holds the kinase
in the inactive form. Dephosphorylation of Tyr527 fol-
lowed by disruption of the intramolecular interaction
allows phosphorylation of Tyr416 (Tyr418 in humans) at
the kinase domain, resulting in Src activation. In our
previous report (6), PP2, a selective Src inhibitor, de-
creased high-glucose-induced ROS production in GK islet
cells, in contrast to the lack of any effect of the agent in
Wistar islet cells, suggesting that Src may be activated in
the diabetic condition and cause elevation of ROS produc-
tion in the presence of high glucose.

Glucagon-like peptide (GLP)-1 is one of the incretin
peptides released from the intestine in response to nutri-
ent ingestion that augments glucose-induced insulin secre-
tion from B-cells (10,11). GLP-1 binding to the GLP-1
receptor, a member of the G protein—coupled receptor
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(GPCR) superfamily, induces activation of adenylyl cy-
clase and elevation of intracellular cAMP levels, which
elicits protein kinase A (PKA)-dependent signal transduc-
tion. Recently, Epac (also known as cAMP-GEF [guanine
nucleotide exchange factor]) has been shown to be a novel
cAMP sensor in the PKA-independent pathway (12,13). In
B-cells, one member of the Epac family, Epac2, has an
important role in insulin secretion, especially in regulation
of exocytosis of insulin granules (14,15). Previous studies
have shown that GLP-1 also has beneficial long-term
effects on diabetic B-cells, including induction of B-cell
proliferation (16,17), enhanced resistance to apoptosis
(17,18), and amelioration of endoplasmic reticulum stress
(19). Furthermore, increased ROS in diabetic db/db mouse
islets is decreased by treatment with an inhibitor of
dipeptidyl peptidase IV that delays the degradation of
GLP-1 (20).

In the present study, we investigated whether the GLP-1
signal directly ameliorates endogenous ROS production in
diabetic GK islets using exendin4, a GLP-1 receptor
agonist. In particular, we focused on clarifying regulation
of Src activity by GLP-1 signaling. We describe here both a
novel effect and a mechanism of GLP-1 signaling that
acutely decreases ROS production by high glucose
through suppression of Src activation PKA independently
and Epac dependently.

RESEARCH DESIGN AND METHODS

Male Wistar and GK rats were obtained from Shimizu (Kyoto, Japan). All
experiments were carried out with rats that were aged ~7-8 weeks. Nonfast-
ing blood glucose levels were ~160-240 mg/dl in the GK rats and ~70-120
mg/dl in the Wistar rats used in the experiments. The animals were maintained
and used in accordance with the guidelines of the animal care committee of
Kyoto University.

diabetes.diabetesjournals.org

Islet preparation. Pancreatic islets were isolated from Wistar and GK rats by
the collagenase digestion technique (6). Isolated islets were washed with
Krebs Ringer bicarbonate buffer (KRBB) (in mmol/: 129.4 NaCl, 5.2 KCl, 2.7
CaCl,, 1.8 KH,PO,, 1.3 MgSO,, and 24.8 NaHCO, [equilibrated with 5%
CO,/95% O,, pH 7.4]) containing 2.8 mmol/ glucose and cultured for ~20 h in
RPMI-1640 medium containing 5.5 mmol/l glucose and 10% FCS. Cultured
islets were preincubated for 30 min at 37°C in KRBB supplemented with 0.2%
BSA and 10 mmol/l HEPES (KRBB medium) containing 2.8 mmol/l glucose
and incubated for the indicated times at 37°C in KRBB medium containing
16.7 mmol/l glucose with or without test materials.

Retroviral-mediated gene transfer. Production of retroviral vectors with
pCX4 was performed as previously described (21). Src kinase-negative
mutant (K295M) was subcloned into pCX4pur (22). Gene transfer experiments
of islets were carried out by an in vivo gene transduction method (23). Briefly,
after rats were anesthetized and subjected to laparotomy, the hepatic artery
with the portal vein and the splenic artery were ligated. The upper side of the
celiac artery that branches from the abdominal aorta was clamped, and 100 pl
of retroviral vector suspension was injected into the lower side of the clamped
point of the artery. The pancreatic islets were then isolated and cultured for
48 h before the experiment. Gene expression using green fluorescent protein-
expressing vector was effective in the inside of the islets, as previously
reported (23).

Immunoprecipitation and immunoblotting. Fresh or incubated islets were
lysed in ice-cold lysis buffer (10 mmol/l Tris [pH 7.2], 100 mmol/l NaCl, 1
mmol/]l EDTA, 1% Nonidet P-40, and 0.5% sodium deoxycholate) containing
protease inhibitor cocktail (Complete; Roche, Mannheim, Germany), phospha-
tase inhibitor cocktail (Calbiochem, Darmstadt, Germany), and 5 mmol/l
sodium pyrophosphate. For determination of Src activation, lysates were
centrifuged at 560,000g for 10 min at 4°C, and the supernatant (~2 mg of
protein content/2,500 islets) was mixed with 4 wg mouse monoclonal anti-Src
antibody (clone GD11; Upstate, Billerica, MA) and 30 ul washed protein G
Sepharose (GE Healthcare, Uppsala, Sweden) followed by gentle rotation for
4 h at 4°C. Immunoprecipitates or islet lysates (50 wg) were subjected to
immunoblotting as previously described (23). Primary antibodies used were
rabbit anti-phospho-Src (Tyr416) and anti-phospho-Src (Tyr527) from Bio-
source (Camarillo, CA); rabbit anti-Src, anti-Csk, anti-Epac2, extracellular
signal-regulated kinase (ERK) 1/2, and mouse anti-phospho-ERK1/2 (Thr202/
Tyr204) from Santa Cruz Biotechnology (Santa Cruz, CA); rabbit anti-Rapl
from Upstate; rabbit anti-phospho-Akt (Ser473) and anti-Akt from Cell
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FIG. 2. Exendin-4 suppresses Src activity at high glucose in GK islets. Effects of exendin-4 on Src activity at high glucose in GK (A) and Wistar
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same blots. Intensities of the bands were quantified with densitometric imager. The bar graphs are expressed relative to control value corrected
by Src level (means + SE). *P < 0.05; 1P < 0.01. Representative blot panels of four (4) or three (B) independent experiments are shown.

Signaling (Danvers, MA); and mouse anti-B-actin from Sigma (St. Louis, MO).
Secondary antibodies used were horseradish peroxidase-conjugated anti-
rabbit and mouse antibody (GE Healthcare). Band intensities were quantified
with Multi Gauge software (Fujifilm, Tokyo, Japan).

