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Abstract
Background: The characteristic feature of pancreatic f cells is highly developed endoplasmic reticulum (ER)
due to a heavy engagement in insulin secretion. The ER serves several important function, including
post-translational modification, folding, and assembly of newly synthesized secretory proteins, and its proper
function is essential to cell survival. Various stress conditions can interfere with ER function. Pancreatic S
cells may be particularly vulnerable to ER stress that causes to impair insulin biosynthesis and g cell survival
through apoptosis. Glucagon like peptide-1 (GLP-1) is a new drug for treatment of type 2 diabetes and has
effects on stimulation of insulin secretion and f cell preservation. Also, it may have an antiapoptotic effect
on f cells, but detailed mechanisms are not proven. Therefore, we investigated the protective mechanism of
GLP-1 in f cells through ER stress response induced by 2-deoxy-D-glucose (2DG).

Methods: For induction of the ER stress, HIT-T15 cells (hamster f cell line) were treated with 2DG (10 mM).
Apoptosis was evaluated with MTT assay, hoechst 33342 staining and Annexin/PI flow cytometry.
Expression of ER stress-related molecules was determined by real-time PCR or western blot. For blocking ER
stress, we pretreated HIT-T15 cells with exendin-4 (Ex-4; GLP-1 receptor agonist) for 1 hour before stress
induction.

Results: After induction with ER stress (2DG), B cells were lost by apoptosis. We found that Ex-4 had a
protective effect through ER stress related molecules (GRP78, GRP94, XBP-1, elF2a, CHOP) modulation. Also,
Ex-4 recovered the expression of insulin2 mRNA in f cells.

Conclusion: These results suggest that GLP-1 may protect § cells apoptosis through ER stress modulation.
(KOREAN DIABETES ] 32:477-487, 2008)
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1. Alef

2-deoxy-D-glucose (2DG), MTT (3-[4,5-dimethythiazol-
2-y1]-2,5-diphenyl tetrazolium bromide)$} hoechast 33342
< Sigma Chemical Co. (St. Louis, MO)AlE-& T438191.2
™, Ex-4+= Bachem Bioscience Inc. (King of Prussia, PA),
V-fluorescein

Annexin isothiocyanate (FITC) apoptosis
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detection kit== Beckton Dickinson Bioscience Inc. (San
Jose, CA)ZHE] Falaick. AT wike flall Best
RPMI-1640, fetal bovine serum (FBS), trypsin-EDTA %!
penicillin-streptomycin 5~ Gibco-BRL (Grand Island,
NT)ollA FUslek Western blot2 913t Uk =
mouse monoclonal anti-KDEL (GRP78, GRP94; StressGen,
Victoria, British Columbia, Canada), rabbit anti-eIF2aq,
rabbit anti-Ser51 phospho specific elF2a(Cell signaling,
Beverly, MA), rabbit anti-GADD 153 (CHOP) %! anti-f
& AhE
39131, o]X}&kAl= Amersham Pharmacia Biotechnology Inc.
(Tokyo, Japan)73le] AR8313ict L 9] A7)l 2
Q3 A]2ke Bio-Rad Laboratories Inc. (Hercules, CA)ol|A]
Tsisick

2. M=

-actin (internal control) (Sigma, St. Louis, MO) &

al
=

HH2¥

2 Aol gi2E frele
HIT-T15 A3 (72~80 passage)E ARE-s}9ic)t. AREE vl
+ RPMI-16401] 10% FBS B! 100 unit/mL2] penicillin,
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AEABZES Z317] $8lo] MTT reduction assay S
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B 25skaL, 48417 g1t wiekklk ¥, 2DG (10 mM)= Al
Zroll whe} Helslaick Ex-4 (25 nM)+= 2DGHE] 1417F A
o] Axglsle] RESAIZIEL 7 welloll PBS $H5olo]] 59l
MTT (5 mg/mL) §8& Hrlslo] 447 g3t vhs 3
well Hp=tel] 4% formazano] &A1) ¢8| ad< Al
718k DMSO 250 pL d7Fslod So|il ELISA reader
(Molecualr Devices Emax, Sunnyvale, CA)E o]-&3}o]
540 nm (ref. 650 nm)ollX FFEE St =T Al
ETE 100% 2 31902 ol Ao A2 JAES T

shsick
4. Hoechst 33342 44

6-well platecl] 2 x 10° cells/well 2 484|7F E<F wHoks}

479

o] Ex-4Z 1A17F Z<F A3t & 10 mM 2DGE FolA
Al w2l Wkgsigick PBS Sksjo® 23] APdslar
10% formaling X|2Jsle] 4217+ 43k & c}A] PBSE Al
#}3}3L hoechst 33342 (Sigma, MO)E 30% F3F 343131
ok 34 & PBSE ARt ¥ ¥u|7 (OlympusBX51;

