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A1, RV EER (ROS) 4974, MEAKSLEABL A B (LDH) AK-F. #Hl7A =& (MDA) #94 k. %it: WKBAPs
A BAFOGRINAZ T LR A At B mfadifs, X —2Z RN L AR SREFIRGF R AT A4S T e L&,
KR O L2 RAMAK, B E W, R M, BAIRG, HepG2 ta ot A e
HhE 4> 5:TS201.4 SCARFRIRAS: A M EHS:1002-0306(2026)05-0417-11 e
DOI: 10.13386/j.issn1002-0306.2025030206 AT AT

Stability Analysis and Oxidative Stress Mitigation Effects of White
Kidney Bean Antioxidant Peptide on Cellular Damage

XIE Xiaoyan', ZHANG Yunxi', WANG Ying'>**, LIU Tong', LI Sinan*, PANG Weigiao', ZUO Zhaohang',
ZHANG Lu*", GUAN Xiao®, ZHAO Zili’, LI Bing®

(1.College of Food Science, Heilongjiang Bayi Agricultural University, Daqing 163319, China;

RS EHEE: 2025-03-17
EHEWB: BRELALRA B LA bbg—RILTE" (2020YFD1001400 ) ;imife et = b TAEH KB A1 #7308 |
TEERIAT: HEHF (2000-) , &, BUEAFTC A, BFT T f: 4R, i g A4S B & T42, E-mail: xxy10750220@163.com,,
*BIEES: T8 (1979-) &, Wik, &, B0 8: R = Sehe L5 58, TAZ A A5 i %44, E-mail: wychen156@163.com.
At (1987-) , 4, ¥, A IARRIT, R 6): AR T L 5 M B R A A, E-mail: zhanglu8078@126.com.,


https://doi.org/10.13386/j.issn1002-0306.2025030206
https://doi.org/10.13386/j.issn1002-0306.2025030206
https://doi.org/10.13386/j.issn1002-0306.2025030206
mailto:xxy10750220@163.com
mailto:wychen156@163.com
mailto:zhanglu8078@126.com

- 418 -

B Tl B

2.National Coarse Cereals Engineering Center, Daqing 163319, China;
3.Xiamen Ocean Vocational College, Xiamen 361100, China;
4.China National Research Institute of Food and Fermentation Industries Co., Ltd., Beijing Key Laboratory
of the Innovative Development of Functional Staple and the Nutritional Intervention for Chronic Disease,
Beijing 100015, China;
5.School of Health Science and Engineering, University of Shanghai for Science and Technology,
Shanghai 200093, China;
6.Anhui Academy of Agricultural Sciences Wanbei Research Institute, Fuyang 236600, China)

Abstract: Objective: To investigate the in vitro antioxidant activity and stability of white kidney bean antioxidant peptides
(WKBAPs). Method: In order to analyze the effects of pH, temperature, metal ions, food ingredient composition, and
simulated gastrointestinal digestion on the stability of antioxidant peptides in white kidney beans, the DPPH free radical
scavenging rate, ABTS" free radical scavenging rate, hydroxyl free radical scavenging rate, and total antioxidant capacity
were measured, and an oxidative damage model was established in HepG2 cells induced by 2,2'-azodiisobutyramidine
dihydrochloride (AAPH) to explore the protective effect of WKBAPs on cellular oxidative damage. Results: Although the
antioxidant activity of WKBAPs fluctuated under different processing conditions, the overall performance remained stable,
still maintaining a high level of antioxidant activity. Only under strong acid, strong base, high temperatures (>60 °C), high
concentrations of Ca*', Zn**, Cu**, and elevated levels of NaCl, citric acid, and glucose, the antioxidant activity of WKBAPs
was significantly diminished (P<0.05). As the K* concentration increased, the DPPH and ABTS' radical scavenging
capacities of WKBAPs initially decreased and subsequently stabilized. Meanwhile, the hydroxyl radical scavenging
capacity and total antioxidant ability exhibited a slight but non-significant decline (P>0.05). During intestinal digestion, the
DPPH and hydroxyl radical scavenging rates were significantly reduced, but the high antioxidant activity was still
maintained. At the end of 240 minutes intestinal digestion process, its DPPH radical scavenging rate, ABTS" radical
scavenging rate, hydroxyl radical scavenging rate, and total antioxidant capacity were 78.03%+1.01%, 94.05%+0.47%,
74.75%+0.29%, and 0.76+0.02 mmol Fe*'/g, respectively. In the AAPH induced oxidative damage model of HepG2 cells,
WKBAPs could increase the survival rate of HepG2 cells damaged by AAP oxidation. It significantly reduced the
production of reactive oxygen species (ROS), dramatically decreased the release level of lactate dehydrogenase (LDH) into
the cell culture supernatant due to membrane damage, inhibited the production of malondialdehyde (MDA), and enhanced
the activity of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px). Conclusion: WKBAPs has good in vitro
antioxidant activity and stability, providing a theoretical basis for its application and development in the field of food and

healthcare.

