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[(HZE] BR &5 A D(SSD) M B 8] 58 5t T 41 il (hUC-MSCs ) SR V8 i 241 il S 22 31 (EVs) |, If:
TE/NFUF JE A R PP AL TP 0, O R AR IGYT AR AL BT IG . FHiE AT E A B PR A AR B D S
Szu S BT LWt . BOW BRI A9 hUC-MSCs #2796 FL AR , A S [|) 3k J32 14 SSD 24 49y 4 3 24
h, >R JH CCK-8 #6: hUC-MSCs £ Hi 15 7 , 77 156 5 4 SSD A FH vk B 5 3t =X 4 B A 20 B S [ ¥k B SSD X hUC-MSCs
U8 T A2 K SSD 28, 25 2 5 | i 40 > UK R 5 20 A (NTA ) A5 5 i 7 (8 73 8% (TEM) 88 hUC-MSCs-EVs Al
hUC-MSCs-SSD-EVs [T 5K A2 534 . CSTBLI6) /INER B ) 52 56 43 S X BB ZH 5 JH] AR ABE8 2H (PD ) . PD+SSD 4
(2 mg/kg) . PD+hUC-MSCs-EVs £ (10 wg/wL) Fll PD+hUC-MSCs-SSD-EVs 2 (10 pg/pl) , B4 6 H , BE & 4524 3
WL HFEE4 8 . R B CT (Micro-CT) A5 AR -0 21 Yt 6 (HE ) 3 6 DEAl 71N U ] 98 45 B 2 R 1 I A 1S 0 5
S 9% 6 58 1t PCR (RT-qPCR) A6 I /1N B2 J] 4 455 2 25 J8] 20 21 4% E PR 36 38 7K1 5 S 88 2 6 (TF ) £ AR L £2 /)N
B TR e A5 A0 2 J) 4 240 5 0 200 it MU1/MI2 A8 A6 A1 Runt A DG 56 5 B F 2 (RUNX2) 2 R 1A A8 k. 455 CCK-8
5 IR, 10 wmol/L SSD Xt hUC-MSCs 4 g 17 27 I B i 52 i (P>0.05 ) 5 3t 2 4H M AR UE 5% SSD B Dy 256 2k A 4230,
#.25# 4 11.40 % ; TEM F1 NTA 45 5 i 75 hUC-MSCs-SSD-EVs 2 [8]JE 55 2 [5] JE [0 45 47 , B4 h 200~300 nm ;
Micro-CT #l HE %t {6 i 78 , 55 PD 20 4 [t , PD+hUC-MSCs-SSD-E Vs 28 fill 5F 5 5t 5 25 5F ## U5 16 19 1 25 (CEJ-ABC)
/N (P<0.01) , 2 Ji 46 K5 0 X A Al BB AR A4 B0 (BV/TV ) F1B /N 42 50k (Th.N) 54 111 (P<0.01) ; RT-qPCR Fl
PEDEHE R B, hUC-MSCs-SSD-EVs 1 R i 24 J&] 5 40 2L s Al 5 41t B 1 (1 N 3R - 18 L A A -6 iR
WAL F-o AT A R -12 . AT A 22 (9 3K (P<0.01) , BT R 1 H 4 F-10 %35 (P<0.01) , fit 3
M1 U I 240 it ) M2 TR % A% | 15 i RUNX2 25 [ 19 335 (P<0.01) . 4518 hUC-MSCs-SSD-EVs A 4 20 2% i /s
SR A 24 TR A B, U A R W, SRy R TR A AR T B TR L

(k@A) ARk, HEETHM,; MRS RIE; B HD; HAG8E; EWMHkt; g
TREBWN; RIERTE; AMEEF;  Runt M5 SEHF2
[FESZES] R78 [X#E#irEW] A [XEHS] 2096-1456(2026)09-0843-13 el A
[SIAERER] 2, T R, 55 S 1 D 2024 %0 22 fift /N BROF TR AR VR AR5 (D). 0 s
R BA, 2026, 34(9): 843-855. doi:10.12016/j.issn.2096-1456.202550509.

Study on the effect of saikosaponin D drug-loaded vesicles on alleviating periodontitis in mice HE Guangx-
iang'”, YANG Xiaoyu’, ZHU Yilan’, WANG Qingying’, HU Tengfei’, SUI Bingdong®, ZHANG Sha’. 1. The First Clini-
cal Medical College, Shaanxi University of Chinese Medicine, Xianyang 712046, China; 2. Center for Tissue Engi-

neering, School of Stomatology, The Fourth Military Medical University, Xi’an 710032, China; 3. School of Basic
Medical Sciences, Shaanxi University of Chinese Medicine, Xianyang 712046, China
Corresponding author: ZHANG Sha, Email: zhangsha@fmmu.edu.cn; SUI bingdong, Email: bingdong@fmmu.edu.cn

[Abstract] Objective To explore new therapeutic strategies for periodontitis, this study prepared extracellular

