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# E: A6 RRORPESKRRAEHEEHRBRPIF . Tk 32 2 7 A# SPF Bt SD K LML A%
#4 (CONT 4, 8 R) . A F#m (RESVA, 8 R) | &3 ¥ HMhitAs (EIKIM 4, 8 R) e pig
Tz H % FRGEA A (REIKIM 48, 8 R) . EIKIM /= REIKIM 4 K 5 #1738 & I 453 232 3l v B4R 45 42
A, 4 B HAE, RESV. REIKIM 48 K R A& E R ZAT | h RFBKE L TR ZAEM5 5% 150 mg/kgbw F=
SmLkg AR PFEEERER, AAXRLTHFEABREMNET, RANK24h BREZ B X R bikFFHEL, B
i HE &€& KR KA E. M2 KR bk + ILE (creatinine, Cr) #=fk % & (urea nitrogen, UN) K-F &'
48 22 F Kelch # 3% £ & 7 2 48 X & @ -1 (kelch-like ECH-associated protein-1, Keapl) . # EH-F E2 48 % B F 2

(nuclear factor-E2-related factor 2, Nrf2) . NAD (P) H BB.A5 1 (NAD(P)H: quinone oxidoreductase 1, NQO1) .
in 21 % & 485 1 (heme oxygenase-1, HO-1) mRNA #= & & /it & ik K-F, B E 4L (phosphorylated nuclear factor
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ROS 4 %, #m /A T % Bax. Caspase-9 = Caspase-3 & & i £ A K-F, WA & Bax/Bel-2 }b 153 B ¥ # &

(P<0.01) ; B4 N2, NOOI. HO-I mRNA 2% & Jfi & 5 K -F, SOD. CAT #= GSH-ST &1, p-Nrf2 f=
Bel-2 & & & A KT A p-Nrf2/Nrf2 s A8 3 2% T (P<001) « 24 A a3 F8T#, 5 EIKIM 4 K R,
REIKIM 48 K SR A 8RR T A KK &; ik CrA UN K-F, FALRF Keap] mRNA F=& & i & & K-F,
MDA #= ROS &%, %@/ % Bax. Caspase-9. Caspase-3 & & i &k K-F, VAR Bax/Bel-2 tbia¥ 2 & T %
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Protective Effect of Resveratrol on Exercise-induced Kidney Injury
in Rats by Regulating Keap1-Nrf2 Signaling Pathway

ZHOU Haitao', HU Ge’, ZHANG Jing’, ZHOU Qiyun®, QIN Fei*"

(1.Institute of Physical Exercise and Health, Beijing Union University, Beijing 100101, China;
2.School of Physical Education, Changzhou University, Changzhou 213164, China;
3.College of Biochemical Engineering, Beijing Union University, Beijing 100023, China)

