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研究成果の概要（和文）：牽引力による縫合の生物反応メカニズムの解明を目指し、CTGF の機能解析を行っ
た。マウス矢状縫合への牽引力負荷後３時間に、縫合におけるCtgf とVegfの発現上昇が認められた。CTGF中和
抗体投与により、牽引力による縫合でのVegf発現上昇は抑制された。CTGF中和抗体を投与しながら２１日間縫合
に牽引力を負荷した結果、縫合性骨形成の抑制が認められた。さらにマウスの頭蓋矢状縫合由来の細胞の培養に
成功し、それらの細胞を用いたin vitroでのCTGFの機能解析を行っている。これらの成果から、CTGFは牽引力に
よる縫合の生物反応を制御する重要な因子であることが明らかとなった。

研究成果の概要（英文）：We have analyzed the function of CTGF during biological response of cranial 
sutures to tensile force. Tensile force induced the expression of Ctgf and Vegf in sutures 3 hours 
after loading. The tensile force-induced Vegf expression in sutures was inhibited by the 
administration of CTGF-neutralizing antibody. The administration of CTGF-neutralizing antibody also 
inhibited sutural bone formation induced by tensile force. Moreover, we have cultured primary 
suture-derived cells to analyze  CTGF function in vitro. Our findings indicate that CTGF is an 
essential factor to regulate biological response of sutures to tensile force.

研究分野： 歯科矯正学

キーワード： 縫合　CTGF　牽引力

  １版



様	 式	 Ｃ－１９、Ｆ－１９－１、Ｚ－１９、ＣＫ－１９（共通）	

１．研究開始当初の背景 
	 矯正歯科治療では、顎顔面領域の縫合に牽

引力を顎整形力として負荷することにより、

成長期患者における骨格的不調和を改善す

る。例えば、上顎前方牽引装置は鼻上顎複合

体の縫合に、急速拡大装置は正中口蓋縫合に

牽引力を負荷し、それぞれ上顎骨の前方成長

と側方拡大を促す。これらの牽引力を縫合に

適応する矯正歯科治療を、効果的かつ少ない

為害性で行うためには、牽引力による縫合の

生物反応のメカニズムを理解することが必

須である。	

	 縫合は脳頭蓋と顔面頭蓋の骨を結合する

線維性組織であり、膜内性骨化による顎顔面

骨格成長の中心である。縫合に牽引力が負荷

されると、初期には隣在する骨間距離の開大

に伴う縫合の拡大が認められ、その後経時的

に骨辺縁に新生骨が添加することにより、骨

格サイズの増大とともに、牽引力負荷前と同

じ幅径の縫合組織の再構築が起こる。申請者

らは最近、牽引力が負荷されたマウス頭蓋縫

合の初期反応として、VEGF と血管内皮細胞マ

ーカーの発現亢進を初めて明らかにした。一

方、牽引力により誘導される縫合部での骨芽

細 胞 分 化 お よ び 骨 形 成 は 、 BMP-4 や

osteopontin により分子的に制御される。以

上のことから、縫合への牽引力負荷により初

期には血管形成が誘導され、酸素、サイトカ

イン、および骨芽細胞の前駆細胞が供給され

ることにより、後に骨芽細胞分化が亢進し新

生骨の形成が誘導されることが推察される。

しかし、その一連の過程における縫合の細胞

動態と分子制御機構の詳細は明らかではな

い。	

	 CTGF は CCN ファミリーに属する因子で、細

胞の増殖、分化、細胞外基質産生に関与し、

血管形成や骨形成を促す。また CTGF は、種々

の細胞・組織において機械的刺激に対する反

応因子として機能する。申請者らは、牽引力

が負荷されたマウス頭蓋縫合の初期反応で

CTGF の発現が亢進し、また CTGF 中和抗体に

より牽引力による縫合での VEGF 発現亢進が

抑制されることを示した。さらに申請者らは、

マウス頭蓋縫合への圧縮力負荷により、縫合

および隣在する骨の骨細胞において CTGF の

発現が上昇することを示した。以上の結果か

ら、CTGF は機械的刺激が負荷された縫合での

血管形成や骨形成を促すことが示唆される。	

	 以上の背景のもと申請者らは、効果的で為

害性の少ない牽引力を縫合に適応する矯正

歯科治療を目指した基盤的知見を得るため

に、牽引力による縫合の生物反応メカニズム

の解明を目指し、縫合における CTGF の機能

に着目した解析を行うこととした。	

	

