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Abstract
Background: Glucolipotoxicity plays an important role in the progression of type 2 diabetes mellitus via
inducing insulin secretory dysfunction. Expression of insulin gene in pancreatic beta cell might be regulated
by AMP-activated protein kinase (AMPK), which is recognized as a key molecule of energy metabolism. We
studied the effects of AMPK on glucolipotoxicity-induced f-cell dysfunction by suppression of PPAR-v¥
-coactivator-1 (PGC-1) in vitro and in vivo.

Method: Glucolipotoxicity was induced by 33.3 mM glucose and 0.6 mM (palmitate and oleate) for 3 days in
isolated rat islets. Messenger RNA (mRNA) expressions of f-cell specific gene like insulin, BETA2/NeuroD
and PGC-1 induced by glucolipotoxic condition and their changes with 5-aminoimidazole-4-carboxy-
amide-1-D-ribofuranoside (AICAR) treatment were investigated using RT-PCR. We also examined glucose
stimulated insulin secretion in same conditions. Furthermore, SD rats were submitted to a 90% partial
pancreatectomy (Px) and randomized into two groups; Ad-GFP-infected Px rats (n = 3) and Ad-siPGC-
1-infected Px rats (n = 3). Then, the Px rats were infected with Ad-GFP or Ad-siPGC-1 (1 x 10° pfu) via
celiac artery. After 12 days of viral infection, we measured body weight and performed the intraperitoneal
glucose tolerance test (IP-GTT).

Results: Glucolipotoxicity resulted in blunting of glucose-stimulated insulin secretion, which was recovered
by the AICAR treatment in vitro. Suppression in their expressions of insulin and BETA2/NeuroD gene by
glucolipotoxic condition were improved with AICAR treatment. However, PGC-1a expression was gradually
increased by glucolipotoxicity, and suppressed by AICAR treatment. Overexpression of PGC-1 using an
adenoviral vector in freshly isolated rat islets suppressed insulin gene expression. We also confirmed the
function of PGC-1 using an Ad-siPGC-1 in vivo. Direct infection of Ad-siPGC-1 in 90% pancreatectomized
rats significantly improved glucose tolerance and increased body weight.

Conclusion: AMPK could protect against glucolipotoxicity induced f-cell dysfunction and the suppression of
PGC-1 gene expression might involved in the insulin regulatory mechanism by AMPK. (J Kor Diabetes Assoc
31:310~318, 2007)

Key Words: AICAR (5-aminoimidazole-4-carboxy-amide-1-D-ribofuranoside), AMP-activated protein
Kinase (AMPK), Pancreatectomy, PPAR-y-coactivator-1 (PGC-1)
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AMPK -activated protein kinase (AMPK)% multimeric
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Peroxisome proliferator-activated receptor (PPAR)-
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FAPL 180~200 g=E A BAE ketamin (4 A}
9, f3kh Tt mmpun (RE, vloldE Agsle] vt
5 APl 1~2 mm AETRE @713 R He 2F A
Aspe v BB (90%) APEEEPK)S Bsiie .

AAHAZEE ¥ celiac arteryol] 267107 vhEg- o]slo]
Ad-GFP ¥-& AdsiPGC-1 22 1 x 10° pfug 300 uLe)
ko & FQIF)= uhlog 7T 1297 due =
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Z}zre] =734 vk = s MIN A|lZolM F
RNAE #el3l7] $1810] Trizol $HE o431k 7 A7)
9] AlgE5ollA Ealgt RNA 2 pgd Oligo(dT)iz s Primer,
dNTP Mix (10 mM each)9} £31s}0] 65 CollA] 587 ubs-
A7l & Lo Adh} of7lell § x strand buffer, 100
mM dithiothreitol (DTT), RNase OUT™ (40 units/uL), =L
2] SuperScript™ II RT (200 units; o3+ 25 Invotrogen,
Carlsbad, CA)Z X=ll2 Yol & 4 3 424 1417
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Table 1. Primer sequences for RT-PCR or real-time PCR amplification

Primers Sequences Annealing Temp. (C)
Insulin Forward 5-TCCTGCCCCTGCTGGCCCTGCT-3’ 55.5
Reverse 5’-CTAGTTGCAGTAGTTCTCCAG-3’
BETA2/NeuroD Forward 5’-CTCCGGGGTTATGAGATCGTCAC-3’ 555
Reverse 5’-GCCTTCATGCGCCTTAATTT-3’
PGC-1 Forward 5’-GGAGCCGTGACCACTGACA-3’ 55
Reverse 5-TGGTTTGCTGCATGGTTCTG-3’
GAPDH Forward 5’-ACCACAGTCCATGCCATCAC-3 55
Reverse 5’-TCCACCACCCTGTTGCTGTA-3’

