3189U3BatUaNY Al

1A39N13
HaYa9ga3 luUlNILAARUABNISIITYVaINIEANTRUUTIM NI WAV lUnYNAA S LUy

Effects of prolactin on development of growth plate cartilage in lactating rats

Tne

HY78AEns19158 AT NTIUNST 29AR uazane

NOHYAIAY 2556



Jrusynavii MRG5480230

sngudgatuauysal

TAsan1s
navasgasluulnsuanfiuian1slasyvansEandauuitilnsmiwantunyinas i

Effects of prolactin on development of growth plate cartilage in lactating rats

AMSHITY GG
1. WM. A3. NSNS 29Aa AUNUIANISANYY ASEWIVANENS UMNINYIAYYTNA

)

2. 3A. A3 UW. USRAWA RYWUS  N1AIYEITINET AEAINENAEAT W InedeNing

[

3. W.8. 39990 NAIYYY AMATVIHTIMEYT AINEIANENT NINEIGENTInE

atuayulagdtinemuanznssun1insaaufne drinunamuatuayunside
KATUNIINGINBYTNY

(arandiuluseauiiluvesdide ana. uaz ana. lidnludeaiudewusly)



11 1 970 29

GUEIVY

unAngan1wlny
UNANEBN1YIDINGY
unaguiuImg (Executive Summary)
A Fwar ity
TagUszasd
sz 08U
NANIINE
A3UNAN1539
LONATO19D9

Output MlAA1NlATINTT

NIANUIN

6 (% a

pauUANUNIEAULILTRTITY output TnensswedlAsenig

YN

co o 0 A A WO N

22
23
26

29



911 2 970 29

UNANED

TWEHLATINTT : MRG5480230

Falasens : navessesluulnsuanfuiensiadqmenszgnesuuinalnsmanlumyifdsliuy
Faiin3de : fHaemans19138 a5, n33ENF 29dd

dwaa : kannikar@buu.ac.th

szeela1lAsans : 2 U

UNARED :

azlnsuaniugeluidonduduluszeliug n1sa3guensegnuuuiaulnnauAToaztiuTuag 19N

(%
LYY

dwmaliAnnisBagnvaanszgn nsliuniidniiliAanisBasnvesnssgniannsadudildoeluslues
Uiy Fadussudsnsmdssesluulnsuaniu udegndlsin navedluslunivauiifironisuantosnaes
Tusfufienugunaiaigreseadnsegnaeuvinnlnsmmaniy Sslaidufinsvuidn TunisAnwiaded
AIdelaltinalinduylugalaniisuivinseissiunsuanieenvedusiulunqudasnesiusiu wagniu
ansuu unawmes [loun wislnseurgesluu Sian wWilne (dleyersi), fMsuvesiiievens, dudgy
igedgen (lowowor), Su Sian nsuansudu unawmes (Sudndy) uay leaonsie vend moumuds 8u 9
(von99)] Tumynaaliunildsuluslunsuiu sanisinwnuilusluasufvaunsaiiunisuansesnves
Suifieu andsen lunsegneeusverlawesingil lutsliunszezdunassrornans luvagiidsuvosiiv
l0vo1§ i Wiunsuanseenlulyulnsdlelsiivuarleeslnsila luridliunszozfunassvognanatuiiu
winduliinunisiasuulasesfifiioversilunnlsunaenszernsliuy dunsuansoonvessuldndy 2

Hunsuaniudu wiamesiiddysenisaingvensadnizanseutu wuilissduanadluleulaosing
fln vomynaulsiundlasulusTuniuin mnsanisinmannsaasulein Tusluesuauiiunisuanisentes
Sulisuandsen uaziifuresiifiterorsit luvazlannisuanseenvesduidndy dsnnsiudsunias
fananiensdsmaliifinnsuasadnisgneeutinalnsmmaniasszasnszurunsleiesingd deas
frwrraonisasyesnszgnuuuteulaounsen Aidunuiiasatasesuisiaunumaadluslueiuiu
MON13¥AN1TEN1IVDINTEAN

