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1. EF

EAEREBEE (B OA) IXBIEIRE OEMZ FHRA &3 51RO E
ek B ThH D, KM TITMIEREIED OA b EH 5H & 2530 T AR OA
ThHDIENPENTINTEY, IFRIEOHLITHSNMELE S 2 5.
L2vL, B OA T 2B MIEE LT, Rk, WML, HPRE
WET O DD, FWETH D BEETE LN Z B 1k 5 K BT R
WAL DRESLIZITRE IR B 5 .

HURPREMNBLA LY, EHLGICL > T OA O#EfTE T2 L %
Hig & LIl S, MR b by R VBB ITCE 2% 4 8 IE
TLZENERBMEH TR THL L ER>TWS., Py RIL
EEIORE LTIE, WERM Yy FIVEITEER AT =H/L A b
LA ELTHEREN, EREDESFHH S TEZ. L, KW
72 OA BT /VENY X BIEIHCE NIBER A D= ANV A N L ARSI, K
FHRFARIIC OA WEEITT 5. ZoOREBIZ Ly RIVEBZE/T D &
BEIETERE I MDA = DNV ARV RIIHWRTHERHEEIND

, EAEMITBIET 2R/ B oL, MLy RILVEGHOZE
BANZANVA N VADHBTHIRT 5 Z LITIERAR D 2.
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EDRREEMEICEEL 2D LR ET, B OAICHT D Ly R
WEBRFICE LT D~ 707y =V OBBORKGEE (W78 1), ~7 v 77
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WREZN L THEEELEBEIEDL LW RO —MELHETL2H0T
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1. AREOER
1.1, 287051 ok BA i A oD B 22

IR BEIE (Knee Osteoarthritis: & OA) 1Bk E O &M % &
WAL L, BfRCEBMERE, #1755 L AEARBEREL5 X
BT RENREHGREEDO D THSH. KEBEAER = — F Research
on Osteoarthritis / osteoporosis Against Disability (ROAD) 71 ¥ =
7 b PPN XD LEERMICE OA o2t LT & 5 Kellgren-
Lawrence (KL) £® grade2 UL L% OA L EE LG, B OADOH
WRIL DM 42.6%, M 62.4% Tholo. £, FEEIEEHWEILE
<, FRlZIHIZZ W enlE Sz, ZOMENORTOFRE R %
HeET DL, XBTRB SN 5 OA OAHAE T 2530 5 A (Bt 860
TN, ZPE1670 T A) &7e 0, B OA AR EF T 800 J7 AZiET
5. SRR IS E il & % E R E O RS a OE, EREHNR O -
DITIE, OA DOIREMRICIERIE DB N BEOBRE TH 2 7y, BIEITR
JER) 7RI IRICH £ > TV 5.

1.2. JBRBEEN s

B E T BT & IS X 2 KBRS BAH, MERE & RIREIC LD K
HARRBIEIIC L > TR SN D, BB IIHENRE»SBIC L o RE
PERRIF T D72, BEH 2 Y &< B < Of, w7 w e bkhe
AT D IR BN, R & IS O 2 WU S e
EDMBEIZ L > THEIORENZ®mO TWD. £, BB OB
MEEE & NI OV H R D BT GIC BTl Y, £ O F X m o
WHIEHE L ToOBEZR SER THZINL TS,



1.3. BAHTIE D #d

BIETHCE XS AT 2B ORMEICHFEL, T REICHEIND.
BIEHCE X2 A4 F~— 27 2512, IFARILE & ARl RS, 9
FIR LB IEER T b8, TE, ®E mibEn, ARlbEE A D
BTa4-o0FREEL LD, Fio, BEHKEIX 70~80%D KN EEHT

LA CTH Y, WHMEBE T o TWESH - HREMERNEZET S
ELbi, MMARHRIZELY, REREEAGAL TS, KyLSt
D 20% IFHCE SIS EE (M a7 — o7 e s 47U )
(R o TR S L, =7 —7 Uit I3k R TREIFEATICRYI L
FELTHl oYV MEICEILTL2EEZEZONTWD., IaTd )y
IERAKMEIZCE D e FURBRe T 7 2 Vs a7 2 X7 B
AL, & LU UEMMEICEIT S "EAHEINTNDS.

BIE R LM, U, MRATEE LRV ECBEERENE L
SIEWHETH L. Tolcd, —EEMNRELDLE ZELLITREL RN
Mk CcH D DR BIMSNTEZ., L, IFETEHMEY — FR
MG D4 570 & DA ER M O FERIZ X 0 iRE MEE T 5 rTREMEN A
HEinTns.



4. ZRIE 1 R BA B AE D FEAE
1E# O B ETHCE 1 8E MR 54 U 2 REA KR & 5RO
BWICEY, HEEREOEFEPMHEFSA TS, LaL, B OA LK
WTIEBIEI B ICRBEI /e A D=L A R LARMb S Z L2k b, B
S A AR D B BRI R U C B B R R K] - 28 FRS IS 4% &
2Ry, BEEREOEERELD ERH#ENATVD
Matrix metalloproteinase (MMP) <X A disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS) 72 & ® ¥
VORI E S RERIEHICERNT A N a7 —F o7y a s A7 U vk
G e MR A R ORI OA ORI RFTR TH 5 67. MMP-1 X
MMP-13 3= 7 7 F—8 & L IEEH, IR L 72#CE M) 5§58 S 4,
R EICEZ S FET LN T — 5 U Cxt L TRV EREEZFFD 8 .
IZ%f L, tissue inhibitors of metalloproteinases (TIMP) -1 % {3
&9 % TIMP & MMP OiEtEZM$I+ 25 9LHmEINTWND. > T
MMP & TIMP & VO S5 13 iRE OB MEICE D 2 BERER TH 5 1010,
%72, Interleukin (IL) - 18 %° IL-6, Tumor necrosis factor (TNF) -a 73
S 33 [R] - 8B A SE SO S B DR I K & < BB LT
%. IL-18 1Z MMP % L J5#4#, TIMP % F 5#lfE4 25 & #HiE S TR Y
12,13) RIER T OIMfl X OADEATZPIIET DT DICHERA R TH D,
ek, ERICHRAR7Z XS OA BEMIZDOTED2 A=/ A ML A
RMERIC L > THE R XKIBT D L 0o 7e, B HEM AR ZEMERA L
LT ONTEZ., LaL, BECITMEESRE, ®E T8, AR, &
, A, WEIEZR & o BT ST OA OB T v RIS
T5, BHERZRTHEBLLTEZILNLD LI, T, BEHAD
AR OE R E MR T 2 72 DI B & R D /N T o A S B 377 4
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o 2%, ZUBRRICEFAMDONT 2T AIRERDH D Z &
PR VSN TWD . BETHCEICE £ A5 e M350 R O ML T
BRONICHED LT, ARBEICHTOIZAREZRILL, RIEML X
RO AT 42— HELETHZENHKD WAL, B
OA & RIEDBIRIEDIR S Ml 2 5 .

RIECB D MO TH BT OA OFIE - #ITICKELBEE5T 5
EHREINTWD., R~/ e 77y —VBIWN~ v 77 —U0EAT
HAT 4T —HI% OA ITBIT HRIES L OBHEEISIZB U TR E ek
HRIZLTWD., w7077y —V320RE, Bkl 7n s 7 I »
JBRETREA SN D 51205 UTHRAE (M1) 723 RiE (M2) Mildic
ST D ENHLNICR o TND 161D, M1 ~27 127 7 — % TNF-
o, ILFIBREDRIENEY A N IA T ENA 2 RT 5 2 &K
MTHs. F, M1 ~7 77—y i OA B €T V2B ks
HELZERPLNCR-TEY 19, M1 RERLLDOY T rII 07
N OA OIEWEME E L THFENTWD., K M2 w7 17 7 — %
IL-4 R IL-10 & W o oL RIEMEY A MU A &R FINT 2 192 & B3R T
Ho. M2 ~—N—ThHMAMZINT 2 BEHNICERN T2 L, 4 XHE
BRET /L OA ICB W THMSME R EDREZ S Z LN TE R LWE
200X TEY, WBENTO M2 ~7 a7 7 —YOEMN, MEREDT
iD= DGR LR V155 2 & 2R Lz,

~v/m77 =ikt b OABRFEOWKRTHM iz 2V, Liu b 220
B OA BEDBKTIE MI/M2 ~7 v 7 7 — Y DOLENMET &mE &It
WL CHFICHNZ 2R L. £, MI/M2 ~ 7 17 7 — VO lET,

B OA 23 @ KL grade & IEOMBEARH L LEZRL, v~/ r 77—
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1.5. Ly F IAEBIC X 2EBEDR

B OA IZXT 2B RIEIT R & < PRAFREIE L BLILATRRIEIC R S 5.
PRAFPRE T/ 7)1 iR E B <° B /T BV IAI R 7 & B R 5, BT v |
VERIES ERCHIRIE R T E O Y E, BERSEAERE L T oM
WIEN D D . — TR ET T 2 & N TR B & E #1858 80 v iy
EV o EBIMMIARIENERREN D, L LEEOIRFEIEETHE OA

LR o THELDFEACEERE 2 WET 2720 DIEREMAREETH
D, B OA OEIHRZE Th 5 MG DM 2 B k3 2% 5K B E A A R R 1%
IFAFTE L 72\,

ZHCx L, EFEREOENEIET D 0BT T VAR L
B NEA TR TS, OO —438 L LT, HPRENE
REV, HEELFIZE->T OA OEITEZ VT2 L E2BNE LIHSE
MR SND. 8B OMFFICTITEERA T =T VANV ARKLETHY,
EFREEXHETD7 vy bERRIZ Ly FIVEBIZLG LR, M
RS FEE O & AR - O EE I SE R - O i 7e £, EENIICE IR T D
g S WARER AR BS (X L, BARIEER A& LTI 28RN TWND
23) F 7o, HH & G UBEEI N O RIE 2§55 7 %5 mono-iodoacetate (MIA)
FET N R BRIER ZLTT LI SE b FARIER 2N MR I < K7
AWML LR E2VINTEBY, FEEOERIIREG OLEMEZE
ESHED LWV ZHOMENRD D 252D, I LITEETILOALSE D
D DI ALE D S — E RS L OA 23 FIE L -8 T T st LT
b, TEEOEHMEZLGTTHZ LICL o THREEEOETNEEST D &
WO RRENRIN TR 2829, WEHOBEEMENF X 5D



L2L, RE MLy FINVEINCREREDIRD DD O0TE 7+
ARl STV, BRI R 72 K O ICHE OMEFFIC 1T E 72 A 7 =
ANVANVARKRERGRTHY, by FIVEBRZEOKLE 2 H -
TWbEEZEZ LN TE., EREYZ N2 5E TIEBIHEI N O #H; 4 4)
Wr3-% ACLT €7 /L 39X DMM E 7 /L 3OR— 727 L & L CTERHAS
NTWd., ZHUOITEERE D WER A D=V AN LR ZBRI L, K
R & 3EiC OA MRIE - AT T 5. F Ly NI VEE) 2 FHE L 72 AT
WRTHLINOLOEPETABEHAINTEY, LFLOREICS HICH
VW) ARLABRMMENRTHSD. Ly RIAVEHOHE L L TIiX
i - PO CHIVTEE A Z M HK D28 253, SEETH D
CHEDOEMNZRET L LA B0I N TS Z b, EEHRE LK
BAEMIXIEREN2BRE RS, D0 RO RLED OA TT L
EWITRER A=V A ML AIZL > T OA BW#EITT 258, Ly R
SNVEBNZL S TAD =DV APV RAZ I BHITAIML THEREZEMH T
flEndE s &b, MLy RINLVEBOWREREDREEZ A D=7
WA RNVADHBTHIRT 22 LIIRETH Y, HEREDREZEZET
WERHDH EZEZXTND.

Box O0WE P TIEHBBEEOARAREERENH T INAOLLY L, ZO
WEET Ly RIVER 2 LM L8, SFEEE2IE+ 27210 ¢k
<, WERLIGIT L2 LZ2WME L. FHEIC OA T V7w MIRL
ThUy FINVE#BLZER LS, BEICET 2 RJIER 28, 5t
RIER T2 NS, WEEZIHT 5 L®E P shTkY, EBCE
> T OA OEITICERSBEET 2 WIERZIMBEIT 2 Z LB LN T
XTW5.

oMo Ly FIEBIZH W TE, Ly FIvE



FAEMHRCE s~ 7y =Y oRBEZIH L, MI/M2 DX %
B2 2 LG I NTEH Y, KEMREEEFE T v~y RICH§
kiRt Ly B IER IR EMHREICET S IL-4 ORBEORN L,
MI/M2 DRI S 5 2 L 2 @E OLTws, 2Fh, FLy FIn
HE 2 EGHKO~ 07 7y -V ORBAMEEZL S L L HBHL 2L
oTHEV,OAHBEICEFE~7u 77y —VoRFATICEHL T HED
TALHREC 2AEEE D EZ LN,

1.6. WHZEHY - R

B OA IZxt4 25 MLy NI VEHOZR E LT, BEFREIZbD D A
A=HNVARVALD G, BE~7 077 —Y %0 L RIERREO TR
ICEDEBREND TII RN SRR AN T2, £ 2 TARIIE TIHR
OA ET N~ AZKTH MLy FINVEBOZHRIZEL T, Wikl X
VW~v7na7y—YOBREIZEHL, by FINLVEBH LI T 7 —V

DRI EZTRE L7z,
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2. 1 : BERERBESEET A~ Y RN T 2R 2585
DFLy FIVERSKE - BEICS X8

2.1. WO

OA ~URETNVICHTSH MLy RINVEBOREREDRERE L
ZbDIEFLTNTHY, v U R 2R EEIRE OMEET S
TR\, ZZTRITIIEZ 2B IETEREOE S 3 FEHOME 2% E
L, Py FINVEENC RSB MREDRELMRIE L. BT, WEERR
EO MLy RINVEBIZIToCRORBEO ISR T 572012, 7
n7y—VORAMOEEBERSC~ 707 7 =V ORFMICHE L

Hz 25 EENDRIE - PIRIERFOEBREIZ DWW TCORGELZ Eie L 7-.

2.2. Jiik
2.2.1. B AL RS

KPR DM RHEET B SO AR EZG721%, B EBRE ARG HE 2
B N B SEBR FEHEFH I IS HE VY, BFSE A HERE L 7= OKGRE 5 2020-3).
Fo, OMmBELCEE L, #2170 T2 DI /NR O 2 E
BRizft L 7=,

222 EBTHA v
BICHERBEEIEE T L~ AT D RRDMED Ly FIVEE
WERE - WIS 2 58 (M 1)
12 # ke ICR R BN~ w7 2 32 JLiZxf L ACL Z B3 % 2 & CTHUE O #R
ML KENAE T2 BB OB OA 2EEIES. TO%, RIOE
.

® ACLT £t & 3 Ffd¥E 0 EH) 78 £ (Mild, Moderate, High)® s L v K I L
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B 207 L2 BRt 4 REICIRY 0072 (n=8). 4B OEEE, ~ 7 AD

ERIHT 2 BB LI OA (ZxF3 2 E®Eh O h R 2 B EidkE & iR E B
LMiEE L 7=

ow ACLTH .

6w

10w

P hLyRILER

Moderate ) E
-Ex i W AR

n=28

..................................................

18R OERTV A

2.2.3. fiH &M

ETCOYUADOERBEFRMEL LT, RE 2311C, BE 55-5% T E &
NEHRET, 772AF v 7 75—V 283 DAz, B& 12 K YA 7
NTHREZER L, BEIEGEE KIZEBER, EHNIHIR LR WERE T
fAE L.

2.2.4. & 7 AFK

A4 Y 7 V7 > (Mylan Seiyaku Ltd, Tokyo, JPN) (2 TWy ARRFEE:, =
FEIR G MEEER (R X h—s1®10 ml (Nippon Zenyaku Kohgyo Co. , Ltd.
Fukushima, JPN), K/ 34 A7EH#E®10 mg (Astellas Pharma Inc.,
Tokyo, JPN), X kL7 7 —/L®5 mg (Meiji Seika Pharma Co. , Ltd.

Tokyo, JPN) &C/AEBHEHEKZFHEGE 25 ml IZBWT, ELEH 1.875

12



ml, 2ml, 2.5ml, 18.625 ml OFIETHE), A7 hI VUK (7
> F+ % ®10 ml (Nippon Zenyaku Kohgyo Co., Ltd. Fukushima,
JPN) LAHABEKEZREGE 10 ml IZBWT, £<4 0.15 ml, 9.85
ml OFIEGTHE) ZHRE 10 g H7=0 0.1 ml L TFICES L, WREE X
QIR R AL E 21T > 7=, £ ORI oflmm 2 KB L, RERON
2> 5 BIETRNICIR A &8 7287 J] (Muromachi Kikai Co., Ltd. Tokyo,
JPN) ZH T ACL Z#UJlr L7-. EFMICIEEmirIcsl L, B
REEMNERL SN Z L 2R L. ACL U, UIB LB &
B %

b

WAk (Bear Medic Co., Ltd. Tokyo, JPN)CEAIL 7-.

