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Resveratrol inhibits tunicamycin-induced neuronal apoptosis and phosphorylation
of GSK-33/Tau protein through IREl«-XBP1 pathway
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Abstract : This study aims to investigate the effects of resveratrol ( Res) on cell apoptosis through endoplasmic reticulum
stress (ERS) pathway and phosphorylation of glycogen synthase kinase-38( GSK-38) and Tau protein. Primary cultured neu-
rons were used in vitro to establish an ERS model induced by tunicamycin (TM). Western blot analysis was performed to de-
tect the levels of the endoplasmic reticulum molecular chaperone protein glucose-regulated protein 78 ( GRP78) , unfolded pro-
tein response related inositol-requiring enzyme la (IREla) phosphorylation and spliced form of X-box binding protein 1s
(XBP1s) expression, phosphorylation of GSK-38 and Tau protein. Biochemical methods were used to analyze the activity of
Caspase-12 and Caspase-3,as well as the level of cell apoptosis. The results indicated that TM induces endoplasmic reticulum
stress, leading to increasing in neuronal GSK-38 activation and Tau protein phosphorylation (P <0.01) ,as well as neuronal
apoptosis through the endoplasmic reticulum pathway (P < 0. 05). Compared with the TM model group, like the inhibitor of

endoplasmic reticulum stress 4-phenylbutyric acid, the Res protection group significantly reduced the expression of GRP78,
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phosphorylated IREla at Ser724, and XBPls (P <0.01). Res reduced TM-induced the activity of both Caspase-12 and
Caspase-3 and neuronal apoptosis(P <0.01). Res also inhibited TM-induced the phosphorylation levels of GSK-38 at Ser9

and Tau protein at Ser396 (P <0.01). In conclusion,Res could reduce TM-induced endoplasmic reticulum stress on IRE1a-

XBP1 pathway , the activity of GSK-38,and the phosphorylation level of Tau protein,and weaken the cascade reaction of neu-

ronal apoptosis through the endoplasmic reticulum pathway.
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Fig. 1  Effect of Res on TM-induced primary neuronal apoptosis

£1 REAHYWAETHREBBTE(x+s5,n=6)

Table 1  Apoptosis rate of cells under different drug treatments(; +s,n=06)

A5 W o L TR
Group Late apoptosis rate( % ) Early apoptosis rate( % )
Con 2.18 £0.34 1.49 £0.19
Res 3.12 £0.46 1.86 £0.25
Res + TM 16.24 +2.18* 8.12 +1.13*%
™ 46.58 £5.06 " 20.81 £3.72*
4-PBA + TM 27.23 £3.23* 13.26 +1.64%

TE: 4 Con ZHHLEL, * P <0.05; 55 TM £ HL#E,"P <0.05,
Note : Compared with Con group, * P <0. 05 ; Compared with TM group,*P <0.05.
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Fig. 2  Effect of Res on TM-induced GRP78 expression(; +s,n=3)
.5 Con HIk#E, *P<0.05,* *P<0.01;5 T™ 4H [t4%, %P <0.05, F[a],*P <0.01, Note;Compared with Con group, * P <0.05, * * P <0.01;
Compared with TM group, *P <0.05 %P <0.01 ,the same below.
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Fig. 3 Effect of Res on TM-induced IREla phosphorylation(; +s,n=3)

XBP1s [ M- | o kD
GAPDH|———|36kDa
S & &

s %Y.

S

o

&

<

*k

l #

XBP1s/GAPDH

&

T
Q-Q'% %;g@ &@ é@
¢ &
8

El4 Res 3 TM FSH XBPLs RikKELI M (v s5,n=3)
Fig. 4 Effect of Res on TM-induced XBP1s expression( xts ,n=3)

2.4 Res #ii#H T™M i 5 Caspases ZREXEHEIER
Caspase-12 f& IREla T (55 200 & 1, t )2
DA B R 3 A A 1 T 19 S 3l # , Caspase-12 930S
5 SN T AT Caspase-3 BYBE , 5|
IR TR A A, WEL S AT, 5 Con 4 LHAL, TM
4 Caspase-12 il Capase-3 8 [ [ 14 # 5 25 3
(P <0.01). Res + TM 45 4-PBA + TM 4125 % 4]
[A],5 T™M #H [t %¢, Caspase-12 Fll Capase-3 & [ 4G
PERL R FRE(P <0.01) o DA ESSREN], HEEY
BERE % 1 2 PRI T™M 75 S /Y 9 Joe 99 07 33 5 | kS /Y