Olympus Corp., Tokyo, Japan) slollA 400u]Z FH2s}
ek
A .

5. Flow Cytometric Analysis

AE2] apoptosis o175 EIslr] L1, annexin V&
propidium iodide (PI)Z ©|Z s}l flow cytometry S ©]
3t A (annexin - V-58/  PI-54), 7]
apoptosis A3 (annexin V-%F4/ PI-24)), 37| apoptosis
Y= necrosis Al2E (annexin V-SFA)/PI-oFA) 2 sl o
™, 2 apoptosis A= annexin V-4 PI-94 T 9
A AEe vlgE TARBAY. 6-well platel] 1 x 10°
cells/well 2 E5F3sto] wljekslit). Annexin V-FITC and PI
apoptosis detection kit. (Beckton Dickinson, San Diego,
CA)E AH83te] 7= A whe} olgd s Aledsl
et goksh 6-well plate ZHE] AIEE- 3]rsto] AR
g 3t & A|E pelletse PBSE HEM|Ich thA] Q42
sled FAH pelletss FITC7} Z3HE annexin V& PI 334
Sollol] AHEAA A, A2elA] 1587 vh3sisick
A%l A|EEL FACScan (Beckton Dickinson) 2.2 H-A4s}
31, Cell Quest Pro &ZEdo]& 7} AEF 9 AZTES
ARrsidet. 7t A8 9 10,000709] AIEE A-gslgict
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6. Real-time PCR

Total RNA+ TRIzol A|2F (Invitrogen, Carlsbad, CA).2
2 Aol wlet F3s19ck B53F 9] total RNAE
ImProm-II™ reverse transcriptase (Promega, Madison, WI)
2} oligo (dT);s primer (Promega)E AFE3lo] cDNAE ¥
435199} Real-time PCR primer+= GenBank®] 371495
7522 100 bp WHelZ $HAIs}dc) (Table 1). Real-time
PCR< cDNA 1 pg, forward primer 2 pmol, reverse
primer 2 pmol, SYBR Premix Ex Taq (Takara Bio Inc.,
Otsu, Japan) 10 pLE &3lslo] & 20 pL HES-gollo &
Opticon System (MJ Research Inc., CA)yS AR&3lo] AJeY
i) BhE 272 95Tl 5E F3F &7 denaturation
AlZ]3, PCR 394 (95T, 15 denaturation, 55C, 30%
annealing, 72C, 14 extension)@ 40 cycle HFHE3}3ich
Melting curve 42 65 CollA] 95 CAtolollA] &1, 22t

Ct7h& GAPDH mRNA 7ZLo2 HAslo] Al
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Table 1. Real-time PCR primer sequence

Genes Primers

Forward Reverse Size
rGAPDH' 5’-AAGTTCAACGGCACAGTCAA-3’ 5’-TACTCAGCACCAGCATCACC-3’ 119
rGRP78’ 5’-ATTCCTGCGTCGGTGTATTC-3’ 5’-AGGAGTGAAGGCCACATACG-3 95
tGRP94> 5’-TGATGATGAAGCCGCAGTAG-3’ 5’-AAGTTCCCAGTCCCACACAG-3’ 88
rCHOP* 5’-CACCACACCTGAAAGCAGAA-3 5’-ATCCTCATACCAGGCTTCCA-3’ 110
rinsulin2’ 5’-TGTGGTTCTCACTTGGTGGA-3’ 5’-GCTCCAGTTGTGCCACTTGT-3’ 112

GenBank No.: 1. NM-017008, 2. BC062017, 3. BC081917, 4.