Key words: white kidney bean antioxidant peptide; antioxidant activity; stability; oxidative damage; HepG2 cell model
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S T T YR DTSR SR S A AP AR
MV AEEARNIREL S 2 BT, s SR
L PTASRR, S s B S A AR

FHIRY, JE WA PUEAL RO FRARAE ) 5ok I AR
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R 55 T 3 R £k (2,2'-Azodiisobutyramidine
dihydrochloride, AAPH) 55 HepG2 4 Ml 4 b 4514%
LAY #E5F WKBAPs 7E 412 i bt S 4e s vk, LA
W~ WKBAPs 8910 T T. 244k Mo 8 KR P S| Ak
T L BEER AR
1 MR5RE%
1.1 MRS

FAZS (Ll l 89%)  SZUG A [ H2; Al B
ZEHUAFRE o E T AR P PR R AR 0 s HepG2
A P EE S B T AR B BRA RIARAT; ik
HHHEF(50000 U/g)  Jb5T Solarbio ZE#RH A FRA
"l g R C(VOPRER . —H 3 TH(DMSO) I
W22 s MR R AT BRAN B iR AR (FeSO,) | 7K
g Srpral, DA R AT B Al 2,28k
- -3- ZFEIEFFempmk-6- i (ABTS) | 2,4,6- =l
BE KL = g ( TPTZ) . 1,1-7 2K Kt 2-= iy 3L 26 BF
(DPPH) . A 5 T 3 i (AAPH) EH
Sigma 2\ ] ; BEIRERSZ vPUR (PBS) | JHEAR H BEIH AL IR
(5%10* U) . o-MEMEMAETFREE  dRbHERAED) R
H A RS w3 CCK-8i5 £ (>99.0%) . BCA 45 [H 5T
WM& iR s KA R ARAT B ;s
ROS. MDA . LDH. SOD. GSH-Px ¥ifi-Pil 2 175 &

A LA ) T RS IT

CHRIST A5 ¥ %R TPl 815 Christ 28 7] ;
YXQ-100G iR Ky i By A X
A PR T DL-CL-2ND #i§ TAES M ARBHE T
FARA PR F]; DNP-9052 fHREFFEAE ks 225
BTSN H] HZQ-A THIRFRIR B T RRE S 561X
A R FE]; CI72-8YW Bl FAAIRUR
BRAE A BRANF]; CKX41 BB R iEB:  OLY-
MPUS 23 F); E191IR CO, ¥i7#4fi  35E GOLD-SIM
Nl
1.2 LWHE
1.2.1 WKBAPs %5 UWEMHFRHUAZESEH 5 gin
A 100 mL K& F7KEH#E, B 3000 U/g HrPEER
T 53 °C. pH & 7 ZKAF FHE#E 2 h, 121 C K K
15 min T/ EE L. A 5% A ZEALFF A
WG EECHN 1.0x107 CFU/mL), 37 °C N &% 48 h,
K TESE RS JE 850 (4000 r/min, 15 min) W HIEWS
KA FEN 3 kDa B IEE U B UIE S B, 153
5y FHE<3 kDa M9 2H 5y, WA MRS % R T8, 15
%] WKBAPs.
1.2.2  Priafbim e sy
1.2.2.1 pH %f WKBAPs JiEALIGE I =%
Singh 4= J5 3k, Beddil 1 mg/mL WKBAPs 5, 53
B H pH JHZE 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, T°&
IREE 2 h SR ZRIELS pH, TS RIE
1.2.2.2 JREEXT WKBAPs JLEALIGEIE R =%
EFARENS Jrk, Bidl 1 mg/mL WKBAPs 5, 78

20, 40, 60, 80, 100 °C T 43 5lf##E 2 h, & 30 min
MR — IR B ATE T -

1.2.2.3 &JRETXF WKBAPs FiEALIH FEISE
ZZFEE LI FEEE R, BH 1 mg/mL
WKBAPs ¥, 43 M H A 0. 0.5, 1, 1.5,
2 mmol/L FJ KCl, CaCl,, CuSO,. ZnSO,, Z= & & &
2 h JFIHB A LT