0CoA 1587 wkeAIA cDNAE HAdelginh & A1E
$I8t PCR sequencet= Table 13} Zt} Perfect PreMix
(Takara Biomedicals, Kyoto, Japan)& A-8%}0] PCRE -
Pska wh2-Fo] UH-E aparose gelollA A7|d5slo] b
& AFEY AXE IR FH 8] AEE densitometer
VDS (Amersham Pharmacia Biotech, Uppsala, Sweden)=
=48

4. Real-Time PCR

cDNA A& shollfe] RT-PCT o} 54k 31
tk PCR HFS-2 PCR 31MEoll 1 xSYBR Greem dye
(Invitrogen, Carlsbad, CA)E F7IIA, A2 MyiQ
Single color Real-Time PCR Detection System (Bio-Rad,
Laboratories, Hercules, Califormia)2 £73%}31 cycle values

(CH Fhe 2t

5. SD rat2 0|88t 3= 22| (Islet Isolation)

250 g9 A FE vhHE F ANEAE L5k B
= A F Aol FE B0l &9 Hle] e =)
% duodenal opening $-$|& ol silk suture E Feth 7}
(liver) ¥3kellA] #lfe] ARSI F 238 J
o] PE50 tubeE AMJ%}k31, collagenase P (1 mg/mL) 7 mL
£ A A7 AA% H olF HHE| FYdit #AR
o] A& HE Ao|AAEHE] vtelsle] 50 mL tubedl] ¥
a1 37CollA] 258-7F digestiondt $oll 10% FBS7} 3=
o] gl A7HE M199 mediaS 4713t 5 203] A X hand
shaking%Hrh. 2 ¥ 500 um meshel] 018 A7 A4
Bajst 5 AZ=olg A% AASLE histopaque 10775
Yo] pellet?} $A3] 412 3ol M199 mediaS P& %
AAEg o]gA A dolRl FE AEE 5
314 10% FBS7} E3) RPMI 1640 mediacll W31 ok
Bl5ick

6. &-, X|&-, X@sy FE ¢& =A

N ol

T5e} EHLS 10% FBS7F Z3E DMEMe 600 mg/dL
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EEdoll], AMEALE 0.2 mM9] oleate®} 0.4 mM palmitate
£ 128 3315jo] AHelsio] 3U Eob wioksl= whow
sl
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Ztzke] AR 33] o) WhEelln AT A £
EFHAHmean + SD)E FAPRIYCE AR Ho4 HA
< one way ANOVA % unpaired Student’s t-testE o|&
selem el P < 0.05E 3ick
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Fig. 1. Change of insulin secretion by glucolipotoxicity and chronic AICAR treatment. Islets were isolated and
subsequently cultured at the indicated glucolipotoxicity with or without AICAR treatment, prior to assay of insulin
secretion. After incubation with each condition for 3 days, Cultured islets were washed in KRB washing buffer and
incubated in KRB buffer containing 5.5 mM glucose for 1 h. And then, islets were stimulated for 1 h in KRB buffer
containing 17.7 mM glucose. Results are expressed as means S.D. for five independent experiments (* P < 0.05).
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Fig. 2. Change of insulin gene expression by glucolipotoxicity and chronic AICAR treatment. A, islets were incubated
with or without 0.6 mM FFA (a mixture of palmitate and oleate) in the presence of a high concentration of glucose (33.3
mM) for 3 days. Induction of glucolipotoxicity was confirmed by measuring insulin mRNA level using RT-PCR; B, The
bar graphs show quantification of the results of PCR of rat islet extracts. Insulin gene expression was suppressed in a
time-dependent manner and was notably increased by AICAR treatment at 3 day. Results are expressed as means S.D.
for five independent experiments (* P < 0.05).
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High Glucose

Fig. 3. Expressions of beta-cell specific gene by glucolipotoxicity and chronic AICAR treatment. A, rat islets were
cultured in suspension for three days in 5 mM or 33.3 mM glucose and 0.6 mM FFA or in the presence of 400 yM
AICAR. Insulin, BETA2 and PGC-1 were estimated by semi-quantitative RT-PCR; B, The bar graphs show quantification
of the results of PCR of rat islet extracts. Expression of glucose-induced insulin and BETA2 genes were repressed by
glucolipotoxicity but rescued by AICAR treatment. However, PGC-1 The mRNA levels of these genes were normalized
to GAPDH mRNA, and the RT-PCR data from the three independent experiments were summarized as means standard
errors relative to those of untreated islets (* P < 0.05, ** P < 0.01).
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Fig. 4. Adenovirus-mediated expression of PGC-1 reduces expression of the insulin gene. A, After infection with the
indicated adenovirus at 100 MOI and culture for 24 h at 11 mM glucose, isolated rat islets were infected with
PGC-1-expressing adenovirus. After infection with the indicated adenovirus 100 MOI for 2 h, islets were cultured at low
or high glucose levels with or without FFA, andfor AICAR treatment for 72 h. Overexpression of PGC-1 induced by the
glucolipotoxic condition was clearly suppressed by AICAR co-treatment and the expression of the insulin gene was
normalized. In contrast, overexpression of PGC-1 induced by the adenoviral vector was not suppressed by AICAR
treatment. Results are expressed as means S.D. for five independent experiments (* P < 0.05).

