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- Abstract -

Background: Chronic exposure of pancreatic islets to supraphysiologic concentrations of
glucose causes beta cell dysfunction that is a process known as glucose toxicity. It has
been reported that hyperglycemia increases the production of reactive oxygen species
(ROS) in human islets and that ROS accumulation causes beta cell dysfunction associated
with low capacity of infrinsic antioxidant enzymes. Also it has been postulated that this
increase in ROS is prevented by an inhibitor of electron transport chain complex. The
purpose of this study were to determine whether prolonged exposure of pancreatic islets
to supraphysiologic glucose concentrations disrupts the intracellular balance between ROS
thereby causing defective insulin secretion and to evaluate the site of hyperglycemio-
induced ROS production.

Methods: INS-1 cells & rat islets were incubated in increasing concentrations of glucose
and either an inhibitor of complex | & Il (TTFA), an uncoupler of oxidative phosphorylation
(CCCP), aCCA, etc and also incubated in increasing concentration of glyceraldehyde
and N-acetylcystein. Then intracellular peroxide levels by flow cytometric analysis and
glucose induced insulin secretion were detected.

Results: We observed that incubation with 30 mM glucose increased intracellular peroxide
levels but decreased glucose-stimulated insulin secretion (GSIS) (P < 0.05). Exposure to
TTFA, CCCP, aCCA did not reduce this increased intracellular peroxide levels, and did not
increase GSIS (P < 0.05). 24-h incubation with glyceraldehyde at 5.6 mM glucose increased
infracellular peroxide levels and decreased insulin content.

Conclusion: These observations indicate that there might be other origins in which ROS
species are produced besides electron fransport chain in  mitochondria and
glyceraldehyde may be a key molecule to produce ROS, and induce beta cell
dysfunction. (J Kor Diabetes Assoc 30:246~253, 2006)

Key Words: Diabetes Mellitus, Glucose toxicity, Glyceraldehyde, Oxidative stress, Reactive
oxygen species
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FarrellA] Rl add Aele ofe 71Re] 724,
7163 A A doaA Hlof B WS, Al
WS, AT, a8 A3 50 PSS Fista, viet
A BE3E o)X eRYFe] 3t Hlo] arddde] A&
FoPTE wleRIE 750l oekEa dEdl 27t A
FoEUA AT 2 71sE s =), o1xF Al
a=deErt A7 el kEE s w e

mRNA, 3 JE537 AARIZL Qa7 BHls 5ol 7
2l AL L5 =4 (glucose toxicity)olgkaL b7,
2 e e A, Gakksel ol 23
AHE A, c-myc 59 PKC 2413}, glyceraldehyde-3-P,
dihydroxyacetone phosphate®} 7242 ¥F-5-A] dll 57k A=
©] %71, hexosamine &, £H1E A So] 9o, o]
e FAoE T A ZHAllA Al W vESA
A7) (ROS)S] S F7HAIZIAL ool &J3t Ash Ed|
27V A 7155 ASHAA T S4E Fishe 2l
4#A gick ROSE Aeld ol A4S +AAI
A, 4717 BpEslA F-o] Hu ubAgE el Akt ~E
glae} FA8-S el s, 53 AAe] AsE v
ol7)de] kel AAAEAEA Jds] wIgkeh ukhg-&
slod, Q1! §RIA} Wdol A9l AARIAIRI PDX-1"
oL} MafA*'*'"® Fo| Aoz QIgk Ql&el mRNA Wl
Al gl w7l Bl A3l apoptosis T7HE o713k
gtk 2T ofe] AlEEeA sk 2Eel o A4
ROSE gH3tAle] Foi”u} aRAk3) 54" gl heat shock
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A & glglebs Wngel g, e v|ERselole] A
AAA B3| AstAlell el v HaER §
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gl glyceraldehyde= FE9 A olA GAIE] o]
WHegE dudl HE TTHRIPIE ZleE dEA Q)
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AH= enediol radical anionS EAdsHA] Elo] Al A=A
Fo| dg®l FHlss FEAthe Hak Qo]
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UA gk

olof] AR A ATt A7 sl
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1. MIZHHSE