1.2.2.4 &HECEHLST T WKBAPs LG A5
me A AR I EREAE S B, B 1 mg/
mL Y WKBAPs U, TER R 53 5 G st &2 43 4%
S35 0. 1%, 2%, 3%. 4% 14 NaCl, 5z, Frist
iR, =IEHCE 2 h J5, M HpraE bk

1.2.2.5 {RIMEAEXT WKBAPs $i 484016 P 540

Z AR AR 17k . 76 1 mg/mL WKBAPs
SIS 10 mL RN A 10 mL B ¥, JR¥5ME1L 1 h
(37 °C. 200 r/min), Bf5 T 750 NaOH (2 mol/L)i#
W pH £ 7.0, I IEHAERIEL . 25 TIHIIA R
FA 20 mL B, PE3%FE 3 h(200 r/min. 37 °C).
Sy TF AR TE] A 0L 20, 40, 60, 80, 100, 120,
150, 180, 210, 240 min AsF I BGHE B A &, W7 ¥an
K EF(100 °C, 10 min) 5 50> (5000 r/min, 10 min)
JEHL TG, A2 B i LT WKBAPs B fbis
PR

1.2.3 B fbiEHENE

1.2.3.1 DPPH H HIEWERE =% Sun 55 ik,
B WKBAPs % 5 0.1 mmol/L DPPH-Z. B35 Wk 1%
1:1 BN (25 °C, 30 min), M5E 517 nm 4k
OD fH, HRHIFA (1) I

(Ai - AJ)
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P(%):[l— ]XIOO 2 (D

K P oy A I EVEBR A A AR S AR
B G RE 5 Ay SRR i AN I e € 5R) Y IR S R
Ay AR S WG
1.23.2 ABTS'H HRIFRFE  ZF b E R EFPY
Jrik, B 1.4 mL #iBA A9 ABTS TAE# S 0.1 mL
WKBAPs IR 2], #8562V (25 °C, 6 min), I 5E
734 nm &b OD 1, I NA=(1) .
1.2.3.3 FRHBEERE SHEEZER ik,
# WKBAPs % W 5 FeSO,-7H,0 % # (6 mmol/L)
F1 H,0, ¥ (6 mmol/L)¥% 1:1:1 BT LLIR S )5
W (37 °C, 10 min), 3E M VAR ZRFIA 1 mL
KA W2 %W (6 mmol/L) , I FE /iR &, ks &
(37 °C, 30 min), M5E 510 nm 4t OD {8, IHEaIAR
(1),
1.2.3.4 HBPrELLaETS) S /SERETAERY Jrik. B
0.1 mL WKBAPs % ¥ il A 0.5 mL FRAP iz 7 ,
37 °C S 10 min, J5E 595 nm 4k OD 8, £:B Tif
JRRETTLA FegO, MimKIR . Fe O, HrfE i<k By
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2R y=0.219x—0.0008, R*=0.9995,

1.2.4 HepG2 4NMEI%5% X440 I HepG2 40 Jifn &
THEIBIEIEAE (37 °C, 5% CO,) TIFF 24 he 441
B AEIT 80% A, RN 20, FH IS PBS S h
W (pH7.0) 52 Z2 730k, B )5 I 1 mL J9 i 5 6 00% &

1 min, fZAAEE3% . BEBCHEOIPIRAS R4 r) 48

Z T RS B Sl T AR SR LA, X = T4
M, WHIEWH (G ammaify k) | BRI

(#Am 1.5 mmol/L AAPH ¥ %) . FH =) B8 2H CF
1.5 mmol/L AAPH 5 50 pg/mL V. #ERIRA T .
I 2H O AAPH 5 WKBAPs I8 IR &, WKBAPs
ZEHRJE N 200~600 pg/mL) .

1.2.5 CCK-8 il AAPH A WKBAPs % HepG2
AUHEIIERTEER S IERgA A (B ints
%o TE 96 FLH P A 100 pL 4iHE R (1x10° cell/
mL), FEEE; IR (37 °C, 5% CO,) 124 h, 3

IHEG 3L, FFIIAARFIMREE AAPH 5 (LR EE 4551
A 0.125. 0.25. 0.5, 1. 1.5, 2. 2.5 mmol/L) Hl
WKBAPs %% (0.2, 0.4, 0.6, 0.8, 1.0 mg/mL) T8
I3 IR 48 (37 °C, 5% CO,) 55 3% 24 h, BE s A

