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Abstract 
 

 
Project Code : MRG5480230 

Project Title : Effects of prolactin on development of growth plate cartilage in lactating rats 
Investigator : Assistant Professor Kannikar Wongdee 
E-mail Address : kannikar@buu.ac.th 
Project Period : 2 years 
Abstract : 
In physiological hyperprolactinemia as in lactation, the endochondral bone growth is markedly 

enhanced, leading to elongation of long bone. This lactation-induced bone elongation could be 

abolished by inhibitor of prolactin—bromocriptine. However, how bromocriptine altered the 

expression of chondroregulatory proteins in the growth plate cartilage was not known. In the 

current study, we used a quantitative immunohistochemical analysis to determine the expression 

of secretory proteins and transcription factors known to control the growth plate chondrocyte 

proliferation and differentiation [i.e., parathyroid hormone-related protein (PTHrP), PTHrP 

receptor, Indian hedgehog (Ihh), runt-related transcription factor 2 (Runx2) and SRY-box containing 

gene 9 (Sox-9)], in bromocriptine-treated lactating rats. The results showed that bromocriptine 

markedly increased Ihh expression in hypertrophic chondrocytes during early and mid-lactation, 

while the expression of PTHrP receptor, but not its ligand PTHrP, was upregulated in the 

proliferative and hypertrophic zones during mid- and late lactation. In contrast, the expression of 

Runx2, an important transcription factor for chondrocyte differentiation, was suppressed in the 

hypertrophic chondrocytes of bromocriptine-treated rats. In conclusion, bromocriptine increased 

Ihh and PTHrP receptor expressions and decreased Runx2 expression, which might, in turn, 

enhance chondrocyte proliferation and delay chondrocyte hypertrophy, thereby slowing down 

endochondral bone growth. This finding could explain how bromocriptine compromised the 

lactation-induced bone elongation. 

Keywords : Bromocriptine, Growth plate, Indian hedgehog, Lactation, PTHrP 
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(õćþćĂĆÜÖùþ): Effects of prolactin on development of growth plate cartilage in lactating rats 
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3. ÜïðøąöćèìĆĚÜēÙøÜÖćø 
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4. øą÷ąđüúćéĞćđîĉîÜćî 
2 ðŘ 
 
5. ÙüćöÿĞćÙĆâĒúąìĊęöć×ĂÜðŦâĀć 
Ĕîøą÷ąêĆĚÜÙøøõŤĒúąĔĀšîö ĒöŠÿĎâđÿĊ÷ĒÙúđàĊ÷öðøĉöćèöćÖÝćÖÖćøÿúć÷ĒÙúđàĊ÷öìĊęÖøąéĎÖ đóČęĂîĞćĕðĔßšĔîÖćø
đÝøĉâđêĉïēê×ĂÜìćøÖĒúąÿøšćÜîĚĞćîö Ĕîøą÷ąêĆĚÜÙøøõŤÖøąéĎÖ×ĂÜĒöŠÝąöĊÖćøÿąÿöĒÙúđàĊ÷öđóĉęö×ċĚîìĆĚÜĔîÿŠüî 

cortical Ēúą trabecular bone đóČęĂđêøĊ÷öóøšĂöĔîÖćøîĞćĒÙúđàĊ÷öĕðĔßšĔîøą÷ąĔĀšîö àċęÜĔîøą÷ąĔĀšîöÝąóï
Öćøÿúć÷ÖøąéĎÖ×ĂÜĒöŠđóĉęö×ċĚîĂ÷ŠćÜöćÖ ēé÷đÞóćąĂ÷ŠćÜ÷ĉęÜïøĉđüè trabecular bone ĒöšüŠćÖøąéĎÖ×ĂÜĒöŠöĆÖ
ÖúĆïöćđðŨîðÖêĉĀúĆÜĀ÷čéĔĀšîö ĒêŠöĊĀâĉÜĔĀšîöïčêøÝĞćîüîĀîċęÜìĊęöüúÖøąéĎÖúéúÜĂ÷ŠćÜêŠĂđîČęĂÜÝîđÖĉéõćüąÖøąéĎÖ
óøčîêćööćĕéš 

îĂÖÝćÖñúÖøąìïêŠĂÖøąéĎÖĒúšü ÖćøêĆĚÜÙøøõŤĒúąĔĀšîö÷ĆÜÿŠÜñúêŠĂÖøąéĎÖĂŠĂîïøĉđüèēÖøìđóúìĂĊÖéšü÷ 

àċęÜïøĉđüèéĆÜÖúŠćüöĊÙüćöÿĞćÙĆâĔîÖćøÙüïÙčöÖćøđóĉęöÙüćö÷ćü×ĂÜÖøąéĎÖ ÝćÖÜćîüĉÝĆ÷ìĊęñŠćîöćóïüŠćÖøąéĎÖ 

femur Ēúą tibia ×ĂÜĀîĎ×ćüøą÷ąĔĀšîö öĊÙüćö÷ćüđóĉęö×ċĚîĂ÷ŠćÜöĊîĆ÷ÿĞćÙĆâìćÜÿëĉêĉđöČęĂđìĊ÷ïÖĆïĀîĎðÖêĉ àċęÜÙüćö
÷ćüìĊęđóĉęö×ċĚîîĊĚöĊÙüćöÿĆöóĆîíŤÖĆïēÖøìđóúììĊęïćÜúÜĒúąĂ÷ĎŠõć÷ĔêšÖćøÙüïÙčö×ĂÜăĂøŤēöîēóøĒúÙêĉî (prolactin; 
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PRL) ÖćøïćÜúÜ×ĂÜēÖøìđóúìîĊĚĂćÝöĊÿćđĀêčöćÝćÖđàúúŤÖøąéĎÖĂŠĂî (chondrocyte) đøŠÜÖćøĒïŠÜêĆüđóĉęöÝĞćîüî 

(proliferation) ĒúąđðúĊę÷îÿõćó (differentiation) đóČęĂÿøšćÜÖøąéĎÖĔĀšöćÖ×ċĚî àċęÜđðŨîÖøąïüîÖćøßéđß÷ÖćøđÿĊ÷
öüúÖøąéĎÖĔîøąĀüŠćÜĔĀšîö 

Ă÷ŠćÜĕøÖĘêćööĊ÷ĊîĒúąēðøêĊîÝĞćîüîöćÖìĊęÙüïÙčöÖøąïüîÖćø proliferation Ēúą differentiation ×ĂÜ
đàúúŤÖøąéĎÖĂŠĂî ēé÷đÞóćąĔîøą÷ą hypertrophic differentiation đßŠî Sox-9, Runx2, HDAC4, MEF2C Ēúą 

Nkx3/Bapx1 đðŨîêšî ÷ĊîĔîÖúčŠö transcription factor đĀúŠćîĊĚ êĂïÿîĂÜêŠĂăĂøŤēöîêŠćÜÖĆî (đßŠî  PRL úéÖćø
ĒÿéÜĂĂÖ×ĂÜ÷Ċî Runx2 ĔîđàúúŤđóćąđúĊĚ÷Ü primary osteoblast đðŨîêšî) ēé÷ñúúĆóíŤìĊęĕéšöĆÖìĞćĔĀšđÖĉéÖćøđóĉęö
ĀøČĂúéÖćøÿøšćÜ  local factor ìĊęßČęĂ Indian hedgehog (Ihh) êúĂéÝîßîĉé×ĂÜ collagen ìĊęÿøšćÜ×ċĚîÝćÖđàúúŤ
ÖøąéĎÖĂŠĂî éĆÜîĆĚîÝċÜöĊÙüćöđðŨîĕðĕéšüŠć PRL ĂćÝđðúĊę÷îĒðúÜÖøąïüîÖćø proliferation Ēúą differentiation 

×ĂÜēÖøìđóúì ēé÷ĂćýĆ÷ÖćøìĞćÜćî×ĂÜ transcription factor Ēúą local factor đĀúŠćîĊĚđßŠîÖĆî 

 

6. üĆêëčðøąÿÜÙŤ 
6.1 đóČęĂýċÖþćñú×ĂÜ PRL êŠĂÖćøĒÿéÜĂĂÖ×ĂÜ secretory factors ìĊęÿĞćÙĆâêŠĂÖćøđóĉęöÝĞćîüîĒúąÖćøđÝøĉâ×ĂÜ
đàúúŤÖøąéĎÖĂŠĂîïøĉđüèēÖøìđóúìĔîĀîĎĔĀšîö ēé÷ýċÖþćìĆĚÜĔîøąéĆï÷ĊîĒúąēðøêĊîéĆÜêŠĂĕðîĊĚ 

– Indian hedgehog (Ihh) 

– Type II collagen (Coll II) 

– Type X collagen (Coll X) 

6.2 đóČęĂýċÖþćñú×ĂÜ PRL êŠĂÖćøĒÿéÜĂĂÖ×ĂÜ transcription factors ìĊęÿĞćÙĆâêŠĂÖćøđóĉęöÝĞćîüîĒúąÖćøđÝøĉâ
×ĂÜđàúúŤÖøąéĎÖĂŠĂîïøĉđüèēÖøìđóúìĔîĀîĎĔĀšîö ēé÷ýċÖþćìĆĚÜĔîøąéĆï÷ĊîĒúąēðøêĊîéĆÜêŠĂĕðîĊĚ 

– SRY-box containing gene 9 (Sox-9) 

– Runt-related transcription factor 2 (Runx2) 

– Myocyte enhancer factor-2C (MEF2C) 

– Histone deacetylase-4 (HDAC4) 

– Nk homeobox 3/ Bagpipe homeobox protein homolog 1 (Nkx3/Bapx1) 
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7. øąđïĊ÷ïüĉíĊüĉÝĆ÷ 

ēÙøÜÖćøüĉÝĆ÷ĔîßŠüÜ 2 ðŘîĊĚ ĕéšĒïŠÜÖćøìéúĂÜĂĂÖđðŨî 2 ÿŠüî éĆÜøĎð 

 

 

 

             Parturition    Sacrifice   
     
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

7.1 ÖćøìéúĂÜÿŠüîìĊę 1 
üĆêëčðøąÿÜÙŤ đóČęĂýċÖþćñú×ĂÜ PRL êŠĂÖćøĒÿéÜĂĂÖ×ĂÜ secretory factors ìĊęÿĞćÙĆâêŠĂÖćøđóĉęö

ÝĞćîüîĒúąÖćøđÝøĉâ×ĂÜđàúúŤÖøąéĎÖĂŠĂîïøĉđüèēÖøìđóúìĔîĀîĎĔĀšîö ēé÷ýċÖþćìĆĚÜĔîøąéĆï÷ĊîĒúąēðøêĊî×ĂÜ 
Ihh, Coll II Ēúą Coll X 

ÿööčêĉåćî PRL đðúĊę÷îĒðúÜÖćøĒÿéÜĂĂÖ×ĂÜ mRNA Ēúą protein ×ĂÜ secretory factors ìĊęÿĞćÙĆâ
êŠĂÖćøđóĉęöÝĞćîüîĒúąÖćøđÝøĉâ×ĂÜđàúúŤÖøąéĎÖĂŠĂîïøĉđüèēÖøìđóúìĔîĀîĎĔĀšîö 

Â¥��¦³�¼� femur Â¨³ tibia °°�¤µ 

�µ¦��¨°��̧É 1 
Á¡ºÉ°«¹�¬µ mRNA Â¨³ protein 
expressions �°� secretory factors 
�¸É­Îµ��́�n°�µ¦Á�¦·��°�Ã�¦�Á¡¨� 
– In situ hybridization 
– Immunohistochemistry 

�µ¦��¨°��̧É 2 
Á¡ºÉ°«¹�¬µ mRNA Â¨³ protein 
expressions �°� transcription factors 
�¸É­Îµ��́�n°�µ¦Á�¦·��°�Ã�¦�Á¡¨� 
– In situ hybridization 
– Immunohistochemistry 

�¨¨¡́�r�µ�Ã�¦��µ¦ 
– °��r�ªµ¤¦¼oÁ�¸É¥ª��́���µ��°� PRL �n°�µ¦Á�¦·��°�Ã�¦�Á¡¨� 
– ���ªµ¤�µ�ª·�µ�µ¦�¸ÉÅ�o¦�́�µ¦�¡̧·¤¡rÄ�ªµ¦­µ¦ª·�µ�µ¦¦³��́

�µ�µ�µ�· 

7 ª�́�n°� terminate Ä®o¥µ�»�ª�́�oª¥ 
4.0 mL/kg 0.9% NaCl s.c. ®¦º° 
4.0 mg/kg bromocriptine s.c. Â¨³/®¦º° 
0.6 mg/kg PRL s.c. Ä�®�¼� »̈n¤Ä®o�¤ 

Á¦·É¤�µ¦��¨°� 
®�¼Ä®o�¤Ä�ª�́�¸É 8, 14, 21 ®¦º° 
ª�́�¸É 15 ®¨�́®¥nµ�¤ 
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øć÷úąđĂĊ÷é×ĂÜĒñîÖćøìéúĂÜ 
1. ĀîĎìéúĂÜÝąëĎÖĒïŠÜĂĂÖđðŨî 3 ÖúčŠöĕéšĒÖŠ ÖúčŠöÙüïÙčö (age-matched control group), ÖúčŠöĔĀšîö 

(lactating group) ĒúąÖúčŠöĀúĆÜĀ÷Šćîö 15 üĆî (postweaning; PW) ĀîĎÖúčŠöĔĀšîöëĎÖĒïŠÜđðŨîÖúčŠö÷ŠĂ÷ 3 ÖúčŠö 

ĕéšĒÖŠ ÖúčŠöĔĀšîöøą÷ąđøĉęöêšî (day 8; L8), ÖúčŠöĔĀšîöøą÷ąÖúćÜ (day 14; L14) ĒúąÖúčŠöĔĀšîöøą÷ąìšć÷ (day 

21; L21) 

2. đöČęĂÙøïêćöÖĞćĀîéđüúć ĀúĆÜÝćÖÿúïĀîĎ ÖøąéĎÖ femur Ēúą tibia ÝąëĎÖĒ÷ÖĂĂÖÝćÖĀîĎìčÖÖúčŠö 

ĒúąîĞćĕðñŠćîÖøąïüîÖćøìćÜđîČĚĂđ÷ČęĂĒúąêĆéđðŨîĒñŠî 

3. ÖćøýċÖþćĔîøąéĆï mRNA ĒúąēðøêĊî ñĎšüĉÝĆ÷ĔßšđìÙîĉÙ in situ hybridization Ēúą 

immunohistochemistry êćöúĞćéĆï đóČęĂýċÖþćêĞćĒĀîŠÜìĊęöĊÖćøĒÿéÜĂĂÖ×ĂÜ secretory factors ĕéšĒÖŠ Ihh, 

Coll II Ēúą Coll X ĔîđîČĚĂđ÷ČęĂÖøąéĎÖ ÝćÖîĆĚîüĆéøąéĆïÙüćöđ×šö×ĂÜÖćøĒÿéÜĂĂÖēé÷ĔßšēðøĒÖøö NIH image 

analysis 

7.2 ÖćøìéúĂÜÿŠüîìĊę 2 
üĆêëčðøąÿÜÙŤ đóČęĂýċÖþćñú×ĂÜ PRL êŠĂÖćøĒÿéÜĂĂÖ×ĂÜ transcription factors ìĊęÿĞćÙĆâêŠĂÖćøđóĉęö

ÝĞćîüîĒúąÖćøđÝøĉâ×ĂÜđàúúŤÖøąéĎÖĂŠĂîïøĉđüèēÖøìđóúìĔîĀîĎĔĀšîö ēé÷ýċÖþćìĆĚÜĔîøąéĆï÷ĊîĒúąēðøêĊî×ĂÜ 
Sox-9, Runx2, MEF2C, HDAC4 Ēúą Nkx3/Bapx1 