Abstract: Objective: To investigate the protective mechanism of resveratrol on exercise-induced kidney injury in rats.
Methods: Thirty-two 7-week-old SPF-grade male SD rats were randomly assigned to four groups: control group (CONT,
n=8), resveratrol group (RESV, n=8), exercise-induced kidney injury model group (EIKIM, n=8), and resveratrol-treated
exercise-induced kidney injury group (REIKIM, n=8). Rats in groups EIKIM and REIKIM underwent high-intensity
treadmill training to establish a model of exercise-induced kidney injury. During the four-week training, rats in groups
RESV and REIKIM were administered resveratrol solution intragastrically at a dosage of 150 mg/kg-bw and a volume of
5 mL/kg, 1 h prior to each training session, and the remaining rats received an equal volume of solvent. Blood and kidney
samples were obtained 24 h post the final training session. Kidney morphology was assessed using HE staining. Levels of
serum creatinine (Cr) and urea nitrogen (UN), renal kelch-like ECH-associated protein-1 (Keap1), nuclear factor-E2-related
factor 2 (Nrf2), NAD(P)H: quinone oxidoreductase 1 (NQO1), heme oxygenase-1 (HO-1) mRNA and protein expression
levels, phosphorylated nuclear factor erythroid 2-related factor 2 (p-Nrf2) protein expression level, activities of superoxide
dismutase (SOD), catalase (CAT) and glutathione S-transferase (GSH-ST) activity, levels of malondialdehyde (MDA),
reactive oxygen species (ROS), apoptosis, B cell lymphoma-2 protein (Bcl-2), bcl-2-associated X protein (Bax), cysteinyl
aspartate specific proteinase-9 (Caspase-9), and cysteinyl aspartate specific proteinase-3 (Caspase-3) protein expression
were detected. Results: After 4 weeks of high-intensity treadmill training, significant renal pathological changes of rats were
observed in group EIKIM compared to group CONT, with increased levels of serum Cr and UN, renal Keap! mRNA and
protein expression, MDA, ROS, apoptosis, Bax, Caspase-9, Caspase-3 protein expression and Bax/Bcl-2 ratio (P<0.01), and
decreased levels of renal Nrf2, NOOI, HO-1 mRNA and protein expression, SOD CAT and GSH-ST activity, p-Nrf2, Bcl-2
protein expression and p-Nrf2/Nrf2 ratio (P<0.01). In contrast, after 4 weeks of resveratrol treatment, rats in group REIKIM
exhibited significant improvements in renal pathology compared to group EIKIM, with decreased levels of serum Cr and
UN, renal Keap! mRNA and protein expression, MDA, ROS, apoptosis, Bax, Caspase-9, Caspase-3 protein expression and
Bax/Bcl-2 ratio (P<0.05 or P<0.01), and increased levels of renal Nrf2, NOOI, HO-1 mRNA and protein expression, SOD,
CAT and GSH-ST activity, p-Nrf2, Bcl-2 protein expression and p-Nrf2/Nrf2 ratio (P<0.05 or P<0.01). Conclusions:
Resveratrol can activate the Keap1-Nrf2 signaling pathway of rats subjected to high-intensity exercise effectively, suppress
oxidative stress and apoptosis, thereby protecting the integrity of renal structure and function.

Key words: resveratrol; exercise-induced kidney injury; rat; kelch-like ECH-associated protein-1 (Keapl)-nuclear factor-

E2-related factor 2 (Nrf2) signaling pathway; apoptosis
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BAE NPT AR N BTSN E, KA 2
WA R A mriE s T T TR . X s sh W R
— B TRUEE, 15 iz Bl B T YRR B R TR B
o5, It Bz sh N ] BB 3 B iids i 2 A . AHSCHT
GRS, KIAE] | FRE2 0 TR BB 3 R EUF H LR
AR I e LR RN T R, IX T RE155 A AN
Bt G0 R RS, Kelch BRI A SN BEAH e
% -1 (kelch-like ECH-associated protein-1, Keapl )-
B HF E2 A KT 2(nuclear factor-E2-related fac-
tor 2, Nrf2) {5558 B 4455 20 il PN 38 54k 5 3 IR
B AT RS, TEIEHIRET, Keapl 5
Nrf2 Z55 23808 Nrf2 MR, PTG sk
o AHS, TEEALNV SR T, Nif2 )N Keapl HVREL
B8 I I 15 B BOTE B A AR I O /F (antioxidant
response element, ARE) , i3 Ifii {& # 1 £ 14 il 55 5t
Ik, Yk AL I JE T Al DL HG AR A Ak 35 455 1

Nrf2 %I B itk EL 40 i 88 X+ -2( B cell lymphoma-2
protein, Bel-2) 3 R ik K HLvis ARG HE TR R, B AL
BHAE T 4ufsdd T kA 5 RP . \AZE P —
PR SR B Nrf2 3357, AT LABH WY Keapl X+ Nrf2 #9
FUFETYER, LR Nef2363k, e Nef2 22507, 3E
Nrf2 {5538 B, AP ALIErES 7, skBhag® 195
WA B, 2 IRl S R KR E s 3h5 | &
Fy E SR E AR R, R SRR AL B B T, B
SUREATCNE BTk SRR B, AR B A i AR e R AN )
[ C e N LI R S INITE 3 NG - B e A s O N = R
Fithi. AP BNt R B, 12 ST A R
R, 1955 T IAZ S RO T RIR B s 35 R U4
2N Nrf2 {555 @A, HFEm s m sl S 3T
P T - 5H =T, R4S Keapl-Nrf2 {5538
A] BETE FIZE ) X iz s M s AR Y E R T R4
SCHEE A, (H B TS XX —HLH i BHE S AH X
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B PR, Ao ei dtiz sl B 4 R BRUSE R, B 7E
TR ICAFEE 4 J8 R I T X R B 52, Sy
BB TR S R RERT LA, R At o
FARKAS S E T BLE R AR
1 #MR5RE
1.1 #MRI5EE

