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AR BAUH] . F ik o BRI E T BOR aa i H1 0 TR RNA (siRNA ) 3+ 48 $e 1) :
Nuprl #9 siRNA (siNuprl) 28 .siRNA 2 BB +11-18 28 (siRNA &F B F 3£ 24 h & F A A Eiﬁﬁﬁ:"
10 ng/mL IL-18) #= siNupr1+IL-1B £8 (siNuprl F 4% 24 h j& F A2 A 10 ng/mL IL-18) .
KR &G S A ke B F i A R A B4R RS R 4 A AR M Nuprl & @ B A5 4k
RNA (mRNA) & ik . & A 48 fe it 209X 7 & (CCK) 8 i 44 M 4m it 7% £ |, FerroOrange
F &kt B4k B F K, C11-BODIPY-591 3% 56 2 % ik 4l fig it it B ALK T, B
TR o I B R X B A ] 7 B e SRR H IR A . R G R AP I AR I B AR AR B A AR,
Bl K 4% 3% (ACSL) 4. P53 BB H Ak i B AL 8 (GPX) 4 28 i BAR Rk T A L 11
(SLCTALL) &A@t e X ¥ A ¥ A AR KA K (DMM) A M &5 X £ K
AR A& T ¥ CSTBL/6) Mk s AL B F R+AEAR K 9% A 5 AL (AAVS) 424
% RNA (shRNA) 2F BB 20 B F R+AAV5-32& Nuprl #9 shRNA (shNuprl )22 . DMM+
AAV5-shRNA %+ B 28 f2 DMM+AAV5-shNuprl 28, 520 % 10 2, 5K A R AL
CAELO-BGLENER AR REBESFEAFBLIRRTED XA
2 (OARSD B X ¥ KB B ARBREFF,FMDRRTRETEE, TEHEHZR
LBk RO ik AR M R R 4 8 B & B (MMP) 13, — 7% A7 do SRR B & & A 5 89 %
o F Aol B OB (ADAMTS)S FRA A B (COX)2.GPX4 89 mRNA & ik . 4 %.
PRIN T B 25 R R, AR Nuprl T4 fRE1L-1B 5 F- 09 38 tm J0 3G 20 7 E L T I, 8, )
DR e s AR AR IS i R K, T ACSLA.PS3 & G Rk, EiA
GPX4.SLC7A11 % & &34 (3 P<0.01) , 374 N REAR B amfesk st =, S EBLER
2R, SR Nupr] TIELZ B KT DR X BB T, B E OARSIF 4, AR X
W R BRI R, R Y B T £ 28 BT GPX4 89 R A (3 P<0.01)
2k o FAK Nupr ] =T 833 3] D RARE a0 ISk S T3 2 R 7 KRBt & |

[ FE | a8« AAEEG (Nupr)l BIERFT miLskiL = &7 X T KR Ty %
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[ Abstract | Objective: To investigate the effect of nuclear protein (Nupr) 1 on the
pathological progression of osteoarthritis and its relationship with ferroptosis of chondrocytes.
Methods: Chondrocytes from mouse knees were divided into small interfering RNA (siRNA)
control group, small interfering RNA targeting Nuprl (siNuprl) group, siRNA control+
IL-1B8 group (siRNA control interference for 24 h followed by 10 ng/mL IL-1B) and
siNuprl+IL-1B group (siNuprl interference for 24 h followed by 10 ng/mL IL-1B). The
protein and mRNA expressions of Nuprl were detected by Western blotting and
quantitative reverse transcription polymerase chain reaction (QRT-PCR). Cell proliferation
viabilities were measured using the cell counting kit-8 method. The levels of ferrous
ions were detected by FerroOrange staining. Lipid peroxidation levels were detected
by C11-BODIPY-591 fluorescence imaging. The contents of malondialdehyde (MDA)
and glutathione (GSH) were detected by enzyme-linked immunosorbent assay. The
protein expressions of acyl-CoA synthetase long-chain family (ACSL) 4, P53, glutathione
peroxidase (GPX) 4 and solute carrier family 7 member 11 gene (SLC7A11) were detected
by Western blotting. The osteoarthritis model was constructed by destabilization of the
medial meniscus (DMM) surgery in 7-week-old male C57BL/6] mice. The mice were
randomly divided into four groups with 10 animals in each group: sham surgery
(Sham)+adeno-associated virus serotype 5 (AAV35)-short hairpin RNA (shRNA) control
group, Sham+AAV5-shRNA control targeting Nuprl (shNuprl) group, DMM+AAV5-
shRNA control group, and DMM+AAVS5-shNuprl group. Hematoxylin and eosin staining
and Safranin O-Fast Green staining were used to observe the morphological changes in
cartilage tissue. The Osteoarthritis Research Society International (OARSI) osteoarthritis
cartilage histopathology assessment system was used to evaluate the degree of cartilage
degeneration in mice. The mRNA expressions of matrix metallopeptidase (MMP) 13,
a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) 5, cyclooxy-
genase (COX) 2, and GPX4 were detected by qRT-PCR. Results: In vitro experiments
showed that knocking down Nuprl alleviated the decrease of chondrocyte proliferation
activity induced by IL-1B, reduced iron accumulation in mouse chondrocytes, lowered

lipid peroxidation, downregulated ACSL4 and P53 protein expression and upregulated