ÿööčêĉåćî PRL đðúĊę÷îĒðúÜÖćøĒÿéÜĂĂÖ×ĂÜ mRNA Ēúą protein ×ĂÜ transcription factors ìĊę
ÿĞćÙĆâêŠĂÖćøđóĉęöÝĞćîüîĒúąÖćøđÝøĉâ×ĂÜđàúúŤÖøąéĎÖĂŠĂîïøĉđüèēÖøìđóúìĔîĀîĎĔĀšîö 

øć÷úąđĂĊ÷é×ĂÜĒñîÖćøìéúĂÜ 
1. ĀîĎìéúĂÜÝąëĎÖĒïŠÜĂĂÖđðŨî 3 ÖúčŠöĕéšĒÖŠ ÖúčŠöÙüïÙčö (age-matched control group), ÖúčŠöĔĀšîö 

(lactating group) ĒúąÖúčŠöĀúĆÜĀ÷Šćîö 15 üĆî (postweaning; PW) ĀîĎÖúčŠöĔĀšîöëĎÖĒïŠÜđðŨîÖúčŠö÷ŠĂ÷ 3 ÖúčŠö 

ĕéšĒÖŠ ÖúčŠöĔĀšîöøą÷ąđøĉęöêšî (day 8; L8), ÖúčŠöĔĀšîöøą÷ąÖúćÜ (day 14; L14) ĒúąÖúčŠöĔĀšîöøą÷ąìšć÷ (day 

21; L21) 

2. đöČęĂÙøïêćöÖĞćĀîéđüúć ĀúĆÜÝćÖÿúïĀîĎ ÖøąéĎÖ femur Ēúą tibia ÝąëĎÖĒ÷ÖĂĂÖÝćÖĀîĎìčÖÖúčŠö 

ĒúąîĞćĕðñŠćîÖøąïüîÖćøìćÜđîČĚĂđ÷ČęĂĒúąêĆéđðŨîĒñŠî 

3. ÖćøýċÖþćĔîøąéĆï mRNA ĒúąēðøêĊî ñĎšüĉÝĆ÷ĔßšđìÙîĉÙ in situ hybridization Ēúą 

immunohistochemistry êćöúĞćéĆï đóČęĂýċÖþćêĞćĒĀîŠÜìĊęöĊÖćøĒÿéÜĂĂÖ×ĂÜ transcription factors ĕéšĒÖŠ Sox-

9, Runx2, MEF2C, HDAC4 Ēúą Nkx3/Bapx1 ĔîđîČĚĂđ÷ČęĂÖøąéĎÖ ÝćÖîĆĚîüĆéøąéĆïÙüćöđ×šö×ĂÜÖćøĒÿéÜĂĂÖēé÷
ĔßšēðøĒÖøö Adobe Photoshop 
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8. ñúÖćøüĉÝĆ÷ 
8.1 ÖćøóĆçîćđìÙîĉÙöĂēôđöêøĊ (morphometry) ĒúąĂĉööĎēîăĉÿēêđÙöĊ (immunohistochemistry) 
đîČęĂÜÝćÖēÖøìđóúì×ĂÜÖøąéĎÖđðŨîÿŠüîìĊęöĊóČĚîìĊęîšĂ÷öćÖđöČęĂđìĊ÷ïÖĆïóČĚîìĊęìĆĚÜĀöé×ĂÜÖøąéĎÖ ðøąÖĂïÖĆï

ÖøąéĎÖìĊęĔßšĔîÖćøìéúĂÜđðŨîÖøąéĎÖìĊęñŠćîÖøąïüîÖćøéċÜĒÙúđàĊ÷öĂĂÖĒúšü ìĞćĔĀšÖøąéĎÖöĊÙüćöĂŠĂîêĆüÿĎâđÿĊ÷
ÖćøÙÜøĎðĕéšÜŠć÷ ÖćøêĆéđîČĚĂđ÷ČęĂēé÷đÞóćąĂ÷ŠćÜ÷ĉęÜïøĉđüèēÖøìđóúìÝċÜêšĂÜĂćýĆ÷ÙüćöøąöĆéøąüĆÜđðŨîóĉđýþ ĂĊÖìĆĚÜ
Öćø÷šĂöđîČĚĂđ÷ČęĂēÖøìđóúì×ĂÜĀîĎøą÷ąĔĀšîöÝąöĊÙŠćĔßšÝŠć÷ÿĎÜÖüŠćÖćøýċÖþćĔîĀîĎðÖêĉĂ÷ŠćÜöćÖ éĆÜîĆĚîÙèąñĎšüĉÝĆ÷
ÝċÜöĊÖćøýċÖþćîĞćøŠĂÜĔîđîČĚĂđ÷ČęĂúĞćĕÿšđúĘÖ×ĂÜĀîĎÖúčŠöðÖêĉ (ĕöŠĕéšêĆĚÜìšĂÜ) ĒúąĀîĎĔĀšîö 21 üĆî ĒúąýċÖþćÖćø
đðúĊę÷îĒðúÜìćÜÝčúÖć÷üĉõćÙ×ĂÜúĞćĕÿšđúĘÖÿŠüîéĎēĂéĊîĆöĒúąÖćøĒÿéÜĂĂÖ×ĂÜēðøêĊîÙúĂéĉî-10 Ēúą -15 đóČęĂ
óĆçîćđìÙîĉÙĂĉööĎēîăĉÿēêđÙöĊÖŠĂîîĞćĕðĔßšÝøĉÜĔîÖćøýċÖþćēÖøìđóúì ÝćÖÖćøýċÖþćîĞćøŠĂÜóïüŠć 

8.1.1 úĞćĕÿšÿŠüîéĎēĂéĊîĆö×ĂÜĀîĎĔĀšîö (lactation) öĊÙüćöÿĎÜĒúąÙüćöÖüšćÜ×ĂÜ villus ĒúąÙüćöĀîć
×ĂÜßĆĚî crypt ÿĎÜ×ċĚîĂ÷ŠćÜöĊîĆ÷ÿĞćÙĆâìćÜÿëĉêĉ đöČęĂđðøĊ÷ïđìĊ÷ïÖĆïĀîĎÖúčŠöÙüïÙčö (õćóìĊę 1 Ēúą 2) ēé÷óïüŠćĀîĎ
ÖúčŠöĔĀšîööĊÙüćöÿĎÜ×ĂÜ villus ÙüćöÖüšćÜ×ĂÜ villus ĒúąÙüćöĀîć×ĂÜßĆĚî crypt đóĉęö×ċĚîðøąöćè 10%, 12% 

Ēúą 40% êćöúĞćéĆï (êćøćÜìĊę 1) ĒÿéÜĔĀšđĀĘîüŠć ĀîĎøą÷ąĔĀšîööĊÖćøđðúĊę÷îĒðúÜìćÜÝčúÖć÷üĉõćÙ×ĂÜúĞćĕÿšđúĘÖ 

ìĆĚÜîĊĚđóČęĂðøĆïêĆüĔĀšđĀöćąÿöÖĆïÙüćöêšĂÜÖćøÿćøĂćĀćøìĊęđóĉęö×ċĚîđóČęĂĔßšĔîÖćøñúĉêîĚĞćîöĔĀšĒÖŠúĎÖ 

Control      Lactation 

 
õćóìĊę 1 ĒÿéÜÖćøđðúĊę÷îĒðúÜìćÜÝčúÖć÷üĉõćÙ×ĂÜúĞćĕÿšđúĘÖÿŠüîéĎēĂéĊîĆö×ĂÜĀîĎÖúčŠöÙüïÙčö (A) ĒúąĀîĎÖúčŠöĔĀšîö (B) ĒÿéÜĔĀš
đĀĘîúĆÖþèąÖćø÷Čęî÷ćüÙúšć÷îĉĚüöČĂ×ĂÜ villus (V) àċęÜöĊĒÖîÖúćÜÙČĂ lamina propria (LP) éšćîúŠćÜ×ĂÜ villus ÙČĂßĆĚî crypt (C) 

ĒúąßĆĚîÖúšćöđîČĚĂđøĊ÷ï (M) êćöúĞćéĆï (scale bar đìŠćÖĆï 200 ĕöēÙøđöêø) 
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A 

 

B 

 

C 

 

õćóìĊę 2 ĒÿéÜÙüćöÿĎÜ×ĂÜ villus (villus height; A) ÙüćöÖüšćÜ×ĂÜ villus (villus width; B) ĒúąÙüćöĀîć×ĂÜßĆĚî crypt 

(crypt depth; C) ĔîúĞćĕÿšđúĘÖÿŠüîéĎēĂéĊîĆö×ĂÜĀîĎÖúčŠöĔĀšîö (lactation) đðøĊ÷ïđìĊ÷ïÖĆïĀîĎÖúčŠöÙüïÙčö (control) êĆüđú×Ĕî
üÜđúĘïĒìîÝĞćîüîÿĆêüŤìéúĂÜĔîĒêŠúąÖúčŠö ***p < 0.001 đðøĊ÷ïđìĊ÷ïÖĆïÖúčŠöÙüïÙčö 

 

êćøćÜìĊę 1 ÙüćöÿĎÜ×ĂÜ villus (villus height) ÙüćöÖüšćÜ×ĂÜ villus (villus width) ĒúąÙüćöĀîć×ĂÜßĆĚî crypt (crypt depth) 

øąĀüŠćÜĀîĎðÖêĉ (control) ĒúąĀîĎĔĀšîö (lactation) 

 Control Lactation p-value 
Villus height (wm) 613.95 ± 27.49 676.29 ± 20.37 < 0.001 

Villus width (wm) 130.78 ± 2.89 145.45 ± 3.33 < 0.001 

Crypt depth (wm) 215.33 ± 8.47 307.93 ± 12.79 < 0.001 

 

8.1.2 ĀîĎĔĀšîöđóĉęöÖćøĒÿéÜĂĂÖ×ĂÜēðøêĊîÙúĂéĉî-15 ĔîđîČĚĂđ÷ČęĂéĎēĂéĊîĆö ÝćÖÖćøýċÖþćÖćø
ĒÿéÜĂĂÖ×ĂÜēðøêĊîÙúĂéĉî-10 Ēúą -15 ĔîđîČĚĂđ÷ČęĂéĎēĂéĊîĆö×ĂÜĀîĎðÖêĉĒúąĀîĎĔĀšîöéšü÷đìÙîĉÙĂĉööĎēîăĉÿēêđÙöĊ 
óïüŠć ĀîĎĔĀšîööĊÖćøđóĉęöÖćøĒÿéÜĂĂÖ×ĂÜÙúĂéĉî-15 ìĊę villous epithelial cells êúĂéÝî goblet cells Ēúą 

endothelium ×ĂÜ lacteal (õćóìĊę 3C, D Ēúą 4B) ĒêŠÖúĆïĕöŠóïÖćøđðúĊę÷îĒðúÜÖćøĒÿéÜĂĂÖ×ĂÜÙúĂéĉî-10 

(õćóìĊę 3A, B Ēúą 4A) àċęÜÿĂéÙúšĂÜÖĆïÜćîüĉÝĆ÷ÖŠĂîĀîšćîĊĚ ÝċÜđðŨîĕðĕéšüŠćÖćøđóĉęöÖćøĒÿéÜĂĂÖ×ĂÜÙúĂéĉî-15 

ĂćÝđóĉęöÖćøéĎéàċöĒÙúđàĊ÷öñŠćîßŠĂÜøąĀüŠćÜđàúúŤ×ĂÜ villous epithelial cells ÝćÖñúÖćøýċÖþćÿćöćøëÿøčðĕéš
üŠćÖćøĔĀšîöÿćöćøëđóĉęöóČĚîìĊęñĉü×ĂÜ villus đóČęĂđóĉęöÖćøéĎéàċöÿćøĂćĀćøĔĀšđóĊ÷ÜóĂĒÖŠÙüćöêšĂÜÖćø×ĂÜĒöŠ 
îĂÖÝćÖîĊĚ÷ĆÜđóĉęöÖćøĒÿéÜĂĂÖ×ĂÜēðøêĊîÙúĂéĉî-15 àċęÜĂćÝìĞćĀîšćìĊęđóĉęöÖćø×îÿŠÜĒÙúđàĊ÷öĀøČĂĕĂĂĂîðøąÝč
ïüÖĂČęîė ĔĀšñŠćîßŠĂÜøąĀüŠćÜđàúúŤ đðŨîÖćøÿîĆïÿîčîÜćîüĉÝĆ÷ÖŠĂîĀîšćîĊĚ×ĂÜñĎšüĉÝĆ÷  ìĊęóïüŠćÖćøĔĀšîöÿćöćøëđøŠÜ
ÖćøéĎéàċöĒÙúđàĊ÷öēé÷ñŠćîÖćøđóĉęöøąéĆïÖćøĒÿéÜĂĂÖ×ĂÜēðøêĊîÙúĂéĉî-15 ÜćîüĉÝĆ÷ÿŠüîîĊĚĕéšøĆïÖćøêĊóĉöóŤĔî
üćøÿćøüĉßćÖćøøąéĆïîćîćßćêĉĒúšüÙČĂ 

Wongdee K, Teerapornpuntakit J, Siangpro C, Chaipai S, Charoenphandhu N. Duodenal 

villous hypertrophy and upregulation of claudin-15 protein expression in lactating rats. Journal of 

Molecular Histology 2013;44:104–109. 
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õćóìĊę 3 ĂĉööĎēîăĉÿēêđÙöĊĒÿéÜêĞćĒĀîŠÜÖćøÖøąÝć÷êĆü×ĂÜēðøêĊîÙúĂéĉî (claudin)-10 (A Ēúą B) Ēúą -15 (C Ēúą D) Ĕî
đîČĚĂđ÷ČęĂúĞćĕÿšÿŠüîéĎēĂéĊîĆö×ĂÜĀîĎÖúčŠöÙüïÙčö (Control) ĒúąĀîĎÖúčŠöĔĀšîö (Lactation) ÿĊîĚĞćêćúĒìîÝčéìĊęöĊēðøêĊîĒÿéÜĂĂÖ ÿŠüî
ĔĀâŠĂ÷ĎŠìĊę villous epithelial cells (úĎÖýø), éšćî×šćÜ×ĂÜ goblet cells (G), endothelial cells (E) ×ĂÜìŠĂîĚĞćđĀúČĂÜàċęÜĂ÷ĎŠõć÷Ĕî 

lamina propria (LP) (scale bar đìŠćÖĆï 20 ĕöēÙøđöêø) 
 

 
õćóìĊę 4 ÙŠćÙüćöđ×šö×ĂÜÖćøĒÿéÜĂĂÖ×ĂÜēðøêĊîÙúĂéĉî (claudin)-10 (A) Ēúą -15 (B) ĔîđîČĚĂđ÷ČęĂúĞćĕÿšÿŠüîéĎēĂéĊîĆö×ĂÜĀîĎ
ÖúčŠöÙüïÙčö (Control) ĒúąĀîĎÖúčŠöĔĀšîö (Lactation) ēé÷ðøĆïÙŠćÙüćöđ×šö×ĂÜ negative control ĔĀšđìŠćÖĆï 1 ÝĞćîüîĔîüÜđúĘï
ĒìîÝĞćîüîÿĆêüŤìéúĂÜĔîĒêŠúąÖúčŠö (***p < 0.001 đöČęĂđìĊ÷ïÖĆïÖúčŠöÙüïÙčö) 
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8.2 ýċÖþćñú×ĂÜēóøĒúÙêĉîêŠĂÖćøĒÿéÜĂĂÖ×ĂÜ secretory proteins ĔîđàúúŤÖøąéĎÖĂŠĂîïøĉđüèēÖøì
đóúìĔîĀîĎìĊęÖĞćúĆÜĔĀšîö 
ÖćøýċÖþćÖćøĒÿéÜĂĂÖ×ĂÜ secretory factors ìĊęÙüïÙčöÖøąïüîÖćøđÝøĉâ×ĂÜđàúúŤÖøąéĎÖĂŠĂîïøĉđüè