KEL A 280~300 g, 7 DA (AL H0) AR HaAR
A B FIHEAL(SCXK (57£)2019-0010) 5 FAHE M s 4l
BE=99% AErifpEl (At BRI R RRLT4E R
A B 24 B ORI A BR S W5 8 S ) S AL
(superoxide dismutase, SOD) . i 48 1k & [} (catalase,
CAT) . & H Ik S 2 # i ( glutathione S-transfer-
ase, GSH-ST) . N/ (malondialdehyde, MDA) . 7%
ME4J% (reactive oxygen species, ROS)ifF &  dbat
AL W ARG Keapl . Nrf2 | #5216 Nrf2 (ph-
osphorylated nuclear factor erythroid 2-related factor
2, p-Nrf2) . NAD(P) H /i it & i 1( NAD(P) H:
quinone oxidoreductase 1, NQO1)—3$i FEE it
N E); AR TR R A L LR A A1 1 (heme
IR TEYE IR = BHEAT
BRNF]; Bel-2. Bel-2 #H5¢ X 75 1 (bel-2-associated X
protein, Bax) . ¥ 2 &R 14 R A 212 25 1 7K S g -
9( cysteinyl aspartate specific proteinase-9, Caspase-
9) . EAME IR 1 R A Z IR AR /K il 1i-3 (cysteinyl
aspartate specific proteinase-3, Caspase-3) —¥$T &
2 e BT E AR H]

RM 2016 BEUI A ML FEERR B ARG AN
%) ; Pannoramic MIDI Jj5 BE U] B 4L &) 25 F)
3DHISTECH 4\ &l; DR-200BS BRI Joihte
DB ARA BRI Wl AU480 R4S Hr X SEE D]
S PR FR A
1.2 SXWHE
1.2.1 353 32 2 7 JAi% SPF 9t SD KR
TESERE 7 d 3G PEMESERIVIGR S, ARTEECBEA L5y
R (CONT 2, 8 H) . FHEEEL (RESV 4,
8 H) | iz sl E AL (EIKIM 4, 8 H) Al 1%L
7 s TG Az 3 P 6 45 A 8 2H (REIKIM 2,
8 H) o SIS AR IEAE L IR H K (SYXK(HL)
2021-0053) 45 5 J5 ) (L HfE5: 2019095H) T g, 5K
B SWTE R I 20~24 °C, AIXHREE 55%~75%, SR
JEIAZA 12 h BHREAZ R S UGS T 9 45 T AR
(CiE SN e

oxygenase-1, HO-1) —#{

1.2.2 YIGFESFF TR E A0 4 BrgyIgR)E
HAHh, EIKIM F1 REIKIM 2H 41 & Y11 5 L 87 38 Bk
B PAGAR U0 AR R SCHR [11-12] B2 TS 56 4%
RESV, REIKIM Z## &H 150 mg/kg-bw Fl 5 mL/kg
P2 P s W (R VIZRET 1 h); CONT., EIKIM 21
TE SRR .

