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WE. a6 KT KEMRFRIAER T AKEREZ A F M A LR T % % (bone marrow mesenchymal stem cells,
BMSCs) s 4k H 4L A B AT Wit/ B-catenin 43 5@ 49 %ve . Fok B MK 252 FF B R EF LA AR
Bt ey LB 4R I 444 & & R Z A8 1E A (protrin-protein interaction, PPI) M % A | [ )& 3 47 & B A4k & ( gene
ontology, GO) & #8 4 B 5 K F 415 # 4 F (kyoto encyclopedia of genes and genomes, KEGG) ‘& & 547, I it %,
RESNARK I AR S KBEFHAT0 T84 2, KR 40 103 20X 7 &-8(cell counting kit-8, CCK8) & 4a i
¥ 383K B #e ) KB 3E F 3 BMSCs #4 27tk . 4% KX R BMSCs %4 5T P28 (42 A 2 mL R E 5405 F35 7 L3
) AR A2 A 2 mL 4 10 ng/mL M % 3R 5L B F (tumor necrosis factor-o, TNF-a) #9 4KB 9L F F35 7 A #
AR EMIRE ] KK R (ERA A LI EmAN S umol KEEEZFF)ASA TA(LBEB MG LR EA
10 pmol K B 3¥ & F ) | if F B MR F 50 M2 A B m ek, s ARG msk a2 ks shirm
RF(Fo-BG FHREE MAHE)FE, KA RT-qPCR F oM & AR @k B AR T A KR EZ G
(collagen type 11, COL2) . Sry #85% HMG 4E%£ & B F 9 (sry-box transcription factor 9, SOX9) K & & & R 4
(aggrecan, ACAN) & A ¥ & Wnt/B-catenin 1% 5 i# 3% & % A (protein kinase A, PKA) SR} I 3 2 o A 45
4% B (cAMP response element-binding protein, CBP) | 4% J& 4 . B # B 3B ( glycogen synthase kinase 3 bate,
GSK3B) .B-i# 2% & ( beta-catenin, B-CATENIN) . 48 il 4% 4m AL J& 9% 2 /% X B B R 4 ( cellular myelocytomatosis
viral oncogene homolog, c-MYC) . %8 JZ &l 1 %% & D1 ( Cyclin D1) & A ¥, 5k 1 Western blotting 7 # | Wnt/B-
catenin{z 5 i@ %% & PKA CBP.GSK3B.B-CATENIN .c-MYC .Cyclin D1 24 %, £ % #HahKEELAE
RERE IR 54 A P 53455 PPL M B ey #, ¥ell B 3 & Wnt/B-catenin 15 5 i 34 iE &) 42 & 7
wAESF AL KBEXEE 1 AR ol &G (collagen type I alpha 1chain, COL2A1) .SOX9 ACAN 3§ T B
¥ 334, 5 umol 10 pmol KB ¥ % R0 R mie Ak, MRFRE LT B LMK F I L E L3 B H R
HEF AKBEETFRGHA B Sa@amt A4 A48 5 m sk F COL2,SOX9 . ACAN PKA .CBP.
GSK3p.B-CATENIN,c-MC ,CYCLIN D1 # mRNA 4 ik 29 2 %1% ( P<0.05) ,GSK3B £ ik 29 2% (P<0.05),
Wnt/B-catenin 1% % il % & & PKA .CBP.B-CATENIN.c-MYC.CYCLIN DI 4 i% %% 2 F4% ( P<0.05) , GSK3B &
EEP R EH(P<0.05) , mAKRBEEFGHEFH4, Sk £EEMFRET, KEEETIL BMSCs &
BB, T A5 8% Wit/ B-catenin 13 5 @3 A %
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Mechanism of luteolin regulating Wnt/3-catenin signal pathway
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Abstract: Objective To investigate the effect of luteolin on chondrogenic differentiation of bone marrow mesenchymal
stem cells (BMSCs) and the Wnt/-catenin signaling pathway in an inflammatory microenvironment. Methods Net-
work pharmacology was used to screen gene sets regulated by luteolin for chondrogenic differentiation, and a protein-
protein interaction ( PPT) network was constructed. Gene ontology (GO) and Kyoto encyclopedia of genes and genomes
(KEGG) enrichment analyses were performed to screen chondrogenic differentiation-related target genes, which were