(Fig. 4). AZ 28 Azt Ad-siPGC-12 F8 Folld $olsA)
Z7V519cHFig. 5A). Area under the curve of glucose
(AUCg)YE A& vlsrdh A3t 87k W 353l ZAAAHe} ¢
90% -84 #AAHEE F celiac ateryE 53l Ad-GFP AstA] Ad-GFP F979] AUCg7} Ad-siPGC-1 Z}Foll
B Ad-siPGC-15 FYska 129%< d9¢ 548 2 ulsl] Z=IgickFig. 5B). 90% -4 #kEE%el Ad-GFP
3 Ad-siPGC-1TolA 60#FE] RejebAl ddol Thast ZQ)Zol= PGC-12] o] HeJzkFig. 5C), Ad-siPGC-1
¢lthdata not shown). Hlol&l=E FSI3EA] 129l 5 Z9)Fol|AE PGC-1 Wo| AASIkFig 5D).
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Fig. 5. Body weight and blood glucose change during the 12-day study period. Hyperglycemic Px rats were infected with
a celiac artery of Ad-GFP or Ad-siPGC-1 (1 x 10° pfu/ 300 pL, n = 3) for 12 days. The morning nonfasting glucose
values of the Ad-siPGC-1 group were significantly lower than those of the Ad-GFP group 6 days after Ad-siPGC-1
infection. A, Body weight did not differ between Ad-GFP and Ad-siPGC-1-infected Px rats; B, IPGTT was performed
using a 20% glucose solution and a dose rate of 2 g/kg. The mean AUCg was elevated in the AICAR-treated Px rats.
Data are expressed as means S.D., n = 6 (* P < 0.05). (* P < 0.05, ** P < 0.01); C and D, PGC-1 was expressed
in islets of pancreas tissue of Ad-GFP-infected (C) Px rat but PGC-1 was remarkably decreased in islet of
Ad-siPGC-1-infected Px rat (D). (400X).
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shedl 23 oAl A3 slgich

Eaxl wloll sl transgenic KKAy-CETP*”, db/db,
2] objob mice?9} 22 AEAAIAE JIA FER
Hol] AICARE FoigoZH ZlollAe] £ Aol 74
ot TolA Y 25T A3 A3E B8l isel A=
tf?, o] Relel] AICARE A7] Foidto 24 u|gA] W
s P T A5l ditt AEe] EvlE #
ARt =3 @F AR T8 ZHUE o] AICAR 5§
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ARy ZlzeEo] YA SA=I) ol#dt Avbe
AR olE A iAol BEsls ohE AE dig
AMPK 9] HFE 73 o8 vikgdsl= Aok Azt
(data not shown). T} AR} olgo] ZAHEZE
ARZ izl vlslde £2 2HE H) wiie,
AMPK7} €7iA olfloll ARAEAE NI F Qe
£ ANEEI} 2 Aoz o=tk o Azl 2
AICARE FAoZ A o Ql&wle) )9 dE3l&
ZA} Wsol] kel = IS Hol=d] o] AL AlEe] 373
o] FuWE fxsle =7loZ X4 o ol ==
g QAEe] Wit Heol vehde A} oA

Peroxisome proliferator-activated receptor (PPAR)
¥y coactivator-1 (PGC-1)¥ PPARV?, GR™, RXRd”,
ER9] Bz #AIAZ UdeAL gk PGC-12 oA
A, Al =4, il B3 o 7Ex) elA bk
S5l o3l Aoz dudA U} =gl streptozotocin-
induced micet} objob mice$} e QlEFlo] Holx]o] gl
© TERIES 53 7l PGC-1 ARl wide] &
7R AeP?.

£ dollxe 2-ALSY 270049 PGC-1 F4141]
W F7HE Qlela, R A AAlEE R 9
7 Helo]] Ad-siPGC-10l] 2J3F PGC-19] 3L A7)
 WHeE PGC-19] 7I5& #RlskzAt sisick PGC-1
Az 2 gk RSt AdhkElA v
ok XA EA g Ad-PGC-190] 231 pitddel] ola)
PGC-12] 32 3713153 AICAR Helol] Qlgale] U
< Aol HolA] gigich wekd] PGC-12 AMPK Y] o}
X e fARE 2As et FaUAE AE3E &
T ek PGC-12 Fua] Ry Wdlo] Foliicla &
#HA Qlek. B Qe BEA AAAEAES o83 3
¥#F R2doy Z71¥ PGC-19] WS Ad-siPGC-1& F
SJeied Ak 8 9 AF 55 F’leick F89 4l
ARl 28l S71E P32 vzl uldl Ad-siPGC-1
FUTNA fel3t I ) AF FUH 2ok

AEH o2 AMPKE AIE 9] B oA E 248 ¥ of
vzt AMPK 9] 84371 3-AAEA el sl dde] At
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