Measurement of ROS production. ROS production in islet cells was
measured by 2',7’-dichlorofluorescein fluorescence (6). Briefly, cultured islets
were dispersed using 0.05% trypsin/0.53 mmol/l EDTA (Invitrogen, Carlsbad,
CA) and PBS. Dispersed islet cells were preincubated in KRBB medium
containing 2.8 mmol/l glucose and 10 pmoll 5-(and 6-) chloromethyl-2’,7'-
dichlorodihydrofluorescein diacetate (CM-H,DCFDA,; Invitrogen) for 20 min at
37°C. After a 60-min incubation in 400 pl KRBB medium containing 16.7
mmol/l glucose with or without test materials, fluorescence was measured
using a spectrofluorophotometer (RF-5300PC; Shimadzu, Kyoto, Japan), with
excitation wavelength at 505 nm and emission wavelength at 540 nm.
Fluorescence was corrected by subtracting parallel blanks and represented by
fold increases of the value at time zero.

Measurement of ATP content. ATP content in islets was determined by
luminometry as previously described (6). Briefly, after preincubation, groups
of 10 islets were batch incubated for 30 min in KRBB medium containing 2.8
or 16.7 mmol/l glucose with or without test materials. Incubation was stopped
immediately by addition of HCIO, and sonication in ice-cold water for 10 min.
They were then centrifuged, and a fraction of the supernatant was mixed with
HEPES and Na,CO,. The ATP content in the supernatant of islet lysates was
measured using ENLITEN luciferase/luciferin reagent (Promega, Madison,
WI) with a luminometer (GloMax 20/20n; Promega).

Materials. Exendin-4 and forskolin were purchased from Sigma. PP2 was
purchased from Tocris (Ellisville, MO). PP3, H-89, myristoylated PKA inhibitor
amidel4-22 (PKID), LY294002, wortmannin, PD98059, and AG1478 were pur-
chased from Calbiochem. Dibutyryl cAMP was purchased from Daiichisankyo
(Tokyo, Japan). 8-(4-chlorophenylthio)-2'-O-methyl-cAMP (8CPT-2Me-cAMP)
was purchased from Biolog Life Science (Bremen, Germany).
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Statistical analysis. Data are expressed as means = SE. Statistical signifi-
cance of difference was evaluated by the unpaired Student ¢ test. P < 0.05 was
considered significant.

RESULTS

Comparison of expression of Src between Wistar and
GK islets. To examine whether the expression levels of
Src in GK islets differ from those in Wistar islets, immu-
noblotting using fresh islets was performed. As shown in
Fig. 14, the level of Src pY416, which indicates activation
of Src, in GK islets was significantly higher than that in
Wistar islets. The levels of Src pY527, total Src, and Csk
in GK islets were significantly lower than those in Wistar
islets. The levels of other Src family kinases (SFKs) were
similar in Wistar and GK islets, whereas the expression of
Fgr was very low and that of Fyn was undetectable
(supplementary Fig. 1 in the online appendix, available
at http:/diabetes.diabetesjournals.org/cgi/content/full/
db10-0021/DC1). Results of immunoblotting using islets
cultured for 20 h in the presence of 5.5 mmol/l glucose
(supplementary Fig. 2) were similar to those shown in
Fig. 1A.

Exendin-4 suppresses Src activity in GK islets. To
investigate whether exendin-4 regulates Src activity, phos-
phorylation of Src was examined by immunoprecipitation
and immunoblotting. As shown in Fig. 24, Src pY416 was
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FIG. 3. Exendin-4 decreases ROS production at high glucose in GK islet cells. A: Time course of high-glucose-induced ROS production with or
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dispersed islet cells were incubated in the presence of 16.7 mmoVl/l glucose with (®) or without (O) 100 nmol/1 exedin-4 for 60 min. Fluorescence
is represented as fold increases against the value at time zero. Data are expressed as means = SE (n = 5-7). *P < 0.05 vs. control. B: Effects of
exendin-4 and PP2 on high-glucose-induced ROS production at 60 min in GK islet cells. Data are expressed as means = SE (n = 4-6). *P < 0.05.
C: Effects of exendin-4 and forskolin on high-glucose-induced ROS production at 60 min in GK islet cells. Data are expressed as means = SE (n =
5-6). *P < 0.05; 1P < 0.01. D: Effects of exendin-4 and forskolin on high-glucose-induced ROS production at 60 min in Wistar islet cells. Data are
expressed as means * SE (n = 3-4). E: Effects of PP3 on high-glucose-induced ROS production at 60 min in GK islet cells. Data are expressed
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Src-KN vector)-mediated gene transfer to islets was carried out by in vivo gene transduction method, as described in RESEARCH DESIGN AND METHODS.
Data are expressed as means = SE (n = 3). {P < 0.001.

significantly decreased by 100 nmol/l exendin-4 in the
presence of 16.7 mmol/l glucose in GK islets. Exendin-4
also significantly increased Src pY527 in GK islets in the
same condition. On the other hand, exendin4 did not
affect Src pY416 or pYb27 at high glucose in Wistar islets
(Fig. 2B). Both Src pY416 and pY527 were not altered by
change in glucose concentration in GK or Wistar islets
(supplementary Fig. 3).

diabetes.diabetesjournals.org

Exendin-4 decreases ROS production in GK islet
cells. We then investigated whether exendin4 ameliorates
endogenous ROS production at high glucose in GK islet
cells. A total of 16.7 mmol/l glucose exposure induced ROS
production in GK islet cells (Fig. 34). Coexposure of
exendin-4 significantly decreased ROS production in the
presence of 16.7 mmol/l glucose at 15, 30, and 60 min. A
total of 10 pmol/l PP2, a Src inhibitor, significantly de-
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creased high-glucose-induced ROS production (Fig. 3B),
but PP3, the inactive PP2 analog, did not affect it (Fig. 3E).
Exendin-4 did not further decrease ROS production in the
presence of PP2 (Fig. 3B), suggesting that the effect of
exendin4 is via the Src signal. The decrease in high-
glucose-induced ROS production also was observed in the
presence of 10 umol/l forskolin, an adenylyl cyclase acti-
vator (Fig. 3C). High-glucose—induced ROS production in
Wistar islet cells was lower than that in GK islet cells and
was not changed by addition of exendin<4 or forskolin
(Fig. 3D). To confirm that Src is actually involved in ROS
production, we measured ROS production in GK islets
expressing a kinase-negative form of Src (Src-KN) by
retroviral vector. ROS production in Src-KN-expressing
islets was significantly lower than that in control (Fig. 3F),
demonstrating that Src regulates ROS production in GK
islets.

