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Abstract

BACKGROUND: The osteogenic differentiation ability of exosomes derived from osteogenic mesenchymal stem cells is well established. However, their impact
on the osteogenic differentiation of human periodontal ligament stem cells in an inflammatory microenvironment remains unclear.
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OBJECTIVE: To examine the impact of exosomes derived from osteogenesis-induced human periodontal ligament stem cells on the osteogenic differentiation of
human periodontal ligament stem cells within an inflammatory microenvironment.

METHODS: Human periodontal ligament stem cells were isolated and cultured. After 3 days of osteogenic induction, exosomes were extracted. Human
periodontal ligament stem cells were divided into four groups. Control group was treated with osteogenesis-induced medium. The exosome group was treated
with osteogenesis-induced medium containing 5 pg/mL exosomes. Inflammatory model and inflammatory model + exosome groups were treated with 1 ug/
mL lipopolysaccharide for 24 hours to construct a cellular inflammatory microenvironment. The inflammatory model group was treated with osteogenesis-
induced medium after lipopolysaccharide intervention. The inflammatory model + exosome group was treated with osteogenesis-induced medium containing
5 pg/mL exosome. The osteogenic differentiation ability of human periodontal ligament stem cells was assessed using alkaline phosphatase staining and alizarin
red staining. The expressions of Runt-related transcription factor 2, osteopontin, osteoblast-specific transcription factor Osterix (OSX) and wnt pathway-related
protein B-catenin were detected by real-time fluorescence quantitative PCR and western blot assay.

RESULTS AND CONCLUSION: (1) Compared with the control group, the relative area stained by alkaline phosphatase, the relative area stained by mineralized
nodules and the expression levels of Runx2, osteopontin, and OSX were significantly decreased in the inflammatory model group (P < 0.05). (2) Compared with
the inflammatory model group, the expression of Runx2, osteopontin, and OSX in the inflammatory model + exosome group was significantly increased in the
relative area of alkaline phosphatase staining, the relative area of mineralized nodules staining (P < 0.05). (3) Compared with the control group, the expression
of wnt pathway-related protein B-catenin was significantly increased in the inflammatory model group (P < 0.05). Compared with the inflammatory model
group, the expression of B-catenin in the inflammatory model + exosome group was significantly decreased (P < 0.05). These findings indicate that exosomes

derived from human periodontal ligament stem cells induced by bone formation can enhance the osteogenic differentiation of human periodontal ligament
stem cells within an inflammatory microenvironment, and the mechanism may be related to wnt/B-catenin signaling pathway.
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0 5|= Introduction

T 9% 5 — Fh LUF JH SRR L R A i ok Dy UL
TERY RAETEBR, 18T 4 A R B S BEAE T F ] 2 AE 9 7]
Rk o B i A AU E Y N F AT 402 (human
periodontal ligament stem cells, hPDLSCs) {9 & 4H 41
P AR AN A B R R A P, B IR R B
MZ ) iR . SR, FERAEFAEL T, hPDLSCs s
MEEE e TR Hk, BT AT fEiE hPDLSCs 7F 4 i
TUEREE N (BB A T 28 i 4367 B EEmE Y. o
FRW, 5550 W AT AT R A T 20 M e 3k 2 2 P AR 1 2
MU ™, AR A B B IR 4T b . —, L2 E
HEERE, UHENEY (BFEMRE T AKE T
mRNA. miRNA Fil DNA % ) 7541 jfa [ 38 i (1) B 24 i 79
Pk 18, hPDLSCs kR 4b stk RES R i B T & A& &
BB A DR T B e R P, 9 L RE S T R 1
5 hPDLSCs SR 5 A1 Wb 1Ak (K L Bl i o3 Ak g 0 2 i i &
hPDLSCs 3§ 5 4| Wi 44 (osteogenic induced hPDLSCs derived
exosomes, OB-EXOs) B& & 112 i3 48 E FA 5% '~ hPDLSCs [14 ik
AR I . XA B TR R SO, R
OB-EXOs X #¢ i PR35~ hPDLSCs B 7 A s, Aif
7 R A A K