IR BH, 4 . ARAZ AR P 138 2o 40 6 AR A0 AR B T B DT A B

© 671 -

GPX4 and SLC7A11 protein expression (all P<0.01), thereby inhibiting ferroptosis in
mouse chondrocytes. Meanwhile, in vivo animal experiments demonstrated that knocking
down Nuprl delayed the degeneration of articular cartilage in osteoarthritis mice, improved
the OARSI score, slowed down the degradation of the extracellular matrix in osteoarthritis
cartilage, and reduced the expression of the key ferroptosis regulator GPX4 (all P<0.01).
Conclusion: Knockdown of Nuprl can delay the pathological progression of osteoarthritis

through inhibiting ferroptosis in mouse chondrocytes.
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[ 45B&1E | 4% 9 (nuclear protein, Nupr) ; X 4F 2 9% JR 4k (specific pathogen free,
SPF) ; 5Bk Bk it B AL 4 B (glutathione peroxidase, GPX) ; & T BAR K% 7 A R 11
(solute carrier family 7 member 11,SLC7A11) ; Bt 3K 40 B A & % B K 4% K 3% (acyl-
CoA synthetase long-chain family, ACSL) ; #k & i £.4L 4 B (horseradish peroxidase,
HRP) ; 2@ it 3+ 23X 7 & (cell counting kit, CCK) ; 7 =& (malondialdehyde , MDA ) ;
5B AR (glutathione , GSH) ; 38 &~ B 4% 25 (polymerase chain reaction, PCR) ; > F
# RNA (small interfering RNA , siRNA ) ; B 48 % 5% 2 (adeno-associated virus, AAV) ;
AP & (hematoxylin and eosin staining , HE % & );¥em Nuprl #siRNA
(siRNA targeting Nuprl ,siNuprl ) ; 2wk i8-20 #9 Tris 2% 2 #& (Tris buffered saline with
Tween-20, TBST) ; Hanks’ -F 4 #: & % (Hank’s Balanced Salt Solution, HBSS) ; it &
7 V8 Bk e B v e — A% 3 BR B B2 (nicotinamide adenine dinucleotide phosphat, NADPH ) ;
#2 & ¥ RNA (short hairpin RNA,shRNA) ; ¥215) Nuprl ¢ shRNA (shRNA targeting
Nuprl, shNuprl) ; R ¥ A #& %k #& (destabilization of the medial meniscus, DMM) ;
FR7E & 7 £ B % -4 (Osteoarthritis Research Society International ,OARSI) ; & i 4
J& % & B (matrix metalloproteinase , MMP) ; —#F LA /)N AR BB 2 &) 25 5 0 & o
% fo & & % & B (a disintegrin and metalloproteinase with thrombospondin motifs,
ADAMTS) ; 2R £.&-B (cyclooxygenase , COX)
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N B 4257.08 T3 5 384 fin 2= 10 812.01 J5 i >,
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Z[) 4 B AR L i AN R o AR5 0L i
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1.1 ¥ 259 350 54U

7 JEU% SPF 9% C57BL/6J M1 /N U | V954
DA R A A BR A W [3F 7 UES SCXK
(#5)2018-0008 ] , 1 7% F 12 h Y6 HE/12 h To G HE
24~26 ‘CHE, FT H R KoK

IL-18 hy 93 M 3T = 2 11 o Bk 5 e 1y A BR A
F P2 i s AR F A FerroOrange 28 JG R EF R
H 7% Dojindo 2 # 7= i 5 C11-BODIPY-591 Jl i
b ALK e G IR AT IR T NG 2 0L

& JF A 2000, 2 e . BCA IR 7 £ . TRIzol Jy 3 [H

ThermoFisher Scientific 23 7] 7 i ; % Nuprl 2 5[
PR A 5 18 AR A AR AT BR A B s R
GPX4 B ga B4R S SLCTALT B 58 B4 A | 4
ACSLA FATEREFUIA A P53 AT YA  HRPARIC
FPi e 0 R 3 E Abcam 22 F 77 i ; B-actin HLIA
Sy i = AR W R A RS |7 b ; CCK-8 2 36
APExBIO 23 &) 77 i s MDA #5577 & . GSH Al
AT GSHAS A & ok il 58 = RAEDHEA
IR A R 2N B ™ i 5 390 SRl L9 O i
PCR IR & 0 1 28 56 A W b B0 A5 R )
77 it s siRNA JE SRS |90 iR A=) TR A
BN W7 s AAVS O I DUIE A YR A R
HI 77 B0CE HE Y350 & T 40 O-[F 4k e 4K
& R vt AEIRH A FRA R 5

B HL VKA S 7 AN 3R 2 0 95 [ Bio-Rad 24
AL BERE UG R 500 26 B GE 23 Rl P i s 414
YIA K AL R AR B e A T Leica A
A 77 i s Z2 D) REREAR 1A € [ PerkinElmer 23 1] 7
B 5 390 5 S AR 18 E Eppendorf 23 & 77 i 5 SEHY
PCRAYAZEE Applied Biosystems 28 7] 77 i
1.2 /NEURAECE AR 5 B o T

Z 2% i WO 5% O L RIS HOSPF 2%
C57BL/6) /)N RN B AL A, , 113 OB 5 1 B F Tt
PR G FT IR IR OC T I FH T R 1 B B
5 55 e 3 v 175 PR R, 0.25% 1T 78 Jise I g 7 Ak
6 h, 4 LI, 500xg B0 5 min, 3¢ I, H
£ 10% fa 4= L3 L 100 U/mL 5 5525 2 () DMEM
B (DA R pR S22 R 30 ) #1240 i i
BT 37 °C.5% AR R IR TR R 7RV
BB AT A 15 80% JE 2 I8 1 2444%10,

W5 = AR KOS R AP A 53 siRNA X

HEZH | siNuprl ZH \siRNA X B8 +IL-18 21 1 siNuprl+
IL-1B 4. siRNAJF¥51 :siNuprl 1E[7] 5'-AGAGGAA
GCUGCUGACCAATT-3', [ 5'-UUGGUCAGCAG
CUUCCUCUTT-3";siRNA XJ B 1E [1] 5'-UUCUCCGA
ACGUGUCACGUTT-3', J% ] 5'-ACGUGACACGUU
CGGAGAATT-3', & HL50 L A5 I I 19 JC APt
DMEM 1% 75 % A 100 nmol siRNA F15 pL g 5
200075 o K LR WO A AR BE = AR,
NG L3 B IR DMEM 15 35 5 9%, 12 h J5 e
FATE siRNA 1Y 58 235 FR IR AR SR 57 . siRNA XF
HE +IL-1B £ Fl siNuprl+IL-1B £ 23 I 7E siRNA X
MR Y siNuprl T4 24 h J5 il A 10 ng/mL IL-1 5%
H 24 Ko
1.3 2R P o B a2 v R I 4 4l i A Nuprl A2k
FET AR HRIA