1) INS-1 MIZ HHQ¥

INS-1 A= 37T, 90% 571 2 10% COyJeillA
10% $eio} g4, 11.1 mM £%%, 10 mM Hepes, pH
7.4, 10.2 mM L-glutamine, 50 mM sodium pyruvate, 2.5
mM B-mercaptoethanol, streptomycin (0.1 mg/mL) 2|3
penicillin (100 U/ml)2 Z3tsl= RPMI 1640 ujAlollA] A
uljoks}) 31 passage 21 - passage 295 o]gsl3irl e
AY =272 Sl £ w55 24sivh

2) WA F|F AZO| 22| L i

A 2220 Hels ofFloll Bar 5l ule} o™ 180 -
250 g2 Wistar 7 #Aol|A] collagenase®} Ficoll 55X}
£ ol8sle] A &5 FeEllsick WA AdsES vt
FAAR 3 Fu1= 4°C HBSS WiAIE @3 HE Fdstar o8
A=l HlAS #Hslo] 4T HBSS RS E33F petri disholl
Al QN VIR sE Al A, A A AR
collagenase (2.5 mg/mL)Z 37C & F=ol] 2087} vH4|
& % 10% Sl WHol EyE Hsss wHIE o]
1,200 rpm &2 223 ARt 3 Fen vzl A
A 2ol Heiick A5 24l B 10% Seo}
a0 E4E HSSS MRS 4lo] QARelE e ¥ 4

rvu 5

g

N

AE zZH 25 mLE Z3}o] Ficoll density gradient
(density 1.085, 1.075, 1.045)3€le] 50 mL AlgThollA
1,500 rpmo& 2527 A4 Felsieich A4l = A9
o] SRR 27 FollA] S A8l 10% S-Eio}
o] E3E 4°C RPMI-1640 ¥IAIE 4ol thA] 1,200
pm oF 537 QAR § Al weEla XA Al
A A5 Hsigick o] AAS vkERt £ Beld A £
£ AmiE Al "Aurdslols] glo|glo R AiFste] FhlEl
AAE FAck 714 vkl o & RPMI-1640 WA 5 A-8-3}
™, I F5E 3 mM B 11 mME 1913 uleklio]]
= 10% elol €A =l 1% penicillin?} streptomycing 3
FAFLL 37T, 95% 571 9 5% CO, “delollA 24 X172 H|
A aEs A kst & A 25 Al A8tk
o]% A 4% 100705 Aulg A Hul7gslolA] stol=l
o7 HHslod 24-well plated] Z well2 H5=51ck

2. Ozl ZTE 0 2 ROS MM A ol=gl

WA Adas AIESF INS-1 AEFES AgsIgich
INS-1 AZEFE 11.1 mM E5go] X3k RPMICIA A
uijok & ALgslgdr). INS-1 AIFEE 5.6 mM, 30 mMe] E
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STodol|A], WA AR AlEE 111 mM, 30 mM 259
oflA 72A17F ekt & ZF7Fe] flow cytometerol] &gk
peroxide fluorescence intensity2} A= W peroxide*], =
g 2Tl o8t 2lsEl Huls (GSIS, glucose stimulated
insulin secretion)= rat insulin ELISA kit (Mercodia,
Sweden) 2 ZAsl9ich

1) Flow cytometer®l 2|8t M= L peroxideX| X

A2 W] peroxidet oxidant-sensitive fluorescein-labeled
dye®] carboxy-H,DCFDA (Molecular Probe, Eugene,
USA)E ©]83}o] flow cytometer (FACSCalibur Becton
Dickinson, USA)Z Z4sl9c}t. A slaA} & FEL
5 UM carboxy-H,DCFDAZ 3027t 3443} ]»9—'5} A=
INS-1 AIZS] 7%, 5.6 mM E£54, 30 mM EX3oll4]
T2A17F ek 3 Z42F A W peroxide XE 7831911, ¥
A HAAEE xﬂioﬂx%f 11.1 mM 2593 30 mM £&
FollA] 72417F viekslo] Al W peroxide 215 73813k
wak 7ol AlEolld ZAE peroxide fluorescence