Caspases 4L I8 T GIKAF 5, X P J5T ) 34 725 240 i 4
T-EAMGIEN.
2.5 Res &f# TM 5/ GSK-38 BUE1EH
GSK-3B J& — i i A7 7E T FLA% 41 A v i AL Ik
SPR 22 28 IR/ 93 2 B B VA , Ser9 0 8 K 2B IR
6530 GSK-38 Myl . anl&l 6 Fr7R, 5 Con 41 Lk
#,TM 41 pSer9-GSK-38/GSK-38 [ {H i 2 4K (P
<0.05), 5 T™M 4 [b%:,4-PBA Z2ff T T™M if5 3
GSK-38 (13 M ( 52518 i pSer9-GSK-38/GSK-38 1.
f,P <0.05) ,Res + TMZH fit pSer9 -GSK -3 ik 7K



Vol. 36

M RREE IR IEE R IRELa-XBP1 3l B 4K %2 R 5 S B 208 TR GSK-38/Tau 2 FIBERR 1L

1835

=
1 1

ok

& & X,@\ & X.g\“
5 »
]* Q{b

&5

Caspase-3if
Activity of Caspase-3

I LY -
1

=]
I

1
¥

##

T
& & )5@ ,6‘“ )26“
&

¥
< Q
W8

H#EAEERF Caspase-12/3 714 A 2200 ( XEs yn=3)

Fig. 5 Effect of Res on Caspase-12/3 activity(; +s,n=3)

GAPDH

36 kDa

&

& o«

R

2.0

GSK-38/GAPDH
p-GSK-3B8/GAPDH

N

S S &

Vol
Q)
o

&

<&
Qg)%

&

& \od

Q
e

&
& \od

[
=}
1

##

n
1

p-GSK-3/GSK-38
=
1

S
wn
1

=2
=}
|

>§¢

od
N

OQQ st"‘ %‘X&v\ &@

<
» b

L

Bl 6 Res 3t TM H5H GSK-38 B MBS (x +5,n=3)
Fig. 6 Effect of Res on TM-induced GSK-33 activation(; +s,n=3)

R ZE T (P <0.05) .pSer9-GSK-38/GSK-38 H1H
W T m (P <0.01) o Z5FKW], Res ZEfift 1 5T
W RS Y GSK-38 JE AR
2.6 Res BE{K ™M F5H) Tau EEBEERLIER

W 7 Fros, 5 Con 4 L%, TM ZH 1Y) Ser396 {if
SRR LAY Tau 25 [ (pSer396-Tau ) 7K -1 pSer396-
Tau/Tau FLEMEZE (P <0.01), 4-PBA + T™M
2l pSer396-Tau 7K A pSer396-Tau/Tau H, {H A %
fE(P<0.01), Res+TM 41%F Tau 55 (AR R L1052
Wi 2465 4-PBA + TM HE5 R AL, 5 TM A bR,
Res + TM ZH i pSer396-Tau 7K1 pSer396-Tau/ Tau
HAE I B FER (P <0.01) o S52REH], HEH
st e A 410 ) DA Jo D9 1 | /B2 114 Tau 25 I WAL
3 WitE&%R

AD 1 % HIL I 6 A B B W, A RB0R T 259 ik

ARFTFA o PATT I 2 A 200 oA PR 3 42 1) R R
PEAN A o LI PN 5 19 5 A R R AR, S 2 1 o
PR R R N TR 37 BT W T P R R A
JI5E Y Rl IS0 R Tk o 2 ik ) 2 W T TN il R 2 T
FAREES AR R A M BB EARTA
FRE AR AR A 2 S BOR YT & 88 IR 5T 19 v ) 22
RS S50 Joi 0 L

BT I 3 AT BE o AD R A B Y 5 S A
F L FEIERIRAT  ERS BB 5 & (405
29 W5 4 75 & 78 ( glucose-regulated protein 78,
GRP78) 454 AL TG PEARAS . 24 A 5 ) 32 B33
i, GRP78 5 IREla 4% ERS % b %8 fi# 55, IREl -
XBP1s {5538 i il LIRS , WIS & ERS /9 T i
PGS o IRELa A2 A 5T 9 W8 1Y T 27
RN 282 — , /-5 XBP1 mRNA (7] 25574% , IREla