ēÖøìđóúì ÙèąñĎšüĉÝĆ÷ĕéšýċÖþćÖćøĒÿéÜĂĂÖ×ĂÜ indian hedgehog (Ihh) ĒêŠđîČęĂÜÝćÖ Ihh đðŨîēðøêĊîìĊęìĞćÜćî
øŠüöÖĆîÖĆï parathyroid hormone-related protein (PTHrP) ñĎšüĉÝĆ÷ÝċÜýċÖþćēðøêĊî Ihh øŠüöÖĆïÖćøĒÿéÜĂĂÖ
×ĂÜ PTHrP Ēúą PTHrP receptor ÙüïÙĎŠĕðóøšĂöÖĆî 

ēðøêĊî Ihh đðŨîēðøêĊîìĊęóïĔîđàúúŤÖøąéĎÖĂŠĂîēé÷đÞóćąĂ÷ŠćÜ÷ĉęÜĔîßĆĚî hypertrophic zone ìĞćĀîšćìĊę
ßąúĂÖćø differentiation ×ĂÜ proliferative chondrocytes ĔĀšđðúĊę÷îĕðđðŨî hypertrophic chondrocytes 

ßšćúÜ ÿŠüîēðøêĊî PTHrP đðŨîēðøêĊîìĊęöĊÖćøĒÿéÜĂĂÖöćÖïøĉđüè proliferative zone Ēúą prehypertrophic 

zone ×ĂÜēÖøìđóúì öĊÙüćöÿĞćÙĆâĔîÖćøÖøąêčšîđàúúŤÖøąéĎÖĂŠĂî×ĂÜēÖøìđóúìĔĀšöĊÖćøĒïŠÜêĆüđóĉęöÝĞćîüî Ēúą
÷Ćï÷ĆĚÜÖćøđÖĉé premature hypertrophy ēðøêĊî PTHrP ìĞćÜćîēé÷ÝĆïÖĆï PTHrP receptor àċęÜöĊÖćøĒÿéÜĂĂÖ
ìĆęüĕðĔîēÖøìđóúì 

êćöĒñîēÙøÜÖćøüĉÝĆ÷Ą ÙèąñĎšüĉÝĆ÷ĕéšĒïŠÜÖúčŠöÖćøìéúĂÜĂĂÖđðŨî 5 ÖúčŠöĔĀâŠ éĆÜîĊĚ 
1. Age-matched control (Control) đðŨîĀîĎðÖêĉìĊęĕöŠêĆĚÜìšĂÜ (ĒúąĕöŠĔĀšîö) 

2. Lactating rats đðŨîĀîĎìĊęĔĀšîö (L) 

a. 8-day lactating rats đðŨîĀîĎìĊęĔĀšîöüĆîìĊę 8 (L8) 

b. 14-day lactating rats đðŨîĀîĎìĊęĔĀšîöüĆîìĊę 14 (L14) 

c. 21-day lactating rats đðŨîĀîĎìĊęĔĀšîöüĆîìĊę 21 (L21) 

3. Lactating rats + Bromocriptine  (Bromo) đðŨîĀîĎĔĀšîöìĊęĕéšøĆïÖćøÞĊé 4 mg/kg 

bromocriptine (÷ćìĊę÷Ćï÷ĆĚÜÖćøĀúĆęÜēóøĒúÙêĉî) s.c. ìčÖüĆîđðŨîđüúć 1 ÿĆðéćĀŤÖŠĂîđøĉęöÖćø
ìéúĂÜ 
a. 8-day lactating rats đðŨîĀîĎìĊęĔĀšîöüĆîìĊę 8 (L8 + Bromo) 

b. 14-day lactating rats đðŨîĀîĎìĊęĔĀšîöüĆîìĊę 14 (L14 + Bromo) 

c. 21-day lactating rats đðŨîĀîĎìĊęĔĀšîöüĆîìĊę 21 (L21 + Bromo) 

4. Lactating rats + Bromocriptine + prolactin (Bromo + PRL) đðŨîĀîĎĔĀšîöìĊęĕéšøĆïÖćø
ÞĊé 4 mg/kg bromocriptine s.c. Ēúą 0.8 mg/kg PRL ìčÖüĆîđðŨîđüúć 1 ÿĆðéćĀŤÖŠĂîđøĉęö
ÖćøìéúĂÜ 
a. 8-day lactating rats đðŨîĀîĎìĊęĔĀšîöüĆîìĊę 8 (L8 + Bromo + PRL) 

b. 14-day lactating rats đðŨîĀîĎìĊęĔĀšîöüĆîìĊę 14 (L14 + Bromo + PRL) 
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c. 21-day lactating rats đðŨîĀîĎìĊęĔĀšîöüĆîìĊę 21 (L21 + Bromo + PRL) 

5. Postweaning rats đðŨîĒöŠĀîĎìĊęĀ÷ŠćîöüĆîìĊę 15 (PW) ĒêŠđóČęĂĔĀšÖćøđðúĊę÷îĒðúÜìĊęēÖøì
đóúìöĊÖćøđðúĊę÷îĒðúÜìĊęßĆéđÝîöćÖ×ċĚî ÝċÜðøĆïđðúĊę÷îđðŨî ĒöŠĀîĎìĊęĀ÷ŠćîöüĆîìĊę 30 Ēìî 

ÝćÖÖćøýċÖþćÖćøĒÿéÜĂĂÖ×ĂÜ PTHrP, PTHrP receptor Ēúą  Ihh éšü÷đìÙîĉÙĂĉööĎēîăĉÿēêđÙöĊ óï
ÖćøĒÿéÜĂĂÖ×ĂÜ secretory protein ìĆĚÜÿćößîĉéõć÷ĔîđàúúŤÖøąéĎÖĂŠĂîĒúą matrix øĂïė đàúúŤïøĉđüè 

proliferative zone êŠĂđîČęĂÜĕðÝîëċÜ hypertrophic zone îĂÖÝćÖîĊĚ÷ĆÜóïÖćøĒÿéÜĂĂÖìĊę lining cells ×ĂÜ 
calcified trabeculae ïøĉđüè primary spongiosa ĂĊÖéšü÷ (õćóìĊę 5, 6) 
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õćóìĊę 5 ĂĉööĎēîăĉÿēêđÙöĊĒÿéÜêĞćĒĀîŠÜÖćøÖøąÝć÷êĆü×ĂÜ PTHrP (A-B), PTHrP-receptor (C-D) Ihh (E-F) ĔîđîČĚĂđ÷ČęĂēÖøìđóúì 

(Ep) ×ĂÜĀîĎĔĀšîö đöČęĂĕéšÿĆöñĆÿ (+Ab) ĒúąĕöŠĕéšÿĆöñĆÿÖĆï antibody (Neg) ÿĊîĚĞćêćú (A-D) ĒúąÿĊĒéÜ (E-F) ĒìîÝčéìĊęöĊēðøêĊî
ĒÿéÜĂĂÖ (úĎÖýø) ÿŠüîĔĀâŠĂ÷ĎŠìĊęïøĉđüèøĂ÷êŠĂøąĀüŠćÜ proliferative zone Ēúą hypertrophic zone ĒúąïćÜÿŠüî×ĂÜ 
calcified trabeculae ìĊęïøĉđüè primary spongiosa (Sn) ĒêŠĕöŠóïÖćøĒÿéÜĂĂÖìĊę mineralized matrix (Md) đĀîČĂēÖøìđóúì 

(A-B, E-F scale bar đìŠćÖĆï 100 ĕöēÙøđöêø; C-D scale bar đìŠćÖĆï 50 ĕöēÙøđöêø) 
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õćóìĊę 6 ĂĉööĎēîăĉÿēêđÙöĊĒÿéÜêĞćĒĀîŠÜÖćøÖøąÝć÷êĆü×ĂÜ Ihh ĔîđîČĚĂđ÷ČęĂēÖøìđóúì ēé÷óïÿĊĒéÜ (positive signal) õć÷Ĕî 

cytoplasm ×ĂÜđàúúŤÖøąéĎÖĂŠĂîïøĉđüè proliferative êúĂéÝîëċÜ hypertrophic zone (úĎÖýø) îĂÖÝćÖîĊĚ÷ĆÜóïÖćøĒÿéÜĂĂÖ
Ă÷ŠćÜöćÖĔî bone lining cells ïøĉđüè primary spongiosa (scale bar đìŠćÖĆï 25 ĕöēÙøđöêø) 
 

ÝćÖÖćøüĆéøąéĆïÖćøĒÿéÜĂĂÖ×ĂÜēðøêĊîìĆĚÜ 3 ßîĉé éšü÷üĉíĊ densitometric analysis óïüŠćĒêŠ
úąøą÷ą×ĂÜÖćøĔĀšîö secretory protein öĊøąéĆïÖćøĒÿéÜĂĂÖìĊęĒêÖêŠćÜÖĆî (õćóìĊę 7) đöČęĂüĆéøąéĆïÖćø
ĒÿéÜĂĂÖĒ÷ÖđðŨîēàî×ĂÜēÖøìđóúì ĕéšĒÖŠ reserve zone (RZ), proliferative zone (PZ) Ēúą hypertrophic 

zone (HZ) óïüŠćÿŠüîĔĀâŠÖćøĒÿéÜĂĂÖ×ĂÜēÖøìđóúìÝąöĊÖćøđðúĊę÷îĒðúÜßĆéđÝîĔîßŠüÜÖúćÜ (L14) ĒúąßŠüÜ
ìšć÷ (L21) ×ĂÜÖćøĔĀšîö ñĎšüĉÝĆ÷óïÖćøđðúĊę÷îĒðúÜ×ĂÜ Ihh ĔîĀîĎĔĀšîö 14 üĆîĕéšßĆéđÝîìĊęÿčé Ēïï×ċĚîÖĆïăĂøŤēöî
ēóøĒúÙêĉîđöČęĂđðøĊ÷ïđìĊ÷ïÖĆïĀîĎÖúčŠöÙüïÙčö (õćóìĊę 8) ÿŠüîÖćøĒÿéÜĂĂÖ×ĂÜ PTHrP ÖúĆïĕöŠóïÖćø
đðúĊę÷îĒðúÜĔîēÖøìđóúììĆĚÜÿćöēàî (õćóìĊę 8) ìĊęîŠćÿîĔÝÖĘÙČĂĔîÖúčŠöĀîĎĔĀšîößŠüÜÖúćÜĒúąßŠüÜìšć÷ Öćø
ĒÿéÜĂĂÖ×ĂÜ PTHrP receptor öĊøąéĆïđóĉęöÿĎÜ×ċĚîĔîēÖøìđóúììĆĚÜÿćöēàîĂ÷ŠćÜöĊîĆ÷ÿĞćÙĆâ (õćóìĊę 9) àċęÜĒÿéÜĔĀš
đĀĘîüŠć ĔîõćüąìĊęĕöŠöĊ endogenous prolactin ēÖøìđóúìöĊÖćøðøĆïêĆüĕðĔîĒîüìćÜìĊęđóĉęöÝĞćîüîđàúúŤÖøąéĎÖ
ĂŠĂî (proliferation) öćÖÖüŠćÖøąïüîÖćø differentiation 
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A. PTHrP 

 
B. PTHrP-receptor 

 
C. Ihh 

 
õćóìĊę 7 ÙŠćÙüćöđ×šö×ĂÜÖćøĒÿéÜĂĂÖ×ĂÜēðøêĊî PTHrP (A), PTHrP-receptor (B) Ēúą Ihh (C) PTHrP ĔîđîČĚĂđ÷ČęĂēÖøìđóúì
×ĂÜÖøąéĎÖìĉđïĊ÷ ìĊęĕéšÝćÖĀîĎêĆĚÜìšĂÜ 21 üĆî (P21), ĔĀšîö (L8, L14, L21) ĒúąĀ÷Šćîö (PW) ĀîĎĔĀšîöïćÜÖúčŠöĕéšøĆïÖćøÞĊé 4 

mg/kg/day bromocriptine (L14 + Bromo) đ×šćĔêšñĉüĀîĆÜđðŨîđüúć 1 ÿĆðéćĀŤ ĀøČĂ Bromo Ēúą 0.8 mg/kg/day PRL (L14 + 

Bromo + PRL) đ×šćĔêšñĉüĀîĆÜđðŨîđüúć 1 ÿĆðéćĀŤ ÙŠćìĊęĒÿéÜĔîÖøćôđðŨîÙŠć mean ± SE ÝĞćîüîĔîüÜđúĘïĒìîÝĞćîüîÿĆêüŤìéúĂÜ
ĔîĒêŠúąÖúčŠö, *p < 0.05, **p < 0.01, ***p < 0.001 đöČęĂđìĊ÷ïÖĆïÖúčŠöÙüïÙčö; #p <0.05, ##p < 0.01, ###p < 0.001 đöČęĂ
đìĊ÷ïÖĆïÖúčŠöêĆĚÜìšĂÜ/ĔĀšîö 
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Ihh-L14 PTHrP-L14 
A 

 

D 
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õćóìĊę 8 (A-C) ÙŠćÙüćöđ×šö×ĂÜÖćøĒÿéÜĂĂÖ×ĂÜēðøêĊî Ihh Ēúą (D-F) PTHrP ĔîđîČĚĂđ÷ČęĂēÖøìđóúì×ĂÜÖøąéĎÖìĉđïĊ÷ìĊęĕéšÝćÖĀîĎ
ĔĀšîö 14 üĆî ēé÷Ē÷Öêćöēàî×ĂÜÖøąéĎÖĂŠĂî ĀîĎĔĀšîöïćÜÖúčŠöĕéšøĆïÖćøÞĊé 4 mg/kg/day bromocriptine (L14 + Bromo) 

đ×šćĔêšñĉüĀîĆÜđðŨîđüúć 1 ÿĆðéćĀŤ ĀøČĂ Bromo Ēúą 0.8 mg/kg/day PRL (L14 + Bromo + PRL) đ×šćĔêšñĉüĀîĆÜđðŨîđüúć 1 

ÿĆðéćĀŤ ÙŠćìĊęĒÿéÜĔîÖøćôđðŨîÙŠć mean ± SE ÝĞćîüîĔîüÜđúĘïĒìîÝĞćîüîÿĆêüŤìéúĂÜĔîĒêŠúąÖúčŠö (*p < 0.05, **p < 0.01 đöČęĂ
đìĊ÷ïÖĆïÖúčŠöÙüïÙčö; ##p < 0.01 đöČęĂđìĊ÷ïÖĆï L14 + Bromo) 
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õćóìĊę 9 ÙŠćÙüćöđ×šö×ĂÜÖćøĒÿéÜĂĂÖ×ĂÜēðøêĊî PTHrP receptor ĔîđîČĚĂđ÷ČęĂēÖøìđóúì×ĂÜÖøąéĎÖìĉđïĊ÷ìĊęĕéšÝćÖĀîĎĔĀšîö (A) 

8 üĆî, (B) 14 üĆî Ēúą (C) 21üĆî ēé÷Ē÷Öêćöēàî×ĂÜÖøąéĎÖĂŠĂî ĕéšĒÖŠ reserve zone (RZ), proliferative zone (PZ) Ēúą 

hypertrophic zone (HZ) ĀîĎĔĀšîöïćÜÖúčŠöĕéšøĆïÖćøÞĊé 4 mg/kg/day bromocriptine (Bromo) đ×šćĔêšñĉüĀîĆÜđðŨîđüúć 1 

