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FTUARA% 1 DL TUNELZ &, 45 fisi 28 27 4% 22 50 8 = 1 0L; XA & 02 A =B (MDA) 4 & #2428 84t 4
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The Effect of Ephedrine on Neuronal Apoptosis in Cerebral Ischemia-Reperfusion
Model Mice by Regulating the Keap1/Nrf2 Signaling Pathway

ZHANG Zhe, SU Zhiwei, WU Mengmeng*
(Department 1 Brain Disease, Hebei Provincial Traditional Chinese Medicine Hospital, Shijiazhuang 050000, China)

Abstract  This study aimed to investigate the effect of EPH (ephedrine) on neuronal apoptosis in mice with
cerebral I/R (ischemia-reperfusion) model by regulating the Keap1/Nrf2 signaling pathway. The mouse model of
cerebral I/R was established by occlusion of the MCAO (middle cerebral artery) and grouped into model group, L-
EPH group, H-EPH group, and H-EPH+ML385 group, with 12 mice in each group. Additionally, 12 healthy mice

were included as the sham surgery group. After the administration, the neurological function of mice in each group
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was evaluated. TCC was applied to measure the area of cerebral infarction. HE staining was applied to evaluate
pathological damage in the hippocampus. Nissl staining was applied to observe neuronal damage in the hippocam-
pus. TUNEL staining was applied to detect neuronal apoptosis in brain tissue. The reagent kit was used to deter-
mine the content of MDA (malondialdehyde) and the activity of superoxide SOD (superoxide dismutase). qRT-PCR
was applied to detect the expression of Keap! and Nrf2 mRNA in brain tissue. Western blot was applied to detect
the expression of Keapl, Nrf2 and apoptosis-related proteins Caspase-3 and Bcl-2 in brain tissue; and immunofiuo-
rescence staining was used to locate Nrf2 protein. The results showed that compared with the sham surgery group,
the model group showed neuronal damage in I/R mice, increased neurological deficit score, increased cerebral
infarction area, decreased Nrf2 mRNA and protein expressions levels, decreased Nissl body number, increased
neuronal apoptosis rate, increased Keapl mRNA and protein expressions levels, increased Caspase-3 protein ex-
pression levels, and decreased Bcl-2 protein expression levels (P<0.05). The I/R mice in the L-EPH and H-EPH
groups had alleviated neurological damage, decreased neurological deficit score, decreased cerebral infarction area,
decreased Nrf2 mRNA and protein expressions levels, increased Nissl body number, decreased neuronal apoptosis
rate, increased Keapl mRNA and protein expressions levels, decreased Caspase-3 protein expression levels, and
increased Bcl-2 protein expression levels (P<0.05), the H-EPH group was superior to the L-EPH group (P<0.05).
The addition of Nrf2 inhibitor ML385 inhibited Nrf2 expression and reversed the healing effect of EPH on I/R mice

(P<0.05). In summary, EPH can inhibit neuronal apoptosis in brain I/R mice, which may be related to regulating

the Keap1/Nrf2 pathway.
Keywords
pathway
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ARTE AT BEMIRAS . 72 B H AR EER FL R I R
FMET, Nrf2 A Keap I-Nrf2 & &9 H B K, A%
B2 P k% I S P L = BTG (antioxidant response
element, ARE)45 &, 753 Ui IAH A B2 B AL 5T A AL I
MRIED, FHFER M, EEMCAOTE S KRR,
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1.2 FEIR