Exendin-4 increases ATP content in GK islets. In
Wistar islets, 16.7 mmol/l glucose-exposure significantly
increased ATP content compared with that in the presence
of 2.8 mmol/l glucose, as shown in Fig. 4B. Exendin-4, PP2,
or exendin-4 plus PP2 did not affect the ATP content in the
presence of 16.7 mmol/l glucose in Wistar islets. The ATP
content in GK islets exposed to 16.7 mmol/l glucose was
not increased compared with that in the presence of 2.8
mmol/l glucose (Fig. 44). Exendin-4 as well as PP2 signif-
icantly increased the ATP content in the presence of 16.7
mmol/l glucose. Further increase of ATP content by com-
bined exendin-4 and PP2 was not observed.

The effects of exendin-4 are dependent on Epac. We
then investigated whether the decrease in ROS production
by exendin-4 is dependent on PKA. As shown in Fig. 54,
decreased ROS production by exendin-4 or forskolin was
not affected by 10 pmol/l H-89 or PKI, a PKA inhibitor,
indicating that the effect is PKA independent. Not only
dibutyryl cAMP, a general cAMP analog, but also 8CPT-
2Me-cAMP, an Epac-specific cAMP analog, decreased ROS
production (Fig. 5C). Epac possesses guanine nucleotide
exchange factor activity toward Rapl, a member of the
Ras superfamily of small GTPases. Epac2 and Rapl pro-
teins were expressed similarly in both Wistar and GK islets
(Fig. 5B). To determine involvement of Epac in Src acti-
vation, Src phosphorylation was examined. Src pY416 was
significantly decreased by 8CPT-2Me-cAMP (Fig. 5D).

A downstream pathway of Src is PISK/Akt signaling.
Src signalings toward downstream proteins are complex,
but one of the typical pathways is phosphatidylinositol 3
kinase (PI3K)/Akt signaling (8). We therefore examined
the involvement of PISK/Akt signaling on ROS production.
A total of 50 pmol/l LY294002 and 0.5 pmol/l wortmannin,
both of which are PI3K inhibitors, significantly decreased
ROS production in GK islets (Fig. 64). Exendin-4 and PP2
both significantly decreased phosphorylation of Akt in GK
islets (Fig. 6B) but not in Wistar islets (Fig. 6C). Consid-
ering these findings together, PI3K/Akt signaling that pro-
duces ROS is located downstream of Src activation. We
also examined the involvement of mitogen-activated pro-
tein kinase signaling, another downstream pathway of Src.
A total of 50 pmol/l PD98059, a MAPK-ERK kinase inhib-
itor, did not affect ROS production in GK islets (Fig. 6D),
and neither exendin-4 nor PP2 affected phosphorylation of
ERK (Fig. 6F). Several GPCR agonists have been shown to
induce transactivation of epidermal growth factor recep-
tor (EGFR) (24,25) by a mechanism involving Src (25-27)
and frequently subsequent PI3SK/Akt signaling (25,28).
Therefore, involvement of EGFR transactivation on regu-
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FIG. 4. Exendin-4 increases ATP content at high glucose in GK islets.
Effects of exendin-4 and PP2 on ATP content in the presence of high
glucose for 30 min in GK (4) and Wistar (B) islets. After preincubation
in the presence of 2.8 mmol/l glucose for 30 min, islets were incubated
in the presence of 2.8 or 16.7 mmol/l glucose with or without 100 nmol/1
exendin-4, 10 pmol/l PP2, or both for 30 min. Data are expressed as
means * SE (n = 7-8). *P < 0.05; P < 0.01.

lation of ROS production was examined. A total of 0.5
pmol/l AGI1478, an EGFR kinase inhibitor, significantly
decreased ROS production (Fig. 6F).

DISCUSSION

We previously reported that endogenous ROS production
by high glucose in diabetic GK islets is elevated compared
with that in control Wistar islets and is effectively amelio-
rated by Src inhibition, suggesting that Src may be acti-
vated in GK islets (6). In the present study, we first
investigated whether Src activity is altered in GK islets.
Immunoblotting analysis revealed that the level of Src
pY416, which indicates the level of Src activation, is higher
in GK islets than that in Wistar islets, despite lower levels
of total Src, Src pY527, and Csk. The lower level of total
Src seems to be a consequence of Src activation. Targeted
degradation of active forms of Src is brought about by
ubiquitination (29). The protooncogene c-Cbl, recently
found to be an E3 ubiquitin ligase, mediates ubiquitination
of activated Src (30). These reports suggest that increased
degradation of activated Src may result in a lower level of
total Src in GK islets. In addition, a lower level of Csk
might cause a lower activity of the kinase in GK islets.
However, Src activity is not directly regulated through
phosphorylation of Tyr527 by Csk (8), and a subtle de-
crease in Csk activity is not believed to contribute to
regulation of Src activity because of the excess amount of
expression of Csk. This is supported by the findings that
heterozygous disruption of ubiquitously expressed Csk
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protein) were immunoprecipitated with anti-Src antibody and subjected to immunoblot analyses. Blots were probed with anti-phospho-Src
(Tyr*'%), anti-phospho-Sre (Tyr®*”), or anti-Src by stripping and reprobing of the same blots. Intensities of the bands were quantified with
densitometric imager. The bar graphs are expressed relative to control value corrected by Src level (means + SE). 1P < 0.01. Representative blot
panels of four independent experiments are shown.