intensity & X2 A=k

2) Z=E XI=0] Qs Ql=8l &EH = 4 &3

Ex A5l o3k QlEwl #Hls (GSIS, glucose
stimulated insulin secretion)< ZFZke] A1¥ #7304 1071
o Hej®l wA AR AE B 10719 AE F5 o
L3114 Krebs-Ringer buffer (118.5 mM NaCl, 2.54 mM
CaCl, 1.19 mM KHP,0s, 474 mM KCl, 25 mM
NaHCOs3, 1.19 mM Mg SO4, 10 mM HEPES, 0.1% BSA,
pH 7.4)0ll4] INS-1 AlEodA= 4 mM E59T} 16.7 mM
Frelol|A] 2A)7) wiekslo] = 4—5}031;} LLPS I A LS|
FollA+= 5.6 mM 53} 16.7 mM EEolA] 147 vl
oFsto] Zeigiek

=
S

10
]
e

3) D-Glyceraldehyde =&0 2|8t ROS MM 4l Ol
=2l 2|5, g8l & (content) X

FelE ] AaE AIEE 0, 0.1 mM, 0.5 mM, 1.0
mM, 2.5 mM, 5 mM2] glyceraldehyde 3 5 mM<]
glyceraldehyde?/]- N-acetylcysteine (NAO)E A 24X 7F
afjolX]A A7) whHo g AE W peroxide = éﬂs}l 95:5
ethanol/acetic acid S-oHg o]gslo] HAALTA F2
Ao 10 47 AL B9 A4 Fe Zgck b
L7756 mMi} 30 mM9| Exol] :eFAA e 2}
ol gJgt &l Hn|5-& S}l glyceraldehyde?] &
welEre) oﬁok 4 NACS] B3l el A uskel

4) NIZE LH ROS MM9o| 4K
INS-1 AIEFE glucokinase #4291 Mannoheptulose

(MH), TCA 3= wid 2ET ol&E2 TVH7I=
Methylsuccinate, sjt3-2}-g-ol] olsl] WA= pyruvate] ©]
Efcglol Y 28RS JARl= aCCA  (a-cyano-4
-hydroxycinnamic acid), P]EZEglo} A DA] kA 1
o] AAAIQ] Rotenone, HEA| 19| AR TTFA
(Thenoyltrifluoroacetone), W]EZEg|opzhe] okAlzl A 7|}k
g BAEE AR AR AR dks siAIAIY]
CCCP (Carbonyl cyanide m-chlorophenyl hydrazone),
hexosamine AU 7 ZollA] rate limiting enzyme?]
GFAT (glutamine:fructose-6-phosphate amidotransferase)
AAAQl Azaserines 22 *|2lsto] AIE U peroxide X
5 F4et Y] =52 Sigma (Saint Louis, USA)
AES A8k

AQAT = T + TFAE FARIGon FAREAL
Window$ SPSS 11.0 .‘—iil%ﬂ (SPSS Inc., Chicago,
Tlinois, USA)S A-&35193c). tlz7a} Al Ao] vl
one-way ANOVAS®} Student t-testE AR83}3om EAH

ol §o] 52 pgro] 0.05 mukel ZA$-E slick

2 1

1. IEE S20f I M LY peroxide %|2| BiE

INS-1 AZFoA 30 mM EEDell =35 749 AZ
W peroxide @757t S/ & 7 UL, AR} 3
peroxide %= 5.6 mM E5E2} H|A A]
(P < 0.05) (Fig. 1A). WA #AFAEE AZAAE 11 mM
Zxdol HlEl 30 mM EEwoll =Zs A AE W
peroxide X7} -oslA =& Zo] BE= U} (P < 0.05)
(Fig. 1B).

2. Z=E X300 I8t ol&El 2HIS (GSIS)

INS-1 AlEoHA 5.6 mM ¥ 11.1 mM EEol] =2
Az} v A] 30 mM EEHo] k39 7S 717 dEdl
o] ZhA g v ZFo) o3t QlEEl Ml v
SOt 747} IEE|QIAL (P < 0.05) (Fig. 1C), WA #A1a+
2% ATAAE 30 mM EET wiR|olA] T} 2pFol|
oJgt gl HEulso] felshAl Za=isdel (P < 0.05)
(Fig. 1D).