Aan : lusluasudy, Tnsnwan, dulieu 1Bal3gen, wanndy, fAesesh



911 3 970 29

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
lhh 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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5. audAyuwasnuIvaslaym
Tusrozdanssiuarliun wigydsunadeutinamnanmssaisunadeniinszgn ieurluldluns
Wiaivlnvosmsnuazadiaiu iuszaz&"’qmaﬁmg@maqLL@J%ﬁmsazammaL%BMLﬁu%uﬁy’qﬁLumu
cortical ua trabecular bone ilaw3sunieslumniueadenluldluszeslviuy dsluszogliunazny
nsaaenszgnUeIiiintuegten InslanizegnBeuiiam trabecular bone uffiInszgnuesusisn
nduunduunindmealiiuy uiindgdiunyasdnnunisiinansegnanasedsdeidosauinnnznsegn
WyunNlel

ueNINHANTENURBNTEANUED MIsinssduasliundsdmarenszgnseutiialnsnmandndae
Fausnaiinanidanudifylunsmugunsifinanuenvesnssgn nnuidefiiumnuiongzgn
fernur wa tibia vesmyrmMszeyliu farmeniivlusgnediteddymadfdodoutumyund Feanu

gaiaduiliinuduiusiulnsnimaniuvasuazegnielinisaiunuvessesiuulnsuandiu (prolactin;
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PRL) mim@awaﬂﬂiwLwawﬁawﬁmmammﬂL%aémz@ﬂéau (chondrocyte) 139n1suUssaLingIuIL
(proliferation) uaziUAsuanw (differentiation) iioa1enszanlnntu Fudunssurunissaeniade
wanseanluseningliuy

oglsAmuifunaslsiuduunnniiniuaunseuauns proliferation wag differentiation ¥es
wadnszangau lnelanglusyer hypertrophic differentiation 11 Sox-9, Runx2, HDACA, MEF2C uag
Nkx3/Bapx1 t{usiu Bulundal transcription factor imanil nouauasosesluusmafy (Wu PRL ann1s
LEnseenvesBy Runx? Tuiwadinnzidss primary osteoblast 1ug) Inonadnsaildsinvlaannisiia
wisann13a31e local factor 913e Indian hedgehog (Ihh) nasnauwiinues collagen Aiad1stuainivad
nszgneou fulsdarundululéi PRL enaiudsunlasnssuiuns proliferation wag differentiation

Yolnsniwan lage1@un13vinaIuYes transcription factor Wag local factor iantigunu

6. InnuIzasA
6.1 iiefinwinaves PRL don1suansaanves secretory factors fiddgysiensiiud uiunasn1sasaes
wadnszgnsautinalnsnmanlumyliuy Tnefnwvdlussduiusasiusiudeludl

- Indian hedgehog (Ihh)

- Type Il collagen (Coll 1)

- Type X collagen (Coll X)
6.2 Wlefinwnaves PRL #aN134AAI08NUY transcription factors fiddaysienisifins uiuiayn1siasey
YougadnsEanasuuIalniwanlunylviuy Tnefnwinlusesudunasiusiudaseluil

- 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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Parturition Sacrifice

- /
hd

7 Funaw terminate TRemnika

4.0 mL/kg 0.9% NaCl s.c. %38

4.0 mg/kg bromocriptine s.c. URZ/%ID

0.6 mg/kg PRL s.c. lunynguliua

LLElﬂﬂi$Qﬂ femur Lag tibia 8anuN

v v

mswmaaaﬁ 1 ﬂ’liﬂﬂaa\‘l‘ﬁ 2
L{WoAN®1 MRNA W8z protein I{WodAN® MRNA Was protein
expressions Va4 secretory factors expressions U84 transcription factors
fisanydaninasyaslnamwan figandenmaasyadlnimwan
— In situ hybridization — In situ hybridization
— Immunohistochemistry — Immunohistochemistry

| |
v
naansanlasIng

— aaﬁmmjl,ﬁmﬁ'uuﬂmmaa PRL @an131a5aaadlnaninan
—  UNANIMIITIMIN LATUNIIARN N IRIIRITITINTIZAU

WG

7.1 N1SNAABIEIUN 1

IguszenA  efinwinaves PRL ensuanteenves secretory factors Mid1AgysonIsiiiy

IUIUkAENITRTYTeNTadnTEangauusInlnTwantuyliuy - TnefAnwividluseivgunaglusiuves

Ihh, Coll II ez Coll X
AUYAgIU PRL WaguuUaINISuans@anad mRNA way protein U84 secretory factors Mdfsy

AoNIINTILAENTATVBLATNSEANBuUS Al Twan luvyliuy
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FIALDYAYDIUNUNITNARDY