(R A H] 2025-11-07; [1&[E B ] 2026-04-21

[(E2TH] FFKH AR AL S (82474351;82371020) 5 B P4 44 5 & 3141 (2024SF-YBXM-268 ) 5 3k B 17 B4 Jey 28 40 J5E e B2 24 L B SR 4
X3 H (1.2024-QCY-ZYYJJQ-X25)

(fEE B B %, BF9E 923 61, il 1, Email : guangxiang@sniem.edu.cn

[EIS1EH] sk, LI, 1+, Email : zhangsha@fmmu.edu.cn ; B4 , @282, 11, Email : bingdong@fmmu.edu.cn


https://dx.doi.org/10.12016/j.issn.2096-1456.202550509
https://dx.doi.org/10.12016/j.issn.2096-1456.202550509
mailto:E-mail:zhangsha@fmmu.edu.cn
mailto:E-mail:bingdong@fmmu.edu.cn
mailto:E-mail:guangxiang@sntcm.edu.cn
mailto:E-mail:zhangsha@fmmu.edu.cn
mailto:E-mail:bingdong@fmmu.edu.cn

AERFRE 20265F9R 5345 HoH

+ 844 - Journal of Prevention and Treatment for Stomatological Diseases, Sept. 2026,Vol.34 No.9 https://www.kqjbfz.com

vesicles (EVs) derived from human umbilical cord mesenchymal stem cells (hUC-MSCs) loaded with saikosaponin D
(SSD) and evaluated their efficacy in a mouse model of periodontitis. Methods This study was approved by the Medi-
cal Ethics Committee and the Laboratory Animal Ethics Committee of the unit. hUC-MSCs at logarithmic growth phase
were seeded into 96 well plates and then treated with various concentrations of SSD for 24 hours. The CCK-8 assay was
used to determine the SSD concentration that preserves hUC-MSC viability. Flow cytometry (FCM) assessed SSD-
induced apoptosis in hUC-MSCs and determined drug loading and loading efficiency. Nanoparticle tracking analysis
(NTA) and transmission electron microscopy (TEM) characterized the morphology and size of hUC-MSCs-EVs and hUC-
MSCs-SSD-EVs. C57BL/6] mice were divided into five groups with six mice per group: control group, periodontitis
model group (PD), PD+SSD group (2 mg/kg), PD+hUC-MSCs-EVs group (10 pg/pL) and PD+hUC-MSCs-SSD-EVs
group (10 pg/pL). Administration was performed 3 times a week for 4 consecutive weeks. Micro-CT and hematoxylin-
eosin (HE) staining evaluated alveolar bone resorption in periodontal tissues of a mouse model of periodontitis. RT-
qPCR measured inflammatory cytokine expression in periodontal tissues of a mouse model of periodontitis. Immunofluo-
rescence analyzed macrophage M1/M2 polarization and runt-related transcription factor 2 (RUNX2) protein expression
in periodontal tissues of a mouse model of periodontitis. Results The CCK-8 assay showed that 10 wmol/L SSD had
little effect on hUC-MSCs viability (P>0.05). FCM confirmed the successful loading of SSD into EVs with a loading effi-
ciency of 11.40%. TEM and NTA revealed that hUC-MSCs-SSD-EVs presented round or oval membranous structures
with diameters ranging from 200 to 300 nm. Micro CT and HE staining showed that, compared with the PD group, the
distance from cementoenamel junction to alveolar bone crest (CEJ-ABC) was markedly shortened (P<0.01).The alveolar
bone of periodontitis-model bone volume fraction (BV/TV) and trabecular number (Th.N) were significantly elevated in
the PD+hUC-MSCs-SSD-EVs group (P<0.01). RT-qPCR and IF results showed that hUC-MSCs-SSD-EVs in periodontal
tissues markedly downregulated the expression of pro-inflammatory cytokines including interleukin-18, interleukin-6 ,
tumor necrosis factor- «, interleukin-12 and interleukin-22 (P<0.01), upregulated the expression of the anti-
inflammatory factor interleukin-10 (P<0.01), promoted the polarization of macrophages from the M1 phenotype to the
M2 phenotype, and elevated the protein expression level of RUNX2 (P<0.01). Conclusion hUC-MSC-SSD-EVs effec-
tively alleviated inflammatory responses in a mouse model of maxillary periodontitis and reduced alveolar bone loss,
providing a new idea for the treatment of periodontitis.