TC 1% R 11 BT 00 ) 2R, I A 2
FRFRAR Y, UK L A DA A 85 S A R T O
IO A % 4 °CF 10 000Xg 250> 10 min,
PR B 35 WO 248 BCA 350N 2 25 1 vk . Bt
25 g BRCE AN B _ERE 48 6%~8% SDS A
s T i R JE H K 43 B AR R R BT 5 A3 il LA
Nuprl HLAK (1:1000) . ACSL4 H {4 (1:25 000) .
P53 HT & (1: 2000) . GPX4 #i & (1: 5000) .
SLCTATL LA (1:5000) . B-actin HL A (1:50 000)
4 “CH# A B, TBST Uk =05 BLHRP 4t (1
20 000) Z5 IR BEE 2 h, TBST I %8 = UK ; 5% J1 14 5
b2 R G W BE R R A P B 5 . SR
Image Lab F{F3E4 7 K BEEAE 53 #T
1.4 E E S PCR VAR IARCE 40 Nuprl |
Y AP o R AE T AT I F mRNA ik

TRIzol 72 #i& HU/IN BV 20 M A RNA |, e i
B SRR B U DR B RNA 300 5% S5 U AR b
DNA , >R HSE 0 PCRAGHAT PCR ™S8 4G . 41U
B-actin F& KAE NN S, DL 2722 g b A7 2 &5
Bro 5IFHIILE L,
1.5 CCK-8 A 4K 4 i 1 5 17 1

BN BUERCE 40 i (5% 10°AN/4L) 3 R0 T 96 FL
M rp 45 3% 24 b, 40T TS [B) 1 5K 5 5 48 £ 57
A FEFRW A 10 wL CCK-8 I, 5 3 46 RO b
B 2 h, BEE B 450 nm P 0 5E WO IR
A MAE TR, AN R (%) = (5L
FEAE — 25 F LG BE D) /O BRFLIROE B (B — 25
HALIOGREE ) 1x100%
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Table 1 Primer sequences

B A ST (5 —3")
Nuprl 1E 17 : CTGGAGATAAGGCCAGACCAC
S : GCTTCTTGCTCCCATCTTGC
MMPI3 1E[1] : TACCATCCTGCGACTCTTGC
JZ i1 : TTCACCCACATCAGGCACTC
ADAMTSS E[7] : CCAAGGCCAAATGGTGTGTC
J ] : CAATGGCGGTAGGCAAACTG
COX2 1E[ : CAGGACTCTGCTCACGAAGG
JZ 1] : ATCCAGTCCGGGTACAGTCA
GPX4 iE[7] : GCCTCGCAATGAGGCAAAAC
S : CAAACTGGTTGCAGGGGAAG
B-actin 1E 17 : GTGACGTTGACATCCGTAAAGA

Sl : GCCGGACTCATCGTACTCC
Nupr: #% 85 11 ; MMP: 38 J5i 42 J& 25 (1 /it ; ADAMTS: —Fh HA7
/N B R B 1A 2 A4 B U COX: IR AL A
it} ; GPX : 20 e H MK i S AL 8 5 B-actin: B LB AR 14

1.6 KRS T2 E FerroOrange Y4 2 1 46l
AR 20 B R B T K

25 2N RO A B 25 2 A R AS RS, 5 8
FEU , FH HBSS ~F- 17 £ V75 W 1% ¥4 20 MO 9 ¢, Jm A
1 pwmol/L Y FerroOrange T A/EWE , £ 37 °C 5% %A
AR B 4 1% 35 46 v 15 35 30 min, 290 B 08 R W
LA P TOGIREE
1.7 C11-BODIPY-591 %¢ )t I 52 46 I 5 15 41
Hh i B KO

25 2N RO 2 R 2 A A RS, 5 e
TR, FH HBSS V-7 £5 V75 W 1 V4 20 ML R ¢, Jm A
5 wmol/L i) C11-BODIPY-591 T AEW& , 7E 37 °C.5%
AR G R SR A DRGSR 30 min, 280 W MR T
NREE T3 T 25 2HL 3R v A L o €2, 0 DR E
1.8 et kil AcE 40 b MDA & &

WA /I BRUAR B 200 M 5 FH 2R e Y 75 A
4 “C"F 10 000xg 5.0 10 min, W4 FiF ¥, BCA %
I B8 R B BGE s An e AR 4% IR 1.2.5.10.20,
50 wmol/L il VA o il 2k, MR 4l MDA 5 I 38 771
iU BRI B AR A L Z R A . MDA
R ) A R A At O A S AR R R
Fitg AR A% A 532 nm, W2 WO B AR 95 22 41k B2
R v it 05 JOL A v 1 8 R, 6 TR AL IROG
JHE MDA & &,
1.9 GSH RIS ALY GSH KN 7] S AS: 415 21
g GSH # 1=

