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The Role of Bone Morphogenetic Protein (BMP)-12 in Accelerating Tendon Healing

Sang Chul Lee, M.D., Ph.D.

Department of Rehabilitation Medicine and Research Institute, Yonsei University College of Medicine, Seoul, Korea

This article highlights the critical need for biological augmentation in tendon healing and focuses on bone morphogenetic
protein (BMP)-12 as a promising candidate. BMP-12 specifically induces tenogenic differentiation of stem cells by upregulating
key tendon-related markers like Scleraxis, Mohawk, collagen type |, and Tenomodulin via the Smad1/5/8 pathway. Unlike
other BMPs (e.g., BMP-2), BMP-12 exhibits low osteogenic and chondrogenic potential, significantly reducing the risk of hetero-
topic ossification, a common complication in bone-adjacent tendon repairs. Compared to other growth factors, BMP-12 offers
superior specificity for tendon formation with a lower risk of excessive fibrosis or insufficient matrix formation. The synergistic
application of BMP-12 with mesenchymal stem cells (MSCs) is proposed as a logical strategy to enhance functional tendon
regeneration. MSCs provide a cellular source, while BMP-12 directs their differentiation towards tenocytes, aiming for true
tissue regeneration rather than scar formation. This combination offers a significant theoretical advantage for clinical applications
like rotator cuff repair, particularly due to its high tendon-forming specificity and low risk of off-target effects. Further in vivo
research is needed to optimize its application. (Clinical Pain 2025;24:94-99)
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F30a gk, el MSCE AA A Eel 3§37 )
A siZslioF & FAlSe] A St

ol2] A#Q1A} F bone morphogenetic protein (BMP)-12
A Al o] AAHQ AT FH D 7hsAel 7t
b2 (AR gxdkEln webA] Ea9] 522 BMP-12
AFH o7 B438l3, BMP-2, transforming growth fac-
tor (TGF)- 3, fibroblast growth factor (FGF), platelet-deri-
ved growth factor (PDGF) 5 F2 A% ¢Ix&53} vls}
o 9% A4, 53l 270 7ol 2 2ol vlF BMP-129]
A4 A9ske o gdeh. Sel, Msceh HEHS
BMP-127} 7H2 <= Sl A olde SAeR =25t
I3 JZF A 25l BMP-125 Folshs 2AE Aaxt

sy

e oL e
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1. BMP-127} && Mo ojx]= ¥E

1) gl gdMd BAat & 23 S : BMP-12+ growth dif-
ferentiation factor (GDF)-72% <A lod, Z7|AE
5 dE AdE B3 49T dAR AlgE ek
o]#] ol FollA] BMP-127} thokal 29 S| M| Zol|A] &
8 3F W FAAY HHE aRH e R I A
o 2 vhebyteh” BMP-12F 5 WA 9 B3l #AlA el
93-S sk HA QARSI Scleraxis®t Mohawke] WS- -
%3t Human adipose-derived stem cell (hASC)<
BMP-12 (100 ng/mL)Z 797+ A2l$& l], Scleraxis®}
Mohawk--A 2} ¥k o] tlzFoll vlsl 22 33 2,054 Y
2.659 S7k3licks Bt ekt md fEe] F2 A%
2] 7] (extracellular matrix, ECM) -4 A&l Al1s =
A} Tenomodulin®] W& E BMP-1201 &3l F7tste A
o2 B Western blot ¥4 23}, BMP-12 A 2]

A] hASCollA] collagen type IZ} Mohawk THlA wkado] 7}
7t B3t 1.8 9 1500 FofaAl Frhglem, ok el
A1 BMP-127} Scleraxis ZZ 2 E 243} Y Tenomodulin
ol WS 9w es ol 2P o]y3t AFse
BMP-127} f&& SolHo g fxshe Al At
t}.