[Key words ] periodontitis; mesenchymal stem cells; extracellular vesicles; saikosaponin D;  drug-loaded
vesicles; macrophage polarization; alveolar bone resorption; inflammatory infiltration; cytokines; runt-related
transcription factor 2
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I JH 9 BRI R R 1% i & —Fh LA
F T & RE RN G0 5 SN A REAE 948 1 0 | e 4]
SEECA JH F R R FR A AS BT A MR IR
s FHAR TP 3 AR RN 4 B Ve AE RGBT BAE R
JE 98 ARTCTE S BE B B G I S A 40 RGP A
PRI, R AU A — ol iR T e BRI 25,
JE| 5 35 Tl A 2F JR AL 4R AR IR YT R B A B

I ffd 41 8 90 (extracellular vesicles , EVs) J&—2&
H W R XUy J2 A0 2 1 PR /A AR A K )
il 5l A B R R A 2 AR W TR A T
48 At 1] 388 T rh R R I SR E L SRR
8] 3£ BT 1 40 JfL 1 EVs (mesenchymal stem cells-
derived EVs, MSC-EVs) 7 fi #E 52 5t 41 2UE &2 5 7
A 5 T R B R AU 0, O AT i S L AR A
M1 fis) M2 YA Ak ] P 38 5 T 240 0 8- 485, A

MR A GPEVITVE . BRI, MSC-EVs 7= 5 4
X, B HNEW A EA & A, 5 2 4k
U8 B IR SRR AE D) 6 s R S R 2, B T
FEAE WG PR L v S 3 bR oE Ak 5 R R A A
JEROL RN, EVs FE A HARBUE/ N (ol 4k R B
2B 4 I L BE B H0 20 A RS R S B A B A
HAREZEWIIES M HNME . DR R, MSCs
26 2R Bl AR IR AR R L KK a-1 LR R A
fif ) fb2E 25 S AE R P BN B, HEVs )
TG IT W T ik — 2 s a0 R Ik, MSC-EVs fiE
i 2k 7R B 20 it 22 0T Ak B I R A5 1) AR W 2R
IR HAR T RO, B R R IR 97 B A AT S
R WG . A Y 8] 78 B 4 9 (human umbilical
cord MSCs , hUC-MSCs ) 7£ H. & H.Ath MSCs &4k i [H]
B, RS 5 R 0 S SR PEAR i s ok
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TR 2 42 4 4 ARV RE A B B R 46 1 B TC A1 55
MM Z Bz &M . SR, hUC-MSCs-EVs J& 75 [f]
BB 0% 4 7R R 200 i % 3 i M O R B AR AR 3R
JYRLAE , M R IT . BLAh, Hode o8 J8 4 3697 h
(W g, e L LR 2 A, W i — 2
Ik

458 B D (saikosaponin D, SSD) J& — 28 K 8K
=l R A, R S b S A T
WAy, BAPUR e PUIE T BUAT 4R Ak Kt
S 2R AR R R 2 R IR T Y
e 27, SR, SSD K VA 25 | 1 IR A= 4 1) ]
JEAR, B W18 WO EE , HAR N 2540 ) 1 2 A AR 5
W PR ) T KRN Ay KA. EVsTER
KR B 8 THORN 338 3% 2 A4, A 5 v ik SSD Ay - 3R
B, SN SSD 1A Rk B0t R FEHIRITE . 8K
1M, hUC-MSCs-EVs f& 75 BB % 1 2k SSD, D K iZ 4 24
R T A JE A G T7 TR 0 L, H R = A G B
5% o A HBF ST 4 LA hUC-MSCs 1 %% SSD Ji7 2 Bt
EVs, il 8 J5 & 45 245 10 7 b BN RES LB S 1 F
JE) G ABETRY | 45 5 24 8k SSD A4 % U0 7 2% 1 oF A R A
ol /D Al B I S T P S LA R i DR R
RUIETT 2454 B SR ) 9 RS o 1A 368 7 S

1 #RFA=*E
1.1 EZZRXFNEMNE

46 5 AF D (20874-52-6, Nanjing Qiushi, 1
) ; Cy5.5-SSD (Q-W0505523, QIYUEBIO, #1 [# ) ;
P 33 I 45 % (PVB-3002, PhenoVisionbio, #7 [F ) ;
iR £ 2% v W (phosphate buffer solution, PBS)
(10010023, Thermo Fisher, 35 H ) M o-8 K 0 75 15
% % (alpha minimal essential medium, oa-MEM)
(12000063 , Thermo Fisher, 3 [# ) ; it 4= 1fi. 35 ( 13011-
8611, TIANHANG, H1[# ) ; 75 K % (3801616, Leica,
[ ) 5 HH4T (3801619, Leica, fEE ) ; — R PEZH 41 T]
Ji (819, Leica, 2 [# ) ; RNA JZ % i 7] (R026B, Ta-
kara, H 4% ) ; RNA & & i 5| (RR820A , Takara, H
A 5 2H 4040 8 ) (MM1501-118ML, Tissue-Tek , H
A )y —H 3 R (methyl sulfoxide, DMSO)
(D103277, aladdin, H* [&] ) ; RNA 73 &5 i 5] & (RE-
03014, FOREGENE, H1 [ ) 5 J& 1 [t % 44 (P3761,
Sigma-Aldrich, f [& ) ; CCK-8 4 1l iz 7 (DY40201,
DEEYEEBIO, H'[% ) ; PKH67(DY50232, DEEYEEBIO,
HE ) s —$C : /) BLPT RUNX2 (Runt-related transcrip-

