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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 og zotE o] 5 (orthodontic tooth
movement; OTM)A|7|= 2ol Alzo] WAy A

WAYL ZJolE &Zo)7] Yaf 7}sk= ol A g, AlzZzE44 9 A4 (cytoskeletal re—
ot7} S wow AEZL| 7] A (extracellular organization), A W& AEES} AZFA]
matrix)0] HFE W 2|o}EQ x| 7L A5 7} £ 249 4 9 28] a9 AlZANE
AGE}, o] Lol oJFo] Flo] A|lZof Alexd= (apoptosis) & AlEZpEollA] WL ey, 2
o|ojz)= IAL mechanotransduction©]fal 3t A B wAH oJ5te] 1) mineralized tissue2t
T}, ol X|o}E 3ol 7|E Ako|ct wlebd I 2) non mineralized tissue(8, A1 9 A9
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3l N|3E4=22] mechanoresponse
£ AA OTMo| goldt}, & uit& ¥Eshd 873
2 A B ARXHA Ropr} A 2E

I . ¥ ZA! 2| hiomechanical control

2o 7|41 A FehE 7k
ol WA (osteocyte)7F 015 Q1AIgITE o]ofA] A
9] mechanotransduction pathwayS #* 7]4|
2 glo] A3z Bh3-0.2 HeHE Tt o] 5 W22 o] A
A8}2 28 (biomechanical control)o]gkal g},
ZA|azo]efof] w22 FH| Q= WU EZ(bone
lining cell) 9A] 71414 & =2 straing 748t
< SHElU A2 gt 23vhE WA 2E AR A=

5= A Folom, ojg A 7]A1A dlo] AlEZAlEZH
G2 oJojx|? ghmjt] 2 WA WAl 7zl
71AIA stressoll A4 ¥H-S8HA] ¢l strain(R3]
HY: tissue deformation) W&o FAH wA
ol 5= (canalicular fluid flow)o] &Jste] A3}
HoH (1" 1),

o[ WA EZE SA R FAH UEHZT 71A
2 22 7RISR WA (osteoblast) e} wuk
YA (osteoclast)d] e WiES 4= Gick WX
2of| 7¥k 71 A1 Fot= ZUl Ae(hydrostatic
pressure)s 7/HA[7]aL, o] Ageto] 7] A
(marrow stromal cell)E S43HA|A wu}] A+
Alzzo] B3 A == Qltk, ThA| ofA] wA]
o] strain®| mZEH MELFA (7| EAE 23
oA receptor activator nuclear factor kappa
B ligand(RANKL: WAL} 7] ZA Lo A EH]
E]L HE QIR EEo] A=A wutiA|

mechanosensor

Rk o2 TEke A A 13}31‘?‘; 71AA

Zlo] Mg of7|git}, HhA] Wl strain rate(HE
& A7l IE strain H3hel Wz o] vhgo] I
HoHA AatE]o] vk Aot whebA w29
W2 &2 718 straine WAE 35S of7|s)
a1, oJojA] o)z miA| Tt WA ZALolof AT
Zgo]l 7AH TS NEAZZR HEst=
mechanotransduction®] 4ot} Mechano—
transduction W82 AR Aelshd, 1) w2z
of 7Fafj 2l F3H7t strain WEE Yo7, 2)
strain ¥3k= WAZ S E7IE Tt wA
o} 3207 AHF 3) wWA|TH
force, fluid shear stress(Z9
7|H¥e), 183l streaming potentlal(stress—
generated potentialo]2tilE g3 WAYAZITE
JIThA 71AA A=l ofske] RS0l Alel o]
A3 52 FU7|MEH(shear stress)©] W
AlEzell old Whg-5 doA w2 Fgdu g4of
of3l=71? oli= 71A1 4 dlof| ek M2 vk o]
5171 9t A%l E30lt) o|F skt e
(biochemical coupling)©|2tal et HA w2
of ZIAA do| 7hax|H WAl 5Fo] fluid
shear (o714 WAlHY 350 oJgt vIE=)E ©F
718k, o] H<(voltage—sensitive channel,
V) oyt 71414 ¥(mechanosensitive channel,
Mol &Jste] dej= Ca™ F2E &9t Ca™ 49U
doA WA ZW ATPE 512 YWEHKIH 1), =
A, MAEZ HoR 2 ATP= 4% wA|xzo
ATP 4848 P2Y2¢} P2X7 4=8A17}F Hofdh=
Aoz )] 4%ttt o|F G-protein¥t
Ca” 25 &dto] AlZW Ca™& S7HAA
prostaglandin(PGE.)& &H|A| 3t} &, wxZ]
of| 7|A1A Fo1= 71skH, 1) wAel 550 &fsto]
A Zo| A PGE.7} &HE ™, 2) o] PGE.=
EP2/4 &A ol Agstol(R7hH] o ofste]) Az
AW 2% p-catening S7H7]L, o]0 3) 4~
catenin®o] 3 W& o7} H3E ARl 2HE
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sclerostin §Ad-2 E0]aL, Wnt A4S SHTH®A|
ZO|ARE Eo]H 0 R 1} Q= sclerostine W
Ajazo] SATF B35 AT W oh et WA A
4 fEgith), 4) Wntis MAZA|A f-catenin
FeE A8k, ok WEAEo|A ALP =
S7HAIA WS EoketH 1™ 1),