then subjected to molecular docking with luteolin. The cytotoxicity of luteolin on BMSCs was determined using the cell
counting kit-8 (CCK8) and cell proliferation assay. Rat BMSCs were divided into control group ( caltured with 2 mL
chondrogenic differentiation induction medium ), model group [ using 2 mL of chondrogenic differentiation induction
medium containing 10 ng/mL tumor necrosis factor-a ( TNF-a) to construct an inflammatory microenvironment ] ,
low-dose group (5 pmol luteolin intervention based on the model group), and high-dose group (10 pmol luteolin
intervention based on the model group). Chondrogenic differentiation was induced in each group to construct micromass
cartilage pellets. After embedding and sectioning, histologic staining ( Safranin-O/Fast Green, Toluidine Blue, Alcian
Blue) was performed. RT-qPCR was used to detect the expression of chondrogenic genes collagen type II (COL2),
Sry-box transcription factor 9 (SOX9), and aggrecan ( ACAN) , as well as the expression of Wnt/B-catenin signaling
pathway proteins including protein kinase A (PKA), cAMP response element-binding protein ( CBP), glycogen
synthase kinase 38 ( GSK3B ), PB-catenin ( B-CATENIN ), cellular myelocytomatosis viral oncogene homolog
(¢-MYC) , and Cyclin D1. Western blotting was used to determine the protein expression levels of these signaling mole-
cules. Results A total of 54 target genes regulated by luteolin for chondrogenic differentiation were screened, 53 of
which were involved in the construction of the PPI network. The target genes were associated with biological processes,
including positive and negative regulation of the Wnt/[3-catenin signaling pathway. Luteolin showed good docking with
collagen type Il alpha 1 chain (COL2A1), SOX9 and ACAN. Luteolin at 5 wmol and 10 wmol showed no significant
cytotoxicity. Histological staining revealed that the model group had sparser and more disorganized staining in cartilage
pellets compared to the control group, which was significantly reversed by luteolin intervention. Compared with the
control group, the model group had significantly lower mRNA expression of COL2, SOX9, ACAN, PKA, CBP,
B-CATENIN, ¢c-MYC, and Cyclin D1 ( P<0.05) , while GSK3B expression was significantly higher ( P<0.05). Protein
expression levels of PKA, CBP, B-CATENIN, c¢-MYC, and Cyclin D1 in the Wnt/B-catenin pathway were
significantly decreased (P<0.05), and GSK3B was increased ( P<0.05) in the model group, all of which were
significantly reversed by luteolin intervention. Conclusion Luteolin promotes chondrogenic differentiation of BMSCs in
an inflammatory microenvironment, possibly by activating the Wnt/3-catenin signaling pathway.
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catenin 75 5 8 B A7 W PR EAE YT HRETA G
AR 2 A5 AT LUTE RE A5 T 4% Wit/ B-
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1.1 ##
L1 FERH S

