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B, P E)LER E S G HAE FE PR A R, TR IR T TAESOREE TG, EK 400014;
PUNAE BB, DU N REE B (R T RHEOR A IR BR B, A AL, AR 610072)

HE Z A AR K% B AR % A % (low-intensity pulsed ultrasound, LIPUS)%t 2.4 47 15 49
AT B IEF 48 /2 (human periodontal ligament stem cells, hPDLSCs) A& ‘F 44 69 4% 37 45 A Z AU .
KR IE A 300 pmol/L &G HyO.#) # fm I BALAR G AL AL, o A af 840, H,0,48. LIPUS4L A=
LIPUS+H,0,28.. DCFH-DA#R 4T #=TBA L & % 5 5| 46 0| 2~ 48 4m it 7% M £ (reactive oxygen species,
ROS)#= A — & (malondialdehyde, MDA)7K -F-; #k 14 5 B B4 (alkaline phosphatase, ALP)Fw= # & 41 %
R\ A A28 2 T B0 B A AR B G S ) ; WB(Western blot) 3 R4 B GBS [ it BAL £ B4 (cata-
lase, CAT)F=#2 A4 34 L85 (superoxide dismutase 2, SOD-2)]. R/EAAXEE [ A0 XEEFE T
2(runt-related transcription factor-2, RUNX2). ALP#=& #-% & (osteopontin, OPN)]. X kiE&#H
Ol(forkhead box protein O1, FOXO1)#= (phospho-FOXO1, p-FOXO1)& ik K-F. FE KA FOXO1
Fp 4] 7] AS1842856(100 nmol/L)4L 22 2m i, K45 A 3T B4R, H,0.+=F JX AW (dimethyl sulfoxide,
DMSO)28. LIPUS+H,0,+DMSO% A= LIPUS+H,0,+AS184285628. CCK-8(cell counting kit-8)i%& 44 41
o7& 77; DCFH-DARAH A4 ) 248 4m fLROS/K-F-, WBAR M 2-2ERUNX2. ALPA=OPN#9 & & & X4 L.
R &G % G T RAAR I, Hy0,2ARO0S5MDAK-F 7+ 5, #EALEEE & £ & T #(P<0.000 1);
ALPAn 3 & 4 [ 2 &0 BOR B AR % & @ Ak K- 3 2 2 K(P<0.000 1); p-FOXO1/FOXO1%
B {4 £ FH(P<0.000 1). 5H,0,48 4%, LIPUS+H,0,40 ¢9ROSE MDA K3 F i, 8 fBe & @ &
A _EE(P<0.000 1); AR E # & BAR X & G KL F R F I (P<0.000 1); p-FOXO1/FOXO1% @18 41X,
(P<0.000 1), #8%F LIPUSHH,0,+DMSOZR , LIPUS+H,0,+AS 184285648 tmfitsi% /1 T I, p-FOXO1/FOXO1
E G &k L, ROS/HK-FF 3 B oAl X & & ik & B F HK(P<0.000 1), #5044 & 2 ~LIPUS
18 3 P FOXO1 89 BB AL KT, K AZ L BALTT #p4E ) 198 3 BALIR % 49hPDLSCs i H LA T) .
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Abstract

trasound) on osteogenic differentiation of oxidatively damaged hPDLSCs (human periodontal ligament stem cells). The

This study was to investigate the protective effect and mechanism of LIPUS (low-intensity pulsed ul-

