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Study on the improvement effects and mechanism of proanthocyanidins on steroid-induced osteonecrosis of
the femoral head in rabbits

WU Chunli', LIU Liting", ZHAO Xuting”, SUN Ruifen’, WANG Wenxuan® (1. Dept. of Vascular Surgery, the
Second Affiliated Hospital of Inner Mongolia Medical University, Hohhot 010010, China; 2. Dept. of
Orthopedics, the Second Affiliated Hospital of Inner Mongolia Medical University, Hohhot 010010, China;
3. Area A, Trauma Surgery Center, the Second Affiliated Hospital of Inner Mongolia Medical University,
Hohhot 010010, China)

ABSTRACT OBJECTIVE To study the improvement effects and mechanism of proanthocyanidins (PACs) on steroid-induced
osteonecrosis of the femoral head (SONFH) in rabbits based on the receptor-interacting protein kinase 1 (RIPK1)/RIPK3/mixed
lineage kinase domain-like protein (MLKL) signaling pathway. METHODS SONFH model in rabbits was induced by injecting
Escherichia coli endotoxin+methylprednisolone. The successfully modeled rabbits were randomly divided into Model group (normal
saline), low-dose PACs group (PACs-L group, 11 mg/kg), high-dose PACs group (PACs-H group, 22 mg/kg), high-dose PACs+
RIPK1 activator (rRIPK1) group (PACs-H+rRIPK1 group, 22 mg/kg PACs+4 pg/kg rRIPK1), along with a control group (normal
saline) , with 6 rabbits in each group. Each administration group was given relevant medicine once a day intragastrically/via
injection, for 4 consecutive weeks. After the last administration, the levels of tumor necrosis factor-a (TNF-a) and interleukin-6
(IL-6) in rabbit serum were measured. The changes in the microstructure of rabbit femurs, including bone mineral density (BMD),
trabecular thickness (Tb.Th), trabecular number (Tb.N), and

trabecular ~ separation (Tb. Sp) were examined. The
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* Bt BIEALEIG. B, DI B 5 e s i S histopathological features of rabbit femoral tissues were

SIS, E-mail : hplzzr@163.com observed, and the apoptotic status of cells within the rabbit
#EEMEE B FATE, L. BFFT 71 B2 B S SRBE ) femoral tissues was detected. The mRNA expressions of
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morphogenetic protein 2 (BMP2) in rabbit femoral tissues were determined. The expressions of RIPK1/RIPK3/MLKL signaling
pathway-related proteins in femoral tissues were detected. RESULTS Compared with the Control group, serum contents of TNF-«

and IL-6, Tb.Sp, empty bone cavity rate, cell apoptosis rate, phosphorylation levels of RIPK1, RIPK3 and MLKL in femoral
tissue were significantly increased in the Model group (P<<0.05). BMD, Tb.Th, Tb.N, as well as the mRNA expression of VEGF
and BMP2, along with protein expression of caspase-8, in the femoral tissues were all decreased (P<<0.05). The bone cells in the
femoral tissue were unevenly distributed, and the trabeculae were arranged sparsely. Compared with the Model group, the
aforementioned quantitative indicators (P<<0.05) and pathological changes in all dosage groups of PACs showed significant
improvements. Compared with the PACs-H group, the aforementioned quantitative indicators (P<<0.05) and pathological changes in
the PACs-H+rRIPK1 group showed significant reversal. CONCLUSIONS PACs can ameliorate SONFH in rabbits, and its
mechanism of action may be related to the inhibition of the activation of the RIPK1/RIPK3/MLKL signaling pathway, suppression
of apoptosis in femoral tissue cells, and promotion of angiogenesis.