ÿĆðéćĀŤ ÙŠćìĊęĒÿéÜĔîÖøćôđðŨîÙŠć mean ± SE ÝĞćîüîĔîüÜđúĘïĒìîÝĞćîüîÿĆêüŤìéúĂÜĔîĒêŠúąÖúčŠö (*p < 0.05, **p < 0.01, 

***p < 0.001 đöČęĂđìĊ÷ïÖĆïÖúčŠöĔĀšîö) 

 
8.3 ýċÖþćñú×ĂÜēóøĒúÙêĉîêŠĂÖćøĒÿéÜĂĂÖ×ĂÜ transcription factor ĔîđàúúŤÖøąéĎÖĂŠĂîïøĉđüè 

ēÖøìđóúìĔîĀîĎìĊęÖĞćúĆÜĔĀšîö 
ÖćøýċÖþćĔîÿŠüîîĊĚ ñĎšüĉÝĆ÷đúČĂÖýċÖþćÖćøĒÿéÜĂĂÖ×ĂÜ Sox-9 Ēúą Runx2 àċęÜđðŨî marker ÿĞćÙĆâ×ĂÜ

đàúúŤÖøąéĎÖĂŠĂîĒúą osteoblast êćöúĞćéĆï Sox-9 đðŨî transcription factor êĆüĒøÖìĊęöĊÖćøĒÿéÜĂĂÖđöČęĂ 

mesenchymal cell öĊÖćø differentiate ĕðđðŨîđàúúŤÖøąéĎÖĂŠĂî ìĞćĀîšćìĊęĔîÖćøßĆÖîĞćĔĀšđàúúŤÖøąéĎÖĂŠĂîĔîēÖ
øìđóúìÿøšćÜ collagen type II, IX, XI ēé÷ðÖêĉĒúšüÝąóïÖćøĒÿéÜĂĂÖ×ĂÜ Sox-9 Ĕîïøĉđüè reserve zone 

Ēúą proliferative zone ÿŠüî Runx2 đðŨî transcription factor àċęÜëČĂđðŨî marker ÿĞćÙĆâ×ĂÜ osteoblast ēé÷ 

Runx2 ÝąöĊÖćøĒÿéÜĂĂÖêŠĂđöČęĂ mesenchymal cell ĀøČĂđàúúŤÖøąéĎÖĂŠĂîÝą differentiate ĕðđðŨî 

osteoblast ĔîÖøąéĎÖĂŠĂî 
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õćóìĊę 10 ÙŠćÙüćöđ×šö×ĂÜÖćøĒÿéÜĂĂÖ×ĂÜēðøêĊî Runx2 ĔîđîČĚĂđ÷ČęĂēÖøìđóúì×ĂÜÖøąéĎÖìĉđïĊ÷ìĊęĕéšÝćÖĀîĎĔĀšîö (A) 8 üĆî, (B) 

14 üĆî Ēúą (C) 21üĆî ēé÷Ē÷Öêćöēàî×ĂÜÖøąéĎÖĂŠĂî ĕéšĒÖŠ reserve zone (RZ), proliferative zone (PZ) Ēúą hypertrophic 

zone (HZ) ĀîĎĔĀšîöïćÜÖúčŠöĕéšøĆïÖćøÞĊé 4 mg/kg/day bromocriptine (Bromo) đ×šćĔêšñĉüĀîĆÜđðŨîđüúć 1 ÿĆðéćĀŤ ÙŠćìĊęĒÿéÜ
ĔîÖøćôđðŨîÙŠć mean ± SE ÝĞćîüîĔîüÜđúĘïĒìîÝĞćîüîÿĆêüŤìéúĂÜĔîĒêŠúąÖúčŠö (*p < 0.05, **p < 0.01 đöČęĂđìĊ÷ïÖĆïÖúčŠöĔĀš
îö) 
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 RZ PZ HZ  

A 

L8 

B 

L14 

C 

L21 

õćóìĊę 11 ÙŠćÙüćöđ×šö×ĂÜÖćøĒÿéÜĂĂÖ×ĂÜēðøêĊî Sox-9 ĔîđîČĚĂđ÷ČęĂēÖøìđóúì×ĂÜÖøąéĎÖìĉđïĊ÷ìĊęĕéšÝćÖĀîĎĔĀšîö (A) 8 üĆî, (B) 

14 üĆî Ēúą (C) 21üĆî ēé÷Ē÷Öêćöēàî×ĂÜÖøąéĎÖĂŠĂî ĕéšĒÖŠ reserve zone (RZ), proliferative zone (PZ) Ēúą hypertrophic 

zone (HZ) ĀîĎĔĀšîöïćÜÖúčŠöĕéšøĆïÖćøÞĊé 4 mg/kg/day bromocriptine (Bromo) đ×šćĔêšñĉüĀîĆÜđðŨîđüúć 1 ÿĆðéćĀŤ ÙŠćìĊęĒÿéÜ
ĔîÖøćôđðŨîÙŠć mean ± SE ÝĞćîüîĔîüÜđúĘïĒìîÝĞćîüîÿĆêüŤìéúĂÜĔîĒêŠúąÖúčŠö (*p < 0.05, **p < 0.01, ***p < 0.001 đöČęĂ
đìĊ÷ïÖĆïÖúčŠöĔĀšîö) 

 

ÖćøýċÖþćĔîÿŠüîîĊĚ ñĎšüĉÝĆ÷ĔßšÖúčŠöĀîĎìĊęÞĊé bromocriptine đðŨîÖúčŠöìĊęïŠÜßĊĚñú×ĂÜēóøĒúÙêĉî ñúÖćøýċÖþć
óïüŠćĔîõćüą×ćé endogenous prolactin (ÖúčŠöĀîĎìĊęÞĊé bromocriptine) ÖćøĒÿéÜĂĂÖ×ĂÜ Runx2 Ĕî HZ 

×ĂÜÖúčŠöĀîĎĔĀšîö 8 Ēúą 21 üĆî öĊøąéĆïúéúÜ (õćóìĊę 10) Ĕî×èąìĊęđóĉęöÖćøĒÿéÜĂĂÖ×ĂÜ Sox-9 Ĕî HZ ×ĂÜĀîĎ
ĔĀšîö 21 üĆî ĒêŠÖćøĒÿéÜĂĂÖ×ĂÜ Sox-9 ÖúĆïöĊøąéĆïúéúÜĔî PZ ×ĂÜÖúčŠöĀîĎĔĀšîö 8 Ēúą 21 üĆî (õćóìĊę 11) 

ēé÷ðÖêĉĒúšüĔîøą÷ąĔĀšîö ĂĆêøćÖćøÿúć÷ÖøąéĎÖ×ĂÜĒöŠÝąđóĉęöÿĎÜ×ċĚîĂ÷ŠćÜöćÖ ìĆĚÜîĊĚđóČęĂĔĀšĕéšĒÙúđàĊ÷öĂĆî
đðŨîĒøŠíćêčÿĞćÙĆâđóČęĂîĞćĕðĔßšĔîÖćøÿøšćÜîĚĞćîö ÝćÖÜćîüĉÝĆ÷×ĂÜ Suntornsaratoon ĒúąÙèą (2010) ĕéšøć÷Üćî
üŠćÙüćöĀîć×ĂÜēÖøìđóúì×ĂÜĀîĎøą÷ąĔĀšîöúéúÜîĆĚî ĂćÝđîČęĂÜöćÝćÖēÖøìđóúì×ĂÜĒöŠöĊ  activity ÿĎÜ×ċĚî đóČęĂ
ÿøšćÜ bone trabeculae ĔĀšöćÖ×ċĚîđóĊ÷ÜóĂêŠĂÖćøéċÜĒÙúđàĊ÷öĕðĔßšĔîÖćøÿøšćÜîĚĞćîö ÝćÖÖćøýċÖþćÙøïìčÖÖúčŠö
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ÖćøìéúĂÜóïüŠć Ihh Ēúą PTHrP (ñŠćîìćÜ PTHrP receptor) àċęÜöĊĀîšćìĊę÷Ćï÷ĆĚÜ hypertrophic differentiation 

ĒúąÖøąêčšîÖćøĒïŠÜđàúúŤÖøąéĎÖĂŠĂîĔî PZ îŠćÝąđðŨî secretory factor êĆüĀúĆÖìĊęÙüïÙčö differentiation ×ĂÜēÖ
øìđóúìĒïï×ċĚîÖĆïăĂøŤēöîēóøĒúÙêĉî ÝćÖñúÖćøýċÖþćìĊęóïüŠćĔîøą÷ąÖúćÜ×ĂÜÖćøĔĀšîö (L14) Ihh öĊøąéĆï
ÖćøĒÿéÜĂĂÖÿĎÜ×ċĚîĔî PZ Ēúą HZ ĔîĀîĎÖúčŠöìĊęĕéšøĆï bromocriptine (L14+Bromo) ĒúąÖúĆïúéêęĞćúÜĔîÖúčŠö 

L14+Bromo+PRL14 (õćóìĊę 8) àċęÜĒÿéÜĔĀšđĀĘîüŠćēóøĒúÙêĉîîĆĚîđøŠÜÖøąïüîÖćø differentiation ×ĂÜ 
proliferative chondrocytes Ēúą hypertrophic chondrocytes öĊÖćø differentiate ĕðđðŨîÖøąéĎÖĒ×ĘÜ 
(bone trabeculae) ĔîõćüąìĊę×ćéēóøĒúÙêĉîĂ÷ŠćÜđßŠîÖćøĕéšøĆï÷ć bromocriptine ĕéšßĊĚĔĀšđĀĘîüŠć 
bromocriptine ßąúĂ hypertrophic differentiation ñŠćîÖćø upregulate ×ĂÜ Sox-9 Ēúą downregulate 

Runx2 ñúÖćøýċÖþćĔîÿŠüîîĊĚ ÖĞćúĆÜĂ÷ĎŠøąĀüŠćÜÖćøĒÖšĕ×đóČęĂóĉÝćøèćêĊóĉöóŤ (under revision) 
ÿŠüîéšćîĒîüÙĉéđÖĊę÷üÖĆïÖćøđðúĊę÷îĒðúÜ×ĂÜēÖøìđóúìĔîøą÷ąêŠćÜ ė ×ĂÜøŠćÜÖć÷øüöëċÜÖćø

êĆĚÜÙøøõŤĒúąĔĀšîöîĊĚ ĕéšêĊóĉöóŤĔîüćøÿćøüĉßćÖćøøąéĆïîćîćßćêĉĒúšüÝĞćîüî 1 đøČęĂÜ ÙČĂ 

Wongdee K, Krishnamra N, Charoenphandhu N. Endochondral bone growth, bone 

calcium accretion, and bone mineral density: how are they related? Journal of Physiological 

Sciences 2012;62(4):299–307. 

öĊđîČĚĂĀćēé÷ÿĆÜđ×ðéĆÜîĊĚ 
ÖćøđÝøĉâ×ĂÜÖøąéĎÖĒïïđĂîēéÙĂîéøĂúĔîÿĆêüŤđúĊĚ÷ÜúĎÖéšü÷îöìĆĚÜĔîøą÷ąđêĉïēêĒúąøą÷ąñĎšĔĀâŠ 

đÖĉé×ċĚîđðŨîúĞćéĆï×ĆĚîêĂîđøĉęöÝćÖÖćøĒïŠÜêĆüđóĉęöÝĞćîüîđàúúŤÖøąéĎÖĂŠĂî ÖćøđÝøĉâđðŨîđàúúŤđêĘöüĆ÷ Öćø×÷ć÷×îćé
đàúúŤ ĒúąÖćøÿąÿöĒÙúđàĊ÷öìĊęĒöìøĉÖàŤÝîÖúć÷đðŨîđîČĚĂÖøąéĎÖĒ×ĘÜ ÖøąïüîÖćøìĊęàĆïàšĂîđĀúŠćîĊĚëĎÖÙüïÙčöéšü÷
ĀúćÖĀúć÷ðŦÝÝĆ÷éšü÷ĂĉìíĉóúìĊęĒêÖêŠćÜÖĆî đßŠî óĆîíčÖøøö ăĂøŤēöîĒúąÿćøĂĂÖùìíĉĝêŠĂđàúúŤ×šćÜđÙĊ÷Ü (đßŠî óćøć
ĕìøĂ÷éŤăĂøŤēöîøĊ-đúìêŤđððĕìéŤ, üĉêćöĉîéĊ, ĕĂÝĊđĂô-1, đĂôÝĊđĂô ĒúąēóøĒúÙêĉî) ĒúąõćüąìćÜēõ×îćÖćø (đßŠî 

ðøĉöćèĒÙúđàĊ÷öĒúąüĉêćöĉîéĊĔîĂćĀćø)  ĒöšÝąđðŨîìĊęìøćïÖĆîéĊëċÜÙüćöÿĆöóĆîíŤøąĀüŠćÜÖćøìĞćÜćî×ĂÜēÖøìđóúì
ĒúąÖćø÷Čé÷ćü×ĂÜÖøąéĎÖ ìüŠćÙüćöÿĆöóĆîíŤøąĀüŠćÜÖćøđÝøĉâ×ĂÜÖøąéĎÖĒïïđĂîēéÙĂîéøĂú ÖĆïÖćøđðŨîđÙøČęĂÜßĊĚ
üĆéÖćøÿąÿöĒÙúđàĊ÷öìĊęÖøąéĎÖ, ÙüćöĀîćĒîŠî×ĂÜÖøąéĎÖ, ĒúąöüúÖøąéĎÖÿĎÜÿčé ÷ĆÜĕöŠđðŨîìĊęìøćïĒîŠßĆé Ă÷ŠćÜĕøÖĘ
êćöđîČęĂÜÝćÖÖøąïüîÖćøđÝøĉâ×ĂÜÖøąéĎÖĒïïđĂîēéÙĂîéøĂúÿĉĚîÿčéúÜđöČęĂöĊÖćøÿąÿöĒÙúđàĊ÷öìĊęĒöìøĉÖàŤ 
éĆÜîĆĚîđöČęĂÖćøđÝøĉâ×ĂÜÖøąéĎÖĒïïđĂîēéÙĂîéøĂúöćÖ×ċĚî ÝċÜìĞćĔĀšöĊÖćøÿąÿöĒÙúđàĊ÷öìĊęïøĉđüèĕóøöćøĊÿðĂÜÝĉ
ēĂàć ĒúąđóĉęöÙüćöĀîćĒîŠî×ĂÜÖøąéĎÖĔĀšöćÖ×ċĚîêćöĕðéšü÷ ĒêŠĔîïćÜõćüąđßŠîĔîĀîĎøą÷ąĔĀšîöàċęÜöĊĂĆêøćÖćø
ÿúć÷ÖøąéĎÖìĊęÿĎÜ ÖúĆïóïüŠćÖćø÷Čé÷ćü×ĂÜÖøąéĎÖöĊÙüćöÿĆöóĆîíŤĒïïñÖñĆîÖĆïÙüćöĀîćĒîŠî×ĂÜÖøąéĎÖ ĒöšüŠć
ÙüćöĀîćĒîŠî×ĂÜÖøąéĎÖÿćöćøëÿĎÜ×ċĚîêćöðŦÝÝĆ÷ìĊęÿŠÜđÿøĉöÖćøđÝøĉâ×ĂÜÖøąéĎÖĒïïđĂîēéÙĂîéøĂú ĒêŠÖćøđÝøĉâ
×ĂÜÖøąéĎÖĒïïđĂîēéÙĂîéøĂúÖúĆïĕöŠĕéšđðŨîêĆüÖĞćĀîéöüúÖøąéĎÖÿĎÜÿčéĒêŠĂ÷ŠćÜĔé đîČęĂÜÝćÖöüúÖøąéĎÖÿĎÜÿčéîĆĚî
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ëĎÖÖĞćĀîéēé÷óĆîíčÖøøöđðŨîĀúĆÖ éĆÜîĆĚîÖćøđÝøĉâ×ĂÜÖøąéĎÖĒïïđĂîēéÙĂîéøĂúĒúąÖćø÷Čé÷ćü×ĂÜÖøąéĎÖöĊ
ÙüćöÿĆöóĆîíŤÖĆïÖćøÿąÿöĒÙúđàĊ÷öìĊęÖøąéĎÖđóĊ÷ÜïćÜïøĉđüè×ĂÜÖøąéĎÖ÷ćü ĒêŠĕöŠĕéšđðŨîêĆüìĞćîć÷ÙüćöĀîćĒîŠî
×ĂÜÖøąéĎÖĒúąöüúÖøąéĎÖÿĎÜÿčé 