2.2.5. JEE)

INEH B Ly R 20 MK-680 (Muromachi Kikai Co., Ltd. Tokyo,
JPN) #fEH L THEE:M N AEZITo7. HEBNAZITI>IELTOY T RF b
Ly RI VOB ESCERANR 2 E~ORE#EISHME LT 1 H 30 &
M, 3 m/min OME T3 AMOEBZIR L7z, EHT AT~V X OA £
TR L TRy RIVEE) Z FE L7z x OfE OTHEA Lz =
Fa— Lz, B3R, 4MITo72. 1 HOI ARRIZ 300 & L
B |3 AT SE & 2 512 10, 15, 20 m/min (Mild, Moderate, High)
O 3 FEFH O EB) R & 5T T

2.2.6. FHRS: ) AT
BRECL 72 B EN XA B R K TP %, 4 %Paraformaldehyde VU
VERFETER C 24 WFRA], 4C O CREE Lz, EER, KEKTHE L,

20 %= F L U7 I UIEERIAER 2 W T 10 B, 4CoOLMETHIX
L7- (IR 2 B —BEASHR). BLIRHE T, WK - T 7 ¢ iEHR

13



W 54T 5 721%, 85 7 4 v F 4 A% —TEC-P-DC-JO (Sakura
Finetek Japan Co., Ltd. Tokyo, JPN) ZflW\WT T 7 1T nv s %
ERk L7=. =D, 271 b—2 ROM-380 (Yamato Kohki Industrial
Co., Ltd. Saitama, JPN) (2T, ZRWE A (7 um) Z1ERk L 7.

MR Aokt L, BETERE 2 81223 2 72912 Safranin-O Fast Green
Juth % Schmitz & D FE DTV ToT2. 7o, BIEZBIET 27201
Hematoxylin Eosin (HE) &% 3%EE L. R LG NIETA—1 1 v
U v# EBEMEE BZ-X700 (KEYENCE Co., Osaka, JPN) % W Tz
L7z, BIEI#CE X OARSI Ik > THERREN TV H A a7 U v 7k 8
B, #6EE 2808 (WRIAASEREERL, FARDBEIE & %G
BlivicE oz 19 R E, TORNPL 84um #EATZH 0% 20 H) %5F
fii L7=. OARSI 2 = 7% Safranin-O @ e PR T 0ME O EZ L 72
& 8 Bt (0, 0.5, 1-6) T OADETEA BT HFHEA T — L Th 5.
WL AR 2 G (NI D8R Z2ER L, BEREICA D IR X
ST LHERINTEH D E 1URFE, TORMNG 84 pm EATZH 73 % 2
IR B) 2RI L7e. MATALE E L CIERE TIEHEONANC & 5 gk
XL THEED 2 @iz L, Miradge L (K 2). \IEKGEX
2 TR RS OB, AR EE A 5 5 BeRE (0-4) TIRER &4y
BT LA — 1 49TH L. LT v ¥ M S o likB z 2 4 0
WFEFE NN L CTER L, EHEELE R 2T & L.

12 VECTASTAIN Elite ABC Rabbit IgG Kit (Vector Laboratories,
CA, USA) ®» 7 m | = 1|2 5 %, Avidin-Biotinylated enzyme
Complex {5 % i\ THRIEMMALFE Y % FElts U7, MRRBIT ISR L v
Ly, B = VICEOBRNT T 4 VAR R U Ts. IRICINTEMERE R TG
RRET D0, #@EE{b/AkFEAK (FUIIFILM Wako Pure Chemical Co.

14



Tokyo, JPN) % 0.3 % g&ie A ¥ / —)LiZ SDRRE L. £7-, EW
Y X fi (Vector Laboratories, CA, USA) (2 20 WMR{ET HZ & T
— PR OIERRESGE T ey 7 L., BEIRE IS L TE— Rtk L
L THt Gremlin-1 Hifk (ab231065 ; Abcam plc. MA, USA, #FWREE
1/200) , Ht MMP-13 $1{£(ab39012 ; Abcam ple. MA, USA, #RiEE
1/250) , L ADAMTS4 #i{&(bs-4191R ; Bioss Antibodies Co., Ltd. MA,
USA 7 MEEE 1/100) %z 7. WHEICK LTIk, $1 CD68 Hiik
(ab125212 ; Abcam ple. MA, USA, #AWRIEFE 1/100) , $Ht iNOS Hiflk
(29778S; Cell Signaling Technology, Inc. MA, USA, 7 RIEE 1/200)
P1 CD206 $114£(18704-1-AP ; Proteintech Group. IL, USA, #REE
1/500) , $T TLR4 $11£(ab13867;Abcam plc. MA, USA, 77 R i BF 1/250) ,
fi IL-4 $i1K(GTX66741 ; Gene Tex Inc. CA, USA, #FEE 1/100) %
MMA Tz, PUARH T#&IT 4CTEE S L mBEN T 8 Kfil Ll RIS & &
7=. ZWH K IZ 1L Anti-Rabbit IgG Biotinylated Antibody (Vector
Laboratories, MA, USA) % H\\ T 30 MG S W7z, F 2 BENIG
& LT VECTASTAIN ABC Rabbit IgG Kit (Vector Laboratories, MA,
USA) # T 30 miis &8, K#lc, Y717~ v (DAB)
(NICHIREI BIOSCIENCE INC. Tokyo, JPN) IZ CHREG Iz, 7 —#
fEATIEL 84 pm RO 2 BIF 12K L, T 2 & LRI S NI HiPH T O
(10000 (100X 100) pm?2), ¥ L OFE (2500 (50X 50) pm?2) (28T 5,
B B /Hematoxylin 12 L » TH S V728 & & Te 2/ i & B i i
KELTHNLE, v7 7y —Vofila, MIM2~v27n77—20
R 3 oouife LIcWl 658 L7z, CD68 fufk Thee L 7=l fy
BT hX U T L o TYAA I LM 33 % CD68 Bl i 34 %
B L7z, Zo%fE2 5 INOS, CD206 Hifk Chfa L7zl ©» CD68 W
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MR EZHEE L, TOHEMEIZXT 5 INOS, CD206 [GiEMia o E & %
Ml L IZIM2~2 a7y —0EELE L.

X 2 : Safranin-O Fast Green %:fa (/£), HE Yt (F). MM TONEEREX

L& L, (EEHEMHEO B SV TR 2 5.

FooORBRE, T: 4, M: KR, 1T:EWAE. 27 —1s3— 1100 um

2.2.7. BRElfENT

HaHRMTIZ, SPSS #MW/=. £ TDF —# 24 L Shapiro-Wilk # i
XD EHMEDORGEEZIT > 7. IEHMEZFR D72 OARSI 2 27, EERK X
a7, REMEEEFEYREIZ LD Gremlin-1, MMP-13, ADAMTS4, IL-
4, TLR4 BGMERMIRRO T — 21Tkt L, — R E 8O %, FHRRE L
L T Tukey % HHW o IERMEZFE O 72025 72 CD68 B filfa %k, iNOS,
CD206 O BMEAIIHRIC >V Tid Kruskal Wallis #iE%, FHMBEL L
T Steel Dwass {E& H W, E#MEZRO =7 — X 1L FEHE [95 %5
X, EREEZRO LT —Z ikl [Uorr#ipE] TR L7z,
Fo, ETOREKEILS %AREE LTz,
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2.3.1. BAEECE 1T 3 2 MR BT

Safranin-O Fast Green Y:fa(Z L % BAfI#E DMk & OARSI X =

DoMTRESRE () 3) 1TRT.

BER#CE OMRR S TIZERICB W THE £ O RS R B O M atko
T2 L B AL 7. BB R AN RO RECE O RIEOREMHDOR T AR LN,
High-Ex B TI3#E O KRB AKALEIZE L Tz, OARSI A a7 &
% B E#CE O 3 <k, Mild-Ex #£7% ACLT #%, High-Ex #f & ez L C
A B % % L 72 ([Mild-Ex vs ACLT] ; p = 0.022, [Mild-Ex vs High-
Ex]; p<0.001). ¥£7=, High-Ex Bf/X Moderate-Ex #f & tbi#i L THEIC
&l %7~ L 7= ([High-Ex vs Moderate-Ex] ; p=0.006) (ACLT #£:2.7 [2.4-
3.0] ; Mild-Ex #f : 1.9[1.6-2.2] ; Moderate-Ex #f : 2.6 [2.2-3.0] ; High-
Ex # : 3.5 [3.2-3.8]).

Z BRI I3 D AR G B D R R R & B A B =R 0D Sy AT
MRz (¥ 3) 12277, Gremlin-1 2B L C, & %4@ L CIHAKILE
B MET R AR T, E o, EBE)RE D IRVE E L < O G PER A 8152
Stz B #RIE Moderate-Ex #£1% ACLT BE & bl L CHEICH
i Z 7% L 7= ([Moderate-Ex vs ACLT] ; p = 0.003). & 5|2 High-Ex # T
X ACLT #f, Mild-Ex #f & v & WM =23 B2 & fif 2 % L 7= ([High-
Ex vs ACLT, Mild-Ex] ; p<0.001) (ACLT #f : 49.0 [43.1-54.9] % ; Mild-
Ex #£:53.7[50.0-57.4] % ; Moderate-Ex #f : 62.8 [59.2-66.4] % ; High-

Ex # : 72.5 [67.4-77.5] %).
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ACLT _ Mild-Ex Moderate-Ex

High-Ex
L I "

.

5 Q
DN

e yrs

Safranin-O »

- = A A
NS S N P~
B
AN W o 8

— -
I .
(- ik NG oo
O S
|- =" i
O N G '; # R
AT o —
B 6 - (%) 100 - P <0.001
p=0.019 2= 000
5 | p<0.001 .
80 | p <0.001
p=0.022 p =0.006 =
o] s
@ Z 60 -
o ‘@
a o [ [
& 3 [ Q
] I < [
3 £ w|
2 | £
I g
(V)
20 4
1 4
0 v v 0
ACLT Mild-Ex Moderate-Ex  High-Ex ACLT Mild-Ex  Moderate-Ex  High-Ex

X 3 : Safranin-O Fast Green (Z X 5 %% & Gremlin-1 O/ kbF 4l
LYty (A). BEZELEZTMT 2 OARSI xa7ickdxar ) v /iR

Gremlin-1 BYEMAEE (B). A4~ — /L 3— : 50 um
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Z B ECE L2632 B ETRCE ALK - O e MR L R Y T K DR
kg & MR RO R R e (K 4) [ZRT.

MMP-13 (2B L THLAkE T3 Mild-Ex B TOBPEMM N H £ 0 Bl S
nieho iz, B O 5H Cik, Mild-Ex BE23Miioo 8 B & ik L T
B EIEME Z < L7=(Mild-Ex vs ACLT, Moderate-Ex, High-Ex] ; p =
0.004, p<0.001, p<0.001). £ 7=, Moderate-Ex #f, High-Ex #£/% ACLT
BEL el L CHEICE M Z 1~ L7 ([Moderate-Ex, High-Ex vs ACLT] ; p
= 0.001, p < 0.001) (ACLT #f : 48.1 [43.4-52.8] % ; Mild-Ex & : 35.5
[32.4-38.5] % ; Moderate-Ex £ : 63.3 [58.1-68.4] % ; High-Ex # : 72.9
[68.2-77.6] %).

ADAMTS4 (2B L T, ##% TiL Moderate-Ex %, High-Ex £ iZ B W
TR 2N 25852 S vz, B IE SR o 3 A g 3 Tl Moderate-Ex
#, High-Ex #EOBMEMAL=R2S ACLT #, Mild-Ex B & ik L THEI
= % 7~ L 7= ([Moderate-Ex, High-Ex vs ACLT, Mild-Ex] ; p = 0.010, p
<0.001, p=0.004, p< 0.001) (ACLT #¥ : 51.0 [45.3-56.7] % ; Mild-Ex
R . 46.5 [43.7-49.4] % ; Moderate-Ex #f : 58.8 [53.9-63.7] % ; High-

Ex # : 67.5 [64.9-70.1] %).
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>
>
O
i

Mild-E ’l\_/loderate-Ex High-Ex

™M -
— g ;
o B8
S 5 3 " ‘/'," < s 5:‘
= huse \ o Wl G
= 5 3 d&m
e f wg’*l.: Lies S e -‘
ﬂ' S A S
(D ‘ '.‘- %
B (%)100 - p <0.001 (%)100 - P <0.001
=0.001
P p =009
p <0.001 E—
80 —_— 80 p <0001
_ p=0.004 = _—
T —— =0.004
8 p=0.004 ° L=
[ _— >
2 60 - S 60 A
= e I
w
o
g [ o I ]
0 [ <
< 40 - 2 40 -
a ] s
§ =
a
<
20 20
0 . . 0 . .
ACLT Mild-Ex  Moderate-Ex  High-Ex ACLT Mild-Ex Moderate-Ex High-Ex

X 4 : B ot 5 MMP-13, ADAMTS4 O % s ik F Ytz X 5 fk e
(A). MMP-13 (%K), ADAMTS4 (4[X) Bt R OfATFER (B). 27—

JL73— 1 50 um
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2.3.2. {3 2 M AR MR ST

HE G K2 EEOMME L EREOR 2T Y o 7iERk4% (K 5)
WZRT . IR O TR B W TR O B E SR S vz 3,
Mild-Ex # T3 I o AR JE 0 a2 o 88 )0 23 #1 ) S 4T U7z, $FIZ High-
Ex BECITIENIR & OB RN ARAMEE 72 0, IR AR ISR 2 L <
WDER T 03 ERR S T
WK DA a7 Y > 7% Mild-Ex MO 3 #F &t U CH BTN E %
s~ L 72 ([Mild-Ex vs ACLT, Moderate-Ex, High-Ex] ; p<0.001, p=0.001,
p=0.003) (ACLT #f:2.7[2.3-3.0] ; Mild-Ex # : 1.7 [1.5-1.9] ; Moderate-
Ex # : 2.6 [2.4-2.8] ; High-Ex #% : 3.2 [2.9-3.5]).

WA VBN 3t 2 fa e ARk AL 2 e 8 D LR A% & 15 1 A =8 o0 3 BT o
(K 5) 1Z/rT. TLR4 B L T, BEAT AT LIS OMIC £ <
BlE2Xh, FrIZ High-Ex BECIEBEMEMARA 2 < Aoz, BMEMRED
ST CIE, Mild-Ex BE3Mbod 3 B & el L T BEICIKE 2 % L 7= ([Mild-
Ex vs ACLT, Moderate-Ex, High-Ex] ; p=0.027, p=0.002, p<0.001).
% 7=, High-Ex Bf(% ACLT &%, Moderate-Ex £ & bl U TR MEM R
A EICEME%Z < L7=([High-Ex vs ACLT, Moderate-Ex] ; p = 0.001, p =
0.011) (ACLT #f : 49.4 [44.4-54.3] % ; Mild-Ex #f : 40.1 [36.4-43.8] % ;
Moderate-Ex #f:52.9 [49.5-56.4] % ; High-Ex #:63.4 [59.3-67.6] %).

IL-4 1B LT, BEMEsRE T BlESn. BEMaEo s
Hr Tl Mild-Ex #t, Moderate-Ex #, High-Ex #£2% ACLT £t & b L
TAHEIZEME %~ L 7= (IMild-Ex, Moderate-Ex, High-Ex #f vs ACLT] ;
p=0.002, p=0.009, p=0.003) (ACLT %% : 40.0 [34.7-45.4] % ; Mild-

Ex #:52.6 [49.3-55.9] % ; Moderate-Ex F¥ : 50.5 [46.8-54.2] % ; High-
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Ex B : 52.0 [48.7-55.2] %).

A _ | Mild-Ex Moderate-Ex High-Ex

TLR4 HE

IL-4

B °
3
I _ p=0.002
@ 0.027 S
g | 8 L ]
] o 60 4 o 60
2 2 >
3 2 2 ]
@ = =1
22 2 s
> o o
2 o a .
& g T
- -
=] =
1
20 4 20 4
0 0 0 4
ACLT Mild-Ex  Moderate-Ex  High-Ex AcLT Mild-Ex  Moderate-Ex  High-Ex AcLT Mild-Ex  Moderate-Ex  High-Ex

X 5 : HE Y2 L 5 IBEOMERG & TLR4, IL-4 OREHik (b puefic X 5 Y
g (A). WEXOAaT ) 7R (EX) & TLR4 (Fk), IL-4 (HFX) @
B AR R D FEATRE SR (B). A4 — o3 — B (50 um), - FE (10 pm)
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I~ 7 v 7 7 — VICET 5 R b Pl L2 6B o
PR O o TiE R E (¥ 6) 1T . &~vr/nrn 7y —VEE#T 5 CD68
DYEABIT BRI BN CEITIHRRE CTHMEMRABIE S, —5
TR IR I B W T L I AR BlE Sz, CD68 D MtEiatix 4 B
W CHERZEZTR N2> 7= (ACLT & : 90 [79-95] ; Mild-Ex #% : 86
[80-109] ; Moderate-Ex #F : 91 [85-96] ; High-Ex £f : 91 [81-116]; p =
0.921).

M1 ~7 a7y —U%E#T 25 INOS OYABIZE TS BN R

WEERE CHlEZ Sz, INOS O bR Iz~ o
Ty —=VICBTDHML~v7 a7y —YOEAIT Mild-Ex B3l 3 B &
s U CA B ISR %2 % L 72 ([Mild-Ex vs ACLT, Moderate-Ex, High-
Ex]; p=0.024, p=0.042, p < 0.001) (ACLT %f : 58.9 [54.3-63.1] % ;
Mild-Ex ## : 40.1 [36.2-44.3] % ; Moderate-Ex # : 57.1 [54.2-59.6] % ;
High-Ex #f : 67.1 [60.2-68.2] %).

