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mRNA 7K F B FAK T 2F B4 (BHQ 2045 RABR , &9 ML385 5 (BHQ % NRF2 74 9 24947 ) A G455 2T pR 204
wb ML385 2R 894k it AR KT B F 3 (P<0.05) ,FPN1 ,SLC7A11 . PRDX6 & & & A KT B F FH(P<0.05), R TRE,
Fe?4% MDA b" 5 #1342 T 10.56%,16.67%,53.78% \BHQ 28 Yt 33 BE 205 %] 4K T 8.39%,21.76%,30.26% ., ,M1.385 £A#)
% F KR {5 pH /A Mb 4 & GPX4 MRA A NADH £ AL EMR L o (A3 R4 5 H AR T 5.31%,3.62%,7.45%,
28.32%,24.10%,2.76%,12.1% ,1BHQ 281t 3 PR LA 338 40 T 15.96%,1.11%,30.73%,8.69%,3.96%,7.39%,5.68% ., a5+ T
L' 15 ML385 48 \BHQ 2039 K TaF PB4, 42 b /5 m 3 H0 A NRF2 i@ i 445 U R 4L LR 4K A8 4l B S it 8L #va Sk
AL R AT T 3t m e Mb A8 & MRA, K& W EF8 8,

KR NRF2; 4kt 4885, REAML, HEfsan

XEHE  1009-7848(2026)01-0069-14  DOI: 10.16429/.1009-7848.2026.01.007

REZF RN — N EEREEE, SHNE
XoF £ it P32 32 R R K e G HAH G, s A
SE T A ] LA AR Ry JC A, pH (E T
B, £ Fh s PR S oAl i F A A R 5 A
JHIBET , TR0 45 7 00t Jo R A 28, B M 4 TR
(AT B 1D R BB T S — AR 1) 4t B A T 5
T, H R EAES H AT 2 A st T AL AN
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LR A SR 1) #5328 R 50 (xCT) AR e H kit
AALPIE 4 (GPX4A) G PE | (R FE T &2 AR 107, 1T
GSH 22 50T i PR st ity , A Rk
K, 3N T GSH(SAALIE ) Al ARA HYVRE , %8
BRIET R R

WM, BIET- AP S P AL s 1%
¥ E A7 2(NRF2) A 528, KT NRF2
ST EALRE S TPl B G EAEM, BT
WG Z R AL B AR Y R0k, fdran
M 32 AL N A Y, NRF2/GPX4 it 2
BRACT- M RS — . AN S  NRF2 5
Kelch ¥ ECH #H2¢ 48 H 1(Kelchlike ECH-associ-
ated protein 1,Keapl) Z5&TE A E &Y kA%
B AT AAZ IS DNA R ICEERT 3
H4E GPX4 xCT TEN I — RYVEHR 5%, itk
FEPLHRAET RN, Lu ZEAGHF 5T L B NRF2
XTPERIET-HAHEHAER, 1 Keapl i FRB1FHFH
NRF2 F A0 4l GSH 4, i %3k NRF2
Al R A e H A s, T2 2 GSH i Mk
BRI GSH 2B 1K, $25 GSH 7K i
il GPX4 IS MERIET- I B NRF2 33 ks 9,
Gong S BHL TR SHEME I 2 0% NRF2/HO-1 3l %
HERFAN AR RS E IV RIET -, NRF2 FE4ERRA
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AIB AR S KO R AE T2 A IR R S LR, T
S a4 A S AR R RS B VI G, Ui
NRF2 1B R —F AR -, X 52 5 i R v A i
T IE B E B,

HIHAXT 2 AR A 2= IR 2 B0, ML N 3=
PR S She i YT A0 TR RIS
AR FE M 2 A i BT, Lin SERD T 24R A
TE VR T A P AR B AR 0 20 B ) WX RSB T Y
PEEVE R, S5 R 3R WY 2R 1l i Bl g L 15
T ROS FRE 1| GSH-GPX4 & 42,5 K BRAET
MAE Cui SRS, (2B AT DL L J# NRF2
KRR A RERIE N fs e e s 38 )
NRF2 8745 i Jit 1ot A0 AR HE T ok e 38 A & ok A
IR ATI

25 b, HEDE G E Y NRF2 36 M sl ks AL
RIZHZUIR BT S A DL RS, s 2 Js LR 4
ZUERBET . e Al DAk A ot ART, HEC T
NRF2 MR i /b , A =258 NRF2 76
AR T G R AR AL, XA T A IE R A
FHEL K A PR