 

8.4 ÖćøÿøšćÜēóøïĒúąêĉéÞúćÖēóøïđóČęĂĔßšĔîđìÙîĉÙ in situ hybridization 
ÖćøýċÖþćÖćøĒÿéÜĂĂÖ×ĂÜ mRNA éšü÷đìÙîĉÙ in situ hybridization ÙèąñĎšüĉÝĆ÷ĕéšđúČĂÖĔßš DIG-label PCR 

probes ēé÷ĕéšĂĂÖĒïï PCR primer (êćøćÜìĊę 2) ÙèąñĎšüĉÝĆ÷ĕéšöĊÖćøýċÖþćîĞćøŠĂÜëċÜðøąÿĉìíĉõćóĔîÖćøÿøšćÜĒúą
êĉéÞúćÖēóøï ēé÷ìéÿĂïêĉéÞúćÖēóøï÷Ċî calbindin-D9k àċęÜđðŨî÷ĊîìĊęìĞćĀîšćìĊę×îÿŠÜĒÙúđàĊ÷öõć÷Ĕî villous 

epithelial cells ĒúąöĊÖćøĒÿéÜĂĂÖöćÖĔîđàúúŤéĆÜÖúŠćü ÝćÖîĆĚîñĎšüĉÝĆ÷ĕéšýċÖþćÖćøĒÿéÜĂĂÖ×ĂÜ÷ĊîéĆÜÖúŠćüĔî
đîČĚĂđ÷ČęĂúĞćĕÿšđúĘÖÿŠüîéĎēĂéĊîĆö×ĂÜĀîĎ×ćü ñúÖćøìéúĂÜóïÖćøĒÿéÜĂĂÖ×ĂÜ÷Ċî calbindin-D9k ìĊę villous 

epithelial cells êĆĚÜĒêŠïøĉđüèåćî×ĂÜ villus ĕðÝîëċÜ÷Ăé×ĂÜ villus ĒêŠĕöŠóïÖćøĒÿéÜĂĂÖĔîđîČĚĂđ÷ČęĂßĆĚîĂČęî×ĂÜ
éĎēĂéĊîĆö (õćóìĊę 12) àċęÜßŠü÷÷Čî÷ĆîüŠćđìÙîĉÙÖćøêĉéÞúćÖēóøïĒúą×ĆĚîêĂî×ĂÜđìÙîĉÙ in situ hybridization ìĊę
ñĎšüĉÝĆ÷ĕéšìéúĂÜîĆĚîöĊðøąÿĉìíĉõćóđóĊ÷ÜóĂ ĒêŠđîČęĂÜÝćÖÖćøĔßšđìÙîĉÙ immunohistochemistry øŠüöÖĆï 

densitometric analysis ÿćöćøë localize êĞćĒĀîŠÜÖćøĒÿéÜĂĂÖ×ĂÜēðøêĊîĒúąüĆéÙüćöđ×šö×ĂÜÖćøĒÿéÜĂĂÖ
ĕéšéĊ ñĎšüĉÝĆ÷ÝċÜĔßš in situ hybridization đÞóćąĔîÖćøìéúĂÜîĞćøŠĂÜđìŠćîĆĚî 

 

êćøćÜìĊę 2 Rattus norvegicus PCR primers ìĊęĔßšĔîÖćøÿøšćÜ in situ hybridization probes 

Gene name (abbreviated name) Accession no. Primer (forward/reverse) Product length (bp) 

Indian hedgehog (Ihh) NM_053384 5´-AAGAGAGCACCTTCCATCCA-3´ 
5´-ATGTCTCCACTCTGGAGCAGA-3´ 

176 

Type II collagen (Coll II) NM_012929 5´-ATCGCCACGGTCCTACAAT-3´ 
5´-TTGTCACCACGGTCACCTC-3´ 

164 

Type X collagen (Coll X) XM_001053056 5´-TCCTCCTGTAAGAGTGAGC-3´ 
5´-ATAAGGATGGGACGACAG-3´ 

113 

Calbindin-D9k AF136283 5´-TGCTGTTCCTGTCTGACTCCT-3´ 
5´-GGGGAACTCTGACTGAATCAG-3´ 

180 
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õćóìĊę 12 in situ hybridization ĔîđîČĚĂđ÷ČęĂúĞćĕÿšÿŠüîéĎēĂéĊîĆö ĒÿéÜêĞćĒĀîŠÜÖćøĒÿéÜĂĂÖ×ĂÜ÷Ċî calbindin-D9k (ÿĊöŠüÜîĚĞćđÜĉî) 

àċęÜĒÿéÜĂĂÖïøĉđüè villous epithelial cells êĆĚÜĒêŠÿŠüîåćî×ĂÜ villus (V) ĕðÝîëċÜ÷Ăé×ĂÜ villus îĉüđÙúĊ÷ÿ×ĂÜđàúúŤ÷šĂöêĉéÿĊ
ĒéÜ (scale bar đìŠćÖĆï 100 ĕöēÙøđöêø) LP, lamina propria; C, crypt of Lieberkühn; M, smooth muscle layers 

 

9. ÿøčðñúÖćøüĉÝĆ÷ 
đðŨîìĊęìøćïÖĆîüŠć îĂÖÝćÖÖćøĔĀšîöÝąÿŠÜñúÖøąìïêŠĂöüúÖøąéĎÖ×ĂÜĒöŠĒúšü ÖćøêĆĚÜÙøøõŤĒúąĔĀšîö÷ĆÜ

ÿŠÜñúêŠĂÖøąéĎÖĂŠĂîïøĉđüèēÖøìđóúìĂĊÖéšü÷ àċęÜïøĉđüèéĆÜÖúŠćüöĊÙüćöÿĞćÙĆâĔîÖćøÙüïÙčöÖćøđóĉęöÙüćö÷ćü×ĂÜ
ÖøąéĎÖ ÝćÖÜćîüĉÝĆ÷ìĊęñŠćîöćóïüŠćÖøąéĎÖ femur Ēúą tibia ×ĂÜĀîĎ×ćüøą÷ąĔĀšîö öĊÙüćö÷ćüđóĉęö×ċĚîĂ÷ŠćÜöĊ
îĆ÷ÿĞćÙĆâìćÜÿëĉêĉđöČęĂđìĊ÷ïÖĆïĀîĎðÖêĉ àċęÜÙüćö÷ćüìĊęđóĉęö×ċĚîîĊĚöĊÙüćöÿĆöóĆîíŤÖĆïēÖøìđóúììĊęïćÜúÜĒúąĂ÷ĎŠõć÷Ĕêš
ÖćøÙüïÙčö×ĂÜăĂøŤēöîēóøĒúÙêĉî ÖćøïćÜúÜ×ĂÜēÖøìđóúìîĊĚĂćÝöĊÿćđĀêčöćÝćÖđàúúŤÖøąéĎÖĂŠĂî 

(chondrocyte) đøŠÜÖćøĒïŠÜêĆüđóĉęöÝĞćîüî (proliferation) ĒúąđðúĊę÷îÿõćó (differentiation) đóČęĂÿøšćÜÖøąéĎÖ
ĔĀšöćÖ×ċĚî àċęÜđðŨîÖøąïüîÖćøßéđß÷ÖćøđÿĊ÷öüúÖøąéĎÖĔîøąĀüŠćÜĔĀšîö 

ñúÝćÖÖćøüĉÝĆ÷îĊĚóïüŠćēóøĒúÙêĉîöĊïìïćìÙüïÙčöÖćøđÝøĉâ×ĂÜēÖøìđóúì ÝćÖÖćøìĊęñĎšüĉÝĆ÷ĕéšÝĞćúĂÜ
ÿõćüąìĊę×ćé endogenous prolactin đßŠîĕéšøĆï÷ćēïøēöÙøĉðêĉî ñúÖćøýċÖþćóïüŠćēÖøìđóúìöĊÖćøđðúĊę÷îĒðúÜ
ĕðĔîìĉýìćÜ proliferation öćÖÖüŠćÖćø differentiation ēé÷óïüŠćĔîĀîĎÖúčŠöìĊęĕéšøĆïēïøēöÙøĉðêĉîöĊÖćø
ĒÿéÜĂĂÖ×ĂÜ Ihh Ēúą PTHrP receptor đóĉęöÿĎÜ×ċĚî àċęÜēðøêĊîìĆĚÜÿĂÜßîĉéîĆĚîöĊĀîšćìĊęĔîÖćøđøŠÜÖćøĒïŠÜđàúúŤ
ÖøąéĎÖĂŠĂîĒúąßąúĂÖøąïüîÖćø differentiation ĔîÖúčŠöēðøêĊî transcription factor óïüŠć Runx2 öĊÖćø
ĒÿéÜĂĂÖúéúÜ àċęÜ Runx2 đðŨîēðøêĊîìĊęÖøąêčšîÖøąïüîÖćø differentiation ÝċÜÿćöćøëÿøčðĕéšüŠćõćüą×ćé
ăĂøŤēöîēóøĒúÙêĉîĔîøą÷ąĔĀšîöÿćöćøëßąúĂÖćøđÝĉïēê×ĂÜÖøąéĎÖĕéš ēé÷đóĉęöÖćøĒïŠÜđàúúŤÖøąéĎÖĂŠĂîïøĉđüè
ēÖøìđóúìĒêŠßąúĂÖøąïüîÖćø differentiation đóČęĂóĆçîćĕðđðŨîÖøąéĎÖ ñúÖćøüĉÝĆ÷ĔîÿŠüîîĊĚ÷ĆÜÿćöćøëßŠü÷
Ăíĉïć÷ñúÖøąìï×ĂÜ÷ćēïøēöÙøĉðêĉîêŠĂÖćøđÝøĉâ×ĂÜÖøąéĎÖĒïïđĂîēéÙĂîéøĂúĕéšĂĊÖìćÜĀîċęÜ 

C

LP 

M
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Abstract In lactation, the intestinal absorption of nutri-

ents and minerals, especially calcium, is markedly

enhanced to supply precursors for milk production. Little is

known regarding the mechanism of this lactation-induced

intestinal hyperabsorption. However, it has been postulated

to result from villous hypertrophy with enlarged absorptive

area and the upregulation of the cation-selective tight

junction protein claudin-15, which could form calcium-

permeable paracellular pores, thereby enhancing the para-

cellular calcium absorption. Here, we demonstrated in the

duodenum of 21-day lactating rats that there were increases

in the villous height, villous width and crypt depth, which

together led to expansion of absorptive surface area.

Quantitative real-time PCR further showed that the mRNA

levels of claudin-10 and -15 were increased in the duodenal

mucosal cells of lactating rats as compared to age-matched

unmated control rats. However, immunohistochemical

analysis revealed the lactation-induced upregulation of

claudin-15, but not claudin-10 protein expression in the

duodenal villous cells. The present results, therefore,

corroborated the previous hypothesis that lactation induced

intestinal absorption of calcium and perhaps other cation

minerals, in part, by increasing villous absorptive area and

claudin-15 protein expression.

Keywords Claudin � Duodenum � Intestinal hypertrophy �
Lactation � Tight junction

Introduction

In lactating mammals, the enhanced intestinal absorption

of nutrients and minerals, such as calcium, is crucial for

milk production (Prentice 2000; Kovacs 2005; Char-

oenphandhu et al. 2010). Without adequate intestinal cal-

cium supply, bone resorption is markedly enhanced to

provide free-ionized calcium, thereby leading to osteopo-

rosis and increased fracture risk (Prentice 2000; Kovacs

2005; Ofluoglu and Ofluoglu 2008). However, the mecha-

nism of the lactation-induced intestinal nutrient and min-

eral absorption is not completely understood. One of the

possible adaptive mechanisms includes hypertrophy and

hyperplasia of the intestinal villi to increase the villous

height, thereby enlarging the absorptive surface area (Fell

et al. 1963; Hammond 1997). Although several histological

studies in lactating mammals, such as rodents, pigs and

sheep, revealed hypertrophy of the intestinal mucosa (Fell

et al. 1963; Pelletier et al. 1987; Hammond 1997), the

histomorphometric determination along the crypt-villous

axis has never been performed in late lactating rats.

In addition to intestinal villous hypertrophy, the intestinal

epithelial cells may increase the expression of certain pro-

teins responsible for nutrient and mineral absorption under

the regulation of specific hormones (Charoenphandhu et al.

2009; Breves et al. 2010). For example, we recently reported
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that the lactogenic hormone prolactin was an important

maternal hormone that stimulated transcellular and para-

cellular duodenal calcium absorption (Charoenphandhu

et al. 2009, 2010). Since paracellular calcium flux is about 3

times greater than transcellular calcium flux, the lactation-

enhanced paracellular calcium transport is of greater

physiological significance (Charoenphandhu et al. 2009).

Normally, the paracellular ion transport is regulated by the

tight junction integral membrane proteins of the claudin

family, which consists of *20 members (for reviews,

please see Tsukita et al. 2001; Anderson and Van Itallie

2009). Some claudins, such as claudin-2, -12 and -15, are

capable of forming calcium-permeable paracellular pores

for the paracellular calcium transport (Fujita et al. 2008;

Charoenphandhu et al. 2009). Our recent in vitro study in

intestinal epithelium-like Caco-2 monolayer showed that

claudin-15, but not claudin-2 or -12, was essential for the

stimulatory effect of lactogenic hormone prolactin on the

paracellular calcium transport (Charoenphandhu et al.

2009). It is thus possible that, under a physiological hy-

perprolactinemic state as in lactation, the expression of

claudin-15 protein should be markedly increased in the

villous epithelial cells, which are the principal cells for

calcium absorption (Walters and Weiser 1987).

Moreover, some tight junction proteins, e.g., claudin-10,

are expressed at the early stage of epithelial cell differen-

tiation, and have been recognized as an early marker of

some differentiating epithelial cells, such as bronchiolar

epithelial cells (Zemke et al. 2009). Since increases in

intestinal cell proliferation and differentiation should occur

during lactation, the expression of claudin-10 protein might

be altered in the duodenal villous epithelial cells.

Therefore, the present study aimed to perform a histo-

morphometric analysis of maternal villous and crypt changes

during late lactation. The expressions of claudin-10 and -15

proteins were also investigated in the duodenal epithelial

cells of lactating rats. Duodenum was used in the present

study because it normally absorbs dietary calcium with a

relatively high rate as compared to the jejunum and ileum

(Hoenderop et al. 2005). Moreover, the duodenum is well

responsive to prolactin, which is the important regulator of

paracellular calcium transport in lactation (Jantarajit et al.

2007; Charoenphandhu et al. 2009).

Materials and methods

Animals

Female non-mated (age-matched non-pregnant control) and

pregnant Sprague–Dawley rats (Rattus norvegicus; 8-week-

old, weighing 210–220 g) were obtained from the National

Laboratory Animal Center, Salaya, Nakhon Pathom, Thailand.