2) BMP-129] A i e A2: BMP-12& TGF 733"
gol] &3l shiA &2 AE %™ 2] Serine/Threonine kin-
ase receptor®]| E?}’ 0}04 AE W Ae A H25 Z43
AlZ1ek 41 BMP-12% F& A7 (canonical) small mothers
against decapentaplegic (Smad) 425 53l ASE A3}
™, 53] ASCsoll4l BMP-12% Smadl, Smad5, Smad82|
QAsHE A= EA sk A|RE, TGF-8 AldelA £2 &
A 3tE] = Smad2/31vF v AT 7éi(non-canonical pathway)
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% 8l p38 mitogen-activated protein kinase (MAPK)
A2E FANINA g Aoz HauFEdh”? e
ASCsoll A= BMP 18 &34 % activin receptor-like kin-
ase 6 (ALK6)7} thE 13 +8AISl sl €53 =2
Foz wadsg? o] ALK67} BMP-12 A% A gt
A Fa3 FA 8424 BMP-129 d& oé“ TE R
5 wizfskE o HAHQ dTE T 5 dSS AlAE
BMP-127} 5% zﬂ(ALK6 )t &2 o}ml SolH
¢l Smadl/5/8 A2E ZAslsle l 42 o BMPY
25tz

TGE- 8 A% Q153 A3 EEEE
e,
3) 393 ¥4 ol B3 ¥Y S04 3H: BMP el

U] o F-52] skl 5(el]: BMP-2, BMP-4, BMP-7)< 7
gt = 34 (osteogenesis) ¥ & P4 (chondrogenesis) 1+
¥ 7}z]% 7 Oi oPaqxq 9k 28]t} BMP-12,

of| A wir} odFH k= "%‘% T °h’41 ‘n‘/‘]' Z’U °“4 =
FESHE Aer HuHdrh” ASCE o] 43 °ﬂ%1°ﬂ%i
BMP-127} 1% 7174 7379 aggrecan?] WS U Z
77171 dou, 2 e B RE AfobAlEoll A
LE s R @A) vk ol BMP-127F A ¥
ARTE 32 PAS o & $58S AAE} S,
BMP-12= ASCsollA] &7] & A FA=}2] osteocalcing)
WS o3y 7AEATE Ao vyt
4) 2%: BMP-127} Yetil= 35 P4 Sold e o&
ArRIZET e Fo3 S o|t) o] Sl
BMP-127} &A3lels SE8 AlE ) A5 A A 2004
7]¢l o]—" Aoz wel i Smad1/5/8 ﬁi
ZAstsh, o] 7 ;
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3 AR AR v 2 g Aok oY 28 AT
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2. BMP-12 [ CIE Z2 MAIz}

1) BMP-12 tf BMP-2: BMP-12% 315 4 ) A £
ofoll 2] AAH el X gAR FELT Yr}. 0]ng BMP-2%}
Hlagls o yehte 553 S4oz Awd 5 ok
BMP-12¢} BMP-2% 543 BMP s ]ol] <31A]ut, 7
s 2 dH ZE TheAelA Fad AeolE EOWP
BMP-12+ &2 35 9 2o} 22 At 24 A &

—_

Ro]| E3}x]o] mc} ub | BMP-2+ 73S A4 %E
Y 7MY, & AE A5Y HF 3k FolA = A
A E221S 93) o]xl-zq o A3 7 8= pMp2E