1 #RlF15E Materials and methods

1.1 R4t PRAMMAZESEES, P AH 1A HCE EERCR AT A
N L

1.2 BflEAsdE SCEGT 2023 4F 2-11 A/EHiE4EE R H
1A DN BRI 5t 5 249 905 A PP S 6 8 8 Al

1.3 4 DMEM F:fililEFREE. A2k ML (Gibco, E[H ),

0.25% [t (B, HHRMHERBAMW. 1 8% R,

BCA 2R I S5 I 52 3771 B, PKH26 210 4 it fiE e £ 358 571
£ (Solarbio, H[H ); AhusASRECRAF & ( A,

); CD45, CD146. CD90. CD105(eBioscience, % [H );
CD63, CD81, TSG101. HHr& . Runt A KHE K1 2
PUAMIEHT S =91 (Abcam, 3E[H ); OSX. B-actin i ( 1
T, BE); oo pEiRkFE (REE, PE) B
WL CO, B FRFE BEARX. HHF TAES (Thermo, FE[EH );
% T FBY (Hitachi-4800, H AN ); 15 # W4E: 24t (Nikon,
HA ).
1.4 E£¥%Fik
1.4.1 hPDLSCs $2HL K Ki 9% TEM BT /R AR ARE
B 1 s BHIER 16-24 2 (il e R IE WG 4K 7 FR 3 ( 39 3R13 S0t
TS ) BT F SO, R USCEE B R TN B 5% W
PLII PBS 1 4 CLRAF, EBISLEGE, #E4 515 mL EL.L
H, BEMA S mLE 2% XK PBS, AR B F K
RAE 5 AN BEOE N RE G, BRI, A 2 mL
SEA K5 97 4 (DMEM KL Al 15 97 2k + 7R A1 43 45 20% Jif 2 i
1% H -EER ), HEEKEE ST IAET ',
JH 1) ¥ 25 &) BURR v 1/3 09 2 JE 52 44, 800 r/min 5.0
2 min, 3¢ 135, IO 1 mL T AR JEEE (2 mg/mL), 7850851,
F 37 CE: =46 T WAk 110 min, 4£EB% 15 min $% 2] EP 4
WIRAY), BEEALMEM B LR, A ER S
$ 20% G4 L35 1) DMEM 357 B2 BV AL, IEITR A,
1000 r/min &0 5 min 5 2218 {8 % B3, UilE H 500 pL
SEARE IR R RET, MM R 1x10° 4 / I P
T 125 #EFET, BT 37 CHiEMT IR, Ui A
FEIKF| 80%-90% J5 I 1 mL PBS J& 3% 1 7%, FEAIA 1 mL
0.25% JEEEH AL 1 min, ZRJ5 NN 3 mL 58 &85 97 3E 22k
THAFERIT A (V. EMITIERE P AR RS0, &
1000 r/min 2.0 5 min J5#% 1 ¢ 2 FeiAEA, HLES 3-5 1%
hPDLSCs 17— 500 .

A T ) SR A BT SRR R B IR XN IR BE A
FACBRER (RGBS KY2023121201),
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1.4.2 hPDLSCs [ £ [a143 4k,

(1) RS K 3-5 1R4HMI L 2.5%10% A / FLIW %
FERRR R 12 LA, Frdu R & FEIA ) 80% I, FEEIR
AR, H PBS Yeik 5 S H N U 75 5 R 77 2k (DMEM
SeA ¥R FE PR 10 umol/L Hh ZE KL, 10 umol/L A JiE
&, 0.5 mmol/L IBMX 11 200 pmol/L W5 W: € 2 ), &FFF
3d 1 RIGTREE, fERMEE TR ALA I Z
T (21 d 247 ), &FFLII 500 pL 40 g/L 2 5 H g v
T TE E 30 min, PBS BEEE 3 ¥k, MMIAHAL O TARR G+
30 min, SEAEEI AR

