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(Controlling joint instability delays the degeneration of articular cartilage)
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BElRtREE X ARV T, EBFRRAOTHIIREORETH D
LWz B, BRNTHEMMERBEEE (Osteoarthritis: OA) X, HEAEFD
Bz RSSO CREBIETRICHE S ImEIREE 25| S - ESRKRETH
D, ZORBEHLZ NI L DREMA L TR b OITIRFRIEOR N E
WA THR/EN TS, LLARMRE, OAITHT 57 2 IaFIEITHER
ENRETHY ., RIEZ B LLBRETREE CICHA R ET Y RIHEDL
nTWiel, ZOBEBAE LT, OAREZROKRELHMEIR b LATH
V. BEERRETA D =X LZONWTHSICHBAI LTV RWZ EA—ER
TH D,

BRI, FRFVRICEFINAKRE T 0T A7) I THER S,
(REEEETRREE L WO BEERMIEL A LT\ D, ORI, WESCEENE
B IR AR E 58T 5 2 L THE~OBREIA b LA 2B ICER L
TW5, LLZRAE, BIETEE 3t 2 15 5 A FRAY AR IR 28 L 7o #RE
A R VABRMZ BATBRICAE C 2 BEFEREM, BEIBE TOREMIL OA D
e VW5, BIIEE TICHA LN SN TV 5 BERE OETERCRREIC
DNWTHE, B L7ZEE OIBBRE I ORRA., HEHRA HOERIEAICL S
TR b= A, BEICHED BRECHER AR £ ORRBEEINRAEIC X 2 BEECE
BOSRAEE, B TEICBT 2EENEL. BROFRK & £ ORMEITIZ
HEOBRIEALEEL THLHM, DR EHEZDORARITITHMBAIA b L ADH
ERFEETDHEVZD, LL, B N ABRRTRENRBEA V=
A BZOWTHREE Lo S 1372 < . BIERERE OB REHERFIZBI T D= O WmE
TiE, EERLEHIHERINDICEE > TS,

IEF & RERE 2 DR S h 2 EEEIE. BRROZTRIRLETH DI
W, FOREMEEZPFHLELANL EITRFEL TWD, RS, AT F8 I
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SRHORGEIH L2 HBI T2 2 & T, BBEEOMBAENZ EMERERS L. Eik
PIRMEEN S22 > E CRELREEMMMTH S, LoL, B8 08E I
O ISR ORIFREEMEIL, TEH A OB L7 BISGER) 2 548 U, BImiae
DIETCHE B E~OAEMR DL 2 ZHEINSE 5, BBIE OB 2 E
(& & o THERF SN D BARTEB) AL, BIETIRE O ET S 2 BRI B
T, BBEYA b LR L DOBSEMNZ AL NNCT 5 L CEREAESTH S, A
Feld, BIHFEIR IR O BIFIR R E MR R 5 % 22 BIRERN 2 &\ 5 Kk
BIA ML 2D OA EATICBIG- 3% BAHRBIRIA ML 2 Th 5 L FHE
72Ty OA ICX 2 RE 2 BEEB OB 5 & % DHIBEI§ 2 2RI OV CHEE
THZLEAME L,

ZOHMZERT H7HIZ, OA DIFIEMIAIZI W TRSEDSFIA ST
W DRI FEITETRIC K o TREBIEES SR S h s i+ aaE ST 7
/v (Anterior cruciate ligament transection model; ACL-T) & #0858 {5 X -
% T & THGE S N7 B 72 BIENESh & [ H 20 RAE~HIBI 9~ 5 37 7= 7 B B
HEHE)HIE)E 7 /L (Controlling abnormal joint movement model; CAJM)
ZHWEZ, £, BREBEESES IR MBI EORIEIZOVWT, EfEITh
ZRAWERTEEGIH LT A FTik, #lB) L7z CAIM €5 /L & ik LT, #HIH
LTWRWACLT €7 AV ORBEE IR 2B ORITEIH LRI A BICH
KU, BIF~ORBERZEENFE Ch oz, IHIT, BEEORKMHMREA
72 b NI KBHALIZBW TS, ACL-T E7F/VCHEICRIL 5 H L 2 #Ek
Lo F7o0 CAIM 7 /0TI RMRALR & ONT i RJE #2131 7 KRS
Hi L BHERET RS, FTREERY A ¥ —[EE OBIHIEEMN & ITRRY
BIE ATBIHIFR 234 U TV W Z LA ERB S hvlc, T 6 OfERIE, ACL-T
ETMZRWTRINE L CREMAER A U, CAIM E7/VIE DOHlEIR)
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INBOEFAERNT, BEHEKEOEMICOWTHIET 5720, kT
HREEETo7. 4 BERSATIXACLTETAVTRED 7 4 7 U MEZR
SN BRMETHH I NV a I ) TV AR RETLY T T =0
DOYREMENRRBETET Lz, —F. CAIMETFVMIZBWTHLRED 7 47
VLR H 7 5= O RO ETARER S hzdd, ACL-T €7 /W
LCHEETII R o7z, 12 #IFE T, ACL-T 7 N0 HEEHHKEEDOR
B REBOTZ7 4TI, 7V a7 aroaEngzE LT L,
BEE OEMNEE Th o7, KEFIZBWTH, BEREREDO 7 47
Vfk, 0 ay ) ) OREHEDOETEED, CAIMET VLD
RAETHRE DZEME S EIE(L LTV,

R OB EE L ERIT SEBREETH S OARSI 2 a7 20
TEM L7-FE R, 12 @A T CAIM €5 M L TACL-TET/VTH
BlZAaT7REL, EOEERHEE TH-7T-, Fio. BEOMEE, KB
D7 47 Y NWt% "7 Roughness, Z LT/ nayh I/ 7 hrDgueadt
IZoWNWT, MBRENSTET o7, KR REEICOWTE, 12 BERR
TACLT £EFAVTHEIZE D L, CAIM €7 VCHEENER SN, F
7. Roughness {225\ T%, 12 #BEEAICBWTEEIC ACL-TET AT
WAL, 747V MERBEETH -T2, £z, EOHEBRES THD 7 v
B2 70 DREMEIZOWT, 48 BRETIE CAJIM €7 /v & ACL-T
ETFTNAORG CEFREIZHER L THEIET Lz, 12 @ B RA T,
ACLTETAN CAIMET ALY bEFIET LTV, TDIZLehb,
R BIEEE) ORI A BIEIIRE BN ABE TE 5 2 L MR FERIOITIC X

o T LIE,



BRI OB ITI W THRBT D RIE A T 4 = — & OISR F-a
(Tumor necrosis factor-a; TNF-a), A > % —1 A %> -8 (Interleukin-B; IL-
B, €L THAEMIRDOT A h— 2F YR T Th D Caspase-3 DiFMAL%
R LY L TR L7z, #ER. TNF-a i 4 K AICIVT CAIM
ETTFNEHBLTACLTET AV CHEREBR 2D, £/, Caspase-3
E. 4 ERERERDONC 12 HFFSIZRBWT CAIM EF L & ik LT ACL-T
T MRV THERERZRBO T, EHOEE 2 5L 72 mRNA 551
BIZ2OWTH CAIMEF NV LB L TACL-T EF /A Tld, TNF-a
Caspase-8 DHRELFEREZRD TR Y, BE2HEES ORI BN, e RIE
AT 4L —=F ThDd TNF-a CREMIOT R h— 2 ZBET 5
Caspase-3 OHHNCHERE LT L W2 B,

BRI D RAE DS BAETCE ORISR A BT+ 2 L hvd, BB EB O
BB 2 BB OV T, RERMTTH D Synovial membrane
inflammation A =27 % AW TREBRFEOISERN L7z, fHR, 12 BRSO gIE
(ZIRVT, BRHESFHIIL O HFEAS BT BB S, VBRI IR 1% 07 1< B
FTHER S 7z, Synovial membrane inflammation A = 7 {3, B WEIEIZ
TiX, ACL-TE7 /& CAIMET LV THEREZRD o=, BF51E
AR >V T ACL-T E7 /Wix CAIM EF /TR L TR a7 BREEIC
REDole, RIEAT 4 =— 5 ThH % TNF-a & IL-B 22OV T b ik
HIZEIZT, ACL-TET NV TIREERDIZZ L0, Mk L 7 BIER A
CAJM E 7 /LT HollE LT ACL-T £ 7 LGBl & 42 = S CU N FTAEME %70
s



Bk, ERERETEOBZE L LTHWLA S EMIZOWT, BROK
X X7 B ONIEREAE 122\ T Histological osteophyte formation scoring
system ZAWVWTEHMEL7Z, R, BROKE S22 T, ACL'T £7/v
X CAIM E7 /WIZHBL TEMOKRE SIZo>WTRWAaT 2R, &
BRORBEIZ OV T HREERIC. ACL-T €7 /4ix CAIM EF VEE L TR
RERAaT7PHEBIIKREPolc, TOIZ LiE, RELBEBMEIA b L ADBHRA
S, BEEMEEIN-FTREEEZ R L, EOBEEMOBRLEHOE TR
HBELER O BB 3% ISR D EMIBR A M5 Z L 2R LTV
D

LLEOFERN G, REBEES I IREEHEE OEMLBESE, OA OFRIE
LETICEERRBILRTEEZAOND,



Graphical Abstract
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In recent years, joint instability has been recognized as a significant cause of cartilage
degeneration. This study is unique in that it is approached from the novel perspective that
controlling joint instability can inhibit cartilage degeneration. We analyzed the effect of joint
instability on articular cartilage. We found that joint instability promotes the progression of
osteoarthritis and controlling joint instability inhibits cartilage degeneration.



1. BE—E

ACL Anterior cruciate ligament
ACL-T ACL transection

ADAMTS a disintegrin and metalloproteinase with thrombospondin

motifs
BMP Bone morphogenetic protein
CAJM Controlled abnormal joint movement
EDTA Ethylenediaminetetraacetic acid
GAG Glyocosaminoglucan
IL Interleukin
MMP Matrix metalloproteinase
OA Osteoarthritis
OARSI Osteoarthritis research society international
PBS Phosphate buffered saline
PCR polymerase chain reaction
PFA Paraformaldehyde
RANKL Receptor activator of nuclear factor kappa-B ligand
TGF Transforming growth factor
TNF Tumor necrosis factor
VEGF Vascular endothelial growth factor
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2. MFREDOERL BHE

-1 AR 2 BT REBIEAE DALE S 1T

Rttt e 2 AR T, B - BEESECIR T2 T2 Z & ik
HERRE L > TV D, 2 TH ETEERBIEIE (Osteoarthritis; OA,
BIETIRE DZEMEA FHREL LU, BEERCHITRE, BV TR F 4TSRS
5| ERITEBZRRETHY | TORBELIL 700 TAEBZ DY, EHFR
BEEEFIIER L2 &b, X R L CEM%AROIZBEN OA 280
5 EENORBESIL 2,800 TAZBX 5 RIS, OA OFFHAHERK T
BNEOEBERMESTIZH D, LLENG, EOREMA & TFHERD
QNTIEFIEDOBRRE B ENA TR SN TOARR S, RANRBERICIIE->T

AVAIALN

-2 BESERE OHE R

BAMCE X, M, #EE. 2 LT U ERTEE L CO ARV TFEE Th
0. TEEEER & WO ER-BEELE L TW\DY, ML, 9
80%MIKGY, D 20% ITEE Ma-CMAEs~ ) v 7 R (T T Y b
RPOBaT—F V) Lo THREhS, ERSTHE T E Y H
X, A Nas FURBE, ~NT R, T8 URREE, T~ X U,
ZFLTEeT v gl WolcEmaFHES 37 B TR S, FigESe B
1% VEEF T HHE LR KRG E S VKRITERER L, T BRI HiE
BEhZRE D RFTR RIS DB 20 HT 5 Z & T, BIfikE ~ni 2 ke = +
LAZTTHIDIZEEI L TWBD, LLRRsb, a7 7 ) opsel
a7 —0 v ORRIc &> T, BEEE TN 28MA 2 b L 203 £ R
PRI AR L7235e, BIEIE DEFRESEMEZ s Lz OA BSFET
B
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-3 BB MR B = X b L BEDTRRRE

AR Z & <, BfiREIXESFF NNV ETHLZ e T 7 ) ot
Thn g, ZFLCORaS -2l Liofifast~ vy v 7 A TR S
Nd, LLRRs, MESLY /&SR NT 5 EEHE B E%OEEE
NBFELIBENZ L6, EFE2 “BESERV -EHEIERVY 23 OA
DFP L LTEERRRTHD LWV D, BHEHREEMEICHEET SR —
FIZEEFEL, TRXTHRBEAINTHARVEOD, IR L A28 0A
FRIEA N = ADCHFEGTHEERY Ty N THEHZ LIT—EDRMEHRT
V356,

SRV X N L R BSBEEECE IC A U e, 1BE LB RROBRRE
FAIZHE S D fifhe L BB ZIEE S B 5120 OAEEL ORI T, HFREIHE
SENZHEMT 5 Z L2 X Y BEECE OEEESHERFCE R R B, T2b
b, MERLY RERFEE L TV WBEIEE L. b & & BEROIBEE
NH3EDZLinh, BIEEKE OSFRENEMENER L, 2 OBREE & 1R
RED R A BB E DM A EITIEHERO—2 L ENTWVHD, Rk
. BE LR EHEBE CRIESEY A IS THDHA v F—uafF
(Interleukin; IL) <EZ LA F (Tumor necrosis factor; TNF) D433
HEARL, RO THHEEEAT 4 =—F Th 2 IL-1899% TNF-al01D)F,
TuTrF T ) B DGEERER TS M)y s ARXAEu T n T T —¥
(Matrix metalloproteinase; MMP) <°7 7'V 77—+ (a disintegrin and
metalloproteinase with thrombospondin motifs; ADAMTS) Z &5 L. RS
HRE DM A —FRET 51219141910,

—7% ., BEHRELEETDIZEORMOEBBOA FLRAIZEL R L, &
BTN DRI RBEIRAI R b L R Ko T, RAICEENETTE 7 — A
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B—IREVTHD L2 217, A BRGNS Gi+Fwss, %4
B, ARIRIEIEIECOMARI RIS 21865 LI2i5a ., 19RI7A OA F&iE
DYR7PEED LHMESN TRV, AR ME%ITE U B HEY
A NV ADTALDBREHENCHE A MEIZBIE L TV A FREME LS STV 5
19, JEEEIL TREME OAJ R THEMAM: OAJ &\ 5 X 52 AIRCEHHAE
BIZAE U DI E TR RO RIESTE I H 52 L v ) s
bR SN 52020, kel BIEILIBIRE £ T 5 EEARABE 2 HE, B
HEP LW SN OEEBEEMEA T 4 =— 4 R0F L3y 5 REE 31T B iR E
DITEER ZRET D L #E STV 522.29.20,202020 7= JB[EIE OA
EITOHZ E SNDBMOFBGRTEIC IR Bl L, BISEE L&Eics
TIRIED D MEHEHE 232 1T 5 2 & CRERBEHZICGER T 5B 0RE DR
RELTEHRSN D, BERBERAIA b L2 X o THOEMI S RSk
BLOEKREL, a7—7 847 XBORERANERILEN, REEED
FAIRAEDEIT L T WIRE LB AL S, ZO\BICRIT 5 IBBECHRE
T8 2 b O M E T AERIBE F & 5 8 N MIaESER + (vascular
endothelial growth factor; VEGF)29.30 8075 Bk FH K]+ Cdb 5 B Z o
737 & (Bone Morphogenetic Protein ; BMP)32, k3 A7 4 — 3 o/ H45l
[KlF(Transforming growth factor beta ; TGF-B)3330 D FEH 1L, Bl ALE
BRICMBERAIRTHD Z ERBALNE RS TS, BiE, BEEEE O
HHEEZETSEL0H2 567, ATENROHREB OB > ARERIC
L oT, IL-18R° TNF-a 72 EDRIEMEY A M A o 2FHL, MMP ®
ADAMTS &\ 7o B kBt R ORB 2RI T 5 2 L THESRE OEM %
(R4 530, F/-, BAEECE ORBICALE T S8E T8 TIX, 8 2Ry
Z kLA & o TRIREELY 7 A DNEMEAL S 53099, KIEMERRE THE
FF SN TV D IER ZRECE MR A A R 72 RS 2 08 L 7RI A B L AIC K
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T, BESEPETT S Z & TRIREB{LBETT 539,

TOXHICEFEEZHRINTHEMAIA L AL o THEEMHITETL., &
RKOBETHIWEREEMREZ KD &, BBEEROHTRSE, EVTIRE
ATEEEZF SR IT, TOREFERIE, 50 MR(LER R T BhiGES 2 &
OEERE, KERCBER L Vo WERE, e T A VBRAT oA R
ORISR, EASERSE L AT 5N, A TS ERTOE 5 i & v
S T FHTRRENBRIR S 540, EETIX, IRAWZRIGEEZ BRI L LI-iEER
EOMERSMEE AVW-REBEREOMELITOILTEY,, BRORERE
SIS TS, LA LARnd, MREFRENE L R 0 AREATRIRAHE
MENTWARVWOIK, EREREEEOHREZEROAREPEMAIAR F AT
HY ., BELEHEARA LR EEITA D= LR+ FR I THRNE
EBRFREELTEZILNS,

