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Effects of focused low-intensity pulsed ultrasound on inflammatory cytokines and pyroptosis-related proteins
in mouse knee joint chondrocyte injury
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[ Abstract ] Objective To explore the effects of focused low-intensity pulsed ultrasound (FLIPUS) on the expression
of inflammatory cytokines and pyroptosis-related proteins in mouse knee joint chondrocyte injury induced by lipopolysaccharide
(LPS) and the mechanism of chondroprotection. Methods Primary chondrocytes were isolated from knee cartilage of

C57BL/6J mice and stimulated with LPS for 12 h to mimic osteoarthritic chondrocyte injury in vitro. The chondrocytes were
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divided into control group (only cultured in medium containing 10% FBS without any treatment), LPS group (LPS treatment
for 12 h), and LPS+FLIPUS group (LPS treatment for 12 h followed by FLIPUS intervention for 20 min). The expression of
collagen II al (COL2al), inflammatory cytokines (interleukin [IL] -18 and IL-1pB), pyroptosis-related proteins (nucleotide-
binding oligomerization domain-like receptor 3 [NLRP3 ] , cleaved cysteine aspartic acid specific protease 1 (caspase 1),
and N-terminal fragment of gasdermin D [GSDMD-N | ), and cartilage matrix degradation factors (matrix metalloproteinase
[MMP] 13, MMP3, and a disintegrin and metalloproteinase with thrombospondin 5 [ ADAMTS5 ] ) were detected by
Western blotting. The viability of chondrocytes was detected by calcein acetoxymethyl ester/propidium iodide (calcein AM/PI)
fluorescent staining and lactate dehydrogenase (LDH) release assay, the morphology of chondrocytes was observed by scanning
electron microscopy, and the levels of IL-1p and IL-18 in cell supernatant were detected by enzyme-linked immunosorbent
assay. Results The primary chondrocytes were isolated from knee cartilage of the mice and osteoarthritic chondrocyte injury
in vitro were successfully simulated. Compared with the control group, the expression of COL2a1 was significantly decreased in
the LPS group (P<<0.01), while the expression levels of MMP13, MMP3, ADAMTSS5, NLRP3, GSDMD-N, cleaved caspase 1,
IL-18, and IL-1pB were significantly increased (all P<<0.01); the levels of IL-18, IL-1f, and LDH in the cell supernatant were
significantly increased (all P<<0.01), with cell swelling and deformation, more pores on the membrane, loss of integrity, and
increased cell mortality (£<<0.01). Compared with the LPS group, the expression of COL2a.1 was significantly increased in the
knee chondrocytes of mice in the LPS+FLIPUS group (P<<0.01), while the expression levels of MMP13, MMP3, ADAMTSS5,
NLRP3, GSDMD-N, cleaved caspase 1, IL-18, and IL-1p were significantly decreased (P<<0.05, P<<0.01); the levels of
IL-18, IL-1pB, and LDH in the cell supernatant were significantly decreased (P<<0.05, P<<0.01), with relieved cell swelling and
membrane pores and decreased cell mortality (£<<0.05). Conclusion FLIPUS may reduce chondrocytes injury induced by
LPS in mice via inhibiting the expression of inflammatory cytokines and pyroptosis-related proteins.
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Morphological observation (A) and identification (B) of mouse knee joint chondrocytes

PO: Primary culture cells; P1: First-passage cells; P2: Second-passage cells. COL2al: Collagen I al; DAPI: 4°,6-diamidino-2-phenylindole.
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BB B dipuifs. WK 2. & 1.
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— 195

| ——

COL2a1 EHHWRIE

Fig2 Expression of MMP13, MMP3, ADAMTSS and COL2a1 in mouse knee joint chondrocytes in each group
detected by Western blotting
MMP: Matrix metalloproteinase; ADAMTSS: A disintegrin and metalloproteinase with thrombospondin 5; COL2al: Collagen 1T al;

