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FIGURE 6. NAC treatment improves deficiencies of glucose uptake and
insulin secretion seen in SMS1-KO mice. SMS1-KO mice supplied with
normal (KO) or NAC-containing drinking water (KO +NAC) for 20-24 weeks
were used for the following analysis. A, concentration of urinary 8-OHdG, a
marker of ROS generation, was assessed (KO, n = 8; KO+NAC, n = 10).

B, blood glucose levels based on glucose tolerance tests. Mice were de-

prived of food for 16 h and injected with 1 mg/kg glucose. Blood was with- -

drawn at times indicated. Blood glucose was measured using the glucose
oxidase method (KO, n = 7; KO+NAC, n = 7).C, serum insulin levels derived
from glucose tolerance tests. The amounts of insulin in the serum obtained
from glucose tolerance tests performed in 8 were measured by an ELISA
(KO, n = 7; KO+ NAC, n = 7). D, survival curve of SMS1-KO supplied with
normal (KO, n = 87) or NAC-containing drinking water (KO+NAC, n = 72). %,
p <0.05;**,p <0.01.

DISCUSSION

Although investigators have examined SMS1 function in
cell growth and apoptosis in cell culture, the significance of
SMS1 loss in vivo has not been reported. Here, we generated
SMSI-KO mice and found that SMS1-KO mice exhibited
moderate neonatal lethality, reduced body weight, and loss of
fat tissues mass, suggesting that they might have metabolic
deficiency. We further found that they were hyperglycemic
and showed insulin secretion deficiencies. The deficiencies
were not attributable to death of pancreatic S-cells, Isolated
SM51-KO islets exhibited severely impaired ability to release
insulin, dependent on glucose stimuli, indicating that im-
paired insulin secretion from pancreatic B-cells is  primary
cause of insulin secretion deficiency observed in SM$1-KO
mice. Therefore, in this study, we focused on analyzing how
SMS1 deletion disturbs insulin secretion from pancreatic
B-cells.

Lipid composition analysis revealed that the amount of
sphingomyelin species was reduced whereas that of ceramide
species was increased in SMS1-K() islet. These result

peared to be reasonable, because ceramide and sphingomyelin
are enzymatic substrate and product of SMS reaction, respec-
tively. However, reduction of the amounts of sphingomyelin
in SMS1-KO isiet appeared to be small. Although the reason
ig unclear, we consider that other sphingomyelin synthetic or

BEIE.

FEBRUARY 4, 2011<VOLUME 286- NUMBER 5

Regulation of Insulin Secretion by SMST

influx pathway is present. For example, a portion of SMS2
may be reside in Golgi complex, and partially participate in
sphingomelin synthesis in Golgi complex to compensate for
SMS1 ablation. Alternatively, it is also possible that sphingo-
myelin, which is derived from food intake, flow into the cell
by endocytosis.

Analysis of lipid content in pancreatic mitochondria indi-
cated that the amount of sphingomyelin species was reduced
in SMS1-KO mice, whereas that of ceramide species wag in-
creased. Indeed, intracellular levels of ceramide in ER and
mitochondria are reportedly increased when the ceramide
transfer protein, CERT, is ablated (17). These authors alsc
found that mitochondrial ceramide accumulation is associ-
ated with mitochondrial degeneration, including the capacity
to generate ATP. These conclusions are similar to our obser-
vations that SMS1-KO islets exhibited deficiencies in ATP
production following glucose stimuli. In addition, mitochon-
dria of SMS1-KO islet showed other anomalies, such as hy-
perpolarized membrane potential and increased ROS produc-
tion. These results are consistent with previous reports
indicating that increased ROS generation induced by knock-
down of the mitochondrial ROS detoxification enzyme, nico-
tinamide nuclectide transhydrogenase (Nnt), uncouples mito-
chondrial metabolism of pancreatic B-cells, leading to
impaired ATP production and insulin secretion deficiency
(41, 42). In addition, we observed higher expression of genes
encoding mitochondrial respiratory chain complex compo-
nents and transcription factors related to mitochondrial bio-
genesis. Up-regulation of these genes suggests that functional
proteins are newly synthesized to compensate for ROS dam-
age. In particular, mitochondrial complex [ was highly ex-
pressed in SMS1-KO islets, which may promote higher mem-
brane potential and increased ROS generation, as reported
(40, 43). UCP2 was also up-regulated in SMS1-KO islets, in
agreement with reports suggesting that the ROS-damaged
B-cells express UCP2 to antagonize ROS production in mito-
chondria (44, 45). Overall, we estimate that mitochondrial
respiration complexes in -cells are functionally damaged by
increased ceramide species in SMS1-KO mice and that elec-
iron leakage generates ROS, further damaging the mitochon-
drial respiration machinery. We further estimate that mito-
chendrial respiration complex components are up-regulated
to restore mitochondria damaged by ROS, and that UCP2 is
up-regulated to reduce oxidative damage caused by ROS
generation.

Finally, we found that the anti-oxidant NAC treatment im-
proved glucose uptake and rescued insulin secretion deficien-
cies seern in SMSI-KO mice, supporting the idea thai ROS
production underlies insulin secretion deficiency seen in
SMST1-KO pancreatic 3-cells. These observations are note-
worthy because these data suggest that increment of ceramide

itical role in regulating mitochondrial sphingolipid
hemeostasis and is required to control mitochondrial ATP
and EOS production, which are important for inselin secre-
tion in pancreatic B-cells.
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It is explicit that SMS1 is important for whole body health,
because SMS1-KO mice exhibit moderate neonatal lethality,
And, SMS1 appears to be important for suppressing onset of
ROS-related diseases, because NAC treatment prolonged the
lifespan of SMS1-KO mice. These observations are consistent
with previous reports that ROS functions in cell senescence
{46, 47) and that reduction of ROS by NAC extends lifespan
(48). Anyway, further experiments are necessary to reveal the
complicated relationship between SMS1 function and ROS-
related disease.

