YAKUGAKU ZASSHI 122(11) 909—918 (2002) © 2002 The Pharmaceutical Society of Japan 909

—Reviews—

AR EREREEELT S 5 L DEIE

A BN B EEH W, H BRERCME e
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Insulin resistance is a characteristic feature of type II diabetes as well as obesity. This insulin resistant state at the
peripheral tissue level causes impaired glucose utilization, leading to hyperglycemia. Studies of antidiabetic agents by
Takeda originated more than three decades ago when KK mice were introduced, followed by the development of a highly
insulin-resistant animal model, KKAY mice. The first 2,4-thiazolidinedione derivative AL-321, which exhibited
hypoglycemic effects in KKAY mice, was discovered by modification of the hypolipidemic agent AL-294 as a lead com-
pound. Extensive structure-activity relationship studies on the analogues of AL-321 led to the selection of ciglitazone
(ADD-3878) as a candidate for clinical evaluation. Ciglitazone, a prototypical compound in the series, was shown to
normalize hyperglycemia, hyperinsulinemia, and hypertriglyceridemia in various insulin-resistant animal models
without altering normoglycemia in nondiabetic animal models. However, it appeared that a more potent compound was
needed for further clinical evaluation of this class of compound. Further study of this series of compounds led to the
finding of pioglitazone (AD—4833) as a promising clinical candidate. Pioglitazone clearly ameliorates the abnormal glu-
cose and lipid metabolism in diabetic patients and was marketed in the USA in August 1999 for the treatment of type 11
diabetes. Pioglitazone is now marketed in more than 40 countries world wide. Historical aspects of our studies on
pioglitazone and its biological activities are described.
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MU AL-294 (1) 1, BERWEBHEEE L THIET S
WM FERN T <, JEMEOMEE S Yk odsE
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Fig. 1. Discovery of AL-294
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Table 1. Hypolipidemic and Hypoglycemic Activities of
AL-294

Animal  Dose? Triglyceride? Cholesterol? Glucose?

SD rat 0.01 50 24
0.05 77 43
KKAY mouse 0.05 45 10 34
0.1 72 13 41
Fatty rat 25% 50 28

1) Percent of AL-294 in diet, 2) Percent decrease of concentration in
plasma at 4th day, 3) mg/kg p.o.

BEICITEET 5 2 &in < JWREENY O B il % 1FH
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DENMFHFN T EAVHBH, FEMED S 5725 HE5R DA
BElsok. EEE®REHEL ZBMICHLD 2T
V&Y OBEBRETARLZALERI TS
COREY OIEEFERE 2T 2. TORER
AL-321 () OFM7 )V EZE2- VY DILEICE
WL7z5 kO 7 U5 3) OoR#Y (4) i
B O TG K FEH O #2389, 5- X2V
2,4-FT7TVD VX EKEONR D)V A fLE
HILER 3 N\ DR FE A DNEVEIEIRICHER TH D Z
E/NHIEH L 7= (Table 3) .12

Z DR, % HIT Table 4 I[2¥F /- —@D 5-(4- &
D27 aAF) XODIIVEBRDOIEEZRFL

Table 2. Hypoglycemic and Hypolipidemic Activities of AL-294 and AL-321 in KKAY Mouse

o]

WCOOEt WNH
1) (NH,),CS 2)H*
——

©><\0 Cl ©>(\O S_&

Me” “Me Me” “Me o
1: AL-294 2: AL-321
Activity?
Glucose Triglyceride
AL-294 72
AL-321 31

1) Maximum reduction of blood glucose and plasma triglyceride levels
at the dosage of 0.1% (w/w) in diet. The mice were fed the experimental

diet for 4 d.