1.2.3 FEACREE FESSMIEmZ 1 RUIZ)50Y 24 h,
R P AT R BRUM AR B AR ASSRAE TAE. 2% S Lk
ZLAPRRIAC ER R BUS, JE ESIICR ML, I 2= iR 454
NHE REERE], 4 °C 454 N B, DARIBUM I, AR i
WAHFAEACFE R 2 12k, X R EBI T HIE AR, B
HXUE fESr BRI FEER K ppoeil il . 205, BG4
"B L2 4% 22 3 F I R iR v ] 2 I e B HIE A i
Yl A Rt B ZUBRS . AT K MR e i ik
VAN B LH 2 P AH G TR B R A K. HgH g4
BB AL 21, 388 a8 75 R i Rk i — 2D i R 4
M, ISR R AN N A Ao BES , B e AR AR
4 °C £ T ELD, 48 LB RO R ARAE I B
HEV AR EAH BN o

1.2.4 FEERIEK

1.2.4.1 BHLIEEEMIEAR B soxba ) Ak
ATHE AR . FE)S, ADRARERAMFLLGL A LISE L 40 A
T g5y, Fettsenl)a, YR gk, B EET
SEACEE N BEATEE LATTAN B L S A

1.2.4.2 'H4HE Keapl. Nrf2. NOOI. HO-1 mRNA
IR 20 mg B LSS LA 12000 r/min 25
> 10 min B g . IIAEDTZAAH LITTTE RNA, 75
VeV T I 2 RNA MR BE .l ad 2 5% s 2k
cDNA. fE PCR Sz A e il 52 i AR 22 (2R 5 19
AL 1), il Pt E Rt PCR REEIHATY 1,
W SR E M 95 °C 305,95 °C 15 s #l1 60 °C 30 s,
40 MEH; S5 65 C B L TFE 95 ¢, T
0.5 C REEWCES 1 IR, f-actin NNZ:, AACT 1%
THAFRIIEEL

1.2.4.3 'FHLMMBET KPR Bk se ik
Wi | ZH 2R R R B R S R A U e i AR AR RS
BE VR EE Y B P ZS AR P . B TAT B 5 dUTP LA
2: 29 (RFLELIR B S5 N A A 2545 b, 78 37 C iR H
FEHPIEE 2 he WFESEAVE, TEEIE N AR P Esim
3% M AL A, HLRFFIF EIRAS 15 min, YRSV A
Ja, ¥HE T 37 C iR EF T, IFIA Converter-
POD &5, %5 30 min, W EFETERS, FIHIIA

R AL PG 9FS

Table 1 Primer sequence list used in this experiment

Fik WRiZIE7)s 2]l IRkl
Keapl 5'-TACCTCGCCTCCAGTCC-3' 5'-GTGCTTTGGGGCTGTCT-3'
Nrf2 5'-ATGGCAGGGGACACTTT-3' 5'-CACGGAGAACGAGGACA-3'
NQOI 5'-GCGTCAGCTCTCGTCAA-3' 5'-GCCCGGTCTTCAGCTAC-3'
HO-1 5'-CGTGGAACCCCAGTAAGA-3' 5'-GGTGTTGGAGGCAAAGG-3'

f-actin

5'-CCTCACTGTCCACCTTCCA-3'

5'-GGGTGTAAAACGCAGCTCA-3'
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FEXTAMMAE I T R e . 225, BT rRvE . IR EE .
WK FNBEIHAETER, LLSEakdt adfid . AEsesura 4y
o AR BR S, SR FH A BB R AR X H 2R D)
AT At B, 3ETHLUL TSy 2R 50 (H-
score ) X LH AU AR T 2 AT
1.2.4.4 ' 26 41 vf Keapl. Nrf2, p-Nrf2, NQOI .
HO-1. Bcl-2, Bax. Caspase-9. Caspase-3 & H Jili #&
IRIKEREN A 3% 1 EAL SR TR TR A SE L 2
5 HZNE A D), PRSI R TR
B 25 min. WELR)G, IHZE R R T £
RIS Ve, MG E 30 min J&, IIATK R B L
(R BE FE 43 5 SR 1:500, 1:200, 1:250, 1:250, 1:
200, 1:200, 1:200, 1:200. 1:200)—PLLE 4 C 55
RS E . K H, s, ERs T
EE —PL 50 min, DAB i A5 B LATR AR ZE X L gy
o LI AN MIAZ X LU EE . BEJS, oK. 3. FESERR
T e A AR IR S, SR H PR iR AR X
HAY R AT, B, IEFLHLUL A PEIr R
4t(H-score), XTZHLAUAARHE S T P4l o
1.2.4.5 HALFEFRAGIN SR FH 200 a2 i vk UL
(creatinine, Cr) . JRZ & (urea nitrogen, UN) /K, [t
{0, 15 I 2 B 4 4 B SOD. CAT. GSH-ST 3% 1 &
MDA & i, fbEmd i B4t ROS &,
1.3 B