In this study, we demonstrates that manipulation of sphin-
golipid tlux i vivo and consequent ceramide accumulation in
pancreatic B-cells leads to defects in insulin secretion by oxi-
dative stress probably imposed on mitochondria. Overall, our
approach identifies an essential role for SMS1 in insulin se-
cretion and provides molecular insight into the role of the de
novo sphingolipid biosynthetic pathway in regulating the ROS
generation pathway, which is related to metabolic disease.
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Incretin secretion and effect on insulin secretion are not fully understood in patients with type 2 diabetes.
We investigated incretin and insulin secretion after meal intake in obese and non-obese Japanese
patients with type 2 diabetes compared to non-diabetic subjects. Nine patients with type 2 diabetes
and 5 non-diabetic subjects were recruited for this study. Five diabetic patients were obese (BMI > 25)

Keywords: and 4 patients were non-obese (BMI < 25). In response to a mixed meal test, the levels of immunoreactive
GLP-1 insulin during 15-90 min and C-peptide during 0-180 min in non-obese patients were significantly
g:: hefes lower than those in obese patients. Total GLP-1 and active GIP levels showed no significant difference
Incietin between obese and non-obese patients throughout the meal tolerance test. In addition, there were no sig-
Obese nificant differences between diabetic patients and non-diabetic subjects. In conclusion, incretin secretion
does not differ between Japanese obese and non-obese patients with type 2 diabetes and non-diabetic

subjects.
© 2010 Elsevier Inc. All rights reserved.
Introduction 24.1, 22.0 and 19.2 in women when divided into quartiles of

Glucagon-like peptide-1 (GLP-1) and glucose-dependent insuli-
notropic polypeptide (GIP) are major incretins released from gut
endocrine cells in response to nutrient ingestion. They have an
important physiological role enhancing glucose-stimulated insulin
secretion from the beta cells, the so-called incretin effect. In non-
diabetic subjects, the quantitative contribution of this effect to
the overall postprandial insulin secretion has been estimated to
be 50-70% [1,2].

Type 2 diabetes is characterized by insulin resistance and rela-
tive insulin deficiency. In this type of diabetes, incretin effect is re-
ported to be severely reduced [3]. GLP-1 retains insulinotropic
activity, but its potency and rate of secretion is reduced. The secre-
tion of GIP is usually preserved, but its effect on insulin secretion is
lost or markedly reduced {4-8]. However, these findings were
made in the Caucasian subjects with type 2 diabetes. In those stud-
ies, almost all subjects were obese or overweight and hyperinsuli-
nemic. Their insulin secretion was preserved to some extent, but
plasma glucose level increased due to severe insulin resistance.
In contrast, in Japanese type 2 diabetic subjects, the mean body
mass index (BMI) was 26.1, 23.5, 21.7 and 19.4 in men, 27.7,

* Corresponding author. Fax: +81 6 6879 3739.
E-mail address: ichi@endmet.med.osaka-u.ac.jp (I. Shimomura).

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2010.01.134

BM], indicating that we have type 2 diabetic patients both with
normal weight and relatively high BMI (BMI > 25) in Japan [9]. In-
deed, in Japanese criteria, obesity is diagnosed when BMI is equal
to or more than 25. Insulin secretion is usually preserved in obese,
but not in non-obese subjects in Japanese type 2 diabetes. The clin-
ical use of incretin-related drugs will soon explode in many devel-
oped countries, including Western and Asian countries. Therefore,
it is quite important to know the baseline characteristics of incretin
secretion in various diabetic patients, compared to non-diabetic
subjects. In the present study, we investigated incretin and insulin
secretion after meal intake in obese and non-obese Japanese pa-
tients with type 2 diabetes and non-diabetic subjects.

Materials and methods

Materials. Nine patients with type 2 diabetes and 5 non-diabetic
subjects were recruited for this study. Five diabetic patients were
obese (BMI > 25), including 2 patients with oral hypoglycemic
agents therapy and 3 patients with diet therapy alone. Four pa-
tients were non-obese (BMI < 25), including 3 patients receiving
oral hypoglycemic agents and 1 patient with insulin therapy. The
clinical characteristics of the patients are shown in Table 1. There
was no significant difference in age, waist circumference (WC), vis-
ceral fat area (VFA), lipid profile and adiponectin level between any
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Table 1
Clinical characteristics of the study subjects.

Obese diabetic Non-obese Non-diabetic

411

betic subjects’ sera or plasma were measured at each time. Plasma
glucose concentrations were measured by the glucose oxidase
method. IRl and C-peptide levels were measured with enzyme

patients diabetic patients subjects immunoassay kits. To measure incretin levels, EDTA-coated tubes

(n=5) (n=4) (n=5) (1.5 pg/ml blood) containing an inhibitor of dipeptidyl peptidase
Age (years) 59.2+54 63.8+8.2 51.0:11.4 (DPP)-4 (10 pl/ml blood; Linco Research Inc., MO, USA) were used.
Duration (years) y o AAz18 138293 - Total GLP-1 concentrations were measured using radioimmunoas-
Sﬁgitn(’:;s)mdex (e g;; i 2:3 ;;g z ?272 zg:g z g:g say, using antiserum No. 89390 which is specific for the CpOH—ter—
Visceral fat area (cm?)  183.4%64.1 91.0 4549 117.2+19.7 minal end of the GLP-1 molecule and reacts equally with intact
Hemoglobin Alc (%) 7.4+18° 85+1.5° 5.1£0.3 GLP-1 and the primary (NH2-terminally truncated) metabolite as
gif; ((mml:lg)) gﬁz- t 12;3 1235; t g-g: 1§(7)~g * z.g described previously [10,11]. Active GIP concentrations were mea-

mimi .21 18. ok 3 .6x6. o a

LDL-C (mg/fll) 1149+395 91.5:18.0 106.5  58.0 sur;fa;:;cijf:ﬁd P rle)wto usly [12]. il + standard devi-
HDL-C (mg/d) 400£6.2 520+7.0 460+113 lysis. Data are presented as means + standard devi
TG (mg/dl) 149.4+82.4 81.3+46.2 142.4+76.1 ation (SD). All statistical calculations were carried out using re-
Adiponectin (pug/ml) 66£25 82:46 50£22 peated-measures ANOVA using Statview (SAS Institute, Cary, NC).

2 P<0.01 vs non-diabetic subjects.
® P<0.05 vs non-diabetic subjects.
€ P<0.05 vs obese diabetic patients.

two groups. There was also no significant difference in duration of
diabetes between obese and non-obese patients. BMI in obese pa-
tients was significantly higher than that in non-obese patients
(27.7+3.4 vs 21.8+2.7, P<0.01). Hemoglobin Alc (A1C) in obese
and non-obese diabetic patients was significantly higher than that
in non-diabetic subjects (7.4 + 1.8 vs 5.1 + 0.3%, P < 0.05, obese dia-
betic patients vs non-diabetic subjects) (9.5+1.5 vs 5.1 £0.3%,
P<0.05, non-obese diabetic patients vs non-diabetic subjects).
Written informed consent was obtained from all participants with
the approval of the ethics committee of Osaka University.

