Food Industry and Nutrition

Type 2 Diabetes Pathogenesis: Impairment of Insulin/IGF—1 Signaling
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g Z1Ael disiA] H3 gE R w1l uyd 200549
A= Fig. 1914 & 5 = AALD 043 71do] 9a
AU a3 AR d dEsdoly IGF-10] Hl2qt
9| receptor®} A3+ receptore] autophosphorylation®]
Yo} o 7] 4} insulin receptor substrate(IRS)2) PH =
< PTB domain®| A%gkt}. o] 213k 2 &2 IRS protein®)
tyrosine phosphorylationg Y271t} o] @AE A&
Ao A A GAZ Qe AsdDe Fash o
35 3t} o] 2 A phosphorylation® IRS ©¥ &€& phos-
photidylinositol 34,5 triphosphate(PI3kinse)E 41 314
A AktE UEAIA AT HEg FFAZITh Akt
A8 1) glucose transpoter-4(GLUT4) 9] A3 ufo 2 9
translocation 7 #H L=< uptakeE F7H417]1 2)
glycogen synthase kinase(GSK)-3bE Q1434 A)1A &4
S JAA 7|2 o= glycogen synthase BA& FAFA]A
glycogend] #3-& £7HA171tk. B8 Akte 3) apoptosisS
F&A171E FOXO RIA3tE £34174 FOXO 2318 %
JFA1Z) A, o) M FEY apoptosisE WA ST o] 9T
PI3kinaset- 4) mammalian target of rapamycin(mTOR)
< QIS A S6kinase®] A& F7MAA @AY &
AL Z7A 710k 18] B2 IRS protein-g ¢4 8 /IGF-1
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A AR GAR &8 AEAG key stepo]t} IRS
Tl o) = 1RS1, 2, 37 49 47147} =9 21 5 IRS3=
rodentoll Bt &A1 33 U] A 3742 & BF Algo] EA%
o} IRS @i Ao 125 A B o] &4 = PI3K, Grab2
18] 1 SHP2 domains 7FA 3L 1o, & o] )8t
o] domainE©] 143 H o] $ domaing 7H @ A
T A3y Jded JEE JEITIH9). o] IRS B F
= E3] [RS1# 25 1 #+Z7F vl $ fAMS . O A%
FARSEA T Aol EA 8= organdll = Apol7h gloH =
£ A48d 75S YeEHATH(4,10). IRS12 2 &Y
sensitive 22 Q1 ZH 7 APA o EA3tH AEd A
FRAG Foqgic} IRS2+ insulin insensitive tissuesol
F2 EAsted o, ERAE, AFY WEAE, ¥4, %
2 5ol F2 EAFH IRSIL 5T AWA T £5
T ol 8ol #3te xEFo AT R FY & o] &9
Z 93 988 g3F3}(4,9). ¥HH o) IRS2E hypothalamus
oA insulin AZ A Gl #Fqste] Ao] HHE Tt
d] Bd3}ar; epithelial tissues, pancreatic B-cells, Y
ag)a et A IGF-1 A5 Agdl Bajste 2 279

M 37 4 apoptosisE £A 3] IRS2 A3 A g0l ok}
2o EHRAAE A2 T, BUE ada A7 A
g Zbz Jebdoh(10-12). B8 zF 244 & IRS17 27}

T2 EAse FEvE JAT Lo A U] Fegx
EAstd 3 FE7E RELEAY a0 S we A
2435 B 8-S Yepdd 288 2 o [RS1E2g=
IRS27} Bt ZF A9 AE/IGF-1 A3 A D9
Fe7t A FFFS dogdE AL & £ ok
IRS17 IRS29] A A 715& ZAFsH7] Y1814 IRS13%
IRS2E Al A mices AX3tS A ¥d 715 T 83 &

Insulin or Type 1 IGF Receptor

Insulin
Receptor
Substrate (IRS)-1.2,4

¢

Fig. 1. Insulin/IGF-1 signaling cascade.