They were housed in standard stainless steel cages under

12:12 h light:dark cycle (light on at 06:00 h; average illumi-

nance of 200 lx), and fed standard chow containing 1.0 %

wt/wt calcium, 0.9 % wt/wt phosphorus, and 4,000 IU/kg

vitamin D (CP, Bangkok, Thailand) and reverse osmosis water

ad libitum. Roomtemperature was controlled at 22–24 �C with

relative humidity of *50–60 %. After delivery, the litter size

was adjusted to eight pups per dam. The dams were sacrificed

for tissue collection on day 21 of lactation. Tissues were also

collected from the age-matched non-pregnant control rats.

This study has been approved by the Institutional Animal Care

and Use Committee (IACUC) of the Faculty of Science,

Mahidol University, Thailand.

Tissue preparation

Under 40 mg/kg sodium pentobarbitone i.p. (Ceva Santé

Animale, Libourne, France) anesthesia, a 1.5-cm median

laparotomy was performed with a pair of sterile surgical

scissors. The fat pad and connective tissues were retracted

for a clear operative field. A duodenal segment was dis-

sected from the lactating rat or age-matched control rat,

and then subjected to total RNA extraction and histological

examination. All duodenal segments were obtained from

the same location (*0.5–1 cm distal to the pylorus).

Regarding histological examination, after removal of

luminal content and adhering connective tissues, the tissues

were immediately fixed and preserved at 4 �C for 24 h in

0.1 M phosphate-buffered saline (PBS) containing 4 % w/v

paraformaldehyde. Thereafter, they were dehydrated and

cleared by graded ethanol (70, 80, 90, 95 and 100 %

ethanol) and xylene, respectively, for 30 min at each step.

After being embedded in paraffin, these 1-cm specimens

were longitudinally cut into 5-lm sections. The examined

sections were located *0.5–1 cm from the pylorus. After

deparaffinization, the sections were stained with hema-

toxylin & eosin (H&E) for histomorphometric analysis. In

some experiments, sections were subjected to immuno-

histochemical analyses of claudin-10 and -15 expression.

Immunohistochemistry

After deparaffinization, sections were incubated at 37 �C

for 30 min in antigen retrieval solution [0.01 mg/mL pro-

teinase K, 50 mM Tris–HCl pH 8.0 and 5 mM ethylene-

diaminetetraacetic acid (EDTA)] to expose the antigenic

sites, thus facilitating binding between target proteins and

antibodies. Thereafter, the sections were incubated for 1 h

with 3 % H2O2 to inhibit endogenous peroxidase activity.

Non-specific bindings were blocked by 2-h incubation with

4 % bovine serum albumin, 5 % normal goat serum, and

0.1 % Tween-20 in PBS before being incubated at 4 �C
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overnight with 1:100 rabbit polyclonal primary antibodies

against claudin-10 (catalog no. sc-25710) and -15 (catalog

no. sc-25712; Santa Cruz Biotechnology, CA, USA). As

for the ‘‘negative controls’’, the sections were incubated with

blocking solution in the absence of claudin-10 or -15 pri-

mary antibodies. After being washed with 0.1 % Tween-20

in PBS, the sections were incubated for 1 h at room

temperature with 1:500 biotinylated goat anti-rabbit IgG

(catalog no. 81-6140; Zymed, South San Francisco, CA,

USA), followed by 60-min incubation with streptavidin-

conjugated horseradish peroxidase solution (Zymed) and

3,30-diaminobenzidine chromogen (DAB; Pierce, Rockford,

IL, USA). Finally, the sections were counterstained with

hematoxylin and examined under a light microscope (model

DP50; Olympus, Tokyo, Japan).

Histomorphometric analysis

To minimize an error due to the area of measurement (e.g.,

proximal vs. distal parts of the duodenum), the specimens

were obtained from the same area relative to the pylorus,

and were examined in a double-blind fashion. Prior to the

histomorphometric analysis, the sections were first verified

for the presence of Brunner’s glands, which is a histolog-

ical marker for the duodenum (Paulsen 2010). Villous

height, villous width and crypt depth were obtained from

the same section (4 animals per group; 10 sections per

animal; 1009 magnification), according to the modified

method of Thulesen et al. (1999). Each villus that was cut

along its longitudinal axis was used to determine both

villous height and width. Villous height was measured

from the tip to the base of each villus. Villous width was

the width of the villous base. Crypt depth was measured

from the base of each villus down to the junction between

crypt and smooth muscle layer. All three parameters were

determined at 5 sites from each figure, and each examined

villus was cut through its center which was perpendicular

to the long axis of the intestine in order that the villous

height and width were accurately measured.

Quantitative determination of immunohistochemical

signals was modified from the methods of Wongdee et al.

(2010) and Lehr et al. (1999). Selection of DAB-positive

signals (brownish color) was performed by Adobe Photo-

shop CS3 (Adobe System, San Jose, CA, USA) by filtering

the specific color shade [in red–green–blue (RGB) mode]

and color intensity in the regions of interest (ROI), which

covered each intact intestinal villus or crypt. The RGB

color ranges were red = 86, green = 53, and blue = 40,

and the fuzziness value was adjusted to 95 %. All pixels

with DAB-positive color on the ROI were automatically

highlighted by the software, while other pixels outside the

defined color range were not included. Pixel counting was

performed by the Histogram command, which showed the

numbers of the total and DAB-positive pixels in the ROI.

Relative signal intensity was normalized by the average of

negative control signals (i.e., the DAB-positive signals

from the negative control sections). The relative signal

intensity was calculated as followed.

Relative intensity ¼ Positive pixels=ð
Total pixelsÞAge�matched control or lactation=

Positive pixels=Total pixelsð ÞNegative control

Total RNA preparation

Total RNA was prepared from duodenal mucosal scraping

by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)

according to the manufacturer’s instruction. Purity of the

total RNA was determined by NanoDrop-2000c spectro-

photometer (Thermo Scientific, Waltham, MA, USA)

reading at 260 and 280 nm, the ratio of which ranged

between 1.8 and 2.0. Thereafter, total RNA (1 lg) was

reverse-transcribed to cDNA with iScript cDNA synthesis

kit (Bio-rad, Hercules, CA, USA) by a conventional thermal

cycler (model MyCycler; Bio-rad). Rat glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as an internal

control to check the consistency of the reverse transcription

(percent coefficient of variation\5 %; n = 10).

Quantitative real-time PCR (qRT-PCR)

PCR primers used in qRT-PCR study (Table 1) were first

checked for specificity and efficiency by conventional RT-

PCR, as previously described (Nuntapornsak et al. 2010;

Wongdee et al. 2011). Conventional RT-PCR was performed

with GoTaq Green Master Mix (Promega, Madison, WI,

USA) and Bio-Rad MyCycler. qRT-PCR and melting curve

analyses were operated by Bio-rad MiniOpticon system with

SsoFast EvaGreen Supermix (Bio-rad). Amplification reac-

tion was performed for 45 cycles at 95 �C for 5 s and 55 �C

annealing temperature for 10 s. PCR products were also

visualized on 2 % agarose gel stained with 1 lg/mL ethi-

dium bromide (Sigma) under a UV transilluminator (Alpha

Innotech, San Leandro, USA). In addition, PCR products

were extracted by DNA extraction kit (catalog no. K0513;

Fermentas, Thermo Scientific) and verified for the correct

sequences by ABI Prism 3100 Genetic Analyzer (Applied

Biosystems, Foster City, CA, USA). Gene expression levels

were normalized by GAPDH expression.

Statistical analysis

Unless otherwise specify, the results are expressed as

mean ± SE. Comparisons between lactating group and age-

matched non-pregnant control group were performed by

nonparametric Mann–Whitney test. The level of significance
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was p \ 0.05. Means, standard error of the mean, and sta-

tistical tests were analyzed by GraphPad Prism 5.0 for

Windows (GraphPad Software, San Diego, CA, USA).

Results

As shown in Fig. 1, histomorphometric analysis of duodenal

mucosa in the control and lactating rats revealed that lacta-

tion significantly increased the villous height and width by

*10 and *11 %, respectively, thereby increasing the sur-

face area of a single villus for nutrient absorption by roughly

at least 23 % (assuming that the villus has a cylindrical shape

with one closed end). Thus, the lamina propria, a loose

connective tissue forming the core of the villus, was enlarged

during lactation. Crypt depth was markedly increased by

*43 % in lactating rats. These results suggested the com-

pensatory adaptation of the maternal intestine to increase

nutrient and mineral absorption.

As determined by qRT-PCR, the mRNA expression of

GAPDH was not altered in lactation (Fig. 2a). The mRNA

levels of claudin-10 and -15 were significantly increased in

lactating rats compared to those in age-matched control rats

(Fig. 2). Immunohistochemical analysis revealed that

claudin-10 and -15 proteins were natively expressed in the

duodenal villous cells, including villous absorptive cells

and goblet cells, in age-matched control rats (Fig. 3). In

lactating rats, the expression of claudin-15 proteins was

apparently enhanced in both goblet and absorptive cells. In

the absorptive cells, claudin-15 expression was intense near

the apical part of the cells, corresponding to the tight

junction region. Some signals could be observed in the

cytoplasm and other parts of the basolateral membrane

(data not shown). Besides the villous epithelium, claudin-

15 expression was also upregulated in the endothelial lin-

ings of the central lacteals in the villous cores (Fig. 3c, d).

Quantitative immunohistochemical analysis confirmed an

increase in claudin-15 expression by *5-fold in the duo-

denum of lactating rats (Fig. 4). On the other hand, lacta-

tion did not significantly alter claudin-10 expression

(p = 0.067) in the duodenal villous cells or cells in the

lamina propria (Figs. 3a, b and 4).

Discussion

During lactation, hyperabsorption of nutrients and minerals

is an important adaptive mechanism of the intestine to

supply sufficient precursors for milk production (Prentice

2000; Kovacs 2005; Charoenphandhu et al. 2010). Calcium

is one of the major minerals absorbed by the small intestine

in greater amount during this reproductive period (Prentice

2000; Kovacs 2005). However, the mechanisms responsi-

ble for lactation-induced intestinal nutrient and calcium

absorption remain elusive. Since the nutrient and mineral

absorptions usually occur at the tip and/or middle one-third

of the villus (Bikle et al. 1984; Walters and Weiser 1987),

it was hypothesized that the lactation-induced villous

hypertrophy with enlarged absorptive surface area con-

tributed significantly to the hyperabsorption.

In the present study, the duodenal adaptation in the

crypt-villous axis was demonstrated in 21-day lactating

A B CFig. 1 a Villous height,

b villous width, and c crypt

depth in the duodenum of

21-day lactating and age-

matched control rats

(n = 4 per group). ** p \ 0.01,

*** p \ 0.001 compared with

its respective control group

Table 1 Rattus norvegicus
primers used in the qRT-PCR

experiment

GAPDH glyceraldehyde-3-

phosphate dehydrogenase

Gene name Accession no. Primer (forward/reverse) Product length (bp)

Tight junction-related genes

Claudin-10 XM_001074876 50-CATATTGTCAGGTCTGTGTTC-30 200

50-TGGGTGTTTTGTTGTTGTC-30

Claudin-15 XM_222085 50-GCTGTGCCACCGACTCCC-30 330

50-CAGAGCCCAGTTCATACTTG-30

Housekeeping gene

GAPDH NM_017008 50-AGTCTACTGGCGTCTTCAC-30 133

50-TCATATTTCTCGTGGTTCAC-30
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rats. Specifically, the duodenal mucosal adaptation showed

marked elongation and widening of the villi, resulting in

expansive absorptive surface area, consistent with the

previous histological findings in rats, pigs and sheep (Fell

et al. 1963; Pelletier et al. 1987; Hammond 1997). Such an

increase in the absorptive surface area was also accompa-

nied by increased thickness of the intestinal crypts. Evi-

dently, the intestinal crypt also serves as a reserve pool of

progenitor cells to replace the sloughed-off absorptive cells

in the villous tip (Pinto and Clevers 2005). Despite an

upregulation of claudin-10 mRNA expression, lactation did

not alter the duodenal expression level of claudin-10 pro-

tein, which is an early marker in some differentiating

epithelia, such as the airway epithelia during development

and repair (Zemke et al. 2009). Therefore, claudin-10 may

not be a good marker for intestinal cell differentiation. In

addition, similar to other members of the claudin family,

claudin-10 proteins also form paracellular pores with size-

and charge-selective properties (Van Itallie et al. 2006).

Thus, claudin-10 may not be involved in the lactation-

induced increase in paracellular permeability to minerals.

On the other hand, we demonstrated the lactation-

induced upregulation of cation-selective claudin-15 protein

expression predominantly in the apical part of the villous

absorptive cells, as well as in some other cells in the

intestinal mucosa, such as goblet cells and endothelium of

central lacteals. In the villous absorptive cells, claudin-15

signals could also be observed in the cytoplasm since

claudins are dynamic tight junction proteins, which could

be endocytosed and re-inserted into the plasma membrane

during dynamic tight junction remodeling (Matsuda et al.

2004). Nevertheless, the present results were consistent

with the previous report in the intestinal epithelium-like

Caco-2 monolayer that claudin-15 was essential for the

A B C

Fig. 2 The levels of a GAPDH, b claudin-10 and c claudin-15

transcripts in the duodenal mucosal cells of age-matched control and

21-day lactating rats (n = 10 per group). The mRNA levels of

claudins were determined by qRT-PCR and normalized by GAPDH

mRNA expression. * p \ 0.05 compared with the control group

A B

C D

Fig. 3 Representative

immunohistochemical

photomicrographs of a–

b claudin-10 and c–d claudin-15

protein expression in the

duodenum of age-matched

control and 21-day lactating rats

(4009 magnification; bars,

50 lm). The positive brownish
signals of claudin proteins are

localized predominantly in the

villous absorptive cells

(arrows), lateral membrane of

goblet cells (G), and endothelial

cells (E) of central lacteals in

the lamina propria (LP)
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prolactin- or lactation-enhanced paracellular calcium

absorption (Charoenphandhu et al. 2009, 2010). Therefore,

we have provided further evidence for the physiological

significance of cation-selective tight junction protein

claudin-15, which may form calcium-permeable paracel-

lular pores in the duodenal absorptive epithelium of lac-

tating rats. In addition, claudin-15 also plays an important

role in the maintenance of proper intestinal microstructure

(Tamura et al. 2008, 2011). Claudin-15-deficient mice

manifested a conspicuous intestinal anomaly known as

megaintestine, in which the upper small intestine was *2-

fold larger than normal in the length and diameter with

impaired sodium and glucose absorptions (Tamura et al.

2008, 2011). Furthermore, since claudin-15 expression in

the absorptive villous cells facilitated sodium-dependent

glucose absorption (Tamura et al. 2011), the present

claudin-15 upregulation may also contribute to the

enhancement of intestinal glucose absorption in lactating

mothers.

The exact explanation as to why claudin-15 expression

was upregulated in the endothelial cells of lacteals has not

been known. Under normal conditions, endothelial

expression of claudin-15 is predominantly observed in the

vasa recta of the renal medulla (Inai et al. 2005). Since the

central lacteals are essential for the maintenance of villous

hydrostatic pressure as well as for the lipid (chylomicron)

absorption (Tso and Balint 1986), an increase in claudin-15

protein expression might alter lacteal endothelial perme-

ability to facilitate both functions. Perin et al. (1997) also

reported that intestinal lipid absorption was significantly

enhanced in lactating rats.