Mixed meal tolerance test. After hospitalization and discontinua-
tion of all oral hypoglycemic agents, all diabetic patients were trea-
ted by insulin (or diet alone) at least for 2 weeks until fasting
plasma glucose level became below 126 mg/dl. Mixed meal toler-
ance test was performed after an overnight fast. The test meal is
authorized by the Japan Diabetes Society and the total caloric con-
tent of the test meal was 460 kcal (carbohydrates 56.5 g, protein
18 g, fat 18 g) (JANEF E460F18: Q.P. Corporation, Tokyo, Japan).
The test meal was ingested within 15 min. Blood samples were col-
lected at 0, 15, 30, 60, 90, 120, 150 and 180 min after the meal.

The levels of glucose, immunoreactive insulin (IRI), C-peptide
and incretins (total GLP-1 and active GIP) in patients’ and non-dia-

-l obese diabetic
-@- non-obese diabetic

-l¥- obese diabetic
-@- non-obese diabetic

Values at single time points and areas under the curve (AUCs) were
also compared by Mann-Whitney Test. P value < 0.05 was taken to
indicate significant difference.

Results

Glucose concentrations in obese and non-obese diabetic pa-
tients were significantly higher than those in non-diabetic
subjects. Glucose concentrations in non-obese patients tended to
be higher than those in obese patients, but showed no significant
difference (Fig. 1A). The levels of IRI and C-peptide showed no sig-
nificant difference between obese patients and non-diabetic sub-
jects. On the other hand, the levels of IRI during 15-60 min and
C-peptide during 0-150 min in non-obese patients were signifi-
cantly lower than those in non-diabetic subjects. The levels of IRI
during 15-90 min and C-peptide during 0-180 min in non-obese
patients were also significantly lower than those in obese patients
(Fig. 1B and C). A fasting C-peptide-to-glucose ratio was 0.018 =
0.006 ng dl/ml mg in obese patients, 0.005 + 0.002 ng dl/ml mg in
non-obese patients and 0.018 + 0.008 ng dl/ml mg in non-diabetic
subjects, respectively. The ratio in non-obese patients was signifi-
cantly lower than that in obese patients and in non-diabetic
subjects.

The levels of total GLP-1 and active GIP increased after meal in-
take in all groups. The concentrations of both incretins reached to a
maximum value 30 min after meal ingestion. The maximum total
GLP-1 level was 23.0+8.7pmol/l in obese patients, 17.8x

-l- obese diabetic
-@- non-obese diabetic

-A- non-diabetic -A- non-diabetic - A- non-diabetic
A B C
a:P= 0.004 a:P=0.066 a:P=0.015
b:P <0.0001 b:P <0.0001 b:P <0.0001
ab : P < 0.0001 ab :P=0.004 ab : P = 0.0004
300~ 50 -
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Fig. 1. Results of mixed meal test in (A) glucose, (B) immunoreactive insulin, (C) C-peptide. Data are means + SD. Statistics were carried out using repeated-measure ANOVA
and denote differences between the experiments (a), differences over time (b), and differences due to the interaction of experiment and time (ab). P<0.05, obese diabetic
patients vs non-diabetic subjects. P < 0.05, non-obese diabetic patients vs non-diabetic subjects. #P <0.05, obese diabetic patients vs non-obese diabetic patients.
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Fig. 2. Results of mixed meal test in (A) total GLP-1, (B) active GIP, (C) AUC of total GLP-1, (D) AUC of active GIP. Data are means * SD. Statistics were carried out using
repeated-measure ANOVA and denote differences between the experiments (a), differences over time (b), and differences due to the interaction of experiment and time (ab).

7.3 pmol/l in non-obese patients and 20.4 + 8.8 pmol/l in non-dia-
betic subjects. Total GLP-1 levels showed no significant difference
between any two groups through the meal tolerance test (Fig. 2A).
The maximum active GIP level was 94.9 + 9.4 pmol/l in obese
patients, 90.6 +15.9 pmol/l in non-obese patients and 91.1%
30.0 pmol/l in non-diabetic subjects. Active GIP levels also showed
no significant difference between any two groups through the meal
tolerance test (Fig. 2B). All AUCs of total GLP-1 and active GIP
showed no significant difference between any two groups
(Fig. 2C and D).

Discussion

In the present study, we have shown that incretin levels did not
differ between obese and non-obese patients with type 2 diabetes,
even though the number of patients was small. In earlier studies,
postprandial GLP-1 secretion in response to oral carbohydrate
was considerably attenuated in obese non-diabetic women com-
pared with lean non-diabetic women [13] and combined augmen-
tation of GIP and GLP-1 responses were observed in obese type 2
diabetic patients compared with normal and obese non-diabetic
subjects [14]. However, these were very early studies with rather
non-specific assays. Our report elucidates incretin levels in Japa-
nese obese and non-obese patients with type 2 diabetes.

Our present results showed a dissociation between the patterns
of insulin secretion and incretin secretion in patients with type 2
diabetes. Serum incretin levels were not different between obese

and non-obese patients. However, the levels of serum insulin and
C-peptide levels were significantly lower in non-obese patients
than those in obese patients. Assuming that postprandial incretin
secretion is the most responsible for enhancing glucose-stimulated
insulin secretion, the dissociation might derive from the loss of
incretin effect in non-obese patients with type 2 diabetes. Precise
reason for this loss of the effect is not clear, but three possible
mechanisms could be considered. The first one is that beta cells
lose their ability to react to physiological levels of incretin
hormones, which may be called “incretin resistance” as shown
both in vitro [15] and in vivo [16]. The second possible mechanism
is that beta cells in obese subjects are relatively more sensitive to
incretins compared with in non-obese subjects or stimulated to se-
crete insulin by other factors than incretins. The last possible
mechanism comes from a reduction of beta cell mass. In patients
with type 2 diabetes, especially in non-obese patients, beta cell
mass is reported to be decreased [17-19]. Reduced insulin secre-
tion in non-obese patients might reflect a reduced beta cell mass
in these patients in this study. Among these three possible mech-
anisms, we think the last one is the most likely, because the fasting
C-peptide-to-glucose ratio has a close correlation with beta cell
area in humans [20] and this ratio in non-obese patients was sig-
nificantly lower than that in obese patients in our study.

We also showed similar secretion of incretins among obese dia-
betic, non-obese diabetic and non-diabetic subjects in Japanese, as
partly reported in another Japanese study [21]. The reason for the
decreased secretion of GLP-1 in Caucasian subjects with T 2DM is



J. Kozawa et al./Biochemical and Biophysical Research Communications 393 (2010) 410-413 413

not known but may be related to insulin resistance and obesity
[22]. It is possible that the obesity and insulin resistance in our pa-
tients did not reach levels sufficient to influence GLP-1 secretion.
The two weeks of treatment prior to the meal test may have im-
proved incretin secretion. Alternatively, it may be that total GLP-
1 levels in Japanese subjects are naturally low compared with
those in Caucasian subjects [10] and not parallel to insulin
secretion.