WA 45 4N BB ML 0E , In AR i &
B a7 MR AT, S22 (0 FH W AR 37 “COK TR M
FRERPIYC, UK ECE 5 min 54 °CF 10 000%g B0
10 min, AR B MR . ™A% 4% BUE T P 484, X
15.0.10.0.5.0.2.0.1.0.0.5 wmol/L %84k 7 GSH ¥
W IAVERR I £, T HGH 20 AR S AR I A 6xXGSH
T B Bh I GSH T B TAE R . A GSH & T4F
TS NADPH ¥ W, 1B & W AR K 411 nm , 5
W S I XoF HE A o £ 1S8R 5 HP L GSH R
L7 GSH % 12, GSH 7 i =( & GSH 7 1 — 4 fL Al
GSH 7 1) %2,
1.10  SEES S aAR o2 R T

a7 /DN BB G T I A Al R AR OR i A
BT RABTARL . /NELCR Y 0.3% 130 B b 2 44
(30 mg/kg, 0.1 mL/10g) I8 i 1 B K R i, BT
37 ‘ClEEE b, BT R e K JHEE /N B L
AFIEIMSE [ 2 J JeE fhE 90° 78 43 ZR BRI 115 F
R TIE BB NNGAT T 58 Bl o
PRI v R T 2L LR AR, P> T Al ik N
B HMRIE RIS a6 A, Bl H A
R R o /N BB AL 53 R I F- R +AAV5-shRNA
I AR F AR +AAVS-shNuprl 41 .DMM+AAVS5-
shRNA %I B8 41 Fl DMM+AAV5-shNuprl 41 , 5 2H %%
10 2o BFARFEAMEE H ARE R B Wb 2,
A B AL A R . DMM AR FG ], 4541/
B 56745 I 1 5 — R AAV5-shRNA Xif I Bl AAVS-
shNuprl F5 3 (10 pL, 5 #0548 1x10" vg/mL) ,
8 JAl e Wi B /N BB OG5 AR A . AAVS5-shNuprl FI
AAV5-shRNA X} HR 51 L3 2.
1.11 HE YL@ R135 21 O- [ 4 YL €a WA Y FlL 4K
SR EIE A FF 2T OARSI P4

ANERBE O 2 [l LS i K L3 B TR
L R4 3 U S IR T S B R 5 pum 1) A
Y1 HE e (0 K% 21 O-[ st e 0 )5 T Wi s T
WEL TR A EMG, R OARSEE 75 R ACH 441
WERAE PR R G VRN R AR R AR R
5 HUNEEY OARSIIE .
.12 Zitshik

& H GraphPad Prism 9.5 464758115307 o
TEZS A BT B LAY B b v 25 (R2s) R
Z2 2 [B) LR AR 22 5 26 40 B, 4L 1) R G L
KA KR, P<0.05 M2 5 B Gt L.
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2 shNuprl J$51 K XT3
Table 2 Sequences of shNuprl and the control shRNA

shRNA J¥ooA(5'—3")
shNuprl 1E[] : AATTCGAGATGGAATCCTGGATGAATACTCGAGTATTCATCCAGGATTCCATCTTTTTTTG
S 1] : GATCCAAAAAAAGATGGAATCCTGGATGAATACTCGAGTATTCATCCAGGATTCCATCTCG
shRNA %} g 1E11] : GATCCGTTCTCCGAACGTGTCACGTAATTCAAGAGATTACGTGACACGTTCGGAGAATTTTTTC

JZ 1] : AATTGAAAAAATTCTCCGAACGTGTCACGTAATCTCTTGAATTACGTGACACGTTCGGAGAACG
Nupr: #%8 H ;shRNA : 45 % I RNA ;shNuprl : # [1] Nupr] ) shRNA.

41 1 siNuprl+1L-1 220 LA7 16 54351 4 (100.00+

2 &
R 0.00)%.(99.00+0.04)% . (71.00+0.03) %A1 (87.00+
2.1 /BRI Nupr] B (R ) 23 i 2 0.05)%. 5 siRNAXJHRZH HE4s, siRNA X HE+IL-1B
B 5T B vk 245 S R, 55 siRNA X FE 4 | 21 /0N BRCRCR 40 M O A R AR (1=25.68, P<0.01) 5 5

32, siNuprl 2H /N FRCE 4 i Nuprl £ 23k ;jz/l\ SIRNA Xif B +1L-1B £ Fo %52 , siNuprl+IL-18 41 /) f)L
(4351 0.68+0.04 F10.28+0.03,:=17.96, P<0. 01)- BB A0 TS R AR R D (1=6.649 , P<0.01) . 45
FE 0 S PCR LSS S R, 5 siRNA X AR | LR B Nuprl 7] 28 i 1L-18 15 5 A0 4K 41 it
3, siNuprl 21/ BRUPCE 4 I Nuprl mRNA ik (}ji HEFHIEME TR

/B (43 51 5 1.00£0.00 1 0.37+0.04, 1=34.57, P< 2.3 #AK Nuprl o] 5% TL-1B 755 09 4% B 4 i 4k
0.01), WK1, 4554875, siNuprl X Nuprl B3 =

IR ELAT o A AR AT U/ B A Nupr] 55 siRNA Xf FE 4 FL 45, siRNA X BB +11-18 41
i (AR TR A A BT o /N BRFR B 40 R0 STV 42 5 5 e B P A 4 e (43 dil)
2.2 WK Nuprl FTZEfR IL-18 S ACE IMLIG - h 9.7120.84 il 40.29£1.89, 1=33.11, P<0.01) ;
N3 siNupr1+IL-1B ZH /)™ BB 40 i M 2K 25 1~ 2 Dt o

siRNA X B2 siNuprl 4 \siRNA XJ R +1L-1B J h 18.98+1.58, %% siRNA Xif IR +1L-1p 2H B i U
55 (1=19.38, P<0.01) , WLIE 2. &5 R, A

SIRNAXHEZH siNupr14H Nuprl Téﬁﬁ@ IL- IB E.F E/J iﬁ QEHH@ EP%E? A
ot |- 2.4 AT Nupr] TR TL-1B 15 50K ANALAR

P-actin ” 42 000 piguk=N 4

g HQ\Z 1+1L- 4]
Nupr:@’:ﬁﬁ ssiRNA /DT RNA ;siNuprl | Nuprl f) % siRNA XT' HSZBL siRNA XT IL 18 E

SiRNA ; B-actin: B L & 11 . N AR B 40 r 2 €2, 56 5 B BE I 1 e | SR BH g
1 siNuprl B X5 B840 )5 /N B 4 i Joz 1 PR UK CE T 5 (1=19.23, P<0.01) 5 55 siRNA
Nuprl £ [ R 3K & X} FEHTL-18 2H FL 52 , siNuprl+1L-10 2H /)N B 20
Figure 1 Electrophoretograms of Nuprl protein in NN . B FE o )
mouse chondrocytes after interference with i Pt € 5 SR P2 WY D5 , R P T e K
siNuprl and its control —TIZF%ﬁE(t=13.7O ,P<0.01), WK 333,
sIRNAXTHiZH siNupr12H SIRNAXTHHIL-182H siNupr1+IL-1B2H

5 siRNA X HRZH LU, siRNA X BE+TL-18 2H /)N BB 20 MO P 2% 25 2 00R B 1G85 5 siRNA X BR+IL-18 4 L, siNuprl1+1L-18
ZH /N B A I 3 T 0 AR U5 . siRNA - /N4 RNA 5 siNuprl : SR A 2R 11 119 siRNA. H7 =50 pum.