tion factor 2, RUNX2) (1:300, sc-390351, Santa, 3%
) s K BUPL F4/80 (F4/80 antigen, F4/80) (1: 100,
14-4801-85, Thermo Fisher, 35 [® ) ; S 3t 15 5 & —
A1k & 4 1 (inducible nitric oxide synthase, iNOS)
(1:150,A3774, ABclonal, 7' [E) ; Ha Pt CD206 (mac-
rophage mannose receptor, CD206) (1: 400,
GB113497-100, Servicebio, 1 [ ) ; —#T : Cy3-11 4T
KB Pt (H+L) (1: 300, 33308ES60, Yeasen, 1
) ;488 P P (1:500, RGAROO2, Proteintech ,
W ) 5594 BT L Z #8 (1: 500, RGAMO04 , Protein-
tech, 1) .

1 8 TR B0 ML (Centrifuge 5425, Eppendorf,
T ) 98 K KL B & zeta HE 037 43 7 X (Litesizer ™
100, Anton Paar, W # | ) ; 22 I GE i F1 /Y (Thermo
Fisher, Varioskan LUX , 3& [H ) ; 3% 5 H1 4% (FEI Talos
F200X, Thermo Fisher, 3% [& ) ; 3t 5 =2 1 fi 5%
(Nikon-Eclipse-Ti, Nikon, H 7<) ; i 2041 i A ( Beck-
man CytoFLEX, Beckman, 3£ [E ) ; /N3 % W 13 CT
(Micro-CT) A% AY (TVIS Spectrum CT, PerkinElmer,
2 [H) ;3D FEEMT A (VGSTUDIO MAX 2023.1,
Volume Graphics, 8 [ ) ; 4> A 3) 2 2 ig ¢ @ #L
(HistoCore CHROMAX ST, Leica, f8[F ) ; T sh it %%
Y1 B #L (HistoCore BIOCUT, Leica, fE [ ) ; %1
F HL (CM1860, Leica, 78 [ ) ; % ) & # PCR X
(CFX96, Bio-Rad, 35 ) .
1.2 %k
1.2.1  hUC-MSCs 4l Jfi 5 5% A WF 50 3 0 Ko /R =
FEE H )UEN O3 A PR A AR B R By s it
(H 5 . KY20252585-C-1) . hUC-MSCs Hi 7 4] BA
A A3 8, IR 3RS R 2 5 & 5 A IR &
hUC-MSCs 7E & 10% fif 2F IfiL ¥ (1) o-MEM H 7 3 1%
F5 . B 37 °C 5% C0,.95% 0,,2~3 d #E4T
RARKE IR . AN 24 5L 56 R 47 3 W ST 1) 2 ) 2%
YL
122 CCK-8 A hUC-MSCs 40 075 J1 BUR £k
A= K Y hUC-MSCs, DA %5 £L 3 000 4~ 4% 7l T 96 fL
B, B 64 E AL, K g &5, A 10 pmol/L
SSD #1120 pmol/L SSD 25y 4b 31 24 h, 4L A KT
£ 100 WL TAEM (54 10 wL CCK-8 i) , ik 50 7
AL IEE 1 hE , AR SO 2 450 nm % K b
Y% i (optical density , OD){H o
1.2.3 i 2040 B AR K I hUC-MSCs 40 At 98 7= K 3%
el BORHECE K BT hUC-MSCs, #2785 5%
M, Bl % 3 AN AL FRANMIGEEJS |, b FE 41
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A 10 wmol/L SSD 25 ¥ 4b B 24 h, Wi 45 45 40 41 Jifd
S I A6 5, ] 200 WL PBS 2% i #1240 i 1T
TE L BRSPS WL Annexin V, 10 pL PI %t
B, 2 IR EOEE R 20 min, PBS YRR E S, i F
PLA I hUC-MSCs 4 i 4 7= . 26 AR1c Cy5.5-SSD
Ab BREX A PKHO7 YLk U (4, F R A5 hUC-MSCs 4
W2 L g . T vk TR R T A

1.24 EVs #£H5 RAE 5 IEH A 10 wmol/L
SSD 25y Ab 385 W AR A 13 L B2 3B AL R IR
FE B AP I EVs, 40 3 28 58 800xg B0 10
min . 2 000xg &[> 10 min 2% [ ULHE 5 16 800xg &5 /L
30 min W EE DL TE BRI A 20 MO AR 32 360 . R FH 40 K Sk
HR EE 43 M1 B R (nanoparticle tracking analysis, NTA)
i ) B T 5 4 4% (transmission electron micro-
scope , TEM ) 43 M A5 fiy 1) UL R ST 43 A1 B 248 i A1 3%
S FYRRE .

1.2.5  Fial4n i AR 43 Hr hUC-MSCs-SSD-EVs 2 24
#HZG L hUC-MSCs JH 10 pmol/L Cy5.5-SSD 254
I 24 hJF 5 1.2.4 TR HUEVs, BE2H 3 AL,
1 2 9 2 ARAG I hUC-MSCs-SSD-EVs #8245 i3
I & PKH67 4 Bl #ric J& , oK K2 il hUC-MSCs-
SSD-EVs #24 H ] .

