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HWE BREXTE(KOA)Z—FaSXTHRE BE RETTERARLYT BB ILASAREME LR
MR EWRTEAET RRK, KOAWERE AT REGRMEE R MICE T BIHH X, 45528 @50
NE-1BIL-1B) M B HF B F—a( TNF-a) ¥ & ik, EHILTKOAW % LR FTERB P, HE
KOA 8920 fe N &3 , 2R B M BB  a JR SN KR, Y (B € 7% R TR B I K e SR id 42
PHIE TR0 E ARIRE KT AR B (LIPUS)E A —FF R Al R 20 3067 F 8, AR L2 —FP 3R E 4
ARG LA AR | 28 3T H 2 A R0 S5 4 22 R T vAE B R m e E R — £ B BZAL R, LIPUS J2 KOA % I& JR A
B P I A b, T A IL—1B 2 TNF—a 5 X2 A8 X 15 T8 a) F i m ik 205 X kR RSt 30ni5 20
YA, e AUk eis (D LIPUS il i 3 3% 78 B 7 B o 20 I 69 B v 38 12 B 40 ) A 3 B 45 & R RAL 45 My 3%,
2R 8 3(NLRP3) X JE DR EE 34k B e 2 e = A IL-1B B Y, B AR K JE RS ;40 °T il it 22 g 38 A
MMTV A5 & K35 & G (Wnt)/B—% 2K O 15 58 AR A T IH B o 69 Ak 4 4t 20 B K o 2 6] TR L 4F 24X
@ LIPUS @i 474 IL- 1B # 094 B FE LB i« 524838 % F (NF-kB) 12 T 8% R Az £ 3L R ENE
B B (MAPKSs) 13 5 i 78 R AR 3 2R 4 e 2 R 2m A SH 2R, IR 308 dm e AXas AR P 3R . B LIPUS i@ id
BOE I SME SR B 1/2(ERKL/2) Fo B IE BE UL 3— it B — & & % % B(PI3K—Akt) 13 5 i@ S48 3 18] &
T e g s o, Tl i B A E-F M E£3E 9 (mTOR)E 5@ 5% kARS8 R T 20 e = A 454 &
KB F BI(TGF-B1) AL B E T R o KA R E KX I LIPUS i@ it B v ik 24T 3k 18] 7L R T 20 B o it 4 fe
SR B AR R RS BLARE, A R R LIPUS 89 B804 77 7 @y -4 37 &% . 3833 xF LIPUS4E A T KOA X 48 %
15 5 B R0 FF Rt R B AT 42K | A LIPUS 89 16 SR 0 R IR G087 7 E R BIRIE

KR M R K ARGRERR Y AR B K A5 T AR TR B e BROR an e TR R T an e

B 275 & (knee osteoarthritis , KOA ) & —F i
Z ARG UURCE R0 R AR T B
JEE KB B A I BRRRAR | 6 B S B 55 il il 21
SUEEFPIR AR 1 A OB o fa i R R A A% P
SRR A A AT KOA 7E 3R Y ik 4
2978 53% , &5/ = RBURSER ' o HRE FEW K

ST R B RN 3 g A R Y S A, A R )R
B 5 HBUIAC . BFIE o | B T R UL W
LR AL B A M S A v Y R 2T 4
2 JfL RN A A0 M S 2 R A 2R A ST B i
J& 1 41 i 4 & -1 (interleukin—1p8, IL-18) . IL-6 FlI
Jif 983 IR FE A 7 — o (tumor necrosis factor—a, TNF- )
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ik, P IL-18 A TNF-o 2R R AE & e I 75
FHCE N E IR RN R T, A BT KOA 1Y
ZARBUR RS D, 4R KOA M40 i NI 3l , 78
BCE IR A0 PR SO R B S
BT B RS S5 BRAE R P4 A A
@, BRI RAS W R 250 s8R 25936 97 5 1%
e P A0 A R BEL I 02 8 DR 7 ek, Ui 3ok
BB S S R BRI AR R $EAE
BEXF KOA LIAR 25 MG r h B ik , (A B H H0F s
FNARIT LBEIR YT A BRI AR I — R IC Rl
LAY IR TT T B 7E KOA BIIR YT EE 44 60
ZAERY P S WETE R 2 ELTY SR 158 0.02
~1 W/em? 5% 1~3 MHz 4 {1% 58 B2 ik ol 8 75
(low—intensity pulsed ultrasound, LIPUS) ., LIPUS 1§
T KOA BAT IR Y RAE G50 e i
FHAE AR ORI i LIPUS A/
KOA #EAE AR SCAF 530 B (1 W 53 1 S A T 255, AT LA
N LIPUS Bl RIS FH 5 H e 105 5

