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Biomechanical adaptation of orthodontic tooth movement

Department of Oral Biology, Yonsei University College of Dentistry - School of Dentistry
Syng-1ll Lee, DDS, Ph.D.

Orthodontic tooth movement is a unique process which tooth, solid material is moving into hard tissue, bone. Orthodontic force
in general provides the strain to the PDL and alveolar bone, which in turn generates the interstitial fluid flow(in detail, fluid flow
in PDL and canaliculi). As a results of matrix strain, periodontal ligament cells and bone cells are deformed, releasing variety of
cytokines, chemokines, and growth factors. These molecules lead to the orthodontic tooth movement(OTM). In these
inflammation and tissue remodeling sites, all of the cells could closely communicate with one another, flowing the information
for tissue remodeling.

To accelerate the rate of OTM in future, local injection of single growth factor(GF) or a combination of multiple GF's in the
periodontal tissues might intervene to stimulate the rate of OTM. Corticotomy is effective and safe to accelerate OTM.
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I M2 g og2 zotE o] 5 (orthodontic tooth
movement; OTM)A|7|= 2ol 4l5o] A A

WAPL ZJolE &Zo]7] Yaf 7}sk= ol A g, AlzZz=44 9 A4 (cytoskeletal re—
of7} & wow AEZL|7] A (extracellular organization), A W& AEES} AZFA]

matrix) 0] HEEH, 2|olpe|x4o =g A2 7} £ 249 4 9 28] a9 AlZANE
AGE}, o] Lol oJF o] Flo] Ao Aledd= (apoptosis) & AlEZEollA] WL Fuany, 2
o]0 Z]= IS mechanotransduction©|2kal 3t Al B g go] &Jsto] 1) mineralized tissue®}
th ol AJol2 ol 71E Hekoltt webd I 2) non mineralized tissue(E®, 417 9 A EQ
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3l N|AE422] mechanoresponse
£ AA OTMo| goldt}, & uit| & ¥Eshd 73
% A S ARHA Ropr} A 2E

I . 8 =& 2| hiomechanical control

w20 7|41 A Fehs 7k
ol WA (osteocyte)7F 015 Q1AIgITE o]olA] Al
9] mechanotransduction pathwayS #* 7]4|
2 glo] A3z Bh3-0.2 HeHE Tt o] 5 W22 o] A
A8} 28 (biomechanical control)o]gkal gk},
ZA|zzo]efof] w22 FH| Q= WU EZ(bone
lining cell) GA] 71414 & =2 straing 748t
< SFElU A2 gt 23vhE WA 2E AR A=
5= A Folom, ojgA 7]A1A dlo] AlEZAlEZH
G2 oJojA|? Fmjt] 2 WA= WAl szl
71A1A stressoll A4 ¥-S8HA] ¢l strain(R3]
HY: tissue deformation) W&o FAE wA
ol 5= (canalicular fluid flow)o] &Jste] A3}
HoH (1" 1),
o|x¥ WA EE SA R FAH UEHZT 71A
2 22 ZRSHAE W H A3 (osteoblast) e} wut
YA (osteoclast)®] GTe WlES 4= itk Wx
2of| 7¥sk 71 A1 Fot= ZUl Ae(hydrostatic
pressure)= 7712l o] o] Z7|EA|E
(marrow stromal cell)E S43HA|A wut] A+
Alzzo] B3HE A o= Qltk, ThA| ofA] w2
o] strain®| rZ=EH MELFA (7| EAE 23
oA receptor activator nuclear factor kappa
B ligand(RANKL: WAL} 7] ZA Lo A EH]
E]L WE QIR Eo] A=A wutiA|