Z22H [A] bR SPSS 23.0 4% B Ba H 22
TN, BITZEFTHR L, LSD ¥ B A
i ad, W ¥ Tamhane’s T2 ¥ Goit2F W 351 LA
P<0.05 JhrifE,
2 RSN
2.1 FBHEKREHEPARSLEN

o BRI Wil R B A0 AU HEN . 54K
U HLUE S5 PS4 (18] 1): CONT, RESV
PRLH B /INBR | B /N s R /N A S R B 4y i i
LEFRFAE, o DLATA) 2 25 ) S A8 Ak . BIKIM 41 '
ZINBRBR 2R L, AR DR, 2B ZERIRES, i
SRES AL, [z e B S RO LH GRS . i —
LS B, B /NSRRI B /N 1A T I T sk i
4, PN N BEAEPE DI REREAS oA E R AR fb . AHARE
F EIKIM £H, REIKIM 20 K U B /NER SR WS HY
—ERREE IR, s3SI AR, HIB S T IEH,
T AR EE T W] GeARHE T B Nk AR slifs 2
SRR SR, RS B AR LR, RO NN B
INE A AT B B B 9K, PR HELE Xl n] B A
SR HERREAS Bl 1 oA S8 A L A BIRAS . S280
LERHI(E 1), 4 J5 150 mg/kg-bw [ 22 25 st - TR
XK U dHLUB SR ™ A W E58 . 4 JH o
BB YNSRI 55 KB HLUB S Z 0. 4 8
YIZERT 1 h #47 150 me/kg-bw FEAZE R T-FA %0 5%
RIS 12 SR BB /NBRIB5, fEE LS F FID RN

[—F

K1 S4RREHLUE
Fig.1 Renal morphology of rats in each group (HE, 400x%)
TE: RO, BN R; A=A, BAVEY K.

PR, [FIBFE RS B /N D R A S A4, HEdr B o
VEFTER I TIRE, #AOR S IEE AR S SN SZ R,
22 FHXBRMET ESIAREHKTE
FHICHT T Z B, ke 1 P 3 T S8 A B T 5
JSEE R E RO, KA A SR EE S BT, AL
R TR e B A A I IR LN, 2330 38
PP 2 R G0, AR M WA, B0 2 S 3R A Zm
WAL I8/ . RIS 35 PP, 1 B3 I ) HiT
Al A9 ZH 2N, ST IR IR &) S AR R A
RE R S LR N, SEM S EGs s S i RS
i1, 1y 5 Cr Fil UN K88 FHVE DAL B TR 48
o MBI & RE|—E R, LI B/ Nekyg
THRESZAART, I BRI, 2 S EOLAE M
K S5 T U7, SEEG SRR (E 2), 4 8
150 mg/kg-bw FHZE S BET WX K BRIFTIEEAR =4
ERZA; 4 JE RS M S U ZRn 5 & K U TiRe sz

(A) 801
70

=3)
TN
S 3

Pt
i

(9%]
S
L

Cr (umol/L, n:

33
(=)
1

—
S
L

(=)

CONT RESV EIKIM REIKIM

~
=)
N
—
W

Hx
o

8)

10

T

N

UN (mmol/L, n

CdNT REISV EIKIM REIKIM
K2 A RRIMET Cr(A)F UN(B) K-
Fig.2 Levels of serum Cr (A) and UN (B) of rats in each group

H: 5 CONT ALk, "R FLE R BEMZR N P<0.0; 5
EIKIM ZHAH L, AR5 R B2 5 P<0.01, [K] 3~&] 4 [F].
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5 4 JAUIZRRT 1 h 2547 150 mg/kg-bw FHEEEET PO URSE L, FIEE I aT SR T IR BRAE A R G B
TURT LA R A dr v 5 B 5z 3l K BB /N ER B 40 ML A 58 MRz Nef2 fY7K-F-, [R5 5 Nef2 1 Y fE L
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