diabetes.diabetesjournals.org DIABETES, VOL. 60, JANUARY 2011 223

- 168 -



EXENDIN-4 SUPPRESSES ROS IN GK ISLET VIA Src

1.2 f
A 40 + B 5. ] ——
9 "t ! Control  Ex PP2 £ o.s
C B
8% 307 2
S o pAkt 60kDa £ 06
O ® g
o9 5 0.4
=2 G 207 Akt 1<
= 202
L ©
O = 0
O
2 € 1.0 Contol Ex PP2
O c 1.2
0 - E 10
Control LY Wort Control Ex PP2 £
= 0.8
D 40; PAkt £ 06
3 5 %
c c
8@ 3.0 S 02
D »
9 © 0
s g Contol Ex PP2
2620
.E 1 2
WS E o
RS Control Ex PP2 S 10
El £ 1.0 o
. . 08
o PERK 7= s s 44 kD2 2
c
Control PD98059 5
4KkDa § g2
F 42kDa @
4.0 1 0
® Contol Ex PP2
S 1
[ 1 s . . .
8 g 3.0 FIG. 6. The downstream pathway of Src is involved in PISK/Akt signaling. A:
g [72] Effects of LY294002 or wortmannin on high-glucose-induced ROS production at
5 8 60 min in GK islet cells. After preincubation in the presence of 2.8 mmol/l glucose
35 and 10 pmol/l CM-H,DCFDA for 20 min, dispersed islet cells were incubated in the
& 2 2.0 presence of 16.7 mmol/l glucose with or without 50 p.mol/l LY294002 or 0.5 pmol/l
LL _5 wortmannin for 60 min. Fluorescence was represented as fold increases against
O S the value at time zero. Data are expressed as means = SE (n = 3-5). P < 0.01.
C;l = 1.0 1 B: Akt phosphorylation in the presence of high glucose with or without exendin-4
s . or PP2 in GK islets. After preincubation in the presence of 2.8 mmol/l glucose for
&) 30 min, islets were incubated in the presence of 16.7 mmol/]l glucose with or
without 10 pmol/l forskolin or 10 pmol/l1 PP2 for 10 min. Islets were lysated and
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Control AG1478 Intensities of the bands were quantified with densitometric imager. The bar
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SE). P < 0.001. Representative blot panels of five independent experiments are shown. C: Akt phosphorylation in the presence of high
glucose with or without exendin-4 or PP2 in Wistar islets. Representative blot panels of three independent experiments are shown. D:
Effects of PD98059 on high-glucose-induced ROS production at 60 min in GK islet cells. Data are expressed as means * SE (n = 4). E: ERK
phosphorylation in the presence of high glucose with or without exendin-4 or PP2 in GK islets. Blots (50 g of protein) were probed with
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corrected by ERK level (means += SE). Representative blot panels of three independent experiments are shown. F: Effects of AG1478 on
high-glucose-induced ROS production at 60 min in GK islet cells. Data are expressed as means += SE (n = 5). P < 0.001.

does not affect the phenotype in mice, contrary to neural
tube defects and embryonic lethality in homozygous defi-
cient mice (31). Moreover, the localization of Csk in the
cytosol before recruitment to the membrane for Src regu-
lation dose not differ in Wistar and GK islets (supplemen-
tary Fig. 4). Thus, the lower expression level of Csk found
in our results is not likely to play a role in the Src
activation in GK islets. Activation of Src as well as elevated
endogenous ROS production at high glucose in GK islets
was clearly suppressed by exendin-4, which did not affect
Src phosphorylation or ROS production in Wistar islets.
Thus, the GLP-1 signal might well suppress activation of
Src and excessive ROS production under diabetic condi-
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tions in addition to other beneficial long-term effects on
B-cells.

GLP-1 induces elevation of intracellular cAMP levels
and subsequent activation of PKA after binding to the
GLP-1 receptor. In the present study, the effect of GLP-1
signaling, which suppresses Src activation and ROS pro-
duction, was found to be independent of PKA. Epac is a
PKA-independent cAMP sensor; Epac2 is expressed
mainly in neuroendocrine cells including pancreatic
B-cells. Epac2 regulates exocytosis of insulin granules in
B-cells by mobilizing intracellular Ca®>* and interacting
granule-associated proteins (14,15). Although the relation-
ship between Epac and Src is not well known, a recent
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report (32) has shown that cAMP protects against hepato-
cyte apoptosis Epac dependently through Src and PI3K/
Akt activation. Further evaluation of the role of cAMP in
regulation of Src and PISK/Akt signaling is required.

In the present study, we have shown that one of these
Src signals, the PI3K/Akt signal, regulates ROS production.
Furthermore, GLP-1 induces B-cell proliferation through
PI3K signaling via Src and EGFR transactivation (33). Our
finding that the EGFR kinase inhibitor decreases ROS
production suggests that EGFR transactivation may be
involved in the ROS-reducing effect of exendin-4 via Src.
Under normal conditions, GPCR stimulation generally
activates Src toward EGFR transactivation, frequently
followed by PI3K activation (25). The present study re-
veals that Src and PI3K activities are upregulated in islets
under diabetic conditions, which are suppressed by the
GLP-1 signal. Many studies in oncology have shown that
several growth factors including EGF and platelet-derived
growth factor induce ROS through PI3K activation (34—
36). Thus, EGFR transactivation/PI3K signaling should be
activated under pathophysiologically disordered condi-
tions. In the various states between normal and diabetic
conditions, the ameliorative effects of the GLP-1 signal
may differ (37). Further elucidation of these signals in the
pathophysiology of diabetes should be helpful in future
development of therapeutic strategies.

Previous studies have shown that the antioxidant capac-
ity in B-cells is very low because of weak expression of
antioxidant enzymes in pancreatic islets compared with
that in various other tissues (38). The superoxide anion is
converted by superoxide dismutase (SOD) into hydrogen
peroxide that is eventually removed by glutathione perox-
idase (Gpx). The expression level of MnSOD, which is
localized in mitochondria, was significantly lower in GK
islets than in Wistar islets, and that of of Gpx was similar
in Wistar and GK islets (supplementaty Fig. 5A). However,
an enzymatic assay revealed that MnSOD activity in GK
islets was similar to that in Wistar islets and that it was not
affected by exendin4 or PP2 (supplementary Fig. 5B and
C). These results indicate that regulation of MnSOD activ-
ity does not play a role in the suppressive effects of ROS
production by exendin-4.

One of the important sites of ROS generation in B-cells is
the mitochondrial electron transport chain, in which ROS
generation increases according to the hyperpolarization of
mitochondrial inner membrane derived from accelerated
glucose metabolism (39). However, in pathophysiological
conditions, NADPH oxidase may play an important role in
ROS generation in B-cells. Chronic exposure to proinflamma-
tory cytokines and abundant nutrients including glucose and
palmitate augments the expression of a phagocyte-like
NADPH oxidase in B-cells (40). Moreover, the expression of
NADPH oxidase is increased in islets of diabetic Otsuka Long
Evans Tokushima Fatty rats (41). Because Src is involved in
regulation of NADPH oxidase activity (42), further examina-
tion to elucidate the site of ROS generation related to Src
activation in B-cells is needed. On the other hand, previous
reports have shown that ROS itself regulates Src activity
(43,44) in addition to Src activity regulation of ROS produc-
tion (45). To clarify this mutual causal relationship between
Src and ROS, we examined ROS production in GK islets
expressing Src-KN, which was found to cause a distinct
decrease in high-glucose~induced ROS production. This find-
ing demonstrates that Src activity regulates ROS production
and does not contradict the possibility of a feedback regula-
tion mechanism of ROS on Src activity (45).

diabetes.diabetesjournals.org

The high-glucose-induced increase in ATP production is
impaired in GK rats (6,46) as well as in patients with type
2 diabetes (47). In addition, islets in GK rats and human
type 2 diabetes are oxidatively stressed (48-50). In the
present study, exendin-4 was able to recover this impaired
increase in ATP production by high glucose in GK islets as
well as to decrease excessive ROS production. Thus,
GLP-1 signaling may improve $-cell function in the dia-
betic state not only because it enhances Ca®* efficacy of
the exocytotic system of insulin granules but also because
it improves impaired metabolism-secretion coupling.
GLP-1 receptor agonists are widely used in treatment of
type 2 diabetes for their ability to improve glucose intol-
erance. Their clinical beneficial effect seems to be pro-
vided not only by their insulinotropic action but also by
their reduction of B-cell apoptosis and induction of B-cell
proliferation (16-18). Further elucidation of endogenous
ROS regulation by GLP-1 may help to clarify the mecha-
nism of the various beneficial effects of these agents.
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Background: In Asians, mutations in the known maturity-onset diabetes of
the young (MODY) genes have been identified in only <15% of patients.
These results were obtained mostly through studies on adult patients.
Objective: To investigate the molecular basis of Japanese patients with
pediatric-onset MODY-type diabetes.