1. nyvaaeszgnuueanidu 3 nguldun naualuAy (age-matched control group), ngulviuy
(lactating group) uaznguwaaeuy 15 Ju (postweaning; PW) wynauliuugnuiadunguges 3 nqu
oA napiliunszosiBudu (day 8; L8), naulviuusseznans (day 14; L14) uagnauliuuszesing (day
21, L21)

2. dleasumuivuanal ndsnaauny nsegn femur Uag tibia AwQALBNBBNAINVYNANGH
waziilUiunszuaumamaioBouasdeduusiy

3. msfnwlusedu mRNA  uaglusiiu §ideldvadia  in situ hybridization  uaw
immunohistochemistry Aud1su iefnwdumisiifinsuanseanues secretory factors M Ihh,
Coll Il uaz Coll X Tuilaionszgn nifuinsefunnuduvesnisuanseaniagldlusunsy NIH image
analysis

7.2 MIMAABIEuT 2

[y 1

Faquszasd  ilefnwmaves PRL fon1suanseenves transcription factors fidnrysonisiia
Fruruwarmaiyeneadnazgndeutinalnsmarlunyliuy  Tasfnvilussdufuuasiusiiuues
Sox-9, Runx2, MEF2C, HDAC4 uag Nkx3/Bapx1

duyAgIu PRL WasULUAIN1SUARIBBNYBY MRNA WA protein U84 transcription factors 7
dronivdnnularMIeigueYadnIzgnoouuInalnsmavlunylius

T1YALIDYAVBIUNUNITNARDS

1. vynaapsazgnuueanidu 3 nquldun nquAuAN (age-matched control group), naulyiu
(lactating group) wagngumaae Iy 15 Ju (postweaning; PW) wunaulvungnuiadunguges 3 nqu
loun naulvunszosiBudu (day 8; L8), nauluuszeznans (day 16; L14) uaznguliunszeging (day
21; L.21)

2. leasumuiuanan ndsanaauny nseqn femur Uaz tibia AwgRLBNBBNAINVYNANEN
waztilUrhunszuiunsmadedouassinuusiu

3. nmsAnwilusedu mRNA  uaglusiu fRdeldinedia in situ hybridization  wag
immunohistochemistry anuadsu ieAnwsuviefiinisuanieanues transcription factors liua Sox-
9, Runx2, MEF2C, HDACA waw Nkx3/Bapx1 luileifensegn anifuinssfunnuiduvesnisuanseeniag

TlUsunsy Adobe Photoshop
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8. NaN1578

8.1 MIwmumaliaNalniin3 (morphometry) uazduyludalail (immunohistochemistry)

Wesnlnsnimanvesnsegniludwndiuidesinnilefisuiuiuivanuavensegn  Usgnauiu

nszaniildlunisveasadunsggniiiiunssuiunisiaweadesosnias  vlinsegnianugeusigyde

' (%
a Y

nmsasgUlidne  msdaiadelasanizegadausnalnsnimanisietedennusedasyiadufiay  8nmns

[y

9 A A v G ] = a o & [N
ﬂ’]iEJEJiJL‘LlEJLEJEJIﬂi‘VIL‘Waw%aﬁﬂﬂéigﬁﬂﬁuuf\]zuﬁﬂ“lﬁ]’lﬂg\‘iﬂ’a’m’]iﬁﬂ‘wﬂu%iéﬂﬂm@ﬂ’mm’m @Quuﬂmgyj 4}

(%
v YV

Fafimsfnyniseduliaedlddnvemunguund  (ulldsarien) waevyliun 21 fu wasfinwinis
d‘ a (J Y < ' a o a a -
Wagunlasmeganeginiavesinldiandiugledtuuaznisuanteanveddusiunasiu-10 uag -15 Lo

Wawunaladuyludalaaiideuiluldasdunsfinwilnmnan anmsfinwidisesnuii

o

8.1.1 alddugletuvemyliiuy (lactation) fAuEarAUNINYes villus WagAINVIN

U

CY A

YDITU crypt asduegiitudAynsata Welssuiguiurunguaiuny (il 1 waz 2) Tngwuiiny
naulviuudanugees villus ANUNTIEVBY villus UWagAMUVUITEITY crypt WNTUUTEN 10%, 12%
wag 40% AUA1AU (1157991 1) wandliiiud nysserliuniinsuasuwdamiganiedniavesdildidn