In this study we measured total GLP-1 (the sum of intact GLP-1
and its primary metabolite GLP-1 9-36 amide), because GLP-1 is
degraded almost instantaneously by the enzyme DPP-4 so that
the levels of intact GLP-1 do not reflect the L-cell secretion rate.
In stead L-cell secretion rate may be estimated by measuring total
GLP-1. Since GLP-1 may interact with afferent sensory nerve fibers,
locally in the gastrointestinal tract before it is, total GLP-1 levels
are also a better measure of the impact of L-cell secretion than
the intact levels [23]. GIP is also degraded by DPP-4 but much more
slowly, and for GIP the mechanism of action is probably classical
endocrine. Therefore, the relevant measure is intact GIP.

In conclusion, incretin secretion did not differ between obese
and non-obese patients with type 2 diabetes. The reduced incretin
effect observed in Japanese non-obese diabetic patients is therefore
attributed to other mechanisms than impaired incretin secretion.
In addition, incretin secretion did not differ between diabetic pa-
tients and non-diabetic subjects.
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Objectives: We investigated clinical relevance of serum 1,5-anhydroglucitol (1,5-AG) levels in fulminant
type 1 diabetes mellitus (FT1DM) patients, because 1,5-AG is known to reflect short term glycemic control.

Design and methods: Subjects comprised 7 patients with FT1DM and 32 patients with type 2 diabetes
mellitus (T2DM) with HbAlc <8.5%. All of them have never been treated for diabetes.

Results: HbA, showed no significant difference between both groups. On the other hand, serum 1,5-AG
levels were significantly lower in the FT1DM patients than in the T2DM patients. Serum 1,5-AG levels

ds: 3 p ) X
l](es_v.\xgr g were<5.0 pg/ml in 6 of 7 (86%) FT1DM patients, compared with only 1 of 32 (3%) T2DM patients,
aliminsnt type 1 diabetes mellitus Conclusions: Serum 1,5-AG levels were lower in the FT1DM patients than in the T2DM patients. Serum
HbA1c 1,5-AG, but not HbA,, reflects short-term exacerbation of glycemia in patients with FT1DM.

© 2010 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.
[ntroduction FT1DM patients, because HbA,c only slightly elevates but GA

Fulminant type 1 diabetes (FT1DM) is a new subtype of type 1
diabetes first reported in 2000 by Imagawa et al. [1] and characterized
clinically by acute and almost complete pancreatic 3 cell destruction
without islet-related autoantibodies such as glutamic acid decarbox-
ylase (GAD) antibody or insulinoma-associated antigen 2 (I1A-2)
antibody [1,2]. In Japanese patients, FT1DM reportedly accounts for
about 20% of all cases of type 1 diabetes with abrupt onset [2]. In
contrast to plasma glucose (PG) levels, which are markedly elevated
at clinical onset, HbA,c levels are normal or only slightly elevated in
FT1DM. :

It is known that several types of protein glycation increase in
diabetic patients compared with non-diabetic subjects. Some of these
proteins play roles in the onset and progression of complications in
chronic diabetes [3]. Among these glycated proteins, HbA;¢ is widely
used in clinical practice as a marker of glycemic control [4,5]. Since the
average lifespan of erythrocytes is about 120 days, HbA ¢ level reflects
glycemic control state over the past 1-2 months. Glycated albumin
(GA), as well as HbA,c, has become used as another marker of
glycemic control. Since half-life of albumin is shorter than that of
erythrocytes, GA reflects short-term glycemic control (about 2 weeks)
[6,7). We have already suggested that GA/HbA;c ratio is high in

* Corresponding author. Department of Internal Medicine, Kinki Central Hospital,
Kuruma-zuka 3-1, Itami, Hyogo 664-8533, Japan. Fax: +81 72 779 1567.
E-mail address: koga_m@kich.itami.hyogo.jp (M. Koga).

markedly elevates due to rapid elevation of plasma glucose in these
patients [8]. .

1,5-anhydroglucitol (1,5-AG) is a novel marker of glycemic control
in diabetic patients, because urinary excretion of 1,5-AG increases and
serum 1,5-AG decreases in the conditions of increased glucose in urine
[9,10]. This is because reabsorption of 1,5-AG at kidney is antagonistic
to that of glucose. Serum 1,5-AG levels changes faster than HbA,¢ at
the time of rapid deterioration in glycemic control, and serum 1,5-AG
reflects postprandial hyperglycemia more correctly than HbA;¢ [11].
In this study, we examined whether or not serum 1,5-AG reflects short
term exacerbation of glycemia in patients with FT1DM.

Methods
Patients studied

Patients of this study were 7 patients with FT1DM whose HbA;¢
and serum 1,5-AG were determined simultaneously at their initial
visit from case reports. Control group consisted of 32 patients with
type 2 diabetes (T2DM) whose HbA;c was lower than 8.5%, because
inclusion criteria for FT1IDM was HbA;c<8.5% at initial visit [1,2],
selected from 558 subjects who underwent health examination at
Kinki Central Hospital from July to August 2008 (Table 1). They
showed no past history of diabetes treatment. Due to potential effects
on HbA;c and serum 1,5-AG values, exclusion criteria for both groups
were: pregnancy; renal, hepatic, or hematologic disease; and steroid

0009-9120/$ - see front matter © 2010 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.
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Table 1
Clinical characteristics of FT1DM and T2DM.
FT1DM T2DM D

n 7 32
M/F 5/2 23/9 0.981
Age (years) 40.1+13.6 56052 <0.0001
BMI (kg/m?) 209405 248439 0.0344
PG (mg/dl) 945 1 297° 114211° -
PG (mmol/!) 52.5+16.5° 63+06° -
HbAc (%) 59407 6.0£05 0.7316
1,5-AG (pg/mi) 33+14 135+54 <0.0001
Duration from onset (day) 20+13 -

? Randomly measured plasma glucose.
b Fasting plasma glucose.

therapy. Diagnosis of FT1IDM and T2DM was based on previously
reported criteria. The institutional review board approved this study,
and all T2DM patients as control group provided written informed
consent.

Laboratory methods

Plasma glucose was determined using the glucose-oxidase
method. HbA,¢ was measured by high performance liquid chroma-
tography (HPLC), with calibration using Japan Diabetes Society (JDS)
Lot 2 [12]. Serum 1,5-AG was measured using Lana 1,5AG Auto Liquid
Kit using an enzymatic method (Nippon Kayaku, Tokyo, Japan), as
described previously [13]. Intra- and inter-assay coefficients of
variation for 1,5-AG measurement were 1.7% and 1.2%, respectively.