ER TR PR TR S VR (1 24 #E - H31021863) 1 H
FIEEHE S ARZNA RA T ; N4 75 ML385 (T
51 HY-100523)4 [ MedChemExpress /A @ ; HE(J5
RE L) Gl & (585 0 G1120). SYBR
Green [(%%5: SY1020)14 H b it R E R A R
AT FHEFH S0 5 — S0 = BRE (55
MRO051018)lg B =N AR A R A A TTC(IR
51 60508ES25). SDS-PAGEERAC # i 7 & (52 5
20328ES50). H AHRBUATE (P55 : 18700ES50).
CLAL 22 ROt B (477 & (1%« 36208ES60)1
H B S EEE AR IR AR & A E &G0 &
(BCAVZ%, 25 : KTD3001)I H VRHA A ¥4 AR A PR
AT JE IR (Niss) B (585 : CO117) Trizol(H
5 R0016). — 57 TUNELYH I 7 1K 3k 771 &
(GE26, 175 C1088). T4 % (malondialdehyde,
MDA) KR & (55 . S0131S). B E AL Pk
{1 (superoxide dismutase, SOD)¥f A MR 77 &
5 S0101S)WH HilgE = REVWEARFRA
Al Nrf2 S50 (P85 1 20733). Keapl % B9t (T8
51 8047) PR AN -3(Caspase-3) e BT (185 -
9662). Bk I8 2(B-cell lymphoma-2, Bel-2)%
P (P85 1 3498). B-Actin bt (585 : 5125). &
HRPHL G 1gG T (H2 5 : 7074) Nrf2 K RS 5w P
P (B25 : 14596)FIHT R R 1gG—HL (185 : 4416)0H
Cell Signaling Technology /A 7
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IXEREFE . DYY-7CHIKA (AL S — AT )
Heraeus Fresco 21 @ik & 2 0L (ThermoFisher
Scientific/A F] ). FM0530% (05 Y6 AL 2% R 6 %
Z 4t (321 Protein SimpleAF] ). GX538 2%t (-
HETERHE AR A ). SYD-K4080AZH 411
FHL LRSS T A R AR ). LightCycler 96
{8 (Roche A 7))
1.4 5%
141 MCAOEAR  FIFHKHNH )k ZEMCAOY L
i VRIS RS B0 /N BRI RS T EL L 22 (80 mg/kg)
PRI, SR FR AT VI, 43 B XU F s sh ik,
A g FLXUM 251 B K (common carotid artery, CCA),
AR 20 min5 , 383k 2 BRSNS ik 1) 25 Lok 15
SHEEEE. TR REE, FINAF AR & 4ERE N R
RIRAE (37+0.5) °C. ik #f 12 A IEH /NI A ETF

R, BFARANRERCCAMZES, HARTF REMEM
Ao BT AR Y38 J0 1 JE U«

142 FBzshihai 48 LGN HEMESD
/NEBENL S N model4l . L-EPH4.. H-EPH4L. H-
EPH+ML3854, 412 A, 145 f5 37 Bl 45 24, K L-EPH
4. H-EPHZLLL5 mg/kg. 10 mg/kglI7 & T H
Y2500 AR TF AR A model 41 7EE B 258 1 PBS( 5%
DMSO), H-EPH+ML38541 3 5 10 mg/kg ) EPH, Jfi@
ik B AR NV 5930 mg/kg MIL385, 4524528 KM,

143 M@heedn HALERE, H— 4 A
(R 538 6t BT A /N BRBEAT # 2 DI REVE 73 O, 40V
FEL MO ZET2) B 10008 1), 70 MR Mg #E
s LR Y S8 N I b A
144 TTCREMAZLEA [ FITTCH M E i
FEZETE AR, Kb R U0 A (1 mmJE)7E37 °C MR AN 2%
TTCH 120 min. f# F Imagel 5 A4 73 17 i i SE T AR o
145 HERE il S ARH4%H T4 °Clé w24 h, &
FibizK . A, S A (S pm) T
THIERH 10 min, Jo/K ABHR LS min. 95% L
1292 min. 80%4EIZ 1 min. 75% L EEIE 1 min.
FENH/KOKPE2 mine FRACKE VR IR AL 515 min, AT
WIH IR E YL 5 min. 95% B2 92 min, 100% 7,
FiI23602 min, — H KA BKERIZ L1 min, — H 2Ki% B
2 min, # FJ5 TR T,

1.4.6 NisslE & D AA DA (20 pm)H =
FR it | To/K BRI 5 min, 90% £ FFIR 7 2 min,
70% £, FE 13 612 min, 781 /KIZ 82 min, SR JE NG th
W, 37 °CHL£2.10 min. FHZEMH/KISER IR G, 1£95%
CBEH /K2 min, 3 FHTEE 195% L BEFE K2 min.
ZHIZRIAEW] 5 min, BRI FIE W] 5 min.
FA AR B . AgR .