7. XBP-1 Splicing

Total RNA =3} ¢DNA AL real-time PCRY} =
gk Wby g o]8sl3irt. cDNAE 2431 IRE1a?] intron
oA 25 XBP-1 ¢cDNAS] 1 Apo| 5 FFA17]7] 913k
PCR9] template® AR2-EItl XBP-1 PCRe $I38F primer
#1942 forward primer, 5’-GAGCAGCAAGTGGTGGATTT-3
9} reverse primer, 5>-TCTCAATCACAAGCCCATGA -3’
oJtl. PCR Z712 95ColA] 1852} denaturation, 60°Cel|
4] 302 52} annealing, 2|31 72 CollA] 15 52} extension
RS 35 cycles® 3}o] ZFZAZel PCR A2 3.5%
agarose gelollA] H21612)31, unspliced XBP-1-= 289 bp,
spliced XBP-1& 263 bpo|c}?.

8. Western Blot Analysis

wiokel AEE WA AZlsl PBSE 23] AR ¥
proprep-protein extraction solution (Intron Biotechnology,
Seoul, Korea) [10 mM sodium phosphate (pH 7), 1%
Triton X-100, 0.1% SDS, 2 mM EDTA, 150 mM NacCl,
50 mM NaF, 0.1 mM sodium vanadate, 4 pg/mL
leupeptin, 1 mM PMSF]o.&2 £3}|X]7Ic}. g3 chaide
Bio-Rad protein assay kit (Bio-Rad, Hercules, CA)Z =3}
rk Ske] whlA (20 pg)S 4~20% SDS- PAGECIA] e
s, M B2l epge
2 o|FAIZe At
wksl7] $Jsted blocking buffer (5% skim milk in PBST
(0.01% tween 20 in PBS))ollA] A&, 1417+ 51 wmkelsd
t}. Blocking A]Z! membrane-2 PBSTZE 55 52} 2314 A
s, 1 gAE ALl 2417F 51} (anti-KDEL>
1:1000, anti-f-actine 1:5000 18]il 1 2] t}E A=
1:5002.2 blocking bufferel] 3]4}) wk-g3ic) Wk & 5
24 23] AlEslar 24 34| (anti- mouse IgG HRP, anti
-rabbit IgG HRP)Z- blocking bufferel] 1:500 H]& 3]4Js}o]
Aol 1A7F E3F HEg3ISick PBSTE Z-a3t A & wks

nitrocellulose membrane 2
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U36994, 5. NM-019130.
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Pharmacia Biotech) 22 X-ray ZEol| Z4A1A Eo|& band
£ gotsiir). whilA loadingell 9Jo1A] internal control 2 f

-acting ©|-83}ick

chemiluminescense detection system (Amersham

9. SHNzZ|

RE 25l A2l SPSS-PC+ E7| package (Version

14.0, Chicago, IL)E AH&sto] Helslgicl. 2+ A3 33]

ol HhEslglon, g5 v} WiE-e3} HEA] + EFL
2} (SE)E Tkt ZHbe] z=A6l|A vlaslr] £1s ANOVA
E AI3fslo] FZLS 79313 posthoc && thza3} 7k F-7ke]
ol Aol 5 SISk A o182 P < 0.05 7%
oA H7lslgiet.
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2DGol 93] G55 HIT-T15 WER|Z] APdel Q)
A AR 5 9 AR AR f8l MTT assay = Al
ePgk 7= Fig. 1A% 2tk 10 mM E5ollA] Al7te] 73
(12, 24, 48A17h%ll ule} 75.5, 67.8, 56.1%2] AEAY
L&e Hodvk wkebA 7P A93E 2DG A 2o
56.1%°] AEES E2I 10 mMe] 2DGE 48417 H=lsl=
Aoz AARsR T, AEAE EAL BF 2DG 10 mMel|
48417k o] Aelste] AJsBsick

Z27] 7AR9] ATt ol#dt =7lellA doful= AlE
Abdo]  AlE AAA el o3t ZRIAl ERIsH] Sl
HIT-T15 HEEZF= 10 mM 2DG, 48A17F =704
hoechst 33342 (10 mM) %348 AJ§slict (Fig. 1B). L
A, A4 AES] A eFdE Y] 243§ BokE vEhd
whd £2x] 2EdAE Qe S48 A2 AIEY 92 3
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Fig. 1. 2DG-induced apoptosis in HIT-T15 f cells. After exposure to 10 mM 2DG, HIT-T15 cells apoptosis increased by
time. A. Cells viability was measured with the MTT assay. B. HIT-T15 cells were exposed to 2DG (10 mM) for 48 hours.
Apoptotic nuclei was stained with hoechst 33342 and examined by fluorescence microscope. Photographs were taken using

a blue filter at a magnification of x400. C. Apoptotic cells were measured by FACS analysis after Annexin V/PI staining.