M2~7 a7y —Y%E#HT 25 CD206 DYABICE VT HIRKEREIC
Bt 32 < Blgd S vz, CD206 OGEME»bHEH Sz~ 7 m
Ty =BT DHM2~v7 a7y —YOEAIT Mild-Ex B2 3 B &
s L CA B ICE % 7 L 7= (IMild-Ex vs ACLT, Moderate-Ex, High-
Ex] ; p=0.027, p=0.048, p < 0.001) (ACLT Ef : 41.1 [36.9-45.7] % ;
Mild-Ex # : 59.4 [565.7-63.8] % ; Moderate-Ex #% : 43.0 [40.4-45.8] % ;

High-Ex #f : 32.9 [31.8-39.8] %).
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12

:%ié@@? ER I - =

ER 3 3
H g 2
k= =] s
3 @ 3 s0
a 8 a
3 g =| g =
8 2 30 § 30 ;
20 20
20 10 10
) 0 0
s s * s
A\ <t $o $o \) NS <t o N <t $os o
O\ RO W RO AN RO
W o W

X 6 :CD68, iNOS, CD206 O/t L5 %t# (A). CD68 (/£
), iNOS (H5), CD206 (£X) DOSMEMIER DN FER (B). A7 —

— : 10 pm
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2.4. BE

WRE T TIERMOM OA ET A~ DU RICK L TERDIBEDO Ly R
IVEE) 2TV, BN K o TR SO MR IS & o K D R BUS A
HEDLOPRIETHZ EHHE LT,

AWFFEOM OA TF A2 LT, ACLT #% 6 IS % R OA 5L
L7z, ~UAACLT €7 V&ML TW\5 Kamekura & 39X ACLT
% 4 THCE MR BOE NI KM L~ D ZETE & W o TRk R, 8
WTIIWMERE»OWREE TOMBFENRBEZHREL TBY, RxOT
BT — % Tk ACLT % 6 il 5 C Safranin-O @ %A PR T <0 B i #ik
BREOXE, 747 VL ZROT-. T4 MRI HlF O A 4~
— =W L, WRNPOHEHINTEEHM X B TEMEZHEHE TE D
ATEERE S OA OIRIEZIRZH Z LN TE, EREOEIT TN TE 5]
REPE BN TETEY, Madry 5 49/F OA OMMBFEEOKRE 2 R T
OARSI 227 400 Grade3 Tb 2 XK HE OHMEICH 27206 D
FRMARERESE L ERZLCNDL I EBY T AET A TIE ACLT
% 6 11z R OA & L.

MEHEICE LT, KFEETHWEZEREDO T TRLEAM TH - 12
Mild-Ex BEOREEMENBIE SN, Ty MaxtRE Lz OA T /VIT
xt 3 2 EE O R & REE LI AT T, FEEAWMO MLy RIL

BN HRE EMEZME T D & ST D 24-28.3848.49) ey B (2
TOMRIEIIZ L OWMERREINTEBY, MRLE L THELELEE S
7oiEH T e b 2 VX EE R E 12-18 m/min % 30-60 4y, # 3-7 H O
HTHY, ZofmHPTEEDER) L L TR#ESNL TS, LrL, bk
FLOEPHLL L O SREE CiEB 2 e L - S A TR E AR T 5 &l
B3OXN TS, 7277, OA ~ U RAETILEZH[MRIC L v FILEE A
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ek L7z A i3 <, Fox OFEATHRSE 4V T 18 m/min O JEE) HRE T

MLy RIVEBIZERL7ZE 25, MMP-13 ° IL-18 & & - 7= BAfi#k
HRACKFORBNHEML, FEBEL D SREEEREFNICETT S
VIR EZG. ZOWMETIE, ACL 23U & U7 B 72 B i E S 23
ACTVWLIRECEDNZITo THOREEMLEZYRIETLEI EBHEL
ey, vURAET Yy FOREZIEZZET DL 18 m/min & W) JEHB) R
PN FE IR TEENRE TR o AN H o272, KRR TITZ DS E
RS 5 T2 D IEBNRE 2 TP oA R E Lz, ZORE, HEEH Tk
HAMCETEHEREN D7 Mild-Ex #EOBEEESMx N, £,
Mild-Ex # CTIXBEKE O~ b v 7 25 REEH#E L LT b5 MMP-
13 X° ADAMTS4 O EPEfld=R & L TR Y, EIRRER) &V D Rl
INBACITHE N 7-BIEi Nk B2 R IE L, MBEMABIELT-EEZ5.

L L, RBERZEENZ2E OA OB N0 s v ) #Eimicha L
TIFBER 3 SN T WD LIEFE A2\, FRERE T CHCE Ml 2t
L, BBICEDAD = VA L RELII LM Tl Sox9 <° TGF- 3
E o T RE B A AR T OIS 2R s0-sY s, IER T v Mt
LTChUby RIVEE)ZIT > 7258 TIERIER 1 O Mk 28 Ak
K73 EINT 2% 22 ERFLNICRo TS, ZThbDOHRENDL, ML
v RINVEEFDREICHTL2EERAT=INVA RNV RERY, REE
PERIH SN EF XL BN TE .

AL CIXBIET#E 1269 5 Gremlin-1 O 60 #H kAL 2 Ye 4 % S0 L,
EEGERE N EXDI1FEE Gremlin-1 OGRS EMEEZ R LTz, T4,
WERA NV ZAREHREICARENTZROAEERNO RIS E LT,
Gremlin-1-NF-« B #4210 U CHCEZEMENEL D Z & RHlE 93Tz,
Fo, ZOHREITB VT Gremlin-1 [T#E VD IKI LD A L RIZE - THK
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Bl S B F R O FE A KA E O MRS SRR BLT D L WA L, K
SEF TIER R AFRIIC Gremlin- 1 OFEHMNBAT 5 Z L NS 2 &
2o tm. ABFFETIE ACLT ##, Mild-Ex #, Moderate-Ex ##, High-Ex
BEL Gremlin-1 ORF R ITHBANTHI L TH 0, BT IC) 22 2
=T NA RN L ALIEBREERFICRS ol EBEZ DN, WE
ZEME D EE BE DN IEMIE R 72 BfR & 72 o T2

F7z, EHEO OAETNVT v MK LTIy FILVEB)Z F L 72
WAk 8T, VIR ORRMEIERIAE s S i S d, BEETOEIEAI & LTk
EBREICEERERHEZRFSLEINDIALT Y B EMT 52 LB 57
ElgoTWAh., £, MIAET VT v MIXLTHRLy NI VIEE 2T
ST DT, RIEWNKICHE T HRENRGTTHL YV AF v Ay
DML, ZhoBNEEFO~ 7 a7 7 — U0 COFLRAETE M
DFEHE 2 LT, R 50 R IR - o0 Il ok 28 M 0D 3R Ak 2 35 72 R REME
ZRBELTWD., ZROOWMENL HHEHORIZEAL TAI =TI A
ML ADHBTRIRT 20 TlERL, MERORALGZEBESTXETHDL L
Exoihb.

ARHFIETILBIEIHCE 12 OF & T, IR 2 00 & FEhE Lo, Wi
WEIEBAET OBt O N2 78 5 kS CTh 5. |IRITFISH G S m
EnbieblE QRETE) ©kic, ~7 77— AT & B 2E
MfaER B AIAIC K - THWIEREAHER STV D, WIERIIABEO @
R, BRAEL, BTAEME OTERZ R 0L L, B, MRI, BEEEHRE
REMMDL OA BEFEICB I MR OTFAENRINTERY, B OHEWY
ZALDOEATZ FHT DR F & L TRBEI LTS 1557-60),

FIERE OB T~ 7 v 7 7 — U8 A IR, BRMESFMREE B RO
i~ A MR 7 Rk 2 2 FEEOMBEANRE L TS, OA THIE Ol ia
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MR EZRE LTI TIE, RO EZLSFETLHDOE~YI/r 77—V THDY,
RKNTTHEE LA MR TH o7z LG 12N TS, £DT
D OA IZB L TRIERUSICB W THICEERKH 2RI L TWDL DL~
/a7y —VThiHEEZLNTWVWD., LS~ rn 77—V
RS L L C MMP-13 < ADAMTS5, 1 1> & LT IL-1
B IL-6, EKRT & LT TGF-BREEFEAEAT LI ENRINTND
63,64)

WD A =27 Y7 Tlid Mild-Ex B0 BELE (I SN TEY, B
23T 5 IL-4 DML RIER F T 5 TLR4 DA 2580 7.

Castrogiovanni & 391X F v k OA EF % LT, — 72 g o
FRE L END MLy FIVEEN XV EEEOIME, 1L-4 o8, IL-1
BOWMBNZHME L TBY, KRR LIERRE o7, RIFFEDH
Bk L 2D BIRICBIT 2~ 27 v 7 7 — Y OffHr Tt Mild-Ex # T M1 ~
a7y =Y EEHT 5 INOS OBRMERMEME AR L, KAHZ M2 w7
07y —UkiE#kT 5 CD206 O RN EEE R L. Ml ~7r 77
—VIERERFIC Lo THFESHh, RMERBZIHETLIHERH D 6.
FhiZx L TM2~7 17 7 —VF L4 IL-13 & W o EHIRIER 112
Ko THHFE S 6667, FRDKRALIHKE DEZ B C&El2R>Z &2
HOEMNIR>TWD 20 Fi, ¥ opiie TIXARAEEN M1/M2
EERTSE, MEREZEET LI LbREIN TS, SRR
i~ 23 L THBRLASNLO Ly RIVEHZIToRER, JFiE
R~ 7 A L LT, TNF-a X IL-6 & 5o RIEMY A b A v
@ mRNA 2380 L TRV, BIMEICKIT 2 Ml ~27 07 7 —Y DR
DAL, M2~ 7077 —VORBENHM LI EwE DI, £z,

RKHMRFEEGEET L~ AR LT MLy FIVEEB 21T - 72458 T,
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IL-d /7y 77 bEElEANT, Py FINVEBZERT D &

M1/M2 tEA ek S, ZHUiE IL-4 O&RBINE S92 2 & 28 5 H 40

Elrol. TNHORERNL, MLy RIVERNT OA BIRICK T 5~

rm Ty —VORAMELSE, RERBIIHHEEZMHEL, €
(e < OB R ME & B L7 FTREE S ORI S D .

L L, IR 5 TL-4 OGRS T 2203 B 3E L 7R > 72
Moderate-Ex £, High-Ex BEICEBWTHEEML Tz, IL-4 < IL-10,
IL-13 2 EOHFRIER FITAMEEHICL > THEMT 5 Z L rnlESh
TV 5 6869 AMFFETH B TR O 10-20 m/min |34 5 35 HEB) O 4
HANTHD, EORICEW TS HEERDLHMM R &0 6 S 5 HIRIE
KFn#mLi-eEALOND. BT NTTEREIZK T 2HRAER T
MEIML CTWzIicb Mb 59, Mild-Ex BEO#CEZEMESEE L, &l
IZ DI EMBEENET LI D, EEHCL-TEZIAATI=D
NARNLVADADOHREL~I 07 77—V %N LT RIEREOFE 5
DIEDRBEDZENPHEEMEICEELZRIFLTVNDLEEZZ LS.

7272, OA Lt~ n 7 7y —VORBMRMETEMEICEE L, —J7mto %
TRV, w7877 — YV OERITIE LML &EOBRRIGND
BHIA SN D LRBEENTND 0N, ZOHOEEEE~I/ BT 7 —
COFEMACIIHEICEEE KIET. 2F0, SEOENS Ly R
VBB E WO RN~ 07 7y =V OEEE LS EEZ LN DN,
ZO—J TEB B OERIZHEL, WEEENIE SR
LC~x27u7y—VORBBIZENECTATRBED B EH KRV E VD
MEbLEIND.
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3. LI : ERERBRESEET AR T B3 Ly F 3
NEBIORBR L ~7u 77— L OBEFEMEO KBS

3.1. Wt DL

e 1 L0, k72 MLy RINVEEBZ FEET 5 &AM IE S
D2 L ginolo. TR E ARSI TIXRIER DN & LR IER -+
DD BRI, W~ 707 7 —VOTr T M1 ~7vn 77—
DR, M2~ 7 a 77 —=URENT 252 LRHLNLRST. ZHBOD
ZEMB MLy FINVEBOKEREDNRIZIT 70T 7 =TV OREN
B LTWAIDOTIERWnWhEExT. 0, Eiino~s a7y —
TEMEIEHZET, My RINVEERIRFO OA IZxXxfTH5~7ua 77
— O OBEER ST D LA BIICHFZEIL & FEE L 7.

2. ik
3.2.1. fr PR AL RS
KRBT DM EHEZ B = WEfFIt%, B ERBRIEARG W EL D
(ZENA FEBR S EISE Y, BFTEAHERE L7 OKIRE S 2020-3). F

7o, BmBICEE L, #EHFEIAT 21T O 72 O /RO B & FEER
R Bl

3.2.2. EETH A v
EIMEREEIEE T L~ U AT D by RIVEBOHR L~
n 7y —=vEoREORE (K 7)

12 # s ICR RMEME~ 7 2 32 PBIZKF L, K ORRAE(L OB 72 AR 2
ALDZREOKR OA #EREIESH. TOHRNED ACLT £, hL v R
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SVEB) AT O Ex BE, WIRO~ 7 v T 7y — U akile S5 A2 K G
D Mo-de #f, Py RINEENE~I v 77y — VBRI O G %2 Ehi§
%5 ExtM®-de fF D 4 BEIZIR VY 4310 72 (n=8). 4 B S A5 MBI Hi & 2%
BL, BOAIZHT DMLy FINEHOHRE~ 70T 77— LD

FRMEICREE L CTHRGE L 7=

OW ACLtJJM n=32
6W sOoROVvEERSZONIL
6ul / time
| 7O0ROVERYKY—L Rag Ttime / 7days
10w ~—%JL4[g]
e N LY R LESH)
[ | FRR B B R AR

7 WFFEN OFERT VA

3.2.3. 7 AAEK

AV TNT A TRARREES, =FRIRA IR, A7 b IV R
ZIAE 10 g H72Y 0.1 ml B2 FICHRG L, PREREEIS ORI 6 A AL E &
Tolz. ZO®RKEEE OFImEZ HEYIFH L, MERONMSBEETMIC
RASELT I 2 MW T ACL 2891 L7, /EFIICIEE 2 A 725 & H
L, BAfirLErnE i snzZ & 4R Lz, ACL Uk, GIBHL 72
BB & R & e Ak CRAIL 7.

3.2.4. B/
Ex &, Ex+tM®-de BEIZkFL/AEHA MLy RIAVEMFEH L CGEEI
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ANEATo Tz, BEHNAZITIETOY Y AT Ly FILOBMESLE
LA 72 E~OBEEISHIFE E LT 1 H 304, 3 m/min O#E T3
AR OEE) 25 L7z, EET ADOBEIINIE [ IV TR bIEEMED
Ml H 725 L7z 10 m/min #8A L, ZOMO ST & RO 7
o k=L CHENE L.

3.25. 7w 77y —Uhigiloks

WO~ 0 77 —U% BT 5720178 RarBgNE Y R Y — A
(MR Et e 2 XA T ARAA AP A= 2, KK, BAR) Z2H L. )
METNVIZEBIT 2~ m 77y —VOFRMEIE, 7a Fe @Yy Ry
— AR ER N T TOLD ™. Za Re rBICRa I )R Y —AF
BMRICE-> TR E L TRMEHh, 773 Y —AICBMViIAEND. £
DHB7 7 I —ABET A AT I R—EE2FL) VY —LE@MAEL, V
RY —LOREEME L CHIENTOZ v Ra U BEO B E2FE S 5 738749,
AN SNz ReryBICL>TI har R T oOHKE LS TR
PERZELL, MROT R =20 7 FUnBEESh, ~7a7 57—
VOT RV A5 R IITHEMZFFD ).

M®-de £, Ex+M®-de BTk L, 71 Rr @Y R Y — L% B
CEBEREG L. BEIL 306G O EEE LA IN VY VAR
MUle. A Y T7N0T K DWAREET T, REMROHNMNOEZEA
S, sur e r@eikb Lz, EARTIERORNLZYTZOIZ 145
FFFE L7z, HEHRIZEENIC 7 e Fr v BA T EL 27O E™M
iz 10 FEp It 7u e U Bo& 51T Arjen H 69, Lent & 70
D|EFICESET 1 EIC DT 6pl 2 E L. £/2, Z7v Fe VBRICK
~/m7 7y —VOMBHRIT1IBETHET LI ENLEAMOELEILTH
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FHICITVY, 2 amFER L. £7-, ACLT B, Ex BEIIxtBEEL LT, 7
o Rorfoks L REREED GETPBS (pH7.4) 2% 5 Li-.

3.2.6. AHARA A FEAT

EREL L 72 I BB 1T AE BE R IR KIS CYEY#, 4 %Paraformaldehyde U
VERIR AT T 24 Wi, 4°C O CEE L. BER, KEAKTHEFL,
20 %= F L U7 I NUEFRIEIR A VT 10 B, 4°CO%METHIR
U7z (BLPRISIRIE 2 BIAC—BEAH). BLIKAE T4, MK - 877 ¢ B
W 54T 5 721%, 89 7 4 v F 4 A~ % —TEC-P-DC-JO (Sakura
Finetek Japan Co., Ltd. Tokyo, JPN) ZflW\T T 7 1T nv s %
ERk L7z, =D, 2271 h—2 ROM-380 (Yamato Kohki Industrial
Co., Ltd. Saitama, JPN) (2T, ZRWrE A (7 um) Z1ERk L 7.