(% '
Y =l v W

Mailiveusumivingauiuaudeinisarsemnsidinduie ldlunseamhuuliungn

Control Lactation

il 1 uanansdsundamaniginavesaldiandiuglefiuvemunauaiuay (A) waznynauliug (B) uandly
Windnwagnstiugiaateiaileves villus (V) Feilununatade lamina propria (LP) d1uansves villus Aedu crypt (C)

wazdunanuiiesey (M) muaeu (scale bar winiu 200 lalasiums)
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AWA 2 uansmugwwes villus (villus height; A) Aundawe villus (vilus width; B) uasAMMLIBITY crypt
(crypt depth; O ludldidndruglofiuvesmyngulviun (lactation) wWisuiieuiunynguaiuan (control) daauly

JuduwnuIIudinaaetluwiazngu **p < 0.001 Wisuiflsuiungueiuny

a519di 1 ANV villus (villus height) ANNT9B Villus (villus width) LAZAMUIUIVBITY crypt (crypt depth)

sewhayunf (control) LL@WHWL!M (lactation)

Control Lactation p-value
Villus height (um) 613.95 + 27.49 676.29 + 20.37 < 0.001
Villus width (um) 130.78 + 2.89 145.45 + 3.33 < 0.001
Crypt depth (um) 215.33 + 8.47 307.93 + 12.79 < 0.001

812 wyliumfnnsuansoenveddusiuraeiu-15  luideeglofiy  9nnsfnwms
uansoonvaslusiuaaoiu-10 uay -15 ludaBoglofturmyuniuasvyliundemaiaduyludalaed
WU wﬂﬁuuﬁﬂmﬁmmmmaaﬂsuamaaau—w 7i villous epithelial cells mapnaw goblet cells wax
endothelium a4 lacteal (mwﬁ 3C, D way 4B) Lwiﬂé’uhiwumimﬁauwdmmnmmaanmamaaﬁu-10
(MW7 3A, B uay 4A) FeaenadostuaAdenouning sadulldinnmsdfiunsuaneenvesnaoiiu-15
p1afiunIgaTuuAaLruTsTEImadues villous epithelial cells anxansAnwasNsaagUls
Pdliusansafisiuiiiones  villus  leiiumagaduaisesliifismeudariosnisvou
uenaniafiumsuanieenuesiusiiuaaeiu-15  veravimihfifiunisuudweadeuvielossulseq
vanduq Wiudesseminaead WWunsatuayunuidenounthivesids  Anuinisliuuannsass
nagndueadeulnsiunnfiusedunsuansesnvedlusiiunaoiu-15  euAdediuildunisinuly
2138153V INTTLAVUIUIYIAUAIAD

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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a3 Buyludalaeiiuansiumienisnszangimveddusiunasiu (claudin)-10 (A wag B) uaz -15 (C uay D) lu

WeedlddiugleAtuvesmynguaiuay (Control) wagnunaalviuy (Lactation) dumaunuganilusiuuansesn dw

S[,Wyjaiﬁ villous epithelial cells (gnes), fug19ue9 goblet cells (G), endothelial cells (E) %aﬂﬁaﬁﬂLwﬁaﬁJagmﬂu

lamina propria (LP) (scale bar winfiu 20 lulasins)

i 4 Aanuiduresniskanseanvadlusiunasiu (claudin)-10 (A) waz -15 (B) lulle@edlddiuglofiuvany
nauAIUAY (Control) waznunauliuy (Lactation) Ineusuriaruidiuves negative control Tiwindu 1 Sruaulusadu

wiudwudn Ineaedluldazngu (**p < 0.001 Wealguiungualuaw)
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8.2 AnwnavaslwsuanAuAan1TLANI@aNYBY secretory proteins Tulwadnszandauuiialnm

wanlunyiirdslviuy

3ANYINIIARIBNYDY secretory factors AIUANNTFUIUNTITQVBNTARNTTANEOULIIIN
Insnman AugdIdulaAn¥In1swant@enves indian hedgehog (Ihh) wikilesann Ihh Julusiufivhau
Uiy parathyroid hormone-related protein (PTHIP) 633833@nw1lUsiu Ihh saufunisuanseen
Y99 PTHIP Uag PTHIP receptor AualUnsauriu