1836

KIRF=YIBE R 5T K

Vol. 36

Tau I“M*mml 59 kDa

p-Tau(Ser396)

B

% ORI PAEN
P e

B swas | 54-59 kDa

GAPDH | - o - ; (D

00“ Q‘-{‘% ;Q“ &@
&

L

Tau/GAPDH

0.5

0.0~

0=

g & &
4 Q&

o Q_Q:" )5@ &V&
&

E
Q
o
8] Hk
*3%
6 —
z
E #
## = 4=
o o
2 —
0 —
@ Gc“ Q?a% ;g@ .G“ >§$\
& <« &
& ¥
WS

7 Res 33 TM 540 Tau B OB L LB (v £5,n=3)
Fig. 7 Effect of Res on TM-induced Tau phosphorylation(; +s,n=3)

TEW BT IR F 2k — R4k, JF i i Ser724 i g 1Y H
EYBEIR 1L 0 L RNase 7% P, IRE1a 1 34005 5 3L
XBP1s # [k . XBPs il i3 1 4% 5 P9 % 9
N 18 e 7 G4 ( endoplasmic reticulum stress response
element, ERSE ) Al H.255 | #E— 251458 4 BT N FEA5 8
LR 3 SR 1) o ARBIFGE s 2 B, ot 4
JHL 28 TV 3755 08 14 J5 9 107 33 5 162 XBPLs | P Jot I £
B GRP78 ik iy Fh &y, T 1 22 P B B 6% A%
TM 75 51 XBP1s ik K1, Hon] GEAL A& I 22 7
E=EHERH (F IRElae 5 GRP78 43085, M ] IREl
WG Je A EBETR A, 98055 XBP1 mRNA () XBP1s #%
RAM A, S AR PRI T T i 3 1Y
GRP78 FRik/KF-, X vl G5 FIZE i i T XBPIs
FIkKPA Ko DL Eg5 R, 122 P B iE i
IRE1a/XBP1s 222 M 1 TM 5514 P4 BT I 1 7K

PN BT IR 7 AR 2 1 T8 P i s S B M R T Y
Ao SEER AR NN, AR PR UG T 753 19
Caspase-3 FOIGAL" T, (132 1 BEAEAS 39 I H M T 2
F A" Caspase-12 5 0 T P J5 I - P9 It
PR I VBRI R T R 6 A 2 ) T AR AR PN JB ) st e
HH B R AR T2 Caspase-12 (75 1L, I 51
SN MR T 47 5 SR Caspase-12 2 /1N
BT A J5R 19 57 9875 5 1 40 e 0 7 ELA AR
ARFFELE R B, TV 2 20N o1 4 12 380 B%AH G 11
Caspase-12 | Caspase-3 {EVER i 3 b T, B 28 ST 241 Ml

TSGR G B O T K P S I 2R e AR T
TM 55 /) Caspase-12 FlI Caspase-3 A 754k, A 41
il ERS fiuh & () 20 B8 TG00 SN, BRI FR 280 28 N
Jox Wi A B PR T 7K o

GSK-3B J& 2 ¥ {5 53 #% 11 i 4% 3, GSK-38 11
AR 255200 Tau B A #BERRIL, Tau &2 —Fh
A AT, X Sl 2 20 I ) B 2R S e 3 T
FAEM , Tau 35 H B R AL S BOL R 2 5 U8 0 45
BHRES . AWFFERW], TM Kb B EEAR & 25 BRI GSK-
3B 1) Ser9 i i Y BE R AL 7K F- 3G il Tau 1Y Ser396
PR BERR AL 7K T, Tau £ 1Y Ser396 v s W R 1k
SRR 22 2P AE PR ZE B IE I, IR P RERE B T
GSK-3B ) Ser9 {37 5 W IR ALK F- FFAIK Tau f Ser396
BLEBERR AL KT o X /R B BERR IR A T 75
T GSK-3B/Tau il B{i% 1 , AT REZEfi# AD v Tau
PR

$7%5 3Lk

1 Breijyeh Z and Karaman R. Comprehensive review on Alzhei-
mer’s disease: causes and treatment [ J |. Molecules, 2020,
25.5789.