o] dT} Lol Wnt Ao HGA = WP F- ok
7k WAz A EH|E= sclerostine ‘negative
regulator’ 24 WEAS AAGHH(Peter ten et.
al., 2008). o|2k= g 7|A14 Folet PTH= WA
oA sclerostin® TS w7] wiizol MRS
ZReh}, o]} o] 7|AIA A=l gt w2
Lrp5(low density lipoprotein receptor
protein)E &3t Wnt AZHGAE dlol f-=%}
Al Wnte= GEAZ Lrp5¢} frizzled protein
o FdE #8Al| AYRE F p-catenine ¢HY
S A 49 G H52 £X17] diizo] Wnt Al
SAGA} 2HEshH w o] EX == WFORE 7t
o= A "o, 3 S5y dEolu Al B 5o
2 of7]® fluid shear stress’} &57]& AL

A= nitric oxide synthase(NOS)7} 243}t
&3l o]o] NOE #H[glt}, o= RANKL ¥&d< 9

ASHL OPG S SA1517] o] Axtaloz w
F4p0] e AA 2g2eHE D),

L2839 9% %53 Bio-

mechanical Adaptation

Aol off AL FOoRE o)FE=t| ool
of Basgt 7P o]l 3 mAE T §F
oA = At o]t A 2
= ZollA] o]Fo|x]H, wg g
A doldth(1d 2).

whzba] zjoto] 273t dl(optimal force)
o 7} 21 WA do] HAHET, Yol
7Ft & oS (X 2F) AP Aol st 225 R}
L Sandstedt(1904, 1905)°l & #-&o& o
™ 2), 1 0]% 100 52 OTMS 23], Al
3, JEjal §2F ol|A ofsfste] itk F EollA
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T2 1. =R JRHE J7[AIE St MEAMSHEH (mechanotransduction)2 0|0{Xl= ZE(AMSH B2 28 &X). EP2/4:

PGE29| 2|, wnt: H{ZAZOA 2H|= SHEHEEL |5 low density lipoprotein related protein, PTH: FZtAMM 22
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 5W IL-1, IL-
6, PGE 7 WA AF3} PDL A2AZ A
AlEZEol|A] U2 RANKL g7t At Extsh
7140 ofste] w7E A JE T, od ¥slkEo] A7t
24/ e FHZXH(autocrine/paracrine) AL
2 Z7F9AMEZ(mesenchymal cell)@} thE A|3Z9
7152}t w3t Hofritt, A= EAReEollA] ARSI
Ab A EZR, QA AL, aase] WEo] 23
Hog2x OTMo| TAy=t,

AR 9 HARIAL o]ejol = PDLY| thst A5
o ¥k 9 o] o] ME} F(bending) 71 A=
OTM= olsfist=t] 424 Ql Fitolr}, AEAo=
OTM= Aol M Agks] ofsfstzd 1) PDL}
o] S o] AR} FEjs}, 2) PDL 229 AR A
ol o] FrAdde thAd = Zavk it o
0] 2| of= Il thA| 3L of] EAoh= 7] HES T E
8] &A(matrix metalloproteinase; MMPs)2t
o2 oAISH: A FETE AL £ A
(tissue inhibitor of metalloproteinase: TIMPs)
7h WA /gl HA e n]X|= FFol tieii®E =

A & FZolth

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

o

sE 2%, 0; JIE Wik ME SHSOIE ® Aole] 2.