1 MBSFR*®
1.1 MRS

#E 6 Sk, HRAHCE 2N T A FRA A L
AR 12 %, BiiE (300220 kg, 137 451 AH ]
fa R TO 5, o0t 8 52 4 R BUS B KL, 78 0~4
CHM T iz Mg = TR0,

tBHQ ML385, 22 o Mk 22 150 A FR 24 A
MDA ZHAZ PRI BGAR &, R TR AR A
Al GPX4 AR 6 . b A5 H o7 i ik
&, FE Y TRRFFE T s MRA A7)
&, LSy TRA RS F ;NRF2 . PRDX6
SLC7A11 FPN1 $itfk, i nt A= YRk A BR A
Fl s RN Asolid™ [ 5, i I ZE4E IR A FRA A, H
BRI i aige.,
1.2 UFEHEE

CR-400 fHE#EX (122X, HA Konica Minolta
oal; fEHE pH I, RIS A RAF]
HWS26 AU HL PE R KI5, Fig—1ERHA PR A
Al H-1750R @l AR 25 0L, 90 re A 256 2= A
A PR ] BP121S HLF R, il [ 58 L2 R 4

M1 ; Spectramax M BIEEARAY , 36 [E LA 7 FUARA
PR T FSH-2A 3 49 L, & A {028 o s
AR ;722N AL, R R AR
23] ETC811 A PCR AX, A6 5T AR AT A W 4
AHBRAFH,

1.3 WA E

1.3.1 OB BRI B SRR B
ST RIS AL, VI e 24 (100+5) g B AT,
BEALST A 3 41, IV EE A 1010 AR B . 1) X
2 i35 0.9% NaCl;2)tBHQ 2H : 1 mmol/L (1)
tBHQ;3)ML385 4H:0.5 mmol/L ) ML385; 4158
BRI PR o e BE AT LR STl SRR 5%
B AE 4 CHr B E 0,24,72,168 h, <7 B AE €5,
& pH A, A PR IV AR , A -80 CIKAH
FEH.

132 AEME RH CR-410 G2{U0E L' (&
(FEVE) o (H (LR RN b* (B ), ARERE
B 3 A ai, BOF- 3908 (2530508 H R s e 5 4
I LK M 2 10 PR 2R T O 1 5 0 i, S BB
), 23 3IELE 0,24,72,168 h WEER) L a" b
fH.

1.3.3 pH{EME ffHRETERME pH i1, BEHLIE
B H b 3 A8 U LER 48 7 i A pH 3T, FF
PR il ok, BRI S 258 K vk
o 3 UGL KA BN pH MH

1.3.4 FEIGI %  NADH % {1k .GPX4 MRA .
MDA | Fe & iR FH B a0 G B B 5 il
135 HFELEHREE S5 Chen SFX T 1k
JEWEA BB, WA Y R W B JS N Perls Yy
W CORPE IR ) e, 20 min, 7KV, A% [H 20385 Y%
10 min, K36, B G & R, FEBE LS LA 2 21
1.3.6 ZORifRRERAL e A BIER R S UA TH)
EIREU R, B 0.1 g Frif sl SUREA
PBS Pk T4, BT JIS n BE BT A%, HIY8 PBS Pk
2 YK, JH 1 000xg B5.L> 5 min; B 5 HIA 500~1 000
wL ¥ 193] A, B 7K I 10 min, FH Dounce 2)3¢ %
A1 30~40 IR, SRIGHE 4 °C,500xg 51 R L 5
min, FFULHE, WEE LIETE 4 °C, 1 000xg £514F F B
AL 10 min, FEUIVE, W LIETE 4 C,2 000xg 7&14
T E 10 min, FEILTE , YU BIHTE 4 °C, 11 000xg



Ho6% 1 NRF2 R42 4k 56 T R AT E )6 2F W & F S i % 71

B0 20 min, 37 BE, BUTTEMA 500 pL ¥ i
#| B,IEA),1E 4 °C, 11 000xg &[> 20 min, 7 I~
PRI | SES TR LN

fii F JC -1 3500 & 4% R UE B Oy i
AWm,, Kl BT R SEAR I A I 4331 490
nm Fl 525 nm, &SP 53514 530 nm Fl 590
nm, FURBOE K 5 RERBM R I K Z LRTAT R
IREHLA
1.3.7 HEARPEENIE (Western blotting) Z7%
Chen S5 7 VA PRI SUREAS i 25 11 5T, SDS—
PAGE HLIK 5 ¥ & M 5% % PVDF (0.45 pum) &
Lo A AE R, R LR 30 min S5 {5
4 CIMA—PIEF 11 NRF2 HUiA (B B Lo ) 1:
1.000) PRDX6 HiiA (Fif L 1:1000) SLCTALL
oA (L) 1:1 000) FPN1 Foik (Fke o) 1:
1000) . Actin PUIR (FBELLA] 1:5 000) ,—HT RN,
M FIFE PR IRIF T 30 min, 45 5 0