Data are shown as the means + S.E. of six independent experiments. ***significant vs. control cells (P < 0.001).

= Al38gF A3 2DG (10 mM) 48417k o] (48, 72, 964
7h Azl uke} AIE ApAAte] AErt ou| A S7ksk
9o} (Fig. 1C).

2. 2DGO| oa FEElE AZAH AEH AN O|Xl=

GLP-19| isk

2DGel| 2J8l] FEElE A ZEH|2S
7] $13M real-time PCR¥} western blot -4}
Al AlE GRP78, 94, AFAPEY} A==l AAGHA}
CHOP®] k& wi3}e} XBP-1 splicing %S o]&3}3ick
A|Zto] 73=}stoll wie} GRP78 mRNA, GRP94 mRNAS}
CHOP mRNA+ fefsHAl 7181813 (Fig. 24, B), ©l&]
g v thild ke wisks SR uissst AnE 3
QN 4= dodr} (Fig. 2C). B3 2DGol 93l F5sE &%
A 2E|2=0] H2E RIsP] A8l £FA B8] A
A1z Z skl XBP-19] splicing f7-& &elsl 2 2
3}, A)7ke] Z7} 4E XBP-1 splicing®] §-5%32
4817t 2DGE A=
Z7)s19lc} (Fig. 2D).

ol3l £FA| ~Ea|2~ 276l GLP-19] AIEH T 2
foBE ool 7] 93l GLP-1 484 A=AIQ] Ex-4 (25

(e} ER
278 74}

E3j0]

AL

E 1]
‘;TO 5

uj] 7} XBP-1 splicing 57}

481

nM)E 1417 Aol AXelste] 4EA] 2Bl Had il
Ao HIE Felsleirlh. GRP78, GRP94& CHOPS-
2DGE He3holl ule} folH o0& Solslickt Ex-45 A
glsiAl =i izt SUst Wl oko & 7hAslelvt (Fig.
3A). B3| &% AEa|xo 98 $-55 CHOPo| Ex-45
xlol] <J&l] FolslAl Zh4-gholl Wi} Ex-4= CHOPell 2J3t
WERES] AES AAlsle HIEgas 7o 2 &
T ok thgo & 4A¥EA| ~Edl9) Ex49] AL HEE
571 913l elF2a9t XBP-19] &45 RIsSich Fig.
3B9} o] 2DGE X2lslAl =™ phospho-elF2a7} S71sk
Al ¥, o] Ex-4oll o3l EAR SR fFolatA| ZhasAl
Elt} w3t IRElaE 738l XBP-12 434 AEg| 20|
oJ&fl splicinge] Z7Fslclr} Ex-4oll 23l 7Haglow ai4
23A| 2EH2ZRE vloluA HE & 4 vt (Fig
30).

3. AZH| AEH AN ISt HIEFMIZS| XIAG CHEH

Ex-49| E5§1}
Real-time PCR¥} western blot22HE] Jolfl 43

ZEHA2HE] §55E wEMAEY] 2ldloll thEl Ex-4
o] ATE Felslr] 9Jsled MTT E-A, hoechst 33342
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e
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101 o 42 kda- o —— —— € 3-actin
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iz e
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Time (hours) _ 0 12 24 36 48
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Fig. 2. ER chaperone (GRP78 and GRP94) and CHOP significantly increased by 2DG (ER stress). A, B. Expression levels
of GRP78, GRP94 and CHOP were examined by real time PCR and densitometry analysis. Data were expressed as the
rates to the expression levels to GAPDH in the same sample. GAPDH used for loading control. C. Western blotting of
GRP78, GRP94 and CHOP, f-actin used for loading control. D. XBP-1 mRNA splicing was determined by RT-PCR.
Unsplicing (u) and splicing (s) XBP-1 mRNA products are indicated. Data are shown as the means + S.E. of three
independent experiments. * P < 0.05. ** P < 0.01. *** P < 0.001.