mechanosensor

Rk o2 TEke A Alskd, 71A2] F

3l7F Blol A=A, 9E4 straintto] W

Alo] Medg of7|git}, thA] Wl strain rate(HE
& Aol 2 strain H3hel Wz o] vhgo] I
HoHA AatE]o] vk Abdolt), whebA w29
W2 &2 718 straine WAE 35S of7|s)
a1, ojojA o)z miA| Il WA ZALolof AT
zkgo] 7|A A d& AEZASE HEst=
mechanotransduction®] #4oJt} Mechano—
transduction W8-S AR A2|shd, 1) w22
of 7tajzl F3k7t strain WEE Yo7, 2)
strain ¥3k= WAZ 94U E7|E W WA
o} 3207 AHF 3) WA
force, fluid shear stress(3Z49
7)), 183l streaming potentlal(stress—
generated potentialo]2tilE g3 WAYA|{ITE
JITHA 71AA A=l ofske] RS0l Alel o]
A3 52 FUe7|ME(shear stress)©] W
AlEze]l old Whg-S doA w2 Fgdut g4of
of3l=71? oli= 71A14 dlof theh Mz 2] vk o]
517] 93k A%l =l olF Agketd ued
(biochemical coupling)©|2tal gtct, HA w2
of ZIAA o] 7hex|H wAlHl 5Fo] fluid
shear(o}7] A= WARIY S50 23k HISH)E of
718k, o] H<(voltage—sensitive channel,
V) o4 7|A1A $l(mechanosensitive channel,
Mol &Jsto] dej= Ca™ T2 &9t Ca™ 49U
doA WA ZY ATPE 5102 YWEHKIH 1), =
A, MAZ HoR 2 ATP= 4% wA|xzo
ATP 4848 P2Y2¢} P2X7 4=8A17}F oldh=
Aoz )] A4ttt o|F G-protein¥t
Ca” 25 &dto] AlZW Ca™& S7HAA
prostaglandin(PGE.)& &H|A| 3t} &, wxZ]
of 7|A4 FelE 7ishd, 1) wAlHl S50 &fsfe]
A Zo| A PGE.7} #H[ =™, 2) o] PGE.=
EP2/4 &A ol Agstol(R7hH] ol oJste]) Ak
AW 2% p-catening S7HI7]L, o]o] 3) §-
catenino] 3 W& o7} HiE ARl 2HE
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sclerostin FAd2 £0]aL, Wnt A4S SHTHWA|
FZo|ARE Eo]F 0 R Q= sclerostine WEZH
Ajazo] FATF B3 AT B oh et WA A}
3 fEgith), 4) Wntis MAZAA f-catenin
FeE SA81L, ok WA ALP B4
S7HAIA WS EoketH 1™ 1),

ol dT} Zol] Wnt AlSHGA = WP F k4]
Tk WAz A EH|E= sclerostine ‘negative
regulator’ 24 M-S AAGHH(Peter ten et.
al., 2008). o|2k= g 7|A14 Folet PTH= A
oA sclerostin® TS W] wiizol MRS
R}, o]} o] 7|AIA A=l gt w2
Lrp5(low density lipoprotein receptor
protein)E &3t Wnt AZHGAE dlol f-E=Hr},
Al Wnte= GEAZ Lrp5¢} frizzled protein
o FdE #8Al| AYRE ¥ p-catenin ¢HY
S A 49 G E52 £X17] dizo] Wnt Al
SAGA7} 2HEshH w3 o] FX == WFORE 7t
o= A "o, 3 S5 dEolu Al B 5o
2 of7]® fluid shear stress’} 5712 AL

A= nitric oxide synthase(NOS)7F 243}t
&1L o]o] NOE #H[glt}, o= RANKL ¥d< 9

ABkiL OPG W@E 457 ujo] Zatow W
F4:0] 74T o AIAR 28 FIH 1),

L2839 9% #0053 Bio-

mechanical Adaptation

Zlol= off AL FOoRw o)FE=t| ool
of Hasdt 7P o] 3 mAE T §F
oA = At o]t A 2
= ZollA] o]Fo|A]H, wF gL
A doldth(1d 2).

wtztba] zjoto] 273t dl(optimal force)
o 7421 WA do] HAHET Yol
7Fet & o)l S (X 2F) AP Aol st 225 R}
L Sandstedt(1904, 1905)0l & #-&o& o
2™ 2), 11 0]% 100d 52 OTMS 23], Al
3, TEjal §AF oA ofsfste] itk F EollA
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T2 1. =R JRHE J[AIE St MEAMSHEH (mechanotransduction)2 0|0fXl= ZE(XMSH B2 28 &X). EP2/4:

PGE29| 2|, wnt: B{ZAZOA 2H|= SHEHEE |5 low density lipoprotein related protein, PTH: FZAMM 522
Hi— A