3: Ciglitazone (ADD-3878)

Fig. 2. Modification of AL-294
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Table 3. Hypoglycemic and Hypolipidemic Activities of
Ciglitazone and Related Compounds

o}

ED;;s (mg/kg/day)?
Glucose  Triglyceride

Me
3: <:>< (Ciglitazone) 31.0 25.0
CHy-
Me
4: " trans-3'-ol
oH ) 7.0 8.0
HO
—\2
5: /7 CHzCH:- 4.9 3.8
N
—\3
6: ) CHCHy 10 30
N
7: N )HCH,CHy >50 >50
8: @—cnzcnz- 30 30

1) Effective dose to reduce plasma glucose and triglyceride levels by 25
% . The compounds were given as a dietary admixture at three different
doses. The mice were fed the experimental diet for 4 d.

Table 4. Hypoglycemic and Hypolipidemic Activities of 4-
Pyridylalkoxy Derivatives

0
NH
3 o
R _§N)_(CH2)n\o S_«O
Zd

R_k{\):_(CHz)n' ED,s (mg/kg/d)V
N

Glucose  Triglyceride

5: QZ_CHchz' 4.9 3.8

—\2
H CH,CH5-
%\ g Corc 4.0 3.0
Me
10: § NcHe
N 30 25
Me
ER Pl >50 >50
6: \ /" CHaCH,- 10 30
N
12: & )P-CH,CHCHy >50 >50
N
7: NQACHZCHZ- >50 >50

1) Effective dose to reduce plasma glucose and triglyceride levels by 25
% . The compounds were given as a dietary admixture at three different
doses. The mice were fed the experimental diet for 4 d.

Table 5. Hypoglycemic and Hypolipidemic Activities of 4- (2-
Pyridylethoxy) Derivatives

[o]
g ] J@Aﬁ({“ "
N (o) o
X
R X ED,s (mg/kg/d)?
Glucose Triglyceride
5: H H 4.9 3.8
13 : OH 3.0 2.7
14 : 3-Me OH 2.7 3.4
15 : 5-Me OH 7.3 15.0
16 : 5-Et H 6.0 6.0
17 : OH 5.4 5.4
18 : CH,0H 5.0 5.0
9: 6-Me H 4.0 3.0
19 : OH 2.2 2.3
20 : 4,6-Me, OH 4.2 5.0
21: 6-CH,OH OH 50 50
3: Ciglitazone 31 25

1) Effective dose to reduce plasma glucose and triglyceride levels by 25
% . The compounds were given as a dietary admixture at three different
doses. The mice were fed the experimental diet for 4 d.

7. TOFER, SKEID2-Q-BYIIIIThF)
FHEARIZ3-EUDINT hF AR (6) KU 4-EY
PIVIhF IR (1) & ERIZIEES#ER I N,
2-FUPILARFIR (10) TIRIEMEIIHETET S
(Table 4), Z=ZT2-Q-EBUY)LT hF) FEEK
WCOEELY D VBREUI M ABEAD Y IVF L HE
MOKIEIE AT K D8R 2 MET L7z (Table 5).
INSFHBRITHMNIEENRD 5N, i 13, 14
KO 1917 0% > (3) @ 10 f5L4 o g
TERAZRLL.

EHILEMS DS-RUDIVHED A BEFRT
E2-VUDIIEERLEOMMEBICERL, [k
DHMELEZ AT 54 F — IV KOF T =)Lk
EBREGRLZEZAMD TEWEENZED 51,
ST D100 5L Lo MK TERE AT S
F 4 —)L#EEAK AD-5061 (22), AD-5075 (23)
(Table 6) ZFHHA T HICES. 1D AD-5061 (22),
AD-5075 (23) OIFHE TEMAL, ZOBEHENS
LEERICAEMPMEINZHETHRDBBENDHD
Thb.