(2) BH %S K58 3-5 104 LA 2x10° A / FLIK &
FEME R 12 LA, Frdi R & FEIA ) 80% I, FEEIR
AR, H PBS Yeik/m HH N HUE 75 5 R 77 2k (DMEM
SEA IS FE R F S N 50 umol/L FLER I AR 10 umol/L i ZE
K A1 10 mmol/L B- B H 84 ), BFFR 3 d B 19K
BRIREL, TERAET NS B A S E R B A Y
BRI (14 d 247 ), LI 1 mL PBS ¥ 3 ¥, HIIA
500 L 40 g/L % SR WA € 30 min, PBS Jiik 3 X,
BN 36 240 gL i e th 3-5 min, PBS ¥EU 3 K, 17 ix
J& 1R PBS 7 WA I HlE
1.4.3 hPDLSCs FHHrEMIHILEE  HUEE 3-5 18 hPDLSCs,
FH & AR 73 % 2% NI A L3 ) PBS B s 40 il 6 ¥k 2 K,
DL 1x10° L A4 0 25 %5 5 AN 1.5 mL B0 (R
500 uL), BREATEXTREZEAL, HAREEE /AN 5 uL CD34,
CD90, CD105. CD146. HLA-DR FR ¥t A\ 9 4i, L &
45 min, 1000 r/min B5.0» 5 min ¥E 2 R FUE, 35 EiE
R0 DN T 7 NI WPR: % s 3411 )i 2 o2 Sl W R W )3 O 0 el 8
1.4.4 OB-EXOs #EHU 2 % 5E  HUEE 3-5 4% hPDLSCs #: i 7F
T25 BE R (1x10° A /), Rl i A Kl & 22 80% 7t
A B B G I R RO 15 SR RS, S 3 d R UREE
HEEREOE T AN SR BT S 8 R B
HNiAA, L5 000 r/min B0 10 min 325 B VF 400 DL K
R fr, # BiE 0.22 um JEE, P 5 EP Solution 7E
4 CHHIEFER B 1 h, 12 000 r/min .0 15 min J5 13
%I] OB-EXOs.

BT R RN A KRB T UL B, R
10 pL OB-EXOs i 14 i _E- i 11 3-5 min, 7ERR L2 H
PEARR 2 2 R, AT 8 0 10 uL BEES IR B 4L =
ol EIR TR B, ES RS .

SRR RMEBREE: KLY OB-EXOs 5H A
PR MRAZ S C L MEBIR S, 7E 95 C FIEE 5 min
182K (4GP, 4% 10% SDS B8 TR 4 Tk i vt 2 P VK 43 9 e
A AT B oy B, R BB BNk B PVDF i |
(300 mA, 2h), SERFEMRE K PVDF I E T 10% £ BE Wk
37 CHEF 1 h, oA 1 © 2000 FHEf) CD81, CD9 L) A
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TSG101 $ifk, 4 CHEME: W —Pullis H 1xTBST ¥t
BRIE (10 minx3 JK ), MIA4%Z 1 1 5000 # R (1 BRI AL
VIEEFRICH) 0, HiRWEE 1 h 5 XA IxTBST PRk
(10 minx3 X ), 0 ECL Ak 2% KGR T 5 RO g &
G AT R R .

1.4.5 HMNBAARSRELSZLS 6 PKH26 20 (3 AR 1 Ykl bnic
OB-EXOs. 4% [ i W 318 Fi} 200 uL FBEi C gAMb,
BN 5 L PKH26 Vi ] J5 it ' & 1k 5 ming il A 800 pL 5%
BSA V5 1E [ N, B3 G, BRERGEHIGEL H
300 pL PBS FEAMKA . HUES 3-5 48 hPDLSCs L 2x10° /> / 4L
FEPAE 12 FLARH, R RRRR G B2 A 21 80% Hf REFLIIA 100 pL
PKH #7101 OB-EXOs, 37 CHs3t 4 h, FERIEH, F1L
BN 1 mL40 g/L £ 58 FR IS 1 [ 52 30 min, PBS Bk 3 7K,
LN 200 pL DAPI 4, 15 min, PBS i 3 ¥k, ik
5min, FOCEME T WS REEIEL.