1.47 TUNEL# & Fk L 2370 v 0 et A 7K
b, #£20 pg/mLiE HEEK T4 00 ¥ F 20 min, ¥
¥, 15 3% H,O, P =1 H 10 min. PBSIELEE, 5
TUNELA R AE 37 °CF ABEEHIEE 1 h, B 7l
BIEEERTAC MR

148 FACE A TARM  MAESEE Rl X IR A B i
HEREABAT 21K, 53 718 FH MDA T SOD A 77
ERIIMDA 7 & MSODIFE 4 -

149 qRT-PCR#& M FEZA 42 F Keapl. Nrf2 mRNA
RAEL A TrizoBR 7 W ALGUREA 23 B8 i,
RNA. 1§ Ff MonScript RT LTI 73k 47 1 4 5% .
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i SYBR Greenft PCRAX#% il g 2K RIA . LA
B-actin N2, K 27 mRNAKIE . 514H
e n R A YR AR G BR A\l A B, Keapl FiE5
YN 5'-GAT ATG AGC CAG AGC GGG AC-3', F
W51 M 5-CAT ACA GCA AGC GGT TGA GC-3';
Nrf2 EiiE51¥0R - 5'-AAA ATC ATT AAC CTC CCT
GTT GAT-3', N5 5-CGG CGA CTT TAT
TCT TAC CTC TC-3'; B-actin L3554 : 5'-TTC
AAC ACC CCA GCC ATG-3', Fi#Fsg#k: 5'-CCT
CGT AGA TGG GCA CAG T-3"17,
1.4.10 Western blot# ] i 20 2% Keapl. Nrf2. Cas-
pase-3#= Bcl-2%& & & A L M SRS R R X
WA AP HCEE B, BCAN & KR, 10% SDS-
PAGEZ BS i H, ¥4 8 1 A% ENRIPVDFE b, 5%FX)
Nrf2. Keapl. Caspase-3. Bcl-2F1B-actinf]—T (Fi
FELE1:1 000)E4 °C R B . RE5 = hikkitt
(FaRELE 1:1 000)7E il (22~25) °C & 1 he
ECLiAGf & ] ML B B s 267, 18 FH ImageJ 81
AT 73 A, SF 2K FEAB AR B-actin/K~F AR AL, o
14.11 fEREEERNEEO /L BRIUA
N2yt 4 cCPE R REHUr5LE
Yot “PUAEEIR (22~25) °C R E 1 he &)a, HY)
F 5DAPIFE % .(22~25) °C R & 5 min. f# I ILE
FEDOG BB I 7 E T .
1.5 Giit¥ ot

A5 5 5% ] SPSS 25.08E4T 40 B . %3 A
SEIIE +hRAEZE (eks) R A A BOHE LR FH B R
RITEDHT, MALIR LR H SNK-gfi 46 . P<0.05
NEFBE GRS

2 %R
2.1 FLENRAEZTNEETL

SEF AR L, model 4L/ R AH 2 Th BEBRAFI P
23 THE(P<0.05); Hmodel41AH LL, L-EPHZH 42 Thg
BRAVE 3 FEAIK (P<0.05); 5 L-EPHZALAH L, H-EPHZH
PR T BB PE 4 BEAIK (P<0.05); 5 H-EPHZHAM L,
H-EPH+ML3854 1 £ Dy RSk 451 - 73 T 1= (P<0.05),
W1,
22 FENDRBEFXEBRNE

5\ FARHAAL , modelZH x5 4L 18] F2 18 i
(P<0.05); Smodel ZHAH L., L-EPH 4L A 15 5E i AR />
(P<0.05); 5 L-EPHZLAH LL , H-EPH ZH i A 4 1 A5 sk
/1 (P<0.05); 5H-EPHZHAH Lt, H-EPH+ML3852H fixi fifi
ST IN(P<0.05), WE15%K2,
23 FHENDRESHRETL