-4 REEEfNIC T 5 BEEiA R B & BRI HEE o BEE

OA DEFIFIZLEFITEY | INlEna24949 M54 EREIE KD, JET
(ZRE D IREIINSA9 L\ o Fe 2 E R ER, FFAE T8, H AR - I
{552,597 & I B EE B OMERERIZER A3 OA DRIE & HATICRLS B# 5 =
ERALMNERSTVND,

—J7. . BAEROMARME & Vo T RBAET B RO RZEMES BT A L
AL LTHREEMEZETIEL2—ETHD Z ARESN TS, Fit+F
BEr . PRMIEIEN R . PO B AR DR R BRIU SR ZeME (2 fF 5 ZkB72 B
EIARREMIZ LT, OA DRRMRFENFHER O BEEERE DM, EEA
BRBIRP ORIEEY A M A DM, £ L TEMOEAAERE ST
%555,560.50,58), F7=, OA BEIIBERLEMICH O NEE— 2 > F O
59,6060 H TRV R BHI AL EMETF X D 2 & H>562.63.60.659  BIFIARZEEM
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& OA DRBIEIIASITRETE, Zh b DR & EFRELS CI3 KRR - B
LTWD, TERNE OA DOIEETTHERF DOREEIZ VY AL TV B BERT 208
HET VT, RBEOBERAFFIEHLAELSZ Lhd, BEHREEMRN
BEINTWHREMRET LV TH D, LLARNE, MRz

. —BEBENICIT RN AR LBV 28T 5 2 L v b, MR s OjT S
RLEME L V) REBIEHER A OA EITICEE LT3 Z L & 5ER20RT
ZEIFTETWRY, ZNOOMROHIZIT, BEFHNEEIZ L - TS
NWIER DRE IRBIT REEME L BT DI RETARMETHY | —F
ALTEEDE U7 REBAE & SNBHOI B T 2 BT e T A5 » MR BI%T %
LT, ZOWFEMBATES LEZX TS, 4, Kokubun &IidRi+=
BT IRER ICAE CTRi s 5l U & BIET a4 Tl Bh 4 % 5 B ESh 2 48+
HEIIRET NVERBLIZO, ZOETFTLERNSZ LIZL > T, OA D
ITCIIEICBE G- 5 BARRY 2R BHRAY X b L 222\, BAREICT 5 —o Dfig
RIKEMRVFEDHLEZBNS,

-6 FHFFED HEY

ARFFETIE, BIEIARZ EMECAE S IS B o> JH; e BEETE SN H° B R EE 15
DFEMEIA b LA LY | BAETIRE B OEAT OB M BRI ERE L T\ 5 &
(R 2 LT, £ DOHBINT K - TRIETHRE OZEMERIH TE 202 RIET 5 Z
& T, MR BEEE O FIEETIZR T A8 A h L 205z oW TH
LMNZTHZLEEME L,
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Fig.1. In recent years, joint instability has been recognized as a significant cause of cartilage
degeneration. This study is unique in that it is approached from the novel perspective that
controlling joint instability can inhibit cartilage degeneration. In this study, we analyzed the
effect of joint instability on articular cartilage. We found that joint instability promotes the
progression of osteoarthritis and controlling joint instability inhibits cartilage degeneration.
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3. BEEHRZREMEDRE BN DHEATIC R IE
-1 B

BRI 2 TE P O B 7S BOET R B 12 R TR D\ T RS . ke
R, AL FHFEE RO TRIET 22 L2 BME Lis,

-2 ERFE
1) fE A B

FIIHEE R B R OARBEB-%. B ERIEAF E R & OB E
PRERFT I EICOE N, AR EHEE L GRREE 26-9) ., F7=. AHFZIL
Animal Research: Reporting of In Vivo Experiments #' 14 K A 225t
67, FEhE L7,

2) WETHA v

6 A liin Wistar RHE:7 ~ ~ 65 T (Sankyo Labo Service Corporation,
INC, JPN) %M iz, 58I, SAMEHR R R 21T 720y INTACT B, SRS
HiDwT+H5#9%5 (Anterior cruciate ligament; ACL) # /MRS WL S5 =
& CIRE OIS BEE AL EME A EIE L7 (ACL-T 2. ACL WiEs% Iz IRE
DR B EI R %2 € M 4 ) Bh L 7= BB A% (Controlled abnormal joint
movement; CAIJM #) @ 3 #EIZH¥H L= (Fig. 2),

3) ACL-T 5/, CAIM EF/NVOFWHE

vrxFnx—7 /)L (Wako Pure Chemical Industries, Ltd., JPN) Tl A
JRERZ, VA~ F 0 (Kyoritsu Seiyaku Corporation, JPN) 0.8ml/kg
A RERENIC R G, HUkHEE L~ 4 > (Otsuka Pharmaceutical Co., Ltd. JPN)
0.8ml/kg ZHHEBE T IZ# G- L, TRIFRER/S b NS ERRRALE 21T o 7o,
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BAEPN I Z A A CHEGIR L(Fig. 3a). MiElEs BH Lz, RERAMUOR
AN SEEN~MEA L N2 HWT, ACL 22k E5 I L T
B OIS EH AL ERNER Shi 2 & 2R L72(Fig. 3b), ACL-T BHId.
B L R % &4 5% (Johnson & Johnson K.K., JPN) % AV TEHAIL
7z, CAJM Bfix. MARE F VUL NSK 74F A4 k XL (Nakanishi Co., Ltd.
JPN) % A\ TIRE PRI & IS B sMAlC ) TRAFL L7z (Fig. 3c). B FLIC 4
0 ++4 2% (Akiyama seisakusyo Co., Ltd. JPN) # && AR O EEFH
Al EE & (Fig. 3d), N—7RICKIREZEEOIMUD & RIS AT TE
L. BT ~OBES AR EELHIR L%, BAlL7 (Fig. 3e g, flitkDfH
B4, BEE 23°C, IBEE B5%ICERE S NIEARY H—FRA P —PA
2 B/ —) T, EBEHIRT S L FF Lz, BRIFIIEK 12 B
YA 7 VTR EE L, BERAEEEKITEBRERTREL L,

4) KX T X BREORS EHAREEDFHH

SR EMEOFME LT, ERESITERES T2 15 A2 oricftL
Tz, IEBEiZETT v MEBRKEZRRL, KIREAAL 1/2 OKERMERR 42 57
ELT-th, BELRIASIH LEBICKRBRBEM 1227 7 7 TREEL
7o TRERRALIZ, RREESRRMEA, RXEMAL, 90 ERdfzE L, EtE
¥4 (Sanko spring Co., Ltd. JPN) % FWTIEE &5~ 0.2kgf /) T
Bl LA, 8Kk X #REEE M-60 (Softex Co., Ltd. JPN) T L=, 4L
ik, BEE 28kV, &It lmA, BRI 1 HEREL. HAEFIT VAL
mfgt > % —NAOMI (RF Co., Ltd. JPN) 2k~ T, FIZALLTZ, 90
R ORF RIS BEIRIL, B0y 7 U =7 Imaged ZHWVWTE
EiLL 7,
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5) RRBIEHERE. YBEE, EWBHOMMEAIMR L 0T

itk 438, 12 IR T, AHBEBE 2R L (0= 5/8, 80 1), %
U7 R BAEH XA B R CHeif ik, 512 4%PFA/Y L IRREEE (Wako
Pure Chemical Industries, Ltd., JPN) TiR{EEE L7 (48 Bfl, 4°C),
EW., PBS T L, 10%=F L7 I MU (Sigma-Aldrich Co.
LLC, JPN) %R CHLK L7z (60 A8, 4°C), BRI TH, A ¥ n— AEARAL
HELTI0%AY n—ZAFEE (4 R, 15% R 7 v — AESHE (4 ). 20%
A7 = AR (12 R DNETIRE L. OCT compound (Sakura Finetek
Japan Co., Ltd. JPN) TE#E L7, 7T F 2% v F CM3050S (Leica
Microsystems GmbH, GER) % F\W\T, &R 14pm CHiG) L, @isE A
EERL, $77= 0 77 A NSV — U P Eifi LTz, dERAMR
Hre& LT, BIFRE DMz oV T, Osteoarthritis Research Society
International (OARSI) 2 =7 % i\ /-68.69.70, QARSI 2= 7%, 2L —
F(0-6) &2F—2 (0-4)DOHHE, Bt 24 ATHR S, KRBV
ERIETRE DM E LT & 2R THE OB FETH S (Fig.
4o 2% DML UIFHEE A, —BICH LT 8 2 T4 FOFMEITV, 2D
FR% OARSI Z=a7 & Uiz, fHTEALIZ, 1 X4 ROPIZPIAl & SMAl
ZhEh, BIGH, FRE, BFHO 6 FFTRAa TV 2L, EHkL
Teo BIRA 27 1%, Kaneko & D Fi% (Histological osteophyte formation
scoring system, HOFSS) % M\ CFHli L7270, HOFSS 2= 7%, BilkD
REE (0-3) LEMMORIME (0-3) OME, A6 ATHRESh, Ak
PEWVIE SRS BEMATER SN TS Z L ERTAa 7 THD
(Table.1), f#HTEROLIZ, PNRIDREZFHIZEWT, —BKIZLT 3 25
A4 FOFHEZITV, F¥b Uiz, &I, Synovial membrane

inflammation A =27 9% /2, Synovial membrane inflammation A =
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7L, IBIERRR O B & RS OBFEICEE L, 5 4 RTHKS
N5 (Table.2), FRHTERALIZ. BIFIS X OMEH OMBEEIZIHWT, —BITH L
T 3 274 FOFHEEITV, FEHELT,

W EOFMIL. 50 fE TR S BEE#EEEZ 1 AT7A Flo& 74

BIRSNT- 6 HFTOMBEZREL, TOFHELZREEL LTz, &

‘&8 Roughness |3, 400 % Tffg S /- BEERERE IOV TEBREE
LR L (Approximation of the straight length), EIRDEREDOR =%
il L (True length), True length/ Approximation of the straight length
THEEEEH L= (Fig.5), 1 AT A FiIZ2& 7 U F AITEBRS N 20
FTO#KE K@ Roughness #H L. F¥fbLiz, 7V a¥I/ 7V h%
RTY 7T =2 0 OREMIE, MRE S L—X =L LTIckR, 256 FETE
10,000 pm2 DOFIFEZE 1 IC->& 9 28T A PIC>% 30 fFix 3 814)
BIE L7z, INTACT #% 100% & 725 X S5 ICESMLL, Z0EIEZHEHEL
s

6) BEEERE & IO SRR AT

TEYy s EAFUBEEEEZAV TREBBIEFERAEER LT, WS
L7-#E#kE0 A %2 30 /MR CREL X 7%, U UEEEMENK T 5 4rF 3 [EIYE
LTz, NEMEALAF VA —PEEOmE O S, =% ) —/L(Wako
Pure Chemical Industries, Ltd., JPN) T#&HR L7z 3%k 7k HIAIR
(Wako Pure Chemical Industries, Ltd., JPN) T 30 it &7z, U~
EAFR TR C 5 4318 3 BBk, Y XMiE 7 /L7 I »(Vector Laboratories,
USA) #AVWTHBEDF 27 oy X7 L, ZER T30 oG EE, —
kL LT, L7 Y% TNF-a (Bioss, USA) KV 7 u—Ffufk, ;iv
¥ IL-18 (Bioss, USA) VU 7 u—Ffifk, #i7 ¥ % Caspase-3 (Bioss,
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USA) RV 7 m—F A $ifk% Antibody Diluent (DAKO Agilent Pathology
Solutions, USA) # T, T _TOHKITIE 1:250 THR L. — W S
SEEC), ROT47arba—nE LT, Hudx Collagen-type II
(Abcam, USA) KV 7 v —J/Lfifk% AT, ME 1:400 THRL. R4S
(C—BERIS S Bz, ZIRBIEE LT, EAF U AEH Y 3 ¥ g6 ¥XRY
7 1 —FVgifk (Vector Laboratories, USA) & IV T, FEIE T 1 BRI &
iz, 8,8’ -¥7 I /R YV (DAKO Agilent Pathology Solutions,
USA) THE Lz, BISCE IR BT, 20 5 CHe S h - Bgie
DEFRIZ BT DGR 5D 2 EERFH Uiz, WEofirit, ek
52077 =Y — (negative (0), weakly positive (1), positive (2); strongly

positive (3), high staining intensity (4)) 24338 L7-,

7 U7nEA A PCR &AW ZBEHEEICRIT5 mRNA %3,

itk 238, 48T CAIM & ACL-T BEDOEBBISE b & BIEE & 1%
B, 62 ACL-T BEDLEGIISE 5 6 ik & U CBIfiE 25 m L7~
(n = 5/, 20 IS 30 fik), £ L 7-Bi#CE X, RNA later Stabilization
Solution (Thermo Fisher Scientific K.K., JPN) T RNA #%ZElLS¥, £
TOH TNV 2%, RNeasy Lipid Tissue Mini Kit (QIAGEN, GER)
D7 k2=, T )=y ok AHEIR X5 T Total RNA
it Lz, BAERIZIE, 2ml ¥ 7V F 2 — 712 Kit B D TRIzol
reagent 1ml & #RE AR ATES L. Tissue Lyser LT (QIAGEN, GER) # H
WT, 50Hz T3 HMIAEIFHA X LI, D%, 7 enk/lh (Wako
Pure Chemical Industries, Ltd., JPN) 200ul 2% L., 15 FPRIE L < #i#
STz, ERE LTS OMFFEL. 15 oMEL Lz% (12, 000g, 4°C). #9
600l O EEEFH LUV 2ml V> PV F 2 —7 1B L. QIAQUBE
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(QIAGEN, GER)# Fv T, Total RNA i L7z, i S 7z Total RNA
I%. NanoDrop Lite (Thermo Fisher Scientific K.K., JPN) {Z& - 7T, RNA
HEE & BIE L=, ¢cDNA D& RklE, High Capasity cDNA Reverse
Transcription kit (Thermo Fisher Scientific K.K., JPN) (ZfEvy, H—=/b
7 5 A < —Palm-Cycler (Cprbett Research, AUS)% Fi\ 7z, WA LS
fiid, 25°C104y. 37°C120 43, 85°C5 sy DSk, 4CETwmAILIL, U7
L&A 5 PCRIZ, Tagman 7 u—7 % Az, FlIBEERX Step one
Puls (Applied Biosystems, USA) % ff A L , Fast Advanced Master
Mix (Thermo Fisher Scientific K.K., JPN) @71 ka—iliEt->7z,
PCR i1 95°C20 P OBEM®R, 7T=—V 7K 20 % 60°COY A 7
NE 40 EfT -T2, Z—% v FM#fETIE. TNF-a(Rn01753871_ml) |
IL-18 (Rn00580432_m1), # L T Caspase-3 (Rn00563902_m1) & L. WX
PEAEHEE{EF & LT glyceraldehyde-3-phosphate dehydrogenase
(GAPDH: Rn0177563_gl) %FIf L7z, Bbhic Ct Bk, ik CtiEIC &
S CHEMERA 1 £ LT CAIM B & ACL-T BOMMEZFH L,

8) MERMARHT

WeEHEATIZ, SPSS 21.0J for Windows (SPSS Japan Inc, JPN) # fu»
Tro MEEFERH AT OFT — 21X, Shapiro-Wilk ORREIZ K 5 ERMEDREE
1TV, —IoELE S BT IE & 7213 Kruskal-Wallis 5 THER FL# A B L
7=, H%MEIL, Tukey %7213 Mann-Whitney #27 (Bonferroni {12 & %
WE) #BA L, 7—21%. FHE (95%EEXM) 3+ RE (25%
B ANE, 5% 5 A VE) TRLZ, YT NVZAALPCRIEIZLE Ct itz
AWz CTR %# 1 & AMxME TR L. HFARITIL ACL-T # & CAIM
¥ L ORI T Mann-Whitney fREZH\W 2, £ TOHFEEKEEL p<0.05 &
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Soft-Xray evaluation

' INTACT ‘ :
: ) n=$ : . CAIM surgery
+ Joimt :
! instability | CAIM [ g . ACL- transcction surgery
: cvaluation n=5 : ; .
£ gwls - : [:I Sacrifice point
: ACL-T :
: n=3$ :
Wistar rat [t=====ssemen= T Histological
SR s s e RS
RESSSES INTACT ; 0=3 il
. =3 Realtime PCR ¢ ¢ . G
Cantilage T En=l0 : ses 3
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n =50 : t i v * o
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E A +
. T wi . K . | .
Age Ll T [RRRRRNS 2wkl

I wks
Adaptation Simenits m

(n=2/cage)

Fig.2. Experimental protocol. A total of 65 Wistar rats were divided into three experimental
groups: an intact group (INTACT, n=15), a controlled abnormal joint movement group (CAJM,
n=25), and an ACL transection group (ACL-T, n=25).
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[

Sagittal view

\‘\ _;f :

