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Fulminant Type 1 Diabetes Mellitus

Akihisa IMAGAWA, MD, PhD, FACP*! and Toshiaki HANAFUSA, MD, PhD, FACP*2

Fulminant type 1 diabetes is a novel subtype characterized by a markedly rapid progression and almost
complete destruction of pancreatic beta cells. The number of patients in Japan has been speculated to be
5,000-7,000. A marked decrease of beta cells in addition to alpha cells and mononuclear cell infiltration both
in the endocrine and exocrine pancreas are characteristic pathological findings in recent-onset fulminant type
1 diabetes. Laboratory examinations have revealed a high blood glucose level, near normal hemoglobin Alc,
ketosis or ketoacidosis, elevation of serum pancreatic exocrine enzymes, and absence of anti-islet autoanti-
bodies such as anti-glutamic acid decarboxylase (GAD) antibody or anti-insulinoma-associated antigen-2 (IA-
2) antibody at disease onset. Genetic factors of HLA-DR-DQ, CTLA-4, and HLA-B are associated with this
subtype. Both diagnostic criteria for screening and establishing have been announced by the Japan Diabetes
Society. In approximately half of fulminant type 1 diabetes, HbAlc was lower than 6.2% at disease onset,
indicating that newly proposed diagnostic criteria of diabetes (HbAlc = 6.5%) from the joint committee of the
American Diabetes Society, the European Association for the Study of Diabetes, and the International Diabe-
tes Federation are not applicable to fulminant type 1 diabetes. In conclusion, all medical practitioners must
remember that fulminant type 1 diabetes, an extremely rapidly progressing type of diabetes, does exist, and
must pay special attention to avoid overlooking this disease.

[Rinsho Byori 58 : 216~224, 2010]
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Figure 1 Histological findings of fulminant type 1 diabetes soon after the disease onset.
In HE staining (a) and immune staining for insulin (b) and glucagon (c), massive infiltration of mononu-
clear cells to islet and exocrine pancreas was observed (referred from 11 with minor modification) .

Figure 2 Expression of enterovirus RNA in the pancreas of fulminant type 1 diabetes soon after the

disease onset.

Enterovirus RNA was visualized in an islet by in situ hybridization (a). Glucagon positive cells were ob-
served in the serial section (b) (referred from 11 with minor modification) .

[T &0 HIDE L7z g AL, TEH RO 0.4%i0
FWLUTEY, RS BIERN U208 LeH
CLARIEVE 1 RIBE IR 8 # I (14.5%) ITHER T H, 1E
R gt e Wz Y, £z, pHluo

—=218—

JATFIEH B OMBICB N TL A D BN, B
AFIm AT E A O 0.1% Tdh » 7z, WEIRLER T
WHOND pHNLOW R, #HLEEEZRTRE
/R C X7 F K —#T 2L TH D,



RIZ, o MKLEBEOWA X H CRIETE 1 BB IR

D b2 A, BIE 1 BB RS TILER O
33.1%I2 A LTz, ZHUTBIAE 1 BUBERIE 12
WTIE, B AHIIOREEED, pHlllats R A =
ALTIERL, afiflbEZRAALZLOTHDZ &
FAEL TS,

F, MADTIMMERICBWLTIE, HMERZEZ R

HAHH, HER, i, FHE, BRI &S T
W2 AT RLIZ D B YW,
1. & 3]

BIE 1 BUBE RIS O IRIE, 7 A L ARG & Fhic
PES RIS NG LTS Ll SN D,

VAL ARG L TWD & X B, 1D
BISE 1 OB PRIR 12 331 2 BUl 72 SBIE RS, 2) ik o
KA BV TRIE 1 BB O 72%DFEFNIT %
TTEBIEIRZRBDTZZ LY, 3B PAAVRATA )V
AHHV)6 #, a2 /74#vy%—B3 71 VA, [{B4
TANAR, ATNEZHFBIANVARE T AN A
RGP o THRE 1 BB IRIN 2 389E LTz & v S IEf
DAFAE | 4) ERLFRIZ B W T A L A RNA B FF
135 & W HIEF OFLE (i), 5) FAE HFIHRE 1
RIREIRR B FICRIT DT a7 A N AFEMO E
Y, RETHD, RBICdRRIzzyFa AR
PR ORMGHZINWIZHIE RIX, FFED T A VAT
B, Zma—yA LA, arZ¥rF—ABHTANA,
Ay F—BHIANAREERHOT T a
ANAZKINT 2R EREBLESHERTH D,
Lizhi-»T, ZO7ANAFHEMR LR LTWEZ
Lix, BIE 1 BB IRA LA TIZBVE LT a Yy
AN RTERLTWZZ &, TRbLENE 1 BER
WRFIIT T IA N AR THD L%
KT ENTE B,