B2 2% 2 5 m A H K B A6 DU 2 6 (FerroOrange 4 (812%)

Figure 2 Fe™ fluorescence intensity of mouse chondrocytes in each group (FerroOrange staining)
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sIRNAXTHiZH siNupr12H

it

AREL

RS

- 3

SIRNAXHL-1p2H siNupr1+IL-1B4H

15 sIRNA XS BEZL ELER, siRNA XS I +11-18 41/ R A 4% (05 (A ) SR BE IR, 2T (9 CREUL ) B BRI 5 5 siRNA
it BA+TL-1B 41 H 4R, siNupr]+TL-18 417N BUFCE A S0 2 60 BE W55 , 215656 Y60 BE RIS . siRNA /N T3 RNA 5 siNuprl - #0171 #%
FEH 1Y siRNA. A7 L=50 pum.
B3 AR A PR B Ak SR I 2GR (C11-BODIPY-591 56t 5 i)

Figure 3 Results of lipid reactive oxygen species in mouse chondrocytes in each group (C11-BODIPY-591 fluorescence

staining)

55 siRNA X JR 2 LA, siRNA XT RE+IL-18 4
/N BURCE 4 MDA 2 39 50 (1=10.94, P<0.01) ,

FET- MR H RIS

FE NI A I 45 2R SR, 5 siRNA X HE

GSH & #9870 (1=3.00, P<0.01 ) ; 5 siRNA % #& +
IL-1B 2H %8, siNuprl+IL-1B 2H /Iy BL4K & 40 g
MDA & 58 /b (1=7.30, P<0.01) , GSH &5 & 34 i
(1=10.50,P<0.01), W53,

IREE AR AR Nupr] W B 1L-1B 5 5
(149715 BR8N g T o AR A K- o

ZH L #E, sIRNA X BB +1L-18 41 /) BB 40 it wh
ACSL4 P53 £ 11 A 8 fin (1=45.17 F1 17.30, 3
P<0.01) , GPX4 . SLC7A11 & 4 & K08 2 (1=10.5
F18.05,4 P<0.01) ; 55 siRNA XJ BE+IL-1B8 4H L 5%,
siNuprl+IL-1B 2H /)N B 40 i ACSL4 P53 2R
23508 /0 (1=12.8 11 10.34, 2] P<0.01) , GPX4,

2.5 A Nuprl 5200 1L-18 55 09 400 B 40 it v 2k

R3S AN UL E A SR S IA K UL

Table 3 Expression of lipid peroxidation-related markers in mouse
chondrocytes in each group

(x+s)
ao . Hﬁlﬁ [t A H ik
WPESE (%) (nmol/mg FH ) (nmol/mg 85 )
siRNA X} 4 5 9.33+0.87 1.03+0.13 0.130.04
siNuprl 21 5 7.62+0.92  0.99+0.21 0.14+0.03
SIRNAXFHE+TL-1B 4 5 29.18+2.14"  2.09+0.18”  0.07+0.01"
siNuprl+IL-1B 41 5 13.31+1.46%  1.41+0.11%  0.22+0.03*

55 siRNA X B2 L5, P<0.01; 5 siRNA XJ HH+IL-18 41 L3¢, "P<
0.01. i J5% 1% M 40 7K 7 JH 4 €8 52 O 538 3 32 7R . siRNA: /N T4 RNA;
siNuprl : ¥ A% 85 H 1Y siRNA.

SLCTA11 25 H 3R 59 (1=34.23 1 22.26, ¥ P<

0.01), WK 4 5k 4, 250K, @K Nuprl
AL S TR T A S B Rk, I /N B
E RSB T
2.6 KATHCE Nuprl AR BRUR 2 A
25 PO B2 R DL (5,98, AAVS-shRNA
Xif BB 2 1 AAVS-shNuprl 21 Fr A 20 g ¥4 1l 2
TR EVNE A, AR TR YR 05
(53.71+2.03)%F1(56.67£2.96)% , 2% 7 T4t it
3 L (1=1.837,P>0.05) , WK 5. &%
St PCR &5 /R, 5 AAVS-shRNA Xf FR 4 [
3, AAV5-shNuprl 2 Nuprl mRNA 323k 7K -
FAAE (4351124 1.00+0.00 F110.51+0.06,:=17.050,



- 676 - WL R 2R (R4 RT) Journal of Zhejiang University (Medical Sciences)
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ACSLa| - - 79 000 HE Ze (& F1 7 21 O- [ S e 245 R o IR 5
: AR+AAVS5-shRNA X HE ZH FIE F AR +AAV5-shNuprl
Ps3 53000 HHCEREIE AR AHEN#E 55 , OARSTIE 43
‘ 1 04y - 51 N - i BR 4 0
SR pr— = 7o 74045 5 5 1B F AR +AAVS-shRNA X FE 2 Ho e
_ DMM+AAVS-shRNA XJ 18 41 /)]s §1L 1% BH ¢ | 35 4
SLCTATL - 55,000 AR R A, R R e R, O R T
A LF YA, OARSI 2> TH i 2 5.800.84 (1=15.5, P<
i) g— - - 0.01) ;55 DMM+AAV5-shRNA % B L5 , DMM+

SIRNA : /NF 4 RNA 5 siNuprl - L[] % 26 11 1 RY/NT4E
RNA ; ACSL: i JLA il A A BURG K 58 5005 ; GPX: A et ik
I E AP ;s SLCTALL : I 48R Z 5 7 i 5L 115 B-actin: B

WIshEH.