=1

=

12

M

(A

ol

et

3lof #3 A3E A IRSI knockout mice®} IRS2
knockout mice® EF U&d AFAH-L el A

IRS1 knockout micew ¥AF¢ A28 TS Fts)
2] kghek( 13) dhH o] RS2 knockout micet EHAE
AE5~6 FHE 18 FE Yetdo] 343 dryo] o
s}=]of /%‘-r 1057F =E A2¥ da oz Ao
(14). IRS13%} TRS2 knockout mice?] % ZHd o]z &t
ztol& Qe d #uld 71434 IRSI knockout micew
ZA M Aed 289 ZFAaE IEY o] &
o] AstEo] A&d HFgAol YetAT #3< Wl
FoM daed AAALES FHE 5+ UL WE FE3] £y
Hol Qad Aol o A=A Ldth(Fig.
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Aerd NEALZ Qs Aoz Z7p= uwksti 7ho
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Fig. 2. Serum glucose levels in IRS1 and IRS2 knockout
mice.
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Fig. 3. IRS2™" mice fail to compensate for peripheral insulin resistance.
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transmissiong AlZt}h o] vlo]AE IRS2 whole body
knockout mice?} mu)le] Wl E}A Lol gt IRS2E over-
expression® wo]AE THE L, o] vlolAE HEAE
ol A IRS2¢} overexpression®] islet 7lb3’~} dg 3 EA
4 & JeA ARE ZAE = /‘}%0}91‘4(15
Isletol] A IRS2 expression®] X*EOI] wel WrEo] e
Rip93} @& o] ¥& Ripl3S /\}4‘10}%\\:} Fig. 4% pan-
creas section anti-insulin® anti-flag antibody 2 stai-
ning$t A2 2 flag staining IRS2Y overexpressiong
or)ste 2 RS2 Wl ebH £ specific overexpressionA] #

S v Q152 staining® B-cell Fo] 2713 AL B
F UAch FH o] AFA o]&3F RIP A$E
hypothalamusell 4} IRS2®EE Z7MIN7)1AE &yoh

IRS2E WElA] Eof| overexpression AlZ& o Rip139] 7

. Fig. 6914 o35 0] RIP139] 3% Q&

58 4 9S T AEY Byl Fotsly

S IR} TS BFeE FAF

. 28U RIPI2 Q1&4d FH7 o] =A & £V}

e 2 &8t Qlaed #ul7t Ad&Ed

= 239 tH15) (Fig. 6). Fig.

AA A& E8l7l F713 7)4\% HJIE}HI_TMI

*1 IRS2¢] <ol ZF7}g Ao| eI ES] ¢ =

7R 7] Rl 7118 Aolgte RS E‘ﬂ—r%iﬁ}. -3’% 1.2

A&# °] staining B A2 Z Ripl32.2 IRS29} %& =7}
AR 735l WBtA E o] ol &3] F7Hshsh

425 +E0AM IRS2 Ee

7t 7k

v @A B=w FAVE Akt 28y rip9e Aed Aol F71std JAEd EHE £30AA &8
IRS29] expression©] %3} ] ol Fxrge) Wy o ZS Agssior shed 97)d e HENEY %9 Z7}
AHAAT 105 o] Fof Gl FHE YR A (15) 7} B4Holt), 9o BT R o] W e ol IRS29]
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Fig. 5. Expression of IRS2 in B-cells prevents diabetes.

rip13oirs2

.80 ' . rs24ript 3= High)

T

) —.‘ Irs2+

£ 60

E

5

%]

E 30

5 : X

o 20 - 1ip13°2(High)

"‘%@%‘“ Irs24 rip9=t=2 (L ow)

0

0 5 10 15 20 25
age {weeks}
Fig. 6. Expression of IRS2 in B-celis promotes com-
pensatory insulin secretion.
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Fig. 7. Irs2 promotes compensatory B-cell growth.
gE2 e ze] A4 2 A& HEHo|t), 2R s 01“0101*1 3ol 1~20H% F¢13HA He Z-ol 3l
THAHLZ RS2 FES Z7H 7] Aol B o of 2UFAIEE A A 200599 exenatided] ©]F o2 T
2 AAE HAEed FoeTE 2S¢+ A 19 2] FDA 98 &3tth(18,19). Exendin-4& TE% 2}
0 F3AE 238A ¥ A A IRS2¢] o gafiA e BulE FHA7]3 HEtN T 4%
o] 3718 & drke A7 QoM [RS29) 37 & B AL FAAINE Aol g @ ohe} ek Ra
Tt B e ot A5 & 9urt gl A oF o 283t A& AAEte 7ITE A1, 7 25 TolA