２．研究の目的 
	 牽引力による縫合の生物反応メカニズム

の解明を目指し、牽引力による縫合の初期反

応である血管形成とその後の骨形成の分化

制御因子として CTGF	の機能を解明する。	

	

３．研究の方法 
１）頭蓋縫合への牽引力負荷モデル 
	 ６週齢雄性 ICR マウスの頭頂骨にスプリ
ングを装着し、矢状縫合に牽引力を負荷した。

牽引力は初期荷重 0.2 Nに設定した。また中
和抗体投与実験では、縫合部皮下に

CCN2/CTGF中和抗体を注射しながら、牽引
力を２１日間矢状縫合に負荷した。 

 
  
２）免疫組織化学	

	 牽引力が負荷された矢状縫合の組織切片

を作製し、pERK1/2の免疫組織化学を行った。 

 
３）リアルタイム PCR 
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RNA isolation and real-time polymerase chain reaction 
(PCR)

RNA isolation from sutural tissues was performed accord-
ing to a previous report [14] with some modifications. Mice 
were killed and the parietal bones, including the sagittal 
sutures, were dissected. After removing the periosteum and 
dura mater, the sagittal suture complexes and the adjacent 
0.5 mm of peripheral bone on either side were isolated. 
The specimens were minced and immersed in Trizol rea-
gent (Invitrogen, Carlsbad, CA, USA). The specimens were 
centrifuged and the RNA was isolated using an RNeasy 
Kit (Qiagen, Valencia, CA, USA). cDNA was synthesized 
from 0.4 µg of total RNA using a PrimeScript RT Reagent 
Kit (Takara, Shiga, Japan). Real-time PCR was performed 
using a thermal cycler dice real-time system (Takara). 
The reaction volume was 25 µL, which contained 2 µL 
of cDNA, 12.5 µL of SYBR Premix Ex Taq II (Takara), 
and 0.4 µM of sense and antisense primers. The primer 
sequences are listed in Online Resource 1. The reactions 
consisted of 40 cycles of 5 s at 95 °C and 30 s at 60 °C. 
Relative mRNA levels were normalized to those of glyc-
eraldehyde-3-phosphate dehydrogenase (Gapdh) and ana-
lyzed by the ∆∆CT method.

Administration of a connective tissue growth factor 
(CTGF) neutralizing antibody and inhibitors 
of Rho-associated coiled-coil containing protein kinase 
(ROCK) and mitogen-activated protein kinase (MAPK)

A 100-µL volume of 10 µg/mL rabbit anti-human CTGF 
antibody (PeproTech, Rocky Hill, NJ, USA) was subcu-
taneously injected into the sagittal suture area. For the 
negative control, the same concentration of rabbit IgG 
(Sigma-Aldrich) was injected in an identical manner. The 
expansion springs were installed on each sagittal suture 6 h 
after the injection. To evaluate the effects of the neutraliz-
ing antibody on sutural bone formation induced by tensile 
force, injections were carried out every 2 days for a total 
of 21 days. ROCK inhibitor Y-27632 (Wako Pure Chemi-
cal Industries) was dissolved in phosphate-buffered saline 
(PBS). Extracellular signal-related kinase 1/2 (ERK1/2) 
inhibitor U0126 (Cell Signaling Technology, Danvers, 
MA, USA), p38 inhibitor SB203580 (Cayman Chemical, 
Ann Arbor, MI, USA), and c-Jun N-terminal kinase (JNK) 
inhibitor SP600125 (Wako Pure Chemical Industries) were 
dissolved in 30 % dimethyl sulfoxide (Sigma-Aldrich) in 
PBS. Ten or 40 mg/kg of Y-27632 and 1 or 5 mg/kg of 
U0126, SB203580, or SP600125 were injected intraperito-
neally. Equivalent volumes of the solvents were injected as 
negative controls. The expansion springs were installed 1 h 
after the injection of inhibitors.