4 A UBCE AL BT TR DGR 1 AL K ]

Figure 4 [Electrophoretograms of ferroptosis-related

proteins expression in mouse chondrocytes

in each group

AAV5-shNuprl 41/ ERUBECTT el e Bk e )&

JEE B o Y o R % T A A A B A B ek

%, OARSIF43 4 2.60+0.55(1=7.155, P<0.01) , W,

K6, 25 LR, B Nuprl AT B3t B G A s

FROCT FCRRAE

2.8 AR Nuprl $20 DMM 175 S 05 56 45 AR 0
BT 0B 20 i A/ ML T R AT

Rd SR AN ERIET MG E AR A G TR T4 P F mRNA %15
Table 4 :;I:;I‘;SS]OD of ferroptosis-related proteins in mouse chondrocytes in each E L EE 5 PCR A TISE
(x£s) IR, 5B FAR+AAVS5-shRNA
4 5l n ACSL4 P53 GPX4 SLCTALL X RECZ MBS, DMM+AAVS-
siRNA X HH 4 5 0.39+0.02 0.23+0.02 0.49+0.06 0.31+0.03 shRNA X HE2H /N R MMP13 .
siNuprl 41 5 037:0.04  0.29+0.03  051:0.08  0.29+0.08 ADAMTS5 .COX2 1 GPX4 mRNA
SIRNAXFHR+IL-1841 5 1.63x0.06™  0.91+0.09”  0.21+0.05"  0.15+0.03™ %% ik 7J( 5|7_ B 5 }I‘ '%— (1=47.48 .
siNuprl+IL-18 £ 5 1.06+0.08"  0.47+0.04"  0.91+0.03"  1.16+0.09"

55 iRNA XF B2 L2, "P<0.01; 55 siRNA X} HR+TL-18 41 L3¢, #P<0.01. siRNA: /N T3

49.65.12.34 #130.03, 3 P<0.01) ;
5 DMM+AAVS5-shRNA 4 F %5,

RNA;siNuprl : #L[A 2% 2 11 1 14 siRNA ; ACSL: BESEA B A £ 100 Bi K 8% 5005 ; GPX 45 I H ik
i A s SLCTA T IR aR AR R 7 LB 1.

25 DM HiEE

DMM+AAV5-shNuprl 2 MMP13 .
ADAMTS5 .COX2 H1 GPX4 mRNA

i

AAV5-shRNA X} HEZH

AAVS5-shNuprl 2 %% i Zk ‘TF‘ EU% E F% 'ﬂi& (t=287\

20.92.6.461 #18.692, #] P<0.01),
W5, S5 RAER, Mk Nuprl
REAE IR 2 OG0 2 R 4 g b

GFP

25 % B R LA (.58 5 , AAVS-shRNA X HEZH R AAVS-shNupr 1 21 7] UL A7 4
J 35 B 223K GFP. H7 =500 wm. AAV : BEARSEHGE 3 shRNA : 45 % ¢ RNA ; shNuprl :

SO AR 1T 119 shRNA ; GFP: G (0,58 6 1 .
5 AAV5-shNuprl J¥51) J Hox BEF 51 5% e 48

Figure 5 Transfection results of AAV5-shNuprl and its control sequence

P<0.01). Z5FHER, AAVS-shNuprl 41 %} Nuprl ()
FRHA B E M HISER IE/NR TS Nupr]

AR R A A

o

W T GPX4 3k,
3 it i

IR HR T — il PR DL
P M2 K, 7 R R R AR
I e B S IR AT RO . Bl
H AL N0 A B Y
PR, B B 22 ) 8 AR N BCE ST RTIR A
BRI TR B AR AR B TR
R KA HE SF EL, R AR R S AT
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Figure 6 Pathological morphology of mouse cartilages in each group (Safranin O/Fast green staining and HE staining)

RS SRR FRUECHE P A SN BRI BRAE T 15 T mRNA HLA AR Z " ARBFTE 5L F)

Table 5 mRNA expression of extracellular matrix and ferroptosis regulatory

factor in mouse cartilages in each group

10 ng/mL ¥ J TL-18 AJ 2 R4k &
(zts) 21 v R B T K TR B

{5 FH 10 ng/mL ¥ B2 (1) 1L-18 K 2

i n  MMPI3  ADAMTS5  COX2 GPX4
R +AAVS-shRNAXFIEZL 5 1.00£0.00  1.00:0.00 1.00:0.00  1.00+0.00 SFCE R R B IR Bk SR T
B FAR+AAV5-shNuprl 41 5 1.09+0.08 1.05:0.11 1.04x0.14  1.09+0.06 ABLTR
DMM+AAVS5-shRNA £ 5 3.89+0.14" 5.07+0.18" 2.37+0.25" 0.28+0.05™ ERBET- I R AENLE] B A
DMM+AAV5-shNuprl 41 5 1.6820.11" 2.81:0.16" 1.4720.19% 0.69:0.09" gy e i ey vk A AR A FH R SAL,

ST AR+AAV5-shRNA X HRZH 45, “P<0.01; 5 DMM+AAV5-shRNA 2 458, *#P<
0.01. AAV : SR AHSEHT B ; ShRNA : 58 % J¢ RNA ;shNupr] : ¥ % 2 (4 1 49 shRNA ; DMM : 4
M A B Fa AR s MMP : 15 42 J@ 25 1178 ; ADAMTS : — LA L/ 52 7 28 11 6L 7 1 2
A TG B G ; COX: M4 G 1 ; GPX : 70t H kit S AL g .