(parathyroid hormone), Frz: Frizzled receptor® Wnt7} &= 2%, f-cat: B-catenin, OB; osteoblast, OCY; osteocyte,
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W A E7R(cytokine), 9l W IL-1, IL-
6, PGE2} W=A R AH7} PDL AFR2AZ A<
AlEZEol| Al U2 RANKLE| g7t Aatse Extsh
7140 ofste] w7E A e, od ¥slkEo] A7t
2A /52 FHEA(autocrine/paracrine) WAL
2 Z7F9ME(mesenchymal cell)@} thE A|£9
7152}t w3t Hofritt, A= EAReEollA] HARI
Ab AEZRL, QA AL, aasl] WEo] 24
Hoz2xn OTMo| Ty =t

AR 9 HARIAL o]ejoll = PDLY| thst Al E
o] ¥k 9 o] o] MF} F(bending) 71 A=
OTM= oldfist=t] B42Ql Fitolr}, Z2EAo=
OTM= Aol M Agts] ofsfstzd 1) PDL}
o] S o] AR} FEjs}, 2) PDL £29] AP
Vol S o] FrAdde thA = Zavk it o
0] 2| ofg= Il M| 3L of] EATh= 7] H ST E
8] & (matrix metalloproteinase; MMPs)%}t
o2 oAlSH A FETuE AL £ A
(tissue inhibitor of metalloproteinase: TIMPs)
7h w AR /gl HEA e n]X|= FFol tieii = =

A & FZolth

I8 % ZRBA Ol A7 (Sandstet, 1904). YEL YEI, OE=S olmA0| &3 K30
: of Z2st 29oM= WEAO| Lofxich 0[N 7 X2 Y, P

AHE =7, G 71 ot MEA THS0iX by Atolo] ZA.

So

; 22l o|StH, T; MEA

—_

. wHH0|| 2gt X|ololS{orthodontic tooth
movement; OTM)2| 7HQ

A5k 71, AJoto olF, 12jal WA o) ARE
A4 (M HA; bone modeling@ A& A bone
remodeling S 255 ZE33chH o] OTMOf| thgt o]
glj9] slolct, mEkA OTM Igolls 1) Al ER=
o] MG, 2) Al AlS G AL ofsf, e
a1 3) A e FHAS A o3k w2 o] A5
sol ZgE. 7|AZA o] A3 Az
(biochemical signal)® H2Hdch= oJujo|c}, o]
o] membrane transducer(9E EH &4
T2 JaAdwd) 52 Alxzy A EA
(transducer molecule; & ¥ A2ZZHS 0]
Fi= A 52 A2 )7 HPEHA A7 A
gt wg o] o3t Xjotols wof X|ofEex
219] A of| &7} oft}, ot Ao A= Z|oprt
ol 5tz ¢ WA E = ol wet 5 F9
(pressure side)®t 142 F2|(tension side)=
Tttt webs] OTMZ olsfisted ¥ =2 1%
glo] o] 5w} PDL(A[o=RIITA|E) o vl A=
Fe Sl Ao Hotolgity,

CHBHR| Zro|AFel5|X| MI51H M3 2013 | 141

Uoijeidepe [E0luByoaWOIg 2] ofoly



Ko

rean Dental Association

iz izt 53y

142 | citx| 2t

2. Pressure—tension hypothesis(&%-2!

X2 71

Aotol] wAHE 7Fstd PDLY b=t 14
o] dR3Ith= AR @ Eixol OTMS Asl=
2 7dolth. 7154 SHollA PDLE 7| AIA
AR 7| AY ZHaxAl A o= Qlek PDLE o]| 7]
D) E3A, 2) Ao} 2415
81 3) A|Z7FE O] Hax So] BilH oz 2k
gt Atk 53] PDLY $4&5 7|5 (shock—
absorbing function) 44 ZEH
(proteoglycan) ¥4} hydrated space—filling
gels BATHER 7hssit), old A= PDLE A
A 2 AR SAE F55to], wel AR ¥