6. A4 1Y% (Pioglitazone) THHkEk

ST TORAOHEITRRL 28, &%
MR R I N FERTHK T 2 & &
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Table 6. Hypoglycemic and Hypolipidemic Activities of 4- (2- (4-Oxazolyl) Ethoxy) Derivatives

ED,s (mg/kg/d)?V

Glucose Triglyceride
(o]
Ph 0. Me
22: ) NH (AD-5061) 0.05 0.09
N s—(\
o o
o]
Ph O Me
23 Y| MN“ (AD-5075) 0.05 0.1
N s—&
o o
OH
24: 0.2

[0}
Ph{_ O._ Me o
ht I| ( (AD-5096) 0.4
N o —(\o

1) Effective dose to reduce plasma glucose and triglyceride levels by 25% . The compounds were given as a dietary
admixture at three different doses. The mice were fed the experimental diet for 4 d.

Table 7. Efficacy Profile of Pioglitazone in Animal Models of Diabetes
Diabetes type Type 1 Normal IGT Type 2
Non-obese Obese
. . STZ — Obese Aged
Animal & strain GK rats
SD rats SD rats ZF rats dogs WF rats KKAY mice
— (sucrose) *
Plasma glucose — — v — — \A 4 \A 4 \A 4
Plasma insulin — — \A 4 — — \ A4 vv vv
Plasma triglyceride — v vv vv v vv vv vv

SD: Sprague-Dawley, GK: Goto—Kakizaki, ZF: Zucker fatty, WF: Wistar fatty, STZ:

resistant, W'V highly effective, ¥: effective, —: not effective.

16: Pioglitazone (AD-4833)

Fig. 3. Chemical Structure of Pioglitazone

o . AL EYOREE IS THEEICETL, 4,
5,9,16,22,23 KU 24 IR ELBFDILEPITDONTH
BN fTbniz. TOE, 4705y >
(pioglitazone) (16) (Fig. 3) AEIR I /=, 12

1. EXATVYCOBRBETILEMCETS
2

WIRFEETINEYICBITHEFTY &Y > DIk
KOS FER 2 Table 712”9, A7 U5
NF, EWEERWEENY) [KKAY X7 X, WF J v

streptozocin, IGT: impaired glucose tolerance, * hepatic insulin

K, JEREEEL Goto—Kakizaki (GK) v b] OF
M, S IME X O & A > A > E 2 s L7z,

WF Z v b oIl A fEEoicimf - > x>
EZEHAEKFEHRICEK TS, Mz 25% K~ &
5 HEIL 0.5mg/kg/HTdH o7z (Fig. 4) .49 %
7z, EFZ U %3 WF T b OTif b REfE %

A A R ORI > A T K B Ik
EFRINICHB T ZIEEDBEW L=, —FH, EETv
I, Zucker fatty 7 v N EONEE —Z )L RicB W
T, BEXUA A >Z2ETFTSELERITIR SN
Hb00, EFMEZIFEEAERTI®RND
20 Lo T, 422 UoibZEEtEd 5 Su
A EXERBEFA R0, RIMHE DR D7y
ZEMRBEINZ, £, 4R U UEEER
DGK Ty MRUOA A RZDARNLT R
CHERE Ty MITBT A EIMEICIIEZE LMo
2 13910 Z DX DT, REOMEMARBIITIZA A
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Fig. 4. Efficacy in Wistar Fatty Rats
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Eleven—week-old, male Wistar fatty rats were given pioglitazone at doses of 0.3, 1 and 3 mg/kg/d for 7days. mean+S.E.M. (n=5). *p<0.05, **p<0.01 vs

control (by Dunnett test).