1Ushu Ihh L*ﬁluiﬂiauﬁwuiumaéﬂﬁz@ﬂ@'auimaLawwzasm?jﬂu%y’u hypertrophic zone Viwiiil
¥rapnnT differentiation U89 proliferative chondrocytes TUasuludy hypertrophic chondrocytes
fae dwilusiiv PTHP WBulushufifinnsuansesnuinudng proliferative zone wag prehypertrophic
zone woslnsviman dauddglunsnseduwadnszgneeuvednsvmanliinisudsiufindiuiu uay
fFudansiia premature hypertrophy TUsfu PTHIP vinaulaeduiu PTHrP receptor Faiinsuanseen
lUlulnsvman

[

AuLEUlATINITITEY AnzEIliulIngunaaeseanidu 5 ngulng Al

(%

1. Age-matched control (Control) Lﬂuwyﬂﬂaﬁlﬁﬁaﬁm (wazlallviun)

2. Lactating rats L‘ﬂum‘gmﬁuu L
a. 8-day lactating rats Lﬂuwﬁiﬁumi’uﬁ 8 (L8)

b. 1d4-day lactating rats Lﬂuwyﬁiﬁumﬁﬁ 14 (L14)
c. 21-day lactating rats Lﬂuwyﬁiﬁumfuﬁ 21 (L21)

3. Lactating rats + Bromocriptine  (Bromo) Lid]uwﬂﬁuuﬁléj%'umiam 4 mg/kg
bromocriptine (17igugansndsinsuaniiu) s.c. yniuduna 1 danvineusuns
7AADY
a. 8-day lactating rats Lﬁuwymﬁum%ﬁ 8 (L8 + Bromo)

b. 14-day lactating rats Lﬂuwyﬁiﬁum’hﬁ 14 (L14 + Bromo)
c. 21-day lactating rats Lﬁuwyﬁiﬁuui’uﬁ 21 (L21 + Bromo)

4. Lactating rats + Bromocriptine + prolactin (Bromo + PRL) Lﬂuwwﬁlﬁummﬁ%mi
3 4 mg/kg bromocriptine s.c. 4ag 0.8 mg/kg PRL nduduiian 1 FUavinouisy
N1INARDY

a. 8-day lactating rats Lﬂuwyﬁiﬁumﬁﬁ 8 (L8 + Bromo + PRL)

b. 14-day lactating rats Lﬂuwgﬁiﬁuu’mﬁ 14 (L14 + Bromo + PRL)
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c. 21-day lactating rats L‘flu%‘tﬁiﬁumfwﬁ 21 (L21 + Bromo + PRL)
5. Postweaning rats (Juusivyfinetuniui 15 (PW) usitelsinmsiasuudasilagy
wavfinauAsuidasidamuanniu Seiudewdu wsinyingusiud 30 uny
INMIANYINTUEAIDBNVBY PTHIP, PTHIP receptor uaz |hh mewelinduylugalaeil wu
nsuARIENYaY secretory protein wanmmlianeluwadnszgneounay matrix seUq LeaduTIM

proliferative zone malllasluauiis hypertrophic zone wonanilfsnunisuanseanii lining cells vo9

calcified trabeculae UStg primary spongiosa neae (mW‘ﬁI 5, 6)
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+ Ab Neg
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AW 5 duyludalaailuansiiimien1snsea1emives PTHIP (A-B), PTHrP-receptor (C-D) lhh (E-F) Tudioidelnsviman
(Ep) vouylviun leleduda (+Ab) wagliléduiaiu antibody (Neg) dhnna (A-D) warduns (E-P) unugalusiy
wanseen (gnes) a'auimy'aQﬁu’%nmawiaawﬁw proliferative zone uag hypertrophic zone WAYUNAIUUDY
calcified trabeculae U3 primary spongiosa (Sn) wildnunisuanseendl mineralized matrix (Md) wilelnsvinan

(A-B, E-F scale bar winifu 100 lalasiums; C-D scale bar windu 50 lalasiums)
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A 6 Buylugalaialiuanaiumianisnszatedives hh luilla@elnsniman lnenuduns (positive signal) nelu
cytoplasm veslgadnszaNgauuIN proliferative naAUa hypertrophic zone (gnas) wenINUdanunisuansesn

281901nku bone lining cells U3kl primary spongiosa (scale bar winiu 25 ulasiuns)