TBST #WBENL , B S K PVDF [ T4k 27 &6
BACTHEATEROCIR , 12 ] ATWBwell™ F1 % B

1A AT 0T o
1.3.8 RT-PCR 4r#r W 4S 8 Xu 52, ff

H Trizol 57 (Invitrogen) WA IILPAARE & H B9 &
RNA - FH 35O IR W S5 52 it DK B0 L S B 1)
SuperScript II(Invitrogen )] & ¢cDNA RT-PCR %
MK H SYBR Green Master Mix (Invitrogen) £
StepOne Real-Time PCR R %t (Applied Biosys-
tems, USA) F#E47 4351 FH H BB AT N S 2L R 5 |
Wi HERE R . 251 R 195 CCHIERAETE 30 5595 CHE
22 15 5,40 N H 560 CHELE 30 s, 4 NRF2,
PRDX6,SLC7A11 FPN1 Fy%E R 335 5 N 2 5L K
B-WLBh R EE R FRB AT LS . FIr A 20 i B 3
ANHIZHFE, PR R A T 5
FIE o AP0 PR R A X ki o 2724 D7 ki
B B5 1Y 1 s,

x1 519F%
Table 1 Primer sequence
HEZE A F31(5°-3")
NRF2 Forward TCGTCGGGGAGCCTCAAA
Reverse TCAATCAAATCCATGTCCTGCT
PRDX6 Forward ATGGTCCTTCCCACCCT
Reverse CCAGTTCCCGCAGACTT
SLC7A11 Forward GGCACCGTCATCGGATCAG
Reverse CTCCACAGGCAGACCAGAAAA
FPN1 Forward CACCACAGGATATGCTTACACTCAGG
Reverse GAGAACAGACCAGTCCGAACAAGG

1.3.9 R S5 a0r ra iR 3 ik
SEAT, R HH Origin 2018 228 | SPSS 25.0 #4147
2T (P<0.05)

2 HEREHH
2.1 EFHRRITTE NRF2 HETHK

NRF2 S&—Fp 7 4 5 80 $0 48 T R SORn 4 i
A AF A T A E I I R 7 0 ThBe
STV AN N A AR RSO, B A B At
Z TR, NI AR 20 B G52 SR Ak 105, tho 2 A
TRRIET R B 78, a1 B B At
(B A RE K NRF2 S 5E TR e R R n a3 76 24 h

KRB KAE, X PTRERE T 525 LA 4120 A 3
LR BRI R A A S e B b b, &
AR B SR A I ST NRF2 {5
S, BT R RE IR A K DT B BT 4R
fBREST . ARWFFEEE R BN, ML385 Ab A ) NRF2
FIA LR T X B4 (P<0.01) , tBHQ Ab BHZH )
BT XA, W ML385 5 tBHQ Xf NRF2
A B A S VR, AT DAk S 2R
22 EFEERBIEHHKRIGFHTL

221 HEMAGERERP PR BB SR
R G, Ak DI 1) Fe B A i
FEERR AR R ARUE BRI . Y20 h it 2%
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T AR RS TR 35 ) — A B[] i [ 5 22 18] 25 57 .35 (P<0.05) , AN [A) /NG TR 35 (1] — i s b ] s AN [i) Ak B 2 7] 2 55 6 35