Fig.3. Surgery of CAJM model. Schematic frontal and sagittal views of a controlled abnormal
joint movement (CAJM) model showing tibia achieved by creating bone tunnel using rotary drill
and nylon thread passed beside the femur condyle. The medial capsule of the right knee joint
was exposed without disrupting the patellar tendon (a), and the ACL was completely transected
(b). To achieve a damping force in the knee joint after the ACL transection, a bone tunnel to the
anterior proximal tibia was created, and a nylon thread was passed through the tunnel (¢). The
thread was tied and secured to the posterior distal femur (d), thereby damping the anterior
drawing force of the femur on the tibia (e). A schematic representation of the surgical procedure
is provided in the bottom panel (f-g)
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Normal cartilage
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Fig.4. Osteoarthritis Research Society International (OARSI) Score ™
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®:® Approximation straight Length: A

| Surface Roughness=T/A x 100(%)

Methods for evaluation of surface roughness

Fig.5. Histological analysis point and method of surface
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Table.1. Histological osteophyte formation scoring system 7

Osteophyte size

0 none
| small ~ the same thickness as the adjacent cartilage
2 medium ~ 1-3 x the thickness as the adjacent cartilage
3 large >3  the thickness as the adjacent cartilage
Osteophyte maturity
0 none
1 predominantly cartilaginous
2 mixed cartilage and bone with active vascular invasion and endochondral ossification
3 predominantly bone
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Table.2. Synovial membrane inflammation score 69

0 No changes (1-2 layers of synovial lining cells)

1 Increased number of lining cell layers (23-4 layers) or
slight proliferation of subsynovial tissue.

2 Increased number of lining cell layers (=3-4 layers) and/or
proliferation of subsynovial tissue,

Increased number of lining cell layers (>4 layers) and/or

3 proliferation of subsynovial tissue and
infiltration of few inflammatory cells
p Increased number of lining cell layers (>4 layers) and/or

proliferation of subsynovial tissue,
mfiltration of large number of inflammatory cells.
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4, WFERER

-1 CAIM EFIVIXRIH ~OBEHRLEMEZ HIBIT D

EIELRIHBIH LERE L8R X RIEE S Fig.6A (TR LT, FNC L5
5 AT B E B~ D BT O\ T, R BEE R R 7R & ONT R R A R o0 R Bl
CEEE AR EITRD e o7 (Fig.6B), RIS KRB ERAL, B MMRAL, i il
90° COREDHIFBIH LIZ, T _XTOAET ACL-T #ITI\VTHEITH]
FHaIH LAHEER S, VT CAIM #, INTACT #ONEIZHIS 5 & HLE
D¥MFER - (Fig.6C), BREIEE 90°TOEHE ORI 5IH LHREZ
B L7 5, ACLT &, CAIM #, INTACT BDIETRREEMI R
L. 3 BT _RTICBWTAEZELZR W (INTACT, 0.23 [0.16-0.30] mm;
CAJM, 1.26 [1.00-1.52] mm; ACL-T, 2.43 [2.32-2.54] mm) (Fig.6D),

-2 REEHESORIEIIREEEEZBESES

12 #AEA Tld, ACLT BOBSKEREDRD, KEDOT7 47 VL, 7Y
YT OREEIMET L, BEREOEEIFE L EELLL,
KEREIZBWTY, BEfMERBEO7 47Uk, 7V ayI /7)o
Pt DI T 2788, INTACT B/ 5N CAIM BEL D HEMEMNEELL
TWwiz (Fig.7A, B), Th b DMBFREMEICRIT D 0OARSI 237 i3
(Fig.7C), 4 A B &ETINTACT BE L b LT, ACL-T#ENARICEMEL T
V7= (p=0.013 with post-hoc Mann-Whitney U 7 with Bonferroni
iE ) (INTACT, 2 [1-2]; CAJM, 2 [2-3]; ACLT, 5 [4-6]), 12 i@ HFFRIZEBWT
t,. INTACT #E &t LT, ACL-T XA EICEMEL TV (p = 0.001,
with post-hoc Mann-Whitney U # % with Bonferroni ##1E) (INTACT, 2 [1-
4]; CAJM, 3 [1-4]; ACLT, 8 [6-12]), F7=, 12 HER K TIL CAIM B Lkt
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LT, ACL-T BENFEIZEMEL TV (p=0.021, both with post-hoc
Mann-Whitney U #i7& with Bonferroni #1E),

-8 A K BUSITIESE) o B BRI E (RE R - Bl - Refabh) RS2
BIERCEE L. 4 BERATHERZEIRD bR 2728 (p=0.863 with
ANOVA), 12 #F T ACL-T #1% INTACT B/ 5 NS CATM BE & il L
T, HRIZEA LTz ((INTACT vs ACL-T] p= 0.040, [CAIM vs ACL-T]
p=0.042 with post-hoc Tukey test) INTACT, 125.6 [114.8-136.4]um; CAJM,
126.5 [115.1-137.1]pm; ACL-T, 106.6 [91.8-121.3] um) (Fig. 8), &/@F 7 %
A, 4 BEHREATHEEREZIIRD bR o722% (p=0.237 with ANOVA),
12 BHERRTIE INTACT #2 5N CAIM #EL LT, ARICHES
/~ L7 (INTACT vs ACL-T] p = 0.007, [CAIM vs ACL-T] p = 0.025 with
post-hoc Tukey test) INTACT, 105.4 [103.4-107.4] %; CAJM, 110.5 [103.6-
117.5] %; ACL-T, 136.7 [111.8-161.5] %) (Fig. 8) , Hefattic>\ T, 4 #EEH
PR CBEIC, CAJM B LTt ACL-T B3 INTACT B LT, HEK
i L Cu7z? (INTACT vs ACL-T] p<0.001, [CAJM vs ACL-T] p< 0.001
with post-hoc Tukey test) (INTACT, 100.0 [97.6-102.4] %; CAJM, 88.5 [85.1-
92.0] %; ACL-T, 85.5 [81.7-89.3] %), CAJM # & ACL-T BEICH BERD 72
o7z (p = 0.513 with post-hoc Tukey methods). —7F7. 12 ¥ &S T,
ACL-'T BIZOHER R YPEMEDIKT 238 L7z (INTACT vs ACL-T] p <
0.001, [CAJM vs ACL-T] p = 0.006 with post-hoc Tukey test) (p < 0.001;
INTACT, 100.0 [102.4-97.6] %; CAJM, 94.9 [91.1-98.6] %; ACL-T 83.1 [78.4-

87.8] %)(Fig. 8),
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-4 REBEHESOHBINEEHRKEOREAT 4 =—F 2T 5

TNF-a %, 438 B#SAT ACL-T#. CAJIM #, INTACT BDJETHEV
%3 %7 L7z (INTACT vs ACL-T] p<0.001, [INTACT vs CAJM] p=0.004,
[CAJM vs ACL-T] p=0.012 with post-hoc Tukey test) INTACT, 4.09 [2.69-
5.48] %; CAJM, 9.40 [7.39-11.40] %; ACL-T, 14.83 [11.55-18.11] %), L7>L.,
12 MBS S T, 3 BRI TEE B o7 (p=0.267 with ANOVA) (Fig. 9),
Caspase-3 /%, 4 HHEKAT ACL-T #. CAJM #, INTACT HDJETHW
563 % 7 L7=([INTACT vs ACL-T] p<0.001, [INTACT vs CAJM] p=0.011,
[CAJM vs ACL-T] p < 0.001 with post-hoc Tukey test) INTACT, 6.30 [5.17-
7.43] %; CAJM, 9.24 [8.40-10.09] %; ACL-T, 14.39 [12.61-16.17] %), *7=,
12 EEMESETY ACL-T B, CAJM B, INTACT HOIETEHWEREZTL
7= ([INTACT vs ACL-T] p < 0.001, [INTACT vs CAJM] p = 0.027, [CAJM
vs ACL-T] p = 0.036 with post-hoc Tukey test) INTACT, 4.81 [3.70-5.91] %;
CAJM, 7.89 [6.49-9.28] %; ACL-T, 10.71 [9.25 -12.17] %),

—55.IL-18 1% 4 E (p=0.123 with ANOVA) 25 WNZ 12 BERA (p
=0.078 with ANOVA) THEZEIIHR TS o7,

-5 R EEES OHIBNIEEERE OREAT 4 =—F nRNA T D
BEEE 1231 5 mRNA %B1& (Table. 3)i%, 2 @HFRO CAIM L
ACLT BLOBTIX., TRTORFICBWTHEREREEZRD 1o (IL-
18: p=0.685, TNF-a: p=0.741, Caspase-3: p=0.201, Mann-Whitney U
BE), —F. 238 B AT, TNF-a (28T CAJM 2Ltk LT, ACLT
BECAZICRBEENEML T\ ( TNF-a: p=0.007, Mann-Whitney U £&

==

o
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-6 S H; BH RSB O B LRI O SERT B2 ER T 5

12 BB R OB IE O M T 72 5 QN IREIC W TR SR I 314 L 7=
(Fig. 10), INTACT BEIZNENIf@ 72 & ONBIEE SRR TE 548, ACL-T A 5O
(2 CAIM BETITIBIESE DIEE S HERR T & 7=, BIJF RISV T, ACL-T
#EIX INTACT BEICHE: L TR a7 RFRICKE 2o 7243, ACL-T B & CAIM
BETIIHEERETR O 2272 ([INTACT vs ACL-T] p = 0.018, with post-hoc
Mann-Whitney U #2% with Bonferroni ##1E) (INTACT, 1 [0-1]; CAIM, 1 [1-3];
ACL-T, 2[1-3]), #F BRI DV T, ACL-T B3 CAIM B & INTACT &%
(ZHB L TR T HFRICKE D572 ([INTACT vs ACL-T] p = 0.018, [CAIM
vs ACL-T] p = 0.017 , with post-hoc Mann-Whitney U #%7€ with Bonferroni fifi1F)

(INTACT, 1 [1-1]; CAIM, 2 [2-3]; ACL-T, 4[4-4]),

-7 B BASES) o I Bh 23 M EAEMR D RAE R T 4 =— & BT B
TR SHIFT % Fig.10, TNF-a 72 5N IL-1P D5k ET R
% Fig. 11 {Z/R L7z, TNF-0 @ CAIM #f & ACL-T 3%, IBIDBE Cl s
AR Toh, ACL-T BT L D BHZE /2 572 (Anterior: INTACT, 1[1-2]; CAIM, 1[1-
2]; ACL-T, 3[1-3]) (Posterior: INTACT, 1[1-1]; CAJM, 1 [1-1]; ACL-T, 2[1-3]), IL-
1B THREEOMER A7, BIH 2 5 WNNCEF BBV T ACL-T BTy
%@ 7= (Anterior: INTACT, 1[0-2]; CAIM, 2[1-2]; ACL-T, 2[1-3]) (Posterior:

INTACT, 1[1-1]; CAIM, 1 [1-2]; ACL-T, 2[2-3],

-8 B K BEEEE) o HIBh 3B 2 W35
12 BEFEOEBORE 726 QNS RFAE 2 556 L7z (Fig. 12), ‘BHDO K X
S22V T, ACL-T #iX CAIM F£ L INTACT BICHE L TEBAEEICZK

X /572 ([INTACT vs ACL-T] p<0.001, [CAIM vs ACL-T] p=0.025 ,with post-
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hoc Mann-Whitney U f7E with Bonferroni fiiiE) (INTACT, 0[0-0]; CAIM, 1
[0-2]; ACL-T, 3[2-3]), ‘BH#KDORKAEIZ OV TH, ACL-T #iE CAIM B L

INTACT B L TREBVER a7 RFERICKE o7
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Fig.6. Influence of controlling joint instability by controlled abnormal joint movement (CAJM)
surgery. (A) System for examination of joint instability. The femur was set into the examination
system, and knee instability was maintained by anterior traction using a 0.2 kgf constant force
spring. Soft x-ray radiographs were taken using a soft radiogram M-60. (B) Soft x-ray
radiography was performed at 28 kV and 1 mA for 1.5 s. Difference of range of motion among
three groups. Flexion and extension range was not limited. However, ACLT group was confirmed
little excessive extension angle. The excessive range seems to be the influence of joint instability
with ACL injury. (C) Examination systems of joint instability evaluation at flexion and extension
angle. CAJM model was braced anterior instability compared to ACL-T group at both angles
(flexion and extension angle). (D) Differences in joint instability were compared across the
INTACT, CAJM, and anterior cruciate ligament transection (ACL-T) groups. The ACL-T model
is shown with the tibia positioned such that the resulting abnormality can be observed. The
CAJM model is shown with external bracing of the anterior motion of the tibia, as provided by

the nylon thread.
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Fig.7. Cartilage histological findings and OARSI degeneration score comparison between groups
at 4 weeks and 12 weeks (INTACT group:; CAJM group; ACL-T group). (A) Cartilage sections
stained with Safranin O and fast green from the INTACT (a and d), CAJM (b and e), and ACL-
T (c and f) groups are shown at 5x (overview upper panels), 20x (overview lower panels), and
40x (femoral and tibial panels) magnification. Black scale bar, 100 um; white scale bar, 50 pm.
(B) Gross appearance of the tibial articular surface 12 weeks after surgery in the INTACT,
CAJM, and ACL-T groups. The glossiness of the articular surface is preserved in the INTACT
group. There is loss of glossiness over the medial portion of the CAJM joint and the tibial plateau
of the ACL-T group. Severe osteophyte changes are visible on the surface of the articular
cartilage in the ACL-T group. (C) Influence of controlling joint instability indicated by OARSI
score. The INTACT group has a significantly lower score compared to the ACL-T group (p =0.013
with post-hoc Mann-Whitney U test with Bonferroni correction, n = 10 knees) at 4 weeks. At 12
weeks, the ACL-T group had a significantly higher OARSI score compared to the INTACT group
and the CAJM group (INTACT, p = 0.001 with post-hoc Mann-Whitney U test with Bonferroni
correction; CAJM, p = 0.021 with post-hoc Mann-Whitney U test with Bonferroni correction,
both n = 10 knees). Data are presented as median and with interquartile range.
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Fig.8. Influence of controlling joint instability for articular cartilage. Cartilage thickness,
roughness, and relative staining intensity were compared across the three groups (INTACT
group; CAJM group; ACL-T group). Statistical evaluation of inter-group differences in cartilage
thickness, roughness, and stainability at 4 weeks and 12 weeks is shown. Cartilage thickness
was significantly lower in the ACL-T group compared to the INTACT and CAJM groups
(INTACT, p = 0.040 with post-hoc Tukey test; CAJM, p = 0.040 with post-hoc Tukey test; both n
=10 knees) at 12 weeks. Cartilage toughness was also greater in the ACL-T group compared to
the INTACT and CAJM groups at 12 weeks (INTACT, p = 0.007 with post-hoc Tukey test; CAJM,
p = 0.025 with post-hoc Tukey test; both n = 10 knees). Moreover, relative staining intensity was
greater in the INTACT group compared to the CAJM and ACL-T groups at 4 weeks (CAJM, p <
0.001 with post-hoc Tukey test; CAJM, p < 0.001 with post-hoc Tukey test; both n = 10 knees).
Data are presented as mean with 95% confidence interval
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Fig.9. Controlling joint instability inhibits inflammatory factors observed using
immunohistochemical analysis at 4 weeks and 12 weeks between groups (INTACT group; CAJM
group; ACL-T group). (A) Immunohistochemical staining sections for collagen type II, IL-18,
TNF-q, and active caspase-3 at 4 weeks and 12 weeks. Microscope objective lens, 10x (Collagen
type I1), 40x (IL-18, TNF-a, and caspase-3); scale bar, 100 pm or 50 pm. (B) The proportion of
chondrocyte staining for TNF-a, IL-1B, and caspase-3 was calculated and expressed as a
percentage of the total area of chondrocytes within each region. TNF-a significantly differed
across the three groups (p < 0.001 with ANOVA test, n = 15 knees) at 4 weeks. Specifically, the
INTACT group had a significantly smaller TNF-a-positive staining area compared to the CAJM
group and ACL-T group (CAJM, p = 0.004 with post-hoc Tukey test; ACL-T, p < 0.001 with post-
hoc Tukey test; both n = 10 knees). The CAJM group had a significantly
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Fig.10. Synovial membrane histological findings and synovial membrane inflammation score
comparison between groups at 12 weeks (INTACT group; CAJM group; ACL-T group). Anterior
synovial membrane sections stained with Safranin O and fast green at 12 weeks. Below
indicated influence of controlling abnormal joint movement indicated by synovial membrane
inflammation score. About anterior synovial membrane, the INTACT group has a significantly
lower score compared to the ACL-T group (p = 0.018 with post-hoc Mann-Whitney U test with
Bonferroni correction, n = 5 knees) at 12 weeks. In posterior area, the CAJM group and ACL-T
group had a significantly higher score compared to the INTACT group (CAJM, p = 0.017 with
post-hoc Mann-Whitney U test with Bonferroni correction; CAJM, p = 0.017 with post-hoc Mann-
Whitney U test with Bonferroni correction, both n =5 knees). Data are presented as median and
with interquartile range.
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Fig.11. Controlling abnormal joint movement inhibits inflammatory factors observed using
immunohistochemical observation at 12 weeks between groups and ITHC staining score (INTACT
group; CAJM group; ACL-T group). Immunohistochemical staining sections for IL-18 and TNF-
a.
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Fig.12. Histological osteophyte formation scoring system (HOFSS) comparison between groups
at 12 weeks (INTACT group: CAJM group; ACL-T group). Posterior cartilage sections stained
with Safranin O and fast green. Black scale bar, 100 pm; white scale bar, 50 pm. Below indicated
influence of controlling abnormal joint movement indicated by HOFSS. The INTACT and CAJM
group has a significantly lower size score compared to the ACL-T group (INTACT, p < 0.001 with
post-hoc Mann-Whitney U test with Bonferroni correction; CAJM, p = 0.013 with post-hoc Mann-
Whitney U test with Bonferroni correction, n = 5 knees) . Data are presented as median and
with interquartile range.
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Table.3. Controlling joint instability inhibits mRNA expression of inflammatory factors as a

proportion of the normal tissue samples (ratio, 1.0)

Cartilage (n=5 in each group)

Groups IL-1p INF-a Caspase-3
ACL-T 3.81(1.78-8.20) 3.59(1.98-6.50) 1.57(1.43 -1.88)
2 wks CAIM 422 (3.87-4.61) 5.84(3.57-9.56) 1.63(1.30-1.91)
P-value 0.658 0.741 0.436
ACL-T 233(1.55=4.52) 3.01(@273=333) .1.16/(0.75<1.78)
4 wks CAIM 1.94(1.21-3.99) 1.99(1.65-2.42) 1.88(1.48-2.40)
P-value 0.727 0.007 0.201
ACL-T
12 wks CAIM Severe OA change
P-value (Cartilage samples were not harvested)

Normal tissue samples were collected from contralateral cartilage of the ACL-T group

Descriptive mean and 95% confidence interval (CI) in the table.