So

b= oS, T; M

—_

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

A5k 31, AJoto o)F, 12jal WA o] ARE
A4 (MHA; bone modeling@ A& A bone
remodelingS H5F5 ZF3ITH o] OTMO| tigh o]
glo] siilolct, mEki] OTM HHgoll= 1) MZHFEE
o] Adaby, 2) Al Al AGAA G ofsf, 12
a1 3) A I FHAIS A o3k w2 o] A5
sol ZgE. 7| AZA o] A3 Az
(biochemical signal)® H2keT}= oujolr}, o]
4o membrane transducer(9E EH &4
T2 JaAdwd) 52 Alxzy AIEA
(transducer molecule; & ¥ A2ZZHE 0]
Fi= A 52 A2 dA) 7 HPEHA A7 A
gt wg o] o3t XjotolE Ao X|ofE9x
29| g of| &7} oft}, ot Ao A= Z|oprt
o] 5t ¢ WAE = ol wet 5 F9
(pressure side)®} 2148 H2(tension side)Z
Tttt webs] OTMS olsfistedw =2 1%
glo] o|Zmwe} PDL(A[o=RIIA|E) o A=
Fe SOl o] Hotolgitt,
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2. Pressure—-tension hypothesis(&%-2!

X2 71

zlote]] WA HS 7k PDLY o=y 4
o] HM3Ith= AR L @ Eixol OTM S Asl=
2 7dolth. 7154 SHollA PDL 7| AIA
AR 7| AY ZHaxAl A o= Qlek PDLE o]| 7]
1) 84, 2) A=z} 21541
81 3) A|Z7FE O] Hax So] BilH oz 2k
gt datty, 53] PDLY 3454 7] (shock-
absorbing function) A4 ZZEH et
(proteoglycan) ¥A7} hydrated space—filling
gele P22 7hssitt old A= PDLE A
A3} 7R SAPARQ] SAS F5oto], wiof el ¥

N

ofr oot
flo e

Hperiodontal fibers),

S doy|A] et EM WA R o 77
Flo] 7peIAe Ao LEAoZ T2 HRS-S HolY
gk,

g2 PDLY strain HIE
Aotk JAE Aoks SHLCE PDLO 7 7HA] t
THEo]A| L, Uolrt ¢

=
aelm Qe WENS fud

olt}, LUt WY ol PDLY 4529 Afol=
= H7] o), tA|
48 o= PDLO| Eo|t=(stretching)
AL Aol x|gt PDLof| Qg o] =R = =
k= Aotk &, Aot o] sA] WA= pressuredt
PDLY} wjz2of| Hal7} Agitti=(loaded) 2v|=
Hobzo] L QIAIRE, o]= F 7HA] SHolA AR R o}
2t} A4, PDLO|| E£Ast= ohd Hfr(collagen
fiber; zofe} W& AAAAT= A7) 45, 29
SH= pressure sideoA] o] Aol F317F A]A|
= B ofe}, olEmof Kot A=A oh=th
(Meikle, 2006). LHoE S8kl o] M= 4=
k. 4, PDLY fluid7} AEA $4H=HA] PDL
Y fluid pressure’t BAo=2 fA€th oA F+
71 AMSE 7het 3 )l pressuredt S-ojolli= AA|

to|AFEI5| K| HI51H M|3S 2013

H5Hload) 2 on|7t @A QIA] ghral 7h=stofof
3ttl, o]o] Henneman 5(2008)9 FAH=
pressure?t tension sidegt = T of Al
resorption®} apposition sideZ HHto| £5 &
73l

3. Bone bending theory(tHElA)

ofm| ¥}l Bie} o] Zjote] 73t §le® PDLW
pressure—tension side’} 533 FAHE A &
<=t 238 d5Eo] WAE F9jo PDLET Wz
Zlo] 47 W HE OTMS 407+ & ¢2lo]

o] o Rel At ofulole s
sl Hotel 7at Ao ofste] olSmE T 7}

A Sl MRt = AA], o] *Jﬂr, =4
&20]& Aok 1 6601]/\1L o|SW7} FE]= RHHe,
it Eo A= FAdE Zloto] 7ksiil o] bone
deflectlon(“‘ﬁ—J )= 4o, 53] A7 2=
(interseptal bone) 2] M&o] F=& T}

o|e} o] nAHL WME HPA7]|2L, T A3} Y]
of oJate] W Ji} F47F dojih= S B Ao

of Z_Htﬂ(lon bone)e] 991 74l % 2o
Yoluhe WSS wlmalol MAY, w7t 4 ol
o

ol

e Q‘:q W7} 2lct, ojuf] Y5 Feloll A=
B4, A Felole weart SAETH Y 3, ¢
). 015 ‘orthopedic dogma’e}t it} o|EHmof