Fig. 1  Tensile force induces sutural bone formation in mice. a The 
relationship between force and deflection was measured using a dial 
tension gauge (n = 10). b To apply 0.2 N of tensile force to sagittal 
sutures, an expansion spring was set within holes drilled in the right 
and left parietal bones of 6-week-old mice. Arrows indicate the direc-
tion of tensile force on the sagittal sutures. c Micro-CT reconstruction 
images of calvaria at days 0, 1, 7, 14, 21, and 28 after application of 
tensile force. A magnified picture of the rectangular area is shown in 
the lower right corner of each picture. Scale bars 2 mm, and 1 mm 
in insets. Suture gap area (d) and distance of holes on parietal bones 
(e) were analyzed in the micro-CT images. The different letters (a–c) 
indicate significant differences between the groups: p < 0.05; n = 4. 
f Histological analysis of sutures at 0, 3, 12, and 24 h, and 7, 14, 21, 
and 28 days after application of tensile force was performed by hema-
toxylin and eosin staining. Scale bar 100 µm



	 牽引力が負荷された縫合組織から RNA を
精製し、Ctgf、Vegf、および Hif1αの発現を
リアルタイム PCRで解析した。 

 
４）Western blot 
	 牽引力が負荷された縫合組織からタンパ

ク質を精製し、ERK1/2 と pERK1/2 の発現
を western blotで解析した。 

 
５）新生骨形成解析 
	 マイクロ CT解析と、カルセインおよびテ
トラサイクリンによる骨標識により、新生骨

形成解析を行った。 

 
６）縫合細胞培養 
	 ６週齢雄性 ICR マウス頭蓋矢状縫合組織
を採取し、骨膜と硬膜を除去した後、培養

ディッシュ上に静置し、縫合細胞を遊走、

増殖させた。トリプシンを用いて細胞を回

収し、間葉系幹細胞培地で培養した。 
	

４．研究成果	

１）牽引力は持続的に縫合を拡大し、７日

目にピークに達した。その後、縫合性骨形

成が進行し、拡大された縫合領域の面積は

経時的に減少した。	
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２）牽引力負荷後３時間に、縫合における

CTGF 、VEGF、および Hif1α の発現上昇

が認められた。CTGF中和抗体投与により、

牽引力による縫合での VEGF および Hif1α

発現上昇は抑制された。CTGF 中和抗体を

投与しながら２１日間縫合に牽引力を負荷

した結果、縫合性骨形成の抑制が認められ

た。	46 J Bone Miner Metab (2017) 35:40–51
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CTGF-neutralizing antibody-administered group showed 
a significant increase in suture gap area compared with 
the control group (Fig. 4d, e). The CTGF-neutralizing 
antibody did not affect the distance between the two holes 
on the parietal bones (Fig. 4f). Bone tetracyclin and cal-
cein labels were clearly observed in the parietal bones of 
the control group (Fig. 4g). In contrast, only a few bone 
labels were observed in the CTGF-neutralizing antibody-
administered group. These data indicate that CTGF posi-
tively regulates the tensile-force-induced new bone for-
mation in sutures.

ERK1/2 partially regulates the Ctgf expression induced 
by tensile force during early response of sutures

Next, we explored the factors that regulate tensile-force-
induced CTGF expression in sutures. Tensile force 
induced phosphorylation of ERK1/2 in sutures at 3 h 
(Fig. 5a, b). In addition, the localization of pERK1/2 in 
the nuclei of sutural cells was increased at 3 h (Fig. 5c). 
These results indicate that ERK1/2 was activated by 

tensile force during the early response of sutures. To 
determine whether activated ERK1/2 regulates CTGF 
expression in sutures, we injected U0126 before apply-
ing the tensile force. Inactivation of ERK1/2 inhibited 
the tensile-force-induced upregulation of Ctgf mRNA in 
a dose-dependent manner (Fig. 5d). Although a significant 
decrease in Ctgf mRNA level was observed at a dose of 
5 mg/kg, the level was still higher than that in the non-
loaded group. Administration of 5 mg/kg of U0126 also 
partially decreased the tensile-force-induced Vegf mRNA 
expression (Fig. 5e). Tensile force induced the phospho-
rylation of p38 and JNK, indicating activation of these 
signals (Fig. 5f–i). However, administration of SB203580 
or SP600125 did not significantly influence the tensile-
force-induced Ctgf expression in sutures (Fig. 5j, k). 
These data indicate that ERK1/2 partially regulates the 
Ctgf expression induced by tensile force during early 
response of sutures.