TE B FBFEH > R B, BT R AR
BRI B AT BT, B e R
I3 R K- S5 g SRR B R OEAH G, 4
SRR B AT 5 R K ROCTT R R IR R8Ok
TR TR A FE DMM 5 10/ B RL
OB A MARIE T A G B (1 RE R I Ak A
T REHS 2 A1 DG R, F WA [ A 45 AR
YR AE T T B G SRIAYT I G . Ak
HET 3K — 7 R S5 PR Al M A8 T 07 SR 8 3R 97 B
O A 0 T B S BT HLA R B T B S

RS UESE , TL-18 AR IR BE [ - 55
A 3 P 200 b DL 0K 8 114 9% i S5 N 2 O R
PHUE A ST T IL-1B 75 T R P e
SfetE, B AT Z AT H 10 ng/mL ¥R B 1Y 1L-18
R R ST AR RS TY

ARG R . FEA MG B A
e kB R ERAE T R N
PR e R WAk &
2 fiok e I R Al o sk AR Ak B g
25 S E AL, AR PTG P SAUR MDA KRB,
FEA A I E AT LR R S
Z A T IR T A R OGP
fiti GSH 1 A 20 it PN 9 32 ZE4T AR 7], J& GPX4 1Y
P B Y ;i i GPX4 BIYERT , GSH AT LIA %L
(A A B 2= s ) 111 77 0 e
B, il GSH A GPX4 3 P4 7] S Bl it i S Ak
TR, R, ACSLA REAS TG 22 N1t AN TG i , il
1ok R i S5 4 A B ) £ 2 i o s S R 0 e i
BRIE T & A SLCTALL 45 R Bk 38 T 1 ¢
SR R T T PS3 AR b Bl R L, BB 8 4
SLCTALL PTG FIER IR, 4% GPX4 Kk, fE dE 40
JIERFET >,

5 S 815 7 Nuprl JRFR A p8 8% Coml , J2&
— N TR L W R A A BRI
Tt S IEE A AT, Nuprl #ikKF
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FE A, AEAE PN J5E P 238 DNA B 405 | TP S
SENL AT, Nuprl AT 904 590 8 F 3L A
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H AAV T E AR G AR Nuprl J5 2 B8/ BRURCE IR
A B B WM . 5 A, MMPI3  ADAMTSS .
COX2 1 GPX4 mRNA ik /D4R AR Nupr] B
% D8 2% B O R AN i A Ik R I A e b
GPX4 b, BRI X RIB T T LT
SN FRUE AR

TR HCH AN R AE T 0 2 v S 437 0
(RS AL, X T 6 RO B R LA
ZRWFFEMNE . ADFFE B T 1L-18 15 50E 4
MBRFET )5, A Nuprl W] AR PS3/SLCTALL/
GPX4 {5 5l ke 38 /I B 40 if ) R P T R 7R
A28 2 B Nuprl A REJ2 B 63 R R IEIRIT
VEFH T AERE A5 . 22, Nuprl 7] A3 i 4 45 4K
B0 A AR AT TR R R /DN B O TT R A B E
J'& o X IR ST A5 R O RIRIT AT &
FERE T B R 9% 4%

B BTRBIE R A ARE LG (82274545) TLIRE BE
ST A RS S A (JSDW202252) T R4 i EE
B 55 =tk e AR AT (y20210e02) (VL34S o B Bt o BR
TR S R RIS A B .0 (Y20232x05) ¢

Acknowledgements  This work was supported by the
National Natural Science Foundation of China (82274545),
Medical Key Discipline/Laboratory Cultivation Unit of Jiangsu
Province (JSDW202252), Peak Academic Talent Project of

Jiangsu Province Hospital of Chinese Medicine (y2021rc02),

and Clinical Medical Innovation Center for Knee Osteoarthritis

in Jiangsu Province Hospital of Chinese Medicine (Y20232x05)

EFCE AN EIEAS AL E R A S50 8 P
AR, JF A B P EA R F R IR S WA
(202302A016)

Ethical Approval All applicable institutional and/or

national guidelines for the care and use of animals were
followed, and the research protocol of animal experiments
was approved by the Ethics Committee of Nanjing University
of Chinese Medicine (202302A016)

Pl A EE A AR 4 P

Conflict of Interests The authors declare that there is no

conflict of interests

©The author(s) 2024. This is an open access article under the
CC BY-NC-ND 4.0 license (https://creativecommons. org/
licenses/by-nc-nd/4.0/)

222 ik (References)

[1]  ALLEN K D, THOMA L M, GOLIGHTLY Y M. Epi-
demiology of osteoarthritis[J]. Osteoarthritis Cartilage,
2022, 30(2): 184-195.

[2]  SAFIRI S, KOLAHI A A, SMITH E, et al. Global,
regional and national burden of osteoarthritis 1990—
2017: a systematic analysis of the Global Burden of
Disease Study 2017[J]. Ann Rheum Dis, 2020, 79(6):
819-828.

(3] HIENg, S5EE, KA, . LT GBD KEUE T E

T ST SR B PR 5 343 0. BRAR T B
E=, 2022, 49(10): 1753-1760.
FENG Xiaoqing, CAI Daozhang, YU Xinglei, et al.
Analysis of current status and trends of disease burden
of knee osteoarthritis in China based on GBD big data
[J]. Modern Preventive Medicine, 2022, 49(10): 1753-
1760. (in Chinese)

(4] HUNTER D J, MARCH L, CHEW M. Osteoarthritis
in 2020 and beyond: a Lancet commission[]J]. Lancet,
2020, 396(10264): 1711-1712.

[5] MIAO Y, CHEN Y, XUE F, et al. Contribution of fer-
roptosis and GPX4’s dual functions to osteoarthritis
progression|J|. EBioMedicine, 2022, 76: 103847.

[6] ZHOU R, CHEN Y, LI S, et al. TRPM7 channel inhibi-
tion attenuates rheumatoid arthritis articular chondro-
cyte ferroptosis by suppression of the PKCa-NOX4 axis
[J]. Redox Biol, 2022, 55: 102411.