N

ofr oot
flo o

Hperiodontal fibers),

FS doy|A] et EM WHFAE o; 7|7
Flo] 7pIA s Ao LEAoZ T2 HlS-S Kol
gk

g2 PDLY| strain H3E
Aotk JAE Aoks SAHLE PDLO 7 7HA] t

29 2 gEe Yol YEoA T, opt ¢t
Fee MESE,

o I QEe WP Frest
Ch= Ao, o] 72 Avl= Agzo tl <4 *}
L gEo] FAHraL B
JeE o g PDLO] %ﬂ%&(stretching)
AL ApAo|zqt PDLO| = o] HAE = =
Th= Aoloh, &, Ao} o] A A== pressuredt
PDL} w20 Hal7t Althi=(loaded) &JH|E
grolZo] 1 QA o) F 71| SHA| Abda o
2o}, A4, PDLo|| £A4sl= ofd 4i-(collagen
fiber; Z|ote}t W& AAAATE= HH) 9 49 49
k= pressure sidedllA] o] Afof F3517F A2jA|
S B ofe}, o]gmo) Rt HIEAE oh=tt
(Meikle, 2006). LHo|%= &6kl o] EM = S
et &4, PDLY fluid7} MEA AR WA PDL
Y fluid pressure’} AAo2 FA|HLH o4t F+
7HA] AFAS: 7ot & o)) pressuredt &ooll= AlA|

A 1%

to|AFEI5|X| HI51E M|3S 2013

HHload) 2] on|7t @AA QIA] ghekar 11
gtk o]o] Henneman 5(2008)9 F4d=
pressure?t tension sidegt = T of Al

resorption¥} apposition side=Z H}to] £
27} 9.

3. Bone bending theory(tHElA)

ofm| g3l Bie} o] zjotef 73t gle® PDLU
pressure—tension side’} 533 FAHE A &
<=t 238 d5Eo] WAE F9jo PDLET wx
Zlo] 47 W Ht OTMS 407+ & ¢2lo]

iAo W Rel AEct ofulole s
sl Hotel 7at Ao ofste] olSmE T 7}

A SHollA] MRt = 3, olS5w 9] "Jﬂr, =4
&2|0]& Aok 1 6601]/\1L o|SW7} FE]= RHHe,
it &o A= FAEo Zloto] 7tsiil o] bone
deflectlon(“‘ﬂ—J )= dorl=d|, 53] A7 2=
(interseptal bone)2] Mg o] FEZIT},

o]} o] wAHL WE WA 7|1, 1 A3} P

of| oJ5}o] ““168“3# 6/\7} EM‘/H:— AR w Aol
ghet, PDL2| 7|44 HY
A= ‘3%-’_& Rl Loﬂ HBHHOHHL ) 2| o) HEY
M< Astee Aot 13 thd oS
oF 71w (long bone)oll Fo] 7kalixl % Z12tof A

[e2

dofuf= R vlalsto] W, 11wz} A= 4]

o]

of| Q‘:q w7} gick, ojuff ofE5E F-floflAl= w
P4, Y Feloll= wWErF SXET (I 3, o
). 015 ‘orthopedic dogma’et it} o|Emof

A ofuh Whg Ik AREE ATtoltt T of
Sujte Quk 7Ime} o] w7} S wofel whe} wi
FAo] e Aefate, Soldt weow 715

_]
[¢] o
a k. &, duk wel= g olEmWH(alveolar

wall) 9] HH74o] Eoj5H

Yol Agshes F4ol
= 255 (concave) HHA W 2to] dojutal,

glo] 7

ERA g

ZoAlz o] W7} 2
F47t 7 mETHY 3, 228

0}71] convex)
). ol =




HollA w g (tipping)oll st} ojEw7t & of,
QB3I B2 o] TR R|E FARS 7w}
Y et gy, &, emtt RejolA= w7 P4 w1,
53 oAl wzE FEh webA ag e o
Sk w23 2Hgo] “orthopedic dogma” 2t AHtE]
+ AAE JAE= o]f+= PDL 49 o549

7hde Ak we} o] Fsiel7] wielet,
}—EIL— eJiLof| A 71et Flo] w20 HEs d oy
o= WA Lo oJsto] FAH = dH 9

mechanotransductlon AL Esto] 71414 3

o] AliZ42o A biochemical signal® #A3HET}
7L 7| AE for HPE, Ao} Ao v 4. Streaming potentialdt fluid flowol 2|
So]eo] M FH(surface curvature)o] &% st ZxEA
THIIE 3). & oo vpZE 5= 4 solvt w2 2] 0] 7] A2 Hyg ol oA A== H71A &
HA Qo] dAE = Hhdof| oF% W2 =Elo]  dpef HHStY, A F 7HA FFY stress-
FAE EE G a3t Q2 v Ay o W generated electrical potential®] ZZ%iL Q)
o epdt, ghd A714 082 @53 Hconcavity) t}, 3= 718 (piezoelectricity) 0] 1 TRE &
oA += =4 (electronegativity), &= % L= 324 (streaming potential)o|th, HA
| 4 o Eup,
:RL g w \§ o 3
S
>
A B
L Aamistein ol
J21 3 A =22 HEE ZIm(2% T2)). At B= LA S(cortical bone)2| EHOZ SRS Fl{LE2 F210|T(convex), A
1} B2 2=51H E0{7t -'—OIE(con ve). SHAEE stress £9| Z, C(compression)2} T(tensmn) sidefl= 2t2h Q=g I-OW
= 0| 25t B2l0|ct 8% StMHE LA E0| T It 3|H MR F4TF AofHt F, YRS He 0N