e o e i

o2l Weld B7ke] AT ol u}
 BMP7F ZA3keh= Al Wl Als AR F 29 Aol
1913e}. BMP-12+= Smad1/5/8 ﬂia ol e d48 B
A 57 2K(Scleraxis, Mohawk, Tenomodulin) ¥38-& %
3= Wb, BMP-2& o2 Ae AEE el & FA4 3
A 912ZH(Runt-related transcription factor [Runx] 2,
Osteri)% ZHelsbAl 4312 ekl U A LllA
E 2 94 Aol Y BMP-127) ol &4 23} $13lo]
=2 BMP-212t} o] ‘_@EE H Agsta b3 A=z)74
g g Ak
2) BMP-12 Iff TGF-£1: TGF- 512 35 249 %7]
4% whe, W A4, Tehl Aol Bolahe Bl
Aol Egkeloltt.” B3] A1y 9 439 ZehAlg 2 Al
X714 9 73 WA EXA|2A] %7 B H4H
ol 98-S 3teh TGF-F A3 AH(FE Smad2/3 B &)
15 b3} x| Gof] ZostAnt Aol BEsk 443t
(fibrosis) & HFE 22 A9 F2 AYoRE A F¥n
53] TGF- 1€ W& 24 4 gelsh dxehsl Az
o} gt} ?* BMP-128} TGF- 51 B bl §A& A
3k 4= 9dx]uk, BMP-12+ Scleraxis, Mohawk, Tenomodulin
o 22 3AE Sold A LHE 7 o}ﬂi s AE
B3l Zow r] E3t8 S 3= A
TGF- £ 12 53] ats=o|AY 3717 L:%%‘ 7§—?- “‘3;1%9]
HAH9 715S Adshs Hud 495 9 0E 24 9
4% Y el el o B M1 P
Smad1/5/8 HAEE o| g8l vhH, TGF- B+ $& Smad2/3
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A9 ol 5 Awets BaE A7 © 4 kP’

3) BMP-12 Iff FGF-2 (bFGF): Basic FGF (bFGF) ¥+
FGF-2+ 2 fAHE<Y(mitogenesis)¥ I3+ A4 (angio-
genesis) e A8 TS Ak’ FARIS Z AESA
= 9Ju|gtth FGF2& A ¢ @F Wl AlE 5 S7H
]Uﬂ %7] 3% Y BAol= Hojgteh ™ et IF A4
”74101]*4 Walo] S7tebe, A5 whg ZHoE 9%
= Aoz Wtk ® asu Y el A FGE-27F
E}“ S qAE § Yok Baged), ol BAgh

Aol BAA ] od3FS u)H 4= 9}’ BMP-12
o] 31F AR 3} 7= ¥ 71E Al
W FGF-2+ ANEZ ZA3 &3 g ¢ =4S
Ak AE FA X ol HFH o)A ut, FGF-20]
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ololA A grzchl, AE S prieE s
ot 27| G409 & gleh. BMP-12% Sol 4]
4% 714 942 9 v AR 43S A A
A2 FGF-2, TGF- £ 1, insulin-like growth factor (IGF)-1,
BMP-128 5 i Ziato] £70) 7141 Aeld
g dollA= BMP-12 &5 A2l7h dE AR 744
WS b e $Ed wag

4) BMP-12 Iff PDGF: PDGF 53| PDGF-BB+ 7-&3t
sk 4(chemotax1s) 2 FAEA Qzte|th PDGFE 4
‘?ro]"ﬂi, = AJ]J_(EH/“H]-L 5)E &4 197 folsla
ol AME FAE FAATY wat 27] AF s &
B AAE Astele A% ok YR 5E ”‘“f’ﬂ‘ib
PDGF-BB A 2|7} ZepAl A& S7H71a 544 2
o A SHL AR Ao ebsleh? 2el}
PDGF A% A2e 443} ol Bofaht Aoz el
ZJ] Atl. £3], PDGFT fibro-adipogenic progenitors (FAP)

& BASAI e, of LTS YT £ F E 2
0511401] 7)odstE Ao 7wl el BMP-12E &4 A|E
sl So 298 B W, POGFL A% 37
CEEETEEEEREEEL R ERDRE S
frEgek PDGFE 57 38¢ A#ske vl F23
dE IA Solde] FEsta Aoz A3t A+
2 B3 F ek A ol Sl 9
243En 7154 9% 249 4L §EaE

BMP-127} ol 2402 ¥ $5% 4 3
9: Table 1 =" GARIAE 5

oHi Aolck ofe] A4 Eel ol
Fel A A Baek ofe) 47
b WAl o mx*c:-; F e FARe,
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ZJ%} , °|F BMP-12& A&EHo 7
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Table 1. Comparison of Growth Factors in Tendon Formation

Growth factor Main role

Tendon Bone/cartilage

Fibrosis/scar risk

formation specificity formation potential

BMP-12 Tendon differentiation, matrix maturation

TGF-£1 Inflammation, angiogenesis, collagen synthesis,
(fibrosis)

FGF-2 Cell proliferation, angiogenesis, inflammation
regulation

PDGF-BB Cell recruitment/proliferation, inflammation,

angiogenesis, (fibrosis regulation?)