1 LIPUSHI{ER#LEI

LIPUS & — PP LA I , FC 7 G AT o A B AL 4%
S L 2 [R] RN A0 PN, 7 2 20 P A SR RN
S, RS A 18] B B 2 ARG, 7 AR A RN RN
N, DT A 2 A0 = A — R A ey .
AR RO T A S A5 AR RN L 7 A AL AR R
S0 ST LSO AIU AR R U S B B AL
RO T VR ST URRES  dERF R A I B AR
REA 5T 2 B0, LIPUS 38 1o A5 #3078 3697 8 Hr A
AN ST T EA RAFRITRL 7, 5 A8 LIPUS 7R 45
il 9 RE AN AR HE )2 2048 &2 45 7w B R A1
FHEE 5 A SR B TR T MR R AR L, LIPUS B
A /N IR, HLBEHE 7 R S 1) 1% 3 21 I 41 2
PR RIS AL B B Pl . R LIPUS
X — 4P, O LR R R S R 40 A £ S
ACAE 0 ) B A S 2 0 AR AR 4 R
BT B RAE

2 LIPUSHERBXTRIEANESEEMAR

UTARSR LIPUS & 2 W H T KOA I IR IR YT
LIPUS 5 254y s H A 16 77 77 12 R 45 2 4 KOA 1Y
PRI R OCTT DI RB G R FE AN SCT BCE B L
8507 T HAT LR TR0 v IR AE O N LI-
PUSHK & 254+ 7 KOA B 6 i J5 , 5 5ph i JH 24
Y e X L, 76 058 AR 38 BT 43 (visual analogue scale,

VAS) VG % M A2 5 B e R 27 OG5 R 45 4L
(Western Ontario and McMaster Universities Osteoar-
thritis Index, WOMAC) & Lysholm i 3¢ 5 ¥ 43 (Ly-
sholm knee score scale, LKSS) J7 [ 2 3% BB i, H 22
FAGIFE L (P<0.05) . INA X KOA BEHY
Il R BIF 58K 11 AR 25 91 5 LIPUS BX A i A, A 4% o
IR UL SE S R 6 A AR A 2 2 4 JE AR 1 Tl
1 41 A - =2 (tissue inhibitor of metalloproteinases—2,
TIMP-2) F A s 08 DI T 5% 1 290 1 6 o 4 s 2 11 g
—13(matrix metalloproteinase—13, MMP-13) FA % 1A U
ER R LIPUS X 5CR 8 52 A7 B T .
R 1 iz FH B R 5 M S A I A Sy P4 o R0 T B
Hb 38 AR 2 MRLUE I, 0 5B UL %% 2188 75 k5 24
P %of O R B AR, WA TR A BE 8 7R 1 245%0)
A HAIRYT KOA ALH > . oh AR5 &k
I I PR FH A28 M 24, N E ) 45298 F AR AR Jk
R AT LIPUS 5 B ai A AOBCE I 2536 77 KOA (B
12 J8 38 3 FE A VAS \WOMAC B 3 BIA4 g 1 R 1T
41 (modified fall efficacy scale, MFES) , %4 2 . 75 A
R, 225 AR G R (P<0.05) , %
Bl LIPUS 7 4% 28k 516 97 Hh 0 KOA B4 245 1
KOA 1% A5 AV 7 HL I A MO T A 2R A 1
AR 445 5 38 B& 0T LABEAS (] 7 240 6L IR 7 0 . 7E
LIPUS X KOA 4 i AH 545 5 18 i A T HIL ) ) F 52
vh, R S ST TS X P A B AR 20 i A [R]
705+ 4 B (mesenchymal stem cells, MSCs ) B9 4E
S5 T, FERCR B AT I RO ST A5 48, DU AT X KOA
A A ] & S L B 4638 5 VR T 2 ORI HIFE £
FHR G A FIZW) , Ee B e RT3
2.1 LIPUS XA /]