12,6 S8 EhY)  AWF5E 1 ARRIVE 48 F 2.0,
S 6 22 BV T R 2 K 2R S sh AR T R B S Lo
(41t5 : SUCMDL20250801002 ) , 51 ¥ 52 5 J5 2 4% 48
PRZE S HEME R 7 AT CRIEAT M) o AR 48 T3
SO S5 R e AR AS i, BEER ., {3 SPF 4L 6 ~ 8 A
I HEVE CSTBL/6) /N 30 FL R B 20 ~ 25 ¢, B 1
W RAE TG4 B e TCAMG B KR E SR BN
B, AR Az bR M /N BT DLHEBR o /N B 28 %
TR S o Rt A PR IR S S
SCXK (Pk)2024-002. sh¥)1 3% T 12 h /12 h B
GG A8 TR (22+2)°C, AH X E 50%+10% ,
[IES H, A MoK, &R SR

1.2.7 /N EUSE g0 MR O 8] 98 B R I ST S o 2 4
2y BEOLEC T Rk I 24 HUNEL, /NEUE T 1 %1%
EL b 22 R e, A RMO 0 A RO R A
F28 /N BRI s 0 MR B fb Rl B8k e 15 5-0 228 4y
S ZIN B AT L A0S B o S v Bt v A 4 )
B ok, PR % A 2 W /N BB ] BB o 94T
SEEDY B R 2Rk RN RO ER L S
3 d KA 2 LR B SEFLIG DL, G e B 22 2 B 95 Kt
TS L, FFEL 4 R R AT B R Yy . SEBG A ] e R
S35 R 2R IR e sl A0 5 BOHEBR /N B, B2 24 U

B AR E o SR T B AL &7 R vE 4 /N L2 4 A
(6 H) : FRRA(PD ) . 2R 25 H L4 L anss
TUESE s PDHSSD A 2 2R A5 LA B T O
JRy i Bt SSD ;s PD+hUC MSCs-EVs 41 : 22 48 453047
A U A I R T 4T hUC MSCs-EVs ; PD+hUC
MSCs-SSD-EVs 2 : 22 28 45 L A7 L e — % A 9 &)
8 7F S hUC MSCs-SSD-EVs. 4% 6 HU/INEUCY IE#
X B ZH (control 41 ) : R #EATF AR, [ 4T PBS, 1t
45 o0 5 IT 4R 45 25 - SSD (2 mg/kg) . hUC-MSCs-EVs
(10 pg/pL) 8 hUC-MSCs-SSD-EVs (10 wg/pL) ,
JA 30K, R TS TS O A i, 45 5 WL, 5 min N 58
Ao X HRZH T G AF R R PBS ., 45 24 DA 1 AR R ) S
B 1 RITIR L AFEE 4 A (RS EE ) o SLH 25 IR
MATES B 12 he R I RUE WAL R IB 9T
ROR
1.2.8  /NEAG BAIE 2L CT S PF o o 1
Wl SEES AN PR 4 E S 1 9% T Ll 2 AN TR 2 N
TS R I fE b BB /N B . B A B, 4 %%
I Vs W1 A 48 h, {2 L CT (micro computed to-
mography, Micro-CT) EHLEH , 0¥ R 10 pm, FE,
JE 50 kV, B3 80 A, i 5 i #S X8 dem.
VG Studio MAX R fF 147 3D F A, i /N A 00
(IRE gk kY E S 5 1 Sl e R 1
V& ZF Rb OF i o St B F R s T0AY BE B (cemento-
enamel junction to alveolar bone crest distance, CEJ-
ABC) A7 b 505 % oF o R i 00 B R B3 5 (bone
volume/tissue volume, BV/TV) | & /N 32 & (tra-
becular number, Th.N) o
1.2.9 %*%-ﬁ}él(hematoxylin eosin staining, HE)
e (o PPAL 25 R B WO R SRR UM A
BRI AR T HE e, 4 %2 RIP VS
W5 24 b, PR BEES U 4 CIBAS 7 d, 2 1 mLESS
fr BT S T LR A ZF ok B 2H 258 B s oK 6 h S
F R B AR A E T K AL RS BE S BT K SR
K AU R S A A 5 pm 2T R
It s J 00 R A TR AR rh g ik R R ST
AL e R EOK IR W B Ge  OK =B
FHrP YRR S R, BRI AT S 308 T W4 .
12,10 4 98O0 e 6 37 £l B w40 i i Ak &
RUNX2 8 FIRE  /NEUAT I b G0 2F — 8 F 4 1l i
PEAT PEDS YLD . 4 %2 TEW EVS W15 7 24 h,
PROH B A5 4°CIBLAES 5 30 % FEMEIA WM 7K 24 h, OCT
FLHEE, 145 5 pm HEWD) R, PBS 2 i vk U L) 25 BR
OCT . i% i . 35t ] . —Hi i & F4/80(1: 100) .iNOS
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(1:150) .CD206 (1: 400) ,RUNX2(1:300) 4L 1& .
Pek Pt (PR R Cy3, 1: 300; BT 488, 1: 500;
P 594,1: 500)BEF (PEU, 47, 6- KL -2- 28 3
5| W& (4’ 6-diamidino-2-phenylindole, DAPI) ¥} F,
RAT 3 5 £ W R R SR L