MnmsTnseiunsuanseenvaslUsiusa 3 win #e33 densitometric analysis WU
avs28r109N1sIVLL secretory  protein  Ssgdunisuanseandiuansiaiy (1md 7)  detnsedunis
wansoenuenidulauvedinsviwan laun reserve zone (RZ), proliferative zone (PZ) way hypertrophic
zone (HZ) wudlnanisuanseanvedlnsnmanaginaudsuwlasdnaulugaenans (L14) wagds
v (L21) veenslvius idenunsiBeuutasas Ihh Tumgliu 14 Suldanuiian uwuiuiueeslu
InsuanduilelUSoufisudunynguaiuay (And 8) daun1suanseanyed PTHP ndulinunis
Wasuuadlulnsnmansisanilsu (mmdl 8)  firaulafdelungumyliundisnatuazdistine ns
WAA9DNYDY PTHrP receptor ﬁizé’uLﬂ'mqa%ﬂuimwLwamﬁgqamisnuazj’laﬁﬁaéh Sy (Al 9) Fauandlyt

@ 1 P 1 . al YY) A a o L3
wiudn Tun1ieilaidl endogenous prolactin Insnuaninisusudmluluwumeiiinduiueadnsegn

99U (proliferation) UMNNIINTEUIUNTT differentiation
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A. PTHrP

B. PTHrP-receptor

C. lhh

AT 7 ArAuduvesnsLanseanveslUsiu PTHP (A), PTHrP-receptor (B) wag Ihh (C) PTHrP Tuiieidolnsvnan
vaanseaniide ﬁiﬁamwﬁ%ﬁaq 21 Ju (P21), Tiuw (L8, L14, L21) uasnguy (PW) wylrununenguldsunisin 4
me/kg/day bromocriptine (L14 + Bromo) Wi lafamdailuian 1 §Uansi w38 Bromo way 0.8 me/kg/day PRL (L14 +
Bromo + PRL) WrlRmiadunan 1 §Uav adiwandlunsidue mean + SE Srunluinduwnusiuiudniveass
Tuusiazngu, *p < 0.05, *p < 0.01, **p < 0.001 \eifisuiunguaruAL; #p <0.05, #Hp < 0.01, ###p < 0.001 il

Wieuiungunavias/ I
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Ihh-L14 PTHrP-L14
A D
B E
C F

Al 8 (4-0) Aarnduvesnisuanseonuedlusiiu Ihh uay (0-F) PTHIP Tudloidelnsnmanvesnszgnindofildannmy
iy 14 u Tnsuenauleuvensegnesy wuyliuuuianguldsunis@a 4 me/ke/day bromocriptine (L14 + Bromo)
dnldfmadunat 1 et viSe Bromo waz 0.8 mg/kg/day PRL (L14 + Bromo + PRL) winldfwiadunan 1
#anwi eviiuanslunsmiduen mean + SE Srunduiaduunudnudainaassuusiazngy (*p < 0.05, *p < 0.01 iile

Wieudunguaiuny; ##p < 0.01 Wawiguiu L14 + Bromo)
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PTHrP receptor expression
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8 3u, (8) 14 Fu uar (O) 217u lnsweneulouresnsyaneeu tauf reserve zone (RZ), proliferative zone (PZ) Wa
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8.3 AnwnavaslnsianfufanIsuaNI@aNYaY transcription factor Tuiadnszandauusiin
Insniwanlunynndelig

Va v A =

nsfnwludull fidedenfnunmananiaanuos Sox-9 uay Runx2 Falu marker d1dnyvos
Wwadnszgneoumay osteoblast MAAWU Sox-9 LU transcription factor fhusniiinisuansooniile
mesenchymal cell i3 differentiate lUifuwadnszgneou imhilunsdnilfeadnszgnseululn
swanadng collagen type I, 1X, XI lagUnALa19sWUNITLANI00NUDY Sox-9 TuUsal reserve zone
wag proliferative zone @ Runx2 W transcription factor Fatesdu marker d1AfYUeY osteoblast oy

Runx2  agfin1suanseensiaille mesenchymal cell wiawadnszgnesuay differentiate LUy

osteoblast Tunszanseu
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Runx2 expression
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Wieuiungulvium)

nsAnwludauil §ideldndumyiidn bromocriptine iunguiivsdtavesinsuaniiu nanisdny,
WUIUN1I1A endogenous  prolactin (ﬂfjmwﬁaﬂ bromocriptine) A1sL@nsDRNURY Runx2 Tu HZ
vosnguvylvua 8 uaz 21 Ju fiszfuanas (nmil 10) Tuwazfiiiunisuansoonves Sox-9 lu HZ veany
Tvhus 21 Yu usinsuanseonves Sox-9 nduilszuanadlu PZ vesngumylyiuu 8 uag 21 u (1wdl 11)