3. ISk ZEE| ==& INS-1 M=EF

peroxide MM 2|

OlA] M= LY

INS-1 AlJZellA 10 mM methylsuccinate2} mannoheptulose

£ A2t 3¢ 255 FE] 23k peroxide Aol 7+
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Fig. 1. Intracellular peroxide level (A, B) and GSIS (C, D) in INS-1 cells and rat islet cells after 3
days subculture. Data are mean * SE from 3 separate experiments.
* P < 0.05.
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Fluorescence Intensity
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30-MG
30mMG+MH
1mmM GlyCHO
250 M aCCA
10 TTFA
0.5 i CCCP
1M Rotenone

10miMet-Suc
s Azaserine

Fig. 2. Effects of several agents that affect mitochondrial metabolism on
formation of hyperglycemia-induced intracellular peroxide in INS-1 cells.
Cells were incubated in 5.6 mM glucose, 30 mM glucose alone, and 30 mM
glucose plus either Mannoheptulose (MH), Methylsuccinate, aCCA
(a-cyano-4-hydroxycinnamic acid), Rotenone, TTFA (Thenoyltrifluoroacetone),
CCCP (Carbonyl cyanide chlorophenyl hydrazone), Azaserine, and
intracellular peroxide levels were quantified. Data are mean + SE from 3
separate experiments.

* P < 0.05 vs control.

** P < 0.05 vs 30 mM glucose.

7} oA SIE} (P < 0.05). 1 UM rotenone S X2|3F 7% TTFA, 0.5 tM CCCP, 250 uM aCCAo| 2&)41% peroxide
Al W peroxide 771 SAIE HBH (P < 0.05), 10 M Ao AAE]A] ok9kr) BSE hexosamine YA AE o
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#¥p < 0.05 v& 5 mM

2.5 5 5+NAC
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Fig. 3. Intracellular peroxide level in islets after 24 h culture

with glyceraldehyde. Data are mean +

experiments.
* P < 0.05 vs control.
** P < 0.05 vs 5 mM.
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Insulin content(nU/10islets)

Fig. 4. GSIS (A) & Insulin content (B) in islets after 24 h culture with glyceraldehyde. Data are mean + SE from

3 separate experiments.
* P < 0.05 vs 0 mM.

AA9] azaserine 5 IME o] AJol|E IEE EElo]] 2

St AIE W peroxide AAdo] 7HA=slA] ki) (Fig. 2).

4. Glyceraldehyde0f| =& M F|Zt

et
MIZ i peroxidetid I Ql=2l -E-HI

MIZ0HA

0|I'

" WA AAES AEE 0, 01, 0.5, 1.0, 25, 5
mM2] glyceraldehydeol] wiJalSlE ufl tzoll vl 1.0
mM o2l FEoA FE ojEH o0& AIE ] peroxide”}
Z7VIA3L (P < 0.05), NACO] 2l g-<JsiAl ROS A
o] 743139t} (Fig. 3) (P < 0.05).

w3t 2H7hS 5.6 mMI} 30 mMe] Rl 2FAIA
£ 2=l oJgt lawl PHlse F4% 23 1.0 mMo|
4] glyceraldehydeol] =%% 7-¢- frelsiAl £ A=

4 °1€ral Balso] 7HAI9ITh (Fig. 4A) (P < 0.05). BEdh
10 A=AFE el <k (content)= 1 mM o3¢
glyceraldehydeoll =5 73-7ollA]l frefabA] 2=}

(Fig. 4B) (P < 0.05).