Subjects: Eighty Japanese patients with pediatric-onset MODY -type diabetes.
Methods: Mitochondrial 3243A>G mutation was first tested by the
polymerase chain reaction restriction fragment length polymorphism analysis
for maternally inherited families. Then, all coding exons and exon—intron
boundaries of the HNFI A, HNFIB, GCK, and HNF4A genes were amplified
from genomic DNA and directly sequenced. Multiplex ligation-dependent
probe amplification analysis was also performed to detect whole-exon
deletions.

Results: After excluding one patient with a mitochondrial 3243A>G,
mutations were identified in 38 (48.1%) patients; 18 had GCK mutations, 11
had HNFI A mutations, 3 had HNF4A mutations, and 6 had HNFIB
mutations. In patients aged <8 yr, mutations were detected mostly in GCK at
a higher frequency (63.6%). In patients >9 yr of age, mutations were identified
less frequently (45.1%), with HNFI A mutations being the most frequent. A
large fraction of mutation-negative patients showed elevated homeostasis
model assessment (HOMA) insulin-resistance and normal HOMA-B indices.
Most of the HNF1B mutations were large deletions, and, interestingly, renal
cysts were undetectable in two patients with whole-gene deletion of HNFIB.
Conclusion: In Japanese patients with pediatric-onset MODY-type diabetes,
mutations in known genes were identified at a much higher frequency than
previously reported for adult Asians. A fraction of mutation-negative patients
presented with insulin-resistance and normal insulin-secretory capacities
resembling early-onset type 2 diabetes.
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Maturity-onset diabetes of the young (MODY) has
been defined as diabetes mellitus characterized by
dominant inheritance, non-obesity [body mass index
(BMI) <25], and early onset (<25 years of age).
To date, at least six causative genes (HNF4A, GCK,
HNFIA, PDXI, HNFIB, and NEURODI) for MODY
1-6, respectively, have been identified. In addition,
several other genes (KLFII, CEL, PAX4, and INS)
have been shown to be associated with MODY-type
diabetes (1-6). Since the term ‘MODY’ has been
questioned by some investigators as inappropriate
and obsolete (1), ‘MODY-type diabetes’ is used in this
study to describe diabetes with above characteristics.

Previous studies have revealed that mutations in
these genes, especially in the HNFIA, GCK, and
HNF4A4 genes, account for 54-86% of MODY-
type diabetes in Caucasians, whereas in Asians,
only 7.5-10.3% of patients have mutations in
these genes (7-13). In the Japanese, previous studies
have focused mainly on single genes (14-16), and
comprehensive molecular analysis is lacking. Taken
together, however, these studies point to a similarly
low prevalence of mutations (<15%) in the Japanese.

One possible explanation for this racial disparity
is the presence of an unidentified major MODY-X
gene in Asians. To date, a number of investigators
have pursued this possibility without much success,
only to identify genes with low prevalence (17-23).
Alternatively, this racial difference could be due to the
higher prevalence of early-onset type 2 diabetes mellitus
(T2DM) in Asians (24). Japanese patients with T2DM
reportedly have lower body mass indices (BMIs) than
do Caucasian patients (25). Although, T2DM is based
on insulin-resistance rather than on ?-cell dysfunction,
clinical differentiation between these is not easy when
the patients are not obese and the onset of diabetes is
earlier, because both tend to aggregate within families
and are autoantibody negative.

In this study, as part of an effort to address this issue,
we performed a comprehensive mutational analysis
on Japanese patients with pediatric-onset MODY-
type diabetes mellitus because previous results were
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obtained mostly through studies on adult patients.
This is also the most comprehensive molecular analysis
of known MODY genes in Japan. Unexpectedly,
our study revealed that the genetic background of
MODY-type diabetes in the Japanese pediatric age
group is similar to that reported for Caucasians. The
results of this study, therefore, served to delineate the
demographic and clinical characteristics of ‘unknown
MODY’ in the Japanese.

Subjects and methods
Subjects

The study subjects were 80 Japanese patients
who developed MODY-type diabetes before 20 yr
of age. Other inclusion criteria were (i) negative
autoantibodies, including anti-GAD and anti-IA2
antibodies; (ii) family history suggestive of dominant
inheritance; and (iii) non-obesity in the patients or
in affected family members. Patients who developed
diabetes before 6 months of age were excluded because
the genetic background of diabetes in this age group is
known to differ from those in later age groups (26). In
addition to the 77 patients who met the above criteria,
3 additional patients without a positive family history
were included because of the known presence of renal
cysts.

Out of these 80 patients, 56 were ascertained through
the nationwide school urinalysis program performed
annually in Japan, and 21 by incidentally identified
glucosuria/hyperglycemia. The rest of the patients were
ascertained after consulting primary care physicians
for diabetes-related symptoms. The patients were then
referred to local diabetes centers and blood samples
were sent to our laboratory during 2005-2011 under a
suspected diagnosis of MODY-type diabetes. The local
diabetes centers were distributed throughout Japan
without geographical biases and each center basically
recruited all available patients for analysis.

The patients were enrolled after obtaining written
informed consent, and the study protocol was approved
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by the Institutional Review Board at Osaka City
General Hospital (No. 742).