rBMSCs( i &5 : RASMX-01001 ) }2 K B8 55
(i) 78 5 20 B 1l 5 20 AR & (RS 5 . RAX-
MX-90041) 4 F v [ 7 M Z8 b A= P Bt A7 BR A
(Tl %) . REBEZR (FiM5: S31366) 1
A _EEM A YR A BR A R, TRNzol Universal i
RNA $2HGAF (745 . DP424) W [ Jb 5t KAR 2E 1k
PHEARAE . FLLE S (B ) Y (R
5:G1053) | FH 2R e i YL W (S G1032) BT ]
YL (B S G1027 ) ¥l [ BB 4k R A
Ykt A R 2 |, W8 A5 AL (%45 MOLECULAR
DEVICES) 4: 7= F 3% [f CMax Plus A 7], %G E &=
PCR {¥ ( 15 . LightCycler96 ) 4= 7= F-Fi -+ Roche 2%
], RT-qPCR 5|# iy il I 3% 4k /R L W R A PR
A, BRI ILER 1,

# 1 RT-qPCR 31¥FF{5E
Table 1 Primers for RT-qPCR examination

HR JFH(5'-3") SR JFE(5'-3") K/ bp
COL2-F TGTGAAGACCCAGACTGCCT COL2-R TTCGCCACGAGAACCTTGAG -978
ACAN-F GCAGACCAGGAGCAATGTGA  ACAN-R GTTGGTTTGGACGCCACTTC -274
SOX9-F ACAACGCAAGCTTCTGCAAG SOX9-R GTGGGGCGAACAAACAAGAC -347
B-CATENIN-F  GCCGTTCGCCTTCATTATGG B-CATENIN-R  GGTGTCCTGATGTGCTCGTA -192
GSK3pB-F GACACACCTGCCCTCTTCAA GSK3B-R AGAAGCGGCGTTATTGGTCT -177
PKA-F TTAGCAAGCCACAATGCTCAG  PKA-R CCACATAGCTCGGAAACCCAT -113
CBP-F TGTGGAGGGCTTGTAGCATT CBP-R AAAAGAGCCCAAATGTCTGGA -282
c-MYC-F CTATCACCAGCAACAGCAGAG  c¢-MYC-R AACATAGGACGGAGAGCAGAG -133
CYCLIN DI-F  CCAGAGGCGGATGAGAACA CYCLIN DI-R  CGGTAGCAGGAGAGGAAGTT -179
B-ACTIN-F GGCTGTATTCCCCTCCATCG B-ACTIN-R CCAGTTGGTAACAATGCCATGT -154

112 IO 25 i 0 FEDRCHR 2 4 A

R AR AR B DL S8 8 W R A A5 B

R *2,
2 SCT T IO A S L
Table 2 The databases and their URLs used in the article
K MR (2 E E ) Hodla i Pk (G2 E E %K)
Pub Chem https ://pubchem.ncbi.nlm.nih.gov ( 3 [F ) String https://www.string-db.org ( Hii 1)
SWIS.S Target www.swisstargetprediction. ch ( Fii 1) Omicshare https ://www.omicshare.com/ ( {1 [H )
Prediction
Pharm Mapper http .// www.lilab-ecust.cn/pharmmapper( /&)  PDB https://www.rcsb.org ( 3£ [E )

Genecards https ://www.genecards.org ( DL f6.51))

g . Profiler https ./ /biit.cs.ut.ee/ gprofiler/ gost (ZVHEF.)
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fifi 1 Pubchem ZC4is 22 I il R HUAR BB RE 2 2D 4%
¥l SDF SCPF, 3 1] Swiss Target Prediction #il
Pharm Mapper - H #1725 )30 S 000, 32 H] Gene
Cards $UHE ZEKG & cheng 3H AL AH GHE 5, F =
# 5 A Omicshre Tools 371 T 2347 VENN 73471,
3 = H SRR RE R
1.2.1.2 8 B B BAE G & M 45 (protein-
protein interactions, PPI)

i String FHE PERE 52 BEHE mU AL R 23 PPI %)
218, Il 1 Cytoscape 3.8.0 #i¥h 5 141 PPI
B
1.2.1.3  FEHAKIS (gene ontology, GO) Fl st #fi%k

53 A H H R4 (Kyoto encyclopedia
of genes and genomes, KEGG ) il 1% & 547
Bt By 4

fdi /1 g Profiler T HFE AL A2 B #E s KL K 44 Bk
ENSG ID, § A Omicshare M3t 15 GO &4 (f145
AL FE ARy 4 T U RE) il KEGG i85
£, M\ PPI M 2% v i it 2 5 U3 734k 1Y AH DG HE
&, 1 PDB %4 PR AR B A 48 S, 91 Autodock
4.2.6 BAFHEATH S AR B AR 15004, aiid
Pymol 2.4.0 A4 T/ AL S AT
122 SCHUERR S
1.2.2.1 R CCKS8 i AG 4 i 5 14 K 40 i o34