LPS: Lipopolysaccharide; FLIPUS: Focused low-intensity pulsed ultrasound.
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Tab 1 Comparison of expression levels of MMP13, MMP3, ADAMTSS and COL2al in mouse knee joint

chondrocytes in each group

n=3,xxts
Group MMP13 MMP3 ADAMTS5 COL2al
Control 0.1040.01 0.14+0.03 0.64+0.06 1.18+0.13
LPS 0.97+0.12" 1.0840.05" 1.0940.17" 0.52£0.06"
LPS+FLIPUS 0.584+0.0874" 0.69+0.0374% 0.73+0.10° 0.86+0.08""

'P<<0.05,

"P<0.01 vs control group; “P<<0.05, 44P<0.01 vs LPS group. MMP: Matrix metalloproteinase; ADAMTSS: A

disintegrin and metalloproteinase with thrombospondin 5; COL2al: Collagen I al; LPS: Lipopolysaccharide; FLIPUS: Focused

low-intensity pulsed ultrasound.

2.3 FLIPUS T & & LPS %369 /s R £ P 35 ta e
EPEZ R I calcein AM/PI ¢ 5 G {4, K LDH B¢
TS S W /N U G 3B AR TG P2 Ak, caleein
AM B35 4 A 0 PN R R K AR, AR N BEE
MU ES AR R, Ko, MM SRR
WEIR A SE A0 M Al LA PLYL A, K40 (amdk, 3 H
Bt LDH. 5% FATAH [, LPS 4/ RSG5 4
BH AN PT B R THE (P<<0.01) , HANM Fig
Wb LDH B (P<<0.01) ; 5 LPS 4HAHLL,
LPS—+FLIPUS 41N BB OC T Fi 240 il PLBHPE SR
% (P<<0.05) . LDH Bius/> (P<0.05) . %%
$27~ FLIPUS GEHS M/ BT 0| s v L O
DECE YT, Wk 2. Kl 3.

F2 BANMRERXTREHEME PIPEERR
LDH B Z i
Tab 2 PI positive rates and LDH release rates of mouse

knee joint chondrocytes in each group

%, n=3,xts
Group PI positive rate LDH release rate
Control 3.02£1.15 9.80+0.79
LPS 24.024+5317 23.26+2.51"
LPS—+FLIPUS 14.34+2.62"" 15.09+2.85"
"P<0.05, "P<<0.01 vs control group; “P<0.05 vs LPS

group. PI: Propidium iodide; LDH: Lactate dehydrogenase;
LPS: Lipopolysaccharide; FLIPUS: Focused low-intensity

pulsed ultrasound.
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Control LPS LPS+FLIPUS

Calcein AM

100 pum . 100 pm

100

100 pm 100 pm 100 pm

100 pumy ! g 100 pm' 3 100, tm:

B3 HHMRBEXTREYHM calcein AM/PI ZERE
Fig3 Calcein AM/PI fluorescent staining of mouse knee joint chondrocytes in each group
AM: Acetoxymethyl ester; PI: Propidium iodide; LDH: Lactate dehydrogenase; LPS: Lipopolysaccharide; FLIPUS: Focused low-

intensity pulsed ultrasound.

2.4 FLIPUS #+ LPS # 59 /s e % 3 25 m i iy YRR AT, SIFANKIN, ANAEASE I i LR
MBS F LA R AR Hre  FIE T IS5 LPSHFLIPUS /N UBOCT B 4R &
BOWERZE (K 4) WoR, XTRAVNRBOCTT B o, WIREREE S, AMARAR L AL S b
M RIE, IS ROEH s LPS 4/ SE T e