BEE N A2 O B v 24 1 4 A
Jox b B (Chn Z2 4 R0 2R 1 SR ) BIORE TR OG5 i vh T
T i M i ( 32 A4 B I 4 A | i 2F 2 4t A 28
Ao 20 S 2 R IA B2 240 L5 4) L 9 Toll B 52 R (Toll-
like receptors, TLRs ) Wb JLAL 2 5= 1) 324K (recep-
tor for advanced glycation end products, RAGE) , LA J&&
T8 T L PN A% TR 45 5 S R AR S A Sl 32 AR 2 1
3 (nucleotide—binding oligomerization domain-like re-
ceptor and pyrin domain—containing protein 3, NLRP3)
RAE /A, 20 BT DA% R 7 1 4L B 21 «
B HEIE 58 T (nuclear factor kappa—light—chain—enhan-
cer of activated B cells, NF-«B) {55 5 il i 1 22 24 J
1% Ak 25 F 3% B (mitogen—activated protein kinases,
MAPKs) {5 5 i o = SR A2 0 40 N i A, 77 2E
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A TN IL-1B . IL-6 Al TNF- o FF R A W
Hs A S TC R M RE B AR . HATIEIE R,
LIPUS B A $it 4 i VE T, LIPUS Al A i a2 9 ¥ fis
41 b %) NLRP3 48 i /IMA I8 B S 17 W3 38 % % ¥4 bt
FRAEH 2020 4F 5 1 I 5T N R 22 68 - = 1
P2 i Ak B T A S W 40 B A I I 4 Y 0
IL-10 5 1, B OCT R A RAE LT FE Y 4R
Ja AT LIPUS WA YT, & 51 105 20 it JE v B g o 1)
NLRP3 R i /NMAAF 5538 i 19 SC 5 il ——F e 2
PR R 4 G R £ 1 i 1 (Caspase 1) 241 32 2 M ,
— LA A T 18 A i T DA il R TL-18

W/, BT ] NLRP3 R GE /MRS 538 1 Cas-
pase 1 41, 3% I 5% b & B0 LIPUS A LA 3E i 42 F 7

Pl 12 5% 1t ( pyruvate kinase muscle , PKM) f*) B WK 4l
il ¥ RS 2 rh TL- 18, sl 5 4 5 PKM RIS 514K 1

B&E A, 2T O I AR 456 1 /NS A i PR, 410
iﬁ% |
Elﬁﬁﬂﬂﬂ : @Asm—) CASP1% ﬁH@l
Al

LPS-ATP

pro-IL-18 ? IL’lﬁl A/ MK =3 W W
1

5 AN Ter
------ T

...... SQSTMI (/é.‘LIR) +LC3B e bl YN

il A IL-18 B A e RARBURAE I IR 1.
73— 77 0, TL~1 45 4 AE DA A4 90035 ) IRt S5 E0n
2F A 0 L 1 386 A R R R 4E L. LIAO 5520 % 91
LIPUS ] 3 i 400 i) A OA £ 35 58 vh 0 5 ) 4 B 27
Y20 I Y 25 TG R R MMTV #8507 05 5% 2R
(wingless—type MMTV integration site family, Wnt)/
B PR 1 {7 510 I, DA T 900 ) s 2T 4 4 L P 444 5
B /b ¥ B AR e Ak . Wit/ B—3 288 (115 5 3 B A