[7] LIANG D, MINIKES A M, JIANG X. Ferroptosis at the
intersection of lipid metabolism and cellular signaling
[J1. Mol Cell, 2022, 82(12): 2215-2227.

[8] WANG C, WANG T, LI K J, et al. SETD4 inhibits
prostate cancer development by promoting H3K27me



IR BH, 4 . ARAZ AR P 138 2o 40 6 AR A0 AR B T B DT A B - 679 -

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

3-mediated NUPR1 transcriptional repression and cell
cycle arrest[J]. Cancer Lett, 2023, 579: 216464.

LIU J, SONG X, KUANG F, et al. NUPRI1 is a critical
repressor of ferroptosis[J]. Nat Commun, 2021, 12
(1): 647.

BRI, R, B Hl, 55 AT B 2 0s -
LR A TR AR A B OCTT R AR A A R TESE T[]
EFHMRSHEGRIE, 2023, 36(4): 337-342.
LIAO Taiyang, LI Xiaochen, YANG Nan, et al. Total
glucosides of paeony ameliorated autophagic death
of osteoarthritis chondrocytes by reactive oxygen
species-mitochondria pathway[J]. Journal of Medical
Research & Combat Trauma Care, 2023, 36(4): 337-
342. (in Chinese)

WAN Y, SHEN K, YU H, et al. Baicalein limits osteo-
arthritis development by inhibiting chondrocyte ferroptosis
[J]. Free Radic Biol Med, 2023, 196: 108-120.
GLASSON S S, BLANCHET T J, MORRIS E A. The
surgical destabilization of the medial meniscus (DMM)
model of osteoarthritis in the 129/SvEv mouse[J]. Osteo-
arthritis Cartilage, 2007, 15(9): 1061-1069.
PRITZKER K P, GAY S, JIMENEZ S A, et al. Osteo-
arthritis cartilage histopathology: grading and staging
[J]. Osteoarthritis Cartilage, 2006, 14(1): 13-29.
VINCHI F, PORTO G, SIMMELBAUER A, et al. Ath-
erosclerosis is aggravated by iron overload and amelio-
rated by dietary and pharmacological iron restriction
[J]. Eur Heart J, 2020, 41(28): 2681-2695.

WARD R J, ZUCCA F A, DUYN J H, et al. The role
of iron in brain ageing and neurodegenerative disorders
[J]. Lancet Neurol, 2014, 13(10): 1045-1060.

O R, DHE, L PR ERIE T R
P AL AT )] MR EH X FFR,
2023, 39(6): 587-593.

LI Hao, WU Mianhua, MA Yanxia, et al. Research
progress of traditional chinese medicine regulating
ferroptosis to inhibit hepatic fibrosis[J]. Journal of
Nanjing University of Traditional Chinese Medicine,
2023, 39(6): 587-593. (in Chinese)

LIAO T, SHI L, HE C, et al. Suppression of NUPR1
in fibroblast-like synoviocytes reduces synovial fibrosis
via the Smad3 pathway[J]. J Transl Med, 2024, 22
(1): 715.

ZHAO C, SUN G, LIY, et al. Forkhead box O3 atten-
uates osteoarthritis by suppressing ferroptosis through

inactivation of NF-kB/MAPK signaling[J]. J Orthop

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

Translat, 2023, 39: 147-162.

SUN J, ZHANG Y, WANG C, et al. Kukoamine A pro-
tects mice against osteoarthritis by inhibiting chondro-
cyte inflammation and ferroptosis via SIRT1/GPX4
signaling pathwaylJ]. Life Sci, 2023, 332: 122117.
CHEN G H, SONG C C, PANTOPOULOS K, et al.
Mitochondrial oxidative stress mediated Fe-induced
ferroptosis via the NRF2-ARE pathway[J]. Free Radic
Biol Med, 2022, 180: 95-107.

TONG J, LAN X T, ZHANG Z, et al. Ferroptosis inhi-
bitor liproxstatin-1 alleviates metabolic dysfunction-
associated fatty liver disease in mice: potential involve-
ment of PANoptosis[J]. Acta Pharmacol Sin, 2023,
44(5): 1014-1028.

RUAN Q, WANG C, ZHANG Y, et al. Brevilin A attenu-
ates cartilage destruction in osteoarthritis mouse model
by inhibiting inflammation and ferroptosis via SIRT1/
Nrf2/GPX4 signaling pathway[J]. Int Immunophar-
macol, 2023, 124(Pt B): 110924.

FU C, WU Y, LIU S, et al. Rehmannioside A improves
cognitive impairment and alleviates ferroptosis via
activating PI3K/AKT/Nrf2 and SLC7A11/GPX4 sig-
naling pathway after ischemia[J]. J Ethnopharmacol,
2022, 289: 115021.

BI X, WU X, CHEN J, et al. Characterization of
ferroptosis-triggered pyroptotic  signaling in heart
failure[J]. Signal Transduct Target Ther, 2024, 9
(1): 257.

YANG Y, MA Y, LI Q, et al. STATG6 inhibits ferroptosis
and alleviates acute lung injury via regulating P53/
SLC7A11 pathway[J]. Cell Death Dis, 2022, 13(6): 530.
LIU S, COSTA M. The role of NUPRI in response to
stress and cancer development[]J]. Toxicol Appl Phar-
macol, 2022, 454: 116244.

YAMMANI R R, LOESER R F. Brief report: stress-
inducible nuclear protein 1 regulates matrix metallo-
proteinase 13 expression in human articular chondrocytes
[J]. Arthritis Rheumatol, 2014, 66(5): 1266-1271.
TAN L, REGISTER T C, YAMMANI R R. Age-related
decline in expression of molecular chaperones induces
endoplasmic reticulum stress and chondrocyte apoptosis
in articular cartilage[J]. Aging Dis, 2020, 11(5): 1091-
1102.

(A B & U7