KEYWORDS proanthocyanidins; steroid-induced osteonecrosis of the femoral head; RIPK1/RIPK3/MLKL signaling pathway;

angiogenesis
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MedChemExpress 2\ A ; KM #T 7 P # % (4it-5 8000P) I
H OB AR A R R ke e (it %
A3551)1 A g4I R E YR R A B R R
(5 A2638) 1 F b 5t BT 48 A= R A BRAA 7 5 [ e
IR & (5 AK3495) W H W42 AEYIRHEA R
) 3 Mg SR FE R T o (tumor necrosis factor-a, TNF-a) . [
40 il 4 & 6 (interleukin-6, TL-6) fifg BX £ 28 W B I 5
(ELISA) i) & (3t 573514 10268 ,20187) 330 { -
VLIRAE WA BRAY B 5 7R AOKT AL (HE ) 3 (12450 &
(41t 20087CR) I H b3 38 = KAEWHARA BRA 7 5
TUNEL &7 & (E45 0003 ) 1 [ 7P S s R 2B PR
& 0y A R 2 w5 % Bt W5 2 1k RIPK1 (phosphorylated
RIPK1, p-RIPK1) | RIPK1. # iz 1k RIPK3 (phosphory-
lated RIPK3, p-RIPK3) . RIPK3. #% 8 {& MLKL
(phosphorylated-MLKL, p-MLKL) .MLKL . Jbt X % [ it
8 (caspase-8) . H 718 - 3- Wi i Wit = i (GAPDH) B4 (it
543 5l A ab316924 , ab300617 , ab284393 . ab316957
ab196436 ., ab184718 . ab247233 . ab181602) Y3 Il H B =
Abcam 2\ A 3 BRI A AL Y (HRP) i 9 LU E4T e e
JEERE H G(1gG) i (175 FNSA-0004) I [ 2 E IR
A YR FR 23 | 5 00078 P A2 4K K F- (vascular endo-
thelial growth factor, VEGF) . ‘& JE & & 4 % H 2 (bone
morphogenetic protein 2,BMP2) .8-L/1 2 FH (B-actin) Y

thEZ 2025 4E55 36 4245 20 31



mRNA 373 51 4y by S5 EER A YR A BRAY Rl I
AR HARME R IR T,
&1 PCREIMFIIRYE=WKE

Hit A 5IEIFFI(5—3") FEYRE op

VEGF 1F1i]: GCAGACCAAAGAAAGACAG 103
[ TIGCAGGAACATTTACACG

BUP) TF11]: GAGAAAAGCGTCAAGCGAAAC 121
Fli: AGTAAAAGGCGTGATACCCCG

Bractin TF14: TGGCTCTAACAGTC CGCCTAG 119

J21i7: AGTGCGACGTGGACATCCG
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292.3~2.5 kg, NG RS 8AE S A 71 e =
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2 (Model 41) \PACs fIkFI 41 (PACs-L 41) \PACs /& 71| i
2H (PACs-H 4 ) . PACs = 7 5 +RIPK 1 3831 71 41 (PACs-
H+rRIPK1 A1), B2 6 H o AR 34 5 0 45 500 o ik
¥ PACs-L 41 . PACs-H 41 %73 I 5 11,22 mg/kg
PACs" I & # ki 9 SR B A= B ER K, 82K 1K PACs-
H+rRIPK 1 41 f 767 1 22 mg/kg PACs ([l i J8 &5 bk 1
8 4 ng/kg rRIPK1™, &K 1 YK ; Control ZH Fl Model £
T R o S AR AR B R K R LR 4l
PIvi R 4 4
2.2 #IiEH TNF-a IL-6 &2

RIRGB ARG X 25 41 et A 7 B e kR i, 25
O Ji BT, SR FH ELISA 92 A Bt B A SRS 100 G 1fiy 375+
TNF-a \IL-6 %4,
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E 48 h, #RJ5 i ] Micro-CT 5414 R Sk HL e 1 1%
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24 SRBAANRKEFHENR

W& AH S A MR, ] 10% 2 — e VU 2 R R4 T 1 45
AbH R G AT R LA A ) s O A U0 e i AT
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SOMTAEEERER. S TRER =TS 8B
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25 BREREBALAMRATEREN

HUU2.47 T T 5 B A, s BB R )
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DD RTA T Gy U 2 b N TR It SRS
J6) IR AN T A TR = T AR A 2
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2.6 mAIXBHALAH VEGF . BMP2 mRNA Kkl