Sy MR Wnt {553 1%, 2 KOA 1Y 98 iE AH 5¢ 18 %
TEAE T T Mg A AR v, 2 5 KOA Ay #L it

FEPY S ST F W, LIPUS 0] 3 i 285 8 Wt {5 530
E%EE?PB%J;&E%’E?H}H@%&EO DL A T LIPUS
A 8 1 NLRP3 98 AE /A #% . [ W5 38 % Fn 20 i
Wt {5 5 38 5 , 2k 43 7l 52 W 1 J6S vp 5 10 40 0 ol
T 4 20 MO %) 20 BTG B, 8 B0 R E I RCR . W
K2,

PKM, SQSTMI T

SQSTM1-PKM T

PKMl P

ATGI6L1

PRM EHME

B

avE

LIPUS

\
IL-18 1

1 LIPUSIEid T Fiig R 40 A k) NLRP3 S /M il % R B I il B & SR E A
Figure 1 LIPUS exerts anti-inflammatory effects by interfering with the NLRP3 inflammatory

vesicle pathway and autophagic pathway on synovial cells
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Figure 2 Action of LIPUS on synovial cells
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B R, A S ORI R B LIPUS JE
ok 400 NF— kB 3 (# 100 FEL BT 015 200 L ) 8 DR o 72
UDDIN 24 % 3, LIPUS fATLBCA B F T LLE0S A
OB AN RS R AR sk TR Al I, 45 IL-1B
5 S0 20 B 5T P NF—w B 119 25 1 0l R A 4 il 3
IE IR S BRI T 4 M b MMP-13 SR A 2R 1
M5 mRNA YA, s 4 MMP-13
IR A AR RO Il -5 0% A g, Al I Y D 8
(collagen type 1T, Col II )& i ik 22 , [ B3 fin 4 2
HPETTT Y B, SRR o A s a1k
R ZGEBIRPECE ER . BRIKZ AN, LIPUS i6 7]
VEH F40CH i MAPK @ . MAPK & —25T7 12
FEAE T A% 40 M 1 22 202/ 9 28 R 2 1 I
MAPK 15 KOA % #HOCHY Tilg 3 28 4 ML A5
P (extracellular regulated protein kinases , ERK) |
p38 224 i A B 1 (p38 mitogen—activated pro-
tein kinase, p38 MAPK) FIl Jun 2 3 K v i s, H
R LIPUS 0] BE 2 i 12 BE 4R I A Ca™ PR
P FIRAE R LIPUS 7 A= (AT BRI 00 ik ) 52
A LS 7 B R A2 1A 4 A5 JE A 1 (TRPV4) | 3X Fii
S MIUBBUN 3 T P 5 38 0 i Ca™ o) 40 ML N A, i —
AT p38 MAPK 18 % b ERK /23 #, LA 25h
5 5 %3 R R B CON RE & 1 2/ 45 4 21

KPR F (CCN family 2/connective tissue growth factor,
CCN2/CTGF) ™4 . CCN2 J& LIPUS 1E Fl T4 i
0 i 7 A AN T e A ) B T AR R AR A L
Col I al Al Acan X (235 (1) 0 Col 1 FIZR 4R
R, B4 i s BB /EH] . SEKINO
S5V B LIPUS AT LA /N B 40 M PN ERK1/2
PR 3 PR SR AR A 1 RO Y & B i, MMP-13 19 3%
TRREAR , 18 5 1 4 A 43 Ak R 40 i S0 6 BT 5 i, B
L HERRCE DA B ki AR I DA [ 4
78 T LIPUS X B 4 M 69 71 1, 1% A1 A3 G LIPUS
A BB 3E o O SR KR Al A TP R S R - R BRI
(focal adhesion kinase, FAK) ~-MAPK i £ 3k ¥ &
KOA X i IR . 7 LIPUS AR VE T T
R G R PO , BE— 2L FAK, W45 R ilEAY MAPK
JKF-, {8 ERK1/2  p38 B 2 {7k 7 T B |, e 2 ik
Col TI /A B S s/ MMP-13 1 7= A R AR 9 3R
X SEZE ST LIPUS BYAIUAORINEGE i B AR T T 4K
B AN b AN TR] A A X e A b 2 b