1.2.11  RT-qPCR £ M 7 ] 2H 23 5 i 240 Jfd BN 5 3%
Ik BN RO L AR R OF OF JR 4 2L R AT RT-
qPCR. FRZBENLEL 3 HEAS, I TRIzol 4 i A1
BRI, vk B4 10 min J5 0 A 1/5 PR BG40
FUE Y, B 5 min 5 4 °C, 12 000xg &5 0> 15 min,
RNA &7 L, MA SRS NEG, 58S
min 5 A A 2 850, RNA FULTEH, 75 %
K VR 4 RNA UUTE IF B T, 047 W FE DU, Ao/ Aso
£ 1.9~2.0 BTN RNA Jo 2% i o Bl 5 42 050 & 1t
B 45 BE 47 300 e 3% LA B 52 ) 5 i PCR LR, E i
40 9 4\ 2% -1B (interleukin-1 beta, 1L-1B8) . 1 4 i 4
2 -10 (interleukin-10, TL-10) . [ 40 i 4 % -6 (inter-
leukin-6, 1L-6) . 1 41 ifi 4 % -12 (interleukin-12, IL-
12) | 1 40 8 A % -22 (interleukin-22 , TL-22) F1 fjf 95
IR A T - o (tumor necrosis factor-a, TNF-a) & 15,
SIFFIITE 1,

R1 5IWFIIEL

Table 1  Primer sequence information

Gene name Gene sequence
IL-18 5'-GCAACTGTTCCTGAACTCAACT-3’
5"-ATCTTTTGGGGTCCGTCAACT-3’
1L-6 5'-TAGTCCTTCCTACCCCAATTTCC-3’
5'-TTGGTCCTTAGCCACTCCTTC-3'
IL-10 5'-GCTCTTACTGACTGGCATGAG-3'
5'-CGCAGCTCTAGGAGCATGTG-3'
IL-12 5'-CAATCACGCTACCTCCTCTTTT-3'
5'-CAGCAGTGCAGGAATAATGTTTC-3'
1L-22 5"-ATGAGTTTTTCCCTTATGGGGAC-3’
5"-GCTGGAAGTTGGACACCTCAA-3’
TNF-« 5'-CCCTCACACTCAGATCATCTTCT-3’
5'-GCTACGACGTGGGCTACAG-3’
B-Actin 5'-AACAGTCCGCCTAGAAGCAC-3’
5"-CGTTGACATCCGTAAAGACC-3’

IL-1B: interleukin-1 beta; IL-6: interleukin-6; IL-10: interleukin-10; IL-
12: interleukin-12; IL-22: interleukin-22; TNF- «: tumor necrosis fac-

tor-a

1.3 gt F o

n AR 2 57 S 6 YR B 4 B BB
B4 R FH Graphpad Prism 10.0 #4745 11007, 11 &
R LA I + 45 1 22 (x+5) TN, 28 Shapiro-Wilk

BSR4 G IE A, WAL ) LR A ST HE AR o K
5, 2 4 [H) Lb 8ok T8 IR R U7 22 43 BT (one-way
ANOVA ), 41 [8] L 5K FH Tukey #6556, P<0.05 7R 22
SAGIFE L.

2.1 24 23 DT hUC-MSCs & Jo7& 71 % A = &%

CCK-8 25 % & /% (4] 1a) , 10 pmol/L SSD X}
hUC-MSCs 4 1 3% J3 JL-F- JC52 Wil , 11 20 pumol/L SSD
X hUC-MSCs 2 i i 41 i) 52 155 3K 97% (P<0.01) o i
A ARG I 45 5 (8] 1b-16) #F— 2 F B, 20 wmol/L
SSD X} hUC-MSCs 41 ff1 3% /3 F 52 (P<0.01) . HAK
M, Q1-LLZ IR GE ML) 5[5 22 29 50%(P<0.01) ;
Q1-LR 4 B (L HI08 T 40 L) L1k 9.06% , 8. 3% =
F Xt B4 (2.39 % ) A1 10 wmol/L SSD #H (2.78 % )
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a: CCK-8 assay measuring hUC-MSC viability after treatment with 10 and 20 pmol/L. SSD. The 10 wmol/L SSD treatment had little effect on hUC-