MR Aokt L, BEERE 2 81223 2 72912 Safranin-O Fast Green
Juth % Schmitz & D FE DTV T2, 70, BIEZBIET 27201
Hematoxylin Eosin (HE) &% 3%E L. R LU NITA—1 1 v
U v# EBEMEE BZ-X700 (KEYENCE Co., Osaka, JPN) % W Tz
L7z, BAE#RE X OARST IC L » THER S TV H 2 a7 U v 7k 92
B, #6EE 2808 (WRIASEREZERL, FEARDBEIE & %G
it oz 19 R E, TORMNPL 84um #EATZH 0% 20 H) %&F
fii L7=. OARSI 2 = 7% Safranin-O @ e PR T MCE O EZ L 72
& 8 Bkt (0, 0.5, 1-6) T OA DETEA BT HFHEA T — L ThD.
WL AR 2 G (NI D8R Z2ER L, BEREICA D IR X
ST LERINTEH D E 1O E, TORMNG 84 pm EATZH 73 % 2
IR B) 2RI L7e. MATALE E L CIERE TIEHEONANC & 5 gk
ISR L CTHEE O 2 EAT 2 AT S & Lic. WIERIE A 27 491388 o
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BB, MRS b Bels (0-4) TR 2084 250 % 7
— NV ThD. LT ¥ b oilfkB z 2 4 OWFEF 2N L T
R L, FHEEA=T L L.

%12 VECTASTAIN Elite ABC Rabbit IgG Kit (Vector Laboratories,
CA, USA) o 7 v k 22|} -3 %, Avidin-Biotinylated enzyme
Complex {£ % AW THREMM Y E 2 i Lz, MU Aioxt L s
Ly, TH ) =R BN T T o B A LT IRITNAE VR 3R TS
AT 5708, wfg{b/AkFEAK (FUJIFILM Wako Pure Chemical Co.
Tokyo, JPN) % 0.3% &t A ¥ / —/)LiZ SFRE L. 2, ER
Y X fiG (Vector Laboratories, CA, USA) (2 20 WMR{ET HZ & T
— PR OIERRE G LT ey 7 Lic., BEIREIC L TE— Rtk L
L THt Gremlin-1 Hiik (ab231065 ; Abcam plc. MA, USA, #FREE
1/200) , $it MMP-13 $i{4(ab39012 ; Abcam ple. MA, USA, A HEE
1/250) , L ADAMTS4 #i{&(bs-4191R ; Bioss Antibodies Co., Ltd. MA,
USA 7 EEE 1/100) %z 7. WEICK LTIk, $ CD68 Hiik
(ab125212 ; Abcam ple. MA, USA, #AWRIEFE 1/100) , $Ht iNOS Hiflk
(29778 ; Cell Signaling Technology, Inc. MA, USA, 7 RIEE 1/200)
P1 CD206 $114£(18704-1-AP ; Proteintech Group. IL, USA, #REE
1/500) , i TLR4 H1{A&(ab13867; Abcam ple. MA, USA, # R £ 1/250)
Pt IL-4 $i1K(GTX66741 ; Gene Tex Inc. CA, USA, #AIEE 1/100) %
MMA Tz, PURHE T#&IT 4CTEHE S L mBEN T 8 Kifil ML LIS & &
7=. ZWH KT 1L Anti-Rabbit IgG Biotinylated Antibody (Vector
Laboratories, MA, USA) % M\ T 30 M S, F I BES
& LT VECTASTAIN ABC Rabbit IgG Kit (Vector Laboratories, MA,

USA) ZHWT 30 RIS ST, &klc, o772 (DAB)
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(NICHIREI BIOSCIENCE INC. Tokyo, JPN) ([Z TR SH-. F—X#
FEMTIEZ 84pm RMIfED 2 UJRICk L, 7 & ATEIR S L7 & CTORE
(10000 (100X 100) pm2), ¥ L OFE (2500 (50X 50) pm?2) (28T 5,
B MM Bl /Hematoxylin (2 K - TY A S 70k & & Do 45l i 4[5 1 4 o
KLELTHEHLE., ~7u 77 —roflatk, MI/M2~270>77—Y0
T 8 ook Lz BB Lo, BIEERE O M 13I8 ook
DRFITHT T 2 @EaTEM L, EROMTIIRE TEMEONMEICSH 5
BRI L TEREO 2 EiTa 4 & Liz. CD68 Hiik TYf L 7=
Ao~ hF U AR o THRE I NIRRT 2 CD68 [
FEREM LEZ. Z08E 5 iNOS, CD206 fifk Tyeta L= @ CD68
Bt 2 HEE L, £ OHEEMICH T 5 INOS, CD206 [l o &l &

ML LLIEIM2~27 077 —0HEEL LT,

3.2.7. BuElfEbT

WEHENTIX, SPSS # W=, &£ CDF — X IZ%t L Shapiro-Wilk # &
[ E D IERMEDORFEZIT o 7o IEHMEZFE D72 OARSI 2 27, {#HERK X
a7, HEMRILF A LD Gremlin-1, MMP-13, ADAMTS4, IL-
4, TLR4 MR EOT —XIZR L, —mEE DO I%, FEHRRE L
L T Tukey {E& W2 IEBMEZFR O 2202 o 72 CD68 A in %, iNOS,
CD206 DGt Md =12 >\ Tld Kruskal Wallis fRE%, FHRMBEE L
T Steel Dwass {£E& W7z, IEHMEER O 27 — X I3 FEHE [95 %IEHH
XM, EHMEERD o7 — X ixhdfE (UL &ERH] TR L7z,
Flo, BETOREKEILS %ARimms L.
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3.3.1. B 1T 3 2 MR BT

Safranin-O Fast Green Y:fa(Z L % BAfI#E DMk & OARSI X =

DoHRERE (K 8) T d. BHEIE OMMEE TIE 2 TOR T
BEBORBELOND ANHIE SN, Ex+tM®-de B TIEBIERE o Ik
HIRALENS KRB LAKLEPBREZE SN TV LIHEBGBIBEEZINT.
OARSI 2 =2 71X Ex #, M®-de #£% ACLT Bf & bz L TH B ICIRME %
R LT([Ex #, M®-de # vs ACLT] ; p<0.001, p=0.002). *7- Ex+M
®-de BEIIMD 3 BELEE L T OARSI Aa 7 BN REICHEMEEZ R LT
([Ex+M @ -de vs ACLT, Ex, M®-de] ; p = 0.007, p < 0.001, p < 0.001)
(ACLT #%:3.0[2.6-3.3] ; Ex # : 1.7[1.5-1.9] ; M®-de £f : 2.0 [1.8-2.3] ;
Ex+M®-de # : 3.8 [3.4-4.2]).

A BAEIHCE (23t 3 5 st kb 7 e DRk AG & B R o oy i
EE (K 8) 127, Gremlin-1 IZBI L T, EOREICB W T RERIZ,

WZIEA KA S8 T PEM B N Bl E2 S vtz BRIl R o o8 Tix Ex #f

2 ACLT B & Il L CHMERA A EICEMEEZ R Lz (p=0.047). F7z,
Ex+M®-de #723 M®-de &L CTHERBARICEMEE R LT
([Ex+M®-de vs M®-de] ; p = 0.036) (ACLT #f : 46.2 [42.2-50.2] % ;
Ex ff : 53.3 [48.5-58.2] % ; M®-de & : 45.3 [40.0-50.3] % ; Ex+M ®

-de #% : 58.3 [52.5-64.0] %).
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Safranin-O >

-1

Gremlin

B 6 - p=0.007 (%) 100 -

p <0.001
5 4 p =0.002

< 0.001 < 0.001 P =0047 p=0.036

FN
L

OARSI score
N w
Gremlin-1 positive cell

ACLT Ex Mo-de  Ex+Mo-de ACLT Ex M¢-de  Ex+Md-de

X 8 : Safranin-O Fast Green (2 X 544 & Gremlin-1 O 50 fHk AL 52 G 4
WX D908 (A). BEEMZFdT 5 OARSI A a7\ tLbAa7 o 7R

Gremlin-1 BPEMAE (B). A4~ — /L 3— : 50 um
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Z BAEIHRE (263 5 BA SR AL IR - o S AR AL U 1 K D LR
g LGRS RE (] 9) =T,

MMP-13 (2RI LT, ik TiL Ex+M®-de #E TR 1A% <
BE I, BEMREO ST X Ex B, M®-de #£72% ACLT Af & g
L CHEBICEKMEZ R LZ(Ex #, M®-de # vs ACLT] ; p = 0.002, p =
0.050). £72 Ex+tM®-de BiIfhoo 3 BEL B L TABICEME R LT
([Ex+M @ -de vs ACLT, Ex, M®-de] ; p = 0.035, p < 0.001, p < 0.001)
(ACLT %% : 48.9 [44.7-53.1] % ; Ex #f : 35.1 [32.1-38.0] % ; M®-de
T 39.5 [34.3-44.7] % ; Ex+M®-de #f : 58.8 [53.4-64.3] %).

ADAMTS4 (2B L T, Ex+M®-de BEIZfthod 3 BF & bl L R MERTA
RNAEICEMEZ R LT ((Ex+tM®-de vs ACLT, Ex, M®-de] ; p=0.0086,
p=0.018, p<0.001) (ACLT #f : 47.3 [42.1-52.3] % ; Ex ff:48.9[43.8-
54.0] % ; M®-de B : 43.2[40.1-46.3] % ; Ex+M® -de & : 60.6 [54.9-

66.3] %).
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ADAMTS4 MMP-13 >

MMP-13 positive cell

20 4

ACLT Ex Md-de  Ex+Md-de

ADAMTS4 positive cell

60 -

20 +

ACLT Ex Md-de  Ex+Md-de

X 9 :BEiEEICxtd 5 MMP-13, ADAMTS4 O ta s #kb 5 el L % ks

(A). MMP-13 (%£X), ADAMTS4 (£X) MR OMATRE R (B). 27—

JL73— 1 50 um
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3.3.2. FHIE T 3 2 MR A A iR R

HE 2012 X 2 IO L mEEkOA a7 ) o 7#ER% (1K 1 0)
AT, TRTOFICBWTHEKEDOEE HE I, LarL, ExtM®
-de BFETITWEEE & NENIHIR & OBER DS AR & 72 0, 1IN RN 70 12 K
LK RMLTWDOIRREBPBIE SN, £, v~/ 77 —IUMEHl%
#E5 L7z M®-de #, Ex+tM®-de # TIZVEEEEOMAER B L THWD
BRBEINT. BERATICE LT, Ex XMoo 3L kL Tl
gk 2 a7 NAEICEMEZ R L (Ex vs ACLT, M®-de, Ex+M® -de] ;
p=0.025, p=0.009, p<0.001). £7=, Ex+tM®-de #iX ACLT &, M
Q-de HEL LB L THBER X a7 A EICHEMEZ = L7z ((Ex+M O -de,
ACLT # vs M®-de] ; p=0.001, p = 0.003) (ACLT #£ : 2.6 [2.2-2.9] ;
Ex #:1.9[1.6-2.1] ; M®-de #f : 2.7 [2.3-3.0] ; Ex*tM ® -de £f : 3.5 [3.3-
3.8]).

AT VBN St 9~ 2 S S ML AL 2 Y £ DR M & F5 1 0 A 3R 0 3 T s R
(X 10) 12”79, TLR4IZBIL T, Ex FEDOBIEEE I T 5 b5
Bl d £ 0 B S e o 7o PRI = 0 43 H Cid Ex 13 ACLT #¥,
Ex+M @ -de B & g U CHA7 1 [ MM i 3R AN 2 2 L 72 ([Ex vs
ACLT, Ex+M®-de]; p = 0.042, p < 0.001). E£7=, Ex+tM®-de # D5
MR XD 3 #E & ik L CHRICEMEAZ R L7 ((Ex+M @ -de vs ACLT,
Ex, M®-de]l ; p = 0.005, p < 0.001, p < 0.001) (ACLT % : 50.0 [45.6-
54.4] % ; Ex #£:41.8[38.1-45.4] % ; M®-de #f : 43.2[40.1-46.3] % ;
Ex+M®-de #f : 61.4 [56.4-66.4] %).

IL-4 |2 U CHEBVRE CITBBtEMia s &2 < Bl S . Bt o 4y
HrCix, Exff, Ex+tM®-de O BPEMAu 23 ACLT #f, M®-de # & It
5L CHEICEMEZ R L7 (Ex, ExtM®-de vs ACLT, M®-del ; p =
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0.001, p=0.003, p=0.001, p=0.005) (ACLT #f : 41.3 [39.0-43.7] % ;
Ex #f : 54.0 [49.3-58.6] % ; M®-de #f : 43.2 [40.1-46.3] % ; Ex+M ®

-de #f : 53.6 [49.4-57.8] %).

1
% =
g I S ]
s 9] o 601
2 2 >
% & 2 |
£ v .a
H Qo o
g o & 40
& P2 A
o § -
=] =
1
20 4
0 4 0 4
ACLT Mild-Ex Moderate-Ex High-Ex ACLT  MildEx Moderate-Ex  High-£x ACLT MildEx  Moderate-Ex  High-£x

K 10 : HE 12 X 2BIEOMME & TLR4, IL-4 OMEMMEFEREAIZE D
ettt (A). WIEROZa 7Y 7R (EK) & TLR4 (), IL-4 (X))

DI RE DOHTRE SR (B). A&7 —A"—: B (50 um), - FEB (10 um)
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IR~ 7 07 7 — VI Db F gl K 2 ge g & 05
fa o4 (K 1 1) 1Z/x9. CD68 2B LT ACLT &, Ex #£ T
TRIEERBICZ < OBEMREABEI N, v/ a7y — B H %
BhH L7 M®-de #, Ex+tM®-de Bf TIZGMHEMILITH £ 0 BE )
St BB O I E W TS Md-de B, Ex+M®-de #(3 ACLT
W, ExfEEHB LT, ARICMEER D L Tn(MP-de, Ex+tM®-
de vs ACLT, Ex] ; p=0.006, p=0.006, p=0.003, p=0.002) (ACLT F¥ :
79 [76-85] ; Ex Bf : 84 [73-99] ; M®-de #f : 17 [12-21] ; Ex+M ® -de #f :
15 [12-22]).

INOS IZBI L T, Ex #TIEB MR H E VBl I o 7. INOS
DOEMEMBEN B I~ /e 77y —JICBIT5 M1l v~/ 27 7 —

COEEGIT Ex BEAMho 3 BEL I L CTHEICIKE 2 R L= ([Ex vs
ACLT, M®-de, ExtM®-de] ; p = 0.010, p = 0.002, p = 0.003) (ACLT
Bt : 58.5[54.3-62.6] % ; Ex Bf: 42.7[40.9-44.5] % ; M®-de &% : 61.7
[58.6-64.8] % ; Ex+M®-de £f : 61.4 [56.2-66.5] %).

CD206 (2B L TIE INOS &I KT, Ex BT < O MEMfu 3 8l 52
Ih7-. CD206 OtMarsbBEH sz~ ra 7y —VICBIT5
M2 ~7u77—VOEAEIE Ex BERo 3 L ik L CHEICEME A
7 L7=([Ex vs ACLT, M®-de, Ex+M®-de] ; p = 0.010, p = 0.002, p =
0.003) (ACLT #¥ : 58.5[54.3-62.6] % ; Ex Ff : 42.7[40.9-44.5] % ; M

®-de #f : 61.7 [58.6-64.8] % : Ex+M®-de £f : 61.4 [56.2-66.5] %).
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AQLT . Mild Ex Moderate-Ex ‘ ngh Ex

A -
P

iNOS

i e
sy

| P
» ”
Pl "'f' / / ," :

/" ;'ﬁ

CD206

B 140 p=0921 <0001
P =0.048
120 p=0027
B 100 IR ERS
o
g H ¢ w =
s 80 2 =
3 G 50 8 s
[-% o [=%
o 2w $ g © == ;
8 o N
o z 30 5]
20 20
2 10 10
0 0 0
RO < S o < o et S e s

A @
NS “\06 &3 e NS ‘J\oée@‘e e ¥ W ‘;\0&"%‘ e

X 11 :CD68, iNOS, CD206 ® kb ez X 2% mE (A). CD68 (£
X)), iNOS (H4), CD206 (F51X) DGR DOMNTFER (B). A7 — /3 —

10 pm
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3.4. EE

MFZEI Tid, B OA 12325 hLy RIVEBORITFEIZK TS
v/ 7y —YOBBENEERE OEMEICEET 20 TIE RV d
WORBIZR LT, RSN~ v 77— Ve 2 3A 2\,
MLy RINWEH v/ mn T 7y —VEIRRORERMEICOWVWTO —imz 5
PNCT D L& BT A BT L.