I P AN R AR T R 40 ) A0 6 Al 7 0 1
AR A AR R B R, DR R R Rt
T, IEZ7 B T RN
2.3 LIPUS %S MSCs fiE8kE

Bk LA b X 5 R R R T AL Ak, 34k LI-
PUS [ 0F 58 F4 0 22 W e T X MSCs 19 52 1 040"
LIPUS i 0] 3 i3 5% ) MSCs P38 58 3k St ok ik
FMEE AR H ), MSCs =L Re 40, ) 124040
T B REAE UL AL, AT e 2
b A, Gn AR A0 L i 40 L R Al i A T
MRz EAL T, AR R e, fEh
J7 KOA Ji 1A B RBHE S, LING %/ Fl CHEN
SELLIRFSE A |, LIPUS 38 338 330055 ol g 1ok JUL et 3— Ul
(phosphoinositide 3 kinase, PI3K ) — & H I i} B (pro-
tein kinase B, Akt) {5518} A1 ERK1/2 {5 538 %, i
N 3 JBE1] 3 5T 1 40 i %) 40 3 2 ] 309 3 AT 49
B A 3 DT 9 40 R A R R
5 MSCs (38 51 . XTA 551 W % 3] LIPUS (14 LK
AT A S o T i A AR K P F - B1 (transforming
growth factor—beta 1, TGF-B1) ARSI 77 0 K U
i MSCs H1 (1% Col [T 15 A 2 111 SR W 1) ik PR e iR 1
T fdE Col 1 ALK IR FEAL, £ #F MSCs 731 IE 1
MO i AB S Rl o XA R T RE S e
i MSCs H 9 3% & 2 -8 M0 25 2 M HLHTHE 5 (mam-
malian target of rapamycin, mTOR) {Z 5 i & Sk 52
B o 1T ERAAR P9 AN 5 45 T S8 Jin s 80 %) O A
R LIPUS A 38 ik 9815 ) Wi ok £ 9 B 3k I Y MSCs
AN IR RIS, $E— 254 i Col 11 45 41 B 40 3 5t LA
PRI, B2 A b At mT e Ao 40 ) Pl TL-18 3
() NF-«B iR 28 5 #ig o R LIPUS BR 1 B 4%
0 ) B B YR A 3 AT AR 3 S A OGN I 1)
MSCs 3 W 1) SN IARAE S 3 o 34k, LIPUS B BLAR
I 3 AT S MSCs H Y A W E O e A2 1185, B
LA R T 1 W o) ) ST B (EXT A P
T AR R el 5 L MSCs B9 1T F% I AR B A ] B
H NI T B L5 AR LIPUS 78 MSCs 1275 Hh il 1
o AR BIRIFSE S I8 LIPUS 3 11 22 b 22 it () (5 53
%, 7F MSCs 3851 oAk 3B 78 S H A W i P Wy o
B 7= A A FHAE D7 TR A RO0, A S B 1 e ARt
OIS IR 2% KOA IR . WLIEI 3.
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Figure 3 Effect of LIPUS on cartilage