Control LPS LPS+FLIPUS

4 SEM MUBRZH/NREXTREBHAEPSHEN
Fig4 Morphological changes in mouse knee joint chondrocytes in each group detected by SEM

White arrows indicate cell membrane pores. SEM: Scanning electron microscopy; LPS: Lipopolysaccharide; FLIPUS: Focused low-

intensity pulsed ultrasound.
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25 FLIPUSKT X R FAETHMAZEG RXW  IL-18 H Rk K FHEM (P<0.05, P<0.01) .
Bt HAEm AR (K5, %3) % ELISAKIISEE (F4) s, SXRAHML, LPS
N, SXTRRAUA E, LPS AU/ TR At AN BUBEOC T B A0 i W R P IL-1B. IL-18 UK
NLRP3, GSDMD-N. cleaved caspase 1. IL-1B. FTbE (¥ P<0.01) ; 5 LPS 4140, FLIPUSH+
IL-18 SRR IAAK TR (¥ P<0.01) 5 H5LPS LPS ZH /N FRUBECTT s 4 35 b IL-1B IL-18
A, LPS-+HFLIPUS 2H /) B 56 15 #50H 4i i v KRR (3 P<0.01) .

NLRP3, GSDMD-N, cleaved caspase 1. IL-1f,

Control LPS LPS+FLIPUS M: (X 10%)

NLRP3 —| _ m'i—lls
—_— Control LPS LPS+FLIPUS M:(X 10°)
B-actin — * “ —-_—— B-actin —M“ — 42

5 FARILEERNSENRBFEXTREMAME NLRP3. GSDMD-N. cleaved caspase 1.
IL-1B 1 IL-18 EAKIRIE
Fig5 Expression of NLRP3, GSDMD-N, cleaved caspase 1, IL-1p and IL-18 in mouse knee joint chondrocytes

Cleaved caspase 1

in each group detected by Western blotting
NLRP3: Nucleotide-binding oligomerization domain-like receptor 3; GSDMD-N: N-terminal fragment of gasdermin D; caspase 1:
Cysteine aspartic acid specific protease 1; IL: Interleukin; LPS: Lipopolysaccharide; FLIPUS: Focused low-intensity pulsed

ultrasound.

£3 BRANRBEETRSMEES NLRP3. GSDMD-N. cleaved caspase 1. IL-1p 1 IL-18 B B R AKFEHLLER
Tab 3 Comparison of expression levels of NLRP3, GSDMD-N, cleaved caspase 1, IL-1p and IL-18

in mouse knee joint chondrocytes in each group

n=3,xxs
Group NLRP3 GSDMD-N Cleaved caspase 1 IL-1P IL-18
Control 0.7940.14 0.4140.10 0.6240.03 0.3410.04 0.7240.11
LPS 1.13£0.19™ 0.86+0.12" 1.14+0.12" 0.75+0.09" 1.58+0.25"
LPS+FLIPUS 0.77£0.07°2 0.57+0.08" 0.83+0.15° 0.52+0.12° 1.06+0.15°

“P<0.01 vs control group; “P<<0.05, ““P<<0.01 vs LPS group. NLRP3: Nucleotide-binding oligomerization domain-like
receptor 3; GSDMD-N: N-terminal fragment of gasdermin D; caspase 1: Cysteine aspartic acid specific protease 1; IL: Interleukin;

LPS: Lipopolysaccharide; FLIPUS: Focused low-intensity pulsed ultrasound.

3 i i
4 SANRBETRBER EERRAERT "ok

IL-1B . IL-18 AF e OA HIZFRIN K31, ZLIOCT RS 4E1L |
Tab 4 Comparison of levels of inflammatory factors S BOE TR Ak R I B 3R

IL-1p and IL-18 in supernatants of mouse knee joint

AT, UEHE % B R E 5 IL-1B A1 IL-18 Al 4
PECE A . BRI A T g o T

chondrocytes in each group

(pg * mL ™), n=5,x%s

Group IL-1B IL-18 P2 SFOCATER Y L [FIEF, MMP3 F1 MMP13
Control 43.3047.04 17.14£5.98 . NN e
LPS 92.11+6.52" 76.77+7.07" AT PR R) 2R B [ 53— rh = AERRTESE AL, = b R A
**AA **AA . " . R
LPS+FLIPUS 69.134+9.23 52.41+£8.18 1 7 s JE é%ﬁﬁ%iﬁ%ﬂ@ﬁﬁjé??ﬁ%*@m 12] .