MRTICE> TRbREEMELZMFI L7 e ha vz L7z Ex B
TIIAFZE T & EBRIS, BB AL BIE LIFERCZICES M1 v 27 |
77y —VHBEORLSC M2 v a7y — VhRENEMT S, REE
P2 I LA 2 246234 C Tz,

~ /7 n 7y —UkEHlE AV MO -de BEICB W T Ex BF L FRIREE
W EEERBESY. ZJu ke r@Bicldvre 7y —YOMBIEN
B LT, BITECIE~Zr 77y —T % 60-75 %l L@E
I TWEN, KFETIE~vr 77— 80 %REMEBEES Z &
Nk TR, HAOMEL LTI+ IH/EHL TWEZ EBREBEIN
%. WA B — X% f\ 5 magnetic-activated cell sorting (MACS) %
N Ko T~ n 77—V atilastizct 25, IL-18, TNF-«,
MMP D FEAENRED L, B OEWERD LIzt o BERDHDH. £7oAK
MRETEMWe 7w Fe o BeREAfGNICEREL, BE~vsn Ty —
I EED L, BIFECBITAMI~Z 07 7y —U b &5 MMP-
3 BLU MMP-9 OB+ EENAEICH D WL, a7 75 F—8CFE~
U AETICE T TGF-8 0 LI B K & B S8 72 & il 60
ENTWVWD. Z0kHiz, ~v7ua77—U0 0A O EREH B
THZEBRHOLNLTHY, KfEIZBWTHE~Y 7 1T 7 — VB
MLz MO-de BETIE~27 un 7 7 — YO EORA D, KLz

44



MEE T REMEDR B D .

FFETREFRELT, Z7r ke r@iks, Moy FILVEBEZAE
AWHM OGS IFHREEENEBIELZICHELLT, ZROoEZ0FHLE
Ex+M®-de #f TIZHCHF AN HET L TV e, Z O/ RITKE OA ITxHT %
My RIVEHNREEEOBIEZELS 2HIZIEZ~v I rn T 7 — Y DFfF
ERMIEERDZELEZRLTND. B OA DBRICEHL T~y 1Y 7 —
VOBRMBHRHEINTNG 80, ZOLZLINAML M2 EWVWolovra”
7=V ORBIMOKHEIZE SV THRIESNTEBY, ZraairFas R
N OA BEDWKE~ a7 7—20 CD163 (M2 ~— X —0O—fE) D%
B2 S W&o s 89X, Utomo & 821 OA BFH O IR H
BRI LTI A Y U E2RMLIEEZA, M1 v/ 077 —U%
MHlIL, M2~27 a7y —VORBLEZHEINEIES EWE L. 72, Lee
5 8% OA B2 TGF- B 1 2 ¥ 59 % 729 IZ Tissuegene-C % i il L 7=
fER, AEINOMRERREZFET L2 2RRB L. SHIC7 v h MIA
7 /L TlL Tissuegene-C #5795 & IL-10 XU & T 25 M2 v 7
N7 7 —=UICK o THET IR FOEAENEMT 52 L 4R LTE
D, ~7m 77 —0MEN OA IZHTHIHREERDZENHIFRFESNT
W5,

Fo, METHRREZLIIC by RINVEBO L D 2eH @R
BEEIcBITSd~r0 77y —VORBMEE S, HIREREYH
BYLZEbHE¥40INTEY, HHEL ORENLL S OAEIKIZEKT
L2377y —VORBEMEBSEL Z RSN D.

FRROEIICO0A t~ru7 7y —VORRME, EiHhE~rnryr—v
DEARIEIIHA ST D oH 508, OA HHICBITHEE &~ 7 a7
7 — Y OB ERFET 2 AT V. ERCx L TARMEOR RIT B
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Ly RINWVEE 7o Fe v BERGOMREMHNT L5210k TS
HLAD ZERHLNERYD, THATEB LWL T~ r >
7= VOBMEBELNEE L W LERT. £, v ur Ty —UNRN
Ve L7 IREE COEB N HE AL T SRR & L TiE, RIERRE
IZha > 7RSI ORE A HIIERFICER S E KIS EFHET 5 2
ENREETHoTZ EnEFT NS, My RINVEBOALD Ex #fl

171

snm Fa U BEEOFH L7z ExtM®-de # & O TlE, HwEF O IL-4 B
PEAMBR SR IT R OFE R 2R LT, Ex BT IL-4 OENN~7 a7 7 —
CORBME TS, BN O RIEIREE ZIE L2 /REMEN & 5 23,
Ex+M®-de # Tl IL-4 R EOMRIERF N BEL HE 2L~ a7 7 —
URRBAN BN LT ue Ty —Un s a Ra UERIZ K o THIESE L
Teiew, BENORIEREZ B ST D Z ENHKR Do T2 A REMEN 2
Fonsd. 2F0, Py FIVEENI L > THRIERFOH M i X
Th, ¥7 077 —=UNeT 5 LREEELZEIET D 2 LAH KRR
ZEDBHBEMNE ST

T, 7u Re B OHRO MO-de #f & Ex+tM®-de #f & O lL#zIC
BT, Ex+M®-de B TIZIHEET OHLRIER T DI BN L TV,
OARSI 2 a7 R4k F 43 i K+ O F BLR (T Ex+M @ -de #E THINL T\ .
WMEOFELBIZZr FeryBOKREIZEIV 7077 =2 3B L TW
HIRHETH 5. F£7-2, Gremlin-1 OPEMAL=RIT MP-de H LV & Ex+
M®-de #f CHEEZ 1~ L7, Gremlin-1 [3#CEHIIICIH VT, WE/R A D
=HNVANUVARARIND ERHBL, MEEMELZE EREWINT
W5, DFE Y ExtM®-de BETIZ F by FIVEENZ KV, BIETHCE 12 A
H=HNVA NV AREI IS N2, EMRIZE T 58T 50 R
TOREML, MEEENMELZEEx N, 2FY, Py FIL
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EENIEBEEIN O~ 0T 7 =V OMEZ S ST D5 & BRI L
TROHREZR O Lo T.

INOLORENS, Py RINVEENZL > TREZRET D7D
X~ v 77—V LIEREREORTIHEEOBXNEETHY, ~
/a7y — VIR DRERISEFESED E by RIVEEICL D%
RIFAICKEUTLE) Z BT,
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4. REWEE

AWFFETIEHE OA IZXT 5 FLy RIVEBIOZNRIT OV THEEEL 2.
BEEThLy RINVEHCKDMEREDRITEEZ R AT =T VA B
VABIENTEnG ER-Z N TERZ., LrL, BAAORELID
HEENC K > THESREIZHND AT =IVA NV RAFIKRT DD, R
ELTHREBZEERIMHISND W) RICTHERHDL Z 2R L, EH)
DRI OVWTIRAETHEER DD Z L 2fEHM L. &b, Ly
R VEE AR OB REERICIEI~7 27 7 =V OEBAEE LT
LTIV R AZNT, B OAICKT 25 MLy FIVEBEIFFIZAE
T bd~/m7y—VOBEBOKRIE HEL), v~/ 7y —YOgEs
W L7256 ORI 0% 2 REE (BFET) L7z,

WFFE T TiX 3 M OEE ML 2R EL, MLy FIJLEB) O RMRGE
ENE LTz, T ORS, &b IREE OESE) 21T o 72 Mild-Ex B CHCE 2
PEASBIEL, TR L0 SMENE W 2 BECIRE EMEITEE L 2 & v
MR R A2 R LT, £~ 07 7 — Y OBEEEIZHOWT, Mild-
Ex Bt CIIHMIRIEMICER T2 M2 ~Z7 27 7 — Y OEIG AN L7223,
Moderate-Ex #, High-Ex B TII M1l ~27 127 7 —IOHENBINL T
Wio. ZOEITIEEMSERBEOEILEZRLTEY, Ly RILE
BIC K D2MEREDRII~ 7 n 7 7y —U 05 LTV, Mlid 72&E®) T
Hiix, by FIVEBHROEESIE IS AT =01 K
VALK TALDBURINE, v 7 v 77— I X5 LRG0 H ik
FEN EElo7ee s, B EENEBIEL7ZOTIERnWhEEZLLND.

R TR ORE LIRS BE S L Tnd s RIS~y n 77—
VORI EF{LESE, Py RINVEBRO~ 0T 7 —VOERIC
DUV THRGE L 7.
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s R BRI T~/ n 77y =V B ESERETHL Y
R ViER A FEfE L7z Ex+M®-de A CIXIEEMENFIICHETL TV
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Abstract

Objective. Moderate mechanical stress is necessary for preserving the cartilage. The clinician empirically understands
that prescribing only exercise will progress osteoarthritis (OA) for knee OA patients with abnormal joint movement.
When prescribing exercise for OA, we hypothesized that degeneration of articular cartilage could be further prevented
by combining interventions with the viewpoint of normalizing joint movement. Design. Twelve-week-old ICR mice
underwent anterior cruciate ligament transection (ACL-T) surgery in their right knee and divided into 4 groups: ACL-T,
controlled abnormal joint movement (CAJM), ACL-T with exercise (ACL-T/Ex), CAJM with exercise (CAJM/Ex).
Animals in the walking group were subjected to treadmill exercise 6 weeks after surgery, which included walking for 18
m/min, 30 min/d, 3 d/wk for 4 weeks. Joint instability was measured by anterior drawer test, and safranin-O staining and
immunohistochemical staining were performed. Results. OARSI (Osteoarthritis Research Society International) score of
ACL-T/Ex group showed highest among 4 groups (P < 0.001). And CAJM/Ex group was lower than ACL-T/Ex group.
Positive cell ratio of IL-I3 and MMP-13 in CAJM/Ex group was lower than ACL-T/Ex group (P < 0.05). Conclusions.
We found that the state of the intra-articular environment can greatly influence the effect of exercise on cartilage
degeneration, even if exercise is performed under the same conditions. In the CAJM/Ex group where joint movement
was normalized, abnormal mechanical stress such as shear force and compression force accompanying ACL cutting was
alleviated. These findings may highlight the need to consider an intervention to correct abnormal joint movement before
prescribing physical exercise in the treatment of OA.

Keywords
articular cartilage, tissue, knee osteoarthritis, exercise, joint instability

Furthermore, recent evidence from animal models of surgi-
cally induced OA indicates that the progression of cartilage
degeneration can be delayed by moderate exercise.””

On the other hand, joint instability induces excessive
mechanical stress and contributes to OA onset and

Introduction

Knee osteoarthritis (OA) is caused by articular cartilage
degeneration and its progression results in arthralgia, motor
dysfunction, and impairment of activities of daily living. As
societies are aging worldwide, it is imperative to develop
strategies for extending the healthy life expectancy and

minimizing medical expenses associated with aging-spe-
cific disorders such as OA. In this context, substantial effort
has been expended to elucidate the pathology of OA and to
develop therapeutic methods. However, to date, only symp-
tomatic treatment is available for OA.

It is currently accepted that moderate mechanical stress
is necessary for preserving the cartilage. In rats with healthy
cartilage, treadmill exercise was associated with increased
expression of factors involved in extracellular matrix syn-
thesis, as well as with suppression of inflammatory factors.'
Therefore, exercise is required for cartilage preservation.
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Figure |. Experimental design. anterior drawer test, histological evaluation, and immunohistochemical evaluation were performed.
These analyses involved the ACL-T group without exercise intervention, CAJM group without exercise intervention, ACL-T with
exercise intervention (ACL-T/Ex) group, and CAJM with exercise intervention (CAJM/Ex) group (for each group, n = 7). ACL-T,
anterior cruciate ligament transection; CAJM, controlled abnormal joint movement.

progression.® In addition, joint instability resulting from
knee joint ligament injury, meniscus damage, or malalign-
ment leads to inflammation and cartilage degenera-
tion.”'* Many patients with knee OA have joint instability,
and the characteristic gait disturbance in such patients is
involved in OA progression.''"® The association between
joint instability and knee OA is well established.

Studies using animal models of OA aim to elucidate the
mechanisms underlying the onset and progression mecha-
nisms of OA. The anterior cruciate ligament transection
(ACL-T) model, which is a commonly used animal model
of surgically induced OA, involves cutting the ACL in order
to induce joint instability and progression to OA. However,
studies based on ACL-T cannot clarify the influence of bio-
logical factors such as inflammation accompanying liga-
ment rupture or secondary joint instability. In contrast, the
controlled abnormal joint movement (CAJM) model, pro-
posed by Murata ef al."'"® and Onitsuka ef al.'® involves
ACL-T followed by another surgical procedure to re-stabi-
lize the joint and reduce joint instability. In the CAIM
model, the expression of inflammatory factors and cartilage
matrix degrading factors is suppressed, joint instability is
reduced, and progression to OA is slower.

Previous studies often used models involving ACL-T or
destabilization of the medial meniscus to examine the effect
of exercise intervention. However, in all such studies, exer-
cise intervention was performed in the presence of joint
instability caused by ligament rupture. Therefore, the
impact of joint instability on the effectiveness of exercise
intervention is unknown.

We hypothesized that exercise intervention is more
effective at preventing the degeneration of articular

cartilage in knee OA if joint instability is controlled. In the
present study, we used mouse models of surgically induced
OA to test this hypothesis.

Methods

Animals and Experimental Design

This study was approved by the Animal Research
Committee of Saitama Prefectural University (approval
number: 29-12), and the animals were handled in accor-
dance with the relevant legislation and institutional guide-
lines for humane animal treatment. This study used 28
adults (12-week-old) ICR (Institute for Cancer Research)
male mice. The mice were divided into 4 experimental
groups: ACL-T without exercise intervention, CAJM
without exercise intervention, ACL-T with exercise inter-
vention (ACL-T/Ex), and CAJM with exercise interven-
tion (CAJM/Ex) (Fig. 1). All mice were housed 2 to a
plastic cage maintained at a temperature of 23°C = 1°C
with a 12-hour light/dark cycle.

Surgical Procedures

The ACL-T and CAIM procedures were performed with the
mice under a combination anesthetic (medetomidine, 0.375
mg/kg; midazolam, 2.0 mg/kg; and butorphanol, 2.5 mg/
kg). To induce knee OA in the right hind limb, the medial
capsule was exposed, and the ACL was transected using
scissors. For mice assigned to ACL-T groups, the joint was
loosely stitched using thread. For mice assigned to CAJIM
groups, a 25-gauge needle was used to create bone tunnels
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in the anterior portion of the proximal tibia and in the pos-
terior portion of the femoral condyle in order to decrease
the anterior translation of the tibia onto the femur.
Subsequently, 4-0 nylon thread was passed through the
bone tunnels to compensate for ACL function and help con-
trol the anterior translation of the tibia. The results of veri-
fying the validity of the model were added to the
supplemental material.

Anterior Drawer Test

To assess knee joint instability, the anterior drawer test was
performed using a constant force spring (0.05 kgf; Sanko
Spring Co., Ltd., Fukuoka, Japan) and a soft X-ray device
(M-60; Softex Co., Ltd., Kanagawa, Japan). The right hind
limb was collected for this experiment. The half of the
quadriceps proximal to the femur and the hamstrings were
cut with scissors, and then the femur was fixed with a
clamp. The test pulled the proximal tibia forward with 4-0
nylon thread. The radiographic parameters were as follows:
tube potential, 28 kV; tube current, 1.5 mA; exposure time,
1 second. The image was digitized using a NAOMI digital
image sensor (RF Co., Ltd., Nagano, Japan). Based on the
soft X-ray image, anterior displacement was quantified
using dedicated image analysis software (Image J; National
Institutes of Health, Bethesda, MD, USA).

Treadmill Exercise Intervention

Mice allocated to the exercise groups (ACL-T/Ex and
CAJM/Ex) were exercised on a rodent treadmill. After the
mice in the CAJM groups underwent the second surgery, all
mice were allowed to become familiarized with the tread-
mill environment for 3 days. Afterward, the mice allocated
to exercise groups were exercised on the treadmill at a con-
stant speed of 18 m/min for 30 min/d, 3 d/wk, for 4 weeks.

Histological Analysis

At the end of the study period, the mice were sacrificed, and
the knee joint was collected and fixed in 4% paraformalde-
hyde/phosphate-buffered saline for 24 hours, followed by
decalcification in 10% ethylenediaminetetraacetic acid for
21 days, dehydration in 70% and 100% ethanol and xylene,
and embedding in paraffin blocks. Thin sections (7 pm)
were cut in the sagittal plane using a microtome (ROM-360;
Yamato Kohki Industrial Co., Ltd., Saitama, Japan), stained
with safranin-O/fast green, and subjected to histology eval-
uation to estimate the degree of cartilage damage. The
Osteoarthritis Research Society International (OARSI) his-
topathology grading system was used to assess cartilage
damage reflected as structural changes and fibrillation
lesions.'” Two independent observers (T Kano and KO) per-
formed OARSI scoring on a scale of 8 stages (0, 0.5, 1-6),
and the average value was retained. Furthermore, cartilage
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roughness and thickness were evaluated as characteristics
of degenerative OA. Cartilage thickness was measured in
the tibia anterior and tibia posterior regions. For each
region, the roughness of the cartilage surface was calculated
as the ratio between the actual length along the articular
surface and the length of an approximately straight line con-
necting 2 points in the region of interest.

Definition of Regions

Two regions of interest were used in this study, namely the
tibia anterior and tibia posterior. The tibia anterior was
defined as the region beyond the outer edges of the anterior
meniscal horn, while the tibia posterior was defined as the
region beyond the outer edges of the posterior meniscal
horn.

Immunohistochemical Analysis

In this study, we examined interleukin-13 (IL-1B) as a
marker of inflammation and matrix metalloproteinase-13
(MMP-13) as a marker of tissue catabolism. To evaluate the
expression of IL-13 and MMP-13, we performed immuno-
histochemical staining using the avidin-biotinylated enzyme
complex method and the VECTASTAIN Elite ABC Rabbit
IgG Kit (Vector Laboratories, Burlingame, CA, USA). The
tissue sections were deparaffinized with xylene and ethanol,
and antigen activation was carried out using proteinase K
(Worthington Biochemical Co., Lakewood, NJ, USA) for
30 minutes. Endogenous peroxidase was inactivated with
0.3% HZOz/ethanol (FUJIFILM Wako Pure Chemical Co.,
Osaka, Japan) for 30 minutes. Nonspecific binding of the
primary antibody was blocked using normal goat serum for
20 minutes, and then the sections were incubated with anti-
IL-1B and anti-MMP-13 primary antibodies overnight at
4°C. Afterward, the sections were incubated with biotinyl-
ated secondary antibody anti-rabbit IgG and stained with
aniline. For analysis, we calculated the ratio between the
number of IL-1p- or MMP-13-positive cells and the num-
ber of chondrocytes in an articular cartilage area of 10000
wm? (100 wm X 100 wm).