Ik, BUE 1 AUBERN A% Ha Tiibh o ggi
FE DB FIMTEIZ R D 7 A L APUEAG ORFZERS R
WG EN", ZOMETIX, 55 AOBNE 1 KUK
BB EORIEROMGERM L 25, HFF13
I B SH A R BERIO 7 A v AHUAM O &R L
HERD., LrL, FE07 A AN L5

FARD SN oI, Ledi-> T, BUE 1 BRI

TiX, HEDOY A N AT X EBERZRIE plasE
NELDOTIERL, AN RERI E>THYA
N ARIERIERERL E N, ZORINT HlfdHE
RERTHEEIRD LW NGB EZLOLND, b

—58:3-2010—

Ah, RO AN AL > TER gl ERE
USRS H D,

— i, RIERIROBGRREI AR E LT,
WHELOIH Tk Rz X 5 I2BIEE BT L2 BIE 1
BERE RIS A OTHRE R IC BV T, <777 —
TR T Hila & v o Fe S Y Mia 3 I 38 KOS
SHIFEIICIRIE L TWD E VWO iR H I S5 b,
F Tz, FEIER ORIE 1 BURERP B H ARSI GAD
BOEMED Thl fIMEASEIIN L TWD Z &AW ST 7
STNBHW,

BIRE 1 RUBE DRI T, RO 1 RIBEIRIG D~ — 7
—ThHY, HEREDIFETH - M Ol
RILRDRND, ZNHOF RS, B 1 B R
IR DI RIS I R OB S LT D
IR EEDND, LL, BADOT ANV AK
DR 6, T OFIEIE O primary antigen 1,
TANAPITHY, LER-T THERE] Tk
2, THOANAGRIE] Tidewnnbnd Ong
HEOLORUEDEZTHDL, BEHTOZ T T A
VA RNA OfFfERe~27 a7 7 — /T filicBiT 5
TLR3 568X, BEERFHIZEBWTY A L AE L O
B, RIEEENENIE SN T D RFEERET 57

Ea (l:a%?\bﬂéo
Wiz, FEIFICBET D BIEHE N L LT, RERIE

IZBRT 5 3 >OBE FREE IR TWD
%% 11%, HLA (human leukocyte antigen) ii{z -0 9

5 class I & KIFh B 45k DR-DQ #z - ThH DY,

AEFAD B L LT, 115 % OBFE 1 B KN 8

FIZB W T class 1T HLA il fl &2 it L, 190 440
fea b ole U785, HLA-DR4 7 L vik, EIE
1 BUBE R A D 44.7%I28D btz ns, o
b= (21.8%) 12N, HEICHEHEE (v Xt
2.90) Tdh 7z,

2 HHAOBBAFE LT, RIEEBIROHRMEIZHHR
455> Td D CTLA-4 (cytotoxic T lymphocyte anti-
gen-4) WG X TS, CHA4imw%mmm
(=7 a 77— UML) LIZRB3 55 1T,
Tmm@mlmmmkivmzmmm&%u
GIERO MR T H L 7T, hTHAeE
R 2 ATEL S B 208 (IR 22T 5 &8 %
BT3B, Kawasaki HO8EIz XD L, HE 1%
BEPRIG 55 40, 1O RIEME 1 RIBEIRI 91 44, TBTE 4
369 £ I1ZBWT, CTLA4 & 2 >d SNP, +49GG
BLUCT0 iz Thrat Lic & 2 A, BIHE 1 Ak

=219~

k)



—BG R W B

PR X CT60AA %51 L #2372 (p<0.05, &
v RH 2.68) 73, +49G>A %81 L ORME A B H 2D
ofc, Zhiuzxt L, HCORENE 1 BEERKE T+
49GG B L U CT60GG £l & DR # 2 A DTz (p<
0.001)2”,