EA DAY VPEOFEENSBHETH D, FiTHE
A 2 AV ZIE % 7~ 9 AR SRS R T )L CHHETR
MERMPAR SN2 ENS, ZOEMIZA A VK
Pt DBRAERICHE D Z &R N,

8. HRUXMEMEBZLDM > X ) S ERMSEFR

EA T ZT HFH D IR DO W
TERL THiBERBIER 2 RTON%E WFJy M &
AWTHR A FEAL I FRIEIT K 2 M EE
(HGP) KUKRMHHMOBEFIH (PGU) DOHIE &
euglycemic clamp {£ & 2 ATHETA > A K
ZWEEE L. SREAS > 2 EAIE S MF
A4 22> ERICIEUT, EH lean 7 v h T
BHZZ 1 HGP 13384 L PGU 1388 fnL 7245, WF 5
v bTEA AU MENEETH HGP KU PGU
DNWTNHHMEIIZEL Lol &b, K
DRMBHEIDO VT H A >R VIRYIMENEET
L ENRENSZ (Fig. 5). A7 U5 03,
IS5 WF Z v hOF (HGP) K UK #%
(PGU) DA > AV VGt ZE W N b IEEICKE
L7,

X/, EREEZERSEZ GK Ty MIBW TR
DHETHRHLEE A, KEMEO1 > 2
ZHITIE R I b > 720 HITiE A > 2 U i
MARHEN, B EAT U F ) 3T QP& EE
I L 72 1

IS ORFEIL, Fd 2 WITRMHED WT I

A A ARPUENTFIET S HRBICH L THE A
TUI ONENTHDZEERET S,

9. 4R ERMNEERAOERE

EFAT UL 2 OEREFIZDOWTIREBIELRBA
B7R /3 %0, /INEBITWF Z v hOFKTZ
AWTA 22U > OZFERNDREGITITHEST,
SRR EEZDTA > A > OB NIEHRSEHERE 2
MIE(LdT D EZHEMNIILE Y 512, BIIS
IEAZEN WF Z v b OFIRMERICHS N TA >R Y
CEREK (IR) ROA A U2 REKEE -1
(IRS-1) oFo > rEgfbzBmEsEsLLd
WIARXT7F2INA /) h=)-3 (PI3) FF—
YEEELTDZEE2HSMILEZ 20 LnLl, &K
HIZERMEZER TSRV ENS, HEINS
DU CEBALITERT 2RI EWw EE 2 5.
I IE K F - (TNF-o) % 5 v B I I BRGETE
AT DEEHHOA R VIRYiEHERTELZ
EW Ty O fH TNF-a & Jiik THIIS
HERMTOA A ARGFHED ) 3 —ZHD A
BRENTITET D ZENMESINTVEZENnDG,
TNF-o 13RSI D 1 > 2 U VIRPiIE D R R HE
ELTHHINTNS. 212 X517, il
K12 BT D TNF-a mRNA OFHIZA > 2D VK
itz R 9 IR - BEIRIF BN A TR Z EVA
ENTW3E. 29 FZ2T, WFIvy hE2HWT
TNF-o IZBIL THEHL 72, WF T v b oI ko
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Fig. 5. Effects of Pioglitazone on Hepatic and Peripheral Insulin Sensitivities in Wistar Fatty Rats
Eleven—week-old, male Wistar fatty and lean rats were given pioglitazone at a dose of 3 or 10 mg/kg/d, respectively for 7 days. They were subjected to hyperin-
sulinemic euglycemic clamp combined with isotopic measurement of glucose metabolism. mean+S.E.M. (n=5 or 6). *p<{0.05, **p< 0.01 vs basal (by Student’s

t—test) .

B D TNF-o IBEIL, 1E% lean T v MR
TNTN25,23BEMTHo M, AEOEKEIC
FOBRHEMICETNL (Fig. 6), X [E Uiz f%
TR OImf )7t RHEEKFLAE. 2 —
7, [FRFICHIE U 7z L 7 F 2 PR B B LA o
TNF-o & 8I3ZE T, B59HMIcB0WTIEIMmN
TO TNF-o EAMBNFENFEBRICHELEZEZ 5N
7z,