(P<0.05), FIdl,

B 1 NRF2 ZEARIKZETL
Fig.1 Changes in NRF2 protein expression
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SN R B ROS, 2 ROS 7748 iy st il LA
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FEHERR, TS FRIE T R A2 A B e e
R ILEL AR S W MAE UL H MMb 2
MEL R EE T Fer S8 LN Fe IUES R, MK 2 7]
P B I ] A G MIL38S A FHAH 1) Fe? i 25
FXF BR4H (P<0.05) ,tBHQ bR MIAHFZ . FeHH 2
JEVI 72 h N Fer ¥ Z | fEREE AL TR, 7F
72 h ZJ5 AT BRSSO T NREF2
ZJa B Fe £, 774 Fenton I, ffiA5 L
PR P R BT R A — 2 1 n R T R AE T
o S NRF2 ZJ5 , ilds 7R A e,
JATTEES T ERAET-HEFE , Duan SE>WRF5E | 38 1
TLER NRF2 RN 5, ROS MDA il Fe?*fit) % 35 1
T, 2 e H K Zeobn i B F A2 B AIG, 26 B NRF2 58
FUNL G 5 3 TR L NI 1] R SR R N R TR T e
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Fig.2 Changes in Fe* levels
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FEARH R (A R AR L) 48 72 h B R 1
DU R, HLA5 % IEZHAH H, ML38S AbBEAH 194k 25
TUURH BN (P<0.05) ,tBHQ AbFH 20 & 2 s /b
(P<0.05), 5 ik FeZ5 X RIARMRL, SRk
PG RE 23 02 2 15 R 48 (ROS) 1 B 2R | 2 T Bl R

Al & = - Bl
A2 B2
A3 B3
Ad \ B4 _

HA M DT AR PR, & ) RERERT L K
fig i AL T — BRI AR
3, E— L IRIERAET , BEWIHIE] NRF2 AR BE AT 1
IEIBITER, SR s, TR (A
58

Cl

C2

3

C4 il

T AT~A4 SRR X HRZH 0,24,72,168 h I BRTTARE s B1~B4 431l J2 ML385 AL BEEH 0,24,72,168 h FIBRITRE i C1~C4 43531172 (1BHQ

REFHZH 0,24,72,168 h BIETARE A,

B3 #BEFnRAME

Fig.3 Changes in iron deposition
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A3 TR 220 M B A AL 1, S 0 A P kol R
FPN1 36 SRR RS 145502 A0, (DA g 2k
ML A, FPNT f D BE T st 25 5 | AR N 41 21
BRI R, T | AL At s, BB OR At e 4 Ak
ML AnE 4 iz, ML385 2H (BHQ ZH FiI BEZH )
FPN1 i |1 K3k 2 B 2 e Th i 5 B i ka3 78
72 h FeiA R E, M (BHQ AL % 5 T R
2H (P<0.05) ,ML385 AbHiLH MIAH I . X5 ik Fe*
T R UGS R AR, IF B FPN1
mRNA /KPR 58 IR, RS EIAH