HR“2.37 T 45 20 S R A7 A A 0 e 1 2L 2, T B
1, BGE &, A Trizol BRI 2 HUE RNA 6 A B RNA
F2 % 55 i cDNA J5 , LA cDNA WA AR #5417 PCR 97314
PCR ¥ #8{K £ (20 wL) & 2XSYBR Green Mix 10 pL,
/59945 0.8 wL . cDNA B 2 WL JoA% i K 6.4
pLo PCRY IR T 95 CCTHIAS P 30 5395 °CAEMES s,
60 °CiH K FNZEAH 30 s, H: 40 MG, LU B-actin NS,
KA 27 R BB 414U VEGF . BMP2 mRNA [
IR IR (L5 R LA Control 4 i Z A TIH— AR BE) .
2.7 % B4 % 5 RIPKI/RIPK3/MLKL {5 & i# 18
XERFRIEGN

HL“2.67 30T 4% 2H S Ao i BB ZH 28 K, i A RIPA
SR TSy B4, B0 E B B B AR PR A
S, AT A o B R - SR R 0 Tk e R e LUK 43
JIEE I A PR AT 5 435 i A p-RIPK L . RIPK 1 ,p-RIPK3 |
RIPK3,p-MLKL ,MLKL , caspase-8 , GAPDH —4/i (i B¢
FAG 34 1:1 000) , T4 °C TR E 1L 7% AR — T
(FRBEELBI R 1:1 000) , T2 FIEE 1 h; PERES L LA
ECL il 52 , IRl B R R G & . R H] Image J
AR AW RKEME, DHEMEASNSEA
(GAPDH) ) &7 JK BEAE LA 378 H 8 g 2R A K
F, L) p-RIPK1 5 RIPK1 ,p-RIPK3 5 RIPK3 .p-MLKL 5
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2.8 HitFEFHE

K HI SPSS 24.0 F1 44 Xt £ 85 AT S . &
Shapiro-Wilk ¥ 56l Levene ¥ 5 2381 )5 , £ & IE 2550 4R
BT OB L x + 5 FR , Z41R] LSRR R 224y
BT, HE— 25 9 9 L35 R T SNK - K6 56 (5 225 ) o K
JKHE«=0.05,
3 H#R
3.1 PACsXt# &R AERF& =R

5j Control 41 %5 , Model 2H % IfiL 75 " TNF-a, IL-6
SRR E TS (P<0.05) ;5 Model 4H H 4%, PACs-L 21
A1 PACs-H 4H e Ifil 7 H TNF-«, IL-6 75 2 14 i & [5G
(P<<0.05), H PACs-H £ P I8 R B B I (P<<0.05) 3 5
PACs-H 4 1.4 , PACs-H+rRIPK 1 ZH #i IfiL 3% ' TNF-o . IL-6
SR E T (P<0.05), 452,
xR2 BAKMZFFRTNF-o. IL-6 SELE (x+5,n=6,

mmol/L)
it TNF-a L6
Control 4] 67095 138,04 12789+18.19
Model 031,28 +42.10° 2111611436
PACs-L 846,06 56.77° 18097£13.05°
PACs-H# 73714 149,58 15299+ 11.08*

PACs-H+HRIPK1 41 881.37450.26' 196.08 £ 17.13¢

a: 5 Control 4 H %5, P<<0.05; b: 5 Model 41 L%, P<0.05;c: 5
PACs-LZ Lb#:, P<<0.05;d: 5PACs-HAH 145, P<<0.05,

3.2 PACs &R EMEMRZI

55 Control 41 HL#5 , Model 41 % BMD , Tb.Th , Tb.N
52K, Th.Sp i BT (P<<0.05) ; 5 Model 41 4%,
PACs-L #H 1 PACs-H #H % BMD . Tb.Th., Tb.N ] g # I}
5, Tb.Sp 3 B 4% (P<<0.05) , L PACs-H 41 IRk 3
5 5 B & (P<<0.05) 5 5 PACs-H 41 H %% , PACs-H+
rRIPK1 41 % BMD , Tb.Th , Tb.N ¥4 i ZF&(%, Tb.Sp %
T (P<0.05), 45K KL,