"P<0.01 vs control group; 44p<0.01 vs LPS group. . . e
IL: Interleukin; LPS: Lipopolysaccharide; FLIPUS: Focused ADAMTSS 220 By A o i1 2 11 2 it £ e

low-intensity pulsed ultrasound. fi#, BEINEE OA JiTH it & o BN P 1 o 1 B2 S A
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FHOCHIEGE FE B, 40 R £ TR 48 T I R E /MR
caspase £5 . IL-1B fIIIL-18 5 OA kKA. kKJBA
BHEYLR Y . Horh, NLRP3 RAE/MAZ AR K
0 A TR AR Y WE ST IR, 25 A B R R O
XI5 32 /K NLRP3, NLRP3 % & 58 B AL I 55 48
caspase 1 A& ( pro-caspase 1) JEAL NLRP3 %
JiE /IMAS, Hf pro-caspase 1 il T. 4 A i P Y cleaved
caspase 1. cleaved caspase 1 Z4ff i [z & D I Bk
H NI 25K 5, 225 A BT 5 4 M R4 G O
AL, AN YRR, &R (R
A}, cleaved caspase 1 fi&i#F IL-1B Fll IL-18 ) A5

A3, SO ISR R R A R AR AR SY
FW, 15/l OA FR AL Kz OA R E TP HCE 4l o AE T

KB TR g 1 40 B PR T meteorin-like %
B ZE (irisin) 3@t NLRP3 {5558 B 37 1 4505 20
MIAET, WRACE i, St OA e, 4/ridid
NLRP3 {55538 i I8 45 41 J £5 T~ 7] i J2 OAVRIT Y
g, HorEtTY

A E N —F BN, HA TR AR RN
AN PEMY LR AR L, TEIG IR BTz N TR L
NS R 2 R gk L BRIER T R, 15
Gr AR S A5 75 SR HAR AR 38 0 =6 40 1M A5 38
B, BRIUGEHLSUEA . AUk RAE Y T A

PV SRS AR L, FLIPUS R AR
K (0 6 MHz ) LSRR 7 20K 75 fe i 5 2¢
TIRA B, EELE AV E OA &
FEIRITVE o R X HILAM A fey RO LR, AR 7
PERLAR G2 A 0] AR AR B 20 B Y R E 2 g, 38 ingk
A HEE, (RPN A Y o AR
TZH AT INAF STt & B, FLIPUS 38 5 AILBRN ek 3
BV 22 A DT RABERY I SR RS, AR E AT
A AT S AR 2 B2 ( prostaglandin E2, PGE2) M —
AR (nitric oxide, NO) R, PR AERgTy
B . FLIPUS (97 T 408 i 7e AR FA AL 4
ARt — R .

A BF 5% 45 W B, LPS 3 R/ BB 56 1 Bk

B A0 B S E TR A JE, 40 R AR 5 R R A TR T
ADAMTS5, MMP3, MMPI13 % ik | F+, [A] B,
41 Jfl FE T 40 ¢ 85 1 NLRP3. GSDMD-N. cleaved
caspase 1 M # 4E A FIL-1B, IL-18 5% ik Ft /&,
S0 0 b 35 W IL-1B . IL-18 K SF | JF, i 40 i vp
COL2al FRik MR, FE MG TR, SET- %3
T R T BB ERE] LPS IS o 4 i ik
WRARTE, AN ZEAL, SeBEPEese, B i i AR
TOIRAZUE . DL S5 SRW] LPS Al 0B 4 i
L1, BEGE R, e A .

AW 5% % BLFLIPUS fig 45 2 F ¥4 LPS Ab #f
Jei KR A0 A TR R S TR I A [T ADAMTSS
MMP13, MMP3 4 [ K3k, 6l BT CE H
NLRP3, GSDMD-N, cleaved caspase 1 & %4 i
FIL-1B. IL-18 3Rk, FEARAHAL I35 W IL-1B.
IL-18 /K. [AE}, FLIPUS FiH4His COL2al 3

ik, WEIMECE AR TE T, RRIRECE AT R,
#Eﬁ%imu <l FLIPUS A Jak 4 4% 5 40 i e ik
IEak D A B AL BOE B, — 8 B L3 % LPS 5
FHHRCE MM ET IR, DL RS RERW,
FLIPUS 1] e i< 410 il £ 12 A0 5GBS i P -3
ik, W LPS i A SRE SN | T 76 fie JiE o fit A
YRR, PR

