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DA e IR e B B 25 IR DA SRR 1) DAL 1) PN 70 WA
W . Bl JR 2K R (Alzheimer disease, AD) & —
FhCAEAT PR R 2R« DA BB DL S A 2
AR) ARG IARREAE, DA Bz Jo0 R i B X sk H 2040 i
HNEAEDE (SP) 4 U A IR SR 2T 4l 5 (NFT) FHIE
FRAN R 5 147 508 kg 9 BRARFALE 1 A 28 A5 P 5 ),
NFT W A 2 T tau 85 (10 7 0 IR AL T 20,
ZERRIERS B VEMEEE (AB) 7E41 Mu b )it
FEyiiEH %, L, tau B AW E B RILE AD
S H P BE O AR, AT S TR N, 2 R
PRI A& AD [ RS R 38 2 —,  H HHLEE v AN
RO HUT R RN, B EE S KRGV
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(PIBK) FB#, M3 3N tau &5 A BERR L 1K) 35 0 5t
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VEEZR (STZ) i 2 BURH PR AY , I 3a el o 37 4

SENLBARG K BT VE ST GSK-3B 4 7 LA 771 5
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1.1 zhiiEE

MM SD KR (4 h B K 2 R G s 24 B 2h )
LRI 20 H, {ATE 180~220 g, 10~12 JHi.
Hep 16 AmlembimEARE, 4 LIEEKER
XTHEAL (CTL 41). 8 )5, BENL i ook = 2
EA I 8 K, &M 20~25 mg/kg 7 & & IE—
WM S STZ (Sigma A 7], ¥y 1% T 0.1 mol/L
pH 4.3 FFE RN e ). 72 h 5 R FR VKB, 1l
PEAC (RAEFR SR, SR BT A M BR A W) I i
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Wi =16.7 mmol/L JR¥EFFLLPH M A AT, A 2
TUBE PRI R (T2DM 21). 4% 8 Wi g bl v 25
R R RN B SR (OB 4H) 421813k J7 v i s i
WHFARIRZ PP, 1 FJ5, T2DM 4RI OB 41 % ki
HUEL 4 1, 4% 5% B bE 2240 16 B v S BRI, FH A 22
SERLI S (B ) BT Sk A7 ] 5 KB

i U ET X5 3.8 mmy H12k5% 2.5 mm. FilE R
[~ 3.0 mm ki 150050 S, AT e 45 i
I v S S A BE (Sigma A F] K% T PBS HY)
1 wl, WA 20 mmol/L, 1.5 min 5. 1 KJ5
HURIEHTH 2 R, LR fEh A oK. e K&
ATAu] BB 20 D AL B S5y AL 1 BT,

Table 1 Design of experimental rats and laboratory data (x = s)

Obese group Type 2 diabetic
Groups
(OB) group(T2DM)
Number 4 4
High sugar, high High sugar, high

Diet fat and high fat and high

protein diet protein diet
STZ injection No Yes
LiCl injection No No
Weight before killed/kg 411.2 £21.7Y 368.6 £ 17.07
Plasma glucose/(mmol - L™) 6.99 + 0.74 23.11 + 4.28%
Plasma insulin/(IU-L™) 25.17 + 0.94% 27.60 + 1.92%
HOMA-IR 7.96 + 1.05" 29.85 £ 277

Obese+LiCl Type 2 diabetic +LiCl

L L Control group
injection group njection group (CTL)
(OB+LIiCl) (T2DM+LICI)
4 4 4
High sugar, high High sugar, high
fat and high fat and high Normal diet
protein diet protein diet
No Yes No
Yes Yes No
430.5 +21.4" 382.7 £ 9.9? 300.4 + 21.6
7.61 £ 1.07 27.62 £ 3.59% 6.20 + 2.31
21.32 + 4.06" 23.11 £2.11% 9.54 +2.10
7.39 +1.89Y 26.12 £ 3.739 2.12 £ 1.01

Results are expressed as x+s for groups indicated as control (CTL), type 2 diabetics (T2DM) and obese (OB). Significance was calculated by
ANOVA with Bonferroni post-hoc test where differences vs control (CTL) group are indicated as ?P<0.05, "P<0.01, *P<0.001.