ZHP) NRF2 i3 5200 FPN1 19 # 155 M mRNA 7K
TR AR IE TR, i — 2D R A AR e
23 EERRAUTEFHETXEZANTHL
NRF2 KM Dok — 80 A 2Pt E b & 4
WA SR R F- T NREF2 T 8 1] (1) — 2R 571
AR JFEAE KL (4N GPX4 . PRDX6 %5 ) 22k oE
ISP ST i
2.3.1 SLC7A11 FiA/KF  GSH & GPX4 Wi
G IRY), E R G Az BN IR /A 2 BR 1 W) % i
A& SystemXc—(SLC7AL1) By 75, 24 SLCTALL 3%
FHHIE GSH A B b, 30 GPX4 KR ih , 4
SEUR L A L FERIE T2 AR WoR A
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Fig4 Changes in FPN1 protein expression
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kH & mRNA 7K (P<0.05), SLCTATL A /b6
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FEIAKERE TN, Fe 2R BURIE T (1 K A5 W
FORIIEE K IATE B ALY TR D M R Fe
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I GPX4) AR, I H5c 2 5 0BT 2 A1 21 it v A9 4 S
T2, SRS R —3 Zhang SFHF 57 R W] NRF2
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Xt HELH B-action
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RIRER AN AE B GPX4 SR g i A fb r= A i
22 10 T A, IR A I AR A T ok e S 0512,
A WS R W] NRF2 1o 2 3K 58 2oF B0 40 M /Y
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FET ,NRF2 i A f#i15 SLCTA11 mRNA Fl& H
JKETHE Bk MDA il 4-HNE 7K-F-F&A% , GPX4 Fil
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Fig.5 Changes in SLC7A1l protein expression
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Fig.6 Changes in PRDX6 protein expression
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FAACT-TH R R T R B I FR bR 2 — 2 T
MDA J2 PR 25 ask 7% v B ot S A Tk 9 40 vh e
W HEAREENEERRZ —, RETZF
AR R, HA BRSSP RE
71, Fe B B AL AR AR, PRI MDA 7KF-BE
W I WA AE T A AR AR B ARl 7 i, Bl AR
P E] Y ZE G, X RRZH MIL385 4 1BHQ ZH Ay
MDA 7K1 %87 EFF, B ML385 20 & = T4 IR
ZH(P<0.05), 3] RS 52 J5 WILPA Ak T sk S0tk
A, H ML385 b3 5 fil i T NRF2 Kk iR T
FALIR S ZR G VA, HLRR B S Ak B i, 2R3 3
LRI P K, DhRESL D, e T ERBE TR . Li
SRR Y [ 22 P AR R S AP BE Y R R s
KPR NRF2 ik 2 iy [EEE MDA (4%, H o
BT+ . BRASHE SR ST R B, B T A Ak 3 2 E
A5 Mb AT FE = A 50, MDA 1B b g i 4
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Fig.7 MDA content changes
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YRR PTEAL RGO, R ERIET IR
WU B Bl L REAS 38 10 A B IR B A Ak
(PUFA-OOH) Ff 214 J5i 2 TG 8 1) i ot i (PUFA -
OH) , TR Fe ik ROS A= B% , a5 % 41 fifg
BEAE 152, GPX4 TEMEREAR, I S A b e | ek
fil A ERFET -, QN 8 BT/, Bl S S e ] (14 4iE
£, ML385 2 tBHQ ZH AT A ZH i) GPX4 151y
BB WA S T ML38S Ab i KT
XFREZH (P<0.05), 43 HIF&A% 26.77% ,32.78%,
28.31%; 5 2.3.1 7 SLCTA11 Fikg5 B —5, xn]
REZ R R NRF2 A A 2 18 57 240 i A i RS
A EHE S, B LS O BN AZ | s b A dk
RO T, S TR AR KA . GPX4 & —
Pl g o0& 2 M, )2 NRF2 A9 T U#HE A5 S
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Hafin T R AET- AR . Shin 25BN BN GPX4 7]
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NRF2 Regulating Ferroptosis and Its Effect on Post-mortem Beef Color Stability

LU Fangfang, LI Caiyun, LI Aixia, ZHU Lihua, ZHANG Yubin", ZHANG Li
(College of Food Science and Engineering, Gansu Agricultural University, Lanzhou 730070)

Abstract To investigate the effect of NRF2 on ferroptosis and beef color stability during post—mortem maturation, the
longest dorsal muscle of cattle was used as the research object in this experiment. It was treated with 0.9% physiological
saline, 0.5 mmol/L. ML385, and 1 mmol/L. tBHQ injection, and matured at 4 °C for 0, 24, 72, 168 hours, respectively.
The expression level of NRF2, changes in iron homeostasis, expression of ferroptosis-related proteins, lipid oxidation,
mitochondrial membrane potential, beef color, and other related indicators were analyzed. The research results showed
that during the maturation period, the expression and mRNA levels of NRF2 in the ML385 treatment group were signifi-
cantly lower than those in the control group, while the opposite was true in the tBHQ group, indicating that ML385 and

tBHQ had significant inhibitory and activating effects on NRF2. Compared with the control group, the ML385 group
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showed a significant increase in iron deposition levels (P<0.05), and the protein expression levels of FPN1, SLC7A11,
and PRDX6 were significantly downregulated (P<0.05). After maturation, the contents of Fe**, MDA, and b" increased
by 10.56%, 16.67% , and 53.78% , respectively, while the tBHQ group decreased by 8.39%, 21.76% , and 30.26%
compared with the control group. The mitochondrial membrane potential, pH, Mb content, GPX4, MRA, NADH oxidase
activity, and o value in the ML385 group were significantly reduced by 5.31%, 3.62%, 7.45%, 28.32%, 24.10%,
2.76% , and 12.1% respectively compared with the control group, whereas those in the tBHQ group increased by
15.96%, 1.11%, 30.73%, 8.69%, 3.96%, 7.39%, and 5.68% respectively compared with the control group. For L" val-
ues, both the ML385 group and tBHQ group were higher than the control group in summary, during the post—mortem
maturation period, NRF2 regulates ferroptosis by maintaining muscle tissue iron homeostasis, inhibiting lipid peroxidation,
and affecting mitochondrial membrane potential, thereby affecting Mb content and MRA to improve beef color stability.

Keywords NRF2; ferroptosis; iron homeostasis; lipid peroxidation; beef color stability