P-values for paired comparison: CAJM vs ACL-T (Mann-Whitney U test).
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Objective: Joint instability induced by anterior cruciate ligament (ACL) transection is commonly
considered as a predisposing factor for osteoarthritis (OA) of the knee; however, the influence of re-
stabilization on the protection of articular cartilage is unclear. The aim of this study was to evaluate
the effect of joint re-stabilization on articular cartilage using an instability and re-stabilization ACL
transection model.
Design: To induce different models of joint instability, our laboratory created a controlled abnormal joint
movement (CAJM) group and an anterior cruciate ligament transection group (ACL-T). Seventy-five
Wistar male rats were randomly assigned to the CAJM (n = 30), ACL-T (n = 30), or no treatment
(INTACT) group (n = 15). Cartilage changes were assessed with soft X-ray analysis, histological and
immunohistochemistry analysis, and real-time polymerase chain reaction (PCR) analysis at 2, 4, and 12
weeks.
Results: Joint instability, as indicated by the difference in anterior displacement between the CAJM and
ACL-T groups (P < 0.001), and cartilage degeneration, as evaluated according to the Osteoarthritis
Research Society International (OARSI) score, were significantly higher in the ACL-T group than the CAJM
group at 12 weeks (P < 0.001). Moreover, joint re-stabilization maintained cartilage structure (thickness
[P < 0.001], surface roughness [P < 0.001], and glycosaminoglycan stainability [P < 0.001]) and sup-
pressed tumor necrosis factor-alpha (TNF-u) and caspase-3 at 4 weeks after surgery.
Conclusion: Re-stabilization of joint instability may suppress inflammatory cytokines, thereby delaying
the progression of OA. Joint instability is a substantial contributor to cartilage degeneration.

© 2016 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

menisci, and the joint capsule, in combination with the coordinated
activation of dynamic movement; together, these factors produce

Osteoarthritis (OA) is a common cause of chronic pain, impair-
ment in activities of daily living, and disability. Multiple factors
have been identified as contributors to the development of knee
OA, including aging, sex, obesity, trauma, muscle weakness, and
inflammation' ™. In particular, mechanical stress has been pro-
posed to play a critical role in the progression of articular cartilage
degeneration. Recently, joint instability has been identified as one
of the important factors for OA progression. Stability at the knee
joint is provided by static structures, such as muscles, ligaments,

* Address correspondence and reprint requests to: N, Kanemura, Department of
Physical Therapy, School of Health and Social Services, Saitama Prefectural Uni-
versity, Sannomiya 820, Koshigaya, Saitama, Japan. Fax: 81-48-973-4123,

E-mail address: kanemura-naohiko@spu.ac.jp (N. Kanemura).

http://dx.doi.org/10.1016/j.joca.2016.10.011

appropriate loading of the articular cartilage in response to knee
movement. However, instability induced by anterior cruciate liga-
ment (ACL) transection alters kinematics, resulting in abnormal
loading during weight-bearing activities®~"", Therefore, the ACL
transection model has been widely used as an animal model to
investigate the pathomechanics of OA.

However, the influence of stability on OA remains unclear.
Movement with adequate stability is a positive mechanical stress,
and articular cartilage requires mechanical loading to maintain
homeostasis. On the other hand, increases in joint instability are
considered a negative mechanical stress in the pathogenesis of OA.
Previously, animal studies have shown that OA progression in-
creases at a rate proportional to instability, resulting in significant
changes in knee joint loading and gait performance'?”', In a

1063-4584/® 2016 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.



298

human study, self-reported knee instability was associated with
significant alterations in knee joint function during the stance
phase of gait in patients with OA'>'°. Moreover, high adduction
moments during weight-bearing activities were associated with OA
progression, and were noted to result in significant knee insta-
bility'”~'°. For this reason, joint instability is a major contributing
factor to the progression of OA in both human and animal models,
and results in abnormal mechanical loading on the affected knee.

Therefore, we hypothesized that providing biomechanical con-
trol following ACL transection may result in the inhibition of
articular cartilage degradation. Intra-articular surgery, such as that
performed in the ACL transection, is insufficient to evaluate the
relationship between joint instability and OA progression. Because
intra-articular surgery is invasive, it cannot be determined whether
inflammation and secondary instability is a product of ACL tran-
section or other mechanisms?’, Thus, an animal model is required
that can replicate the intra-articular instability condition of ACL
transection and provide control over abnormal instability using an
extra-articular bracing system.

The purpose of our study was to examine the effect of providing
control of instability after ACL transection on the progression of OA.
Consequently, it was necessary to develop a novel controlled
abnormal joint movement (CAJM) rodent model. Histological and
immunofluorescence analyses were performed as a means of
examining cartilage structure and pro-inflammatory responses.

Material and methods
Animals and experimental design

For this study, a novel protocol was devised according to the An-
imal Research: Reporting of In Vivo Experiments (ARRIVE) guide-
lines?". In addition, all methods and procedures were approved by the
Animal Research Committee of Saitama Prefectural University
(approval number: 27-6). The experimental design is presented in
Fig. 1. Wistar male rats (Clea Japan, Tokyo, Japan), aged 6 months and
weighing 320—380 g, were used in our study. A total of 75 rats were
randomized into three group: no surgery group (INTACT, n = 15;
without intervention), CAJM group (CAJM, n = 30; external support
provided to stabilize the knee joint after ACL injury), and ACL tran-
section group (ACL-T, n = 30; the ACL was surgically transected). All
rats were housed in polycarbonate cages, with two animals per cage.
The room had a 12/12 h light—dark cycle and was maintained at a

K. Murata et al. / Osteoarthritis and Cartilage 25 (2017) 297-308

constant temperature of 23°C. Rats were permitted unrestricted
movement within the cage and had access to food and water freely.

Surgical procedures

In the ACL-T and CAJM groups, ACL transection was performed to
introduce joint instability. In the CAJM group, a second procedure
was performed to restore biomechanical function following ACL
transection using a nylon suture, placed on the outer aspect of the
knee joint [Fig. 2(A)]. After a 1-week acclimatization period, ani-
mals in the CAJM and ACL-T groups underwent surgery. Under
anesthesia with pentobarbital (1.0 ml/kg), the right knee joint was
exposed via the medial capsule [Fig. 2(B-a)] without disruption of
the patellar tendon, and the ACL was completely transected
[Fig. 2(B-b)]. Transection caused excessive anterior translation of
the tibia on the femur, resulting in abnormal joint kinematics, a
defining feature of joint instability. To mitigate anterior translation
of the tibia on the femur following ACL transection in the CAJM
group, a bone tunnel was created in the anterior portion of the
proximal tibia [Fig. 2(B-c)]. Subsequently, a nylon thread was
passed through the tunnel [Fig. 2(B-d)], and secured to the poste-
rior aspect of the distal femur [Fig. 2(B-e)]. The nylon thread,
therefore, had the same orientation as the native ACL, providing a
posteriorly directed traction force on the tibia to resist anterior
motion over the condyles of the femur [Fig. 2(B-f,g)].

Soft X-ray radiography

To evaluate knee instability and OA change, rats were sacrificed
at 4 and 12 weeks after surgery. Joint instability was evaluated by
anterior traction using a constant force spring (0.2 kgf) and soft-X
ray radiography (M-60; Softex Co., Tokyo, Japan). To assess OA
change, limbs were dissected free of all soft tissues and positioned
with 90° of flexion at the knee joint. Frontal and sagittal radio-
graphs were taken. Soft X-ray radiography was performed at 28 kV
and 1 mA for 15, and imaged using a NAOMI digital X-ray sensor (RF
Co. Ltd., Nagano, Japan).

Histological analysis
Rats (n = 30, each group n = 10) were sacrificed at4 and 12 weeks,

and the knee joints were fixed in a 4% paraformaldehyde/phosphate-
buffered saline (PBS) solution for 48 h at 4°C. The knees were then

[Week O] | Acclimatization week |
| Divided among 3 groups |
|
4 Weeks Group INTACT Group CAJM Group ACL-T
Re-stabilized — -
No surgery surgery Joint instability

4 weeks after surgery

Histological evaluation

immunohistochemical evaluation

2 weeks after surgery
Week 3 mRNA analysis

12 weeks after surgery

4 weeks after surgery
Week 5 mRNA analysis

Histological evaluation

Week 13]

immunohistochemical evaluation

12 weeks after surgery

[Week 13

Fig. 1. Schematic of the experimental protocol.
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Nylon thread

Bone tunnel

Rl Rotary drill for bone tunnel

o

Fig. 2. Surgery for the CAJM model. (A) Schematic of the surgical procedure, The CAJM group underwent a second procedure that was performed to restore biomechanical function
following ACL transection using a nylon suture placed on the outer aspect of the knee joint. (B) Detailed surgery overview. The medial capsule of the right knee joint is exposed (a),
and the ACL is transected (b). A bone tunnel is created in the anterior portion of the proximal tibia using a rotary drill (c), and a 3-0 nylon thread is passed through the tunnel (d) and
secured to the posterior aspect of the distal femur (e). The nylon thread (f), therefore, provides a posteriorly directed traction force on the tibia to resist anterior motion over the

femoral condyles (g). F, femur; T, tibia.

placed in a 10% EDTA-based solution (Sigma—Aldrich, MO, USA) for
decalcification, at a pH of 7.4, for approximately 60 days. The decal-
cifying solution was renewed twice a week. After complete decalci-
fication, the knee joint was immersed in sucrose solutions of different
concentrations (10% for 4 h, 15% for 4 h, and 20% for 8 h). The knee
joint was then embedded in an optimal cutting temperature com-
pound (O.C.T,, Sakura Finetek Japan, Tokyo, Japan), and 14-um sec-
tions were cut along the sagittal plane using a Leica CM 3050 S
cryostat (Leica Microsystems AG, Wetzlar, Germany). Every six sec-
tions of the medial and lateral compartments were prepared ac-
cording to previously reported methods®>?3, All slides were then
stained with Safranin O, fast green, and toluidine blue. Sections were
evaluated using the osteoarthritis cartilage histopathology assess-
ment system (OARSI score) established by Pritzker et al.?*, The OARSI
score ranges from 0 to 24, with higher values indicating more
advanced cartilage degeneration. Sample scores were evaluated by
two independent observers. Moreover, we performed an analysis of
histological characteristics, including cartilage thickness, roughness,
and relative staining intensity, using Safranin O and fast green””. For
details see Supplementary material and methods.

Immunohistochemical analysis

Tumor necrosis factor-alpha (TNF-¢), interleukin 1-beta (IL-10),
active-caspase-3 were visualized using immunohistochemistry.

The streptavidin—biotin—peroxidase complex technique was sub-
sequently performed using an ABC kit (Vector Laboratories, CA,
USA). Sections were stained using diaminobenzidine (Agilent
Technologies, CA, USA). For details see Supplementary material and
method.

Real-time polymerase chain reaction (PCR)

Articular cartilage samples from the ACL-T and CAJM groups
were evaluated for mRNA expression using real-time PCR at 2, 4,
and 12 weeks post-surgery (n = 30, each group n = 15). The ACL-T
group's contralateral articular cartilage (left side) was used for
standardization (n = 15, normal tissue samples). Real-time PCR was
performed with a StepOne-Plus real-time system (Applied Bio-
systems, CA, USA). The primers used are listed in Table I (TagMan
Gene Expression Assay, Applied Biosystems, CA, USA). For details
see Supplementary material and method.

Statistical analysis

All analyses were performed using SPSS 21.0] for Windows (IBM
Corp., NY, USA). To evaluate the influence of joint instability on
articular cartilage, we compared joint instability displacement,
OARSI cartilage degeneration scores, and thickness, roughness, and
stainability from the histological analysis among the three groups.
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Table 1
Gene expression assays used for real time PCR

Primer used in Real time PCR

Gene Assay number

Interleukin 1-beta (IL-1p) Rn00580432_m1
Tumor necrosis factor-alpha (TNF-x) Rn01753871_m1
Caspase-3 Rn00563902_m1
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) Rn01775763_g1

Moreover, to evaluate positive staining for pro-inflammatory cy-
tokines among the three groups, we compared the chondrocyte
density area. The normality of the distribution of values for each
variable was evaluated using the Shapiro—Wilks test, with the
homogeneity of variance evaluated using Levene's test. Analysis of
parametric data was performed using a 1-way analysis of variance
(ANOVA), applying Tukey's test for post-hoc analysis. OARSI scores
were not normally distributed; therefore, inter-group differences
were evaluated using the Kruskal-Wallis test, with the Man-
n—Whitney U test used for post-hoc analysis. For analysis of mRNA
data between the CAJM and ACL-T models, the Mann—Whitney U
test was used. Descriptive statistics were calculated as median with
interquartile for OARSI score, as mean with 95% confidence interval
(CI) for anterior displacements, cartilage thickness, roughness,
relative staining intensity, immune-histochemical analysis, and
mRNA expression data. A P-value < 0.05 was considered statistically
significant in all analyses, and exact P-values between groups are
shown in graphs.

Results
Evaluation of controlling joint instability using soft X-ray analysis

Sagittal plane stability was quantified in terms of anterior
displacement, as determined using soft X-ray radiography with the
drawer test (n = 15, each group n = 5). Anterior displacement in the
ACL-T group was significantly increased compared to the INTACT
and CAJM group (INTACT, 0.23 [0.16—0.30] mm; CAJM, 1.26
[1.00-1.52] mm; ACL-T, 2.43 [2.32—2.54] mm). Exact P-values are
given in Fig. 3.

Characteristic change of osteophyte formation on soft X-ray
observation

To evaluate OA change, knee radiographs were taken at 4 and 12
weeks (Fig. 4). Osteophyte formation along the tibial plateau was
observed in the ACL-T group. Moreover, the degree of joint
destruction was higher in the ACL-T group. Though joint deforma-
tion was observed in both groups following surgery, it appeared
earlier in the ACL-T group.

Controlling joint instability inhibit articular cartilage degeneration
as seen on histological analysis

Histological characteristics at 4 and 12 weeks are presented in
Fig. 5(A). Changes in the relative area of positive staining and the
structure of the surface layer of cartilage were identified in all three
groups at 4 weeks. At 12 weeks, clustering of cells, loss of cartilage
structure, and tidemark degeneration were observed.

Evaluation of cartilage degeneration at 4 and 12 weeks using the
OARSI score is shown in Fig. 5(C) (n = 30, n = 5 in each group at
each time point). The OARSI scores were significantly higher for the
ACL-T group, when compared to the INTACT group at 4 weeks
(P = 0.013 with post-hoc Mann—Whitney U test with Bonferroni

correction) (INTACT, 2 [1-2]; CAJM, 2 [2—3]; ACLT, 5 [4—6]). At 12
weeks, OARSI scores in the ACL-T group were significantly higher
than those observed in the INTACT group (P = 0.001, with post-hoc
Mann—Whitney U test with Bonferroni correction) (INTACT, 2
[1-4]; CA]M, 3 [1-4]; ACLT, 8 [6—12]). Furthermore, scores in the
ACL-T group were also significantly higher than those in the CAJM
group (P = 0.021, both with post-hoc Mann—Whitney U test with
Bonferroni correction).

Controlling joint instability maintain quality in articular cartilage
degeneration

An evaluation of the thickness of the tibial cartilage layer is
shown in Fig. 6(A, B) (n = 30, n = 5 in each group at each time
point). At 12 weeks, the ACL-T group exhibited significantly less
cartilage thickness than the CAJM and INTACT groups ([INTACT vs
ACL-T] P = 0.040, [CA]M vs ACL-T] P = 0.042 with post-hoc Tukey
test) (INTACT, 125.6 [114.8-1364] pm; CAJM, 1265
[115.1—-137.1] pm; ACL-T, 106.6 [91.8—121.3] um).

At 4 weeks, the surface roughness was comparable between the
groups (P = 0.237 with ANOVA). At 12 weeks, surface roughness
was significantly greater in the ACL-T group than in the CA]JM and
INTACT groups ([INTACT vs ACL-T] P = 0.007, [CAIM vs ACL-T]
P = 0.025 with post-hoc Tukey test) (INTACT, 105.4 [103.4—107.4]
%: CAJM, 110.5 [103.6—117.5] %; ACL-T, 136.7 [111.8—161.5] %).