Statistical analysis

Data are shown as means =+ SD. For statistical analyses, unpaired
Student's t-test was used to compare two groups. To evaluate the
relationship between HbA;c and 1,5-AG levels, single linear univariate
regression analyses was performed. The Stat View computer program
(Version 5.0 for Windows; Abacus Concepts and Berkeley, CA) was
used for all statistical analyses. A p value of <0.05 was considered
statistically significant.

Results

Table 1 shows clinical characteristics of the study patients. Mean
age was significantly younger in FT1DM patients (40.1 4 13.6 years)
than in T2DM patients (56.0+4 5.2 years; p<0.0001). Mean body
mass index (BMI) was significantly lower in FT1IDM patients
(20.940.5 kg/m?) than in T2DM patients (24.8 +3.9 kg/m?;
p=0.0344). In the FT1DM patients, mean duration from the onset
of hyperglycemic symptoms to the start of insulin therapy was
2.04 1.3 days.

In patients with FT1DM at initial diagnosis, randomly measured PG
was markedly elevated [945 4297 mg/dl (52.54 16.5 mmol/l);
range, 509-1195 mg/dl (28.3-66.4 mmol/I)]. In patients with T2DM,
fasting PG was 114+11mg/dl (6.3 0.6 mmol/l) [range, 95-
136 mg/dl (5.3-7.6 mmol/I)]. HbA; showed no significant difference
between the groups (5.9 +0.7% vs. 6.0+ 0.5%; p=0.7316). On the
other hand, serum 1,5-AG levels in the FT1DM patients was
significantly lower than that in the T2DM patients (3.3 + 1.4 pg/ml
vs. 13.54+ 5.4 pg/ml; p<0.0001) (Table 1).

In the T2DM patients, there was significant inverse correlation
between HbA;c and serum 1,5-AG (R= —0.621, p=0.0002) (Fig. 1).
On the other hand, serum 1,5-AG levels in the FT1DM patients were
remarkably low regardless of HbA;c levels. Serum 1,5-AG levels
were<5.0 gg/ml in 6 of 7 (86%) FT1DM patients, compared with only
1 of 32 (3%) T2DM patients (Fig. 1).

30

25

1,5-AG (ug/ml)
@

5 50 55 60 65 70 75
HbA (%)

Fig. 1. Relationship between serum 1,5-AG and HbA,(. The figure shows relationship
between serum 1,5-AG and HbA,¢ in the treatment-naive FT1DM patients (closed
circle) and the T2DM patients (open circle). The dotted line represents serum 1,5-AG
5.0 ug/ml. The solid line represents the regression line of serum 1,5-AG and HbA,¢ in
the T2DM patients.

Discussion

The diagnosis of FT1DM is clinically important, as initiation of
insulin treatment is crucial to avoiding abrupt deterioration and poor
prognosis [1,2]. It has been reported that about 10% of FT1DM patients
showed randomly measured PG levels <400 mg/dl (22.2 mmol/l)
[14]. By contrast, randomly measured PG in patients with T2DM
sometimes exceeds 288 mg/dl (16 mmol/l), which is a diagnostic
level for FT1DM. In these cases, FT1DM is not easily distinguishable
from T2DM. Clinical indicators other than PG levels are thus needed
for differentiating FT1DM from T2DM.

When plasma glucose exceeds threshold of reabsorption at kidney,
urinary glucose not reabsorbed suppresses reabsorption of 1,5-AG via
sodium glucose cotransporter 4 (SGLT4) at proximal tubules of kidney
[9,10]. When glycemic control is improved and urine glucose
disappears, the glucose-dependent suppression of 1,5-AG reabsorp-
tion disappears, and most of 1,5-AG can be reabsorbed at renal
tubules. It is known that pooled serum 1,5-AG is elevated by
0.3 pg/ml/day with 1,5-AG taken from meal [15]. When glycemic
control state is poor, urine glucose prevents reabsorption of 1,5-AG,
resulting in rapid decrease of serum 1,5-AG. This decrease occurs
faster than its increase during improvement of glycemic control, as
above [16].

Based on these facts, we investigated whether or not serum 1,5-AG
reflects short term exacerbation of glycemia in patients with FT1DM.
As far as we have searched, this study is the first report on serum 1,5-
AG in FT1DM patients. As a result, serum 1,5-AG levels were lower
than the reference level (< 14.0 ug/ml) in all FT1DM patients at initial
visit, and markedly low in most of them. When 5.0 pg/ml was used as
a cut-off value of serum 1,5-AG, sensitivity was 86% and specificity
was 97%, for diagnosis of FT1DM. This finding indicates that serum
1,5-AG, but not HbA,, reflects short term exacerbation of glycemia in
patients with FT1DM.

GA, another glycemic control martker, is known to reflect acute
short term changes in plasma glucose, similar to 1,5-AG [6,7]. The rate
of change is almost similar for 1,5-AG and GA, when glycemic control
is improved. As mentioned, serum 1,5-AG is more sensitive to
deterioration than to improvement of glycemic control. Serum 1,5-
AG changes faster than GA in FT1DM patients in which piasma glucose
elevates rapidly. Thus, it is serum 1,5-AG can reflects shorter term of
hyperglycemia than GA in patients with FTIDM. We have already
reported that measurement of GA is useful to discern FT1DM from
T2DM. When 3.2 is used as a cut-off value of GA/HbA;c ratio,
sensitivity was 97% and specificity was 98% for diagnosis of FT1DM [8].
in the present study, sensitivity of serum 1,5-AG was slightly lower
than that of GA, contrary to our expectation. The limited number of
patients included in this study (7 cases) might have affected the
result. It is necessary to examine the utility of 1,5-AG in identifying the
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presence of short-term exacerbation of glycemia in patients with
FT1DM within an extended number of subjects.
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Viral infection is one of the important factors for the pathogenesis of type 1 diabetes. Particularly, in ful-
minant type 1 diabetes, rapid p-cell destruction is suggested to be triggered by viral infection. Recently,
glucagon-like peptide 1 (GLP-1) receptor agonists have been reported to have direct beneficial effects on
p-cells, such as anti-apoptotic effect, increasing p-cell mass, and improvement of f-cell function. How-