Tngunfudalusverliug Sammsaaenseanuesutagifisgalusgnenn adilelildunaidousy
Huussmddyifiorlulilunisadaiug 21neiideres Suntomsaratoon wazae (2010) IFe189u
anuvuvedinsnwanesmyszeglusanasiu oradesunanlnsminanveasill activity geliu o

319 bone trabeculae lviunnauiiissnesianisawaadeululdlunisadiediug anns@nwiasunnngy
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nsuansoangstulu PZ uay HZ Tunyngufilé$u bromocriptine (L14+Bromo) wagnduanmaslungy
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proliferative chondrocytes wag hypertrophic chondrocytes #n1% differentiate lﬂLngumzaﬂLL%ﬂ
(bone  trabeculae)  lunmziinalnsuaniivegrantunislésuen bromocriptine  laR LU
bromocriptine %za® hypertrophic differentiation {1UN15 upregulate U89 Sox-9 way downregulate
Runx2 wan1snwnludauil Adagszninanisufluilefiansanafia (under revision)

duduinAniefumsisuamednminanlussesing 9 vesenesanianns
sansssuarliund WaRuilunsansinnisseiununeiudsiun 1 Ses fio

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.
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gnimualaeugnssdundn  MatunseSyrenIEanuuUeLlanauATeaLaYN1SEREIVEINTEYNT
AnuduiusiunIsazauuaaleninsegniiesuUsaensegned  wilidladuiinuneannunuiwiu
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8.4 msadrslnsuuasinaaninsuiiialdlumeadia in situ hybridization

N15ANYINITHANIEENTBY MRNA fMewAtia in situ hybridization Aaei3delmaenly DIG-label PCR
probes Tngldoonwuu PCR primer (AN57471 2) AnzEIelaiinsAnysestiaUseAnsamlunisaiaiay
Anaanlnsu  TnevadeuinaainTnsudy calbindin-Dy, dadududivuthfivudeea@ouniely villous

epithelial cells waziin1suansoanunntugagfing1y MnuITelafnwinisuanseenvesdudinaily

al

Weadldandiuglefiureinyuid Kan15NAaeINUNITHaA0envaddu calbindin-Dy, 7 villous

epithelial cells ATLAUTIUFINVBY villus TUIURIBBAT4 Villus welinun1suansoanluLlaLEoTURLYDS

' (%
= 1 S o 1 [

a o d' a a a . . . g . PN
alofty (nmil 12) Feheguduinnaiianisinaainlnsuiasdunauveanalla in situ hybridization 7

o a a =

AidelanaassluiivssAnsamiiigane wilasainaisldinaila immunohistochemistry 3wy
densitometric analysis @11150 localize ALUUINTISLEADDNVDIUTAULAL IAANUTLUDINITHEAIDDN

Va o

6@ {39834 in situ hybridization glunisnaaesiseiniu

a3197 2 Rattus norvegicus PCR primers Fllunsasa in situ hybridization probes

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

Indian hedgehog (Thh) NM_053384 5’ -~AAGAGAGCACCTTCCATCCA-3~ 176

- 5 -ATGTCTCCACTCTGGAGCAGA-3"
Type 1I collagen (Coll II) NM_012929 5" -ATCGCCACGGTCCTACAAT-3" 164

- 5’ -TTGTCACCACGGTCACCTC-3"
Type X collagen (Coll X) XM _001053056 5" -TCCTCCTGTAAGAGTGAGC-3" 113

- 5’ -ATAAGGATGGGACGACAG-3’
Calbindin-Dy, AF136283 5 -TGCTGTTCCTGTCTGACTCCT-3" 180

5’ -GGGGAACTCTGACTGAATCAG-3"
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LP

WA 12 in situ hybridization Tuilleidedlddugledty uanwiumiinisuanieantesdy calbindin-Dy, (Finiku)
Fauanseanund villous epithelial cells AausdIugIUves villus (V) laufswenves villus Tunfeavevaddoudind

uAa (scale bar W1y 100 lulasiums) LP, lamina propria; C, crypt of Lieberkiihn; M, smooth muscle layers