Staining intensity of the articular cartilage with Safranin O is
also presented in Fig. 6(B). At 4 weeks, the average staining in-
tensity, as expressed by the percentage of Safranin O positive
staining, was significantly lower in the CAJM and ACL-T groups,
than in the INTACT group ([INTACT vs ACL-T| P < 0.001, [CAIM vs
ACL-T] P < 0.001 with post-hoc Tukey test) (INTACT, 100.0
[97.6—102.4] %; CAJM, 88.5 [85.1-92.0] %; ACL-T, 85.5 [81.7—89.3]
%). There was no significant difference between the CAJM and ACL-T
groups (P = 0.513 with post-hoc Tukey methods). At 12 weeks,
staining intensity was lower in the ACL-T group than in either the
CAJM or INTACT group ([INTACT vs ACL-T] P < 0.001, [CAJM vs ACL-
T] P = 0.006 with post-hoc Tukey test) (P < 0.001; INTACT, 100.0
[102.4—-97.6] %; CAJM, 94.9 [91.1-98.6] %; ACL-T 83.1 [78.4—87.8] %).
Moreover, the staining intensity of ACL-T group was also signifi-
cantly lower than in the CAJM group (P = 0.361 with post-hoc
Tukey test).

Controlling joint instability inhibit inflammation factors as seen on
immune-histochemical analysis

Representative TNF-«, IL-1f, and caspase-3 immunostaining of
cartilage specimens is shown in Fig. 7 (n = 30, n = 5 in each group at
each time point). At 4 weeks, the area of positive staining in pre-
determined rectangular area was significantly increased in the ACL-
Tgroup, compared to the CAJM and INTACT groups ([INTACT vs ACL-
T] P < 0.001, [INTACT vs CAJM] P = 0.004, [CAJM vs ACL-T] P = 0.012
with post-hoc Tukey test) (INTACT, 4.09 [2.69—-5.48] %; CA]M, 9.40
[7.39—-11.40] %; ACL-T, 14.83 [11.55—18.11] %). Active-caspase-3,
when evaluated at 4 weeks, exhibited a significantly greater
staining area in the ACL-T group than in the INTACT and CAJM
groups ([INTACT vs ACL-T] P < 0.001, [INTACT vs CAJM] P = 0.011,
[CAIM vs ACL-T] P < 0.001 with post-hoc Tukey test) (INTACT, 6.30
[517—-743] %; CAJM, 9.24 [8.40-10.09] %; ACL-T, 14.39
[12.61—16.17] %). At 12 weeks, the relatively higher staining area in
the ACL-T group persisted, when compared to the CAJM and INTACT
groups ([INTACT vs ACL-T] P < 0.001, [INTACT vs CAJM] P = 0.027,
[CAJM vs ACL-T] P = 0.036 with post-hoc Tukey test) (INTACT, 4.81
[3.70-5.91] %; CAJM, 7.89 [6.49—9.28] %; ACL-T, 10.71 [9.25—12.17
%). In contrast, the area of positive staining for IL-1f cells was
comparable among the groups at 4 weeks and 12 weeks.
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Fig. 3. Influence of controlling joint instability by CAJM surgery. (A) System for examination of joint instability. The femur was set into the examination system, and knee instability
was maintained by anterior traction using a 0.2 kgf constant force spring. Soft X-ray radiographs were taken using a soft radiogram M-G0. (B) Soft X-ray radiography was performed
at28 kV and 1 mA for 1.5 5, and imaged using a NAOMI digital X-ray image sensor. (C) Radiographs were used to assess the degree of joint instability. Differences in joint instability
were compared across the INTACT, CAJM, and ACL-T groups. The ACL-T model is shown with the tibia positioned such that the resulting abnormality can be observed. The CAJM
model is shown with external bracing of the anterior motion of the tibia, as provided by the nylon thread. (D) Anterior displacement was quantified on digital images and compared
across the three groups. Anterior displacement significantly differed across the three groups (P < 0.001 with ANOVA test, n = 15 knees), Specifically, a significant influence of
controlling joint instability was detected, with the INTACT group demonstrating significantly lower displacement compared to the CAJM group and ACL-T group (both P < 0.001 with
post-hoc Tukey test, n = 10 knees). Moreover, anterior displacement was significantly increased in the ACL-T group compared to the CAJM group (P = 0.001 with post-hoc Tukey
test, n = 10 knees). Data are presented as mean with 95% CI.

Controlling joint instability inhibit mRNA expression of in both experimental groups (CAIM and ACL-T) compared to the
inflammation factors as seen on real-time PCR analysis INTACT group [Fig. 5(B)]. Articular surface glossiness, which was
present in the INTACT group, was not observed in the CAJM or ACL-T

Cartilage samples were not harvested at 12 weeks as a means of groups. Between experimental groups, articular cartilage differ-
avoiding bone contamination due to degeneration. Macroscopic ences became obvious at 12 weeks, with increased roughness and
changes on the surface of the tibial articular cartilage were obvious degeneration of the articular surface observed in the ACL-T group.
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Fig. 4. Frontal and sagittal osteophyte formation by soft X-ray observation of the knee 4 weeks and 12 weeks following surgery in each group. In the ACL-T group, osteophyte
formation was observed at the 4-week and 12-week time points (red triangle). CAJM also led to osteophyte formation (yellow triangle); however, the ACL-T group demonstrated the

most severe change. Scale bar indicates 1000 pm.

Cartilage mRNA expression of TNF-z, IL-1B, and caspase-3 are
presented in Table Il (n = 30, n = 5 in each group at each time
point). A 3.01-fold increase of TNF-c gene expression was observed
in the ACL-T group compared to the CAJM group at 4 weeks
(P = 0.007 with Mann—Whitney U test).

Discussion

Our data clearly demonstrate that controlling joint instability
induced by ACL transection suppresses articular cartilage degen-
eration on histological analysis. Furthermore, TNF-o and caspase-3
expression in articular cartilage was inhibited by early control of
joint instability on immunostaining analysis. These findings sup-
port the hypothesis that providing biomechanical control may
suppress the progression of OA, and indicate that joint instability is
a factor in OA progression.

In this study, two different joint kinematic conditions were
created in a rat model, using ACL transection and an extra-articular
bracing system. Anterior instability was increased in the ACL-T
group, in comparison to the CAJM group. The knee joint is a sy-
novial hinge joint that, without the support of extra-articular
structures, is inherently unstable. Therefore, stabilization is pro-
vided by ligaments, tendons, menisci, and capsule. In particular, the
ACL plays a prominent role in joint stability during static and dy-
namic motion; consequently, ACL transection has been identified as
a major risk factor for cartilage degeneration. Previous studies have
shown that joint instability resulting from ACL transection in-
creases the rate of progression to OA in rabbit®’, mouse'®'", and
rat’® models. These studies have shown that the degree of joint
instability is correlated with OA progressiong. and have demon-
strated significant changes in rodent gait as a consequence'®. Thus,
joint instability is an important factor for the progression of OA.

Clinically, high adduction moments contribute to degenerative
changes through greater compression of the medial component of
the joint, and have been proposed to induce lateral thrust'’~', The
OA patient exhibits overall frontal plane joint instability, and some
authors have confirmed that such instability is associated with high
adduction moments?®. High medial compartment loads induced by

joint instability occur along the line of force acting as the foot
passes medial to the knee joint center, and may contribute to the
progressive destruction of medial compartment articular cartilage.
Thus, OA patients require control of excessive medial laxity in order
to avoid instability, which may protect the articular cartilage as a
secondary effect of correcting joint instability. In this study,
although ACL-T and CAJM models exhibited sagittal instability, joint
instability and re-stabilization were faithfully reproduced. Our
CAJM model for the prevention of OA uses a similar stabilization
technique and has proven successful in controlling knee joint
instability in small animals after ACL transection.

In the present study, the CAJM group exhibited suppression of
cartilage degeneration, as measured using the OARSI score, which is
positively correlated with cartilage thickness, roughness, and
staining intensity. Importantly, even if the structure of the joint is
destroyed, control of joint instability may be able to delay the
degeneration of articular cartilage. This finding has important im-
plications for the treatment and rehabilitation of OA patients, and
gives insight into mechanisms of onset and prevention.

Surgically inducing ACL injury may be insufficient to understand
the association between joint instability and the pathophysiology
of OA. Given that surgical ACL transection causes intra-articular
damage, pro-inflammatory cytokines might be increased in the
synovial fluid or synovial membrane'*?’~°. The pathogenesis of
OA is not completely understood, but is strongly associated with a
number of inflammatory factors®'*2 Levels of pro-inflammatory
cytokines, such as IL-1p and TNF-u, have been shown to elevate
acutely during early OA progression. These cytokines induce
caspase-3, which is associated with chondrocyte apoptosis, matrix
metalloproteinases, and A disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS), which break down the extra-
cellular matrix, such glycosaminoglycan and collagen fibers in
articular cartilage. Therefore, cytokines have been postulated to
play a role in the development of 0A**~%%, Indeed, the CAJM group
exhibited reduced, but not completely inhibited, cartilage degra-
dation, indicating that inflammatory factors may have continued to
contribute to pathogenic changes. However, more importantly, the
two intervention models (CAJM and ACL-T) exhibited differing
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Fig. 5. Cartilage histological findings and OARSI degeneration score comparison between groups at 4 weeks and 12 weeks (INTACT group; CAJM group; ACL-T group). (A) Cartilage
sections stained with Safranin O and fast green from the INTACT (a and d), CAJM (b and e), and ACL-T (c and f) groups are shown at 5x (overview upper panels), 20x (overview
lower panels), and 40 (femoral and tibial panels) magnification, Black scale bar, 100 ym; white scale bar, 50 pm. (B) Gross appearance of the tibial articular surface 12 weeks after
surgery in the INTACT, CAJM, and ACL-T groups. The glossiness of the articular surface is preserved in the INTACT group. There is loss of glossiness over the medial portion of the
CAJM joint and the tibial plateau of the ACL-T group. Severe osteophyte changes are visible on the surface of the articular cartilage in the ACL-T group. (C) Influence of controlling
Joint instability indicated by OARSI score. The INTACT group has a significantly lower score compared to the ACL-T group (P = 0.013 with post-hoc Mann—Whitney U test with
Bonferroni correction, n = 10 knees) at 4 weeks. At 12 weeks, the ACL-T group had a significantly higher OARSI score compared to the INTACT group and the CAJM group (INTACT,
P = 0.001 with post-hoc Mann—Whitney U test with Bonferroni correction; CAJM, P = 0021 with post-hoc Mann—Whitney U test with Bonferroni correction, both i = 10 knees).

Data are presented as median and with interquartile range.

expressions of TNF-o. and caspase-3. In particular, there are two
major types of caspase-3 activity involved in articular cartilage
degeneration®®*’, First, apoptotic signals are initiated by cell sur-
face death receptors, exemplified by Fas, leading to caspase-3
activation. Second, the granzyme/perforin-mediated pathway is
associated with chondrocyte apoptosis. Perforin is vital to cytotoxic
effector function and is able to induce apoptosis in target cells.
Granzyme delivery into the cytoplasm by perforin mediates
caspase-3 activation and leads to apoptosis of chondrocytes. Thus,
caspase-3 is in the downstream part of the apoptotic cascade, and
TNF is present in the upstream part. In this study, although CAJM
reflected the same condition as ACL-T with regard to intra-articular
injury, the degree of instability differed. Consequently, the changes

indicate that differences in joint instability were a product of the
model itself, with the extra-articular bracing system implemented
in the CAJM group reducing relative instability.

However, there was no significant difference between the ACL-T
and CAJM groups in the expression of IL-1B. The cartilage matrix
degeneration cascade is very complex, with many factors, including
inflammatory mediators, proteases, and prostaglandins, all of
which interact amongst themselves. IL-1§ is a pro-inflammatory
cytokine that has been associated with OA progression®®; howev-
er, it remains unclear whether up- or down-regulation of IL-1f
underpins this association. Previous research has identified the
possibility that IL-1B and TNF-e. may be differentially regulated in
activating the apoptotic pathway in human chondrocytes, with this
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Fig. 6. Influence of controlling joint instability for articular cartilage. Cartilage thickness, roughness, and relative staining intensity were compared across the three groups (INTACT
group; CAJM group; ACL-T group). (A) Cartilage sections stained with toluidine blue. Scale bar indicates 100 pm. (B) Statistical evaluation of inter-group differences in cartilage
thickness, roughness, and stainability at 4 weeks and 12 weeks is shown, Cartilage thickness was significantly lower in the ACL-T group compared to the INTACT and CAJM groups
(INTACT, P = 0.040 with post-hoc Tukey test; CAJM, P = 0.040 with post-hoc Tukey test; both n = 10 knees) at 12 weeks. Cartilage toughness was also greater in the ACL-T group
compared to the INTACT and CAJM groups at 12 weeks (INTACT, P = 0.007 with post-hoc Tukey test; CAJM, P = 0,025 with post-hoc Tukey test; both n = 10 knees). Moreover,
relative staining intensity was greater in the INTACT group compared to the CAJM and ACL-T groups at 4 weeks (CAJM, P < 0.001 with post-hoc Tukey test; CAJM, P < 0.001 with

post-hoc Tukey test; both n = 10 knees). Data are presented as mean with 95% Cl.

difference being dependent on the levels of nitric oxide? .,

Chemical responses to injury can alter the balance between
anabolic and catabolic activities, which are crucial for maintaining
the integrity of cartilage tissue and for enabling repair at a molec-
ular level.

The limitations of this study must be acknowledged when
interpreting and applying our findings. First, experimental mea-
surements were only taken at two points (4 and 12 weeks) for

histological analysis after surgery; therefore, the mechanism un-
derpinning cartilage degeneration are unknown. Intra-articular
reactions following ACL transection occur relatively early after
surgery, often within the first 2 weeks following injury, as shown in
previous studies®>. Moreover, ACL transection alone results in less
severe cartilage degeneration and slower OA progression than the
combined ACL transection and medial meniscus destabilization
model by Gerwin et al.?. Therefore, it was assumed that the CAJM
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Fig. 7. Controlling joint instability inhibits inflammatory factors observed using immunohistochemical analysis at 4 weeks and 12 weeks between groups (INTACT group;
CAJM group; ACL-T group). (A) Immunohistochemical staining sections for collagen type II, IL-1f, TNF-u, and active caspase-3 at 4 weeks and 12 weeks. Microscope objective
lens, 10 (Collagen type Il), 40> (IL-1p, TNF-u, and caspase-3); scale bar, 100 pm or 50 pm, (B) The proportion of chondrocyte staining for TNF-u, IL-1p, and caspase-3 was
calculated and expressed as a percentage of the total area of chondrocytes within each region. TNF-u significantly differed across the three groups (P < 0,001 with ANOVA test,
n =15 knees) at 4 weeks. Specifically, the INTACT group had a significantly smaller TNF-«-positive staining area compared to the CAJM group and ACL-T group (CAJM, P = 0,004
with post-hoc Tukey test; ACL-T, P < 0.001 with post-hoc Tukey test; both n = 10 knees), The CAJM group had a significantly smaller TNF-u-positive staining area compared to
the ACL-T group (P = 0.012 with post-hoc Tukey test, n = 10). Active caspase-3 also significantly differed across the three groups (P < 0,001 with ANOVA test, n = 15 knees) at 4
and 12 weeks. The INTACT group had a significantly smaller caspase-3-positive staining area compared to the CAJM group and ACL-T group at 4 weeks (CAJM, P = 0.011 with
post-hoc Tukey test; ACL-T, P < 0.001 with post-hoc Tukey test; both n = 10 knees). The CAJM group had a significantly smaller caspase-3-positive staining area compared to
the ACL-T group (P = 0.012 with post-hac Tukey test, n = 10). Moreover, at 12 weeks, the INTACT group had a significantly smaller caspase-3-positive staining area compared to
the CAJM group and ACL-T group at 4 weeks (CAJM, P = 0.027 with post-hoc Tukey test; ACL-T, P < 0.001 with post-hoc Tukey test; both n = 10 knees). Data are presented as

mean with 95% CI.
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Table 1
Controlling joint instability inhibits mRNA expression of inflammatory factors as a
proportion of the normal tissue samples (ratio, 1.0)

Time point Groups Cartilage (n = 5 in each group)

IL-1p TNF-o.

Caspase-3

2 Weeks ACL-T 3.81(1.78-8.20) 3.59 (1.98-6.50) 1.57 (1.43—1.88)
CAJM 422 (3.87-4.61) 584(3.57-9.56) 1.63(1.30-1.91)
P-value 0.658 0.741 0.436

4Weeks ACL-T 233 (1.55-452) 3.01(273-333) 1.16(0.75-1.78)
CAJM 194 (1.21-3.99) 1.99(1.65-2.42) 1.88(1.48-2.40)
P-value 0.727 0.007 0.201

12 Weeks ACL-T Severe OA change (Cartilage samples were not harvested)
CAJM
P-value

Normal tissue samples were collected from contralateral cartilage of the ACL-T
group.

Descriptive mean and 95% Cl in the table.