5 CATX HEZ: (5 n] WAR F R4 /NS
CAlXHEARA M HES 3~4)2 , M52 %, i
KT HLN . Model ZHCA T [X 4 44 40 ffw 38 ) )32 ik
I, #HE TUAN B A 4, A% g% )5 [ 4, EPHAR 7 &%
B TR, o R4 R &S IR H-EPH
L B AR AL B R, RS o AR A M A IR
H-EPH+ML38541 K & HE AR 40 M i /I, % A4, L
K2,
24 FHNERIEDERANIsIERE

R AR 20 T 2H 2R NissUAE =458 %2 ; model2H
NissIA % k2 (P<0.05); HmodelZLAH EL, L-EPHZH
H-EPH4 NissWABU &1 /11 (P<0.05), H H-EPHA % T
L-EPH# (P<0.05); 5 H-EPHZ1 A LL, H-EPH+ML385
ZHNissIABCR T/ (P<0.05), W3 533,

R HERERBUT LR

Table 1 Comparison of neurological deficit scores

Iyl P

Groups Score

Sham operation group 7.53+1.42
Model group 58.56+6.13*
L-EPH group 46.36+4.62*
H-EPH group 34.84+3.72%
H-EPH+ML385 group 52.21£5.26¢
F 236.454

P 0.000

#P<0.05, SR TFARAMLL; “P<0.05, HmodelZBAH LL; “P<0.05, HL-EPHAAALL; ©P<0.05, SH-EPHAAM L. n=12.
*P<(.05 compared with Sham operation group; “P<0.05 compared with model group; “P<0.05 compared with L-EPH group; “P<0.05 compared with

H-EPH group. n=12.
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2.5 BLHPDRABEMBDATEELE

RFARAMEMMIE TP, modell 5 2 ML
FRZ2 20 K B T (P<0.05); L-EPHZH HE modelZH 11
e 22 20 R 3 T R AR (P<0.05); H-EPHZH 41 22 241 Jfa
TR A L-EPHAL (K (P<0.05); 5 H-EPHALAALL, H-
EPH+ML385 41312 4 il I8 T % T+ 15 (P<0.05), W1
4534,

Sham
operation

Model

L-EPH

2.6 FARIHKFNE

ERFARAEE, modeldl /B2l 2 MDA
TEIE. SODH EMFK(P<0.05); Smodel4l HLE%,
L-EPHZA A ZIH MDA 2%k, SODE &=
(P<0.05), 5L-EPHALL%, H-EPHZL 20 21+ MDA
T EFHK. SODE & T (P<0.05); 5 EPHE &
te#, H-EPH+ML3854 fixi 41 21+ MDA & & Ft /=1

H-EPH
+ML385

H-EPH

Bl TTCH&&H )RR XiE
Fig.1 TTC staining of cerebral infarction area in each group of mice

2 EREIVNERR

Table 2 Measurement of infarct area

! FEBE IR/ %
Groups Infarct size /%
Sham operation group 0.00+0.00
Model group 37.24+3.88*
L-EPH group 28.67+3.12°
H-EPH group 20.3442.36™
H-EPH+ML385 group 33.1243.54@
F 152.063

P 0.000

*P<0.05, SRFARLMLL; *P<0.05, Smodel A LL; “P<0.05, SL-EPHALAALL; “P<0.05, SH-EPHAAALL. n=6.
*P<(.05 compared with Sham operation group; “P<0.05 compared with model group; “P<0.05 compared with L-EPH group; “P<0.05 compared with

H-EPH group. n=6.

Sham operation

Model

ES NI AN P 1 UE NV
Black arrows indicate neuronal cell damage.

H-EPH

E2 &HHENRIEDHELAHERE
Fig.2 HE staining of hippocampal tissue of mice in each group
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Sham operation

E3 MERIEDNisslE

. 50 pm

Fig.3 Nissl staining of mouse hippocampus

F3 ZH/NRIEENisslic i E

Table 3 Number of Nissl bodies in the hippocampus of mice in each group

bl NissIfEA £/ A~
Groups Nissl body number /pcs
Sham operation group 113.97+14.75

Model group 53.24+8.67*

L-EPH group 78.67+11.44"

H-EPH group 96.42+9.68"
H-EPH+ML385 group 69.36+7.26“

F 22.308

P 0.000

#P<0.05, S5EFARLHMLL; “P<0.05, Hmodel A LL; “P<0.05, HL-EPHALMLL; ©P<0.05, SH-EPHAIAALL . n=6.
*P<0.05 compared with Sham operation group; *P<0.05 compared with model group; “P<0.05 compared with L-EPH group; “P<0.05 compared with

H-EPH group. n=6.