50 pL. CCK-8 ik I F 2 h, M E 450 nm 4k OD
B, # A=) s =R,

CI_CZ

AN A AFE R (%) = [— % 100 &

C, -G,

K C, AFESFLIYOGEE; C, vas 1AL
W SCREAE; C, X REFLAYI S CE A .
1.2.6 AAPH if5s S 4l E AL TG BE BRI 9 g~ A%
HepG2 40T LA 1x10° cell/mL %5 B3RP 2 6 FLIR
Hr, TEIEIEFRAE (37 °C, 5% CO,) FHFE 24 h, 1741
MuAE K 2 80% A2 B I A IR BE ) AAPH(0.5,
1.1.5.2. 2.5 mmol/L)if5S 24 h, iIF5EF 45K 5, #H
PBS & ¥k, Bl 5 ¥ Bk 0] & Oy vk, DU A5 2H 40 i
SOD. GSH-Px. ROS Fll MDA 7K,
1.2.7 WKBAPs X AAPH {55 HepG2 4l i 1941k
KFRIFEM IR FR42A 1R 1.2.4 ACFRYNA S, 342
RG] T vk, A A B O T R 4% 4H 4 B SOD.
GSH-GPx, ROS., LDH., MDA 7K,
1.3 HIEAIE

>KFH Origin 2022 k{41 7ilE, FFH IBM SPSS
statistics 21.0 #4497 ANOVA B EFHM0Hr. 819
FESLIAA 3 A4, G5 RSP EE R EIR 2230 o
2 RS9
2.1 WKBAPs faEM 2
2.1.1 pH X} WKBAPs PLEALTHTERIFEN  FEE 5
IR, pH B2 i tEER et BB R 2
—o HHE 1 A, 5808 | iRIAN S, WKBAPs [
YA TP B2 FRAR (P<0.05) , HEI AT BEJEAE TR IR
BRERBR SRS T 22 ks (a1 4548 A AR AR AP, ITTRAAER 1
H5 A g EmRES, SEPTEILETE FRE, X—
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Fig.1 Effect of different pH on the antioxidant activity
of WKBAPs

1 EIFPAS [ FR en dl R) 25 57 48 25 (P<0.05) ; & 2~I&] 8 [ .

ZE L5 R AR o FOR B AR e TS E 4
Zefel ZE LPATIR, FEE SN Tad R i, N i =i i
F 1Y pH BAE T s dmatt:, LRSS AL IR iR
EVERTE T

2.1.2 #EXT WKBAPs [WHL ARG sZm i
Kl 2 Jit/s, WKBAPs 7E 20~40 °C 7 Bl N HE bTE 1
PRFFRR R, B 25 R AN BT [R] 4, b A s
PE i S FE AR (P<0.05) o FEIRE N 100 C 43 2 h
J& ., WKBAPs B35 A0 1 4 14 31 55 & AIK (P<0.05),
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DPPH. ABTS". ¥& H 375 MR ALLPLEALRE 157
FIM 87.51% TFF4Z 78.36%. 90.80% REZE 80.38%.
85.68% T[4 = 79.92% L & 0.8052 mmol Fe*'/g T
B % 0.7431 mmol Fe*'/g. FEB WKBAPsX| i E AR
AP BURR R, P RER FH TR AR5 R 2 ks
PR EHE, TSI T H e AT, I HAR 5
LEKE 5y % i IR R T AR P, S BT AL G TR
SRR, A Lk AR by, R g e, LML

ALK E PEFE P
100 -
£ 80
»@; 60 -
el
H 401
{0
jan)
& 20
)]
o HLE : ‘
20C 40°C  60°C
2151
100 ;B ab
2aaaa aabpcc ;};P

2.1.3 &)@ TXF WKBAPs 13T &AL I P i 52 i

TEED SN IV A By 2110 v 4 s s n (i
SEANATSREGI, T4 B AT BE S X i i ot
i N T3 IR P 4R B T WKBAPs HiL4
AT PR SZ IR AN 3 B, KR EERSInET, WKBAPs
) DPPH #1 ABTS" [ B FEIEFR SRR B W R dsF
oz, ¥ M IETEBRSR AT ILBE i A R %, (H
BMASEIAS 135 (P>0.05) . [#E Ca" . Zn> Fl Cu® &
TAE BB, WKBAPs [P0 EALTE M i 2 R %

ABTS'H HFEF R (%)

20 C 60 C 80 C

40 C 100 C
211 51)
1.0
aabb a
0.8 Tagaby Tab,

< <
> o
. \

AHUAALRE T (mmol Fe?/g)
S
o

24
o

20 C 60 °C 80°C 100 C

40 C
205
&2 AN[EREEXT WKBAPs $1 48 AT PR 5200

Fig.2 Effect of different temperature levels on the antioxidant
activity of WKBAPs