Statistical Analysis

All analyses were performed using R version 3.5.1 (http:/
www.R-project.org/). First, the Shapiro-Wilk test was used
to check for normality of the distribution for each data set.
To clarify the impact of joint instability on the effectiveness
of exercise intervention in knee OA, the following data
were compared among the 4 experimental groups (ACL-T,
ACL-T/Ex, CAJM, CAJM/EX) using analysis of variance
with Tukey’s post hoc test: tibia anterior displacement,
OARSI score, cartilage thickness, and cartilage roughness.
The percentages of IL-13- and MMP-13-positive cells were
compared among groups using the Kruskal-Wallis test with
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Figure 2. Knee joint instability with and without exercise intervention in mice stratified according to the joint environment following
surgical induction of osteoarthritis (OA). (A) Representative soft X-ray radiograph taken during the anterior drawer test on the

right knee joint of a mouse that had undergone surgical induction of knee OA followed by exercise intervention. (B) Tibial anterior
displacement on the anterior drawer test. Tibial anterior displacement was significantly smaller in the CAJM and CAJM/Ex groups than
in the ACL-T and ACL-T/Ex groups. Mice in the CAJM groups underwent joint re-stabilization after ACL-T. ACL-T, anterior cruciate
ligament transection; CAJM, controlled abnormal joint movement; Ex, with exercise.

Steel-Dwass post hoc analysis. Parametric data are shown
as the mean with 95% confidence interval, whereas non-
parametric data are shown as the median with interquartile
range. All significance thresholds were set at 5%.

Results
X-Ray Radiography

Joint instability was quantified using X-ray radiography
with the anterior drawer test (Fig. 2A).

Compared with the ACL-T and ACL-T/Ex groups, the
CAJIM and CAJM/Ex groups had significantly lower ante-
rior displacement of the tibia (CAJM vs ACL-T, P < 0.001;
CAIM vs ACL-T/Ex, P = 0.019; CAJIM/Ex vs ACL-T, P <
0.001; CAIM/Ex vs ACL-T/Ex, P = 0.030) (ACL-T, 0.99
[0.60-1.37] mm; CAJM, 0.47 [0.30-0.64] mm; ACL-T/Ex,
0.80 [0.56-1.04] mm; CAJM/Ex, 0.48 [0.32-0.64] mm)
(Fig. 2B).

Histological Analysis

Chondrocyte hypertrophy in the anterior part of the articu-
lar cartilage was confirmed for both models (ACL-T and
CAIJM) but no significant OA progression was noted in any
group (Fig. 3). Exercise groups had significantly lower

OARSI score than that noted for the nonexercise groups:
ACL-T, 0.8 [0.3-1.2]; CAJM, 0.6 [0.2-1.0]; ACL-T/Ex, 0.6
[0.3-0.9]; CAJM/Ex, 0.6 [0.2-0.3] (P = 0.754). In the
ACL-T/Ex group, marked surface fibrillation and reduction
in cartilage thickness were noted in the posterior part of the
articular cartilage, together with a significantly higher
OARSI score than that noted for the other 3 groups (ACL-T/
EX vs. ACL-T, CAIM, or CAIM/Ex, P < 0.001) (ACL-T,
1.6 [0.8-2.3]; CAIM, 1.0 [0.4-1.6]; ACL-T/Ex, 3.6 [2.4-
4.9]; CAIM/Ex, 1.1 [0.7-1.5]).

There was no significant difference among the 4 groups
with regard to cartilage thickness in the anterior part (ACL-
T, 175.6 [167.5-183.7] wm; CAIM, 174.2 [166.9-181.5]
m; ACL-T/Ex, 178.8 [171.9-185.6] um; CAJM/EX, 169.7
[157.0-182.5] wm; P = 0.401) (Fig. 4A). However, in the
posterior part, cartilage thickness was significantly higher
for the ACL-T/Ex group (ACL-T/EX vs. ACL-T, CAIM, or
CAJM/Ex, p<0.001) (ACL-T, 140.0 [127.4-152.6] pm;
CAJM, 152.3 [139.0-165.6] wm; ACL-T/Ex, 94.9 [86.8—
103.0] wm; CAIM/EX, 152.0 [144.5-159.5] pum).

With regard to the roughness of the cartilage surface in
the anterior part, there was no significant difference among
the 4 groups (ACL-T, 103.5% [102.3%-104.7%]; CAJM,
103.1% [101.5%-104.8%]; ACL-T/Ex, 103.7% [100.3%-
107.2%]; CAIM/EX, 102.6 [101.7%-103.6%]; P = 0.952)
(Fig. 4B). However, the cartilage roughness in the posterior
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Figure 3. Knee cartilage degeneration with and without exercise intervention in mice stratified according to the joint environment
following surgical induction of osteoarthritis. Mice in the CAJM groups underwent joint restabilization after ACL-T. (A) Results of
safranin-O/fast green staining. None of the 4 groups exhibited significant degeneration of the cartilage in the anterior part of the

joint. Irregularities in the superficial zone and decreased cartilage thickness in the posterior part of the joint were confirmed only

for the ACL-T/Ex group. (B) OARSI scores. There was no difference among the four groups regarding the OARSI scores in the
anterior part of the joint. The OARSI scores in the posterior part were significantly higher for the ACL-T/Ex group. ACL-T, anterior
cruciate ligament transection; CAJM, controlled abnormal joint movement; Ex, with exercise; OARSI, Osteoarthritis Research Society

International.
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Figure 4. Knee cartilage thickness and roughness with and without exercise intervention in mice stratified according to the joint
environment following surgical induction of osteoarthritis. Mice in the CAJM groups underwent joint restabilization after ACL-T.

(A\) Cartilage thickness. Decreased thickness was observed in the posterior part of the joint for the ACL-T/Ex group. (B) Cartilage
surface roughness. Increased roughness was noted in the posterior part of the joint for the ACL-T/Ex group. ACL-T, anterior cruciate
ligament transection; CAJM, controlled abnormal joint movement; Ex, with exercise.

part was significantly higher for the ACL-T/Ex group
(ACL-T/Ex vs. ACL-T, P = 0.002; ACL-T/Ex vs. CAIM, P
< 0.001; ACL-T/Ex vs. CAIM/Ex, P = 0.001) (ACL-T,
118.9% [111.8%-125.9%], CAJM, 111.2% [108.5%-
114.0%]; ACL-T/Ex, 129.0% [119.2%-138.8%]; CAIM/
Ex, 112.9% [104.4%-121.3%]).

With regard to inflammation, IL-1B-positive cells were
confirmed from the cartilage surface layer to the deep layer
in the ACL-T, CAJM, and ACL-T/Ex groups but not in the
CAJM/Ex group (Fig. 5A). The percentage of IL-1B-
positive cells in the anterior part of the cartilage was signifi-
cantly higher in the ACL-T and ACL-T/Ex groups than in
the CAJM/Ex group (ACL-T vs. CAIM/Ex, P = 0.031;
ACL-T/Ex vs. CAJIM/Ex, P = 0.013) (ACL-T, 32.2%
[27.4%-42.1%]; CAIM, 24.6% [21.0%-34.5%]; ACL-T/
Ex, 28.3% [27.5%-36.7%]; CAJM/Ex, 15.5% [13.4%-
21.5%]) (Fig. 5B). A similar trend was noted for the poste-
rior part of the cartilage, where the percentage of
IL-1B-positive cells was significantly higher for the ACL-T
and ACL-T/Ex groups than for the CAJM/Ex group (ACL-T
vs. CAJM/Ex and ACL-T/Ex vs. CAJM/Ex, P = 0.048)
(ACL-T, 40.6% [34.3%-51.0%]; CAIM, 24.1% [17.2%-
32.5%]; ACL-T/Ex, 35.8% [31.1%-38.0%]; CAIM/Ex,
20.0% [14.5%-24.9%)]).

Similarly, MMP-13-positive cells were confirmed in the
ACL-T and ACL-T/Ex groups, compared with very weak
MMP-13 expression in the CAJM and CAJM/Ex groups
(Fig. 5A). However, while no significant difference among
the four groups was noted in terms of the percentage of
MMP-13-positive cells in the anterior part of the cartilage

(ACL-T, 32.2% [32.0%-38.1%]; CAIM, 32.6% [23.3%-
43.5%]; ACL-T/Ex, 41.1% [36.0%-51.8%]; CAJM/Ex,
33.8% [30.0%-42.4%]; P = 0.382), the percentage of
MMP-13-positive cells in the posterior part of the cartilage
was significantly higher for the ACL-T/Ex group than for
the CAJIM/Ex group (ACL-T/Ex vs. CAIM/Ex, P = 0.020)
(ACL-T, 51.5% [45.3%-58.2%]; CAIM, 33.4% [27.6%-
43.1%]; ACL-T/Ex, 55.2% [43.5%-59.1%]; CAJM/EX,
32.9% [31.0%-36.5%]) (Fig. 5C).

Discussion

Previous studies reported that exercise alone could delay
the progress of OA. However, our present results indicate
that the internal environment of the joint strongly modu-
lates the effect of exercise, sometimes completely canceling
the benefit. In other words, when prescribing exercise, we
need to consider the internal environment of the knee joint.
This is the first study to assess and confirm the impact of
controlling abnormal joint movement on the effectiveness
of exercise therapy in knee OA.

Certain aspects of our results warrant further discussion.
First, histological analysis revealed no difference between
the ACL-T and CAJM groups regarding OARSI score,
IL-1B-positive cell percentage, or MMP-13-positive cell
percentage. Murata et al.'* and Onitsuka et al.,'"® who used
the same CAJM model, also found no difference in OARSI
score at 4 weeks after intervention but did report that differ-
ences could be seen after 8 or 12 weeks. These findings
suggest that a follow-up of 4 w after joint intervention

81



Oka et al. 7
A INTACT ACL-T CAJM ACL-T/Ex CAJM/Ex
P
2
8
g
Q — - =3 =5 ]
~ <
1 —
S i
2 ¢
2
3
a — — = — —
.
2 i “
s
ol €
bl e — = == =
a s 3
: -
5 L -
T
2
%
S «
a — —_— — —_— f—
% % % %
100 100 100 100
90 %0
=003 =0020 ° o
g % e % g w0 p=0.382 g w0 =0.020
g 70 g 7 s ™ =
FIC IR £=0.010 3 w0 j_ p=0.048 ) " . ) o
%0 | £ s J 2 s N Z s 7 |
R P id R 1 g 4 + m 1 g 4w 1 e R b
-4 1 2 = o &l men B g F~ T
ﬁzoDj’— 2 30 /| 9 ) {‘: e Py < e
=‘zu."T‘—{H[iémhr_t. :E] %zo‘ %zo Bl i
10 B - 3 10 10 s 10 +
o o o o
AQLT CAIM  ACL-T/ExCAIMEX ACLT CAM  ACL-TExCAIMWEX AQT CAIM  ACL-T/Ex CAIM/EX AQr CAM  ACL-T/Ex CAJWEX
Anterior Posterior Anterior Posterior

Figure 5. Knee inflammation and tissue catabolism with and without exercise intervention in mice stratified according to the joint
environment following surgical induction of osteoarthritis. Mice in the CAJM groups underwent joint restabilization after ACL-T. (A)
Representative immunohistochemical stains for IL-13 and MMP-13. (B) Percentage of IL-1B-positive cells. The percentage of IL-1{3-
positive cells was lower in the CAJM/Ex group than in the ACL-T and ACL-T/Ex groups. (C) Percentage of MMP-13-positive cells. The
percentage of positive cells in the posterior part of the joint was lower in the CAJM/Ex group than in the ACL-T/Ex group. ACL-T,
anterior cruciate ligament transection; CAJM, controlled abnormal joint movement; Ex, with exercise; IL-18, interleukin-13; MMP-13,

matrix metalloproteinase-13.

might be insufficient to reveal the influence of the internal
joint environment on cartilage degeneration by OARSI
score. On the other hand, Murata et al.,"* reported a differ-
ence in tumor necrosis factor (TNF)-a levels even if the
absence of a difference in OARSI scores. In other words,
whereas only IL-18 and MMP-13 were examined in this
study, ACL-T and CAJM may differ in terms of other fac-
tors related to cartilage degeneration.

Interestingly, we found that the OARSI score was sig-
nificantly higher for the ACL-T/Ex group than for the other
three groups. Moreover, in the ACL-T/Ex group, the carti-
lage thickness was lower, and the roughness of the cartilage
surface layer was substantially higher than for the other
groups. High OARSI score, decreased cartilage thick-
ness, *'®!° and increased surface roughncsszo’21 are patho-
logical findings characteristic of OA. In the ACL-T model,
forward dislocation of the tibia is clearly visible on X-ray
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radiography. In addition, osteophytes start to develop on the
posterior part of the tibia as soon as at 2 weeks after ACL-T,
and the osteophyte volume increases with time.** Onur
et al** reported that degeneration of the articular cartilage
progresses after ACL-T but not only due to compressive
force. In other words, the ACL-T model exhibits forward
instability of the tibia and results in OA onset and progres-
sion. In the present study, we found worse OARSI score
after ACL-T with exercise alone (ACL-T/Ex), which was
different from the previous study. Previous reports indicate
that moderate-intensity exercise helps preserve the articular
cartilage while high-intensity exercise accelerates OA.>2
Our present study is the first to include treadmill exercise in
a mouse OA model, whereas previous studies focused
mainly on rats. Mice are small compared with rats and,
when exercising under the same conditions, would need to
perform a higher number of steps. In other words, in our
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study targeting mice, the treadmill exercise was conducted
at high intensity, which might have accelerated OA progres-
sion in the ACL-T/Ex group. On the other hand, mice in the
CAJM/Ex group were subjected to the same exercise regime
and did not exhibit OA progression. In the CAJM/Ex group,
abnormal joint movement during exercise was controlled,
which reduced abnormal shear and compression forces and
thus might have prevented OA progression. Taken together,
our results indicate not only that cartilage degeneration can
be prevented by improving the intraarticular environment,
thus improving the quality of joint motion during exercise,
but that this protective effect holds even at high-intensity
exercise, which would otherwise promote OA.

Compared with the CAJIM/Ex group, the ACL-T/Ex
group exhibited a higher percentage of IL-1[3-positive cells
throughout the entire articular cartilage, and a higher per-
centage of MMP-13-positive cells in the posterior portion
of the cartilage. IL-18 and MMP-13 promote cartilage
catabolism and inflammation, serving as representative bio-
markers of OA, though it should be highlighted that OA is a
complex condition.?”* Previous reports showed that abnor-
mal mechanical stress causes an increase in inflammatory
factors and cartilage matrix degrading factors,”' and that
IL-1B and MMP-13 levels increase with the intensity of the
stress on the articular cartilage, supporting the role of these
proteins as cartilage degeneration factors produced in OA.
On the other hand, IL-1 levels were increased throughout
the cartilage and not only in the posterior part of the tibia,
suggesting that this may simply be the result of direct
mechanical stress. Biomechanical changes in knee joint fol-
lowing ACL-T are characterized by decreased aggrecan and
collagen gene expression in chondrocytes and synovial
cells.”? In addition, abnormal knee mechanics lead to

increased IL-1B, TNF-a, and MMP expression in the entire
knee joint, including the synovium and synovial fluid.**
Thus, it is possible that ACL-T-induced changes in the
synovial fluid affect the entire environment of the joint
enclosed in the synovial membrane. In this study, we con-
firmed that not only the cartilage lesion but also the insult to
the tendon (ACL-T) causes an inflammatory response
throughout the joint, with increased IL-1 expression both
on the anterior and posterior part of the tibia, and that this
response is due to the mechanical abnormality.

Cartilage matrix-degrading proteinases, evaluated here
in terms of MMP-13, are expressed in the articular cartilage
not only due to the increase in inflammatory factors such as
IL-1B but also due to chondrocyte hypertrophy, which
occurs in response to abnormal mechanical stress.>* In
terms of MMP-13 expression, there was no difference
between the ACL-T group and the CAJM group for either
side of the articular cartilage. However, MMP-13 expres-
sion on the posterior part of the tibia was increased in the
ACL-T/Ex group and decreased in the CAIM/Ex group,
suggesting that the abnormal joint movement, which was
not controlled in the ACL-T/Ex group, resulted in concen-
tration of stress on the posterior tibia, with corresponding
expression of matrix-degrading proteinases in addition to
the inflammatory reaction. Meanwhile, such concentration
of stress did not occur in the CAJM/Ex group, suggesting
that it is possible to avoid local accumulation of stress in the
joint by imposing exercise therapy after controlling abnor-
mal joint movement, thus suppressing the expression of
MMP-13 through the anti-inflammatory action of exercise.