1.2 WMEBEREKEFZE

1.21 4545, a. M4 (plasma glucose). IMFH{X£E
IR LI 58 . A5 8 S0 — UK. KR PRI AR S
2 REM—IK. b. I 2 # 5 2 (plasma insulin). 4k
GERT O JEIBCAL 1 ml, 2505 B, —20°CfRA7
JBUS B i — RS I 245 600 18 b 5 R 7 BRI AT
B, WEEAN CV<2.5%, #itiF €V <3.5%. c. JK
B ) BB OSSR PR AGL I sk B S — 2k B R
TR, A 2 REN IR d. BRI TRS. LA
R A& B L (1) B By 3% 4K P4 £t HOMA-IR = FINs
(IU/L)xFPG(mmol/L)/22.5 F&7RP.

1.2.2 HAFEIE T % 4 5 A S tau 1. tau
S L R R AN R i Ao 2 A P B K2
IR AEFEEN ), B U 5 5 Bl = 05 — B
SIS AR, NN E RO, UK EA) K.
B A JRPEEGHE A 40 mmol/L Tris-HCL, pH 7.0, 1%
Triton X-100, 0.2% SDS, 1.0 mmol/L Jiit 4 I & 4 ,
1.0 mmol/L Na;VO,, 50 mmol/L NaF, 1.0 mmol/L
PMSF, 2.0 mg/L [f] aprotinin. leupeptin. pepstatin,
1.0 mmol/L EGTA, % 1.0 mmol/L EDTA (A_Eik 7|
I A IO KRB A R, T 4CELHLA 12 000 g
20 10 min, HU EyEBPOH & A . B 10 pl A

Bradford VA0 8 1 IO B2, AR A AF T-80°C & H.
FHTIN 2xFEARZE M AT, T 100°C A2 5 min.
70 15 TEXCHE AL UKRE N REFL N IS 12 pg &R
B, 10% SDS- % W i Bt e Bt IR H K
(SDS-PAGE), #WJ5 4> ¥’ % NC Ji. #2IK | 5%
BSA & /] 2 h, 2248 —HL(Pr APk 2 fror)
4°Cit R, PBST PEME 3 ¥k, REIK 10 min, %45
Pt CHARE PR TR FP R R 1gG 11
H PIERCE XA A Fl), ZFEIK L 1h, PBST Uk
JEE 3 Yk, 4% 10 min. DAB i #l # & f6. iz ]
BandScan V5.0 #A4X) G5 Js 3 4 iy 64T 58 20 BT
1.2.3 GSK-3 Jif PEA M. B — 73 ifg 5 A 2N A
WA, N ARSRIE, UK EATR. B A IR
WM : 50 mmol/L Tris-HCl, pH 7.0, 10 mmol/L
B- #i Kk £ W, 1.0 mmol/L EDTA, 1.0 mmol/L
PMSF, 2.0 mg/L [ aprotinin. leupeptin %
pepstatin. T 4°C ZL.0 LA 12 000 g 5.0 10 min, Y
R B S . il AF T -80°C 25 H.
GSK-3B 7 5 ' K #) JIK Phospho-GS peptide M
Upstate Biotechnology 3%, v-?P-ATP M b 5{ffE
A A TR W 2. KT AN GSK-3B 5 7
AW . a0 W y-PP-ATP ST 3E ME AR U5
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y-2P-ATP JEUHE PE AL AARFTHE ATP Bk 2,
BAETBUPE ATP 1 y-2P-ATP 25545, A8 HAE ROV AK
AP HLWEE A 0.2 mmol/L. b. GSK-3p 7% PE I &

RN ARF . BEAS EP A in N GSK-38 = Wi
2wl (B4 K : 100 mmol/L Tris-HCI, pH 7.4,

50 mmol/L MgCl,, 2.5 mmol/L DTT, 750 mmol/L
NaCl /% 5.0 mmol/L BSA), @ Phospho-GS J& ¥
1 ul, ®EAFFEA 2 ng (RHAEK AR IMAAF

PR B 11T A R) AN 1) 2R 1 SR B AN A2
LA 5.5 ul), @ 2 mmol/L JEJAS ¥ ATP 1 ul,
& v-2P-ATP 0.5 pl. K N AE R B AABN 10 pl.

v-2P-ATP JE 435 B 24 2 000 Ci/mmol. c. &% i
A1), 30°CHFE 15 min. d. JIA 25 wl f£) 300 mmol/L
H,PO, W11, 24 0b V. e #0015 wl O
TEBIRET4E L. £ LA 75 mmol/L HiPO, VeI 7B
SIUENE 3 K. g iR TSR h .