We further examined whether the signaling composed 
of transforming growth factor beta (TGFb) and TGFb-acti-
vated kinase 1 (TAK1), a downstream mediator of TGFb, 

Fig. 4  CTGF induces gene expression of Vegf and Hif1a, and new 
bone formation in tensile-force-applied sutures. a The expression of 
Ctgf in sutures at 0, 3, and 12 h after tensile force application was 
analyzed by real-time PCR. The effects of a CTGF-neutralizing anti-
body on the expression of Vegf (b) and Hif1a (c) in sutures at 3 h after 
application of tensile force were analyzed by real-time PCR. Sig-
nificant differences: asterisk from the 0-h group; hash from the 0-h 
group and the tensile-force-applied group without antibody adminis-
tration: p < 0.05; n = 4. d Micro-CT reconstruction images of cal-

varia to which tensile force was applied for 21 days with or without 
administration of the CTGF-neutralizing antibody. A magnified pic-
ture of the rectangular area is shown in the lower right corner of 
each picture. Scale bars 2 mm, and 1 mm in insets. Suture gap area 
(e) and distance of holes on parietal bones (f) were analyzed in the 
micro-CT images. Significant differences from the control group: 
*p < 0.05; n = 4. g Fluorescence micrographs show bone labels with 
tetracycline (yellow) and calcein (green) at the edges of the parietal 
bones. Scale bar 300 µm

	

	

３）縫合における ERK1/2 の活性化が、牽

引力負荷後３時間で認められ、ERK1/2 阻

害剤は、牽引力による CTGFおよび VEGF

発現上昇を部分的に抑制した。	 47J Bone Miner Metab (2017) 35:40–51 
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is another mechanism for regulating tensile-force-induced 
CTGF expression in sutures. Online Resource 3a–d shows 
that mRNA levels of Tgfb1–3 and Tak1 were decreased in 
sutures within 12 h after loading. Immunohistochemistry 
showed that pTAK1 was located in the cytoplasm of sutural 
cells in non-loaded sutures, and that this localization pat-
tern was not obviously altered by tensile force (Online 
Resource 3e). These results suggest that tensile force does 
not enhance TGFb–TAK1 signaling during the early suture 
response.

ROCK2 induces Vegf, but not Ctgf, expression in sutures 
associated with tensile force

It has been reported that ROCK, a major downstream 
effecter of Rho GTPases, positively regulates vasculariza-
tion [23]. We examined whether ROCK modulates Vegf 
and Ctgf induction during the early response of sutures 
to tensile force. Tensile force did not induce Rock1, but 
markedly induced Rock2 in sutures at 3 h (Fig. 6a, b). 
Inhibition of ROCK activity by Y-27632 prevented the 

Fig. 5  ERK1/2 partially 
regulates the Ctgf expression 
induced by tensile force during 
early response of sutures.  
a Phosphorylation of ERK1/2 
at 0 and 3 h was analyzed by 
Western blotting. b Quantifica-
tion of the pERK1/2 level rela-
tive to ERK1/2 (n = 3). c The 
localization of pERK1/2 (green) 
in sutural cells at 0 and 3 h was 
analyzed by immunohistochem-
istry. Nuclei are stained red with 
PI. Scale bar 10 µm. Real-time 
PCR was performed to examine 
the expression of Ctgf (d) and 
Vegf (e) in sutures with tensile 
force applied for 3 h and with 
administration of U0126. Phos-
phorylation of p38 (f) and JNK 
(h) at 0 and 3 h was analyzed by 
Western blotting and the signals 
were quantified (n = 3) (g, i). 
Real-time PCR was performed 
to examine the expression of 
Ctgf in sutures with tensile 
force applied for 3 h and with 
administration of SB203580 (j) 
and SP600125 (k). Significant 
differences: asterisk from the 
0-h group; hash from the 0-h 
group and the tensile-force-
applied group without inhibitor 
administration: p < 0.05; n = 4

	

	

４）６週齢マウスの頭蓋矢状縫合由来の細

胞の培養に成功した。現在、それらの細胞

を用いた in vitroでのCTGFの機能解析を行

っている。 
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