P-values for paired comparison: CAJM vs ACL-T (Mann—Whitney U test).

model represents a slower degenerative change, which, in turn,
informed the decision to take measurements over a longer time-
period than that pertaining to the acute injury.

Second, the use of an experimental rat model, and the conse-
quently small size of the knee joint, meant that changes in the joint
kinematics (including tibial rotation) following ACL transection
could not be accurately evaluated. Specifically, we did not measure
joint instability at various angles (full extension and full flexion
positions). As we show Supplemental data 2, the range of motion
was not limited, and joint instability at full extension and full
flexion positions was controlled. However, the atypical anatomical
femoral insertions of the nylon suture may not provide perfect
isometric conditions. As seen in Fig. 3(D), the CAJM model had a
wide 95% CI. Sagittal plane joint instability at 90° was evaluated in
terms of anterior displacement with the drawer test. However, we
need to perform additional experiments in the CAJ]M model, and we
need to compare various kinematic changes between the INTACT
and CAJM groups. In addition, although our data might have
considerable significance with regard to OA progression, further
studies are needed to confirm our findings using a rabbit model or
human subjects.

Third, we would likely need to prepare a joint capsule opening
model (without ACL transection and bone tunnel) as well as the
ACL-T model (with bone tunnel). In this experiment, the influence
of the bone tunnel was not taken into consideration. We are now
considering the idea of investigating this point in a future paper.

Lastly, with only five animals per group, it is possible that dif-
ferences associated with joint instability were missed due to the
small sample size and the consequent lack of power in statistical
analysis. Furthermore, histological analysis was performed in
sagittal sections only. Unfortunately, in this study, we were unable
to compute a histological score for the synovial membrane using
the synovial membrane inflammation score. According to the
OARSI histopathology initiative’®, a disadvantage of the sagittal
sectioning method is that osteophytes, changes in synovial tissue,
and thickening or pannus formation are not as easily detectable in
sagittal sections as in frontal or coronal sections. However, we
performed not only histological analysis, but also showed data
supporting immunostaining and radiography, including the mRNA
of the data.

In conclusion, our study provides level IV evidence regarding
the protective role of knee stability in the progression of articular
cartilage degeneration. Indeed, it appears that joint stability is
related to OA, with instability hastening and re-stabilization
delaying the progression thereof. However, further research is
needed to fully characterize the features of mechanical stress that
are associated with the development of OA, and to gather

information to direct the development of interventions that will
optimize cartilage health in the knee joint.
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Histological analysis for cartilage thickness, roughness, and stainability

The articular cartilage thickness of each region was evaluated using the average
thickness, calculated from 5x microscope objective lens images using WinROOF
software version 7.0.0 (Mitani Corporation, Tokyo, Japan). To evaluate the surface
roughness of the articular cartilage, images of sections within the anterior and
posterior areas were obtained at 10x magnification and processed using Imagel
software (http://rsb.info.nih.gov/ij/). Lines were drawn as an approximation of
straight tangential length for the standard calculation of tidemark roughness. The true
length of the cartilage surface was also determined and used to normalize the degree
of surface roughness, expressed as the true length/approximation of the straight
length.

Glycosaminoglycan content (relative staining intensity with Safranin O stain) of the
articular cartilage was evaluated on Safranin O/fast-green stained sections using
digital densitometry and proprietary imaging software (WinROOF version 7.0.0,
Mitani Corporation, Tokyo, Japan). Initially, digital images were acquired to
quantify the staining intensity of areas staining red in sections from the tibial
articular cartilage using the 10x microscope objective lens. Color images were then
converted to grayscale images using digital densitometry. Random areas were
selected, and the scale of staining intensity for the cartilage tissue was calculated by
averaging the measurements taken at 9 points for each section from the anterior,
middle, and posterior regions of the tibial cartilage. Staining intensity was
normalized INTACT group as 100% in each time point.

Immunohistochemical analysis

Sections were air-dried for 10 min and washed twice for 5 min with a PBS solution.
Endogenous peroxidase was inactivated by incubating the sections in 0.3% hydrogen
peroxide/ethanol solution for 30 min. Sections were blocked with 0.1% bovine serum
albumin/PBS solution, and were incubated overnight at 4°C with rabbit polyclonal
anti-tumor necrosis factor-alpha (TNF-a) antibody (dilution 1:250; Bioss, MA, USA),
anti- interleukin 1-beta (IL-1P) antibody (dilution 1:250; Bioss, MA, USA), rabbit
polyclonal antibody active-caspase-3 (dilution 1:250; Bioss, MA, USA), and type-II



collagen (dilution 1:400; Abcam, MA, USA). The streptavidin-biotin-peroxidase
complex technique was then performed at room temperature, using an ABC kit
(Vector Laboratories, CA, USA). Sections for immunohistochemical analysis were
stained using diaminobenzadine (Agilent Technologies, CA, USA). To evaluate the
area of positive pro-inflammatory cells, 3 images of the chondrocytes were obtained
at 20x magnification within the tibial cartilage. Images were converted to grayscale,
and the staining chondrocytes within a predetermined rectangular area of 10000 um?
were counted. The proportion of chondrocyte staining for TNF-a, IL-1B, and
caspase-3 was calculated and expressed as a percentage of the total number of
chondrocytes within each area using WinROOF software version 7.0.0 (Mitani
Corporation, Tokyo, Japan).

Real-time polymerase chain reaction

Cartilage specimens were carefully collected using a surgical knife, and submerged
in an RNA stabilizing solution (Ambion, TX, USA) at 4°C for 48 h. Whole RNA
was extracted with the RNeasy Lipid Tissue Mini Kit (Qiagen, CA, USA) using
QIAzol reagent and chloroform, according to manufacturer instructions. Synthesis of
c¢DNA was conducted using a high-capacity cDNA reverse transcription kit (Applied
Biosystems, CA, USA). cDNA was synthesized under the following conditions: 10
min at 25°C, 120 min at 37°C, and 10 min at 85°C. Real-time PCR was performed
with a StepOne-Plus real-time system (Applied Biosystems, CA, USA), using 2 puL
of ¢cDNA in the presence of TagMan primers (Applied Biosystems, CA, USA). PCR
was performed under the following conditions: 20 s at 95°C and 20 s at 60°C, with
the cycle repeated 40 times. The primers used are TNF-a, IL-1f, and caspase-3
(TagMan Gene Expression Assay, Applied Biosystems, CA, USA). The relative
value of expression for each gene was normalized to the expression of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), using the 24“" method to
calculate relative levels of mRNA expression.
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Influence of the controlled abnormal joint movement (CAJM) and anterior
cruciate ligament transection (ACL-T) surgery. (A) Difference of range of
motion among three groups. Flexion and extension range was not limited.



However, ACLT group was confirmed little excessive extension angle. The
excessive range seems to be the influence of joint instability with ACL
injury. (B) Examination systems of joint instability evaluation at flexion
and extension angle. CAJM model was braced anterior instability
compared to ACL-T group at both angles (flexion and extension angle).
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Abstract

Objective: Osteoarthritis is a common consequence of anterior cruciate ligament (ACL) injury.
Joint instability induced by ACL transection is involved in the chondrocyte response in the
articular cartilage degeneration process. The aim of this study was to confirm the effect of
controlling joint instability after ACL injury by investigating the chondrocyte reaction in the

early osteoarthritic disease process.

Methods: For inducing different joint conditions (stability and instability), 15 Wistar rats were
randomized into three groups: ACL transection with joint instability (ACL-T, n =5), controlled
abnormal joint movement with ACL transection (CAJM, n =5), and control (n =5). One week
after surgery, all rats were euthanized and their knees removed. Histological analysis was

performed on the knee cartilages, which involved evaluation of cell numbers and density.

Results: There were no significant differences in chondrocyte numbers among the three groups
within each articular cartilage zone (surface, middle, and deep zones) nor between zones (p > 0.05).
In contrast, the chondrocyte cell density area was significantly suppressed in the CAIM

compared to the ACL-T group in each zone (deep zone, p = 0.032; middle zone, p = 0.029;

surface zone, p = 0.019).

Conclusions: Early control of joint instability induced by ACL injury inhibited chondrocyte
hypertrophy in articular cartilage. This result indicates that knee joint instability increases
mechanical stress, and the controlling of these joint movements might provide a new treatment

approach for the long-term prevention of osteoarthritis.

Keywords: osteoarthritis, articular cartilage, joint instability, animal study, acute chondrocyte

response



Introduction

Multiple factors are involved in the pathogenesis of osteoarthritis (0A)[1,
2]. Knee OA is a common chronic joint disease with painful joint movement during
daily activities. Knee joint stability is provided by the ligaments, meniscus, and
articular capsule. The anterior cruciate ligament (ACL) is the primary structural
contributor to joint stability. However, injuries to the ACL produce anterior-posterior
knee instability, and lead to the development of articular cartilage degeneration
within a relatively short time in humans and animals [3-5]. Commonly, joint
instability induced by ACL injury causes abnormal mechanical loading on the
articular cartilage [6]. Therefore, an ACL transection model has been used widely as
amodel of joint instability to investigate the pathogenesis of knee OA.

Thara et al. provided evidence of the effectiveness of conservative
treatment for ACL using a knee brace with a coil spring traction system to allow
early protection from joint instability [7]. Kokubun et al. showed that inhibition of
abnormal joint movement had a favorable influence on the intra-articular condition,
and stimulated an ACL healing response [8]. These findings highlight the need to
validate the influence of controlling joint instability in terms of articular cartilage
degeneration.

Generally, the reaction patterns of chondrocytes during the progression of
OA can be categorized in three ways: proliferation and hypertrophy, cartilage
degradation, and osteophyte formation [9]. Sandell et al. [10] showed that normal
cartilage cells were small and uniform, and characterized by low levels of
proliferation. However, activated chondrocytes showed high levels of proliferation
and hypertrophy in articular cartilage [10]. Controlling joint instability during the
acute phase of injury delays the degeneration of articular cartilage; however, the
acute cellar response to controlling joint instability is unclear. Therefore, we
hypothesized that controlling the joint instability induced by an ACL injury leads to
low levels of chondrocyte proliferation and hypertrophy during the early cellular
responses. The purpose of this study was to use histomorphometry to determine any
differences of early chondrocyte responses between controlled, and uncontrolled

joint instability models.

Methods



Animals

All methods and procedures were approved by the Animal Research
Committee of Saitama Prefectural University. Fifteen 12-week-old male Wistar rats
(Clea Japan, Tokyo, Japan) were randomized into three groups: ACL transection
with joint instability (ACL-T, n = 5), controlled abnormal joint movement with ACL
transection (CAJM, n = 5), and control (CTR, n =5; without surgery). The ACL-T
and CAIM groups received different surgical treatments on the right knee according
to the protocols described below. The animals were allowed unrestricted activity and
were housed at 23°C under a 12/12-h light/dark cycle.

Surgical procedures

As described previously [8], the CAIJM rat model is designed to restore
biomechanical function following ACL transection by using a nylon suture placed
along an orientation similar to the original cruciate ligament on the outer side of the
joint. In this model, anterior instability is dampened through traction in a posterior
direction. Unlike in ACL reconstruction, abnormal joint movements can be
dampened, although intra-articular suturing of the ligament is not possible.

Under pentobarbital anesthesia, the right knee joint was exposed to the
medial capsule without disrupting the patellar tendon, and the ACL was transected
completely. The transection caused excessive anterior drawing of the tibia on the
femur, resulting in abnormal joint kinematics. A defining feature of joint instability
is the induction of abnormal joint movement because of ligament transection. This
model shows the inability to perform kinesiologically normal joint movements. The
joint stability group involved animals in which the anterior drawing of the tibia
caused by complete ACL transection was dampened. To achieve a damping force in
the knee joint after ACL transection, we created a bone tunnel to the anterior
proximal tibia, passed a nylon thread through the bone tunnel, and tied and secured it
to the posterior distal femur, thus dampening the anterior drawing force of the femur
on the tibia.

To evaluate joint condition between CAJM and ACL-T groups, right lower
limbs including knee joint underwent radiographic examination. Femur was set to
original examination systems, and knee instability was evaluated by anterior traction

using 0.2kgf constant force spring (Sunco spring Corp., Kanagawa, Japan), and take



radiographs using soft radiogram M-60 (Softex, Kanagawa, J apan). X-ray
radiography was performed at 28 kV and 1 mA for 1.5 second, and imaged using a
NAOMI digital X-ray sensor (RF Corp., Nagano, Japan).

Histomorphometry

Rats were anesthetized with pentobarbital and the knee collected one week
after surgery. As described previously [11], specimens were fixed at 4°C for 48 h in
a 4% paraformaldehyde solution at pH 7.4. Samples were then decalcified for 45
days in 10% ethylenediaminetetraacetic acid (Sigma-Aldrich, Tokyo, Japan) at pH
7.4. After decalcification, samples were immersed in a 10% sucrose solution for 4 h,
15% sucrose for 4 h, and 20% sucrose for 8 h, and embedded in OCT compound
(Sakura Finetek, Torrence, CA, USA). Serial 14-pm-thick sagittal sections were
stained with hematoxylin and eosin [12,13].

At one week, hematoxylin and eosin stained sections were subjected to
histomorphometric analysis using WinROOF ver.7.0.0 image analysis software
(Mitani, Tokyo, Japan). Three images were captured for each specimen at 20-fold
magnification, and the number of chondrocytes and cell density area were
determined. Three different regions (surface, middle, and deeper zones) of the
cartilage at the contact area with the femur were measured with a standardized area

of approximately 10,000 pum?.

Statistical analysis

SPSS ver. 21 software for Windows (IBM, Chicago, IL, USA) was used
for statistical analysis. Statistical significance among the 3 groups was estimated
using one-way ANOVA and Tukey’s method for post-hoc analysis. Data are

expressed as the means + SD. Differences were considered significant at p < 0.05.

3. Results

Histological characteristics of the cartilage are presented in Figure 3. There was no
difference between the groups in the total cell number in any zone (deep zone: CTR,
19.9+5.1; CAIM, 20.2 + 1.6; ACL-T, 17.6 + 3.0; P = 0.558; middle zone: CTR,
21.6 £4.8; CAIM, 15.9 + 3.4; ACL-T, 17.0 + 4.8; P = 0.089; surface zone: CIR.
21.9+4.5; CAIM, 19.3 £ 3.8; ACL-T, 19.6 + 6.0; P = 0.644) (Figure 4). In contrast,



the chondrocyte density area was significantly suppressed in the CAJM compared to
the ACL-T group (deep zone: CTR, 6.7 + 2.6%; CAIM, 13.6 £ 2.0%; ACL-T, 12.0+
7.6%; P = 0.032; middle zone: CTR, 14.3 + 2.7%; CAIM, 13.6 + 4.9%; ACL-T, 21.8
+ 3.6%: P = 0.029; surface zone: CTR, 20.0 + 5.0%; CAJM, 20.9 + 7.1%; ACL-T,
33.4 + 14.9%; P = 0.019) (Figure 5).

4. Discussion

The ACL plays a prominent role in knee joint stability, and joint instability
induced by injury to the ACL is a major risk factor for cartilage degeneration.
Moreover, joint instability is a factor for the progression of OA in humans and
animals [14-16]. Several researchers have used animal models of ACL injury to
elucidate the pathophysiology of OA. Kamekura et al. showed that joint
instability-induced ligament and meniscus injury was accelerated in a mouse knee
model [5]. Tochigi et al. showed that the progression of OA increased at a rate
proportional to the joint instability induced by ACL injury [4].

The current study investigated the effects of joint stability on the acute
chondrocyte response following ACL injury. The responses described here at one
week post-surgery might reflect the early phase of OA progression. In the acute
phase, the CAIM model was able to suppress chondrocyte hypertrophy, as
demonstrated by histological analysis. This result shows that joint instability is a
factor in the chondrocyte response during the early phase. Together with prior work,
it is apparent that joint instability caused by ACL injury is an important factor in
cartilage degeneration.

Thara et al. provided evidence of the effectiveness of conservative
treatment of ACL injury by using the Kyuro knee brace with a coil spring traction
system to allow early protective joint stability and promote ACL healing [7].
However, details of the influence of stabilizing the knee after ACL injury are not
clear. Our laboratory created the CAJM model as a different model of joint
instability where biomechanical function is restored by using a nylon suture. Our
experimental model for preventing OA used a similar stabilization technique and has

proven successful in controlling knee joint kinematics in small animals after ACL

injury [8].



Because joint instability is a substantial contributor to cartilage
degeneration, and to assess any difference of the acute cartilage cell response
between joint instability and our novel model, we evaluated cartilage, using
histomorphometry. Joint re-stabilization after ACL injury may suppress
inflammatory cytokines, thereby delaying the progression of OA in the long term.
However, some studies have indicated joint re-stabilization using surgical ACL
reconstruction does not necessarily decrease the risk of developing OA [17]. Since
intra-articular responses are induced by intra-articular surgery, it cannot be
determined whether inflammation and secondary instability is a product of ACL
transection or other mechanisms [18,19]. In our study, since an extra-articular
braking system was performed after ACL injury, intra-articular condition was same
at both CAJM group and ACL-T group. A published study suggested that joint
instability induced by ACL injury resulted in the formation of osteophytes that
caused joint re-stabilization and decreased the joint range of motion [20].
Osteophytes can grow from any bone, but are most often found in the knee in OA
patient [9]. Furthermore, chondrocyte proliferation and hypertrophy are associated
with the process of osteophyte formation [9, 10]. Therefore, our model stabilizes the
joint at an early stage, the density area was significantly decreased in the CAJM
group.