Mutational analysis

Genomic DNA was extracted from peripheral blood
leukocytes with the QIAamp DNA Blood Kit
(QIAGEN, Hilden, Germany). In families with
maternal transmission, the mitochondrial 3243A>G
mutation was first tested by polymerase chain reaction
(PCR)-restriction fragment length polymorphism as
previously described (27). For patients negative for
3243A>G, all coding exons, exon—intron boundaries,
and promoter regions of the HNFIA, GCK, HNF4A,
and HNFIB genes were amplified from genomic
DNA. For HNF4A, exon 1D and the P2 promoter
approximately 50kb upstream of exon 1A were
also amplified because previous reports identified
this region as a specific promoter for pancreatic
expression of this gene (28). For GCK, the pancreatic
form using exon 1A was sequenced (29). The primer
sequences and amplification conditions are listed in
Table S1 and Appendix S1. The amplified products
were purified using the Wizard PCR Preps DNA
Purification Kit (Promega, Madison, WI, USA) or the
Agencourt AMPure XP purification system (Beckman
Coulter Genomics, Danvers, MA, USA) and directly
sequenced using the BIGDYE TERMINATOR V3.1 Cycle
Sequencing Kit (Roche, Basel, Switzerland). They were
then analyzed by the ABi prisM 3100xl automated
sequencer (Applied Biosystems, Foster City, CA,
USA). After identification, co-segregation of the
mutations with the diabetic phenotype was confirmed
by sequencing analyses of other family members.
In addition, whole-exon deletion/duplications that
might escape the PCR-sequencing strategy described
above were tested using multiplex ligation-dependent
probe amplification (MLPA) analyses. Briefly, 200 ng
of genomic DNA was used to perform the MLPA
reactions for all exons in the HNFIA, GCK, HNF4A,
and HNFIB genes. The reactions were performed
using the SALSA MLPA kit P241 (MRC-Holland,
Amsterdam, The Netherlands) as recommended by
the manufacturer and analyzed using the ABI PRISM
3100xl automated sequencer and GENEMAPPER software
(Applied Biosystems).

Results

Mitochondrial 3243A >G was found in one patient and
the patient was excluded from further analysis. Of the
remaining 79 patients, mutations were identified in 38
(48.1%), which is a much higher frequency than that
previously reported for Asians. The demographic and
clinical features of these 38 patients are listed in Table 1
together with the details of identified mutations.

28

Mutations of HNFIA were identified in 11, GCK
in 18, HNF44 in 3, and HNFIB in 6 (Table 1).
Most of these mutations have been previously
reported, and no predominant mutation was identified.
Novel missense mutations were not found in
the public domain single nucleotide polymorphism
databases, and the Sorting Intolerant from Tolerant
(SIFT) (http://sift.bii.a-star.edu.sg/) or the POLYPHEN-
2 (http://genetics.bwh.harvard.edu/pph2/) programs
predicted the deleterious nature of these mutations.
In addition, these mutations co-segregated with the
diabetic phenotype in each family, suggesting that these
are pathogenic mutations.

The majority of patients (five out of six) with HNFIB
mutations had exon deletions. All these patients with
deletions presented with a higher blood glucose level
at onset, necessitating immediate insulin treatment.
Interestingly, in two patients with whole-gene deletion
(patients 32 and 34), renal cysts could not be identified
by repeated abdominal magnetic resonance imaging or
echography.

We also identified a whole-gene deletion of the GCK
gene in one patient (patient 15). This patient was born
after 39 weeks of gestation with a birth weight of 2418 g.
Hyperglycemia was incidentally found at the age of
4years, and the patient showed no diabetes-related
symptoms. Fasting glucose and hemoglobin Alc were
slightly elevated at 124 mg/dL (6.88 mmol/L) and 6.6%,
respectively. All of these features were consistent with
those of other GCK-MODY patients, and no specific
features were observed for this patient.

When the patients were sorted by age at diagnosis
(Fig. 1), GCK mutations were found to be predominant
in patients <9 years of age, whereas detection of
mutations in the HNFIA and HNF4A genes began
after 8years of age. After 9years of age, HNFIA
mutations were the most common. The frequency and
spectrum of mutations did not change significantly
during 9-13 years of age, and the identification rate
appeared to decline thereafter.

BMI percentiles at diagnosis were obtained for 76
patients. For patients who lost weight before the initial
presentation, the most recent height and weight data
before weight loss were used for the calculation of BMI.
Mutations were identified in 89% of the leanest patients
with BMIs below the 10th percentile (Fig. 2). Between
BMIs of the 10th—90th percentiles, mutations were
identified at a relatively constant frequency, although
the detection rate appeared to be lower (10%) for BMIs
above the 90th percentile.

The homeostasis model assessment insulin-
resistance (HOMA-IR) index as a marker of insulin
resistance (normal range, <2.0) and the HOMA-
B index as a marker of insulin-secreting capacity
(normal range for Japanese, 40-60) were calculated
for 57 patients (30). As shown in Table 2, a large
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Table 1. Summary of patients with mutations