AA. 286 2002350 B A =AM IRS2 #
AZA7E inductions & + ok AS A IRS2
H A 29} upstream®l cAMP binding element(CRE) *}01
E7l EAgcdE AL $A3Y 2 (Dr. Morris White ¥
), cAMP binding element binding protein(CREB)
-5 IRS2 Edo] F7H3theE 3

tlo tlo g

activation A]7]+&
WA A TH(16).
7} A 9} sulfonylurea Al 59 $EAE= g T 2=
o o3 ded BuE ST WE LY g% F7}
Al71+ insulinotropic agent®! glucagons-like peptide-1
receptor agonist?] exendin-4+ cAMP7} B t= 71&
< B3 TG AT A3 dEd B E FUMA9 2
B-cell®] A& o) Bdl= transcription factord] PDX-1
of HAL FUHAA HEANE AR AES F74]7]
© Aoz 4 AT Exendin-4% Gila monster(Heloderma
suspectum)ete A 0] 2% Trple S3oM g3
EAZ IFF 249 L AEAM ExEE glucagons
like peptide-1(GLP-1) 3} FAIgF 2 & 714 il E o]
t(17). GLP-12 A &3 d3-& s w77 &
o} 1717} ojjojz daiFojgtA] 1Uo) o8 ¥ FAIZ
F30 Fojot e @Hol Ut 2HH exendin-4=
GLP-13} AL 729 7]1%5& 7 A A w7 7] 7} 124]

KeX
Jed 28 3 Ae AT RuEse] )
tH20-22). ¥ d7"EolA e BEHL FFoA exendin-4
7} RS2 2¥ F9F Ae Al IRS2
induction®] < 371714 FE8E A

SEERENE

3-& induction® = A
HEM 2 75
3 A TH(23).

& HEHZEQ MA D 2 UMM
exendin-42| &

Human isletdl exendin-4, protein kinase A(PKA)
activator, forskolin, dibutiryic cAMPE * 2] 8l A E
ol cAMP %< Z7HA1 % & W western blotting ©. & [RS2
1Eg SA3 Y-S o IRS2 ¥d o] induction® 112, o] A
£ tyrosine phosphorylation® &7}l At (Fig. 8). X3
IRS2 induction® FA}8HA] Al ZW ol cAMPYo] 7%
u] PDX-1¢] Z7}8t9 tHFig. 8). PKA inhibitorgl HROE
A 23t exendin-4°l 934 F53E cAMPe] 4& o
Ast9S o PDX-19] wdo] 2234tk Human isletol
exendin—-4%} dibutyric cAMPE 4A|17+3} 8A1ZF A Ed &
real time PCRZ IRS2, PDX-1, glucokinase 181
GLUT2_°4 mRNA¢] o] ¥atE £35S @ exendin-4
o] A 4~8H] F718kF AL, cAMPY A 441 7kol] Hj
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Fig. 8. Exendin-4 induces IRS2 expression through elevated intracellular cAMP in human islets.
Drug treatment for 8 hrs and 10 nM IGF-1 treatment for 10 mins.
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Fig. 9. Exendin-4 increase mRNA levels of IRS2, PDX1, glucokinase and GLUT2 in human Islets.

20~608i 7+ 2] Z7}4sFHeH23) (Fig. 9). &, WEFH Z ol A
A A 276 IRS2EHES F7HAE ¢ ke A&
7819 oF. Min6A] £ SIRNA™ g} SIRNA™ ™™g 7
A8kl transient transfectionAlZ] ¥  Exendin-4%}
dibutyric cAMPE #3398 uf IRS2 expression©]
SIRNA**™e 3] 2] 8 4 $-ofl Z71st L, ol ol whz} Akeo]
phosphorylation® Z7}38l9 2.8 SIRNAZ IRS2E A A
3 AL Akt®] phosphorylation® A)F A}, gt
cAMP< Fig. 99 M & BAFU5o] IRS2 T8-S 608 A=
%7147 SIRNA™ll 9jslA wdo] 7t4slx] g 2
40 2 Exendin-4% IRS27} E£41 8} 73 -%-oll 2H&o] &
HHd Folgte AL AUHFig. 10).