AFFEA VL F AR ZAE: (1) OA ZHiHLHI

Bk, W RRZ SO S AE S H i, A5

M FLIPUS X} 4 i [ 7 AR T4 56 8 A F 45T
HAEHMLHR, 753 —P4R5E FLIPUS J& 54 HAth
PRIHLEL;  (2) ABFSE HIEAT TR0 S 56,
FLIPUS it & AP 40 AL T AR P ON 0 Ak —
HAESE;  (3) ARBFFAUMEL T FLIPUS X 41 it &
SiE A 7K V- K A AR TSGR I g, A DL
B 2 IR DG A B, 1 SR IR S S L D 751 2
— B UE FLIPUS $t R FIPT AN A2 T 20 F ML
TE T — g, FRATR 8 1 Juim a0y T
NLRP3 ik, HMRA M FLIPUS H il #8241
MIAET . FRARARAE Tk AL

ZE LTk, FLIPUS 3 i 01 il 9 JiE DA ¥~ F1 20 g
FETA S HE Rk 8% LPS U5 510/ U & 15 4Kk
B A5

(& % x #f]

(1] PRI, BRPE, A48 T5. 2019 HLOARSIC i i fl £



.« 276 -+

WELEER AR 202443 H 5545 3%

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

KATE KT RAEFARIGIFE ) O & LI R
AN AR (1] . AR e AR 2k
2020,13( 9 ):705-708. DOI: 10.3969/j.issn.2095-9958.
2020.09.01.

AR B 2 BB 2 AN AL, P R BRI 2
BRI 238 T R 22 [ GBS I IR 12
SEWEFE O CRIREBE B ), 55 . R B 3T RI2Y T e g
(2021 4R L] . A Rk, 2021, 41( 18 ): 1291-
1314. DOI: 10.3760/cma.j.cn121113-20210624-00424.
XTI, SCHRAE , I, 45 347 5485 1 TLR4/NF-xB i
ST A B OGS R A AR ] 1 R S E SO [T
] R 6 s 2 24 7, 2023 ,44( 3 ): 316-321. DOI: 10.
3969/j.issn.1673-4130.2023.03.012.

AN S, HU H, LI, et al. Pyroptosis plays a role in
osteoarthritis[J]. Aging Dis, 2020, 11(5): 1146-1157.
DOI: 10.14336/AD.2019.1127.

NI B, PEI W, QU Y, et al. MCC950, the NLRP3 inhibitor,
protects against cartilage degradation in a mouse model
of osteoarthritis| J . Oxid Med Cell Longev, 2021, 2021:
4139048. DOIL: 10.1155/2021/4139048.

JIAL, LI D, WEI X, et al. Efficacy and safety of focused
low-intensity pulsed ultrasound versus pulsed shortwave
diathermy on knee osteoarthritis: a randomized
comparative trial[ J]. Sci Rep, 2022, 12(1): 12792. DOI:
10.1038/s41598-022-17291-z.

JIA L, CHEN J, WANG Y, et al. Focused low-
intensity pulsed ultrasound affects extracellular
matrix degradation via decreasing chondrocyte
apoptosis and inflammatory mediators in a surgically
induced osteoarthritic rabbit model[J]. Ultrasound
Med Biol, 2016, 42(1): 208-219. DOI: 10.1016/
j-ultrasmedbio.2015.08.010.

GUO Q, ZHANG M, DONG Y, et al. Isobavachalcone
ameliorates the progression of osteoarthritis by suppressing
NF-kB signaling pathway[J]. Int Immunopharmacol,
2023, 119: 110102. DOI: 10.1016/j.intimp.2023.110102.
LIEBERTHAL J, SAMBAMURTHY N, SCANZELLO
C R. Inflammation in joint injury and post-traumatic
osteoarthritis[ J]. Osteoarthritis Cartilage, 2015, 23(11):
1825-1834. DOI: 10.1016/j.joca.2015.08.015.