= WMol S0
QQEW
o oqetg 2% 20| LIEHHCE
It

edge(cantilever bending0fl 2|5tof O|Et{7} X2
= i 2 M| Z(osteobl)2| EHAI0],

oIRI0| AR5l B

o

— =

2 A

225 Z(M7|HoZ & =

2M= g7 dojLt HHEHoZ "H1°*"*0| QEZOR 0|FotH ECHO[ZEA
t3i0| AfZIEICH. DA 2|5t X|0F O|SA| O|EH M-S THGH= MM (stress-induced bioelectric potential)
OfZE o] el& ZolM 7Het El(F)of

0

leading edge(cantilever bending®f| 2|5t04 OIEHWf x|
2 Zoz OE—I.

(convexity) A= Fd(electropositivity)<
THA Z¥z) wi o) W g7} dojdtt, o &4tk
Bassett2} Becker(1962)¢f ¢Jsto] HHAE 1O,

o|& stress—generated electrical potential %

o

strain—generated electrical potential®]gk
HEoh OTMIgollA % arg el vk wo] o &
FHRO(H7]H 02 electronegativitys @t}
W A3 7F AR = HbHof| BESE (A 7]
O Z electropositivity 22 4 HrhollA=

wakal 4| 0] B4o] FEBAA L,

Korle

rOl¢

9|

oo x[op7} ol=31AH| Elct ojmf &S 0|0
Zot FolLkZ)e BHHE FI2tE traiing
| 2)oflA o|Stee| Hlo| 20t 2= X(T7|Ho= F)of
ZM)0l= 4| A (osteocl)2| EJ0| SIfEICE

|
2 o= &
1 M OIS
O
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A 7|1H(mo|2H7], piezoelectricity)> A&+
25 7L Q= Be SEA Yehdt, o= 24
T2 HYP o2 AL A4 g FojolA tE F
9|2 oFste] WAL= MFo sFolth FrlEE
2 o]RolZl AAF=x o]9of| 7 =d A2 ¥
Zoll Qsfixe FA7|Eo] WE 4 JrHAF2Z]
of WA Q13N =2 WA FHI T2 ALxE
o] ¥ig). et 7| dat dAgE A71A A4
o 1) WIEAL 52 wul )AL | AT B/ Bt
= W AEARIA] ool A|7|E AL glom, 2) Aot
A= W29l wet bone ©]2]ofl dry bonedA=
P HO =2 ujFo] OTMS Y4718 ddes
Argslr)ole FA ok o2t HeEs Aerd o
k3|

(bending®] ¢Juj)o] 47| iL
stress—generated electrlcal potentialo] &
of WR|EAdo] AT Hi= Azl zJujFolct,
A7 G SEAUG 7IAH O stressE
u}o }_xl x}xﬂoﬂ /\1 ;q }u}ﬂoi ;q 7\]_,_x4 oz uro]-
Ut wet EEAUL stresset THE AN 5
E(fluid flow)ol &Jsto] A w o], Ajazutat Q17g3t
AdEARe] st FaFe v|A= ALz Holok gtk
(Masella, 2006).

Zlote] WY 7FHH 2ol S2H42]
W37l A7ich WA o s vhiE O strain Al
Z7} 914 (mechanosensing), ©|& chemical
signal ©& B (transduction), Z|Jo}E|ZRZ]
O] A3ZHES-S o] F oY+ mechanotransduction
o] Fr¥ti(Yamaguchi et. al., 2012) ¢]¢} &=
I wfizol| Z|ob=9]Id, A= 1Efal o|Sw &
A, AZef71 o] AP AHEHTHE 7).
= WA ZES 236t wadow EAske A2E

= aAeo

to|AFEI5|X| HI51E M|3S 2013

o) A, %4 22l
ol)o] dolut wAF J& AgstA Het. olek -
HHAA = @ OTM 27|& —‘;1-&*3 Rk
(aseptic acute inflammation) &  a
ojF Fatdid WA

NEES] o] 553

T(aseptlc transitory
inflammation)©] o]ojZIch, 1 A9k Foj 2 WA
gof oJsto] xA]o] W= strain F-lofl Wl +4
SHA| obtt, o] & ™ Hejof whf o= gt‘ e
A ] wizell, okt A% Hkeol o
Aol AP = t=A yehgd = th(Krishman
and Davidovitch, 2006, 2009).