)
5 Mutation Previous Age  BMiper- FBS mg/dL IRl pU/mL
g No. Gene cDNA Protein report Gender yr) centile (mmol/L) (pmol/L) HOMA-IR HOMA-B
o
& 1 GCK c.1517C>T p.T206M Yes F 3 95.2 82 (4.55) 1.5(10.42) 0.30 28.4
o2 GCK c.130G>A p.G44S Yes M 5 83.48 118 (6.55) 2.8 (19.45) 0.81 18.3
2 8 GCK c.571C>T p.R191W Yes M 11 80.45 144 (7.99) 20.4 (141.68) 7.25 90.7
Mg GCK €.1278_1286dup9  p.S426_R428dup No M 6 76.17 120 (6.66) 4.16 (28.89) 1.37 29.1
& 5 GCK c.895G>C p.G299R Yes M 9 58.08 122 (6.77) 4.6 (31.95) 1.39 28.1
» 6 GCK c.1142T>G p.M381R No M 14 57.13 139 (7.71) 5.8 (40.28) 1.99 275
b7 GCK c.571C>T p.R191W Yes M 7 40.63 124 (6.88) 5.5 (38.2) 1.68 325
N8 GCK c.175C>T p.P59S No M 5 32.61 118 (6.55) 2(18.89) 0.58 13.1
9 GCK c.781G>A p.G261R Yes M 4 24.88 106 (5.88) 1.54 (10.7) 0.40 12.9
10 GCK c.118G>A p.E40K Yes M 1 23.18 129 (7.16) 2 (13.89) 0.64 10.9
11 GCK c.575G>A p.R191Q Yes M 5 21.5 118 (6.55) 7.1(49.31) 2.07 46.5
12 GCK c.182A>G p.Y61C No F 8 20.52 118 (6.55) 1.82 (12.64) 0.53 11.9
13 GCK €.234C>G p.D38E Yes F 13 12.8 121 (6.72) 5.73 (39.79) 1.71 35.6
14 GCK c.556C>T p.R186X Yes F 12 11.52 135 (7.49) 10.3 (71.53) 3.43 51.5
15 GCK All exon deletion No M 4 6.68 124 (6.88 3.42 (23.75) 1.05 20.2
16 GCK c437T>G p.L146R Yes M 8 5.07 119 (6.6) 2.3(15.97) 0.68 14.8
17 GCK c.576G>T p.G193W No M 12 1.92 118 (6.55) 6.36 (44.17) 1.85 41.6
18 GCK c.500G>A p.W167X No F 5 0.43 113 (6.27) 4(27.78) 1.12 28.8
19 HNF1A c.1043T>C p.L348P No F 15 83.1 175 (9.71) 21.6 (150.01) 9.33 69.4
20 HNF1A c.779C>T p.T260M Yes F 12 80.53 124 (6.88) 10.6 (73.62) 3.25 62.6
21 HNF1A c.391C>T p.R131W Yes M 9 78.79 124 (6.88) 5.37 (37.29) 1.64 31.7
22 HNF1A Exon 7-9 deletion No M " 68.07 165 (9.16) 11.4(79.17) 4.6 40.2
23 HNF1A C.788G>A p.R263H , Yes M 8 48.33 84 (4.66) 3.29 (22.85) 0.68 56.4
24 HNF1A c.872delC p.P291fs Yes M 13 43.38 83 (4.61) 11.3 (78.48) 2.32 203.4
25 HNF1A c.1181delC p.P394fs Yes F 13 21.83 137 (7.6) 7.3 (50.7) 2.47 35.5
26 HNF1A c.1054delT p.S352fs No F 11 18.66 153 (8.49) 2.7 (18.75) 1.02 10.8
27 HNF1A €.392G>A p.R131Q Yes F 1 2.0 167 (9.27) 7.9 (54.87) 3.26 27.3
28 HNF1A ¢.872_873insC p.P291fs Yes F 13 1.65 98 (5.44) 7.18 (49.87) 1.74 73.9
29 HNF1A c.598C>T p.R200W Yes M 14 0.33 77 (4.27) 0.9 (6.25) 0.17 23.1
30 HNF1B c.395A>C p.H132P No M 7 70 111 (6.16) 10.3(71.53) 2.82 77.3
31 HNF1B Exon 1-4 deletion No M 1 62.16 NA NA NA NA
32 HNF1B All exon deletion Yes F 13 38.68 NA NA NA NA
33 HNF1B Exon 3-4 deletion No M 12 19.23 NA NA NA NA
34 HNF1B All exon deletion Yes F 12 8.42 NA NA NA NA
35 HNF1B Exon 3-4 deletion No F 10 NA NA NA NA NA
36 HNF4A c.802C>T p.Q268X Yes F 9 77.22 NA NA NA NA
37 HNF4A c.915_916insT p.V306fs No F " 55.28 105 (5.83) 7.2 (50) 1.87 61.7
38 HNF4A c.970C>T p.R324C No F 13 45.36 188 (10.43) 6.5 (45.14) 3.02 18.7

BMI, body mass index; F, female; FBS, fasting blood sugar; HOMA-8, homeostasis model assessment-g; HOMA-IR, homeostasis model assessment insulin resistance; IR,

immunoreactive insulin; M, male; NA, not available.

All sequence information is based on GenBank reference sequences NM_000162.3 (GCK), NM_000457.3 (HNF4A), NM_000545.5 (HNF1A), and NM_000458.2 (HNF1B).

Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the major start Codon of exon 1 (HNF1A and HNF1B) and 1A (GCK), respectively. For
<rg HNF4A, conventional nucleotide numbering starting at the A of the Met9 of isoform b was used.

AJOIA dtyerpad ssouede uy suoneingyl



Yorifuji et al.

12
10
8
£ 8
= oND
o
5 6 1 e OHNF4A
S BHNF1B
4

" IHNF1A

4

e
I
N ..I,ii |

12 83 45 6 7 8 9 10 11 12 13 1415<
Age at diagnosis (yrs)

Fig. 1. Distribution of age at diagnosis. ND, not detected.

12

OPF
oJPHEC
BJPH3D
BJPH3C
- MIEM

No. of patients

o o o o o 9 o o o 9
o 9 o 9 9 9 o o 9 %
& - § ® ¥ b & K @ O
. ¥ ¥ w9 9 9
o Q@ Q@ 9 9 o © 9 9
- N ®O & W © ~ © O

DM percentile at diagnosis

Fig. 2. Distribution of body mass index percentiles at diagnosis.
ND, not detected.

fraction of mutation-negative patients showed ele-
vated HOMA-IR or normal HOMA-$ indices. Muta-
tions were identified less frequently with increasing
HOMA-IR or HOMA-8 indices (p = 0.0248 and 0.002,
respectively, by the Jonckheere’s trend test). In the
remaining 22 patients, these indices were not avail-
able because of the lack of fasting glucose and insulin
data at diagnosis. Nineteen of these patients presented
with a blood glucose level that was too high (>170
mg/dL, 9.44 mmol/L) at diagnosis to calculate these
indices, and/or insulin therapy was initiated immedi-
ately before calculating these indices. In three patients,
fasting glucose and insulin data were not recorded
or simply not obtained. Of these 22 patients with
missing HOMA-IR and HOMA-$ data, mutations

Table 2. Distribution of HOMA-IR and HOMA-8 indices

were identified in 6 (27.3%); 4 had HNFIB mutations
and 2 had HNF4A4 mutations.

Discussion

Contrary to previous studies on Asians, the results
of this study showed that the frequency of mutations
in known genes is significantly higher in pediatric-
onset Japanese patients with MODY-type diabetes.
Even if we exclude the three patients with renal cysts
and without positive family history, the mutation
identification rate (46.1%) was still higher than
previously reported. The overall frequency of mutation
was only slightly lower than that reported for
Caucasians (7-11), and the mutation spectrum did not
differ much between Japanese and Caucasian patients.
These results suggest that the genetic background of
MODY-type diabetes in the pediatric age group is
similar for these two ethnicities.

The cause of the difference in the frequencies of
mutations between adult Asian and Caucasian MODY
patients remains unclear. Assuming that the genetic
background of pediatric-onset patients is similar, the
racial disparity should be caused by a group of patients
who develop diabetes at a later age (15-25 yr).

Among pediatric-onset patients, mutation-negative
patients are likely to comprise a mixed population.
There is a group of patients who fit the classical
definition of MODY with normal insulin sensitivity
and diminished insulin-secretory capacity. Presumably,
some of these patients’ conditions can be explained by
mutationsin the known MODY genes, including PA X4
and INS, and the remaining was caused by mutations in
true MODY-X genes. At present, there is no evidence
of racial disparity in this group of patients.