X7, TNF-a D% —% v b Tdh2>HHHHER
T4 >d3I1YF—+F (SMase) {E1ED lean T v
NMZER2fEOREMEZR LD, AKOKEIZXD
ZOiEM T lean 7 POLX)VETHETFLAZ. 2
TNF-a |& SMase OiEMHELZ 1 L THIlENE Z 2 R
EEO EHF K& protein kinase C (PKC) DiEH1L
ZHEL, IRS-1OvY JHEZEY DT 2 &
TA AU >ZEK IR) oFOy > FF—En
FHEINT, MENT A IEREEEZREET S
EEZENTNS. D RAFAENA > 2 U EHR
CEEEEZERLL TSI EZBICHELTVWS
M, 20 iR DRRAE &R TE X 2 EAEOIEHTFEE]
&, INF-a DFEAD 2 WIIMERAZEELLTS I &
kb sIns TN D (Fig. 7).

A7 UZY %, WE 5y b OES D TNF-
o mRNA ORI ZMMEH L, TNF-o ZRZETIE
5 ZEMHSNITIE S 72N, Z ORI TICD

WTIHKARE L TARBATH S, &, A7 U5
CEED24-F TV D IF FERD G
HaD 7 EIZBE D 2 NI B2 ER T -y [peroxisome
proliferator activated receptor (PPAR-y)] DOV 7 >
RTHU, TOME MK TFERANMHETS I &
MHA A ARGEEER & OBIENTEH SN
T3 WIFASIE, COS-1Mifgict hlHkD
PPARs * RXR-a DATOF A X —Z&@mBHI &
T, FrVVPTF AHEEDU T > RIEMAZH
N EF 7Y &Y ik PPAR-y >PPAR-o>
PPAR-J DJEIZIRNY T > RiEMZR LTz, BHERD
TNF-o 412 PPAR-y 3B 5-9 % & W\ 5 pA& N &
% .2 PPAR-y ¥ O = X b I3 lipopolysaccharide
(LPS) ICXD#FHE L /= TNF-a PEEITITFE L Inp
> 7273, phorbol ester B & Uf okadaic acid 12 & 5
FEEMFI L2, 2O EMNinvivo THAEL TN
ZINEBHSNIL TWSKENDH S (Fig. 8).
—7, FTVUTIF UFEARIT PPAR-y ITHE
& U Tl BXAS 7 #E i 2 A5 105 A el ~ o (b & 1 % 28,
TNF-o QNP is< A4 > A itz U
WS WAL DRERANZLSE 2D TR EWN &
DEZBIRBEINTNS, 23D

gD > 20 ARPIEOFRBITDOWTIE, &k
MBS FHAIEE T o Tnirn, FE5IT,
WE v T B W TR RIS O FE B i1 2
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Fig. 6. Effects of Pioglitazone on Muscle TNF-a Content and Plasma Components in Wistar Fatty Rats
Sixteen—week—old, male Wistar fatty rats were orally given pioglitazone at a dose of 3 mg/kg/d for 4 days and the content of TNF-« in the skeletal muscle was
measured. mean+S.E.M. (n=9 or 10). *: p<0.05, **: p<{0.01 vs fatty control (by Dunnett test).

Q© Pioglitazone

™ Rxr PPAR ‘4/ o ©_Insulin
izk lllll'llll’ TNF-o. ' /_\ o /_\
PPRE _Kl'mﬁ -:_F:(} ﬁ)

SMase "o.
Ceramide %,
PKC-e *,

IRS-1-serine = IRS-1
phosphorylation \

PI3K )

|

( Biological activities ]

Fig. 7. A Possible Mechanism of Pioglitazone on Insulin Signal Transduction

o1 O ;
COOH p, o _m
)@Auwm (o] I mt Y _\IL:\ NH
CF; MeO s—'&o @ ~"o N o °

KRP-297 NN-622, DRF-2725 Reglitazar (JTT-501)
i N N cooH
F OO NH \©\/\ /©/\( o ™o
@/\ o S—&o o OEt
MCC-555, RWJ-241947 AZ-242 BMS-298585 ..