it

2 L riR , LIPUS 3 2858 o 52 ) [ I . Wnt/B—
I 1  MAPKs . NF-kB . PI3K-Akt Fll % I 75 1 -
mTOR S5 15 538 B X5 A G v i) T J5E 40 e L 21 4
i K B ) 78 5%~ 200 B A9 400 B 6 ot R AR R
LIPUS I 38 i 3 5 5 0 240 it A ) o 42 S AT il NIL-
RP3 48 i /NI A 00 400 e 7= A= 9 TL-18 k2L,
TR JAE RN o A AT 38 A MLARCR S  TL-18 5 5
B NF—kB 3848 B 38000 MAPK 38 % , I 315 501 i1 43
WA, PR T A0 A AR A I, DR R
TE B B8 18] 78 5T 1 40 BfL 7 T, LIPUS 3% ERK1/2 il
PI3K-Akt {5 5 18 B& A2 i MSCs 4 58 73 Ak, , 8 1 4%
K 2K F1-mTOR {5 =3 PR L #F MSCs 74 TGF-B1,
TEHEECEIE N, 55— 7, LIPUS 38 Af {i¢ BE MSCs 73
WA IAA 8 a F A TL-18 175 5 9 NF-k B i #2828
E A, AR 30CE o B B 9T & B LIPUS
T I S R AL P MSCs [T RS . il ad X LIPUS
FE KOA SRAE A AR 718 #% LA FVE SRR IRE,
A FIF S LIPUS BEAGHERIARYT o Bbah, T 20 HHT
FeARIBTT B T SN 1 PR 56 8 Bl 88 T 4R 7E
TR SRk iy i — 25 38 LIPUS X 5647
S Al 291 9 B0 55 P s W 3 G, B — AR R A LI
PUS B9 BRI L 20 it 2 1) 43k R i 40 B 315
FHAE BB R Z W BT 17, il PRI 5% A BX
BRIT T RIS ARE .
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ABSTRACT Knee osteoarthritis (KOA) is a degenerative total joint disease involving pathological changes in the cartilage,
synovium, subchondral bone, and periarticular ligaments and muscles of the joint. The onset of KOA is associate with the metabolic
imbalance of articular cartilage and the activation of cytokines, especially the high expression of interleukin-1 (IL-1p) and tumor
necrosis factor-o (TNF-a). They appear in multiple pathogenic signaling pathways of KOA, regulate the intracellular activity of
KOA and play an important role in pathological processes such as chondrocyte destruction, extracellular matrix reduction, abnormal
cartilage remodeling, subchondral ossification, and synovial inflammation. Low-intensity pulsed ultrasound (LIPUS), as a non-inva-
sive and safe physiotherapy therapy, is essentially a low intensity mechanical energy, which can produce a series of physicochemical
effects on cells through physical stimulation such as cavitation effect. LIPUS is effective in the treating KOA, achieving anti-inflam-
matory and analgesic effects and promoting cartilage repair by modulating the activity of inflammation-related signaling pathways
such as IL-1p and TNF-a. The therapeutic mechanisms reviewed as following: 1) LIPUS can reduce the inflammatory response by
enhancing the autophagic pathway of macrophages in the synovial membrane and inhibiting the nucleotide-binding oligomerization
domain-like receptor protein 3 (NLRP3) inflammatory vesicle pathway to reduce IL-1 production by macrophages; it can also acts
through the classical wingless MMTYV integration site family protein (Wnt)/B-linked protein signaling pathway on fibroblasts in the
synovial membrane to inhibit synovial fibrosis. 2) LIPUS promotes chondrocyte production of extracellular matrix, regulates chon-
drocyte metabolism, and protects cartilage by inhibiting IL-1p -induced nuclear factor-activated B-cell k light chain enhancer (NF-
kB) signaling pathway and regulating mitogen-activated protein kinases (MAPKs) signaling pathway. 3) LIPUS protects cartilage by
activating extracellular signal-regulated kinase 1/2 (ERK1/2) and phosphatidylinositol 3-kinase-protein kinase B (PI3K-Akt) sig-
naling pathways to promote MSCs proliferation and differentiation, and also promotes transforming growth factor-betal (TGF-f1)
production by MSCs through the integral protein-target of rapamycin (mTOR) signaling pathway to promote cartilage formation.
The latest study also found that LIPUS promotes the migration and exosome release of MSCs for cartilage repair through the au-
tophagic pathway, providing new ideas for the future direction of LIPUS combination therapy. This article provides a theoretical ba-
sis for clinical studies and combination treatment options for LIPUS by reviewing the research progress on the role of LIPUS in
KOA inflammation-related signaling pathways.

KEY WORDS knee osteoarthritis; low-intensity pulsed ultrasound; inflammation; signaling pathway; synovial cell; chondrocytes;
mesenchymal stem cell
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