1.4.6 40520 S AbFE B 3-5 48 hPDLSCs L) 2x10* 4™ /
Ly HEFLE 4 A 12 fLARCP, Al G BEIA 2 80% B, 43
ST RFERTIL . AR ZL . JORERETY + SMIA AR
X REZH RO R 1 SR TR AN R 5 pg/mL
OB-EXOs ff) it 5 2 45 7R 2 1, 0 5 0 R0 8 SO A 7Y +
HRUAMAZ DL 1 pg/mL TG 22 5 AL BE 24 h 1) 33 40 i 9% 0E TR
B8 B SR A A 2 A i 22 W Ak S O R i B R
FRHE, RAEBAL + SR TE g 2 BE AL B S S o
5 pg/mL OB-EXOs [ Rl 175 T 925t ¥,

147 ZJHRCH RN a7 d e, AR
Frkk, PBS Wik, H 40g/L 2R W R € 30 min, 48
J5 SR F B Tl 1 g e 2 R AT B . U 1S B B IR
21d J5, FEBRAMEFRIE, PBS ik, Fl40g/L ZERH
TS A 1] 52 4 B 30 miin, TN 1 mL PBS ¥E¥4 3 ¢, I\ 0.2%
FELL S Yeth AT e th, PBS BV, (1B Wi Mg IE
A, SR5, {8 Image J A %o %5 2E AR Tk R il v £
HAT A 225715 G o RED T RR AT 78 8 2 1T o

1.4.8 Western blot £ Runt 8 C# K+ 2. HH&E A
0SX DL J wnt/B-catenin JEEE AR A RIAE  MH 5T
7= 7 d JF AR S ALA0H, NN 100 L RIPA ZfE R £ B
HH, H BCAVEM S HIKE, B 15 pg HHH 95 CAME)E
HEAT B FLUK, SRJ5 HLEL % PVDF i |, DL 10% Jii IS @5k
B 1h, A Runt AHSCH KR 1 20 B EE . OSX.
B-catenin. B-actin —#i (1 : 2 000)4 CHF & T/, &KH,
[ — Bt J5 A IxTBST 3 % JE (10 minx3 X ), fil A\ HRP
FRICH —%0 (1 © 5000) ZiRMFH 1 h, F 1xTBST ik
(10 minx3 &), PAAKZE RGN % 8 H BRI W, H
Image J F A S AL K FEAE

1.4.9 qPCR il Runt A C #5355 A1 2. B HF&E . OSX
DL J wnt/B-catenin i #% #H O mRNA Rk & HUE 7% 25
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Fr7d Ja A &AM, f3 ] Trizol 42 HUZH A &4 RNA,
Nanodrop JE47 < £l a2, I FH Takara 1) s % S 71 & 2k
17RO, AR ET Ot 2 & PCR M, LA GADPH JE[A|
X, B 2V BT R AR A RIEE. 51
AR 1.

®1 | FEE3F7

Table 1 | Primer sequences of each gene

BEH 5175 (5'-3")
Runt 26 567 7 2 F: CGC CTC ACA AAC AAC CAC AG
R: TGC AGC CTT AAA TGA CTC GGT
HFEA F: AGC GAG GAG TTG AAT GGT GCA TAC
R: AAT CTG GAC TGC TTG TGG CTG TG
0sX F: GTCCTATGG CGG GGA GGA CTG G
R: TGG CAG CTG CAA GCT CTCTGT A
B-catenin F:  AGCTTC CAG ACA CGC TAT CAT
R: CGG TAC AAC GAG CTG TTTCTAC
GAPDH F: CAT GTT CGT CAT GGG GTG AAC CA
R: AGT GAT GGC ATG GAC TGT GGT CAT

15 FEAEIEAF (D hPDLSCs %iE 4t By @M bR % ¢
45 5%; (3 hPDLSCs f HU AP UMK 25 R @DFE RAE WA EE T
OB-EXOs %f hPDLSCs it H 73 fb (541 . OTE RAEMI L T
OB-EXOs X wnt/B-catenin i 1) 5200

1.6 %itFE oM FAEFH SPSS 26.0 J% GraphPad Prism 8
BAF AT G oM, 2 AR EEECR H R 2R T Z it
ZL18]) PP EEECR ] Tukey H 530 P < 0.05 NZEFA
EME N, XEGUHF TR s E /R R X
NRERAEMSH T XK FH .