The exact influence of physical therapy intervention on
cartilage degeneration remains unclear. Although correcting
abnormal joint movement is generally the most important
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focus of physical therapy in patients with knee OA, espe-
cially in the clinical setting, the relationship with cartilage
degeneration has not been elucidated. In the present study,
we found that the state of the intra-articular environment
can greatly influence the effect of exercise on cartilage
degeneration, even if exercise is performed under the same
conditions. In the clinical setting, these findings may trans-
late in the need to consider an intervention to correct abnor-
mal joint movement before prescribing physical exercise in
the treatment of OA (Fig. 6).

There are some points to consider when interpreting the
results of this research. First, there was no difference
between the CAJM group and CAJM/Ex group. Our expec-
tation was that the CAJM/Ex group would have less dam-
age, but there was no difference. Considering the increased
OARSI score in the ACL-T/Ex group, having normal joint
movement during walking appears to be more important to
than exercising, with a treadmill for example, to prevent
cartilage degeneration.

On the other hand, we think it is likely that the exercise
intensity utilized in the present study was strong.
Moderate exercise has been reported to have a protective
effect on articular cartilage, such as reducing inflamma-
tory factor expression and increasing the expression of
cartilage matrix synthesis factors. In a rat model of OA,
moderate exercise with beneficial effect is defined as
treadmill running at a speed of 12 to 18 m/min, for 30 to
60 min/d, 3 to 7 d/wk. However, it is known that high-
intensity exercise adversely affects cartilage. Therefore,
setting the exercise intensity within an adequate range is
important to clarify the relationship between exercise and
OA. Studies in mice typically do not involve the use of a
treadmill and instead use a rotating cylinder. While the
exact protocol depends on the lineage, mice typically per-
form active exercise in the rotating cylinder at a rate of 15
to 25 m/min per day. Therefore, with reference to the rat
model, we set the treadmill speed to 18 m/min, the exer-
cise duration to 30 min/d, and the exercise frequency to 3
d/wk, expecting that this protocol would be within the
comfortable range for mice. Therefore, by implementing
various exercise protocols in the future, it may be possi-
ble to prevent cartilage degeneration by exercise alone. If
the appropriate conditions are found, then the CAJM/Ex
paradigm may be more effective than CAJM alone.

Second, the therapeutic intervention period was short (4
weeks), and only 1 time point was analyzed. According to
the results of immunostaining, we believe that mice in the
CAJM/Ex group might also be protected from future articu-
lar degeneration, though this is only speculation, as we did
not conduct analyses at a later time. However, it is worth
noting that Assis ez al.," who conducted similar investiga-
tions in a rat ACL-T model, reported no change in OARSI
scores later than 4 weeks. Further research is warranted,
where each treatment effect is analyzed in detail.
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Third, among the many peripheral factors involved in
OA-related cartilage degeneration, our study focused only
on IL-18 and MMP-13. Other inflammation and degrada-
tion factors including TNF-«, IL-6, MMP-3, and
ADAMTS-5 might account for some of the conclusions
drawn in this study. Tissue inhibitors of metalloproteinases
inhibit MMPs (i.e., substrate degrading factors) and con-
tribute to maintaining cartilage homeostasis. Further inves-
tigation of such factors is warranted. Furthermore, although
immunostaining is the optimal method for confirming cel-
lular localization, this technique cannot be used to quantify
the expression of the factors of interest. Further studies
should conduct quantitative and kinetic analysis of the gene
expression of inflammatory factors and cartilage matrix
degrading factors
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Abstract: Cartilage degeneration is the main pathological component of knee osteoarthritis (OA),
but no effective treatment for its control exists. Although exercise can inhibit OA, the abnormal joint
movement with knee OA must be managed to perform exercise. Our aims were to determine how
controlling abnormal joint movement and treadmill exercise can suppress cartilage degeneration,
to analyze the tissues surrounding articular cartilage, and to clarify the effect of treatment. Twelve-
week-old ICR mice (1 = 24) underwent anterior cruciate ligament transection (ACL-T) surgery on
their right knees and were divided into three groups as follows: ACL-T, animals in the walking
group subjected to ACL-T; controlled abnormal joint movement (CAJM), and CAJM with exercise
(CAJM + Ex) (n = 8/group). Walking-group animals were subjected to treadmill exercise 6 weeks
after surgery, including walking for 18 m/min, 30 min/day, 3 days/week for 8 weeks. Safranin-O
staining, hematoxylin-eosin staining, and immunohistochemical staining were performed. The
OARSI (Osteoarthritis research Society international) score was lower in the CAJM group than in the
ACL-T group and was even lower in the CAJM + Ex group. The CAJM group had a lower meniscal
injury score than the ACL-T group, and the CAJM + Ex group demonstrated a less severe synovitis
than the ACL-T and CAJM groups. The observed difference in the perichondrium tissue damage
score depending on the intervention method suggests different therapeutic effects, that normalizing
joint motion can solve local problems in the knee joint, and that the anti-inflammatory effect of
treadmill exercise can suppress cartilage degeneration.

Keywords: anterior cruciate ligament; cartilage degeneration; controlled abnormal joint movement;
osteoarthritis; treadmill exercise

1. Introduction

Knee osteoarthritis (OA) is one of the most common musculoskeletal diseases, char-
acterized by degeneration of the articular cartilage. It is a disease that develops due to
the complex involvement of many factors such as aging, obesity, genetics, and mechanical
stress [1-5], and its pathogenesis remains unclear. Currently, medication, physiotherapy,
such as LLLT [6-10], and physical therapy, are the main conservative treatments for knee
OA. However, although these therapies have been reported to be effective for reducing
pain [11], which is the main complaint associated with knee OA, the establishment of
disease-modifying therapies that inhibit cartilage degeneration has not been realized. With
the progression of cartilage degeneration, knee OA is associated with pathological changes
such as synovitis, sub-chondral bone lesions, and osteophytes, resulting in increased pain
and decreased motor function. Surgical treatments such as UKA (unicompartmental knee
Arthroplasty) and TKA (total knee arthroplasty) are needed when the lesions are advanced,
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Abstract: Cartilage degeneration is the main pathological component of knee osteoarthritis (OA),
but no effective treatment for its control exists. Although exercise can inhibit OA, the abnormal joint
movement with knee OA must be managed to perform exercise. Our aims were to determine how
controlling abnormal joint movement and treadmill exercise can suppress cartilage degeneration,
to analyze the tissues surrounding articular cartilage, and to clarify the effect of treatment. Twelve-
week-old ICR mice (n = 24) underwent anterior cruciate ligament transection (ACL-T) surgery on
their right knees and were divided into three groups as follows: ACL-T, animals in the walking
group subjected to ACL-T; controlled abnormal joint movement (CAJM), and CAJM with exercise
(CAJM + Ex) (n = 8/group). Walking-group animals were subjected to treadmill exercise 6 weeks
after surgery, including walking for 18 m/min, 30 min/day, 3 days/week for 8 weeks. Safranin-O
staining, hematoxylin-eosin staining, and immunohistochemical staining were performed. The
OARSI (Osteoarthritis research Society international) score was lower in the CAJM group than in the
ACL-T group and was even lower in the CAJM + Ex group. The CAJM group had a lower meniscal
injury score than the ACL-T group, and the CAJM + Ex group demonstrated a less severe synovitis
than the ACL-T and CAJM groups. The observed difference in the perichondrium tissue damage
score depending on the intervention method suggests different therapeutic effects, that normalizing
joint motion can solve local problems in the knee joint, and that the anti-inflammatory effect of
treadmill exercise can suppress cartilage degeneration.
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1. Introduction

Knee osteoarthritis (OA) is one of the most common musculoskeletal diseases, char-
acterized by degeneration of the articular cartilage. It is a disease that develops due to
the complex involvement of many factors such as aging, obesity, genetics, and mechanical
stress [1-5], and its pathogenesis remains unclear. Currently, medication, physiotherapy,
such as LLLT [6-10], and physical therapy, are the main conservative treatments for knee
OA. However, although these therapies have been reported to be effective for reducing
pain [11], which is the main complaint associated with knee OA, the establishment of
disease-modifying therapies that inhibit cartilage degeneration has not been realized. With
the progression of cartilage degeneration, knee OA is associated with pathological changes
such as synovitis, sub-chondral bone lesions, and osteophytes, resulting in increased pain
and decreased motor function. Surgical treatments such as UKA (unicompartmental knee
Arthroplasty) and TKA (total knee arthroplasty) are needed when the lesions are advanced,
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and the establishment of a treatment method is essential to improve the quality of life for
patients with OA and to reduce the burden on society.

In recent years, there have been reports on the effects of exercise therapy using animal
OA models, and some studies have aimed to suppress cartilage degeneration via physical
exercise such as treadmill exercise. Moderate mechanical stress is necessary to maintain
cartilage homeostasis, and it is thought that OA develops and progresses when the balance
is disturbed. Previous studies have reported that exercise increases extra-cellular matrix
synthesis and suppresses inflammatory factors [12], and moderate-intensity treadmill
exercise in OA model rats was found to suppress cartilage degeneration more than that in
the non-exercise group [13-20]. In other words, physical exercise such as treadmill exercise
could be a part of the treatment for OA.

The anterior cruciate ligament transection (ACL-T) model, which is a commonly used
animal model of surgically induced OA, involves cutting the ACL to induce joint instability
and progression to OA. In contrast, the controlled abnormal joint movement (CAJM) model,
proposed by Murata et al. [21,22] and Onitsuka et al. [23], involves ACL-T followed by
another surgical procedure to re-stabilize the joint and reduce joint instability. In the CA]JM
model, the expression of inflammatory factors and cartilage matrix-degrading factors is
suppressed, joint instability is reduced, and progression to OA is slower. Previous studies
often used models involving ACL-T or destabilization of the medial meniscus to examine
the effect of exercise intervention. However, in all such studies, exercise intervention was
performed in the presence of joint instability caused by ligament rupture. We found that
the state of the intra-articular environment can greatly influence the effect of exercise on
cartilage degeneration, even if exercise is performed under the same conditions [24].

We showed that treadmill exercise after improving joint motion further suppresses
cartilage degeneration. However, the mechanism by which cartilage degeneration is sup-
pressed is still unclear. Mechanical stress is a factor for these therapeutic effects. It has been
reported that controlling joint movement reduces mechanical stress and suppresses carti-
lage degeneration and osteophyte maturation, and we believe that the anti-inflammatory
effects of exercise are realized in this environment. In recent years, OA has been regarded
as a whole joint disease, including synovitis, subchondral bone lesions, and abnormal func-
tion of the meniscus, and the suppression of lesions in the tissues surrounding the articular
cartilage might help to prevent cartilage degeneration. In other words, it is thought that the
positive effects of controlling joint movement and treadmill exercise on the tissues around
the cartilage will lead to the suppression of cartilage de-generation. The purpose of this
study was to assess the lesions in the tissues surrounding the articular cartilage and to
clarify the effects of controlling joint movement and treadmill exercise on this disease.

2. Materials and Methods
2.1. Research Design

This study was approved by the Animal Research Committee of Saitama Prefectural
University (approval number: 29-12), and the animals were handled in accordance with
the relevant legislation and institutional guidelines for humane animal treatment. Twelve-
week-old male ICR mice (1 = 24) from Japan SLC Inc. (Shizuoka, Japan) were used in this
study. The mice were divided into three groups (1 = 8/group) as follows: ACL-T group
(untreated after ACL-T), controlled abnormal joint movement (CAJM) group (controlling
joint movement only), and CAJM + Ex group (controlling joint movement followed by
treadmill exercise) (Figure 1). Mice were housed in cages at two mice per cage and a room
temperature of 23 + 1 °C and relative humidity of 55 & 5%. The day/night cycle was set at
12 h, feed and water were provided ad libitum, and exercise was not restricted.
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Figure 1. Protocol of X-ray radiography, histological evaluation, and immunohistochemical evalua-
tion. These analyses were performed on the anterior cruciate ligament transection (ACL-T) group,
the controlled abnormal joint movement (CAJM) group without exercise intervention, and the CAJM
group with exercise intervention (CAJM + Ex) (each group, 1 = 8).

2.2. Surgical Procedure

The animals were anesthetized via the inhalation of diethyl ether (Nacalai Tesque Co.,
Ltd., Kyoto, Japan), followed by the administration of a triple mixture of anesthetics (Domi-
tor, 10 mL (Nippon Zenyaku Kohgyo Co., Ltd., Fukushima, Japan); dolmicam injection,
10 mg (Astellas Pharma Inc, Tokyo, Japan); medetomidine antagonists (Antisedan®, 10 mL;
Nippon Zenyaku Kohgyo Co., Ltd. Japan and Betolpha1®, 5 mg (Meiji Seika Pharma Co.,
Ltd. Tokyo, Japan) and saline in the proportions of 1.875 mL, 2 mL, 2.5 mL, and 18.625 mL,
respectively, in a 25 mL preparation), and saline at a ratio of 0.15 mL and 9.85 mL, respec-
tively, in a 10 mL volume, which was administered subcutaneously at a dose of 0.1 mL
per 10 g of body weight for deep an-esthesia and pain relief. An incision was made in the
anterior aspect of the knee joint to expose the joint capsule, and then, the ACL was cut by
penetrating the capsule with a shear blade from the medial side of the patellar tendon. In
the CAJM model, the femur and tibia were perforated and looped with 3-0 nylon thread to
control the anterior instability of the tibia [24]. In the ACL-T group, the instability of the
tibia was not limited by loosely applying nylon thread loops.

2.3. Exercise Intervention

The CAJM + Ex group was subjected to physical exercise using a rodent treadmill.
All mice were allowed to become familiarized with the treadmill environment for 3 days.
Interventions were performed 3 days per week for 8 weeks according to our protocol, with
a daily intervention time of 30 min at a speed of 18 m/min.

2.4. Evaluation of Tibial Malposition

To evaluate joint instability, photographs were taken using a soft X-ray system. The
right hind leg was photographed in the 90° flexion position of the knee joint after pruning
the muscles. The imaging conditions were a voltage of 28 kV, current of 1.5 mA, and
exposure time of 1 s. The images were digitized using a digital image sensor NAOMI
(RF Co., Ltd. Nagano, Japan). The joint instability of the knee joint was quantified as
the amount of anterior translation of the tibia with the image processing software Image
J (im-agej.nih.gov).
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2.5. Histological Analysis

Histological analysis was performed to evaluate the lesions of the articular cartilage,
subchondral bone, meniscus, and synovium. The collected right knee joints were washed
with saline and fixed in 4% PFA for 24 h. They were then demineralized with 10% EDTA for
21 days. After demineralization, the samples were dehydrated with ethanol and replaced
with xylene. Paraffin blocks were prepared using the paraffin dispenser TEC-P-DC-]O.
Subsequently, sagittal sections (7 pm) were prepared using a microtome ROM-380 (Yamato
Kohki Industrial Co., Ltd., Saitama, Japan).

To evaluate the articular cartilage, subchondral bone, and meniscus, Safranin O Fast
Green staining was performed according to the method of Schmitz et al. The stained sec-
tions were photographed using an all-in-one fluorescence microscope BZ-X700 (KEYENCE
Co., Osaka, Japan). Articular cartilage was evaluated based on the scoring method rec-
ommended by OARSI [25]. The posterior meniscus was evaluated with reference to the
report by Kwok et al. [26]. The total scores for all criteria (structural, cellularity, and matrix
staining) ranged from 0 to 21. The subchondral bone was analyzed with reference to the
report by Aho et al. [27]. HE (hematoxylin—eosin) staining was performed to evaluate
the synovitis of the patellar groove. The evaluation of synovitis was performed based
on the OARSI histopathology initiative [28] and by measuring synovial thickness. The
criteria for the synovial inflammation score are based on increased numbers of synovial
lining cell layers, the proliferation of subsynovial tissue, and infiltration of inflammatory
cells. Synovial thickness was quantified using dedicated image analysis software (Image J;
National Institutes of Health, Bethesda, MD, USA). Moreover The synovial thickness was
measured at three points per section. Since the evaluation was based on two sections, the
average of the six points was used as the representative value. Two independent observers
performed scoring, and the average value was retained. For the evaluation of cartilage,
meniscus, subchondral bone, and synovitis, two sections were evaluated each. The two
sections were spaced 100 um apart.

2.6. Immunohistochemistry (IHC) Analysis

Immunostaining was performed to evaluate the activity of factors involved in cartilage
degeneration and synovitis. IHC was performed using the Avidin-Biotinylated enzyme
complex method based on the protocol of the VECTASTAIN Elite ABC Rabbit IgG Kit
(Vector Laboratories, CA, USA). Tissue sections were deparaffinized with xylene and
ethanol and then immersed in ethanol containing 0.3% hydrogen peroxide (FUJIFILM Wako
Pure Chemical Co., Osaka, Japan) for 30 min to deplete endogenous enzyme activity. Non-
specific binding of primary antibodies was blocked by immersion in normal animal serum
(Vector Laboratories, USA) for 20 min, and then, anti-MMP13 antibody (ab39012; Abcam
plc., Japan, dilution 1/250), anti-Gremlin-1 antibody (ab Japan, diluted concentration
1/200), and anti-TNF-« antibody (BS-2081R; Bioss plc. diluted 1/100) were applied. The
reaction was carried out for more than 8 h. For the secondary antibody, anti-rabbit IgG
Biotinylated Antibody (Vector Laboratories, USA) was used, and the reaction was carried
out for 30 min. As a sensitizing reaction, VECTASTAIN ABC Rabbit IgG Kit (Vector
Laboratories, USA) was used for 30 min. Finally, color was generated by diaminobenzidine
(Dako Japan Co., Ltd., Japan). Gremlin-1 and MMP13 were analyzed in the articular
cartilage; TNF-« was analyzed in the synovium and infrapatellar fat pad (IFP). For analysis,
the percentage of positive cells was calculated as the number of positive cell relative to the
cell containing nuclei, stained by hematoxylin, in a randomly selected articular cartilage
area of 10000 (100 x 100) pm?.