X

®3 BHRREMEHBERIEIREER (xLs,n=06)

413 BMD/(glem’) Tb.Th/mm Tb.Sp/mm To.N/(/mm)
Control 41 0.6120.04 0.28+0.01 0.2410.03 0.50+0.04
Model 41 0431002 0.15£0.01° 0.680.05° 0.29£0.03
PACs-L#4 049+0.03° 0.19+0.02° 0.57+0.06° 035+0.03
PACs-HAL 0.56:£0.04™ 0.25£0.02~ 0.33£0.04™ 0.44£0.05™
PACs-H+RIPK14] 047+0.03° 0.17£0.01¢ 0.61£0.06° 0.31+0.03¢

a: 5 Control 4l [t %5, P<<0.05;b: 5 Model 4] Lt %, P<0.05;¢: 5
PACs-L4H 18, P<<0.05;d: 5PACs-HA 4%, P<<0.05,

3.3 PACsXaREBHANREFHEZ N

Control ZH # B 2H NS5 40 TR 4 15 AL o3 A 2412
25 B M B A K (11.83+£1.45)% . 5 Control 41 [ %5,
Model 41 G BB 20 2 /NEHES 3 B, - 40 L 4 A AN
Yy, 23 B b s R [(28.67 £ 2.21) %] i 3 s (P<<0.05) .
5 Model 21 b5 , PACs-L 41 #l PACs-H 2H % i B 41 41
H/NREHES A B AR S 2 S B R
(21.33+1.67)% . (15.50 £ 1.63)% | 3 i & % ik (P<
0.05) , H PACs-H 21 [ ik % S ¥ B | (P<<0.05) , 5
PACs-H £H I35 , PACs-H+rRIPK 1 £H % Je 5 2H 4 v i /)
EHEGH BT, B A0 AR D A R R [(24.17 +
2.15) %] . F T (P<0.05), 453ILK 2,
3.4 PACsXt &R & ARMIET

5 Control ZH [ 40 ML 8 1= 24 (2.52 + 0.88) %] tL %,
Model 4 S JiH AV M IH T- 35 [(31.60 £ 5.05) %] . &
ThiE5 (P<<0.05) 5 55 Model 41 H %, PACs-L 41 #11 PACs-H
20 H B rr 2H 2L L UE T 3R [0 i Ry (24.73 £4.36)%
(13.24 £ 2.17) %) ¥4 i Z PR (P<<0.05) , H PACs-H £H %
2% 5 BB i (P<<0.05) ; 5 PACs-H 41 %%, PACs-H+
rRIPK 1 2 S BB 2 AU T4 [ (28.12 £ 5.35) %] . 2%
THE (P<<0.05) ., Z5HLULE 3,

B. Model 41

>
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Q
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C. PACs-L 4]

C. PACs-L 4

Bl JREAZREME

e B E
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A. Control 41 B. Model 21

C. PACs-L4{

D. PACs-HZH E. PACs-H+rRIPK 1 21

3 BARBRBARMEATHERNERE(TUNELE)

3.5 PACs X% ix & HLRA H VEGF . BMP2 mRNA 3R i%
=ap=A1)

5j Control 2H L #5% , Model 2H % JiE 5 2H 41 VEGF .
BMP2 mRNA % ik 7K 44 I 2 41 (P<<0.05) ; 5 Model
2H He %, PACs-L 2H 1 PACs-H £ % I 41 21 b VEGF
BMP2 mRNA ik 7K -3 i 3 T+ 55 (P<<0.05) , H. PACs-
H 41 T v &% 5 55 B 5 (P<<0.05) ; 5 PACs-H 41 %%
PACs-H+rRIPK1 21 % i i 20 1 'h VEGF .BMP2 mRNA
FRK T B ERFR(P<0.05) . 45HILFE 4,
x4 BAHRBRBHLAT VEGF. BMP2 mRNA F1i&E %