ROS7H 434 A%k A7k W3, of G 5l of
2] o] elel o] e IS BH= AL A Yol
9o, ROSON SI3F AIE =4 A 7 2ol G4
8} 3ideo] BEGo] O3l 235w, AR @
ARSI WAL Bl Wl 7o) 5-40% AR
EAfeks Ao geld Qo
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TE X5} 70%2] AR ALE Foldl AEd| X%
oA ol 348} 4] mRNA, T Bl 4%
87} Z7hA) eleka, SARIRLAES TR 171 5ol
+ ROSel &3t APAEAE S FolsiA A
AAckar BarsiAel?. weh APz sk
o AlE W ko] o} U5 B oy} of] AlEY £
Blcol] O3 gASHEL WAe] Ago] olFolAA sho}
ROSO| ©J3t A H4ol Sel wigelo] Lxd %4 So
Sl Ao wws|w gk

oA Al QlERl FH] AlFol| IFE] H0,E &
A FSJslo] ABRAERIAS G A Follsl o] T
5 EEgo]] =& A] AE W peroxide’} sl Ql&dl
B|so] 7H43RS W arslgdar’), Tanaka 5222 917k #14+
ASAES R Exgol| 2=2AZE w AE Wl
peroxide”} S7FskaL o] = Qlall WIERIIE 750 A&
Huslgledl, B 7ol R INS-1 AlE, wiA Hgs
AES 58] Frol] w247 3 AE o ROS A
o] felsiAl Z71ei2T, 718 ROSZ e FEwk §
A Qledl 2H] 7lse] s e B 5 ek

Nishikawa %—14)-?_‘ bovine aortic endothelial cell S 30
mMe] T EEdlld skt 49 AE Ul ROS A4
o] 27kl ROSS| F7He mEEElol AADA %
Al 10, A3 Ak} kS SliAlAl, UCP-1, MnSOD il
oJsl elA=gom, ROS Aol A4 HA EEol
oJ3l] §kE]= protein kinase C2| A3} HZE I3} 4=
o] YA, £81E9] %3 5l NFkBO| FA3HE ol &= 9l
Rae HaspuA] adddel oz = Al W ROS 5
i mlEzElol AAALA I8 A A2kt 7
Apol] ofall ATk slgiet. Wi 2 edFellA= INS-1
AT el €)% A W ROS A 915 Qtoh
7] $18F AdoflA] glucokinase A|A|2] mannoheptulose2
Aeldt A s 25 el o3k ROS AESTHE
A% Y, TCA 312 sy Eet o] §5S 27}
AlZ]= methylsuccinateol] 2J3iA % MZE W peroxide”} 7+
gzslo] Tt thAzh ROS Aol Bedolzhs Ze Ko
FRARY, wEZse]ol HAPARA HekA 12] A
Rotenoneol| 234+ A W ROS AAJo] A=l vbd &
A 2] AAAR] TTFA, v|EZEelotzte] o3zt %7]
Pt RS AT AR QAR RS SliAlAIQD
CCCPo| ¢J&liAli= ROS A4e] QA=A ok} Nishikawa
Soll 23t Haele Ahksl AdE Hgle) et sk
ofl 2lal] AR pyruvate?] v]EZEelo} f fHkE- A Als}
£ aCCAE ROS A4S JAkIA H3ldlek £8 € oF
% oAllso] Aupel ghiele] AE Fdelgt Soldeo
B 2GR gkomg B olto] A} glont, QlE’l
HIAIZollA] aEee] £xde)| 23 ROS 7k HIEZE

4

¢ ooX

glo} AAPALA| 2lolli= thE origine] S AR A
t}

L 2
w3 e

il

0] ol 2 Y S8 Az 2ol shi
42472 hexosamine A4 7 ZollA] rate limiting enzyme<l
GFAT (glutamine:fructose-6-phosphate amidotransferase)
AAC] azaserines FoJ A| AZZ W ROS AAo] 7H4a3lA]
okok=q], o]= Du S'Yo] bovine aortic endothelial cellol]
A 550 Edo] 2l Z71E peroxide”} hexosamine
BAEZE FBASMATIAL peroxide S JAKFIoZH
hexosamine 727} XIgkzlo] ROS %719} hexosamine 73
zol o @By TO UL MelFglen
hexosamine 7 Z2] XJxko g ROSAAo] A=A ekoke}
© Kok JX|gict wheba] add fb4] ROS Aol
hexosamine 7327} ¥Qlo®Z ofslRl ob5-5 vhERHRACL