2.7. Statistical Analysis

All data were tested for normality by the Shapiro-Wilk test. The tibia anterior dis-
placement data were compared among the three experimental groups (ACL-T, CAJM,
CAJM + Ex) using analysis of variance with Tukey’s post hoc test. The OARSI score,
meniscus score, subchondral bone score, synovium inflammation score, the percentages of
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Gremlin-1-, MMP-13-, and TNF-a-positive cells were compared among groups using the
Kruskal-Wallis test with a Steel-Dwass post hoc analysis. Parametric data are shown as
mean values [95% confidence intervals], and non-parametric data are shown as median
values [interquartile range]. All significance levels were set at <5%.

3. Results
3.1. CAJM Suppresses Anterior Displacement of the Tibia

After tissue collection, the knee joint was photographed in the sagittal plane using
soft X-rays, and the anterior deviation of the tibia was measured (Figure 2). The amount of
anterior displacement was 0.84 [0.60-1.07] mm in the ACL-T group, 0.45 [0.30-0.60] mm
in the CAJM group, and 0.57 [0.47-0.67] mm in the CAJM + Ex group. The CAJM and
CAJM + Ex groups exhibited significantly decreased anterior displacement compared to
that in the ACL-T group ([ACL-T vs. CAJM] p = 0.031, [ACL-T vs. CA]JM + Ex] p = 0.007),
and there was no significant difference in anterior displacement between the CAJM and
CAJM + Ex groups.

A ACL-T

CAIM + Ex

X-ray

p = 0.007

Anterior displacement

ACLT CAIM  CAIM + Ex

Figure 2. Soft X-ray radiographs of the knee joint (A) and measurement of the amount of anterior
displacement of the tibia (B). The CAJM model exhibited suppressed anterior displacement of the
tibia, and the stability of the knee joint was regained (each group, n = 8). ACL-T, anterior cruciate
ligament transection group; CAJM, controlled abnormal joint movement; Ex, treadmill exercise.

3.2. Treadmill Exercise After CAJM Inhibits Cartilage Degeneration

Histological images and scoring results of Safranin-O Fast Green staining are shown
in Figure 3A. In the ACL-T group, the cartilage loss reached the middle layer, whereas in
the CAJM group, cartilage loss was limited to the superficial layer, and in the CAJM + Ex
group, the cartilage loss was limited to superficial cracks and decreased staining was
observed. The CAJM group had a lower OARSI score than the ACL-T group, and the
CAJM + Ex group had even less cartilage degeneration ([ACL-T vs. CAJM] p = 0.048,
[ACL-T vs. CAJM + Ex] p = 0.013, [CAJM vs. CAJM + Ex] p = 0.042) (ACL-T: 3.0 [3.0-4.0],
CAJM: 2.5 [2.0-3.0], CAJM + Ex: 2 [1.75-2.0]) (Figure 3B).

Regarding the meniscus injury score, the CAJM group had significantly reduced scores
compared to those in the ACL-T group, and there was no significant difference between
the CAJM and CAJM + Ex groups ([ACL-T vs. CAJM] p = 0.039) (ACL-T: 14.5 [12.8-16.3],
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CAJM: 8.0 [5.8-9.3], CAJM + Ex: 9.0 [8.0-11.3]) (Figure 4A,B). There was also no significant
difference in subchondral bone damage scores among the three groups (p = 0.893; ACL-T:
2.0 [1.0-2.0], CAJM: 2.0 [1.0-2.0], CAJM + Ex: 2.0 [1.8-2.3]) (Figure 4A,C).

INTACT ACL-T CAJM CAIM + Ex
- — - —_

Overview >

Posterior

5

_p=0042
4
2

ACLT CAIM CAIM + Ex

OARSI score

Figure 3. Results of Safranin-O Fast Green staining (A) and OARSI scoring of cartilage defects (B).
The CAJM group had a lower OARSI score than the ACL-T group, and the CAJM + Ex group had
even less cartilage degeneration (each group, n = 8). ACL-T, anterior cruciate ligament transection
group; CAJM, controlled abnormal joint movement; Ex, treadmill exercise. Scale bar: Overview
200 pm, posterior 100 pum.
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Figure 4. Histological images of the meniscus and subchondral bone with Safranin-O Fast Green
staining (A). The CAJM group and the CAJM + Ex group had even less cartilage degeneration (B).
Subchondral bone scoring results: no difference between the three groups (C) (each group, 1 = 8).
ACL-T, anterior cruciate ligament transection group; CAJM, controlled abnormal joint movement; Ex,
treadmill exercise. Scale bar: 100 pm.
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3.3. CAJM Inhibits the Expression of Gremlin-1

Histological images obtained by immunohistochemical staining showed cells positive
for Gremlin-1 in the superficial and deep layers of articular cartilage, and some posi-
tive findings were also observed in the extracellular matrix of the deep cartilage layers
(Figure 5A). In terms of the positive cell rate, the CAJM group showed significantly lower
values than the ACL-T group ([ACL-T vs. CAJM] p = 0.047) (ACL-T: 67.4 [58.5-74.3] %,
CAJM: 57.0 [50.5-62.0] %, CAJM + Ex: 62.3 [55.3-73.3] %) (Figure 5B). For MMP-13, pos-
itive cells were observed throughout the entire articular cartilage (Figure 5A). In terms
of positive cell rates, the CAJM and CAJM + Ex groups showed a lower value than the
ACL-T group ([ACL-T vs. CAJM] p = 0.023, [ACL-T vs. CAJM + Ex] p = 0.025) (ACL-T: 74.4
[70.3-80.5] %, CAJM: 55.9 [49.8-66.0] %, CAJM + Ex: 56.5 [52.5-61.8] %) (Figure 5B).

>

CAJM + Ex

EL]

MMP-13  Gremlin-1

Gremlin-1 positive cell
u o N ®
o O oo
MMP-13 positive cell
v N
o O o o

40 40

30 30

20 20
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ACLT CAIM  CAIM +Ex ACLT CAIM  CAIM +Ex

Figure 5. Histological images of immunostaining for articular cartilage (A). Gremlin-1 showed a
decreased positive cell rate in the CAJM group (B), and MMP-13 showed a decreased positive cell
rate in the CAJM and CAJM + Ex groups compared to that in the ACL-T group (C) (each group, n = 8).
ACL-T, anterior cruciate ligament transection group; CAJM, controlled abnormal joint movement; Ex,
treadmill exercise. Scale bar: 100 pm.

3.4. Treadmill Exercise Suppresses Synovitis

In terms of synovitis scores, the CAJM + Ex group showed lower inflammation
scores than the ACL-T and CAJM groups ([ACL-T vs. CAJM + Ex] p = 0.003, [CAJM vs.
CAJM + Ex] p = 0.040) (ACL-T: 4.0 [3.8-5.0], CAJM: 3.5 [3.0-4.0], CAJM + Ex: 2.0 [1.0-2.3])
(Figure 6C). In terms of synovial thickness, the CAJM + Ex group showed lower than the
ACL-T and CAJM groups ([ACL-T vs. CAJM + Ex] p < 0.001, [CAJM vs. CAJM + Ex]
p =0.032) (ACL-T: 119.5 [96.0-142.5] um, CAJM: 110.5 [91.8-120.5] um, CAJM + Ex: 72.0
[63.5-76.0] um) (Figure 6B). For the analysis in the synovium, the results of TNF-« are
shown. Positively stained cells were observed in the synovium and IFP. The number of
positive cells was significantly lower in the CA]JM + Ex group than in the ACL-T and CA]M
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groups ([ACL-T vs. CAJM + Ex] p = 0.006, [CAJM vs. CAJM + Ex] p = 0.050) (ACL-T: 65.3
[57.3-73.5] %, CAJM: 65.6 [62.5-70.3] %, CAJM + Ex: 51.1 [47.5-56.0] %) (Figure 6D).
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Figure 6. Histological images of synovium by HE staining, and histological images of immunostaining (A). The positive cell
rate of TNF-a and the synovitis inflammation in the CAJM + Ex group was suppressed more than that in the ACL-T and
CAJM groups (B-D) (each group, n = 8). ACL-T, anterior cruciate ligament transection group; CAJM, controlled abnormal

joint movement; Ex, treadmill exercise. Scale bar: 100 um.

4. Discussion

The purpose of this study was to clarify the effects of interventions to manage ab-
normal joint motion and subsequent treadmill exercise in a mouse model of early-stage
OA by evaluating not only the articular cartilage but also the surrounding tissues. In a
previous study, we pointed out the need to consider the kinematics of the knee joint itself
to perform treadmill exercise and reported that exercise with abnormal joint motion can
lead to progressive OA changes. In response to this, this study attempted to elucidate
why such interventions are necessary. We found that interventions focusing on the knee
joint involved increasing or decreasing mechanical stress on the articular cartilage and that
interventions with treadmill exercise might involve factors other than mechanical stress.

In the comparison between the ACL-T and CAJM groups, cartilage degeneration
was suppressed in the CAJM group. Murata et al. reported a delay in the onset of OA
compared to that with ACL-T at 8 weeks after CAJM in a rat model [21], which is similar
to the results of previous studies. Moreover, Oka et al. reported that CAJM suppressed the
expression of inflammatory and substrate-degrading factors in mice with OA, although
there was no difference in cartilage degeneration at 4 weeks [24]. In this study, we examined
the effect of intervention at 8 weeks in a mouse model of OA and found that cartilage
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degeneration was suppressed in the CAJM group through the downregulation of factors
related to OA changes. In this study, we also analyzed Gremlin-1, which has been reported
to be generated when excessive mechanical stress is added to chondrocytes and to cause
OA via the NF-«kB pathway [29]. In the present study, the positive cell rate of Gremlin-1
was lower in the CAJM group than in the ACL-T group, which might indicate that CA]JM
reduced mechanical stress on the cartilage. In the ACL-T model, ACL transection increases
the anterior instability of the tibia and changes the contact area between the femur and
tibia, resulting in the development and progression of OA in the posterior part of the
cartilage [30]. The CAJM model, in contrast, is a model in which the function of the
ACL is augmented by surgical treatment from outside the joint capsule to suppress the
anterior instability of the tibia [31]. The soft X-ray results also confirmed the anterior
deviation of the tibia in the ACL-T group, whereas the anterior deviation of the tibia was
suppressed in the group that adopted the CAJM model. These data predict a difference
in contact conditions between the ACL-T and CAJM models and support the rationale
for accelerated posterior cartilage degeneration of the tibia in the ACL-T group. MMP-13
is a proteolytic enzyme and is deeply involved in the onset and progression of OA. It
has been reported that MMP-13 is particularly expressed when the Gremlin-1 pathway
is activated. In this study, MMP-13 was decreased in the CAJM group, suggesting that
a decrease in mechanical stress is involved in the suppression of MMP-13 expression.
Murata et al. reported that the CAJM model shows suppressed osteophyte maturation
through the downregulation of TGFf3 expression and inhibition of the activity of signaling
that causes endochondral ossification [32]. It is believed that osteophytes are formed by
increased mechanical stress, and the suppression of Gremlin-1 and the results of previous
studies suggest that CAJM reduces mechanical stress on articular cartilage. Tissues related
to mechanical stress on articular cartilage include the meniscus and subchondral bone.
The meniscus and subchondral bone are adjacent to the articular cartilage and absorb
shock during the load response [33,34]. In the present study, there was a difference in
the damage score of the meniscus between the CAJM and ACL-T groups. In the ACL-T
model, it is assumed that the contact area changes behind the articular cartilage due to ACL
dysfunction. With CAJM, the contact environment was controlled to avoid concentrating
mechanical stress on the meniscus, which might have led to the suppression of damage.
This change in the function of the meniscus could have caused an increase or decrease
in mechanical stress on the articular cartilage, leading to cartilage degeneration in the
CAJM model.

However, although there was a difference in OARSI scores between the CAJM and
CAJM + Ex groups, there was no difference in the meniscus or subchondral bone damage
scores. This suggests that the mechanism of treadmill exercise as a chondroprotective effect
is less related to the increase or decrease in mechanical stress. The fact that the ACL-T
group had more advanced degeneration than the CAJM and CAJM + Ex groups, in terms
of meniscal damage scores, indicates that the environment within the knee joint is more
important than exercise in terms of effects on the meniscus. In the CAJM + Ex group,
the stress added to the meniscus by treadmill exercise might have been increased more
than that in the CAJM group. In other words, the results of our previous study showed
that cartilage degeneration can be prevented if the environment in the joint is controlled.
Furthermore, although there was a difference in the OARSI scores between the CAJM and
CAJM + Ex groups, there was no difference in the positive cell rates of Gremlin-1 and
MMP-13 in the articular cartilage analysis. Gremlin-1 is thought to be expressed in a stress-
dependent manner, and the increased number of steps in the CAJM + Ex group, due to
exercise, might be the reason for the lack of a difference between the CAJM and CAJM + Ex
groups. In addition to MMP-13, many other factors have been reported to degrade the
extracellular matrix of articular cartilage, and it is possible that other factors suppressed
the OARSI score in the CAJM + Ex group, as compared to that in the CAJM group.

In addition, we performed histological analysis of the synovium to clarify the mecha-
nism by which physical exercise inhibits cartilage degeneration. There was a difference in
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synovitis scores between the CAJM and CAJM + Ex groups. Furthermore, TNF-«, which
indicates that inflammation is occurring, was also suppressed in the CAJM + Ex group,
suggesting that the chondroprotective effect of exercise is mediated by the synovium. In
recent years, OA has been recognized as an inflammatory disease, and the involvement
of immune response mechanisms, including synovial-mediated inflammatory responses,
has been attracting attention. The mechanism underlying synovitis includes cartilage
debris and dead cells that are recognized as DAMPs, which activate M1 macrophages that
produce inflammatory and substrate-degrading factors [35-37]. The factors produced by
M1 macrophages accelerate cartilage degeneration. Indeed, previous studies have shown
that besides synovial inflammation, infrapatellar fat pad inflammation is involved in the
progression of OA [38]. It has also been reported that exercise suppresses inflammation in
adipose tissue by reducing macrophage infiltration [39]. Although we did not identify the
cells of the synovium and IFP in this study, exercise possibly suppressed inflammation of
IFP by switching the phenotype of macrophages. Since synovitis was suppressed only in
the CAJM + Ex group that exercised in the present study, treadmill exercise might be one
therapeutic strategy to stop the cycle of synovitis and cartilage degeneration.

Previous reports have shown that moderate mechanical stress increases the pro-
duction of cartilage matrix synthesis factors, such as TGF- and Sox9, in chondrocytes
in vitro [40,41], suggesting that the mechanism of chondroprotection mediated by exercise
therapy is the addition of moderate mechanical stress. The results of the present study
suggest that the chondroprotective effect of exercise therapy is due to the added mechanical
stress. However, there was no difference in the damage to tissues adjacent to articular
cartilage, such as subchondral bone and the meniscus. Furthermore, in animal OA mod-
els, cartilage degeneration is suppressed by treadmill exercise in an environment where
excessive mechanical stress is added by ACL-T, making it difficult to understand the effect
of exercise therapy based on mechanical stress alone. Aerobic exercise, such as treadmill
exercise, is thought to have anti-inflammatory effects due to its systemic influence. It has
been reported that aerobic exercise not only decreases inflammatory cytokines such as
IFN-y and TNF-« in blood monocytes but also increases anti-inflammatory factors such as
IL-10 and IL-4 [42,43]. Furthermore, it has also been reported that exercise decreases inflam-
matory monocytes. This response might indicate that exercise improves the inflammatory
state in the blood, decreases inflammatory macrophages, and increases anti-inflammatory
macrophages in the synovium, leading to the suppression of cartilage degeneration.

It is also possible that the suppression of synovitis was not caused by an improvement
in the systemic inflammatory state. Since synovitis in OA is usually caused by cartilage
damage, it is possible that synovitis occurred because cartilage degeneration was sup-
pressed in this study. The analysis of the meniscus and subchondral bone also did not
verify the type of reaction that occurred in those tissues. It is possible that molecular
anabolic signaling pathways are activated by exercise in these tissues, and the results of
this study alone cannot clarify what suppressed synovitis. However, the fact that synovitis
was not suppressed by CAJM, which can be used to manage mechanical stress, indicates
that synovitis was caused by exercise. Whether the mechanical addition of exercise had an
effect on the knee joint itself or on the whole body must be verified in the future.

Another limitation of this study is that the function of the meniscus and subchondral
bone was only examined in terms of structural changes in the tissue. It is difficult to
explain the causal relationship only by comparing the histological damage scores. By
examining the factors expressed in each tissue and additional time-series data, it will be
possible to clarify the mechanism by which joint braking and treadmill exercise suppress
cartilage degeneration.

5. Conclusions

The present study examined the effect of treadmill exercise on the suppression of
abnormal joint motion in relation to the tissues surrounding the cartilage. The results
showed that the suppression of abnormal joint motion might have inhibited damage to
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the meniscus and thus suppressed cartilage degeneration. We also found that treadmill
exercise suppressed synovitis and that the anti-inflammatory effect of systemic exercise
could be involved in the suppression of cartilage degeneration. Further clinical data will
form the basis to clarify the therapeutic effect, which could contribute to the establishment
of a treatment regimen for knee OA.
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