In conclusion, the lactation-induced expansion of villous

absorptive area resulted from increases in the villous height

and width, probably to help enhance nutrient and mineral

absorption. During this reproductive period, the protein

expression of claudin-15, but not claudin-10, was markedly

elevated, which could in turn augment the paracellular

calcium absorption across the villous epithelium

(Charoenphandhu et al. 2009). The present evidence thus

supports the previous hypothesis that lactation induces the

intestinal absorption of calcium and perhaps other cation

minerals, in part, by increasing villous absorptive surface

area and claudin-15 protein expression (Charoenphandhu

et al. 2010).
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Pelletier G, de Passillé AM, Bernier-Cardou M, Morisset J (1987)

Influence of pregnancy, lactation, litter size and diet energy

density on the stomach and intestine of sows. J Nutr 117(10):

1759–1766

Perin N, Keelan M, Jarocka-Cyrta E, Clandinin MT, Thomson AB

(1997) Ontogeny of intestinal adaptation in rats in response to

isocaloric changes in dietary lipids. Am J Physiol 273(3 Pt 1):

G713–G720

Pinto D, Clevers H (2005) Wnt control of stem cells and differen-

tiation in the intestinal epithelium. Exp Cell Res 306(2):

357–363. doi:10.1016/j.yexcr.2005.02.022

Prentice A (2000) Calcium in pregnancy and lactation. Annu Rev

Nutr 20:249–272. doi:10.1146/annurev.nutr.20.1.249

Tamura A, Kitano Y, Hata M, Katsuno T, Moriwaki K, Sasaki H,

Hayashi H, Suzuki Y, Noda T, Furuse M, Tsukita S (2008)

Megaintestine in claudin-15-deficient mice. Gastroenterology

134(2):523–534. doi:10.1053/j.gastro.2007.11.040

Tamura A, Hayashi H, Imasato M, Yamazaki Y, Hagiwara A, Wada

M, Noda T, Watanabe M, Suzuki Y, Tsukita S (2011) Loss of

claudin-15, but not claudin-2, causes Na? deficiency and glucose

malabsorption in mouse small intestine. Gastroenterology

140(3):913–923. doi:10.1053/j.gastro.2010.08.006

Thulesen J, Hartmann B, Nielsen C, Holst JJ, Poulsen SS (1999)

Diabetic intestinal growth adaptation and glucagon-like peptide

2 in the rat: effects of dietary fibre. Gut 45(5):672–678. doi:

10.1136/gut.45.5.672

Tso P, Balint JA (1986) Formation and transport of chylomicrons

by enterocytes to the lymphatics. Am J Physiol 250(6 Pt 1):

G715–G726

Tsukita S, Furuse M, Itoh M (2001) Multifunctional strands in tight

junctions. Nat Rev Mol Cell Biol 2(4):285–293. doi:10.1038/

35067088

Van Itallie CM, Rogan S, Yu A, Vidal LS, Holmes J, Anderson JM

(2006) Two splice variants of claudin-10 in the kidney create

paracellular pores with different ion selectivities. Am J Physiol

Renal Physiol 291(6):F1288–F1299. doi:10.1152/ajprenal.00138.

2006

Walters JR, Weiser MM (1987) Calcium transport by rat duodenal

villus and crypt basolateral membranes. Am J Physiol 252

(2 Pt 1):G170–G177

Wongdee K, Riengrojpitak S, Krishnamra N, Charoenphandhu N

(2010) Claudin expression in the bone-lining cells of female rats

exposed to long-standing acidemia. Exp Mol Pathol

88(2):305–310. doi:10.1016/j.yexmp.2009.12.005

Wongdee K, Tulalamba W, Thongbunchoo J, Krishnamra N,

Charoenphandhu N (2011) Prolactin alters the mRNA expression

of osteoblast-derived osteoclastogenic factors in osteoblast-like

UMR106 cells. Mol Cell Biochem 349(1–2):195–204. doi:

10.1007/s11010-010-0674-4

Zemke AC, Snyder JC, Brockway BL, Drake JA, Reynolds SD,

Kaminski N, Stripp BR (2009) Molecular staging of epithelial

maturation using secretory cell–specific genes as markers. Am J

Respir Cell Mol Biol 40(3):340–348. doi:10.1165/rcmb.2007-

0380OC

J Mol Hist (2013) 44:103–109 109

123

http://dx.doi.org/10.1679/aohc.68.349
http://dx.doi.org/10.1152/ajpendo.00142.2007
http://dx.doi.org/10.1007/s10911-005-5394-0
http://dx.doi.org/10.1177/002215549904700113
http://dx.doi.org/10.1242/jcs.00972
http://dx.doi.org/10.1002/cbf.1617
http://dx.doi.org/10.1002/cbf.1617
http://dx.doi.org/10.1007/s00296-008-0641-5
http://dx.doi.org/10.1016/j.yexcr.2005.02.022
http://dx.doi.org/10.1146/annurev.nutr.20.1.249
http://dx.doi.org/10.1053/j.gastro.2007.11.040
http://dx.doi.org/10.1053/j.gastro.2010.08.006
http://dx.doi.org/10.1136/gut.45.5.672
http://dx.doi.org/10.1038/35067088
http://dx.doi.org/10.1038/35067088
http://dx.doi.org/10.1152/ajprenal.00138.2006
http://dx.doi.org/10.1152/ajprenal.00138.2006
http://dx.doi.org/10.1016/j.yexmp.2009.12.005
http://dx.doi.org/10.1007/s11010-010-0674-4
http://dx.doi.org/10.1165/rcmb.2007-0380OC
http://dx.doi.org/10.1165/rcmb.2007-0380OC


REVIEW

Endochondral bone growth, bone calcium accretion,
and bone mineral density: how are they related?

Kannikar Wongdee • Nateetip Krishnamra •

Narattaphol Charoenphandhu

Received: 6 February 2012 / Accepted: 8 May 2012 / Published online: 25 May 2012
! The Physiological Society of Japan and Springer 2012

Abstract Endochondral bone growth in young growing
mammals or adult mammals with persistent growth plates

progresses from proliferation, maturation and hypertrophy

of growth plate chondrocytes to mineralization of carti-
laginous matrix to form an osseous tissue. This complex

process is tightly regulated by a number of factors with

different impacts, such as genetics, endocrine/paracrine
factors [e.g., PTHrP, 1,25(OH)2D3, IGF-1, FGFs, and

prolactin], and nutritional status (e.g., dietary calcium and

vitamin D). Despite a strong link between growth plate
function and elongation of the long bone, little is known

whether endochondral bone growth indeed determines

bone calcium accretion, bone mineral density (BMD), and/
or peak bone mass. Since the process ends with cartilagi-

nous matrix calcification, an increase in endochondral bone

growth typically leads to more calcium accretion in the
primary spongiosa and thus higher BMD. However, in

lactating rats with enhanced trabecular bone resorption,

bone elongation is inversely correlated with BMD.
Although BMD can be increased by factors that enhance

endochondral bone growth, the endochondral bone growth
itself is unlikely to be an important determinant of peak

bone mass since it is strongly determined by genetics.

Therefore, endochondral bone growth and bone elongation
are associated with calcium accretion only in a particular

subregion of the long bone, but do not necessarily predict

BMD and peak bone mass.

Keywords Bone mineral density (BMD) ! Exercise !
Intestinal calcium absorption ! Peak bone mass !
Pregnancy ! Vitamin D

Introduction

As a primary structural framework of the body, bone for-

mation takes place by two distinct mechanisms, i.e., intra-

membranous and endochondral ossifications. Most flat
bones such as the skull are formed by intramembranous

bone formation, in which bone tissue is laid down directly

in primitive connective tissue or mesenchymes without
being preceded by the formation of cartilage template [1–3].

On the other hand, long bones such as the tibia and femur

are formed by endochondral bone formation, in which bone
tissue replaces the preexisting cartilage template. Thus,

endochondral bone growth requires precise timing of the
sequential steps of proliferation and differentiation of

growth plate chondrocytes [1–3]. Despite a considerable

amount of information regarding endochondral bone
growth, evidence of its influence over the subsequent bone

calcium accretion, bone mineral density (BMD; mineral

amount per a unit area of bone) or peak bone mass is sparse.
In this review, we elaborate that the process of endochon-

dral bone growth does affect bone calcium accumulation in

the primary spongiosa near the growth plate as well as
an increase in total bone length. Thus, under normal con-

ditions, the resultant BMD should exhibit a positive corre-

lation with bone elongation. However, under certain
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physiological conditions, such as in lactation, a correlation
between bone elongation and BMD may be inversed.

Growth plate chondrocytes and endochondral bone
growth

The growth plates located in the proximal and distal

epiphyses near the ends of the long bone contain chondro-
cytes at different stages of development. Proliferation and

differentiation of growth plate chondrocytes lead to growth

and elongation of the bone [1, 2, 4]. Histologically, the
growth plate is divided into 3 zones from metaphysis to

diaphysis, i.e., reserve or resting zone, proliferative zone,

and hypertrophic zone (Fig. 1) [1–3]. The reserve zone is
rich in extracellular matrix proteins, e.g., proteoglycans and

type-IIb collagen with embedded small, uniform, low

mitotically active chondroblasts [2]. The reserved chon-
droblasts, in turn, go through the proliferative zone, where

chondrocytes have highly proliferative capacity and are

packed into parallel vertical columns. The synthesis of type-
II and -XI collagens is increased in this zone [1, 2]. Towards

the end of the proliferation phase, chondrocytes which

progressively differentiate into mature cells, by increasing
cell size (hypertrophy) and accumulating glycogen in their

cytoplasm, start to secrete type-X collagen in abundance.

This zone is called a hypertrophic zone [2]. Ultrastructur-
ally, the mature chondrocytes contain abundant rough

endoplasmic reticulum and developing Golgi apparatus

with numerous filopodia on the plasma membrane [2, 4].
Mature chondrocytes then undergo degeneration by apop-

tosis, and the matrix is later invaded by capillaries, osteo-

blasts, and hematopoietic cells from the marrow [1, 2].
Cartilaginous matrix also acts as a scaffold for hydroxy-

apatite formation, and matrix calcification ensues. The rate

of matrix production by hypertrophic chondrocytes and

calcification are important determinants of bone elongation
[1, 2, 4]. The endochondral bone growth is thus the primary

mechanism that determines the skeletal framework, bone
morphology, and bone mineral accretion, while other fac-

tors, such as nutritional status, (patho)physiological condi-

tions (e.g., lactation), physical activity, or exercise can
impact the degree of calcium accumulation and bone

microstructure. Exercise training is also capable of inducing

chondrocyte proliferation and osteoblast-mediated bone
formation in humans and rodents [5, 6]. Having said that, is

it reasonable to propose that endochondral bone growth is

an important determinant of bone calcium accretion, and
thus BMD? Supporting evidence comes from Gafni and

colleagues [7] who investigated bone recovery in dexa-

methasone-treated 5-week-old rabbits, and found that,
although dexamethasone induced growth retardation and

severe osteoporosis (low BMD), after stopping such a

treatment, endochondral bone growth (represented by bone
length), and cortical and trabecular bone mass were con-

currently recovered within 16 weeks, with endochondral

bone growth and BMD finally showing no difference
between control and dexamethasone-treated groups.

Therefore, endochondral bone growth and bone calcium

accretion as represented by bone elongation and BMD,
respectively, should generally show positive correlation.

However, under certain physiological conditions, such as

lactation, these two parameters may be inversely correlated
(see below).

Local regulators of growth plate development
and endochondral bone growth

Development of growth plate chondrocytes, i.e., prolifer-

ation, differentiation, maturation, and apoptosis, is tightly

regulated by several factors, e.g., genetics, hormones, local

Fig. 1 Longitudinal section of
the growth plate (epiphyseal
plate) of the proximal tibial
metaphysis. The growth plate
separates the epiphysis from the
metaphysis, and is important for
endochondral bone formation.
The growth plate is divided into
reserve zone (RZ), proliferative
zone (PZ) and the hypertrophic
zone (HZ), which is next by the
primary spongiosa (PS)—the
initial trabecular network
formed after vascular invasion
and matrix calcification
(hematoxylin–eosin staining;
scale bar 30 lm)
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cytokines, and nutritional status, as well as individual

lifestyle [1, 8, 9]. In addition to circulating hormones
known to have crucial roles in the regulation of endo-

chondral bone growth [e.g., growth hormone, insulin-like

growth factor (IGF)-1, thyroid hormone, estrogen and
androgens], transcription factors (e.g., Sox9 and Runx2),

and secretory local factors, e.g., Indian hedgehog protein

(Ihh), parathyroid hormone-related peptide (PTHrP),
fibroblast growth factors (FGFs), and bone morphogenetic

proteins (BMPs) produced by chondrocytes are also

important for proper development and regulation of mor-
phological heterogeneity of growth plate chondrocytes [1,

8–10]. An overview of important local factors and their

interactions is depicted in Fig. 2.
In the proliferative zone, an obligatory protein for

chondrocyte development is PTHrP. PTHrP is expressed

and secreted by periarticular perichondrium and prolifera-
tive growth plate chondrocytes, which can bind to PTH/

PTHrP receptor on both late proliferative and hypertrophic

chondrocytes [1, 8, 11]. Binding of PTHrP and its receptor
maintains chondrocytes in their proliferative state and

prevents progression of proliferative chondrocytes to

hypertrophic chondrocytes [1, 12]. However, the prolifer-
ative chondrocytes distant from the site of PTHrP pro-

duction are able to escape from the influence of PTHrP,

thereby transforming into prehypertrophic and hypertro-

phic cells [1, 8, 9]. Meanwhile, the prehypertrophic chon-
drocytes begin to express Ihh as a negative feedback

regulator to prevent proliferative chondrocyte progression

into the hypertrophic stage [1, 8, 9, 11]. Ihh belongs to the
family of hedgehog proteins, which play roles in embry-

onic patterning and development [1, 9, 10]. Once released,

Ihh maintains PTHrP expression in proliferative chondro-
cytes, which in turn, slows down or inhibits Ihh production

in a negative feedback manner [1, 2, 8]. When the prehy-
pertrophic chondrocytes undergo hypertrophy, they pro-

duce type-X collagen, alkaline phosphatase, and

transglutaminase (TG), which can be used as markers of
hypertrophic chondrocytes [2, 13]. It is noteworthy that this

is the first zone that produces alkaline phosphatase, an

essential enzyme for the matrix calcification process [2].
TG2 produced by prehypertrophic chondrocytes acts partly

to promote chondrocyte hypertrophy [2, 14].

In addition to PTHrP/Ihh, other important local secre-
tory proteins that regulate growth plate development are

FGFs and BMPs. BMPs are members of the transforming

growth factor (TGF)-b family that have diverse roles in
bone development (for review, see [9]). BMP-7 is

expressed in proliferative chondrocytes, whereas BMP-6 is

expressed in prehypertrophic and hypertrophic chondro-
cytes [1, 9, 15]. BMP signaling appears to promote Ihh

production in prehypertrophic and hypertrophic chondro-

cytes, thereby increasing the number of proliferative
chondrocytes and the thickness of the proliferative zone [9,

16]. On the other hand, FGF signaling through four iso-

forms of FGF receptors (FGFR) has an opposite effect to
BMPs. For example, activation of FGFR3, which is

expressed in proliferative and hypertrophic chondrocytes,

inhibits chondrocyte proliferation and accelerates chon-
drocyte hypertrophy [1, 17]. The reciprocal effects of

BMPs and FGFs on terminal differentiation of hypertrophic

chondrocytes are essential for proper matrix calcification
[9].

Besides the secretory proteins, an important transcrip-

tion factor required for maturation of chondrocytes is the
sex-determining region Y-box 9 (Sox9), one of the earliest

markers of chondrocyte condensation, which is expressed

in chondroprogenitors and proliferating chondrocytes [1, 9,
18]. Sox9 is essential for chondrocyte proliferation and

delays the onset of chondrocyte hypertrophy [1, 19].