2 458 Results

2.1 hPDLSCs 9 %2 5% JiAX hPDLSCs MEEA K, AHE
T, MBS AY—, EZ2UREKRE, WE 1A,
BCE 753 J5 hPDLSCs FHEFAEIRTF A6 48 Julish FofR, AT
A] W, hPDLSCs 3Z T T AL 45717, 48 0.2% vt R 4L YLl e
JE A A e 4 e, WLE 1B, E RS S 1% 9% 5 PDLSCs
TEARHIEARRK AR, MlEiE S04k 8-10 d 7E 51
BN RS A B MR, A O Yty g nT WL AR OR35S
AL, JLE 1C,

7 45 B 3 B hPDLSCs & & & CD90. CD146 Al
CD105 E [H i R, FH P FR ik Z5) J) Jy 98.3%, 73.7% Fl
86.0%, {71k CD34, PHMERIEZEN 0.62%, ILE 2.

2.2 OB-EXOs #9 % & #5R  OB-EXOs N[E L HiMG R T, N
SEFy 528, WE 3A; Western blot 45 5 5 /< CD9. CD81
I TGS101 £ [H %k, W.E 3B, F£F& 3Lk [14] #iiE H)
HMIBARIRIAH RHFAE, 2R W D #2 L OB-EXOs.

2.3 hPDLSCs #& X OB-EXOs 4y & Il OB-EXOs fig 75 #
hPDLSCs #% X, # &t FJ PKH26 45 ic OB-EXOs, #Hf — 25
5 hPDLSCs 3% ¥ 9%, & Il PKH26 47 i ) OB-EXOs fif T

hPDLSCs N, FFIRAE(EAMIIZ T, 1iH] OB-EXOs gty B
A FHT hPDLSCs, WL[E 4.

2.4 %48 hPDLSCs /B s MLht /1 Xt HRALAHLL, JORERR
T A BRI A 45 <1 R ol T AR 5 el e R Tl %o T R B 3 B
i HXTHRAHAH LG, Ah b A 2 40 Mo B 4 &5 45 AR ) T AR
Tl M 2% T Pl R ) TR AR R 25 3G s 5 RORERE R A AR B, %
AR + A1 A A 2H 4T A el M 1% R T A S TR AR S A A T
AT THI AR B 38 0, WL 5-7.

2.5 &-%8 hPDLSCs A% B 48 % B -F mRNA #9 & & 5 xf
AR, RAEBIAZH Runt AHOCHE SRR 1 2. B M ER I H
OSX mRNA Kk FEAIG; S XTHELAR L, 4h ik 2H Runt 4H
KEEEN T 2. B HFE A OSX mRNA ik THaE: 5K
ARG, SRERE + MR Runt A SCHE SR 1 2.
H W E IR OSX mRNA Kis T, WE 8.

2.6 &40 hPDLSCs sVE A8 X B T8 & & A& SR
b, #8ERLR4H Runt AHOGHE SR F 2. B i 28 (9 F0 OSX
EAREERERK SXTBAMN, SM A4 Runt 1
KEEIN T 2. BFEAMOX RARKEEET &, 5
RIS AA L, SOIEA + S A ZH Runt A1 5G4 3% 1A
T 2. HWHEAM OSX HERLEREm, WE 9.
2.7 %48 hPDLSCs ¥ B-catenin &ix SXFHEAAML, #R%E
TR ZH wt i % AH G B B-catenin ik & WE G N, 4b
WEH 50 2 (B To R E 2 e 5 RAEB AR L,
FOERET + AN AR B-catenin % [ F1 mRNA ik & i %
RS, W& 10,