cellular oxidative damage model was constructed by using H,O, at an action concentration of 300 pmol/L, which
was divided into the control, H,O,, LIPUS and LIPUS+H,0, groups. Cellular ROS (reactive oxygen species) and
MDA (malondialdehyde) levels were detected by DCFH-DA probe and TBA colorimetric assay in each group, re-
spectively. ALP (alkaline phosphatase) and alizarin red staining were used to assess the early and late osteogenic
differentiation capacities of each group, respectively. WB (Western blot) evaluation of antioxidant enzymes [CAT
(catalase) and SOD-2 (superoxide dismutase 2)], osteogenesis-related protein [Runx2 (runt-related transcription
factor-2), ALP and OPN (osteopontin)], FOXO1 (forkhead box protein O1) and p-FOXO1 (phospho-FOXO1).
Subsequently, the cells were treated with FOXO1 inhibitor AS1842856 (100 nmol/L), and the experiments were
divided into control, H,0,+DMSO, LIPUS+H,0,+DMSO, and LIPUS+H,0,+AS1842856 groups. CCK-8 (cell
counting kit-8) assay detected cell viability, DCFH-DA probe detected the level of cellular ROS in each group, and
WB detected the protein expression of RUNX2, ALP, and OPN in each group. Compared with the control group,
both ROS and MDA levels were elevated and antioxidant enzyme protein expression was down-regulated in the
H,0, group (P<0.000 1); ALP and alizarin red positive staining as well as expression of osteogenesis-related protein
were significantly reduced (P<0.000 1); and the p-FOXO1/FOXO1 protein ratio rose (P<0.000 1). Compared with the
H,0, group, the LIPUS+H,0, group showed decreased ROS and MDA levels and upregulated expression of antioxidant
enzyme proteins (P<0.000 1); ALP and alizarin red positive staining as well as protein expression of osteogenesis-related
were significantly increased (P<0.000 1); and p-FOXO1/FOXO1 protein ratio decreased (P<0.000 1). Compared with
the LIPUS+H,0,+DMSO group, the LIPUS+H,0,+AS1842856 group showed decreased cell viability, up-regulation of
p-FOXO1/FOXO1 protein expression, elevated ROS levels and significantly decreased protein expression of osteogenic
differentiation (P<0.000 1). The results revealed that LIPUS exerted antioxidant defense and improved osteogenic differen-
tiation of oxidatively damaged hPDLSCs by regulating the phosphorylation level of FOXOL1.

Keywords low-intensity pulsed ultrasound; human periodontal stem cells; oxidative damage; forkhead

box protein O1; osteogenic differentiation

T 9 & — Tl eh A TR B A B 51 S PR 1 1 B
RNE, GHEF A H AT ST IR M, R b
FRERERIT T A EZBIEYMIER] P RIRST
ORI EE.  Fdyrik BT ISR A 4
BTN T4 520 i) 4 R AL 2R 254 S L D eP

Z DR FE e, I 14 % (reactive oxygen species,
ROS) R AR P B A0 N OO 55 2 S BUF /&
KA SERIZ A R 2R, A RIBRE S AR T A i
T4 i (periodontal ligament stem cells, PDLSCs)H]
BCE 7 RE 71, PDLSCsHRCH e /) FEAR MBIy 2
BRI 54 i 98 24 Rl P 2B B S SR BA 15070,

{FG 5 JEF Bk B 75 (low-intensity pulsed ultra-
sound, LIPUS){ER—Fh22 4= ot BN LR, ik
B B AP EAL N R A S5
AEBERESE Mo YINGSE DA NS Ji & f, LIPUSH]
DL i B AR AR i Y ROS 7K 13238 1 & 7 Pk 2 PDLSCs
BRI 1 I8 S R A, SR LIPUSHI/E AR
T JIHGE BT TR o ) B A, (H
BARAE FLEAT G R4 3 B . Bl 7ol Rk E R
Ol (forkhead box protein O1, FOXO1)HE MM N A AR .
73, - HATREAE o881 K 72 5 B A s L
BiE . 4HMIGTE 55 T SRR O R, AHE
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PR FTH 046 8 N ZF i 20 S A AR A A2, R0
LIPUSIPUA AR H /- PR 1B, LA FOXO17E
XA FEH AT R R E RIS, 9 LIPUSTEIRG R k-
TEIT I T A SR LR IR Sk 5 SR A