Articular cartilage consists mainly of chondrocytes and extracellular matrix
(ECM) (i.e.; type 2 collagen and proteoglycan). Therefore, the decreased density we
observed indicated a loss of ECM as chondrocytes underwent necrosis via hypoxia.
The reaction pattern of chondrocytes in osteoarthritic disease can be classified into
categories. In particular, proliferation and hypertrophy of chondrocytes are involved
in the main cellular response during the progression of OA. Sandell et al. showed
that normal cartilage cells are small and uniform with low levels of proliferation
[10]; however, activated chondrocytes showed high levels of proliferation. Cell
proliferation may lead to chondrocyte clustering. These cells incorporate ECM
proteins and differentiate into hypertrophic chondrocytes. The proliferation and
hypertrophy of chondrocytes leads to the up-regulation of pro-inflammatory
cytokines such as interleukin-1p and tumor necrosis factor-a, leading to a significant
breakdown of cartilage [21]. These cytokines also inhibit anabolic factors, resulting

in ECM degradation. In the present study, there was a significant reduction of



chondrocytes density in the CAJM compared to the ACL-T group. This result
indicated that treatments that maintain joint stability in the acute phase, such as using
a knee brace and ACL reconstruction, might be important in the prevention of knee
OA.

Limitations of our study include the interpretation and application of our
findings. First, we did not grade the degree of knee joint instability in our ACL
model and, therefore, the relationship between the magnitude of joint instability and
the extent of OA development could not be evaluated. The relevance of the degree of
joint instability that initiates and allows the progression of OA should be considered
in future studies. Second, one week after injury is very early to make conclusions
about effects on cartilage. However, our previous study indicated a protective role of
controlling abnormal joint kinematics after ACL transection in delaying the
long-term degeneration of articular cartilage. Therefore, the current study focused on
the response to acute lesions, although we recommend that future studies examine
much later time points. Overall, further research is needed to fully characterize the
features of mechanical stress that are associated with the development of OA after
ACL injury. This information is required to guide the design of interventions that
will optimize knee joint cartilage health after ACL injury.
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Figure 1

Controlled abnormal joint movement model. The medial capsule of the right knee joint was exposed
without disrupting the patellar tendon (A), and the ACL was completely transected (B). To achieve a
damping force in the knee joint after ACL transection, a bone tunnel to the anterior proximal tibia was
created and a nylon thread passed through the tunnel (C). The thread was tied and secured to the
posterior distal femur (D), thus dampening the anterior drawing force of the femur on the tibia (E). A

schematic of the surgical procedure is shown in the bottom panel.
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Figure 2

Influence of the controlled abnormal joint movement (CAJM) model. Joint instability was evaluated
using soft x-ray radiography (M-60; Softex, Tokyo, Japan). Differences in joint instability between
the CAJM and anterior cruciate ligament with abnormal joint movement (ACL-T) models are shown.

CTR, control..
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Figure 3
Histomorphometry results. One week post-surgery, articular cartilage from control (CTR), anterior
cruciate ligament with abnormal joint movement (ACL-T), and controlled abnormal joint movement

(CAIM) rats were sectioned sagittally and stained with hematoxylin and eosin. Scale bar, 50 pm.
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Figure 4

Number of chondrocyte in the surface, middle, and deep zones of the articular cartilage. CAIM,
controlled abnormal joint movement group; ACL-T, anterior cruciate ligament with abnormal joint
movement; CTR, control group. Data are expressed as means + SD. There were no significant

differences between zones or treatments.
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Figure 5

Chondrocyte density areas in the surface, middle, and deep zones of the articular cartilage.
Chondrocyte density area (%) = stained chondrocyte area (tm?)/10,000 um? x 100. CAJM, controlled
abnormal joint movement group; ACL-T, anterior cruciate ligament with abnormal joint movement;

CTR, control group. Data are expressed as means £ SD. *CTR vs. CAJM; TCTR vs. ACL-T; {CAIM
vs. ACL-T.
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Abstract

Objective: Osteoarthritis (OA) is induced by accumulated mechanical
stress to joints; however little has been reported regarding the cause
among detailed mechanical stress on cartilage degeneration. This study
investigated the influence of the control of abnormal joint movement
induced by anterior cruciate ligament (ACL) injury in the articular

cartilage.

Design: The animals were divided into 3 experimental groups: CAJM
group (n = 22: controlling abnormal joint movement), ACL-T group (n=
292: knee anterior instability increased), and INTACT group (n = 12: no
surgery). After 2 and 4 weeks, the knees were harvested for digital
microscopic observation, soft X-ray analysis, histological analysis, and

synovial membrane molecular evaluation.

Results: The 4-week OARSI scores showed that cartilage degeneration
was significantly inhibited in the CAJM group as compared with the
ACL-T group (P< 0.001). At 4 weeks, the osteophyte formation had also
significantly increased in the ACL-T group (P< 0.001). These results
reflected the microscopic scoring and soft X-ray analysis findings at 4
weeks. Real-time synovial membrane PCR analysis for evaluation of the
osteophyte formation-associated factors showed that the mRNA
expression of BMP-2and VEGF in the ACL-T group had significantly

increased after 2 weeks.

Conclusions: Typically, abnormal mechanical stress induces osteophyte
formation; however, our results demonstrated that CAJM group inhibited
osteophyte formation. Therefore, controlling abnormal joint movement
may be a beneficial precautionary measure for OA progression in the

future.
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Introduction

Knee osteoarthritis (OA) is a type of joint disease that results from
cartilage degradation and osteophyte formation in joints, and believed to
be caused by accumulated mechanical stress. ! Generally, anterior cruciate
ligament (ACL) transection model is widely used to elucidation of a
mechanism of OA progression.23 ACL transection promotes abnormal
joint motion, such as anterior translation of tibia, and the abnormal
mechanical stress may develop between the femur and tibia cartilage.

In our previous studies, to establish abnormal joint motion of the
tibia and its controlled effect, we created a controlled abnormal joint
movement (CAJM) model to restore the biomechanical function following
ACL transection through a nylon suture placed on the outer aspect of the
knee joint.4 Using the CAJM model, we reported the controlled abnormal
joint movement suppress inflammatory cytokines may help to delay the
progression of OA.5

Moreover, other studies indicated that anterior translation of the
tibia induced by ACL injury was related to osteophyte formation.6s.
Anterior translation of the tibia causes abnormal joint mechanics by
changes in contact stress. This change in contact stress results in an
increase in concentration of various growth factors during osteophyte
progression in the knee. In particular, the synovial membrane exhibits
increased transforming growth factor beta (TGF-8), bone morphogenetic
proteins (BMPs), and vascular endothelial growth factor (VEGF), which
play an initial and terminal role in differentiation 911 Although
symptoms are not always present, various growth factors are expressed
during the progression of osteophytes in the knees of patients with OA,
and osteophytes are understood to be a result of abnormal mechanical
stress.

We hypothesized that the abnormal joint movement is probably
more from increased contact stresses on the joint, which the bone
osteocytes will sense via Wolff’s Law, and then the bone “senses” that it
needs to “grow” osteophytes in order to limit the abnormal movement.
The objective this study was to evaluate osteophyte formation and
cartilage degeneration on controlled abnormal joint movement using
histological and molecular biological analyses. These findings may help to
understand the progression of OA and to provide new prevention methods
for patients with OA.

Material and Methods



Animals and Experimental Design

All procedures were approved by the Ethics Committee of Saitama
Prefectural University (approval number: 27-9). A new protocol was
devised according to the “Animal Research: Reporting of in Vivo
Experiments (ARRIVE)” guidelines.!2 A total of 56 ten-week-old Wistar
rats (Sankyo Labo Service Corp., Tokyo, Japan) were obtained for use in
this study (Fig. 1). The animals were divided into 3 experimental groups:
an intact group (INTACT, n = 12: the rats did not undergo any surgery), a
CAJM group (CAJM, n = 22: external support was provided to decrease
anterior translation after complete ACL transection), and an ACL
transection group (ACL-T, n = 22: bone tunnel with complete ACL
transection, anterior translation increased). All rats were housed and
maintained on a 12-hour light-dark cycle at a constant temperature of
23°C, with free access to food and tap water.

Surgical Procedures

As described previously,4513- the ACL-T and CAJM models were
established after anesthetization of the rats with pentobarbital (0.8
ml/kg) (Supplementary methods). The medial capsule of the right knee
joint was exposed without disrupting the patellar tendon, and the ACL
was completely transected. Both models were established by creating a
bone tunnel along the anterior aspect of the proximal tibia. In the ACL-T
group, the skin was closed with a 4-0 nylon suture and was disinfected. In
the CAJM group, a nylon thread was passed through the bone tunnel and
was tied to the posterior aspect of the distal femur. A reduction in
abnormal joint movements was achieved without intra-articular suturing
of the ligament.

Functional Recovery and Anterior Translation Examination

The postoperative recovery of motor function was evaluated by
placing rats randomly selected from different groups onto an accelerating
rotarod (Muromachi Kikai Co., Japan) for rotarod analysis. To rule out
differences in learning skills between the 3 groups of rats, each group was
assessed over 3 trials (the rotation speed was adjusted to 10 rotations per
minute). The motor function of each animal was determined by averaging
the scores of 3 trials.

At 2 and 4 weeks, 6 rats from each group (n = 36) were sacrificed
following anesthetization with pentobarbital, and their right lower limbs
(including the knee joints) were examined radiographically. The femur
was subjected to examination systems,* and the anterior translation of
the tibia was evaluated with anterior traction using a 0.2 kgf constant
force spring (Sunco Spring Corp., Kanagawa, Japan). Radiographs were



captured with a soft radiogram M-60 (Softex Corp., Kanagawa, Japan). X-
ray radiography was performed at 28 kV and 1 mA for 1.5 seconds, and
images were captured with a NAOMI digital X-ray sensor (RF Corp.,
Nagano, Japan). Digital images were used to quantify the anterior
displacement relative to control rats under normal conditions using the
Imaged software (National Institutes of Health, Bethesda, MA, USA).

Osteophyte Scoring from Radiographic Examination

To evaluate the changes in OA, the rats were positioned with their knee
flexed at 90 degrees. Following scanning, the osteophyte score was
evaluated based on a previous study!4 (Supplemental Table 1). The
scoring comprised osteophyte, cyst, joint space, and sclerosis
measurements.

Histological Analysis

The rat knees were fixed in a 4% paraformaldehyde solution for 48 hours
and were decalcified in a Super Decalcifier I solution (Polysciences Inc,
Taipei, Taiwan) for 24 hours. They were subsequently washed with
phosphate-buffered saline and were embedded in an optimal cutting
temperature compound (Sakura Finetek Japan, Tokyo, Japan). The
specimens were cut 16 pm from the tibial plateau and femur on the
frontal plane. Sections were stained with safranin-O/fast green staining
and alizarin red/Alcian blue staining, and were rated according to the
Osteoarthritis Research Society International (OARSI) scoring system for
cartilage.!> Every 3 sections of the 4 areas (i.e., the medial tibia, lateral
tibia, medial femur, and lateral femur) were evaluated according to
previously reported methods.!6 This scoring system consists of 2
subcategories: the grade (6 points) and the stage (4 points). The total
OARSI scores were calculated as the “grade x stage.” A total score of 24
indicated severe OA, while a score of 0 indicated a normal joint. Four
areas per section calculated the summed total score (0 to 96). According to
a previous study,!7 the osteophytes were evaluated semi-quantitatively
using osteophyte formation scores consisting of 2 dimensions: the size and
maturity (Supplemental Table 2). Four areas per section (i.e., the medial
tibia, lateral tibia, medial femur, and lateral femur) were evaluated to
calculate the summed total score (0 to 24).

Microscopic Examination

Five knee joints were harvested from each of the CAJM and ACL-T
groups (n = 20) at 2 and 4 weeks after the surgery, and the samples were
carefully separated from the tibia and femur. The contralateral articular



cartilage (left side) of the ACL-T group was used for INTACT. The tibia
and femur were stained with Indian ink to visualize the damaged region.
Microscopic pictures of the femur and tibia were captured with a digital
microscopic system (Keyence, Tokyo, J apan). Based on a previous study,!®
the cartilage degeneration of the femur and the tibial surface was
evaluated through macroscopic scoring on a scale of 0 to 5 points
(Supplemental Table 3).

Quantitative mRNA Expression

The TGF-8, BMP-2, and VEGFmRNA expression levels associated with
bone marrow progression in the synovial membranes were evaluated with
a real-time polymerase chain reaction (PCR) 2 weeks and 4 weeks after
the surgery in the CAJM and ACL-T groups. The contralateral articular
cartilage (left side) of the ACL-T group was used for standardization
(normal tissue samples). The synovial membranes were isolated and
immersed in an RNA-stabilizing solution (Ambion, TX, USA). The total
RNA was extracted with an RNeasy Lipid Tissue Mini Kit (QIAGEN, CA,
USA) according to the manufacturer’s instructions. The synthesis of the
¢DNA was conducted with a high-capacity cDNA reverse transcription kit
(Applied Biosystems, CA, USA). A real-time PCR was performed with a
StepOne-Plus real-time system (Applied Biosystems, CA, USA) using 2
nL of cDNA in the presence of the appropriate primers (TagMan primers,
NE, USA): BMP-2, TGF-8, and VEGF (Table 1). The relative expression
levels of the genes were normalized to a housekeeping gene
(glyceraldehyde-3-phosphate dehydrogenase; GAPDH) using the 24ACt
method to calculate the relative levels of mRNA expression.

Statistical Analysis

Statistical analysis was performed with SPSS ver. 21.0 software
(IBM Japan, Tokyo, Japan). The normality of the value distribution for
each variable was evaluated with a Shapiro-Wilk test. A parametric
statistical analysis of the 3 groups was performed with a one-way
analysis of variance followed by a Tukey post-hoc analysis. A non-
parametric statistical analysis was performed with a Kruskal-Wallis test
followed by a Mann-Whitney U-test for pair-wise differences. The
resulting p-values were compared with Bonferroni’s corrected value (p=
0.017), which was calculated based on the number of pair-wise
comparisons made. To compare the 2 groups, a parametric statistical
analysis was performed with the Student-t test. A non-parametric
statistical analysis was performed with the Mann-Whitney U-test.
Moreover, the correlation coefficient between the anterior translation and
scores were calculated. P-values < 0.05 were considered significant.



Results

There were no significant changes in the weight of the normal rats 2 weeks
after surgery (p = 0.191 with ANOVA; INTACT, 273 [252 to 293] g; CAIM, 279
[269 to 290] g; ACL-T, 287 [278 to 297] g) and 4 weeks after surgery: (p = 0.066
with ANOVA; INTACT, 297 [277 to 316] g; CAIM, 282 [271 to 292] g; ACL-T, 299
[287 to 310] g) (Fig. 2A). The evaluation through the rotarod test after surgery
demonstrated that the results did not differ between the 3 groups at 2 weeks (p =
0.586 with ANOVA; INTACT, 14.1 [10.4 to 17.8] sec; CAIM, 13.3 [8.5 to 18.2] sec;
ACL-T, 12.1 [7.4 to 16.7] sec) and 4 weeks (p = 0.989 with ANOVA; INTACT, 15.3
[12.3 to 19.6] sec; CAIM, 15.6 [12.1 to 19.2] sec; ACL-T, 16.9 [12.3 to 20.1] sec)
after surgery (Fig. 2B).

To evaluate the anterior translation after surgery, an X-ray was
performed with our original anterior joint instability measurement system at 2 and
4 weeks. At 2 weeks, the anterior translation of the CAJM group had
significantly decreased relative to the ACL-T group (INTACT, 0.301 [0.165 to 0.427]
mm; CAJM, 0.556 [0.205 to 0.907] mm; ACL-T, 1.414 [0.959 to 1.868] mm). The
anterior translation had also increased in the ACL-T group at four weeks
(INTACT, 0.144 [0.114 to 0.173] mm; CAIM, 0.379 [0.122 to 0.636] mm; ACL-T,
0.876 [0.573 to 1.179] mm). Exact P-values are given in Fig. 2C.

Osteophyte Scoring using Radiographic Examination

To evaluate the knee OA, soft X-ray digital scanning was performed at 2
and 4 weeks, respectively, and was graded with Oprenyeszk’s score'® (Fig. 3). At2
weeks, the scores of the ACL-T groups were significantly higher than those of the
INTACT groups (INTACT, 0 [0 to 1]; CAIM, 1 [1 to 2]; ACL-T, 1.5 [1 to 2]);
however, no significant differences were detected between the CAJM and ACL-T
groups (p = 0.233 with post-hoc Mann-Whitney U-test; Bonferroni correction). At
four weeks, the scores of the ACL-T groups were significantly lower than those of
the CAJM and INTACT groups (INTACT, 0 [0 to 1]; CAIM, 1 [1 to 2]; ACL-T, 2.5
[2 to 3]). No significant differences were noted between the CAIM and ACL-T
groups (p = 0.064 with post-hoc Mann-Whitney U-test; Bonferroni correction).