A ofuhe WhgTHE ARElE ATtoltt T of
St Quk 7Ime} o] w7} S wofel whe} wi
HAo] e Aefate, Foldt weow 715

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

wall) 9] HH74o] Eoj5H

ol Agshe= T4l
= 255 (concave) FHA W 2bo] dojutal,

glo] 7halxl=

ERA g

ZoAlz o] SW7} 2
F47h 7 mETHY 3, 228

0}71] convex)
). olF =




Holl A g (tipping)oll &lste] o|Ew7} & uff,
QB3I B2 o] TR R|= FAR 7w}
2 ool Ar), &, =53 FojollA= wrt /4L,
E53 oM w7F St weba] wrgEe] 9
3t AP Al 2] “orthopedic dogma” @} AREE]
+ AAY QA EE= olf+= PDL 49 ¢=-I4H

7HdE Adnt e} o] H55tel7] whZolt,
}—EIL— QFLolA] 713t 7o) w22 0] S o]
o= WA o &sto] HAEE= dHY

mechanotransductlon A4S £t 7AA &
o] HJEZ439)A biochemical signal® Z3kelc},
w7} 7| A& dog tb]ﬁ:lE]D:] AN} Bzl 0] v
Solejo] = FH(surface curvature) ] ELEW
THZE 3). % m2o] upgE Hel=
A Qg o] A | = HhH| R 3 % e
P, 22 a3 @25 ui Wik ok |
of Yepdtt dhH A7]H o2 =35t H(concavity)

2 (electronegativity), £=3 H

® 4 Farmatian
2 Tensile

=4 Resorption
-— o —

P 22l B B (Support)-Reaction)

<F=2=l FolLuad)-Action

[
]jru

3 7|HA AI2oZ HEE 7=
It B2 2=} S0zt -'-OIE(con

— =0

Z T2l). A%} B

0| H23t L9j0lck QBT AT WOl 0| JKHH B} Hel M &
2oM= ETIH LojLt d
30| ARZIEICE). mAM20)| oSt X|0F O|=A| OISt MHMS THEl= MMT|(stress-induced bioglectric potential)
OfzHE oL el& ZolM 7Het E(F)Oﬂ lsto] X|opt O|SstAH Ech ol &g 0l&Z0
7t= leading edge(cantilever bending0i| 2|5}04 OlEHWf =
edge(cantilever bending0f| 2|5t01 O|EtH7} X|= Zo=Z 2=Z5HH =)ol
225 Z(MI|HoZ & 52 ZA

Hﬂ:|ai/\-{o| I:I|-EI:|0”
QQEW
of g 922 D20 Lekick

= —A

OIRIA0| A3l B

o

= b 2 M| Z(osteobl)Q| &440],

2T A

I|Z 2 (cortical bone)Q| EHOZ EE51A & o/Lt2 £2/0|1(convex), A
ve). SHFEE stress £9 Z, C(compression) 2t T(tensmn) side0f|= 2zt ot=2 I- oAt
7t dofHict &, AES e oM

(convexity)ollA= Fd(electropositivity)<
THA| Z¥zt wi o) wS=7) dojdtt, o &4k
Bassett®} Becker(1962)0f &Jslo] HHAE Qo

o|& stress—generated electrical potential %

o

strain—generated electrical potential®]gk
HEoh OTMIgollA % a7g el vk wo] o &
HEO(M7|Z o= electronegativitys HT})
MR SHetEl whEo] BEg wEE (]
drh o=

Korle

rOl¢

O = electropositivity &2 /43S

wiakal 4| 0] B4o] FEB|AA L,

4. Streaming potentialz} fluid flowdl 2|
st Zxd

wz2o] 7] A% We] sl Qs A7 &
o} HHse], A T HA EFFY stress—

generated electrical potentialo] AZE1 )