Keywords: o ever, their effects on p-cell destruction induced by viral infections have not been elucidated. In this study,
Encephalomyocarditis virus we used an encephalomyocarditis virus (EMCV)-induced diabetic model mouse to show that a GLP-1
Diabetes . . i " " o
Glucagon-like peptide-1 receptor agonist, exendin-4, prevents p-cell destruction. Nine-week-old male DBA/2 mice were intraper-
Exendin-4 itoneally injected with EMCV (200 plaque forming units (PFU) mouse ~'). Low (20 nmol kg™’ d-") or high
Macrophage (40 nmol kg~! d=") doses of exendin-4 were administered for 10 d, starting from 2 d before the infection,

and the rate of diabetic onset was evaluated. In addition, the number of infiltrating macrophage per islet
and the ratio of p-cell area to islet area were determined. The effects of exendin-4 on infected -cells and
macrophages were investigated by using MIN6 and RAW264 mouse macrophages. The incidence of dia-
betes was significantly lower in the high-dose exendin-4-treated group than in the control group. Fur-
thermore, the B-cell area was significantly more preserved in the high-dose exendin-4-treated group
than in the control. In addition, the number of macrophages infiltrating into the islets was significantly
less in the high-dose exendin-4-treated group than in the control group. In vitro, exendin-4 reduced
p-cell apoptosis, and tumor necrosis factor o (TNFa), interleukin B (IL-), and inducible nitric oxide syn-
thase (iNOS) production of infected or lipopolysaccharide (LPS)-stimulated macrophages. These results
suggested that exendin-4 limits p-cell destruction by protecting B cells and reducing the inflammatory
response of macrophages.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The onset of type 1 diabetes is strongly associated with genetic
factors (such as HLA type) and environmental factors. Particularly,
viral infection is regarded as the most important environmental
factor [2,3]. In Japan, fulminant type 1 diabetes accounts for about
20% of the cases of acute-onset type 1 diabetes and is characterized
by extremely rapid B-cell destruction. Fulminant type 1 diabetes
appears to be triggered by viral infection based on the following
findings: (1) it occurs after flu-like symptoms; (2) anti-enterovirus
antibody titers in these patients are higher than those in healthy
individuals [4-6]; (3) macrophages infiltration into islets was de-
tected in autopsy pancreatic tissue from patients who died soon
after the onset of fulminant type 1 diabetes; and (4) enteroviral
antigen or RNA was detected in some patient’s pancreas [7.8].

* Corresponding author. Fax: +81 72 683 1801.
E-mail address: in1209@poh.osaka-med.ac.jp (H. Sano).

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2010.12.020

Encephalomyocarditis virus (EMCV) belongs to the Picornaviri-
dae family and causes diabetes, myocarditis, and paralysis in sus-
ceptible mice. After EMCV infection, diabetes occurs within a
week as a result of almost complete destruction of p-cells. The clin-
ical course of this model resembles that of fulminant type 1 diabe-
tes in humans [9].

Glucagon-like peptide-1 (GLP-1), a hormone that is secreted
from the L-cells of the small intestine during digestion, enhances
the glucose-dependent insulin secretion and decreases glucagon
secretion [10-12]. GLP-1 receptors are abundantly expressed not
only in p-cells but also in many other cells [1]. Recently, it was
reported that much higher blood GLP-1 levels than physiological
level brought by GLP-1 receptor agonist injection exhibit many ef-
fects, including anti-apoptotic and proliferative effects on B-cells
[13-16], decreased food intake {22], and protection against heart
injuries [23-25].

Here, we show that a high-dose exendin-4, a GLP-1 receptor
agonist, suppresses EMCV-induced B-cell destruction through not
only anti-apoptotic effect on p-cells but also anti-inflammatory
effects against macrophages.
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2. Materials and methods
2.1. Animals

All animal experimentation was conducted in accordance with
the European Communities Council Directive of 24 November
1986 (86/609/EEC). The study protocol was approved by the Ani-
mal Care and Use Committee of Osaka Medical College. Male
DBA/2 mice 9weeks old were purchased from CLEA Japan Inc.
and housed in bio-safety facilities at Osaka Medical College. Mice
were maintained at a constant room temperature of 25 °C with a
12 h photoperiod. They were fed a standard rodent chow and given
access to water ad libitum.

2.2. Virus

Encephalomyocarditis virus (EMCV) was kindly provided by
Katsuaki Dan (Keio University, Tokyo, Japan). The virus was grown
in DBA/2 mice or L929 cells. The viral titer was determined by a
plaque assay on L929 cells as described previously [17,18].

2.3. Viral infection and measurement of blood glucose and pancreatic
insulin content

Nine-week-old male DBA/2 mice, which are the most suscepti-
ble strain to EMCV, were intraperitoneally injected with 200 pla-
que forming units (PFU) EMCV in 0.1 mL phosphate-buffered
saline (PBS) pH 7.4. Low (20nmolkg 'd™') (n=7) or high
(40 nmolkg"d™") (n=7) doses of exendin-4, a GLP-1 receptor
agonist, were intraperitoneally injected for 10 d, starting from 2 d
before the infection. Control mice (n = 14) were intraperitoneally
injected with corresponding dose of PBS for same period. Blood
samples were obtained from the tail vein and glucose levels were
measured by using Glutest Sensor (Sanwa, Japan) for 14 d after
infection. Mice with blood glucose levels greater than 250 mg dL ™"
were considered to be diabetic. Fifteen days after infection, intra-
peritoneal glucose tolerance test (IPGTT) was performed with
1 g glucose kg~'. Afterwards, the mice were sacrificed to measure
the pancreatic insulin content.

Pancreatic insulin content was measured by using the acid eth-
anol method [28]. Briefly, fresh pancreas was homogenized in acid
ethanol (0.18 N hydrochloric acid, 75% ethanol), and then incu-
bated overnight at 4 °C. After centrifugation, the supernatant was
neutralized. The insulin concentration of the extract was measured
by using an insulin enzyme-linked immunosorbent assay (ELISA)
kit (Sibayagi, Japan). The protein concentration was measured by
using the bicinchoninic acid (BCA) method. The pancreatic insulin
content was calculated by dividing the insulin concentration by the
protein concentration.