Glyceraldehydet= 59 thAabAollA A= dizl
ERlinlE AFehe Zlow deid dedl'™, A4
SAE7} glyceraldehydeol] YAIH O 2w QlEsl &
H|E A4Sk AR skl % Aloll= ROS A=
S7MA AER Bule-g Atk B PR glrk
B o3 ol|A] rat islets glyceraldehydeol] vljok A] 5% 2]
FEHOF peroxide wHI7F F7FINAI, 1 mM o]
glyceraldehydeol] =% 73-¢- Ql&gl Hulgo] FolsiA
24%hg HolFo] 3559 glyceraldehyde”} ROS 34}
HEHIE 75 FAoll F23F A8 & 74l vEhlad
t} o]} -2 glyceraldehyde®] #HE71A 2= o]
glyceraldehyde= ¢lAF}E]o] F7FAHE9Q1 Glyceraldehyde
3-Phosphate 5 @43 3 P 25 AXA =] Y77t
glyceraldehyde RIS} 22 93]=]o] gketoaldehyde2}
hydroxyl radicalS Adslo] AESAS Gkl ek,
gk A7 EEe] Xl =% A] GAPDH7} <Al
°] glyceraldehyde”} IS &3k AR HHEE
A Fhar A A He wegk 3R 8l PKC 2
413}, hexosamine 742, NFkB 43} o2 dZx|o] o
EHE 715 BAS Lo sl Aoz deiA el

ughA] Exd A4 o wEE s FHel
glyceraldehyde”} Al U] ROS F7lol] FQ3F & &
Zlo® Holm, 35k EEollA] ROS AL HETE
glo} AA}F Ak A2l 2]ol] enolizationol] 2JgF L& 27}
AFs), glycationX] Shiff HEZ, protein kinase A3}
methylglyoxol ¥4, hexosamine tHA} 5} 7+ E3H4 7]
Aol oJzl] WHS 35T 5 Jhow 5 ool gk ¢
W2 A7} o] Folxof & Zlog AztHch

2 o

CATHNA: A A% wEl AlETT A7 gl xE
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o= uf JdEdl B, QT mRNA
transcription factor 5°] Zdsl= A& E5 SAlolgln
she, AP A% W] U At a4 g T i 3
ZollA] reactive oxygen species (ROS)S] Z7P71 L 12le
2 R g, aEs 2ol osf A4H ROSE v
EFcglol9] electron transport chain complex #]&}Al]
o3l FHadvhe Hagk Sk olof] ozt 52 o]
=3 AR £5elA Al W ROS AAAAEE ol
Al & AFE Ak

Hi: INS-1 AlEF Y A AAs AEE Eke
EEwdollA] mlieksla, gk n|EZeelol AxpEA B9t
A AshAl 2 AR Q1R WS- AAIAIQ] TTFA, CCCP,
aCCA 55 A2lgt 5 flow cytometerE ©|-83to] AZE U
peroxideX| & 4313, lEdl HHls 5o F48sI8E 2
2|3l INS-1 A|ESol] glyceraldehyde S HEHZ 24417+
uljekslal N-acetyleysteings *2lslod A W peroxide 2l
e FHlsE F8sIsick

Auk INS-1 AIEE 255 =9 vlA] 30 mM &
Dol wgstatE wfl AE W peroxideX= 7RI, ©
2 HnleS 7Haslleh (P < 0.05). INS-1 AIES 35
E X5 uiA(30 mM EEdell AAALA S9A| Ast
AIQl TTFA, CCCP, aCCA 5} 37 wiedsols wl A|1E
W peroxider= ZH4zslA] ¢kSkar, Qladl Hules 3557
okgke} (P < 0.05). INS-1 AIEES Exd tidagellA] 1)
EZcgo}l XY AFEAQ] glyceraldehydes} 37 5.6
mM E5% FEollA ulleksliE wll AlE W peroxide= &
7¥slia, Q&R e 4isle (P < 0.05).

HE: A &5 Alxe] 25 4ol ROS Ao T2
3k oJgE 3fas, ROS A 4R m|EZEelo} o]glole
Qrlar Hogzw glyceradehyde= ©]2{gF ROS A4 2 il
ERE 75 Aslel] ik viXle 2= A4 o Sk
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