Table 2 Primary antibodies employed in this study

Antibody Type" Specificity?

pS199 Poly P-tau

pT212 Poly P-tau

pS214 Poly P-tau

PT217 Poly P-tau

pS396 Poly P-tau

pS422 Poly P-tau

R134d Poly Total tau

H-78 Poly o Fragment of insulin receptor

H-70 Poly

Actin(I-19): Poly B-actin

{3 fragment of insulin receptor

Phosphorylation sites Reference/Source
Ser199 Biosource, Camerillo, CA
Thr212 Biosource
Ser214 Biosource
Thr217 Biosource
Ser396 Biosource
Ser422 Biosource

Tatebayashi et al.1999
Santa Cruz, Santa Cruz, CA
Santa Cruz

Santa Cruz

Y Poly, polyclonal; ? P-tau, phosphorylated tau.

1.2.4 S4B g s b g 5 2552 5 B &
D). T 20 23— 40 4 OIS 2 1 3R BOD SRS IR
FI (Pierce BEAT R HGAR &, KE), HRBIME
T T K E . ﬁﬁm*ﬁﬁ@ﬁ/ﬂ%ﬁ?i&ﬁm}%ﬂiﬂ
[ A RS 2o K2 . BB R A RN B BT 48
H, BIEAE A ¥ (10 mmol/L Tris-HCI pH 8.0,
1 mmol/L EDTA, 0.5% Triton X-100 /2 0.1% B- %
FEOEE), 4CTHFE 12h, FREENTISRILE B Wil
*1 (10 mmol/L Tris-HCI pH 8.0, 1 mmol/L EDTA,
150 mmol/L NaCl &% 0.1% B- #ik £ 1), 4°CHift
12 h, BN EL R i e e g B R
. 5 2xFEARGE PR AT, T 100°C A2 P 5 min,
I FE LK.
1.3 FitFabE

¢ Kl H Graph Pad “E 16 % 4 &b B 4K £
Prism4.0 FEAT S i1 A0 H. T B R DL ves RoR, %
21 15850 HL AR ] ANOVA 7 Z 40 #T. L P<<0.05
hERABEE X

2 & R

21 ZHARMEREE., MELRBEIZIRNEE
EbES
T2DM 41 & OB 41 K U JE & =K P25 T

CTL 41, T2DM # ifk/K~F W2 w1 CTL 41, 1
OB 41 55 # ol # 2 . iidl HOMA A Ui 5H
) By 2 HK P e £ B ok, T2DM K& OB 41
HOMA-IR .2 =T CTL 41, WiWHERET) (& 1).
22 ZHZEAREINTEN=ZHXREI AL tau
E B tau EEBEER LK

T2DM 41} OB 41 K [ & tau £R 1K 1A 5 CTL
M2, HE 17w, T2DM & OB 4
1 tau £EA7 A Ser199. Thr212. Thr217 A Ser396
P BER AR R B T CTL 4, 7E Ser214 ¢
Serd22 XML A, 3 4 tau B (B AL KT LE
BB EER.
23 ZHAREDMEMERAN GSK-3B iE ML

i tau 4> T 1) Ser199. Thr212. Thr217 }%
Ser396 1 # GSK-3B MR ALH, R I AT TiE 4 5+
PEICIIE S y-2P-ATP Il 40 e N GSK-38 v P
K] 2 fiT7r, T2DM 2} OB 4 K il 5 GSK-3B 7%
PR =T CTL 4.
24 LiCl ¥ 5t/ GSK-38 FMHEREIHE tau
B #0 tau EBER L KF

IF) K BRI P S8 V3 S GSK-3 8 i S Pk 4 i 51
LiCl J& FF K I GSK-3B 6, 45 3k L LiCl 7]
BEL1E T2DM 41 K% OB 4 GSK-3B %Mt (1K 2).
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Fig. 1 Western blot total tau and
phosphorylation of tau in rat hippocampi