24. Histopathology of the pancreas

Sixteen control mice infected with EMCV and 16 mice treated
with high-dose exendin-4 were sacrificed at 48, 72, 96, and 120 h
after infection, and then their pancreas was excised, fixed with 4%
paraformaldehyde, and embedded in paraffin. Four-micrometer-
thick paraffin sections were deparaffinized in xylene and rehydrated
in a graded ethanol series (100% to 50%). After washing in PBS,
the target retrieval was performed with proteinase K for 6 min.
Peroxidase activity was inhibited by immersing the sections in
3% methanolic hydrogen peroxide for 15 min, and non-specific
binding of the antibody was blocked by pre-incubation with
Non-Specific Staining Blocking Regent (X0909 Dako, Japan). The
sections were then incubated at room temperature for 30 min
with either rat anti-Mac-2 antibody (CL8942AP Cedarlane Labora-
tory, 1:500 dilution) or guinea pig polyclonal anti-swine insulin

antibody (A0564 Dako, Japan, 1:800 dilution). After washing in
PBS 3 times, the slides were incubated with secondary antibodies
for 30 min at room temperature; Envision + (K4003 Dako, Japan)
was used for the insulin slides and Vectastain Elite ABC Rat Kit (Vec-
tor Laboratories, Burlingame, CA) was used for Mac-2 slides. After
washing in PBS, the antibody binding was detected by using diamin-
obenizidine (DAB). Finally, the slides were counterstained with
hematoxylin. The B-cell area was measured as the percentage of
the insulin-positive area per islet area by using a Scanscope XT Dig-
ital Slide Scanner (Aperio). The number of macrophages was
counted by using a Scanscope XT Digital Slide Scanner and ex-
pressed as the number of Mac-2 positive cells per islet area. At least
5 islets were chosen at random from each section for statistical
analysis.

2.5. Flow cytometry apoptosis assay of a -cell line

MING, a B-cell line, was used for the apoptosis assay. MING cells
were cultured in high glucose Dulbecco’s modified Eagle’s medium
(DMEM) with 15% fetal calf serum (FCS). Confluent dishes were
incubated with EMCV (about 1 PFU cell™") for 48 h or 2 uM stauro-
sporine (Sigma-Aldrich) for 18 h with or without 12 nM exendin-4.
In the apoptosis assay with staurosporine, the control wells were
incubated with the corresponding concentration of dimethyl sulf-
oxide (DMSO). After incubation, cell dissociation buffer (Gibco)
was added to each well, and then the cell samples were washed
with ice-cold medium and centrifuged for 5 min at 500g. Then,
the supernatant was thrown away. For the latter process, Annexin
V-FITC Kit System for Detection of Apoptosis (Beckman Coulter,
Inc., Fullerton, CA) was used. Briefly, samples were diluted with
binding buffer to 5 x 10°-5 x 10° cells mL~'. Afterwards, the An-
nexin V-FITC and propidium iodide (PI) solutions were added,
and the samples were incubated on ice in the dark for 10 min.
Immediately afterwards, the apoptosis rate was measured by flow
cytometer, BD FACSAria™ (Becton, Dickinson and Company).

2.6. Exendin-4 pretreatment of LPS activated or EMCV infected
macrophages

After washing with PBS, RAW264 macrophage cells were incu-
bated with or without 12 nM exendin-4 for 1 h. Then, EMCV (1
PFU cell"") was added and incubated for 12h, or 1 ug mL~" LPS
(Sigma-Aldrich) was added and incubated for 1 h. To inhibit the
exendin-4 signal, RAW264 cells were incubated with 5 pM MDL-
12330A (Sigma-Aldrich), an adenylate cyclase inhibitor, at the
same time that the exendin-4 was added.

2.7. Isolation of RNA and quantitative real-time polymerase chain
reaction

Total RNA was extracted from treated RAW264 cells by using
the RNeasy Mini Kit (Qiagen, Tokyo, Japan). First-strand cDNA
was synthesized by using the Transcriptor First strand cDNA syn-
thesis kit (Roche Diagnostics GMBH, Mannheim, Germany), with
the included random hexamers as the priming strategy. The result-
ing cDNAs were mixed with the LightCycler FastStart DNA Master
Hybridization Probes reagent (Roche), TagMan™ probes, and prim-
ers in LightCycler capillaries. Then, the sample carousel with the
capillaries was centrifuged in the LightCycler Carousel Centrifuge
and placed into the LightCycler. After denaturing for 10 min at
95 °C, 55 polymerase chain reaction (PCR) cycles were run. Each
cycle consisted of 10s at 95°C and 20s at 60 °C. Fluorescence
was measured at the end of every cycle. After the final cycle, the
capillaries were cooled for 2 s at 40 °C. Fluorescence curves were
analyzed with the LightCycler software, Ver. 3.5. Cycles 15-55
were used to calculate the crossing points, which were defined
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Fig. 1. Exendin-4 prevents the onset of diabetes in encephalomyocarditis virus (EMCV)-infected mice. (A) Changes in the incidence of diabetes during treatment with or
without exendin-4 in EMCV-infected mice. @, High-dose exendin-4; O, low-dose exendin-4; @, control. p = 0.03 control vs. high-dose exendin-4. (B) The change in blood
glucose levels after infection. M, High-dose exendin-4; O, low-dose exendin-4; @, control. “p < 0.05 control vs. high-dose exendin-4, p <0.05 low-dose exendin-4 vs. high-
dose exendin-4. (C) Intraperitoneal glucose tolerance test (IPGTT) 15 d after infection. M, High-dose exendin-4; O, low-dose exendin-4; @, control. p < 0.05 control vs. high-
dose exendin-4. (D) Pancreatic insulin content 15 d after infection. Black bar, high-dose exendin-4; gray bar, low-dose exendin-4; white bar, control. The bar of healthy
control (n=4) was added. (E) Survival rate after infection. ®, High-dose exendin-4; O, low-dose exendin-4; ®, control. There was no significant difference between each
group. (F) change in body weight after infection. Black bar, high-dose exendin-4; gray bar, low-dose exendin-4; white bar, control. There was no significant difference
between each group.
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Fig. 2. Exendin-4 reduces macrophages infiltration into islets and -cell destruction in EMCV-infected mice. (A) Histological changes in the high-dose exendin-4-treated
group and control group at 48, 72, 96, and 120 h after infection. Mac-2 positive cells indicate macrophages, and insulin-positive cells indicate p-cells. Original magnification:
150x. (B) The upper panel shows number of macrophages per islet area (-1073/um?), and the lower panel shows the (B-cell areafislet area) x100 in the high-dose exendin-4
group and the control group at 48, 72, 96 and 120 h after infection. Black bar, high-dose exendin-4; white bar, control, Statistical analysis: Student's t-test.

as the maximum of the second derivative from the fluorescence ative maximum method. The sequences of the primers and Roche
curves. Automated calculation was performed by the second deriv- universal probe number (#) are as follows: TNFo (GenBank
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Accession No. M13049.1): left primer (TCTTCTCATTCCTGCTTGT
GG), right primer (GGTCTGGGCCATAGAACTGA), and #49 probe;
IL-18 (NM_008361.3): left primer (TGTAATGAAAGACGGCACACC),
right primer (TCTTCTTTGGGTATTGCTTGG), and #78 probe; iNOS
(NM_010927.3): left primer (GGGCTGTCACGGAGATCA), right
primer (CCATGATGGTCACATTCTGC), and #76 probe; GAPDH
(NM_008084): left primer (TGTCCGTCGTGGATCTGAC), right pri-
mer (CCTGCTTCACCACCTTCTTG), and #80 probe.