1 MRS E
1.1 EEEFIFNEE

B8 Ik o 8 75 (LIPUS )43 H 28 K o e 7
AR RO, N R T4 e B E i gE
FARAEMEAR ARG R A 5 & 72 3%H) Hy0,7K
W DMSOI H % [ Sigma-Aldrich/A & ; a-MEM
BRI A KEECEMEARGIRA R a4 MG
i [ 3£ B Gibeo A F] 3 AR T4 MR i 75 5 7 Ak
AEM AT N VR BR AT ; 1%74 R4 G
R H A6 5T SolarbioBHE A IR A 7] ; ROSAS AT
& MDAKIR A& . ALPYL (IR A &30 5 il
R RAEVFARG IR AT AS18428561 [ 25 EIMCE
/v#]; RUNX2. ALP. OPN. SOD-2. CATAB-actin
iR B RN = E A BEARBRAF ; 4-HNE.
3-NT. FOXO1Mlp-FOXO1 4k H 3 E CSTA ]
1.2 5%
12,1 #mfedzf K hPDLSCsE: 3% T3 10%/h 4
MiE 1% PLH a-MEME; 72 3E B 137 °C. 5%
COAM P BEFRAR R EEF7, R 2RI 1R, 402 ik
FI80% BN AT HEAT AR
122 CCK-8  KdfiffaLASx10°/4L RFFL100 pLz
FiFo6fLtR, K5 7724 hfg b7 403, ML G, 375
FLAHAA, BEFLIIAN100 pLKFF%3E f 10 pL CCK-8 T
TR, BT37 °CiF & 2 h, FBEFR AR K450 nm
b LI BE (D) fE
123 REFEFAKIT S FEhPDLSCsPL50%H]
FERERNT 24900R, AHRIARER N R - @R IR I R
VR Ja BN 1 975 (1 mL/AL), BERE3 R B 1K
SISy NP ZH % HEZH (Control)s H,0,4H. (300 pmol/L
H,0,i% 5 6 h). LIPUSZ ({5471 & 100 mW/em?, [
S 1] 10 min/¥K)s LIPUS+H,0,41..
1.2.4 ROS#M  E4ifuER 6L, Ki5%24 hig
Fo o HAREE, SRS 6FLAR (1 4H M 5 1 mLAE o-MEM
FHARHE1 0.1% DCFH-DAYE 37 °C R0 & 30 min,
FAPBSHPE2 UK 5 755 e N S5 He i
12.5 MDA#M 4RI, K57%24 h
JE e o AR BE, WA IR I A, ([ BCAE

I R S I R R EE, iR BB S R A
Fi AR R A 7 MD AR IR & i B 5 3R, Al
MDAJEME. MDA Dimol/gs KR .

1.2.6 #IEBFBREEALP)RE  ISAuiERiT2450
B, B 9724 WE HHT AR, E S 7RG, M
PR P LB e i . B 4R S F PBSTE
PR2IR, 4% 2 SE W 2 IR E 1 min, PBSFRAE2IK, IIA
Pt TAEM, £E37 °CHEAE R B30 min, 55 N 2
PUE SO O FE YO, I/ b 2 PBS, T N
12,7 &F4LE BAREMT 2470, £537
24 hfE T o AL, BeE 321K )G, BUH 4 A
PBSIEVE 21K, 4% 2% 5 W% % I 4] 32 1 min, PBSFJ 2
IR, NI % 76 ALY, 137 CCHRFAE B % 5 30 min,
Br MR B A A S5, BRI AT H e i, /b &
PBS, ®i% T

1.2.8 Western blot S AN, B A, St A
PBSIH UMM 20k, SR Ja REFLINN EAESE phif 5 HLK
T SDS-PAGEARF LU A 14, ##E 2 min, fF4THE
SE4 I JE N EPEF Y, 100 °CHLE 10 min, {2
SEAAR M. RRAHE10 pLEE R, IR SR E E
SRR A E VIR TG DL R R 8], U1R BRI
ST BT . 58 HE S TBSTIBYE S minx3iK
(T T Be 4 9 TBST), Bt b ik % 635
1125 min, &5 minx37%. IR —$HT (RUNX2,
ALP. OPN. SOD-2. CATJ B-actin, 1:1 0007 %% ;
4-HNE. 3-NT. FOXO1/p-FOXO1, 1:500%F%), &
T4 °CHEFE 12~14 ho PS5 minx37%, FIIAMNHRG
FRICIgG = Hu(1:5 0004 k), =i FERIFF 1 he ¥
5 minx3Ik, FA 22 ROGIE T L 5 .