2 Busche MA and Hyman BT. Synergy between amyloid-beta
and tau in Alzheimer’s disease[ J]. Nat Neurosci,2020,23;
1183-1193.

3 Jucker M and Walker LC. Alzheimer's disease ; from immuno-
therapy to immunoprevention [ J |. Cell, 2023, 186 4260-
4270.



Vol. 36 PN

RS 2P 1L IRE1-XBP1 il B A< % 05 S M 204 TR GSK-3B/Tau 2 FIBERR 1L

1837

10

11

Nagar P,Sharma P, Dhapola R, et al. Endoplasmic reticulum
stress in Alzheimer’ s disease: molecular mechanisms and
therapeutic prospects[ J]. Life Sci,2023,330.121983.
Roussel BD,Kruppa AJ,Miranda E, et al. Endoplasmic retic-
ulum dysfunction in neurological disease[ J]. Lancet Neurol,
2013,12.105-118.

Zhang LN,Li MJ,Shang YH et al. Zeaxanthin attenuates the
vicious circle between endoplasmic reticulum stress and tau
phosphorylation: involvement of GSK-38 activation [ J]. J
Alzheimers Dis,2022,86:191-204.

Bartra C, Yuan Y, Vuraic K, et al. Resveratrol activates an-
tioxidant protective mechanisms in cellular models of Alzhei-
mer’s disease inflammation[ J ]. Antioxidants ( Basel ) ,2024 ,
13.177.

Yoon J,Ku D, Lee M, et al. Resveratrol attenuates the mito-
chondrial rna-mediated cellular response to immunogenic
stress[ J]. Int J Mol Sci,2023,24.7403.

Lu Y,Zhang L, Wang C, et al. Comparison of the antihyper-
tensive effects of folic acid and resveratrol in spontaneously
hypertensive rats combined with hyperhomocysteinemia[ J].
SAGE Open Med,2023,11:20503121231220813.

Sun XD, Zhou Z,Zeng L, et al. Resveratrol induces autophag-
ic death of cervical cancer cells to exert antitumor effect[ J ].
Nat Prod Res Dev( RIRFEWT 7T 51 % ) ,2021,33:208-
215.

Liu YR,Zhao FF,Ye HM, et al. Mechanism of action of res-
veratrol in attenuating endoplasmic reticulum stress induced

by tunicamycin in primary neurons [ J]. Food Sci ( & /& F}

12

17

18

19

20

2#),2022,43.180-190.

Schwarz DS and Blower MD. The endoplasmic reticulum:
Structure, function and response to cellular signaling [ J].
Cell Mol Life Sci,2016,73:79-94.

Han J, Kaufman RJ. The role of ER stress in lipid metabolism
and lipotoxicity[ J]. J Lipid Res,2016,57:1329-1338.

Li JQ,Yu JT,TJ,et al. Endoplasmic reticulum dysfunction in
Alzheimer's disease[ J|. Mol Neurobiol ,2015,25 :383-395.
Prischi F, Nowak PR, Carrara M, et al. Phosphoregulation of
Irel RNase splicing activity [ J]. Nat Commun, 2014, 5,
3554.

Grandjean JMD, Madhavan A, Cech L, et al. Pharmacologic
IRE1a/XBPl1s activation confers targeted er proteostasis re-
programming[ J ]. Nat Chem Biol,2020,16:1052-1061.

Li JO,Yu JT,Jiang T,et al. Endoplasmic reticulum dysfunc-
tion in Alzheimer’s disease [ J]. Mol Neurobiol, 2015, 51 ;
383-395.

Zhou Q,Deng Y,Hu X, et al. Resveratrol ameliorates neuro-
nal apoptosis and cognitive impairment by activating the
SIRT1/RhoA pathway in rats after anesthesia with sevoflu-
rane[ J]. Bosn J Basic Med Sci,2022,22.110-117.

Song J, Zhang Q, Wang S, et al. Cleavage of caspase-12 at
Asp94 , mediated by endoplasmic reticulum stress ( ERS) ,
contributes to stretch-induced apoptosis of myoblasts [ J]. J
Cell Physiol ,2018,233.9473-9487.

Nakagawa T,Zhu H,Morishima N, et al. Caspase-12 mediates
endoplasmic-reticulum-specific apoptosis and cytotoxicity by

amyloid-beta[ J ]. Nature,2000,403 ;98-103.