(a) Crude hippocampal extracts (13 pg/lane) were analyzed by Western

analysis  of

blots developed with an antibody to total tau as well as several
phosphorylation-dependent and site-specific tau antibodies to detect the
phosphorylation levels of tau at the specific sites. Actin blot was
included as a loading control. Each lane was from an individual rat. (b)
The blots as shown in panel A were quantitated desitometrically and for
quantitation of tau phosphorylation level at each site, data had been
normalized by the level of total tau. All data are presented as x + s of the
relative immunoreactivities. “P < 0.01, *P < 0.001 as compared with
control group. [(1: CTL; [: OB; W: T2DM.
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Fig. 2 Activities of GSK-3f in different groups before and
after injection of LiCl into rat brain hippocampi
GSK-3B activity of crude hippocampal extracts from rats before and
after LiCl injection was measured by using y-*P-ATP and the specific
peptide substrate. *P < 0.001 as compared with control group before

injection. [J: Before LiCl injection, l: After LiCl injection.
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Fig. 3 Western blot analysis of total tau and
phosphorylation of tau in rat hippocampi after LiCl
injection
(a) Crude hippocampal extracts (13 pg/lane) were analyzed by Western
blots developed with an antibody to total tau and three tau antibodies
against its phosphorylation at Ser199, Thr212 and Ser214, respectively.
Actin blot was included as a loading control. Each lane was from an
individual rat. (b)The blots as shown in panel A were quantitated
desitometrically and for quantitation of tau phosphorylation level at each
site, data had been normalized by the level of total tau. All data are
presented as x + s of the relative immunoreactivities. “P<0.01,*P<0.001

as compared with control group. [J: CTL; [J: OB; l: T2DM.
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SEAT gL FERERR AL LAAN, IS A AR R S
T tau B Ser199, Thr212 MR 1L FE 58 .
25 EAEHRITAN=ZHEXREIHIMME
FE LIRS EZRKTE

MBS ZHPLTEES S tau B 1 AT 2T
ERRAC I SO, FRAT TN I B 2 R 20 41 B B 1 e 2
BRI G A HAT T, 18 F & A0 ED I 4 AR A
D3 20 21 2 BT 4N B o8 2 11 PN B I 35 S AR T 3R
ik, WK 4 fiR, T2DM 5 OB 41K flilE o2 41
MR TR S RS2 o WIERIE T2 5, 1 g W3
MRISH CTL A WAL T N Bk, 405
FARKP i, TR R R B B BRIA
Wb, R R SR R AN, NN
HA AR N, T GSK-3 % kT .

150
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O
S

(=)
S

Immuno reactivity

w2
S
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Fig. 4 Levels of insulin receptor in membrane fraction of
rat hippocampi

Protein extracted from the membrane fraction of rat hippocampi were

analyzed by Western blots developed with antibodies to o subunit (open

bar) and B subunit (close bar) of insulin receptor, respectively, and the

immunoreactivities quantitated densitometrically. Data are presented as

xs. *P < 0.001 as compared with control group. [J: « subunit, l: B

subunit.
39 #

AD & LUHEAT PR o 2L Im R AEIR, B2 Fh
=518 A 2 P BB ol 4 R 0B AT 1
. tau H FIRI BERERR AL N R & AD B RINR i
IO 2R . tau H A PP 2 40 i 3 B0 A DG B
[1 (microtubule associated protein, MAP). IE % tau
A2 R AR a. HSEEANSG G B
W b, 5 CETE R 45 & LA r LA E 1E.
S ERRAAT tau B2 BB EE R R, JF
LR A 454 IR tau 55 BN O 4T U 1
EEFI tan T, FEUEF NGO HITA KRR E
T e 1A o 1 2R 5 IO AR VR 2R tau 22 1
(R RR AL 52 S5 L USEA  E RTR MR R K Y, P2