High Low Low (theoretical)
Medium Low High

Low Low Low/medium

Low Low Medium/complex

BMP: bone morphogenetic protein, TGF: transforming growth factor, FGF: fibroblast growth factor, PDGF: platelet-derived growth

factor.
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Adsle A AE MBS FRAI7] e =2l Felx
relAQl dekolgbar & 4= Qlr} o] ZF AE o]AF
B3t FEE SAloll HEE st AR 2HE NS
Ak

2) dA 2 ZAHE A2 2 28h: A (in vitro)
TollAE BMP-127F MSC9] 85 JA FAAF #d& o
A HAse Aoz vehdeh”? A (in vivo) A7
of ] = BMP-12 42} Ao} ghilAd 24 Foi7h F 9
opde|~7] st B FollA JE ARE MAsta
ZEE FH7E ZAE B! MSCE o] 43 3E
G Aol E 23 F2 A, FE el Sk A
A 54 A3 72 ZHH AgEo] Has ek

24 ot
O
B

N

—_

N

o b
o 2
it o
g s
n‘\"

ToE

2l

https://www.e-cpain.org

ol
oy
)
rH
=
f

5 4 Bopoll e =2 A &S FEsIL
-7 AR A55 MAs] 6 S71AEE 233 o}
% 4 AekSo] shibs] x| 3 gl
3) MSC 7|4 R0 Ct2 N3t fd] 0|23 o|H:
MSC$ A A4S uff BMP-127} o2 AAolAE Rk
o]2H o2 ¢ 2 AHY F U+ ol fE v Zrh
(1) E0|A(specificity): BMP-12%& TGF-£1, FGF-2,
PDGF$} 22 3wl 9istA 2H-&she ksl vl MSCE
PE AGR E3A7IE ol ° 53 A5 E Alggi) o
£ o4 MScrt FAA] S0 Afstere =
A3tE| 3 715 AR §E 23S YANESE F 2T 7HeA

o o]
= oL -
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2) 23 9| &1 ZA(reduced off-target effects): BMP-2
o} BlaglS ul, BMP-12& F Ao dF J4 =
sHo| AA3| do}, AL FATe} o] wiof] A3
9ol MSCE A8 uf] AT T+ A& o|&d T3+
ARE aA 9 F Ik TGF- B 13 v asl|AE, T3
AS A AR Apolgk Af3kete] FA A Q1 Aol 4
H oz Hrke HollA REest Ai3t i 7bsAe] ¥
= T Utk FGF2& 2 AE $4& st SE3t
71 Aag subekA & o dom, PDGFE AlEE
QskE SAloll A o2 AF3t AFAEE B4
At

(3) N4 &3}(synergy): BMP-129] &7} 37} nju)gt
TE A gubEg oz BMP-12+ MSCe WiF el =)
A ZAANY g o A A9 AA aaks w3 sk
st S YA S SRS + e 3EH Az s AT
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BMP-12+= MSCollA] Scleraxis, Mohawk, |18 A
Tenomodulin®} 22 31F JA TAA el S Smadl/5/8
Ao A ARE F3l 5ol oz fEshH, o]= BMP-2
] = J4 2 dF I 5 5] TA3| o} 0|4
d 23} o] Art kS TGF- £ 1, FGF-2, PDGF$} vl i
& uf BMP-12+ JE JAH 229 235 Hr} So|F o
2 fEsta =g ARshd 5583 712 ¥4 s
gt 32 3k 28 AT dAE F557] 9
3l BMP-129] Sol4 j1E 94 = =9k Msce A4
FAE g Agete dEk E4 9ol HP *51°1£ A
_‘%

A3} Fe o] &4
ﬂﬂ&ﬂid
AL 9 B

9} MSC %3te] B.J/}"
L A ) A9} Hgoi BMP- 124 HA &, A W,
28 A7F, a2l 71A1A Aol A AA 54
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