BOH 8 AR K Y (BMSCs 14 B 40 Jifd B 3, 425 b
T 96 fLAl T, B2 5x10° AN AiML /L, iR 24
PO RE A3 S A E 4 0.5,10,25,50 pmol A 2 HE
R /-5 1 74 200 L (T BR S 40 i
2 AR A 0.1%DMSO Bhig) . 434
T 24 48 72 h, FERRIERE TR INA 1:10 FLEC
Btk CCKS M2 TAEW ,37 CHH 1.5 h J5,450 nm
WA AT S 4G 2% 2H W Y B2 | 07 6 11 X rBMISCs
T WM R R R R I At i o3 g kR
(AT AR [ % 10 ng/mL il i 3R 3T
[AF (tumor necrosis factor-ac, TNF-a) F{) 5& 4= 15 5%
SR RAE GOAEE ] R 4 (AR B 2 A Ak
A 5 wmol AJREL R 1) Al 7 2 4 (EAR A 40
(LAl A 10 wmol AR FLR T |, SC46 5341 H
TIRBE S tRAE
1.2.2.2 SR FERETE WA Ao 4 38 5 Y e 5

HOW AR K301 rBMSCs 3 e 40 it 52, 1% 7
T 6 cm FEFRINLA B EEZ 1x10° DM/l £ 4
BT T 10 d, 5B R G IR 5L, 4% 22 5 WY IS ) 2
15 min, 45 i SR G 6 140 18 £ ] Tmage J E%

A PR S A L e R Vs A
1.2.2.3  fIATERB A B BR (4 4 £ 2 b 21

BOW B KW A (BMSCs, i 1 15 mL 2 .04
AN B, B2 3x10° DM/ 4, R R
ARG 5% 515 S rBMSCs UHCHE /046 . 4n i 43
Al 1.2.2.1, THI21d, HREL.OE N ELAHEK,
F AL BR /NG EUH 2R 4% 22 5 RETE] 7€ 30 min,
J KA B AT A3 S U0 v Ab B
1.2.2.4 LIS, PR K BT ABTiE g

gt TR A B H R E S 0 1~5 min,
IKBELEZRPW, BT 2TC0, 1% E0R L FER I
10s, FHLGO U MABHAFLLAAMR~5s,
At To K BRI K 52,10 s, — F 2R 5 B
5 min, PRS-, WG T WSS QL EIE D,

FH R g VT A 2R i Q4 2~ 5 miin,
fH 1 0.1% VKBS R 516, PBS #h, 20k I, i
i TS SHERREE , in A W 2R & W] 5 min, HrPERS
i A T2 i R AP -2 CR R VA

BRI BT A 2 €02 B0 e AT L i e b g £
10~15 min,PBS #yk, i FHAZ [E 210 Yo &2 4% 3 min,
PBS #ik, A W& W] 5 min, P PER B E R,
R TR A
1.2.2.5 K RT-qPCR %46 ) B 45 B AH O& 55 A J

Wt/ B-catenin {5 538 JAH OCHE P 9 Rk

O B0 K 300 1) rBMISCs 81 Fic 240 a8 9, g ek
Tl A1 A A ek (R Dy = U X % 4 L 4 2R
FaE 1.2.2.3) , F 7 5 iR 2R I TRNzol Uni-
versal &\ RNA $& BRG] T oK b 32 HOE 21 8Cs 4i i
BRmRNA , 47 B e s i 18, AR 3 N
ZERA X T Actin B2 OE, 2R 27T 40 M SE 56
1.2.2.6 >k Western blotting 7K il Wnt/B-cate-