OB, W GSK-3B. A ER 14 v i
(cyclin activiated protein kinases, CDK) & 22 %4 i i
i & 1 B (mitogen activated protein kinases,
MAPK) #fefeff tau 85 A BERR1LIY. Hong &5 97E /4
AMEIR NN MR 2, AR 22K B ]
DL PI-3K S, 1 PI-3K vl B GG tE
B oK 3 BUN eI GSK-3B i JE 7% A0 B 56 A2 D i 4k
A, MM tau 2 [ F Thr181. Serl199. Ser202.
Thr212. Thr217. Ser396 %547 i1 & LR 1L,
FEAMFFCH, BATE SCUFSE T B AT R 4K
PURF AN JHEFD 2 OB PR S o, tau B AR
Ser199. Thr212. Thr217 & Ser396 & il Ji& i iz b
(). FETR VTR R AL AL T 1T, FRAT D0 e i A
FIEATHEAT THIST. 8 ) A B W I A RO,
(R4 I RE AT 03 R 2 AR (G550 S AR 2 AR e =
ANBEY) BRI B, L (I 5 25 A
BB o WHRALE G, TR R - ZHhE s
Y1, Gl 8 WAL Tyr SABET F S BEIRAL, ATk
W Tyr G0, Ho)5, PIBK #i0%, GSK-3p 3241
. BRAT RS T g T A B L PR S 2R o B
WAL 7K, A RRIL, RS aliIE R 2 BYpE R
i SRS T o P RIE B B, H B
PrRIR 2 TR R, FRATTR I T 52 44 i g &% 2%
f& BT tau & H PG GSK-3B W, iR K
L, 7€ T2DM F1 OB 41, GSK-3B M3 #f f 5%
Tl G5 KU, 7R =AU A, A A
AN FKP AR TR B AR R,
BEME S F@RER RS, PBKIGMHE T, 1M
GSK-3 3y, AT H I P e B 22 H s A v
tau B (11 IR AL RIB IS (HB 5 2R 2 2 LA
PN o WEFEPRAS BRI PY SR 44, 78 OB A1 T2DM
FERS S (] I o MEFEAN BV HEZK P (R AN [ 1 A
2 OBE PR ELAT TR B 2 T PRI 2 LA
Te BE AR AE . FoAI 1K LiCl v N B3 20 S A 7 (1)
WS 9 T4 GSK-3B G M. 45 oK, 1%
(s e B, BE S, FRATHGEL LiCl VESS AT /S tau
HEIAE Ser199 F1 Thr212 LI MRALFESE, 5 OB
AN, LICLIERHTG tau 7RI P9 AN A B
PR AR I3 A e AR B2 T B TR A 5T
T2DM 415 OB 4 LU AE(EREACH S, DAL AT
e, BRI RES S T tau 8 0 R IR
EHITE . SCRRIRIE tau 25 (A B0 IR 1k 151 2 4,
T DARE S B A R, SR B A
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Alzheimer-like Hyperphosphorylation of Tau in Brains of Rats With
Obesity and Type 2 Diabetes

YANG Yan", HU Shu-Hong", ZHANG Jian-Hua", ZHANG Mu-Xun"", GONG Cheng-Xin*®

("Department of Endocrinology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430030, China;
2Department of Neurochemistry, New York State Institute for Basic Research in Developmental Disabilities,
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Abstract Abnormally hyperphosphorylation of tau plays a critical role in the pathogenesis of Alzheimer disease
(AD) and type 2 diabetes is a known risk factor of AD. Phosphorylation of tau in type 2 diabetic and obese rats was
investigated by Western blots. Tau protein was found to be hyperphosphorylated at several AD-related
phophorylation sites. The activity of glycogen synthase kinase 33 (GSK-3f3), a key component of insulin signal
transduction pathway and a known tau kinase, was also found to be increased in the brains of both diabetic and

obese rats. Intrahippocampal injection of LiCl blocked activation of GSK-3f in both groups, but only blocked
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hyperphosphorylation of tau in the obese rats. In addition, the -subunit of the hippocampal membrane insulin
receptor was found to be reduced in the brains of obese and type 2 diabetic rats. These findings suggest that obese
and type 2 diabetes increase the probability of AD by increased insulin resistance and consequent upregulation of
GSK-38, which leads to hyperphosphorylation of tau, and that impaired glucose metabolism may also contribute to
tau hyperphosphorylation in type 2 diabetes.
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