1. o 2Igt S

A=Eo] ZhsAH Z|ol9] IefA|ZeA] TL-13
6 22 cytokine §HASHC) o= AprpEy| &

2 FHEH|(paracrine)E F38o] X|oFESATiAl

2o} WA E2 R E] RANKLY MMP 23S &4

SkaL, oo WRA|Zo|A L2 MMP+= M22)9]

Z(osteoid) &2 FHZ(osteoid layer)S 3t

r

t}, v A FRITA|Z A THEo] % MMP+= A2
Q714 gttt o]% RANKLO| wWulujAz &
3& SXIskaL waEHo] goste] wxAS Fafgict,

o] 37 WS oi4l oS e walo] WEme] Qe
Rl MMP S S7hA17]94] w347} 213}
g},

ol9lo] mAY o T UE ok2Eo oo A

)

A4S (hypoxia)Zt mechanotransductions &

oot AAbaFE Aol )l A Al 2L o A
IL-18 IL-6, IL-8 tumor necrosis factor
(TNF-o) 12]3l E¥hfiuiA| sz 4712 Hvascular
endothelial growth factor) 59 ¥ég &2t
t}. Physical strain 3t PDL Al|3ZE 2}=319]
PGE., chemokine §& f&8lAZ %"} oy g},
stressE WRE PDLY WxAIA A EHE SHA|
7= ABAEEE, &

peptide(CGRP)2} substance P& WA 3ict,

= calcitonin gene-related




olu] f2 ¥ IL-18 IL-6, IL-8, TNF-a=
adhesion #AF¢1 VCAM-12 ICAM~-1, 12|31
chemokine H&& S7HAZITE o2 WEF o)

of Tofshil Ao r WEIE FP or Y B
W= S git), o] =) et g4 952
Lahar, Flojo] MidAt wjutud-tAEEE0] strain
& W2 ZJolg9) 2RO R AL oFdhs WIEE
U302 o]oj XA AP AdS 24t Andrade
et. al., 2012, 1% 4),

OL—G_?—YQ = W2 Bolof] A, WA 1l
PDL ANZE9°] PGE2, IL-1, IL-6, TNF-a 12|
A IL-11S frefeith o) Ee4E 7hedl IL-1
T} TNF—a= WA ZE Z}=510] CCL2, CCL3 1
il CCL5S} 8 chemokineS A4k} E3)
CCL12¢} tlEo] RANKL, TNF-a= Mo} 44|
IS S TY XOE EYeole 9T gt o

74 WA S} w2 A 2] R ek E
off wjuky] A EA 27} g5t Mt 2R EolE
14k PGE29}F IL-1, 1L-6, IL-8, TNF—a &2
A E7RRISE WEA|LO} 7| AN LS A=dto] M-
CSF(macrophage—colony stimulating factor)
°F RANKLZ W=t} o5 wuba]=tA| o] 9}

@ /. "ﬁ
Py v U vrp vr.)vr' re

-

"5 (\ nflammation)

(compression) 22 0F7|=|= X|OIFSEZI2| (A
Mgt LHE2 22 &X).

ament

Pesiodontal lig

- —

AFE HES WAIEZ 9A] RANKLY} M-CSFE wHs
oy, 1 “Poﬂ A E7FI(IL-, TNF-a, 1L-6,
IL-11), A A AR (A& 2A ZA AR -2;

fibroblast growth factor—2, epidermal
growth factor) €% MutA|Z £33} A& 1211
S 7 & ook 22y OPG7E oA |
ol&lo] RANKLJr Agsto], RANKL/RANKY
olgt AR 522 ATt} of At Wyl g4
(osteoclastogenesis) S &Y = AHTH 5).