1.2.9 AS18428564:#  J$hPDLSCsHAS1842856
(100 nmol/L)5DMSO(AFA 73 HH0.02%) b B . S5
S NN, H,O+DMSO4L. LIPUS+H,0,+DMSO
ZHAILIPUS+H,0,+AS18428564H

12,10 %it3a® DL E&ISRihdiT 3 E
ST 52, Graphpad Prism 9.0 T4ttt 70 #r,
B HAREZE (es) KRB R TT R BERE . S IA) 22 57 LR
) R FH BEL IR 25 22 99 A7 (One-Way ANOVA)IX Fl 4 i1
J51h. P<0.05NZERAH G243 L.

2 H#HR
2.1 H,O.$9EhPDLSCsE (L iRfp1EH
K FANE)R E T H,O A PR 16 h, 55 % R ZHAH
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Et, 300 pmol/L H.O-1E FH J5 4l M3 /) F#AIK (P<0.01),
400, 500 pmol/L H,O,4b ¥ J5 4 i i& /7 & 2 T [%
(P<0.000 1), RRERAPE. Kk, HEHL300 pmol/L
IHLOLAE VR FEAE A J5 82 S50 26 AR ()
22 EH,0, 5SS WRIBEFE TLIPUSREB L
ISR EER

xR AR L, H0.40 41 B I ROS FIMDA 7K -
2 T 155 (P<0.000 1), [FEIRS, $ii4ELEFCATHISOD-2
(1) 8 2R I8 2 B R PR IK (P<0.000 1). 5 H0.41

0.8

0.6

Absorbance (D,

0.5

07 P

£, LIPUS+H,O0,41 is 4 ROS 5 MDA K- .2 T [#
(P<0.000 1), CATHISOD-2{) & ARIA = H B L
(P<0.000 1)(E2F1E3). 455K, LIPUSHE W B
H,0,#% S/ ROS 5 MDA/K -, i H,O 411 ()
PrEMEERIL, RIEDUEADIBER .
2.3 LIPUSIES & L17HIhPDLSCsRY & 7714 BE
50 R ZH AR EL, HLOL 41 B BH A B 48t fn 41 €2
5 8 45 DX IR 95D, s 3 A A DG BRI RUNX2
ALPAHTOPN [ 15 & il 2 FE1IK (P<0.000 1). 5 H,0,

N*

\‘***

skskokok

0.4 T T
0 100

T T T
300 400 500

H,0, concentration /umol-L™'
CCK-89 71618 B HIH, 0 IR, *#*P<0.01, ****P<0.000 1, 50 pmol/LZH H.#% .
Screening of suitable H,O, action concentration by CCK-8 method, **P<0.01, ****P<0.000 1 compared with 0 pmol/L group.
Bl CCK-8ETHEIETH.0./FFREHEhPDLSCs & (LR AR R
Fig.1 Screening of suitable H,O, action concentration by CCK-8 method for constructing oxidative damage model of hPDLSCs
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JISIRCENCIRS
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CJQQ \§ Q%X
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N

A: DCFH-DA%:t4; B: KA DCFH-DA AL A1 SGTE 54T, C: MDAK A G AE 2 AIMDAJK . *++¥%P<0.000 1.
A: DCFH-DA staining; B: figure A DCFH-DA staining correlation quantitative analysis; C: determination of MDA level of each group by MDA detec-

tion kit. ****P<0.000 1.

B2 &EMAEAROSFIMDAKELLER
Fig.2 Comparison of intracellular ROS and MDA levels in each group
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L, LIPUS+H,0, 41 [ BH 4 G o [X 5k B S 4
B, RUNX2. ALPAHIOPNI & A ik & 5 & B
(P<0.000 1)(F4F15), Z5HELHLIPUSH DL =
HO.1F N SZ2 40 1 i 7 AL e

2.4 LIPUSHIHISE LN IFSHIFOXO1HER 1L
Ext 2 EL 8, HL0,.40 3 5 p-FOXO1/FOXO01
AR K A 1 (P<0.000 1). S5H,0.414H L,
LIPUS+H,0,41 p-FOXO1/FOXO1 K [ ik /K T &
TFE(P<0.000 1)(E6). 25 RIERTEAMPBFIAEE T