Fig. 8. Structures of Insulin Sensitizers under Development
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WA 2 I ERUOARERGIZEDZNS O RENK
EBINDZEEZRELEN, Y ZOH5FLX)IVTO
BT I ELEAHOEETH S,

10. X5 77 ORRZE

EAT U 2 OHERREBIE, FIKETYE
HFEFFED & LA BAFEIZ# B L TU /= The Upjohn
# (31 Pharmacia ) 12X 0D 1989 EICBHIA I 7=,
LU The Upjohn thid, £ D% %tk & D3k [H A%
MOHEERL, UHIEMTHATOEKABRZETT D
ZEEhkok., HATHMBINLBERHABRTIIE S
7UEY 2 OYREISANENTER S N, 1996 4 12
HELERGRHE I N2, KE, BINT S FAERR3ER)
MHEREIN, KETIZ 1991 H, BRMTIZ3 A
ZENENHIEINL, KETIIEEEEME &7
D, 19947 H 15 HIZKRFEIN 8 HIZHTEI N
7=, HATIZ 1999 4 12 A, FRINTI 2000 4E 10 A
ICHRTEE R, BIERK, MY 7UH, 0T 77s
ENMH O S 40 H EL ETHREEIN TS,

11. BRERREE

A7 U5 OKARIL 15-45mg/H, 1H
LEIOIRATHEZTH D, 12 ARG REORE T
1.0-1.2% ® HbAlc DE FMBEH LN TS, 2 F
7=, M PEEIZ DWW TIX TG £ FiZhn 2 HDL- O
L' 25 0—) (HDL-C) OHFER LANED 5
N, BERFOGHIHED O EDTH S KMEREED
BHELOB ISR S SN D, Bt O RAE
5, TG & FIZAFED 5 D TG Ak « WD T
1372<, BB Y RTO71 > U X—E DG
{BIZXBMHENED TG 7YY S ADLERITELS
EHEHIESND. W URTOTFA U N—EDiEMEAL
IZ PPAR-y ZNh L TAL RO Z &M, 7IZX
KNTHHEATVH) O TRTHEALGNDIET
H»%. HDL-C ® FHi1Z, TG{E FiZdk 5 cholesteryl
ester transfer protein /1L 7= VLDL-TG & HDL-
CHTOIEEAH DA B % Wid PPAR-o 7 I =
A MERICKZATREMEMNE 2 515, 2739

Miyazaki 5%, 2 BBERFEFICE AT U LY
D 45mg/HZE 4 5 ARET % &K TEHEIZE
9 20, WEIEERIXERICEAT 2 & a2l
L7239 WA, > 2Y Dbtk z &L,
B EERBZEETDLIIENMSENTNDED
T, AMERABEF T U > OA > A R
BEFEHZHAT 2B &0 5.

12. RAREH

BaDI 75> DRREDKR, LD 2,4-
FYDPTF EERANRE SN, 51T 2,4
FT7JY P THF 2D bioisoster H BN TE
. BT, 2,4-F 7V DI DB ERDEN L
7% — PPAR-yDUN > RTHDHIENFEERS
NTLSk, A7) —Z 27 RBENAHEE LD
A A RPiEERE A B L 2 &t OB FEH S
DAL L TWB, BFE 10 12505 WL & W A3 K i B
HTHdEEDLNDN, NSOV Z@EL T
A A UERPUEE R O & 572 5 R 2 Wty
L7z,

13. &HYIC

AR, TRENCHT 20 RBEETIEMO—ik% /-
E0, FliEZAND & 1,000 FAZBADEED
NTWws, Z0O0%LEIZ2HBERFETHD,
SITETIUT 1 > 2D KPR AT HEE0
WML TETW5, HERBDO T d 5 WITIREICH
WT, BEEEROEISERENEATHZ Z LIIE
DHSIRND, AEIWEARIEZMTT 2 A 47 E
&L THIREENS.
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