3 {774 Discussion

FRERIE R FEORNR AW FEEZFERN 2 —, BIRT
JAFEREIETT AR TFAREEAS T REFPNAITACR, (H2F
JE 56 S SR BRI R 2 — R M. H R TN
N, FECF R B BRI S R R 28 E A 1
N R T 7 o 4 L ) i A A RE ) R R . BH T hPDLSCs
HAB R HSAH AR I E 2 bigee, £ HAHH
B s 5 g SR B SR, W73 B hPDLSCs
TE SO B N R R & TR " Rk, B A in T
fie i hPDLSCs £ 48 i PR 5 N IR i 73 Ao 24 Ja 4% ) i
B AG T HA M

I S AT i Ji I Y A6 v Yy 43 B T hPDLSCs.
it TCGH i o A 45 ) B 7R, hPDLSCs 15 % & CD90. CD146
F1 CD105, ik ik CD34, RuflE LA A HcE 5 T 45 R BoR,
PDLSCs H. A7 il IR FH BB 43 A8 70, 46 8] 70 Joid T 2 L 1)
FEARRFAE. ZHENG %5 " DL 1 pg/mlL 2 R0 W B R 5 £
Z WAL FE hPDLSCs, & ILREWE L iF 48 E R 1l LA /v 3=
6. HI4HfuN 3 8 MR IASEIN 1 a 5 RIE, FFRRIKHT
REF U E RN Z 10 FERE, M-S B8 & AH IS+
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/ ; ;i DAPI PKH26 MERGE

AR JEARN T T4 0; B b 2 40 Je (i (145 4547
ANCR SR i iis 8

1 | NFBETFRERSR 5 LEES] (x40)

Figure 1 | Morphology and differentiation of human periodontal ligament
stem cells (x40)

3 CONiH

EIPEH

= cD34 CD90
0.62 o0:c) 98.3
] _
] i
5 3

Comp-FLS-A - CDS0_CD34 APC-A Comp-FLS-A :: CDS0_CD34 APC-A

CD146 !

‘ D105
] 73.7 36.0
—_r— 400 =
. 5 ]

Comp-FL2-A = CD105_CD146 PE-A Comp-FL2-A : CDM05_CD146 PE-A

Bl A7 B4 o 35 1 CD90. CD146 1 CD105 34 BB H M2k, i
CD34 fikRik.

E2 | AFARTHmRERICEE

Figure 2 | ldentification of human periodontal ligament stem cell surface
markers

B OB-hPDLSCs

Pl &1 A i S e B W] LI B W) TR TR R 45 H (<10 000);
B Sy Western blot f&ll 7N AE - PE B K18 . OB-hPDLSCs: B 5 FA
AT

3 | BEIFS AT AETAMKIREINLI (0B-EXOs) FEE

Figure 3 | ldentification of exosomes derived from osteogenesis-induced
human periodontal ligament stem cells

OB-EXOs

CcD81

TGS101

RILFEAR. ZHE UL 1 ng/mL g 2B RAEREAL . Sh
WK FE AR N 30-150 nm ({1l AN B8, LT T A SR
KA U1 R0 0 S O 1 1 i e VN U B Vil R
BN, THIMRSE, I/ AP TV 2R, i,
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Figure 4 | Human periodontal ligament stem cells ingest exosomes from
osteoblast-induced human periodontal ligament stem cells (x40)
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Figure 5 | Osteoblast differentiation of human periodontal ligament stem
cells in each group detected by alizarin red staining (x40)
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Figure 6 | Osteoblast differentiation of human periodontal ligament stem
cells in each group detected by alkaline phosphatase staining (x40)
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Figure 7 | Relative area of mineralized nodules (A) and relative area of
alkaline phosphatase staining (B) in human periodontal ligament stem cells
of each group
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Figure 10 | Relative expression levels of B-catenin protein and mRNA in
human periodontal stem cells of each group
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