MSC viability. n = 3 biologically independent replicates. b: representative FCM images of apoptosis in hUC-MSCs after treatment with 10 and 20

pmol/L SSD from 3 biologically independent replicates. The 10 pwmol/L SSD treatment had little effect on hUC-MSC apoptosis. The Y-axis repre-

sents PI labeled in the PE channel, and the X-axis represents Annexin labeled in the FITC channel. c-f: apoptosis analysis in hUC-MSCs treated

with 10 and 20 pwmol/L SSD. n = 3 biologically independent replicates. Statistical analysis was conducted using one-way ANOVA with post-hoc

Tukey test for pairwise comparisons between control, 10 wmol/L SSD and 20 pwmol/L SSD groups. All data were expressed as mean + standard de-

viation (SD). **P < 0.01; ns: non-significant. SSD: saikosaponin D; hUC-MSCs: human umbilical cord mesenchymal stem cells; FCM: flow cytom-

etry; FITC: fluorescein isothiocyanate; Q1-LL: quadrant 1, lower left; Q1-LR: quadrant 1, lower right; Q1-UL: quadrant 1, upper left; Q1-UR: quad-

rant 1, upper right
Figure 1
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a-b: FCM detection of loading in hUC-MSCs and hUC-MSCs-EVs after treatment with 10 wmol/L SSD. SSD loading was successful. The Y-axis
represents Cy5.5-SSD labeled in the PE channel, and the X-axis represents PKH67 labeled in the FITC channel. c: fluorescence intensity of CyS5.5-
SSD loading in hUC-MSCs-Cy5.5-SSD-EVs; hUC-MSCs-SSD-EVs (black) and hUC-MSCs-Cy5.5-SSD-EVs (red) show distinct fluorescence expres-
sion peaks. d: TEM of the structures of hUC-MSCs-EVs and hUC-MSCs-SSD-EVs after 10 wmol/L SSD treatment. Loading did not alter the mor-

phology of the hUC-MSCs-SSD-EVs. a—d: representative images from 3 biologically independent replicates. e: NTA analysis the particle sizes of
hUC-MSCs-EVs and hUC-MSCs-SSD-EVs after 10 wmol/L. SSD treatment. n = 3 biologically independent replicates. The particle size of hUC-
MSCs-SSD-EVs did not change after loading. hUC-MSCs-Cy5.5-SSD: Cy5.5-fluorescently labeled SSD-treated hUC-MSCs; hUC-MSCs-CyS5.5-SSD-
EVs: drug-loaded EVs derived from SSD-treated hUC-MSCs after Cy5.5 labeling. hUC-MSCs-EVs: EVs from normal hUC-MSCs; hUC-MSCs-SSD-
EVs: SSD-loaded EVs derived from SSD-treated hUC-MSCs. FCM: flow cytometry; SSD: saikosaponin D; hUC-MSCs: human umbilical cord mesen-

chymal stem cells; EVs: extracellular vesicles; NTA: nanoparticle tracking analysis; FITC: fluorescein isothiocyanate; TEM: transmission electron