9. #5UNaN15Y
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(chondrocyte) ENIUCTRI N GRTETE VoM (proliferation) wavwasuaniw (differentiation) Lﬁ@ﬁ%ﬂﬂiz@ﬂ
Tshnniu Sadunszuiunmssamemademansegnlusswiliiu
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anefiv1m endogenous prolactin wuldsuelustua3ufiu nansfnwnuittnsmimaniinisdsuutas
Tulufiama  proliferation 11And1n1s differentiation  Tagwuinlunynguiildsulusluasuauiinng
uAR8aNTas Ihh  uay PTHIP  receptor Wisigetu Fslusiuisansdatuiuihiluninsinisutaead
NIrQNEeULaYYEABNTEUIUNT differentiation lungulusiu transcription factor Wui1 Runx2 3013
uanseenanas 43 Runx2  Wulusauiinsedunszuaunis differentiation 3sanansaazuldinniozain
gosluulnsuanduluszezliunainsavzasmaidulavesnszgnld lneifinnisulaeadnizgnesuuinm

InsninanusvzasnszuIunis differentiation  ieaullidunszgn nan153deludruiddaunsotie
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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,
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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.
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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 Ix), and fed standard chow containing 1.0 %
wt/wt calcium, 0.9 % wt/wt phosphorus, and 4,000 [U/kg
vitamin D (CP, Bangkok, Thailand) and reverse osmosis water
ad libitum. Room temperature 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,
Mabhidol 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-pm 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—HCI 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 % H,0, 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
3,3’-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; 100x 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 = (Positive pixels/

Total pixels)

Age—matched control or lactation/

(Positive pixels/Total pixels)

Negative 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 pg) 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 pg/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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Table 1 Rattus norvegicus

Gene name Accession no.

Primer (forward/reverse) Product length (bp)

primers used in the qRT-PCR

experiment Tight junction-related genes
Claudin-10 XM_001074876
Claudin-15 XM_222085

Housekeeping gene

GAPDH NM_017008
GAPDH glyceraldehyde-3-

phosphate dehydrogenase

5'-CATATTGTCAGGTCTGTGTTC-3' 200
5-TGGGTGTTTTGTTGTTGTC-3’
5'-GCTGTGCCACCGACTCCC-3' 330
5'-CAGAGCCCAGTTCATACTTG-3'

5'-AGTCTACTGGCGTCTTCAC-3' 133
5'-TCATATTTCTCGTGGTTCAC-3'

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
atleast 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

Fig. 1 a Villous height, A
b villous width, and ¢ crypt 800 -
depth in the duodenum of ’E\
21-day lactating and age- 2 600F —
matched control rats =
(n = 4 per group). ** p < 0.01, 2 400 1
*#% p < 0.001 compared with _qc)
its respective control group 124
3 200f
S

Control Lactation
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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

o8]

180 c 400
k% dkok

135 300+

200

100 |

Villous width (um)
& 8
Crypt depth (um)

Control Lactation

Control Lactation
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Control Lactation

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

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
(400x magnification; bars,

50 um). 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)

Control

LP—

Claudin-10

Claudin-15

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,

Control Lactation
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claudins were determined by qRT-PCR and normalized by GAPDH
mRNA expression. * p < 0.05 compared with the control group
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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
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Fig. 4 Relative signal intensities (arbitrary unit) of (a) claudin-10
and (b) claudin-15 proteins in the duodenum of age-matched control
and 21-day lactating rats (n = 4 per group). The intensities of the
negative control sections were normalized to 1. *** p < (0.001
compared with the control group

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 wupregulation 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
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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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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),Ds;, 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.
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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.
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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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Rat tibia

Fig. 1 Longitudinal section of
the growth plate (epiphyseal -

plate) of the proximal tibial Epiphysis
metaphysis. The growth plate L
separates the epiphysis from the Metaphysis [

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 pm)

Diaphysis

Metaphysis

111

Epiphysis

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-
I 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
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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
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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

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 [,
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 Thh 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)-f 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 Thh
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
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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 ATDCS 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 Thh 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, Thh 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 Thh 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 Ds;
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1,25(0OH),D3] also indirectly induces matrix mineraliza-
tion, calcium accretion, and bone growth by enhancing
intestinal calcium absorption [38]. However, the direct
roles of 1,25(0OH),D5; 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 Cyp27bl which is the
1,25(OH),D5-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 Thh
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 (<3 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.

@ Springer

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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