IRS2 whole body knockout®} wild type micedl
osmotic pumpE °] €3l exendin-42 ETHFHIIS W
exendin-4 IRS2 knockout miceoll A} YA H o2 ¥ =
o] 8-& IFAA o] ety HFEE AIAHLR
A AEE 27 AT AFAHTH23) (Fig. 1D. o)A

exendin-47} YA H o 2 & 2HE F71A1AH ¥A 9
YU FEE VIV A& A 02 I4ed BHE 4
A71A Fte Aol 7108 Relgta o AAH23) (Fig
12). o]l gt &Y 2u exendin-4 EFE FA3A 2
AFEE7) 181 A jugular veinol catheter® 43 F L&

_—?:

T2 FYU BE A2 o A4 BulE =43}
+ hyperglycemic clamp& 33E W <gd ¥
exendin-4% % miceoll A F7FatATHFig. 13). ¥4
IRS2 knockout miceoll A& exendin-49] & 37} wild type
of vls) gieh el Z Y F& 2437 HAsiA 39
section insulin®} glucagon®. & immunostaining <
o wild typedll A = exendin-4+ WA £ &) F& Z7}A
ZA A9 IRS2 knockout mice® A= W €}A| 2 9] ok8 =7}
AFNIA B3, B9k glucagono] FHHol g o-AX
9] isleto] #9+0 2 infiltration ¥& AL Wrletget &
8} exendin-4+ IRS2 knock out micedl M % B:a N2
H)Z F-A A AHF K Table 1). AFEE Vo] 7} H Q& ) o)
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Fig. 10. Exendin—4 fails to enhance insulin/IGF-1 signaling without IRS2 in Min6 cells.

TSignificantly different from the DMSO treatment (control) at p<0.05 in SIRNA"™?

transfected cells.

*Significantly different from the DMSO treatment (control) at p<0.05 in SIRNA*™™" transfected cells. **p<0.01.
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Fig. 11. Exendin-4 transiently promotes glucose tolerance
in IRS*" mice.

*Significantly different from control group at IR82 KO mlce
at .p<0.05; ***p<0.001.
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Fig. 12. Exendin 4 transiently..promotes insulin secreiion
in IRS2”" mice. :
*Significantly different from control group at IRS2 KO mice
at p<0.05; **p<0.01.
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Fig. 13. Insulin secretion enhances with exendin—4 in both
wild type and IRS2” mice at hyperglycemic clamp.
TEx-4 treated group was significantly different from the control
groups in wt mice at p<0.05.

*Ex-4 treated group was significantly different from the control
groups in IRS2” mice at p<0.05; ***p<0.001.
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28 ¥ 7 UEE EoFE g A A& & F
A%t Table 194 HoF%0] wild type miced) A&
exendin-4= ¥l E}H £ 9] proliferation& Z7FA # W EFA|
2o & FVMIAAAY IRS2 knockout miced) A=

exendin-47} WEMIES F& Z7A7]x Bk
Exendin-47} IRS2 A1 5 A &8 $7HA71= A2 CREB&
53] IRS2 #do] F713le] lad A5 AgS A3l

71e Aol 7103t Aoz Atgdr.
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Table 1. Islet morphometry A JEH/IGF-1 212G L 3A4AH insulinotropic 2t
B-cell area BrdU+cells B/ -call £& 7= Ao g gH AT o] Exenatides EvHi 9]
8~10 wks 5~6 wks  8~10 wks ZA oM 2235 peptide® FHAEZFE S kFo)
(n=7) (n=7) (n=7) ) .
1 2 1 rE AR A28 Gue NEY & Y= 3B
total %BrdU + cells O WA Ao MO o - - .
wt/control 1804 09+02 34209 = 2AR s AL Ty w8z ofd Wi A7 AA
wt/E x4 36206 15%0.2" 82L06™ Moz o]2olAol 57Tt
Irs2 " /control ~ 0.21+0.07 0114004 0411009
Trs2”/Exd 0.20£0.04 0.12+0.05 11£02*

TEx-4 treated group was significantly different from control group
in wt mice at p<0.05; TTp<0.01.

*Ex-4 treated group was significantly different from the control
groups in IRS2™" mice at p<0.05.
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