Microscopic Examination

The articular cartilage was graded according to the degeneration progression
in the tibia and femur based on a macroscopic examination (Fig. 4). At 2 weeks, in
the tibial cartilage, no significant differences were detected among the 3 groups (p =
0.536 with ANOVA; INTACT, 0.4 [0.0 to 1.0]; CAIM, 1.2 [0.0 to 2.2]; ACL-T, 1.4
[0.8 to 2.0]). At four weeks, the ACL-T group had higher tibia scores than the CAJM
group and the INTACT group (INTACT, 0.2 [0.0 to 0.7]; CAIM, 1.2 [0.7 to 1.6];
ACL-T, 3.6 [2.3 to 4.9]). In comparison with the INTACT group, the femoral
cartilage was significantly increased in the CAJM and ACL-T groups at 2 weeks
(INTACT, 0.4 [0.0 to 1.0]; CAIM, 2.0 [1.2 to 2.6]; ACL-T, 2.2 [1.3 to 3.1]) and 4
weeks (INTACT, 0.4 [0.0 to 1.0]; CAIM, 2.0 [0.2 to 3.4]; ACL-T, 2.8 [1.6 to 4.0]).

Histological Analysis of Cartilage Degeneration



Histological characteristics at four weeks are presented in Fig. 5. The CAIM
group exhibited enlargement of the cartilage lacuna and increased the number of
chondrocytes. Moreover, the ACL-T group exhibited a confirmed cluster of
chondrocytes and surface fibrillation.

To evaluate the articular cartilage at 2 and 4 weeks, the latter was graded
based on the OARSI histological scoring system (Fig. 5). At 2 weeks, the total
OARSI score was significantly higher in the ACL-T group and CAJM group than in
the INTACT groups (INTACT, 0 [0 to 1]; CAIM, 1 [1 to 4]; ACL-T, 2.5 [0 to 3]).
However, there were no differences between the CAJM and ACL-T groups (p =
0.502, with post-hoc Mann-Whitney U-test; Bonferroni correction). At 4 weeks, the
total OARSI score was significantly higher in the ACL-T group than in the CAJM
and INTACT groups (INTACT, 0 [0 to 2]; CAIM, 2 [0 to 4]; ACL-T, 9 [3 to 17]).
Exact P-values are given in Fig. 5.

Histological Analysis of Osteophyte Formation

The total osteophyte formation score was significantly higher in the ACL-T
group and CAJM group than in the INTACT groups (INTACT, 0 [0 to 9]; CAJM, 2
[0 to 4]; ACL-T, 3 [2 to 4]) at 2 weeks. However, there were no differences between
the CAJM and ACL-T groups (p = 0.389, with post-hoc Mann-Whitney U-test;
Bonferroni correction). The scores at 4 weeks were significantly higher in the ACL-T
group than in the CAJM group or the INTACT group (INTACT, 2 [2 to 2]; CAIM, 4
[3 to 6]; ACL-T, 6 [4 to 6]). Moreover, the correlation coefficient between the
anterior translation weight and score were significant (p < 0.001, R2 =
0.63). Exact P-values are given in Fig. 6.

mRNA Expression Levels in Synovial Membranes

The synovial membrane of the rats in the CAJM and ACL-T groups was
harvested 2 and 4 weeks after the surgery. A real-time PCR was used to assess the
alterations in the expression levels of the genes associated with osteophyte
progression, and the changes in the CAJM and ACL-T groups were compared with
the expression levels of the normal tissues (i.e., normal tissue samples harvested
from the opposite knee) at the baseline. As shown in Fig. 7, at 2 weeks, the BMP-2,
TGF-B, and VEGF mRNA expression levels were approximately 3.80-fold, 1.01-
fold, and 2.18-fold higher in the ACL-T group, and 1.29-fold, 1.37-fold, and 1.40-
fold higher in the CAJM group, respectively. The mRNA expression levels of BMP-2
and VEGF in the ACL-T group were aberrantly significantly upregulated as
compared with those in the CAIM group. The BMP-2, TGF-f3, and VEGF mRNA
expression levels were approximately 4.46-fold, 1.00-fold, and 0.81-fold higher in
the ACL-T group, and 3.11-fold, 1.00-fold, and 1.33-fold higher in the CAJM group,
respectively. The mRNA expression levels of the BMP-2 and VEGF in the CAIM
group were aberrantly significantly upregulated as compared with those in the ACL-
T group.



Discussion

Based on a previous study, 4513 the present study used the CAJM
model to understand the relationship of abnormal joint movements to the
progression of articular cartilage degeneration and osteophyte formation.
This model used a nylon suture to induce normal joint movement. As a
result, the histological data indicated that the CAJM model significantly
decreased cartilage degeneration and limited osteophyte formation and
certain mRNA expressions according to osteophyte growth factors in the
synovial membrane.

The abnormal joint motion caused by knee injury is a predominant
factor in OA progression.1? In animal models, abnormal joint movement,
such as joint instability, leads to long-term alterations of the knee
articular cartilage, as evidenced in mouse,36.20 rat,%13 and rabbit
models.221 In particular, in rabbit model, the degree of anterior
translation induced by ACL transection model was associated with
degeneration of the articular cartilage.2 Our model was designed to
induce a biomechanical change, such as anterior translation, with nylon
sutures. The results demonstrated different anterior translation between
the ACL-T and CAJM models at 2 and 4 weeks, and the CAJM model
inhibited the degeneration of the articular cartilage more than the ACL-T
model. These findings indicated that the control of anterior joint
instability had a beneficial effect on the articular cartilage, our model has
obtained an analogous result to the previous research.

On the other hand, osteophytes are small spurs that form in and
around the knee joint as a result of chronic inflammation. Although the
mechanism of osteophyte formation in OA remains unclear, the
involvement of the synovial membrane in osteophyte formation appeared
within 2 weeks of the induction of experimental OA. According to our
hypothesis, abnormal anterior translation of the tibia probably results
from increased contact stresses on the bone, which the bone osteocytes
will sense via Wolff's Law, and then the bone will "sense" that it needs to
"grow" osteophytes in order to limit the abnormal motion. In particular, in
animal models, anterior translation at a relatively early stage has been
reported to reduce the range of motion with osteophytes.” 2! As the
present model was a method to reduce abnormal joint movement at an
early stage, the formation of osteophytes may have been mild.

In addition, the synovial membrane is an important site of
osteophyte formation. The edges of the cartilage, which receive
appropriate nutrition from the synovial membrane, induce the formation
of osteophytes. Various growth factors are expressed in the osteophytes of
experimental models and clinical patients. Both the TGF-beta and BMP2
can induce major osteophytes in murine knee joints. Moreover, in animal
models, 911 newborn blood vessel factors such as the VEGF, VEGF-



receptor, VCAM, and FGF-2 also contribute to the growth of osteophytes
as they supply nutrition. In the present study, the ACL-T model exhibited
osteophyte formation at 4 weeks, and the synovial membrane mRNA
expression levels of the BMP-2 and VEGF were increased at the 2- and 4-
week time points in the ACLT model. These results indicated that the
control of anterior translation inhibited osteophyte formation. Previous
research has shown that anterior translation at 4 weeks after surgery
was reduced in an ACL transection rat model, as the recovery process for
animal models was expedited compared to that for humans.?? Moreover,
anterior translation induced by ACL injury requires osteophyte formation,
and the range of motion and joint mobility is subsequently reduced.
Considering these various findings, osteophytes are probably a result of
instability and may limit joint motion, but they form as a result of bone
growth due to increased contact stress resulting from abnormal joint
mechanics. On the other hand, for articular cartilage, the factors
associated with osteophyte formation have been shown to induce OA.
These abnormal contact stresses play a crucial role in the physiology of
various tissues: mechanical signals are critical determinants of tissue
morphogenesis and maintenance; however, high-strain
mechanotransduction by cartilage mechanical stress is relevant to the
pathogenesis of OA. The present results indicate that the control of
contact stress resulting from abnormal anterior instability suppressed
cartilage degeneration, which was associated with osteophyte formation
in the histological and real-time PCR analyses. These findings showed
that an appropriate contact stress condition maintained cartilage
formation, and re-stabilization of the joint provided a good mechanical
condition for the knee after ACL injury.

In order to interpret and apply the findings of the study properly,
its limitations should be acknowledged. First, the experimental period
only included the 2- and 4-week points after surgery; the long-term effects
of cartilage degeneration and osteophyte formation were not examined.
However, one of our previous studies showed that the CAJM model
induced lower cartilage degeneration than the ACL-T model 12 weeks
after surgery. Therefore, this study focused on controlling abnormal joint
movement of the knee in an early stage. Seconds, the use of an
experimental rat model, which implied a small knee joint size, meant that
changes in the joint kinematics (including the tibial rotation) following
ACL transection could not be accurately evaluated. Although, anterior
displacement was measured by the distance between the non-traction
condition and the anterior traction condition at each sacrifice time point,
the anterior displacement differences at the later postoperative times
between the control, CAJM, and ACL-T knees may also be due to changes
in the knee soft tissues resulting from the surgical procedures and tissue
responses.



In conclusion, this study examined the association between
anterior translation and osteophyte formation in the progression of
articular cartilage degeneration. It appeared that the control of abnormal
joint movement was indeed associated with the inhibition of cartilage
degeneration and osteophyte formation, as evidenced with microscopic,
histological, and biochemical analyses. However, further research is
required to characterize the features of mechanical stress associated with
the development of OA and to gather information to guide the
development of interventions intended to optimize the cartilage health of
the knee joint.
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Figure 2. Verification of the CAJM model (weight, motor function, and
anterior translation of tibia). (A) Change of body weight at each point.
There was no different among three groups at 2 weeks (p = 0.191 with
ANOVA) and 4 weeks (p = 0.066 with ANOVA). (B) Motor function
evaluation using rotarod analysis at each point. There was no different
among three groups at 2 weeks (p = 0.586 with ANOVA) and 4 weeks (p =
0.989 with ANOVA). (C) Anterior translation evaluation method and
results. A custom knee instability evaluation system was used to quantify
the anterior laxity. The femur was held with a manual clamp, and the
tibia was retracted forward by a 0.2 kgf constant force spring. A soft x-ray
radiography was used to evaluate the anterior translation, and the
displacement was calculated. At 2 weeks, the degree of anterior
translation was significantly increased in the ACL-T group as compared
with that in the CAJM group (p < 0.001 with post-hoc Tukey method). At
4 weeks, the ACL-T group showed significantly increased anterior
translation as compared with that in the INTACT group (p = 0.008 with
post-hoc Tukey method). All data are expressed as means with 95%
confidence interval limits. The exact P-values between the compared
groups (based on a one-way analysis of variance with Tukey’s post-hoc
test) are displayed on the graph.
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Figure 3. Knee osteophyte formation evaluation with radiography. Time
course of soft X-ray radiography of knee joints in INTACT, CAJM, and
ACL-T groups at 2 and 4 weeks. Both the ACL-T and CAJM groups
showed osteophyte formation (red triangle). The radiographic images
were graded, and the ACL-T group scored higher than the INTACT group
at 2 weeks (p = 0.017 with post-hoc Mann-Whitney U-test with
Bonferroni correction) and 4 weeks (p = 0.001 with post-hoc Mann-
Whitney U-test with Bonferroni correction), respectively. The data are
expressed as the median at 256% and 75%. The exact P-values between
the compared groups (based on the Kruskal-Wallis test followed by the
Mann-Whitney U-test for pair-wise difference) are shown on the graph.
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Figure4. Macroscopic analysis of tibial and femoral cartilage.
Representative imaging of Indian ink staining. The most severe change
and slightest change in each group were selected. The white arrow heads
indicate the cartilage degeneration point and area. Semi-quantification of
microscopic features with analysis based on previous scoring systems.
The data are expressed as means with lower and upper 95% confidence
interval limits. The exact P-values between the compared groups (based
on a one-way analysis of variance and Tukey’s post-hoc test) are shown on
the graph.
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Figure 5. Specific histological findings of articular cartilage at 4 weeks,
and OARSI scoring at 2 and 4 weeks. Cartilage sections with Safranin O
and fast green staining in the INTACT, CAJM, and ACL-T groups. The
CAJM group exhibited enlargement of the cartilage lacuna and increased
chondrocytes (white arrow), whereas the ACL-T group exhibited a



confirmed cluster of chondrocytes (block arrow) and surface fibrillation.
OARSI scores at 2 and 4 weeks. At 2 weeks, the INTACT group’s
«qummed OARSI” scores were significantly maintained as compared with
those of the CAJM group (p = 0.021 with post-hoc Mann-Whitney U-test
with Bonferroni correction) and ACL-T group (p = 0.001 with post-hoc
Mann-Whitney U-test with Bonferroni correction). At 4 weeks, the ACL-T
group showed a significantly increased OARSI score (Summed OARS]) as
compared with that of the INTACT group (p < 0.001 with post-hoc Mann-
Whitney U-test with Bonferroni correction) and of the CAJM group (p<
0.001 with post-hoc Mann-Whitney U-test with Bonferroni correction).
The exact P -values between the compared groups (based on the Kruskal-
Wallis test with the Mann-Whitney U-test) are shown on the graph.
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Figure 6. Histological findings of osteophyte formation at 4 weeks, and
osteophyte scoring at 2 and 4 weeks. Cartilage sections with alizarin-
red/Alcian-blue staining in the INTACT, CAJM, and ACL-T groups. The
CAJM and ACL-T groups exhibited confirmed osteophyte formation.
Osteophyte scoring at 2 and 4 weeks. At 2 weeks, the scores were higher
in the CAJM and ACL-T groups than in the INTACT group (both group, p
< 0.001 with post-hoc Mann-Whitney U-test with Bonferroni correction).
At 4 weeks, the ACL-T group exhibited significantly higher scores than
the INTACT and CAJM groups (INTACT vs ACL-T: p < 0.001, CAIJM vs
ACL-T: p = 0.002, with post-hoc Mann-Whitney U-test with Bonferroni
correction). The correlation coefficient between the front drawer weight
and score were significant (p < 0.001, R2 = 0.63). The exact P-values
between the compared groups (based on the Kruskal-Wallis test with the

Mann-Whitney U-test) are shown on the graph.
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Figure 7. mRNA expression levels in the synovial membrane. Synovial
membrane tissue samples harvested at the 2- and 4-week time points
were evaluated to investigate the mRNA expression of factors associated
with osteophyte formation as a proportion of the normal tissue samples
(ratio: 1.0). At 2 weeks, the mRNA expression levels of the BMP-2 had
significantly increased in the ACL-T group as compared to those in the
CAJM group (p = 0.001 based on post-hoc Mann-Whitney U-test). The
VEGF mRNA expression was also significantly increased in the ACL-T
group (p = 0.003 based on post-hoc Mann-Whitney U-test). At 4 weeks,
the BMP-2 mRNA expression was significantly increased in the CAJM
group. The data are expressed as the fold change with 95% confidence
interval limits.
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Surgical information

As described previously, the ACL-T and CAJM models were established
after anesthetization of the rats with pentobarbital, the right knee joint was
exposed to the medial capsule without disrupting the patellar tendon (Fig.1a),
and the ACL was transected completely (Fig.1b). In both group, bone tunnel
were established by creating along the anterior aspect of the proximal tibia
(Fig.1c). To achieve a damping force in the knee joint after the ACL transection,
a bone tunnel to the anterior proximal tibia was created, and a nylon thread was
passed through the tunnel (Fig.1d). The thread was tied and secured to the
posterior distal femur, thereby damping the anterior drawing force of the femur
on the tibia (Fig.1e-g). A schematic representation of the surgical procedure is
provided in the bottom panel.

The CAJM rat model is designed to restore biomechanical function
following ACL transection by using a nylon suture placed along an orientation
similar to the original cruciate ligament on the outer side of the joint. Unlike in
ACL reconstruction, abnormal joint movements can be dampened, although
intra-articular suturing of the ligament is not possible. The moreover, CAJM
model was not limited range of motion for flexion and extension (Fig.2)
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Fig.1. Schematic frontal and sagittal views of a controlled abnormal joint movement
(CAJM) model showing tibia achieved by creating bone tunnel using rotary drill and
nylon thread passed beside the femur condyle.
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Fig.2. Influence of controlling joint instability among INTACT, ACL-T and CAIM
models. Soft x-ray radiographs were taken using a soft radiogram M-60. There was
no diffrent for flexion and extension angle.
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Table 1. X-ray scoring system'®

Grade X-ray feature

0 No osteophytes

1 Doubtful osteophytes

2 Minimal osteophytes, possibly with narrowing, cysts, and sclerosis

3 Moderate or definite osteophytes with moderate joint space narrowing
4 Severe, with large osteophytes and definite joint space narrowing

Table 2. Histological osteophyte formation scoring system?!

Score Histological feature

None

” Small (approximately the same thickness as the adjacent cartilage)
ize

Medium (1-3 times the thickness of the adjacent cartilage)

Large (3 times the thickness of the adjacent cartilage)

None

— O |W N = O

Predominantly cartilaginous
Maturity 5 Mixed cartilage and bone with active vascular invasion and
endochondral ossification

3 Predominantly bone




Table 3. Microscopic cartilage surface and bone scoring for rats??

Score Features

0 Intact articular surface

= 10 puncate depressions per condyle
> 10 puncate depressions per condyle
Erosion (= 50% of joint surface)

Erosion ( >50% of joint surface)

wm AW N -

Bone destruction