100 7 A
a aab a a [ ]0mmol/L
;\? %,b bb ¢ %%b %lbgb %-gﬁia— ab 0.5 mmol/L
S 809} - : 1.0 mmol/L
Jgﬂ’- 1.5 mmol/L
;% 60 - 2.0 mmol/L
%
H 401
iy
jun)
& 20
[a)
0
Cu2+
1007 aa ] 0mmollL
— b mmol
> a0 D 0.5 mmol/L
M 80 1 1.0 mmol/L
g 1.5 mmol/L
#r 1 2.0 mmol/L
o 60
b
H
= 40 +
E
m 20 A
<
0 <
Cu2+
1007 10 mmol/L
_ %abb b [ 0.5 mmoliL
s 801 5 25 1.0 mmol/L
o 1.5 mmol/L
ﬁig 60 1 2.0 mmol/L
=
b |
T 40
g
20
0 =
Cu?t
—_ 1.0 [ ]0mmol/L
ﬁn 0.5 mmol/L
208 2 aabp 1.0 mmol/L
3 1.5 mmol/L
= 2.0 mmol/L
g 0.6 1
RS
204 1
P
I
0.2 §
i\';;
5
0 . B | B .
K* Ca* Zn* Cu**
2057
K3 R[E4G IR B X WKBAPs B A kI 2 AR

Fig.3 Effect of different metal ions on the antioxidant activity

of WKBAPs
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(P<0.05), iZ#aR 5 3ksiE 27 (F 5 a5 15Aa 0L, HED AT fE
SR SR E T TR A R
SUR T YA, ST e AR B AR SE TR
FIVE AL A28, DR, 7 WKBAPs fin Tt A2
LR e A w5, DAMARREEE M

2.1.4 £ ALBECEHE S X WKBAPs B30 &AL IE M
M ZEEANIN T, NaCl, #A508 M Aissms At
BIH RS IR, HoE ol g 54 A S i 2 KA

100 1 A
C10%
. 2 ab 2aby a 1%
S +40b b = be +._gb b. 2%
= 60
b
= 40
I
jan
& 20
A
0 i
i
215
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R H IR (%)

215
1.09D [ 0%
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a
084 RCed ¢ 3;
R B 4%

g
=N
|

R
o
\
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(=]
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bl
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Fig.4 Effect of different food ingredient components
on the antioxidant activity of WKBAPs

PUEALIRTE? . NaCl %F WKBAPs AL TERI5E
NN 4 B, BEE NaCl S E0niis i, WKBAPs
P ARG B3 FFE(P<0.05) . WKBAPs 7E{KJH
AT BCIRES N P A LG R Y e R e, IR AT RE S
NaCl 7EZK AW HL 25 B4 Na™Fl C1BEFR 1 WKBAPs
AT, 24 NaCl B3 i 8 oL i S B E R, 3
BT BRI I S B HL AR, AT T
MRS A R A EAEHRPY, H I, % WKBAPs
AN 5 R F AT 3 AN NaClo

ME 4 AT LA, & R ETR X P A b TE
P AN HIVE A (P<0.05) , JE IR AT REEAT A BRI
& TR Z Y pH, 520 WKBAPs it T80, S5k
PrEALTR P FRERY . R4S R 5000 4ER2 ot eh
ST YT ABTS H H JEE BRI 1A B Bl vE
JHAH—ZK, X AT HEE T WKBAPs & & ZF B AP
FEALFFE R IR, X SR SR E IR T EIN S &S
KNG AT A B R, DTS mi Hb T A e PR RE, 8 AT
REIE o 5P EIL A ELIR 1) AR L e & I K AR A BAE
FABL —2H s HprEfeimtE. K, 7 WKBAPs
FRIN T AT R LR v, NP4 s Tl AT AR 1 S5 1
PEY T B9 S D, LARE e ] WKBAPsHIPL AL
W

aniE 4 s, 6 A [R5 04 A8 25 Pl S5,
WKBAPs BYPUR AN P i 2 B4R (P<0.05) , iX AT fig
JE T RIS WKBAPs & A ARERIEH AL S, A2
AT AREE TR R =Y, R, 7F WKBAPs
AN AR, FH R v, R 2™ s s il A A W S5 A
JERERES i, DMRREE R A it s i vk
2.1.5 KRAMEALRT WKBAPs 3708046 1 14 04 52 i)
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