HXEZEAREBERLE (x+5,n="6)

pRIPKI/  pRIPKY/  p-MIKL/

caspase-§/

il VEGF mRNA  BMP2 mRNA

RIPKI RIPK3 MLKL  GAPDH
Control 4] 1014002 099£002  040£002 0324005  0.17£003  096+0.06
Model 41 058007 0.62£005 092+005 097+007 089007  047£0.05°
PACs-LA 0712005 0774008 078£006° 0712008 067008 0654008
PACs-HAL 0941007 092£006% 054+006" 048+005% 031006 088+0.07

PACSH+RIPKIZAL 0.67£006"  071£006° 0831007 0.7840.06° 074£008' 0.56£0.07

a: 5 Control 4 L %%, P<<0.05; b: 5 Model 41 I 45, P<<0.05;c: 5
PACs-L4H b8, P<<0.05;d: 5PACs-HA %%, P<<0.05,

3.6 PACs 3tz &AL RIPKI/RIPK3/MLKL 5 5
WEREXERRIENZN

5 Control 20 [t 3% , Model 2H 5 % B 20 21 77 RIPK 1
RIPK3 .MLKL & [ F R b K-35 1 3% 755, caspase-8
B Rk K 3 A (P<<0.05) 5 5 Model 41 H#%,
PACs-L 21 Fll PACs-H 2H % JIE 5 41 21+ RIPK1 . RIPK3
MLKL & [ BB R A 7K F- 32 18 25 [ AIK, caspase-8 & 111
F2IKKOE ) B EFHE (P<0.05) , H PACs-H 41 I iRtk 3%
% 5 5 I 5 (P<<0.05) 5 5 PACs-H 41 H %% , PACs-H+
rRIPK 1 41 9 % 1 £ 21 /f RIPK 1, RIPK3 , MLKL % [ 1
WA K T3 B 35 TR | caspase-8 £ 1 R A /K- I 2
fR(P<<0.05), Z53ILE4.F4.
4 1Fig

JBCE S IRFE , SRRy Sk Bl M PR SR AE , 322 A 43
TAE AN & %5 K55 s SONFH 2 AF A1 45 1k e -k 3R
B UL SR R R A G T Bl Ui, Bz
N JEHEOCTT IR N, T TG S A2 R B A T a0

TEZED; 202545 36 44 20 1

pRIPK]  — S S c— O 7 (D,
RIPK] W — A S —— (Do
PRIPKS o S S s— S 57 D
Ripk: S S — S — 57 <D
PMLKL e S S— e - 5 D
ik S — — o
caspasc-3 WD Se— A A s— 2 (D
Garpi WS S S S 7
I ;Controléﬂl; 1 :Mo[c[ielzﬁ;u? :PACs-]IiéH;N? PACs-H#4; V :
PACs-H+rRIPK14H ,
4 FHEBRKREHLF RIPKI/RIPKI/MLKL {5 S8
X E A RIENEIKE
A B BHIRTT L AT RE & AR 580G IR S Bl PSRBT
A AT
WFFE 3 MH , 4 AEAE SONFH & vp HAG F B0 - R
it PRI 19 R B AN AL T 3 e - 240 B T Ak ok =
Q=B W I B PR E (1) = g VR IR B 2 9773
JEEIRFEN , BRAERFFT 0 , PACs Ik 2 Rl 14
) i 00 L A, 4 PN VR A R A AT
OV RS A L T, T S 1 P 1 K R B A
P, XK PACs X E A BN HA — & B BEERCR .
ABFFEEE R TR, 4 PACs Tl , SONFH 4 % 4 IfiL 75
o TNF-o, IL-6 % it 35 i 2 B 1% 5 I BMD., Tb. Th,
Tb.N ¥ T4, Th.Sp B E FEAK ; B /NP HES % 4 1
BRI 2, 25 B IR R B E R, X, PACs Xt
4 SONFH ELAT B i i el VE A
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