2. mA0| ot A

OTM IHgel IS vz F9]olx= WA PDL
ANEZ7} EofUHA] chemokine, cytokine Z12]aL
AQIRFEo] gt o] BEo| A Bl 7
ofgtth, Bol A= sl E7|M|1=Q]
M (pericyte)= B oA FE ot 5
NHAEVAEE R ZR EIET, SA
PDL AlZo|A WY& CCL3, CCL5 , CCLI0,
CCL12 1231 CCL135 MEALAZE 58] &
59| 4] H3ls =73t} 2azxogl
W I 2} WA Lo A AIAF TGF-p% IGF-1

CRTE

WIAAZHS N HES
(OSTEOGLASTOGENESIS AND BONE RESORPTION)
r Micravascalar vessal

EMMEMMME

1 ﬂ .......
E f***m...mm -
o >
T2l 5. =2 (compression)0| ZtEdt= F0A Lo{Lt= i mpmA|
EHMT HEF(RAS LIZ2 22 &X).
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of UHEHA AlgZo] F3F} Ao # LA
x7F B3} SAE 14t BMP, EGF 181
IL-112 WEAFA I 23k} 758 RIA7|H,
W LA 2} PDL Al EA| 2o A= VEGF7F Lok
2%, TGF-4,
IGF-1% otwd gHdoleof| MuA:Zel PDL A3

o ML

33 Al (angiogenesis)<

Orthodontis farce direction

SELE]

olN

Aol TofRITH1H 6).

Sh

V.EE

220 71AA Q1 & 7ok, A, PDLE| A2

7| (extracellular matrix; ECM), 12|l o]&

¥ 24 (OSTEOGENESIS)

@ @&

S (oo
= v (e
Coem mm . e mm mw e CCL3
oL
OSTEOBLAST
@ @ @.... ik L)
CXCL1Z | RECRUITMENT

VEGF .

lole]elle]

»* ¥ K

/
HARDS

OSTEOID SYNTHESIS

-~ TGF
-""""‘"" el ol IGF4 | PROLIFERATION
POL calls’ é Pmm-r-ﬁw. FOF2

5| - 'l:m "y Diterentistion
2 opg « CoLs® . Pro-ostacblast IL-11
cXCL10 BMPs [0 nevmaTioN]
E © weey  oxan FoF2 w
oForg e OXCLY 1oL ey
1aF-1 - TGF-B e Chemokines
] . IEFI TGF—’
oc“,g YNTHES e . BMPs OSTEON
o nmes EoF Wer | swesis

EIEE

* * . IGFI *
Mineralized bone matrix *

72 6 21E2(tension)0] HZokE FAM ojLhs MEATE SO BHHRME LSS 22 B%).

10kl DteHEIE &

IIE strain
nFeI

HFC) 2R S8

S o

A AAN =N

kl-‘.’*EEH)d\E“J e

ﬁwEM\E
031 & 2 M2

:

MMIEJ ISH

~a
BILAEDHES
=209 S

‘M\EEI HrS A & S‘ ‘NIEEI HHEE =6

e ‘ Ha+ |

]

Ltk 1

01 0ls

T2 7. Wy 2sto] Xjopt o|SElE 7IMe| R
SiCE 0]0f PDLZ} HEA|ZHH SE(t{0fM= canalicular fluid,
2oMz At
Ssict.

|2t AFHSIR| H51E H[3S 2013

. X[Ofof| 7FHR &2 2R} 7|Ee| MY, = strain HEE

op|
QUBLZXIO| A= interstitial fluid flow= £2C} 1

IO Z LIEJH)0| DHEOXIHA Zk2H to| Af&AIt PDLO| AfSHAIZ 0B 0L X[ol7} O

So=




] 5-o] FAof Hkg-sto] 2Alo] AP AF T, Aot
7V A g8 7]1A 9] strain(YE0] HE)S Uo7y
i, strain©] PDLY} WAl 5 E(canalicular
fluid flow)= YHEoHt} o] wAtel S5o] w=x
3} PDL AR AL Swalo] Mo} ol 5HT, ol
Ao oheFet Nz2FE FAHE cytokine,
chemokine, growth factor, colony—stimula—
ting factor, Z12]il vasoactive neurotrans—
mitter 5°] F2]%o] PDL % #E 2§ dgit,
AEH o= zJotof| 7|A|A F5l= 7FshH w2t PDL
A ol Hofshe ot T2l A AEol Ha
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