The results of our study also showed that
a large fraction of mutation-negative patients
has elevated insulin-resistance and normal insulin-
secretory capacities as measured by the HOMA-IR and
HOMA-B indices. Although these patients’ conditions
might also be explained by an unknown monogenic
trait, these clinical features are more consistent with
those of early-onset T2DM, which is highly prevalent
in Japan. Considering the known racial difference in
the incidence of T2DM, the observed difference in the

HOMA-IR HOMA-B
0-0.99 1-1.99 >2 10-19.9 20-29.9 30-39.9 40-49.9 50-59.9 =60
No. of patients 15 20 22 12 7 6 6 17
Mutation positive 10 12 10 8 4 3 3 7
Fraction mutation positive 0.67 0.6 0.45 0.78 0.67 0.57 0.5 0.5 0.41

HOMA-B, homeostasis model assessment-p; HOMA-IR, homeostasis model assessment insulin resistance.
HOMA-IR was calculated as fasting blood glucose (mg/dL) x fasting insulin (LWU/mL.)/405 (normal range, <2.0), and HOMA-8
was calculated as 360 x fasting insulin (WU/mL)/fasting blood glucose (mg/dL) — 63 (normal range for Japanese, 40-60).
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prevalence of MODY gene mutations in adult patients
appears to be more easily explained by inclusion
of early-onset T2DM in previous studies. Although
adult T2DM patients in Japan are not heavier than
non-diabetic controls (25), even in Japan, pediatric
patients with T2DM are heavier than their peers (31).
By focusing on non-obese pediatric patients, we may
be able to minimize the influence of early-onset T2DM
in our study. A similar explanation might also apply to
other ethnic groups, such as Mexicans, known to have
a higher prevalence of T2DM and lower prevalence of
MODY gene mutations (32).

As previously reported for pediatric patients with
HNFIB mutations, the majority of our HNFIB-
MODY patients had deletions rather than point
mutations (33, 34). This is in contrast to the
approximately 30% prevalence of deletions in adult
patients (35). It was previously proposed that deletions
might lead to more severe loss of function, which
leads to earlier onset of diabetes (34). In our series,
patients with HNFIB deletions (patients 31-35)
actually presented with higher blood glucose at onset
compared with patient 30, who had a point mutation.
It appears more likely, however, that interactions with
other genetic or environmental factors play a more
important role in determination of the phenotype
of HNFI1B mutations because none of the deletion
patients reported by Ulinski et al. (33) had diabetes,
and some patients with a whole-gene deletion do not
have renal structural abnormalities (34), including the
two patients in our series. Practically, it is important
to include the analysis of HNFI B deletions as a part of
routine mutation screening of MODY-type diabetes,
even without signs of renal abnormalities.

Acknowledgements

We thank the patients and their families for participating in
our research. We also thank pediatric endocrinologists and
diabetologists across Japan who referred their patients to us.
This work was supported in part by a Grant-in-Aid for Scientific
Research (Research on Measures for Intractable Diseases) from
the Ministry of Health, Labour and Welfare of Japan.

Conflict of interest

No conflict of interests declared.

Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Appendix S1. Amplification conditions.

Table S1. Sequences of the primers used for
amplification.

Please note: Wiley-Blackwell are not responsible
for the content or functionality of any supporting

Pediatric Diabetes 2012: 13: 26-32

Mutations in Japanese pediatric MODY

materials supplied by the authors. Any queries (other
than missing material) should be directed to the
corresponding author for the article.

References

1. MurpHY R, ELLARD S, HATTERSLEY A. Clinical implica-
tions of a molecular genetic classification of monogenic
p-cell diabetes. Nat Clin Pract Endocrinol Metab 2008:
4:200-213.

. VaxiLtalREM, FROGUEL P. Monogenic diabetes in
the young, pharmacogenetics and relevance to
multifactorial forms of type 2 diabetes. Endocr Rev
2008: 29: 254-264.

3. NEVE B, FERNANDEZ-ZAPICO ME, ASHKENAZI-
KATALAN V et al. Role of transcription factor KLF11
and its diabetes-associated gene variants in pancreatic
beta cell function. Proc Natl Acad Sci U S A 2005: 102:
4807-4812.

4. RaeDER H, JoHaNssoN S, Horm PI et al. Mutations in
the CEL VNTR cause a syndrome of diabetes and pan-
creatic exocrine dysfunction. Nat Genet 2006: 38: 54—62.

5. SummManirRl Y, SANKET, FurRuTAHY etal. A mis-
sense mutation of Pax4 gene (R12IW) is associated
with type 2 diabetes in Japanese. Diabetes 2001: 50:
2864--2869.

6. MOLVEN A, RINGDAL M, NorRDB@ AM et al. Mutations
in the insulin gene can cause MODY and autoantibody-
negative type 1 diabetes. Diabetes 2008: 57: 1131-1135.

7. FRAYLING TM, Evans JC, BULMAN MP et al. Beta-cell
genes and diabetes: molecular and clinical characteri-
zation of mutations in transcription factors. Diabetes
2001: 50 (Suppl. 1): S94-S100.

8. FrOGUEL P, ZouAL1 H, VIONNET N et al. Familial hyper-
glycemia due to mutations in glucokinase. Definition of
a subtype of diabetes mellitus. N Engl J Med 1993: 328:
697-702.

9. LinpNErR TH, CockBUrN BN, BeLL GI. Molecular
genetics of MODY in Germany. Diabetologia 1999:
42:121-123.

10. LetHo M, WipemMo C, IvarssoN SA et al. High fre-
quency of mutations in MODY and mitochondrial
genes in Scandinavian patients with familial early-onset
diabetes. Diabetologia 1999: 42: 1131-1137.

11. Costa A, Bescos M, VELHO G et al. Genetic and clin-
ical characterization of maturity-onset diabetes of the
young in Spanish families. Eur J Endocrinol 2000: 142:
380-386.

12. HwanG JS, Smn CH, Yanc SW, Junc SY, Huu N.
Genetic and clinical of Korean maturity-onset diabetes
of the young (MODY) patients. Diabetes Res Clin Pract
2006: 74: 75-81.

13. NG MC, CockBURN BN, LinDNER TH et al. Molecular
genetics of diabetes mellitus in Chinese subjects: iden-
tification of mutations in glucokinase and hepatocyte
nuclear factor-1 alpha genes in patients with early-onset
type 2 diabetes mellitus/MODY. Diabet Med 1999: 16:
956--963.

14. Tonooka N, Tomura H, TaxaHAsHI Y et al. High fre-
quency of mutations in the HNF-la gene (TCF1) in
non-obese patients with diabetes of youth in Japanese
and identification of a case of digenic inheritance. Dia-
betologia 2002: 45: 1709~1712.

3

31

-177 -