microscope

Figure 2 Drug loading of hUC-MSCs-SSD-EVs and characterization by TEM and NTA
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a: representative micro-CT 2D and 3D images from 6 mice per group of the maxillary alveolar bone with the Control, PD, PD + SSD, PD + hUC-
MSCs-EVs, and PD + hUC-MSCs-SSD-EVs. The therapeutic efficacy of hUC-MSCs-SSD-EVs was greater than that of both SSD alone and hUC-
MSCs-EVs. b-d: quantitative analysis of CEJ-ABC, BV/TV and Tb.N for the Control, PD, PD + SSD, PD + hUC-MSCs-EVs, and PD + hUC-MSCs-
SSD-EVs. n = 6 mice (6 biologically independent replicates) CEJ-ABC: distance from the cementoenamel junction to the alveolar crest; BV/TV:
bone volume fraction; Th.N: trabecular number. e: representative HE staining analysis from 6 mice per group of alveolar bone resorption and in-
flammatory infiltration with the Control, PD, PD + SSD, PD + hUC-MSCs-EVs, and PD + hUC-MSCs-SSD-EVs. Treatment with PD + hUC-MSCs-
SSD-EVs preserved more alveolar bone than treatment with PD + SSD alone or with PD + hUC-MSCs-EVs. Inflammatory cell infiltration (green
box) decreased alveolar bone height with increased resorption (yellow arrow). Statistical analysis for two-group comparison (Control vs PD) was per-
formed via two-tailed independent Student’ s t-test. Multi-group comparisons among PD, PD+SSD, PD+hUC-MSCs-EVs and PD+hUC-MSCs-SSD-
EVs groups were conducted using one-way ANOVA with post-hoc Tukey test for all pairwise comparisons. All data were expressed as mean + stan-
dard deviation (SD). **P < 0.01, *P < 0.05. Control: normal mouse maxillary alveolar bone; PD: ligature-induced periodontitis in mice; PD + SSD:
ligature-induced mice treated with SSD; PD + hUC-MSCs-EVs: ligature-induced mice treated with hUC-MSCs-EVs; PD + hUC-MSCs-SSD-EVs:
ligature-induced mice treated with hUC-MSCs-SSD-EVs; SSD: saikosaponin D; HE: hematoxylin and eosin; hUC-MSCs: human umbilical cord mes-
enchymal stem cells; EVs: extracellular vesicles
Figure 3 Micro-CT and HE staining analysis of SSD drug-loaded vesicles on alveolar bone resorption and inflammatory infiltra-
tion in mice
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a: representative images of immunofluorescence (IF) detection for 6 mice per group of M1/M2 macrophage polarization in mouse periodontal tissue
with the Control, PD, PD + SSD, PD + hUC-MSCs-EVs, and PD + hUC-MSCs-SSD-EVs. PD + hUC-MSCs-SSD-EVs reduced M1 macrophage po-
larization relative to PD + SSD alone and PD + hUC-MSCs-EVs, and promoted the retention of M2 macrophages. M1 phenotype: F4/80" (red)-
iNOS' (green); M2 phenotype: F4/80" (red)-CD206" (green); DAPI (blue). b-c: Image J quantitative analysis of M1/M2 polarization phenotypes in
mouse periodontal tissue with the Control, PD, PD + SSD, PD+hUC-MSCs-EVs, and PD + hUC-MSCs-SSD-EVs, n = 6 mice (6 biologically inde-
pendent replicates). d-i: RT-qPCR quantitative analysis of the inflammatory cytokines IL-1B, IL-6, TNF-a, IL-12, I1.-22, and IL-10 in mouse peri-
odontal tissue after the above treatments. Treatment with hUC-MSCs-SSD-EVs reduced the expression of pro-inflammatory cytokines and promoted
the expression of anti-inflammatory cytokines. n = 3 mice (3 biologically independent replicates). Statistical analysis for two-group comparison
(Control vs PD) was performed via two-tailed independent Student’ s t-test. Multi-group comparisons among PD, PD+SSD, PD+hUC-MSCs-EVs
and PD+hUC-MSCs-SSD-EVs groups were conducted using one-way ANOVA with post-hoc Tukey test for all pairwise comparisons. All data were
expressed as mean + standard deviation (SD). **P < 0.01, *P < 0.05, ns: non-significant. Control: normal mouse maxillary alveolar bone; PD:
ligature-induced periodontitis in mice; PD + SSD: ligature-induced mice treated with SSD; PD+hUC-MSCs-EVs: ligature-induced mice treated with
hUC-MSCs-EVs; PD+hUC-MSCs-SSD-EVs: ligature-induced mice treated with hUC-MSCs-SSD-EVs. CD206: macrophage mannose receptor;
iNOS: inducible nitric oxide synthase; F4/80 is also known as epidermal growth factor-like module-containing mucin-like receptor-1 (EMR1);
DAPI: 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride, also known as DAPI dihydrochloride; IL-1B: interleukin-1 beta; IL-6: interleu-
kin-6; IL-10: interleukin-10; IL-12: interleukin-12; IL-22: interleukin-22; TNF- a: tumor necrosis factor- a; SSD: saikosaponin D; hUC-MSCs:
human umbilical cord mesenchymal stem cells; EVs: extracellular vesicles
Figure 4 Immunofluorescence and RT-qPCR analysis of the effect of SSD drug-loaded vesicles on macrophage polarization in

mouse periodontal tissue and its downstream cytokine expression
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a: representative images of immunofluorescence (IF) detection for 6 mice per group of RUNX2 protein expression in mouse periodontal tissue with

the Control, PD, PD + SSD, PD + hUC-MSCs-EVs, and PD + hUC-MSCs-SSD-EVs. Treatment with hUC-MSCs-SSD-EVs promoted RUNX2 pro-

tein expression to a greater extent than SSD alone or hUC-MSCs-EV treatment. RUNX2 is red, DAPI is blue. b: Image ] quantitative analysis of

RUNX2 protein expression in mouse periodontal tissue after the above treatments; n = 6 mice (6 biologically independent replicates). Statistical

analysis for two-group comparison (Control vs PD) was performed via two-tailed independent Student’ s t-test. Multi-group comparisons among PD,

PD+SSD, PD+hUC-MSCs-EVs and PD+hUC-MSCs-SSD-EVs groups were conducted using one-way ANOVA with post-hoc Tukey test for all pair-

wise comparisons. All data were expressed as mean + standard deviation (SD). **P < 0.01. Control: normal mouse maxillary alveolar bone; PD:

ligature-induced periodontitis in mice; PD + SSD: ligature-induced mice treated with SSD; PD + hUC-MSCs-EVs: ligature-induced mice treated

with hUC-MSCs-EVs; PD + hUC-MSCs-SSD-EVs: ligature-induced mice treated with hUC-MSCs-SSD-EVs. RUNX2: Runt-related transcription

factor 2; DAPI: 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride, also known as DAPI dihydrochloride

Figure 5 Immunofluorescence detection of RUNX?2 expression in mouse periodontal tissue after SSD drug-loaded vesicle

treatment
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