CAT/B-actin protein

Bt skskokok

FOXO R AR - Tt i, X1, LIPUS AT LA %Ak
FFIMFOXO ML ik
2.5 FOXOI1T §E 2LIPUSX 1 & LR 15 1R 1E
AR a

5 H,0,+DMSO4 L%, LIPUS+H,0,+DMSO
HANMOTE S8 (P<0.000 1), p-FOXO1/FOXO1%E
I E 225 PRI (P<0.000 1), 29 ROS/KTF- B F#
(P<0.000 1) H e H 70 AH G H RUNX2. ALPAI
OPNZRIA & 3 Fif (P<0.000 1). KM FOXO141#]
71 AS18428564L ¥ 5 , 5 LIPUS+H,0,+DMSOZHAH EL:,

SOD-2/B-actin protein

A: Western blotf il % 41 51 0 B 5C 2 19 CAT 5 SOD-2 235 1 35 B: AR BEE 43 /T . #%%%P<0.000 1.

A: Western blot to detect the expression of antioxidant enzyme-related protein CAT and SOD-2 in each group; B: corresponding gray value analysis.

*xxxP<0.000 1.

E3 JAMEmELERNERRIAKTF

Fig.3 Protein expression levels of antioxidant enzymes in each group

Control H.,O

ALP staining

LIPUS LIPUS+H,0,

Alizarin red staining

ALPHI G 22 21 e (0 U 52 % L2 i 57301 e 300 e - A e

ALP and alizarin red staining to observe the early and late osteogenic differentiation ability of each groups.
El4 LIPUS{ERIZTH,0,i% S TEIhPDLSCsi & 53 L EI M
Fig.4 Effect of LIPUS action on H,O,-induced osteogenic differentiation of hPDLSCs
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A: Western blothi il % 20 BB 43 (U AHSC B FAIRUNX2. ALPFIOPNARIA T IL; B: AHRL K AR /04T *#*%P<0.000 1.
A: Western blot to detect the expression of each group of osteogenic differentiation-related protein RUNX2, ALP, and OPN; B: corresponding grayscale

value analysis. ****P<0.000 1.
El5 LIPUS{ERIZTH,0,i% S TEIhPDLSCs i &1 X & B FNT
Fig.5 Effect of LIPUS action on H,O,-induced osteogenic proteins of hPDLSCs

ek kskoskok
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LIPUS = = + 9 2091
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A: Western blotill % ZHp-FOXO1/FOXO 14 [ T hL; B: AR AR FEAE /3. *+#%P<0.000 1.
A: Western blot for p-FOXO1/FOXOI1 protein expression in each group; B: corresponding gray value analysis. ****P<(.000 1.
El6 LIPUSAIEXTH.O.{EF Tp-FOXO1/FOXO01%&E HRILMFIT
Fig.6 Effect of LIPUS treatment on p-FOXO1/FOXO1 protein expression in the presence of H,0,

LIPUS+H,0,+AS 1842856 ZH 41 B3 /1 F F4(P<0.000 1),
p-FOXO1/FOXO1 5 H# X B Fi§ (P<0.000 1), i
PWROS/K- i 2 T+ (P<0.000 1), H-EEEEE RE 4k
b B A RIEKCP BRI (P<0.000 1)(E7~E9). £5 5
#eor, FIHFOXOBRIL/K T & , LIPUSKH L%
() hPDLSCs {4 1 H B 20855 , B FOXO1 7] R
FELIPUS KR A ORAP VR FH ) S Y 42 o