SOD ¥ & [£1IK(P<0.05), W35,
2.7 B%¢A4RF Keapl. Nrf2 mRNAZRIL

ST AR LE, modelZl /) it Keap] mRNA
FiIEKFTHE, Nrf2 mRNA LK B (P<0.05);
5 model 1t 5, L-EPHAL /)N i 71 Keapl mRNAZK L
KPS, Nrf2 mRNARIE KT+ (P<0.05); 5
L-EPHA L5, H-EPHAL /N R H Keapl mRNARIAIK
P, Nrf2 mRNARIE/KFF+ 5 (P<0.05); 5 EPH
A HL 8, H-EPH+AML3854H /)N FR 1 Nrf2 mRNA
IEIKFBER(P<0.05), W.%6.
2.8 f¥4A %0 hKeapl. Nrf2. Caspase-3F1Bcl-2
EA=ES

H5F AR, modelZd Keapl. Caspase-355
H R IEKF T, N2 87 R IA K FEIK(P<0.05);
5 model4 b #¢, L-EPHZH Keapl. Caspase-385 3%
BT FEIK, Nrf2. Bel-248 [ R IA KT+ 5 (P<0.05);
5L-EPH4 L %%, H-EPHZHKeapl. Caspase-35 H%*%
KA, Nrf2. Bel-225 [ Rk K F 51 (P<0.05);
5 EPHR & L%, H-EPH+ML3854] Caspase-31&
I8 7KFETHE , Nrf2. Bel-278 [ #2357k F B A
(P<0.05), WE55%7.

29 AR RBRNAEEEMNRER

AT model4H, L-EPHZH A1 H-EPHZH Nr2 4 i
IS AL BN ; S5 L-EPH4LRH-EPHALAH B, H-
EPH-+ML3852HNrf23 1 7K °F- B I A

3 g

i 24 B, 455 e 0L A o A H R IR i 2R
BRI AR 5 2R 2 R, 2 BT T 2 R
() 70% o i ke L5457 73 g R AL A% o0 DXORH R I~ 1%
F2IX o B I AZ O DX 28] B A A8 SR B L 58 4
1k, SEETE AR A A, SRR, SRl
I 51X 1 T H R A B 4 W R S SR
YRR T ZIBET: 0, 2568 M K B i,
Y1 Ty RE PT REMK R, (EATh 218 URE M, FEUE Hi 2
(PR, A e A%, 3k — 2 N = A 2 234190

EPH & —FHEY AP0, 158 ol B H IR RESL
B, FER P RS THEI A Tk S S T
iEE L M VER ™, EPHIET 1% AkYGSK3B/Nrf2
T8 PR A MCAO K BRUAE % 40 ff [8 7 7 4= . NLRP3
FERE/MATE LRI BAR , AT 98042 i e T 452473 1)
EPHYAYT I8 I 1) NF-Bd % AH O 8 I 3R IA R 98 RE I
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TUNEL DAPI Merge

Sham operation

50 pm 50 pm 50 pm
— — —

Model

50 pm 50 um 50 pm
— — —

L-EPH

H-EPH

50 pm 50 pm 50 pm
— — —

H-EPH+ML385

50 pm

E4 NEKELATUNELRE
Fig.4 TUNEL staining of mouse brain tissue

R4 BHNRARE MR TR

Table 4 Comparison of neuronal apoptosis rates in each group of mice

Bai! TT-2/%
Groups Apoptosis rate /%
Sham operation group 2.14+0.24
Model group 42.26+4.58*
L-EPH group 35.78+3.81"
H-EPH group 27.36+2.92%
H-EPH+ML385 group 38.69+4.05¢

F 128.913

P 0.000

#P<0.05, 5{8F RLIMHLL; *P<0.05, Hmodel4LHH LL; “P<0.05, SL-EPHALMHLL; ©P<0.05, 5H-EPH4LMLL . n=6.
*P<0.05 compared with Sham operation group; “P<0.05 compared with model group; “P<0.05 compared with L-EPH group; “P<0.05 compared with
H-EPH group. n=6.