t}, 3= Y71 (piezoelectricity) 0]l TR &
% (streaming potential)o|ct, WA

AHo= "H1°W0| 2EZOZ 0|Z5HA| HCHOIZA

EEoM Foiu=)ot Y2 FO2tE trailing
O|EtHo| H&o| 20} =5 Z(MI|HSE 2)f
[ih

=P

M| Z(osteocl)2| &A0| Z7=ICt

o
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A 7I1H(mo|2A7], piezoelectricity)> A&+
25 7ML Sl BE A4 Yehdt, o= 24
T2 PO AL 2449 g FojoA v F
912 oFste] WAL= MFo sFolth FrlEE
2 o]fojZl AAF=x o] 9ol 7| =d AR+ ¥
Zoll Qs FA7|Ee] WE 4 JrHAF2Z]
of WA Q13N =2 WA FHI T2 2=
o] ¥i9)). et X7 dak Sy A7A A4
o 1) WIEA|L -2 wul )AL | thAMY B/ Bt
= W AEARIA] ofo] A|7]E AL glom, 2) Aot
A= W29l wet bone ©]2]ol| dry bonedA=
P = FOo =2 uFo] OTMS Y4718 ddes
@“3‘3}7]"1]% %l"‘}x] oot olgd AES Aetet of

(bending®] <ju])o] Ay7]iL
stress—generated electrlcal potential®] &
of wAEAe] 2L T B sk Aol
PA7E = D] SEAYL 7AZCE stressE
HES. 2 2] A A AE7} ukSo] A 2|47 02 Yo}
ek, webA S stress@F THAHE (A &
S(fluid flow)oll &fsto] A= o], Alszaka} Q1ggh
A EAL] st Gk v A= A2 Hopof gith
(Masella, 2006).

Zlote] WY 7FHH 2ol Ao S2442]
W37} A7tk mAE o2 WAE o straind A
Z7} 914 (mechanosensing), ©|& chemical
signal &2 B (transduction), ZoFEZEA]
9] MRS o]EoJUl+= mechanotransduction
o] Fr¥ti(Yamaguchi et. al., 2012) ¢]¢} &=
I wfizol| Z|obE9]Id, A= 1efal o|Sw &
A, AZef71do] AP AHEHTHE 7).
2 MAEES EF6to] mador EAsts AliEs

=
& wgge

to|AFEI5| K| HI51H M|3S 2013

9] /\}Uﬂ =41 :}_a]—y }\]x = o
o[55)0] Yolut WAH S 2457 =
M = W OTM 27|l Fatb4

L
RUs =]
Q.o] %H

2 1o

ol

M

5] ujy

. ©]

-+
1o

N
-~

oL
o2

i
o
oN rlo

oL
r

=l
Z(aseptic transitory
inflammation)©] o]ojZch IZx|qt oA WA
gof oJsto] x&]o] W= straint F-lofl el #¥
SHA] gtk ol A ® Felof w5 gt‘ e
A7) wizell, ohefet 9% Hkeol o
A9l HPAE t=A yepd = th(Krishman
and Davidovitch, 2006, 2009).

(aseptic acute inflammation) ¥
ojF FatAdd WA

1. w0l 2l S
A=Eo] ZhsAH Z|ol9] IefA|ZefA] TL-13
L-6 22 cytokines @HA3it} o= Aprpiu] &
2 FHEH|(paracrine)E F35o] X|oFEL Al
2o} WA E2 R E] RANKLY MMP 232 &4
5faL, oo WRA|Zo|A L2 MMP+= M22)9]

Z(osteoid) &2 FHZ(osteoid layer)S H3lfgt

—

r

o}, HhHo 2FITA| 220 A THE1Z] MMP+= Al
91714 utylgit) o] RANKLO| WululA|z 3
A& E7okar wisEHo| Ftato] w x2S Bafjgict,

oA RkE01%l o] S| o] HHF o] wi x| Q1T
Azzoll A MMP HaS S7HA71HA ME=7 X138
Hot,
o|efof] wAYH o= WYY UFHHS FAHORE A
A4S (hypoxia)Zt mechanotransductions &
oot AAbaFE Aot Al Al 2L o A
IL-18 IL-6, IL-8 tumor necrosis factor

(INF-o) 183 oA AAelxK(vascular

endothelial growth factor) 59 ¥dg &2t
t} Physical strain E8F PDL A& A}=38}¢
PGE:, chemokine 5& #3A|Z4 ¥ oftyz},
stressE W= PDLY 241704 S8 A

7l AR EE, &

peptide(CGRP)®} substance P& W2 A 3t}

= calcitonin gene-related




olu] 2% IL-18 IL-6, IL-8, TNF-a=
adhesion ¥4l VCAM-13} ICAM-1, 1|1
chemokine W&& Z7IA7It}, o] 52 W@ o5

off Tolstal g o Wgrs gy gtoE Y B
e dake Bl ol el Wsh 34 95 &
w3k, Folo] WiE wut| HA| ZEC] strain

& W Aol9] RHOE A olFeH: WHEE

= o 11o
HES-0 2 o]o R HA] W72 Ad-S 23 H Andrade
et. al., 2012, 719 4).