A7} FACS £4-8 A]#8sl9iet. MTT assay 727}, 2DG &+
= Al Alelle izl vlzl 49.0% A|TAEES Hole
ol whell 22 2Edl 27l Ex-45 AHeElshAl =
7129% % FeletAl BEEE & 7 YUvk(Fig. 4A). o]=I’t
Ex-40] ]38k A% Aol o3k 3|5 5-2 hoechst 33342 %)
A) 2] 2DG #e) P& ) B AEAEA} Exa Al
o slal BR=IA ekgel AL eI 4 v (Fig
4B). B% 28 ZH3R= Fig. 4C2) FACS 418 %A
S %tk Annexin VO PI o5 34 ¥, FACS 485 3
= ul, =T 29.46% vlEE E¥Esh= Zloll visl 2DG
Xeld= Wl & apoptosis AE= 46.73% 2 Z7Fsk1, Ex-4
= 3 H2IPs vls 39.41%2 Zasiich 531, 371
apoptosis H[-&o] Ex-4& X2|g& uf] 2DG ©H5 A2 A&
oh ofu] Al AR ok ¢ ok (Fig. 40).

thSo g A£FX AEHAE B3 =l wlERE
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Aped el tigt B g3hs 7IA)= Ex-47F AAF o2 Qe
3 EA = deA 2RIs] $18) insulin2
mRNA 2] H3}-E real-time PCRE- 53l 7310}, Fig. 5
9} 7o insulin2 mRNAY 2DGE A2|ge uf dA=ls] 7t
Z5| Ak o] ufl, Ex-45 X2lslA =W oJu|A 3l5Hs

oF % ik

=] - O
%]_ 'LL‘H]OE

]

a

H oIGL= 2DGo| &3t £EA)| B2 o8l -FEEo]
A HIT-T1S WERIES Aol Aol tigh GLP-1 (Ex-4)2]
B3I gne) olof W2 B3 7|AS Zdslaz) slgich Hie}
A Ao ekt 71712 dedx IR ebAek gk Al 3

a4, W Rl AP F7h obzels Feliels A

=20, 296
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Fig. 3. Effects of the exendin-4 (Ex-4) on ER stress-induced ER chaperone (GRP78 and GRP94) and CHOP. HIT-T15
cells were pretreated with Ex-4. After 1 hour, HIT-T15 cells were treated with 2DG (10 mM) for 48 hours. A. After
treated of 2DG, effects of the Ex-4 on GRP78, 94 and CHOP were determined by western blot. S-actin used for loading
control. CHOP expression levels were detected by densitometry analysis. B. Changed-expression levels of phospho-elF2a
and elF2a were evaluated by western blot and densitometry analysis. C. Effects of the Ex-4 on XBP-1 mRNA splicing
were detected by RT-PCR. Data are shown as the means + S.E. of three independent experiments. ** P < 0.01. *** P
< 0.001.
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Fig. 4. Effects of the exendin-4 (Ex-4) on ER stress-induced apoptosis. HIT-T15 cells were pretreated Ex-4 for 1 hour
before stress induction. A. After treated of 2DG (10 mM, 48 hours), effects of the Ex-4 on cell viability were measured
by MTT assay. B. 2DG (10 mM, 48 hours)-induced apoptotic nuclei reduced via Ex-4. Fixed cells were stained with
hoechst 33342 and examined by fluorescence microscope. Photographs were taken using a blue filter at a magnification
of x400. C. Flow cytometric analysis of apoptosis of HIT-T15 cells exposed to 72 hours. Apoptotic cells were measured
by FACS analysis after Annexin V/PI staining. Data are shown as the means * S.E. of six independent experiments.
***gignificant vs. control cells (P < 0.001).
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Fig. 5. Effects of the exendin-4 (Ex-4) on insulin
secretion. HIT-T15 cells were pretreated with Ex-4. After
1 hour, HIT-T15 cells were treated with 2DG (10 mM)
for 48 hours. Expression levels of insulin2 mRNA were
examined by real time PCR. Data were expressed as the
rates to the expression levels to GAPDH in the same
sample. GAPDH used for loading control. Data are

shown as the means * S.E. of four independent

experiments. ** P < 0.01.
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