TR ok, 3FHOHEBE L LT, Kawabata &
12XV, class I HLA T& 5 HLA-B & BIiE 1 BUBEFR
iR & OBLENREE S, T b HLA-B*4002 7T
LoV AT S HIERIGE 1 BB R 92 4 T
174% TH VY, R HE 434 £ I BT 2 HE
(6.7%) IZHAT, ARICHET, v XH29TH
-7, Z @ HLA-B*4002 i HLA-DR4 OF & L 13
EERIICEHETHDHZ L LTI N, E,
AV RAE E CRENE 1 BUBEIRE 454 4TI 9.3%,
BT 1 BUBEIRIR 174 4 T2 63%ThHY, Th
b & AT BIE 1 BUBE R Tlx HLA-B*4002 7 v
NDSEHE Toh -7z, Class I HLA 17 A L ARKY:
LERICHES RIERISICERT 20+ TH Y, #iz
NS D, BIE 1 BIEERE ORRICIE, v A L R
P L GIBIEERBEE L TNWAZ EERBTIHD L
£z 605,

BIERIE 1 BIBEIRIR 2 MR & Lic ey ) LR
WHETHhTH Y, BNE 1 BIEERKE O LiRsR
FHRHLNMZEND Z LI EN D,

Iv. 2 i

i, %2k, %R &V - fom MFERE IR A3 S i
BL, HETDHZLARBTHD. ki, FBIERIC

Fh—=YR, FRT Y R=—V ABRBETHDHDT,
L EERRK, W, WM, 7l oERSEImIzHS
ZEHE0N., THWoERIZEA I L TRERKER
LLTELX BN, BBIZOBRMBDIAENELD DD
THARERBLETH S,

H AR F 2 RER R RN R AZBRTIE?
B LT2 o0HHERER LTS, 1200, BIFE
1 BB R R RE L SR WD TR ) —=2 4
i ThHY, b5 1%, BIE 1 BIBERR 2 RERE
ICBWT B0 TR THHY,

AL —= v REER, D) RBERRERRER% 1A
MR UAN T b=V ABHDBNET b T Y K=Y R
IZMa B, 2) %12 Ko (BfKF) M8 8 23 288mg/dl
(16.0mmol/) LA ETH B, L) 2IHHOLPBR
B, BEBBICBWTELIZ LI DA ZICHERR
WLHIETZ 2HBIIZHY, BIE 1 B8R %58 <
BOFMRAERLIEDDTHD, ZOREIZYTITE
DEREIZONTIE, BHE 1 BEERBRZR BV, E
Iz ABERTREZL IR BEICHAAS L TR - IR 5 D 0
»BdHb,

Zhizat L, ZWiskdE (Table 1)1, 4% OKE
RN O DI DITIERR S e & 0 BE R EHET
»Hbd, AU ) —=r7H#IZ THbA1lc<8.5%] &\
STHHZM A 7255, HbAlc fEASMBEEIC Lk L TA
B EWVITENZ LiE, RERMEO EREZERL
TBY, BUE1RERKFORXRFEHTHD. A7
V—=V R OHE Z AN 5T DI,
HbAlc DEBEHRIEBAARELMIZRICIRNT, Bl L

Table 1 Diagnostic criteria for fulminant type 1 diabetes (2004)

Tid 1~3 OFT R TOEHB Zififcd b 0% BIGE 1 BIBERH & SH3 5.

1. BEREHERFEEE BRI UNTY b= Z2HD W7 b7 ¥ K= AIZKa 5 (MR IR
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C) 1 98% DFEH] THIERHZ AT 5 H> DUl P A 73 i BEHR (7 1 5 — X,

RE)VBERLTNS,

VoR—¥, =522—F1

D) #7 70%DAEF THIFAER & LT EXCERAER (BB, WERL L), HALSER (LN,
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(referred from 4)

—220—



—58:3-2010—

Table 2 Clinical and laboratory findings of fulminant and type 1A diabetes at disease onset

5 i Y i C gt

N 161 137
AERIM (H) 4.4%3.1 36.4+25.1
i PIAE R

17 (%) 93.7 93.3

JRE BRAE R (%) 71.7 26.9

fEERE AR (%) 72.5 7.5

EHLSAET (%) 45.2 5.3

TEIRGHE* (%) 21.0 1.5
HbAlc (%) 6.4£0.9 122+2.2
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Bk pH 7.13%+0.13  7.31%0.12
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HbAlc levels of fulminant type 1 diabetes at disease onset.