2.8. Data analysis

The data for the incidence of diabetes and the survival rate were
analyzed by the log-rank test. Other data were presented as mean
(SEM). Unless noted, statistically significant differences among
multiple groups were analyzed by one-way analysis of variance
(ANOVA). Sheffe’s F-test was used for comparing each group. A p-
value less than 0.05 were considered a statistically significant
difference.

3. Results

3.1. The effect of exendin-4 on the prevention of diabetes in EMCV-
infected mice

Five days after the infection, the blood glucose level and the
incidence of diabetes was significantly higher in the control mice

than those in the high-dose exendin-4 treated mice (Fig. 1A and
B). IPGTT performed 15 d after infection showed that the glucose
levels at 30, 60, and 120 min were significantly lower in the
high-dose exendin-4 group than those in the control mice
(Fig. 1C). The pancreatic insulin content 15 d after infection was
significantly higher in the high-dose exendin-4 group than that
in the control group (Fig. 1D). After viral infection, the survival rate
was the highest in the high-dose exendin-4 group (Fig. 1E). In addi-
tion, after viral infection, the body weight of all of the mice
decreased, but the degree of weight reduction was less in the
high-dose group than in other groups (Fig. 1F).

3.2. Effects of exendin-4 on p-cell mass and macrophage infiltration of
islets

The B-cell area was dramatically decreased in the control group
compared with that in the high-dose exendin-4 group, and the de-
gree of macrophage infiltration into the islets was severer in the
control group than in the high-dose exendin-4 group (Fig. 2A). To
evaluate these findings quantitatively, we measured the percent-
age of the B-cell area to the area of each islet and the number of
macrophages per islet area. After 96 h, the B-cell area was signifi-
cantly less in the control group than in the high-dose exendin-4
group, and at 72 and 120 h, the number of macrophages was signif-
icantly more in the control group than in the exendin-4 group
(Fig. 2B).
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Fig. 4. Exendin-4 reduces the inflammatory response of macrophages. RAW264 cells were incubated with 12 nM exendin-4 for 1 h or with exendin-4 and 5 M MDL-12330A
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levels of tumor necrosis factor (TNF)-o, inducible nitric oxide synthase (iNOS), and interleukin p (IL-B) were determined by real-time quantitative polymerase chain reaction
(RT-PCR). The gene expression level in RAW264 cells without the addition of anything was defined as 1.0 (n = 3-7). Statistical analysis: Student’s t-test.

3.3. Exendin-4 protects f-cells from apoptosis, but EMCV does not
directly destroy f-cells

To investigate whether exendin-4 has a preventive effect on
EMCV-induced B-cell apoptosis, MIN6 cells were incubated with
or without EMCV. Forty-eight hours after incubation, no significant
difference was observed between the control cells and the EMCV-
infected cells (Fig. 3A and C). Staurosporine treatment induced
apoptosis in MING6 cells, but pre-incubation with exendin-4 sup-
pressed it (Fig. 3B and D).

3.4. Exendin-4 modulates macrophage function

Incubation of RAW264 cells with EMCV for 12 h induced a 2-
30-fold increases in the RNA expression levels of TNFa, IL-B, and
iNOS. Exendin-4 significantly suppressed EMCV-induced RNA
expression (Fig. 4A). Likewise, LPS enhanced the RNA expression
of TNFe,, IL-B, and iNOS, but exendin-4 significantly suppressed
them (Fig. 4B). As for TNFa and iNOS, MDL-12330A blocked the
effects of exendin-4.

4. Discussion

This study has clearly shown that high-dose exendin-4 injection
suppresses the onset of EMCV-induced diabetes. To the best of our
knowledge, this is the first report showing that exendin-4 is useful
for preventing diabetes induced by EMCV. By inhibiting the infil-
tration of macrophages into the islets and the expression of macro-
phage-derived chemical mediators, exendin-4 markedly reduced
B-cell destruction. These results suggested that the anti-diabetic

effect of exendin-4 occurs through mechanisms that are indepen-
dent of the enhancement of glucose-dependent insulin secretion
or glucagon suppression.

To investigate the mechanism underlying the preservation of
B-cells, we first examined whether exendin-4 protects p-cells from
EMCV-induced apoptosis. Surprisingly, the in vitro apoptosis assay
showed that EMCV did not directly destroy p-cells. On the other
hand, exendin-4 suppressed B-cell apoptosis induced by stauro-
sporine, an apoptosis inducer. In mice infected with EMCV, the
depletion of macrophages resulted in a much greater decrease in
the incidence of diabetes [26,27], which suggested that EMCV did
not directly destroy p-cells but macrophage played important role
in B-cell destruction.

The infection of macrophages with EMCV induces the expres-
sion of chemical mediators [19] and that induce B-cell death’
[21]. Since macrophages express GLP-1 receptors [20], we hypoth-
esized that chemical mediators, such as TNFo, IL-1B, and iNOS,
from infected macrophages play a pivotal role in the destruction
of p-cells and that exendin-4 modulates the expression of these
mediators. Our results showed that exendin-4 suppressed their
expression in infected macrophages. It has previously been re-
ported that EMCV-infected mice treated with an antibody against
IL-1p or TNFot or with an iNOS inhibitor exhibited a significant de-
crease in the incidence of diabetes [30]. Our results are in agree-
ment with this report, which suggested the importance of
macrophage-derived mediators in the pathogenesis of diabetes in
this EMCV model.

The effect of GLP-1 is mainly mediated by the activation of
adenylate cyclase and the elevation of intracellular cyclic AMP lev-
els [29]. By using MDL-12330A, we demonstrated that the



H. Sano et al./Biochemical and Biophysical Research Communications 404 (2011) 756-761 761

elevation of cyclic AMP levels is essential for the attenuation of
TNFo and iNOS mRNA expression in EMCV-infected cells. However,
MDL-12330A did not inhibit the suppressive effect of exendin-4 on
[L-1p mRNA expression, which indicated that this effect is not
mediated by cyclic AMP.

In conclusion, our data suggested that exendin-4 prevents the
onset of EMCV-induced diabetes in mice by suppressing the expres-
sion of TNF-o, IL-1B, and iNOS in activated macrophages and reduc-
ing the B-cell death. Because the macrophages infiltration into
islets is observed predominantly in fulminant type 1 diabetes in
humans, it has clinical significance to have clarified the effect that
exendin-4 suppresses the inflammatory response of activated mac-
rophages. These findings might provide new therapeutic strategies
for type 1 diabetes including fulminant type 1 diabetes.
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