Inactivation of Sox9 in limb buds prior to mesenchymal
condensation led to a complete absence of cartilage and

bone formation. The embryo also manifested severe gen-

eralized chondrodysplasia and dwarfism [19]. Downstream
to Sox9 is runt-related transcription factor (Runx)-2, an

essential transcription factor that drives differentiation and

hypertrophy of proliferative chondrocytes [2, 20, 21].
Runx2 is also an early transcription factor for commitment

Fig. 2 An overview of the regulation of growth plate chondrocyte
development by secretory and transcriptional factors. Parathyroid
hormone-related peptide (PTHrP) synthesized from the perichondral
cells in the epiphysis and growth plate chondrocytes acts directly on
PTHrP receptor in the proliferative chondrocytes to keep chondro-
cytes in the proliferative stage. The prehypertrophic chondrocytes
express Indian hedgehog homolog (Ihh) which acts as a negative
feedback regulator that suppresses its own synthesis by stimulating
PTHrP production, thereby preventing further differentiation of
proliferative chondrocytes. Bone morphogenetic proteins (BMPs)
promote Ihh production, whereas fibroblast growth factors (FGFs)
decrease Ihh production. A proper chondrocyte development also
requires regulation from transcription factors, such as Sox9, Runx2,
and MEF2C, which induce chondrocyte proliferation and maturation.
On the other hand, chondrocyte maturation is suppressed by the
enzyme HDAC4
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of osteoblast lineage; therefore, an absence of Runx2

expression results in no osteoblast formation [9, 22].
In vivo evidence of delayed chondrocyte hypertrophy in

Runx2 null mice confirmed its function by showing a

delayed chondrocyte hypertrophy [15, 21]. Another evi-
dence in Runx2/Runx3 double knockout mice showed a

complete absence of chondrocyte maturation [21]. An in

vitro study in prechondrogenic ATDC5 cells also suggested
that Runx2 induced chondrogenic differentiation and

hypertrophy [20]. Moreover, the function of Runx2 could
be modulated by several intracellular proteins, such as

myocyte enhancer factor-2C (MEF2C, a transcription fac-

tor) [23] and histone deacetylase-4 (HDAC4, an enzyme
that removes acetyl groups from a histone), which enhan-

ces Runx2 expression and inhibits Runx2 activity, respec-

tively [24]. Runx2 also promotes vascular invasion and
initiates commitment of mesenchymal stem cell differen-

tiation into osteoblasts [22, 25].

Anomalous up- or downregulation of Ihh and PTHrP
expressions not only impair growth plate development but

also affect whole body osteogenesis [26–29]. Target dele-

tion of PTHrP or its receptor in mice was lethal and the
fetus showed premature chondrocyte differentiation, lead-

ing to abnormally excessive bone formation at birth [27].

In contrast, overexpressed PTHrP mice showed chondro-
dysplasia, characterized by short-limbed dwarfism and

delayed chondrocyte differentiation, leading to retardation

of endochondral bone growth [28, 29]. Similarly, Ihh null
mice showed dwarfism of all appendicular and axial skel-

etal elements, decreased chondrocyte proliferation, matu-

ration of chondrocyte at inappropriate location, and failure
of osteoblast development in cortical and trabecular parts

of the long bones [26]. Although BMD was not directly

determined in the aforementioned studies, deletion or
overexpression of Ihh and PTHrP could have deleterious

effect on bone structure and bone formation.

Endochondral bone growth and bone calcium accretion
in vitamin deficiency

It is widely accepted that genetic background is a major

factor controlling endochondral bone growth [8, 30].
However, nutritional status can also have effects on

endochondral bone growth and calcium accretion [8, 31,

32]. A number of nutrients, e.g., vitamins, calcium, phos-
phate, and lactose, cooperatively provide sufficient amount

of precursors required for bone growth [32–35].

Regarding the roles of vitamins in normal bone growth
and development, vitamins A and D regulate endochondral

bone growth presumably through their actions on growth

plate chondrocytes [32, 36, 37]. The biologically active
metabolite of vitamin D [i.e., 1,25-dihydroxyvitamin D3;

1,25(OH)2D3] also indirectly induces matrix mineraliza-

tion, calcium accretion, and bone growth by enhancing
intestinal calcium absorption [38]. However, the direct

roles of 1,25(OH)2D3 on growth plate chondrocyte prolif-

eration and differentiation are not completely understood.
Vitamin D deficiency can induce abnormal bone growth

known as rickets in the young and osteomalacia in adults.

In rickets, failure of two separate processes are evident: (1)
the growth plate chondrocytes fail to complete a sequential

process of proliferation, differentiation and degeneration;
and (2) the matured chondrocytes persist in the hypertro-

phic state without undergoing degeneration; therefore,

there is no capillary invasion and matrix mineralization
[34, 39–41]. An investigation in vitamin D receptor (VDR)

knockout mice revealed the rachitic changes throughout the

body. The growth plate of VDR knockout mice showed
extensive disorganization of the chondrocyte column with

an increase in the growth plate thickness [42]. Without

proper bone formation, the accumulated osteoid (non-
mineralized matrix) and cartilage are distorted by the

pressure from weight bearing, thus producing pathological

features such as bowed legs [34, 39, 41]. The severity
depends on duration and degree of vitamin D deficiency.

In vivo studies of 8-day-old vitamin D-deficient chick

showed an absence of PTH/PTHrP receptor expression in
the growth plate chondrocytes [43]. This reduction of PTH/

PTHrP receptor expression in the rachitic chicks was

apparently due to compensatory high plasma PTH, which
downregulated PTH/PTHrP receptor expression [43]. In

addition to the effect on the growth plate, local vitamin D

deficiency also affects vascular invasion [37, 44]. Chon-
drocyte-specific inactivation of Cyp27b1 which is the

1,25(OH)2D3-synthesizing enzyme in mice led to

decreased mRNA expression of vascular endothelial
growth factor (VEGF), an essential growth factor for vas-

cular invasion [37, 44]. Such a decrease in angiogenesis

may partly contribute to growth plate deformity and stunt
growth. Although rickets may also lead to abnormal end-

osteal and periosteal ossification, low BMD in the patients

partly results from impaired endochondral bone formation
[39]. It is possible that, regardless of the calcipenic or

phosphopenic causes of rickets, failure of apoptosis of the

growth plate hypertrophic chondrocytes, which is a com-
mon underlying mechanism of rickets, may lead to a

reduction in the space of primary spongiosa for calcifica-

tion of the cartilaginous matrix, thereby resulting in
impaired osteogenesis and reduced bone elongation. This

might, in turn, result in low bone mass in rachitic

individuals.
Vitamin A deficiency can have profound deleterious

effects on endochondral bone growth. Deficiency of vita-

min A suppresses all stages of growth plate chondrocyte
development, resulting in thin bony trabeculae formed
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across the face of the growth plate [34]. Thus, the long

bones of vitamin A-deficient animals are shorter and
thicker than normal. The shortness of long bone is caused

by failure of endochondral bone growth, whereas an

increase in bone thickness results from an imbalance
between bone calcium apposition and remodeling process,

the former of which appears to be predominant [34]. An in

vitro study in primary growth plate chondrocyte culture
revealed that retinoic acid (a metabolite of vitamin A) is

important for growth plate maturation by modulating Ihh
and PTHrP receptors and increasing Runx2 mRNA

expression [45, 46].

Vitamin K deficiency also potentially attenuates endo-
chondral bone growth [47, 48]. Price and colleagues [47]

reported that rats treated with vitamin K antagonist war-

farin for 8 months exhibited a severe growth plate disorder
characterized by complete fusion of the tibial growth plate

and cessation of longitudinal bone growth, resembling fetal

warfarin syndrome in human. Such a growth plate defect
appeared to result from impaired production of vitamin

K-dependent proteins, namely osteocalcin and matrix Gla

protein (MGP) [48]. In general, osteocalcin, a protein with
a binding capacity with calcium, is expressed and secreted

not only by mature osteoblasts, but also by hypertrophic

chondrocytes, and thus may serve as a scaffold for calci-
fication of cartilaginous matrix [49, 50]. MGP also has a

high affinity for calcium, and mutations in MGP gene are

responsible for Keutel syndrome, an autosomal recessive
disorder with abnormal cartilage calcification [51].

Endochondral bone growth and bone calcium accretion
in pregnancy and lactation

Interestingly, an increase in endochondral bone growth is

also observed during pregnancy and lactation in humans,

sheep, and rodents, of which the growth plate cartilage is
intact [52–55]. High BMD is usually observed in pregnant

rats, whereas lactating rats have low BMD [54, 56], sug-

gesting that endochondral bone growth is not always pos-
itively correlated with BMD. An investigation in female

mole rats revealed that the femur and lumbar vertebral

lengths were increased during pregnancy [57, 58]. Simi-
larly, femoral and tibial lengths of pregnant and lactating

rats were increased from mid-pregnancy until the end of

lactation [54, 55]. This elongation of the long bones was
inversely correlated with the thickness of the total growth

plate and the hypertrophic zone [55]. Although the

underlying cellular mechanism of the growth plate changes
during lactation remains elusive, an absence of bone

elongation and a reduction in the hypertrophic zone height

in lactating rats treated with an inhibitor of prolactin
release, bromocriptine, suggests that the lactogenic

hormone prolactin from the pituitary gland could be an

important regulatory factor responsible for the reduction of
the hypertrophic zone height during lactation [55]. Besides

prolactin, PTHrP secreted from the mammary gland during

lactation and suckling may also contribute to the lactation-
induced growth plate changes, since PTHrP can modulate

Ihh production [10, 26]. Normally, growth plate height is

an outcome of a balance between chondrogenesis and
osteogenesis. It is, therefore, possible that prolactin might

induce hypertrophic chondrocyte apoptosis to accelerate
matrix calcification, which leads to bone elongation [54,

55]. It is noted that, to provide adequate calcium for milk

production during lactation, prolactin also stimulates the
intestinal calcium absorption and trabecular bone resorp-

tion [54, 59], the latter of which culminates in low BMD in

lactating mothers [56, 59]. It is reasonable to speculate that,
with bone loss from enhanced bone resorption, the process

of bone elongation (a product of endochondral bone for-

mation) may help replenish the maternal bone trabeculae so
as to retain bone mass and to compensate for the reduction

in BMD.

Long-term exposure to prolactin not only regulates
maternal bones but, during the neonatal period, may con-

tribute to longitudinal bone growth in the newborn. Several

investigators have reported that the serum prolactin levels
in the newborn ranging between 140–500 ng/mL are much

higher than that in non-pregnant adults (*7–10 ng/mL)

[60–62]. Hwang and co-workers [61] investigated changes
in serum prolactin in pregnancy, postpartum, newborn

infants, and children, and found that serum prolactin con-

centrations in the newborn at term were comparable to the
maternal levels. After delivery, prolactin levels in the

newborn progressively declined to the adult levels within

6 weeks. However, since *16 % of the ingested prolactin
subsequently appeared in the plasma of the rat neonate, the

infants still continuously received exogenous prolactin

through breast milk [63]. Since an in vitro experiment in
human mesenchymal stem cells demonstrated that prolac-

tin stimulated differentiation of these cells into chondro-

cytes [64], prolactin might act in concert with other
hormones to enhance endochondral bone growth in

newborns.

Relationship between endochondral bone growth
and peak bone mass: does endochondral bone growth
determine peak bone mass?

Peak bone mass is defined as BMD during the stable period
following growth and accrual of bone mass prior to sub-

sequent age-related bone loss [65]. In normal intrauterine

development, a high rate of longitudinal bone growth is
observed during the third trimester of fetal life, and bone
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growth gradually decelerates until 3 years of age [8, 52]. In

early puberty, the rate of longitudinal bone growth is
substantially increased again reaching a plateau peak bone

mass in adulthood [8, 31]. It is believed that early attain-

ment of high peak bone mass is protective against osteo-
porosis later in life [7, 30]. However, besides the genetic

factor, whether endochondral bone growth determines peak

bone mass is controversial.
There are only a few studies on the relationship between

endochondral bone growth and peak bone mass. Some
investigations suggest that peak bone mass is not directly

dependent on endochondral bone growth. Johnston and co-

workers [66] performed a 3-year, double blind placebo-
controlled trial to see the effect of calcium supplement on

bone mineral density in identical twins. After a 3-year

follow-up, they found that dietary calcium supplement
could induce gain of bone mass in prepubertal twins and

potentially resulted in high peak bone mass. However,

although bone gain was evident, the heights of the children
were not different. In another cohort study, male subjects

who experienced short breastfeeding duration (B3 months)

during their infancy had higher peak bone mass in adult
life, but the height was not different as compared to sub-

jects with long breastfeeding duration [67].

Gain of bone mass without height change (or endo-
chondral bone growth) and vice versa suggest that endo-

chondral bone growth is not a direct determinant of peak

bone mass. Nevertheless, some growth factors or hor-
mones, such as FGF-2 and progesterone, may interact with

the genetic background to affect bone mass, rather than

endochondral bone growth [68, 69]. FGF-2, a pleiotropic
mitogen of the FGF family, is expressed in several cell

types, e.g., heart, lung, spleen, and osteoblasts [70, 71].

Previous in vivo investigation revealed that overexpression
of FGF-2 caused achondrodysplasia of the growth plate and

shortening of the long bones. The growth plate height was

increased by hyperplasia of the reserve and proliferative
zones, but the hypertrophic zone was nearly absent [70].

Similarly, systemic FGF-2 administration in rats also

decreased longitudinal growth rate and growth plate
chondrocyte proliferation, but increased bone formation

through an increase in osteoprogenitor cell proliferation

[68, 72].
Besides FGF-2, progesterone is another hormone that

may control both endochondral bone growth and peak bone

mass through progesterone receptor in osteoblasts and
osteoclasts [69, 73]. Recent investigation in progesterone

receptor knockout (PRKO) mice showed increases in total,

cancellous, and cortical bone mass, without changes in the
tibial longitudinal bone growth [69]. Yao and colleagues

[73] performed a longitudinal study in 1- to 12-month-old

PRKO mice and found that these mice developed higher
peak bone mass at both cancellous and cortical sites.

However, this higher bone mass was not associated with

endochondral bone growth, i.e., no difference in femoral
lengths of PRKO versus wild-type littermates.

Perspective and concluding remarks

It could be concluded that endochondral bone growth and
bone elongation are associated with bone calcium accretion,

at least in a subregion of the spongiosa. In most cases, this
calcium accretion leads to an increase in BMD. Interest-

ingly, in lactation, trabecular bone resorption results in

decreased BMD concurrently with bone elongation. How-
ever, the endochondral bone growth and the resultant bone

elongation do not directly determine peak bone mass, which

is presumably predetermined by genetic factors.
Is there any factor that can increase both endochondral

bone growth and peak bone mass? It is reasonable to

propose that one of the potential factors could be exercise,
which has been known to induce chondrocyte proliferation

and osteoblast-mediated bone formation [5, 6]. Although

physical activity and exercise are the major lifestyle
determinants of BMD and body height [74], types, dura-

tion, or intensity of exercise, or the exercise training pro-

tocol, that most efficiently improve endochondral bone
growth and peak bone mass require more investigation.

Weight-bearing impact exercises, e.g., jogging and gym-

nastics, usually increase bone mass [75–78], whereas non-
impact exercises, e.g., swimming, increase bone length and

body height [79, 80]. It is also possible that endochondral

bone growth as represented by bone length primarily
determines the size of the skeletal framework, whereas

certain regular exercise may increase calcium accretion and

mineral density within the skeletal structure, thereby pos-
itively correlating the endochondral bone growth with peak

bone mass especially in young growing individuals.
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