nin {553 FEAHSCH H R TA

HOW R0 K301 Y rBMISCs 3 i 4 it 2 %, #
Tl AT 2y An ek (AR T S0k 8 J7 =X % 4 o320 07
XA 1.2.2.3) , TS MG SR IS A Bk &
K BCA A & 2H A VR, WfiE & bk
Bl 25 pg, SDS-PAGE HiL VK, #F 17 %% it | $F F41
MA—PL, 4 CHBFE ., Hbh—Pi. EA M A
( protein kinase A, PKA) .cAMP response element %
& % 1 ( cAMP response element-binding protein,
CBP) WJE-& WA 38 ( glycogen synthase kinase
3 beta, GSK3B ). B-i#f ¥ % H ( beta-catenin,
B-CATENIN) 4l fit] fi& 20 it 98 o 27 i ik [ [m] 5 40)
(cellular myelocytomatosis viral oncogene homolog,
c-MYC) A H D1 (Cyclin D1) B-HL3lEE
4 (beta-actin, B-ACTIN) , W5 525 = F 9T
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PPL) 4% ke 4
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Figure 1

IHAEAR R B2 5 VENN 8 B 28480 5 1Y PPI M & ; C.GO & 543041 M KEGG 15 5@ %
X SOX9 .COL2A1 . ACAN 4> FXi i Ak &4

Network pharmacology analysis of the regulation of chondrogenic differentiation by luteolin

A : Intersection VENN diagram of luteolin and chondrogenic differentiation related targets; B PPI network diagram of in-
tersecting targets; C. Bubble plots related to GO enrichment analysis and KEGG signaling pathway enrichment analysis;
D: Visualization images of molecular docking between luteolin and chondrogenic associated proteins SOX9, COL2A1,

and ACAN.

2.1.3 GO Y KEGG i % & 53t 5 53 F %
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Xof B EH HRIEH Sl el oG 70 ek 4

€12 CCKS8 A A ity 23k R v A i A i R i )
A:0.,5.10,25 .50 pwmol A H 2 T BMSCs 24 .48 72 h J& 4l g 1 W 62 AR 4K ( "P<0.05 vs. AFEFE 0 wmol) ; B 4541
BMSCs 3454 BE 75 50 H A8 4L ("P<0.05 vs. X BE4L;* P<0.05 vs. BERIL ) 5 C. 4104 57 S 00 200 A% 95 35 5 LA WL 1
D: U T A RAT R AR (100%)
Figure 2 CCKS, Cell proliferation experiment, and construction of micromass chondrocytes sphere
A Changes in cell absorbance of BMSCs after 24, 48, and 72 hours intervention with 0.5,10,25 .50 wmol of luteolin
( "P<0.05 vs. luteolin 0 wmol) ; B: Changes in the number of BMSC proliferation communities in each group ( "P<0.05
vs. control group; *P<0.05 vs. model group); C: Cell proliferation experiment cell community culture dish appearance
image; D: Microscopy image of micromass chondrocyte sphere (100x).
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Figure 3 Microscopic staining of chondrocyte spheroids and expression results of chondrogenic related genes
A Microscopic images of chondrocyte spheroids stained with Safranin-O/Fast green, Toluidine Blue, and Alexin Blue
(200x) ; B: Changes in expression levels of chondrogenic related genes COL2, SOX9, and ACANin each group of
spheroids ( "P<0.05 vs. control group; *P<0.05 vs. model group).
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Figure 4 Differences in mRNA and proteins expression levels of Wnt/-catenin signaling pathway related genes

A. mRNA expression levels of PKA,

CBP, B-CATENIN, ¢-MYC, CYCLIN DI

, and GSK3B ( “P<0.05 vs. control

group; *P<0.05 vs. model group) ; B: The appearance of protein expression bands and different protein expression levels of
PKA, CBP, B-CATENIN, ¢-MYC, CYCLIN D1, and GSK3B ( "P<0.05 vs. control group; “P<0.05 vs. model group).
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