KAPOOR M, MARTEL-PELLETIER J, LAJEUNESSE D,
et al. Role of proinflammatory cytokines in the
pathophysiology of osteoarthritis[ J]. Nat Rev Rheumatol,
2011, 7(1): 33-42. DOTI: 10.1038/nrrheum. 2010.196.
ZHANG Y, LI S, JIN P, et al. Dual functions of
microRNA-17 in maintaining cartilage homeostasis and
protection against osteoarthritis[J]. Nat Commun, 2022,
13(1): 2447. DOI: 10.1038/s41467-022-30119-8.
WANG T, HE C. Pro-inflammatory cytokines: the

link between obesity and osteoarthritis[J]. Cytokine

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

[22]

Growth Factor Rev, 2018, 44: 38-50. DOI: 10.1016/
j.cytogfr.2018.10.002.
ZHOU H, SHEN X, YAN C, et al. Extracellular vesicles
derived from human umbilical cord mesenchymal stem
cells alleviate osteoarthritis of the knee in mice model
by interacting with METTL3 to reduce m6A of NLRP3
in macrophagelJ]. Stem Cell Res Ther, 2022, 13(1):
322. DOI: 10.1186/s13287-022-03005-9.
CHANG X, KANG Y, YANG Y, et al. Pyroptosis:
a novel intervention target in the progression of
osteoarthritis[ J]. J Inflamm Res, 2022, 15: 3859-3871.
DOI: 10.2147/JIR.S368501.
HUANG Y, XU W, ZHOU R. NLRP3 inflammasome
activation and cell death[T]. Cell Mol Immunol, 2021,
18(9): 2114-2127. DOLI: 10.1038/s41423-021-00740-6.
YU P, ZHANG X, LIU N, et al. Pyroptosis: mechanisms
and diseases[J]. Signal Transduct Target Ther, 2021,
6(1): 128. DOI: 10.1038/s41392-021-00507-5.
LIU J, JIA'S, YANGYY, et al. Exercise induced meteorin-
like protects chondrocytes against inflammation and
pyroptosis in osteoarthritis by inhibiting PI3K/Akt/
NF-xB and NLRP3/caspase-1/GSDMD signaling[J].
Biomed Pharmacother, 2023, 158: 114118. DOI:
10.1016/j.biopha.2022.114118.
JIA 'S, YANG Y, BAIL Y, et al. Mechanical stimulation
protects against chondrocyte pyroptosis through irisin-
induced suppression of PI3K/Akt/NF-«B signal pathway
in osteoarthritis[J]. Front Cell Dev Biol, 2022, 10:
797855. DOTI: 10.3389/fcell.2022.797855.
LIAO Q, LI B J, L1Y, et al. Low-intensity pulsed
ultrasound promotes osteoarthritic cartilage regeneration
by BMSC-derived exosomes via modulating the NF-xB
signaling pathway[J]. Int Immunopharmacol, 2021, 97:
107824. DOI: 10.1016/j.intimp.2021.107824.
SONG W S, SUNG C Y, KE C H, et al. Anti-
inflammatory and neuroprotective effects of transcranial
ultrasound stimulation on Parkinson’s disease[J].
Ultrasound Med Biol, 2022, 48(2): 265-274. DOI:
10.1016/j.ultrasmedbio.2021.10.001.
CAKIR S, HEPGULER S, OZTURK C, et al. Efficacy
of therapeutic ultrasound for the management of knee
osteoarthritis: a randomized, controlled, and double-
blind study[J]. Am J Phys Med Rehabil, 2014, 93(5):
405-412. DOI: 10.1097/PHM.0000000000000033.
SANCHEZ-ADAMS J, LEDDY H A, MCNULTY A L,
et al. The mechanobiology of articular cartilage: bearing
the burden of osteoarthritis[J]. Curr Rheumatol Rep,
2014, 16(10): 451. DOI: 10.1007/s11926-014-0451-6.
[AXHE] Tt %