3 iTig

1R — P I e, o A 2 i 5 i
R SR SR R (9 F 5. $275 PDLSCs
PR AL B 7R o 8 A AR B e —
LIPUSE 4355 18 5 700 4 4 A 25y T U7 PO AR
N7 573 L 7E 5F R 4L T AR TR BT 9 77, KT
H EARAE FIHLS AR 28

oF J 45 4% PE RO 55 5 S0 SR L 5k 4 L A

V) o E P R S A P R, I
U2, PDLSCsHILH RIFIIHKEH . £ M1k
BE IR B T TR, Je4ede o B S fa S B 2
Yz —, R 4 R R
MU, SRR SR T 2 A PDLSCs I B 47
b, AT SO B P AR SR PR 1) AR L 32
PRIT T LIPUSXS S 46451473 (1) hPDLSCs ¥ R4 1 H -
SRR, 15 Ho0.15 T AL RIEOA R, LIPUS
BE B 32 7= hPDLSCsHL A M HE 7 1 52 L 52 45 1) 1k
B4k, #2785 hPDLSCs & LIPUSTE F JH & 1R
J7 BB RN R — , LIPUSKE & H AR 40,
LR 2 R A A e i — DR
FOXO1/2 & Tz I A it , 75 B 4 i
mRIE, Z 5B 51 . ROSTE B A 4 i
5. FOXOLM#E 3G BT — R 53 5181

(BRI . AWl Z RS RIFST, Hh ik
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A: Western blotl] #%-2Hp-FOXO1/FOXO1 £ [ i 15 it ; B: AR AKEEME 73 Hr; C: CCK-8A M4 /7. **+#P<0.000 1.
A: Western blot detection of p-FOXO1/FOXO1 protein expression in each group; B: corresponding gray value analysis; C: CCK-8 assay for cell viabil-

ity. **%%P<0.000 1.
El7 FOXOUM&IFI%p-FOXO1/FOX01E B ik M 4HPESE RS20

Fig.7 Effects of FOXOL1 inhibitor on p-FOX0O1/FOXO1 protein expression and cell viability
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7 ~ c21
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A: DCFH-DA#4%; B: DCFH-DASL (ARG E S M. ****P<0.000 1.
A: DCFH-DA staining; B: quantitative analysis related to DCFH-DA staining. ****P<(.000 1.
E8 HIFHIFOXO1XTLIPUSAT ShPDLSCsii & WA EE RIS
Fig.8 Effect of FOXOL1 inhibition on LIPUS-mediated antioxidant defense in hPDLSCs
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A: Western blotf Il # 4L 4 A AH DG ER FIRUNX2. ALPRIOPNIFZRIATEIL; B: AR FEMG 5342 **%%P<0.000 1.
A: Western blot detection of the expression of osteogenic differentiation-related protein RUNX2, ALP and OPN, in each group; B: corresponding gray

value analysis. ****P<0.000 1.

E9 HIHEIFOXO1XLIPUS{RIFhPDLSCshL & 77 L BE RIS NT
Fig.9 Effect of FOXOL1 inhibition on LIPUS-protected osteogenic differentiation of hPDLSCs
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S FOXO1EE I T %, Ml bréa b5 s 7
T AH ST R Rk

FOXOj& — MM B K1, — LU 7=
WA FHIBTYIN /IR (it FOXOUZRIE, KIE4NL
PRy ER ., CHENZPHGELIPUS ] LA hPDLSCs
fIFOXO1KZA & | {3k RUNX2 A ML 1k . A
W5 R I LIPUSTE N —FIHLARR. 77, R FEIIKROS &
TR I 1 FOXO 1 ER 1L K F-. AS1842856
Fe PR FOXO 1T, 7 LA E 45 A iE L)
FOXO 1 4| AT 1 e =g 249, LI%E PIAT A
RIWH AS1842856 03 J5 , JIH [ Pt 75 5 (1 WL vt 14+
41 i HR R Ak FOXO 19/ iX — i F2 52 240 ), 1569
AS1842856H 1] LAMG NI AL FOXO1 7K ANHHF T
48 A 7 LA FH AS1842856 40 A 5411 Y FOXO 1k
BT T, S 3 LIPUSH b 5547 () hPDLSCs )
TRy FH A Bk 55 . $27R LIPUSHIH U B4 mT A it
PR FOXO1 SRR A 7K - K42 5 hPDLSCsHt AL B
FEIRE 77, BETT K S A AR B L AR

gE bATR, AR IL T LIPUSHE B8 AR
B, {2t hPDLSCsHCH 734t , FOXO1{E1X — i #2
A RE RSB EIEF , MR B MR LIPUS . FH T
KR RIT BIA S oy TAE LR AL T B CFE S
ZHEIRT.
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