HbAlc levels were below 6.2% in approximately half of the patients.

Table 3 Clinical findings of fulminant type 1 diabetes according to HbAlc levels at disease onset
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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 B-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
B-cells, such as anti-apoptotic effect, increasing p-cell mass, and improvement of -cell function. How-

Keywords: - ever, their effects on B-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
g:zlz:;eosn like peptide-1 receptor agonist, exendin-4, prevents p-cell destruction. Nine-week-old male DBA/2 mice were intraper-
Etendinea 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 p-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 p-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
B-cell apoptosis, and tumor necrosis factor o (TNFat), interleukin B (IL-B), 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 p-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 -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 B-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 B-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 9 weeks 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 nmol kg~'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.

2.4. 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 p-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 p-cell line

MING, a p-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 pM 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 1h. Then, EMCV (1
PFU cell') was added and incubated for 12 h, or 1 pgmL™" 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



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

B

t | 500

P=0.03

(=

Blood
glucose
(mg/dl)

Onset rate of >
diabetes (% ) =

<o
W

10 day 0 5 10  day

c_ Blood glucose e D (ngimg protein)
500 (ng/dl) * P<0.03 T ey

40001

* P05
#k P01

2000 1

0

F Body weight (g)

<1
e ‘_ﬁ:
éf 20 2is
2 °c 2 B
2 high d din-4 E = K
= o ose exendin- R = =
T ® high | EE G
'E O low dose exendin-4 £ =
g [ control
0 5 10 day 0 day0 day” day14

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. M, High-dose exendin-4; (J, 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; [J, 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; [J, 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. M, High-dose exendin-4; [J, 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 p-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 B-cells. Original magnification:
150x. (B) The upper panel shows number of macrophages per islet area (-10~/um?), and the lower panel shows the (B-cell area/islet area) x 100 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-1p (NM_008361.3): left primer (TGTAATGAAAGACGGCACACC),
right primer (TCTTCTTITGGGTATTGCTTGG), 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 B-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).

A Soecimen_005-Tube_001 Spetimen _005Tube 006

o

't

w?

FrA
[’
T R e i

Spacimen_004-Tube_003

B Sgetanen_004-Tube_C22

Specimen_D05-Tube_007 Specimen_005-Tube_003

w” w W w* . u' w' wt 1’ !
FITOA FITCA FITC-A FITC-A
control EMCV control staurosp orine

Spetimen_90¢-Tube 007

Specimen_024-Tube 003

» * 0t 10” » b
annexinV frea ek FiTCA
EMCV+exendin-4 exendin-4 staurosporine+ exendin-4  exendin-4
c e D
0 * J o g U
100 MNS I NS 1T« 1= 1)<-»0 05 100-—/0 T« 1T 1 % p<0.03
x|
sol- h\ e - live
ap optotlc apoptotic
EMCYV — + + - staurosporine — -
exendin-4 — - + + exendin-4 — - + +

Fig. 3. Exendin-4 has an anti-apoptotic effect on -cells, but EMCV does not directly induce apoptosis of p-cells. (A) MIN6 cells were incubated for 48 h with EMCV and
exendin-4. (B) MING cells were incubated for 18 h with staurosporine and exendin-4. Cells were co-stained with annexin V-FITC and propidium iodide (PI), and then analyzed
by flow cytometry. A representative dot-plot is shown for each condition (n = 3-5). Q3, live cells; Q4, early apoptotic cells; Q2, late apoptotic cells; Q1, necrotic cells. (C and D)
Comparison of the percentage of cells collected as live cells (Q3, black bar) or apoptotic cells (Q2 + 4, white bar) (n = 3 in each group). Statistical analysis: Student’s t-test.



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

>

+  P<0.05
=+ P<0.0]

relative
TNF alpha/GAPDH
T

o [

o
i
T

o
0 8
B % ) + P005
S5 or P<001
= QO

Z

Y ,
o
g
ol
g <
B O
o g™ o P<OOL
=2
2
EMCV - + o+ - =
exendin4 - - + + -
MDL = = = 4 =

B Pes 1 s llee !