Rz, R MCAOK RN URS G, RAMARY B, BAVNRAP L8 05 5, SREGE BT, ist
REPE, 2 — PR R U URSR G T CEST 20 e A TV N, AP i i T 52 i, I8 EPHALER R, 1/
B FCIERE R MCAOVEZE SN URBEAINER , 255k RAMNRBIHP L D RESRIRDF 70 BRAK , Mo AL T B>
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RS FHHENDFRNELMDA, SODKFLLE
Table 5 Comparison of MDA and SOD levels in brain tissue of mice in each group
f}j:iﬁLlps MDA /umol-mg! SOD /U'mg!
Sham operation group 2.47+0.11 18.37£1.95
Model group 11.24+0.69* 7.26+0.85*
L-EPH group 8.36+0.48** 10.34+1.12%
H-EPH group 5.75+£0.31% 13.52+1.43"%
H-EPH+ML385 group 9.5440.49¢ 8.98+1.02¢
F 335.952 64.945
P 0.000 0.000

#P<0.05, S FARUHMLL; P<0.05, Hmodel A LL; “P<0.05, HL-EPHALMALL; ©P<0.05, SH-EPHALAALL . n=6.
*P<(.05 compared with Sham operation group; “P<0.05 compared with model group; “P<0.05 compared with L-EPH group; “P<0.05 compared with

H-EPH group. n=6.
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Table 6 Comparison of Keapl and Nrf2 mRNA expression in brain tissues of mice in each group

éifips Keapl Nrf2

Sham operation group 1.04+0.11 1.06+0.12
model group 3.37+0.36* 0.41+0.06*
L-EPH group 2.89+0.31*+* 0.56+0.08*"
H-EPH group 2.38+0.26™ 0.73+0.09"
H-EPH+ML385 group 2.41£0.26¢ 0.49£0.07¢
F 60.914 53.302

P 0.000 0.000

#P<0.05, 5T RAALL; “P<0.05, SmodelLAH EL; “P<0.05, SL-EPHALAHEL; ©P<0.05, SH-EPHAAHLL . n=6.
*P<(.05 compared with Sham operation group; “P<0.05 compared with model group; “P<0.05 compared with L-EPH group; “P<0.05 compared with

H-EPH group. n=6.
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A: T A4 B: model4; C: L-EPH#; D: H-EPHZH; E: H-EPH+ML3854 .

A: Sham operation group; B: model group; C: L-EPH group; D: H-EPH group; E: H-EPH+ML385 group.
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Fig.5 Western blot detection of Keapl, Nrf2, Caspase-3, Bcl-2 protein expression
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F7 FH/NRKELEKeapl. Nri2ZEBRIALLE
Table 7 Comparison of Keapl and Nrf2 protein expression in brain tissue of mice in each group

Pl

Groups Keapl Nrf2 Caspase-3 Bcl-2

Sham operation group 0.26+0.04 0.81+0.09 0.43+0.05 1.06+0.11
Model group 0.72+0.08* 0.24+0.04* 1.12+0.12* 0.41+0.05%*
L-EPH group 0.60+0.08" 0.37+0.05* 0.96+0.11% 0.55+0.06"
H-EPH group 0.47+0.05" 0.51+0.06™ 0.79+0.09% 0.69+0.08"
H-EPH+ML385 group 0.46+0.05 0.31+0.04“ 0.99+0.11¢ 0.48+0.06“
F 45.804 87.621 43.335 70.606

P 0.000 0.000 0.000 0.000

*P<0.05, FRTFARAMLL; "P<0.05, HmodelHAH LL; “P<0.05, 5 L-EPHAAAALL; “P<0.05, SH-EPHAAMALL . n=6.
*P<0.05 compared with Sham operation group; "P<0.05 compared with model group; “P<0.05 compared with L-EPH group; “P<0.05 compared with
H-EPH group. n=6.
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Fig.6 Immunofluorescence staining of Nrf2 protein
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