OL—?—YQ = W2 Bolof] AfmAE, wRAZ 1l
PDL AlZEo| PGE2, IL-1, IL-6, TNF-a 12|
I IL-115 ettt old $4E4E 7k IL-1
T} TNF—at= WA EZE Z}=510] CCL2, CCL3 1
231 CCL59} #2 chemokines AR E3
CCL12¢} tl&o] RANKL, TNF-a= Mo} H1A|
IS S FY XOE EYeole 9T gt o

714 WA 2} k] LA T O] A w ek
ol wjuky] LA 27} g5t Mt 2R EobE
14k PGE29} IL-1, IL-6, IL-8, TNF—a &2
A E7RRISE WEA|LO} 7| AN LS A=dto] M-
CSF(macrophage—colony stimulating factor)
°F RANKLZ ¥hH=th. o5 wuba] A azo] 9}

@& (Inflammation)

24(compression) 22 OF|El& X|0FFYEZle| HSH A}
Mgt H22 22 &X).

a

S W A EZ A RANKL M—CSFr:: UJE
ofuim, “*Oﬂ *1E7}°1(1L—B, TNF-a, IL-6,
IL-11), 2ol 2 (A & A A Aol AF-9;

fibroblast growth factor—2,
growth factor) €% MutA|Z £33} A& 1211
S 7 o Qleh 28y OPG7F Bord
o|Zzlo] RANKL¥} Agste], RANKL/RANKO]
Ot AR EE5 Ahdgit), o] Aut wuhuA|Eg /g

(osteoclastogenesis)S &Y 4= UTHIH 5).

epidermal

2 —II-IE_10.|| |%I_} tﬂo S{AM
OTM Ige Qe vk H9joA= WA PDL
A7} Eo]UbH A chemokine, cytokine 18]l
AR E0] frelE o] SEEC] Al EAof
ofgltt, tgo] o) 2sto] E7|A|2Q] =
A E(pericyte)= B HollA HE olFslil, F
THRE7IN 2= MEAEA R E3HET FA9
PDL AlZo|A WY& CCL3, CCL5 , CCLI0,
CCL12 181 CCLI3EL WA EE 22 &
59 4], B35 &%), FA4aFeg =
A 2oL WAz A AR TGF-42 IGF-1
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o] UHEHA AlgZo] F3F} Ao # I HLA|
E7b 53}, SAE 19t BMP, EGF 123
IL-11& WRAFAE 2310} 755 FRAI7H,
WA Lo} PDL Al i A 2o A= VEGF7F L&t
F#g A (angiogenesis) A3, TGF-4,
IGF-1% otwd FHdoleof| MuA:zet PDL A3

o ML

Orthadontic forge direction
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V.EE
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7| (extracellular matrix; ECM), 12|l o]&
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Mineralized bone matrix

72 6. 21F(tension)0| HB3E F9I0IN LoiLEE MM ER3I SEY(ANS LIS 22 AT)

ZI Ol DT = &

0.

e iy L 1 ]

l

IIE strain
R E S T H nEen "

i

L stain/ strain/
|| smenMzEe gu: BAES By

BT HE
HRZHE \
B E PR R

\
1S

e ¥
E BIAETHES
EL TR

|u|59\ sied wy| |mn| wEE 25 ‘ |

X0t CIE

T2l 7. myHo| 9fstod Xopt OlFEl= 7|Fe] JHL. Aot
StCh 0]0f PDLE} A2 SE(MOAM= canalicular
2|
Stk

146 | CHEHRIZQIARRISIA| RIs1H Hi3E 2013

7157 sle YU} 7|2le| HE, & strain WS 0F|
fluid, LEFEZIOA = interstitial fluid flowZ F2CH 1
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] 5-o] FAlof Hhg-sto] 2Alo] APAFT. 2ot
742 g8 7)1A 9] strain(YEo] HE)S Yoy
i, strain©] PDLY} WAl 5 E(canalicular
fluid flow)= YHEodt} o] wAtel SFo] w=x
3} PDLO| AB AL Swalo] Mo} ol 5HT, o]
Aol 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|# F5l= 7FshH w2t PDL
A ol Hofshe Tt T2l A AEol Ha
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