=
i

relative
=3
f
t

TNF alpha/GAPDH

P<0.01

Y

relative
iNOS /GAPDH

Y e T T

g

3

relative
IL-1beta/GAPDH

s = * % % = =

exendin'd - — 4+ + 4+ -
MDL - - - 4+ - +

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 uM MDL-12330A
for 1 h followed by treatment with EMCV (1 plaque forming unit (PFU) cell~?) for 12 h (A) or lipopolysaccharide (LPS) (1 pg mL~") for 1 h (B). Then, the mRNA expression
levels of tumor necrosis factor (TNF)-o,, inducible nitric oxide synthase (iNOS), and interleukin B (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 p-cells from apoptosis, but EMCV does not
directly destroy p-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 TNFo, IL-B, and
iNOS. Exendin-4 significantly suppressed EMCV-induced RNA
expression (Fig. 4A). Likewise, LPS enhanced the RNA expression
of TNFa, 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 B-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-1B or TNFa 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
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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
IL-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-a,, 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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Expression of chemokines, CXC chemokine ligand 10
(CXCL10) and CXCR3 in the inflamed islets of patients with
recent-onset autoimmune type 1 diabetes
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Abstract. The aim of this study is to present direct evidence for the involvement of CXC chemokine ligand 10 (CXCL10)
and CXCR3 in human autoimmune type 1 diabetes. We examined five patients with recent-onset type 1 diabetes and five
control subjects without diabetes. Islet cell antibodies or GAD antibodies or both were detected in all five patients. We
used double-immunofluorescence to detect the expression of CXCL10 and CXCR3 (the receptor of CXCL10). CXCL10
was detected in the islets of all five patients. Almost all (84.2 + 10.3 %, mean + SD) CXCL10-positive cells were insulin-
positive in the islet area. CXCL10-positive cells with glucagons, somatostatins or pancreatic polypeptides were not
detected at all. CXCL10 expression was not seen in any islet without beta cells. CXCR3 was detected in the islet areas of
all five patients. Almost all (80.3 + 13.4 %, mean + SD) CXCR3-positive cells were CD3-positive T cells. Our study
showed that CXCL10 was expressed in the remaining beta cells, and the infiltrating T cells expressed CXCR3, in pancreatic
islets of patients with recent-onset type 1 diabetes. The interaction of CXCL10 and CXCR3 would contribute to the
selective destruction of beta cells in the development of type 1 diabetes.

Key words: Biopsy, Chemokine, IP-10, CXCL10, CXCR3

TYPE 1A DIABETES is an autoimmune disease re-
sulting from the destruction of pancreatic beta cells
[1]. T cell dominant insulitis is a hallmark of this dis-
ease both in human and in rodent models. T cells are
supposed to play a central role in beta cell destruction
because they infiltrate beta cell-positive islets but dis-
appear from the islets when beta cells are completely
destroyed. In insulitis lesions, several cytokines in-
duced by Thl subtypes, including interferon gamma,
tumor necrosis factor alpha and interleukin 1 beta,
contribute to the final phase of beta cell damage.
Chemokines, a subgroup of cytokines, are defined
as a family of small proinflammatory peptides that me-
diate the recruitment of different subsets of peripheral
blood leukocytes [2]. Among them, CXC chemokine
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ligand 10 (CXCL10/ IP-10), an interferon-inducible
chemokine, is known to be expressed stromal cell type
of various lymphoid tissues and intestinal epithelial
cells, and has activities related to the mechanism of im-
mune response or inflammation including cell migra-
tion against monocytes and activated T cells [3], and
inhibition of vascular neogenesis [4]. While its recep-
tor, CXCR3 is expressed in various cell types such as
activated T cells, ThO cells, Thl cells, and some of B
lymphocytes and NK cells [5]. CXCL10 relates to the
development of type 1 diabetes in rodent models. The
expression of this chemokine in pancreatic beta cells
increases with the severity of insulitis in NOD mice
[6]. Islet-specific expression of CXCL10 accelerated
diabetes development [7]. Elevated serum levels of
CXCL10 are detected in the patients with recent-onset
type 1 diabetes [8]. CXCR3, a receptor of CXCL10 in
addition to CXCL9 and CXCLI11, was also implicat-
ed in the development of type 1 diabetes. In CXCR3-
deficient mice, the onset of type 1 diabetes is substan-
tially delayed [9]. CXCR3 was expressed on the T



