F189UNTIgatuanysal

anuduiusseninueUlefiusasnedinervewaenidenlunyiigndnuiiiduy
ANNAUlaRRgIRI8MTNTNG DN
Relationship of hepcidin and vascular histopathology in high salt diet induced

hypertensive rats
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GUETATRY

wenSanmuvesasnidon ¥da Hyaline arteriolosclerosis figaudea
Periodic Acid Schiff (PAS)

weFan nveviaenidon ¥iin Hyperplastic arteriolosclerosis figousied
H&E

Iron homeostasis Tuwadidoyaild muaumsinifuimdnuasnisuanddes
widneengnseuaion
LLmumWLLam%’jumauﬂﬂiﬁﬂmmﬁm?{auwaqmeuaaéﬁmaumaL%&Jzﬂum
wsvingnndeniliiAnanuduladings lnsnsladsuonsifindeusnnage
(salt-induced hypertensive male rats)

(A) gﬂﬁummﬁaﬁdmﬁamﬁw% H&E Trunardsveny 40X wandliidi
Bowman’s capsule uag glomerulus @nau1se1a 50 um (G, glomerulus;
BS, bowman’s capsule space; PCT, proximal convolutes tubules; DCT,
distal convoluted tubules; RBC, red blood cell) (B) ﬂ’i’W\ILLamﬁuu’mﬁuﬁ
Y93 Total Bowman’s capsule area, glomerular tuft e Bowman’s
space area fildnnidaidelnvesmyigniniiliduarusulafingauu 1
Fiou waz 5 Weudisuiuvynguaiugy favuuusuudwufeg iy
lunsneaesusazngy (n = 10) *P<0.05, **P<0.01, ***P<0.001, ns, non-
statistical significant

(A) gﬂﬁummﬁmﬁdmﬁamﬁw% Mallory’s trichrome fluuaridsuene 40X
wansliiudusnaiidoudin collagen anauisens 50 pm (G, slomerulus;
BS, bowman’s capsule space; PCT, proximal convolutes tubules; DCT,
distal convoluted tubules; RBC, red blood cell) (B) ﬂi’W\ILLam‘Ummﬁuﬁ
194 collagen Tuilaidolavoamyiigninirlmdueusilafingauu 1 dou
uay 5 Weulsuiuvynguanuay fiavuuuiimudiuiuiogeildlunig
naRRILAaENEGY (n=10) **P<0.01, ***P<0.001

(A) gUunuiiaideladouded Periodic acid-Schiff fivunaiidsens 40X
wandliiuusnafideusa slycoprotein anauisens 50 pm (G,
glomerulus; BS, bowman’s capsule space; PCT, proximal convolutes
tubules; DCT, distal convoluted tubules; RBC, red blood cell) (B) ns1
wansuIniiuiines slycoprotein luilowelamamyiigndmitlidunudy

lafingauu 1 1eu uag 5 Weuiigufiunnguaiuny MaYuUNUITLNY

YN
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Srunusegililunismeassusazng (n=10) *P<0.01

SUl 8 (A) sURumuiaidevilaresansdnedioudned hematoxylin & eosin fivun
Adevene 100X wansliiiutiaead cardiomyocyte @nau1sens 10 pm (N,
nucleus; I, intercalated disc; RBC, red blood cell) (B) ns1nluanavunaLay
shuAudnanswensad cardiomyocyte luidlaiBorilatosasievesmyiign
dninidunnudulafinganu 1 Weu uway 5 Wewileuiurunguaiuay
faruuLus aufogsiltlunmmaasiusazngs (n=10)
***p<0.001

SUTl 9 (A) sURumiaiderlariesansdnetioudaed Mallory’s trichrome fiuin
M&meny 100X wandliudausnadidoudn olycoprotein luiad

cardiomyocyte anauvisenn 20 um (N, nucleus; |, intercalated disc; RBC,

1% '
a

red blood cell) (B) nsmuansuniiuitves collagen luiloifiewilaasans
Hrevesmyfigndniliiduausulaingsunu 1 1feu ua 5 iweuiisuiy
yynauAIUAN Favuuutumudwuiegailflunismaasusazngy
(n=10) **P<0.01

sUt 10 () guumuiladerilaviesdnsdnediendaed Periodic acid-Schiff ivwn
M&wey 100X wandliiiudausnaiidoudn olycoprotein luwad
cardiomyocyte anauvisen 10 um (N, nucleus; |, intercalated disc; RBC,
red blood cell) (B) nsmluanswunniiuiives slycoprotein luileidawila
viosansdevomyiigndntilidunnusdaiingeunu 1 Weu way 5 o
Wieufurynauaua savuuusumudnnuiiegaildlumsnaasusiaz
&y (n=10) **P<0.01

SUTl 11 (A) JUsunuiileBonasniden aorta Soudaed hematoxylin & eosin 7
YWAMAWeIY 40X uaasliliufsnununvesnivasaden anauise
50 um (SMC, smooth muscle cells; |, tunica intima; M, tunica media; E,
elastic fiber) (B) nWLAAINIMIITDITIMADAEDALA aorta Tuiilaife
viaemiden aorta vesuyfigndniliidunusulafingsuny 1 1o wag 5
Wouflsuiunyngumuny Miavuuufunudnusedisiltlunismaass
wsingngu (n=10) *P<0.05, **P<0.01, **P<0.001

Y

JUT 12 Udununsianteanvadlusiu hepcidin lulllelaviasniion aorta Y04

Y

=

nuNandninlmduanusulainasuiu 1 Weu waziidlaibodudadu Positive

Y Y

&

control tissue NfNAwETY 4X FUIRMaLaAItaNITLanI80nUBY hepcidin
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undi 1 Ui (Introduction)

1.1 anuddgyuazaguanuduunvadasenis

v A

lsamnusuladings \undsluanmgddgivinlilssgnsnilananeneuiodunis wazidu

>

v

Poymittdaiianuguussnniy andeyassdniseundiolan (WHO) Tud 2013 wut Tsaaaudy
Tafnguduamansmeitilangsds 7.5 S1uau videfesas 12.8 vasanvmnismenavan S1uaugd
frnusulafingsinlannuindsnouievieiudiuay eaes luawaveglulszmeaidainm uay
Annsaidnadinnugnuadlsanudulafingeialon Wistudadu 156 fuduau Tud we. 2568"
druanunisalauduladngddulssnelng andeyadrdnuloviswasynsaians d1nau
Uannsensieanssagy nundnsnistieaeglsannuiulafings sieusyying 100,000 au luseu 5
Yiikuan (wa. 2556-2560) HfinduaIn 12,302.14 ($1uam 3,936,171 aw) 18u 14,.926.47 (Fruau

5597.671 AL) 150517 30%

1
o v A a Y]

HansenudAyiinnAudulaingsren sinatendiasaden vinlvindiasaideon
FuRaUn® wiefi3unin Hypertension-associated endothelial dysfunction ZaAnainnisdl
USunueyyadasyasdu fimsdniaunaznssuiunmsdeuueivaandaning lUunegiaiess sy
firiuaniinissneeudn wad macrophage  Unamtvaondeniiavauminogaelueadtu 3
audutusiumsusinmssifiuvedlsavaondonuniuds (Atherosclerosis) I TnedmitliAnnis
a%qa%aﬁaizLLasaﬂiﬁaﬁﬂLaULWNMWﬂ%u [Valenti et al. 2015]

Tngnd Feritin sngrlfidususinmsavauvoundnlusnesufnissniay uwiuonan
Fenitin uwé faflgosluudnuiafiairsnsuiiaunsamuaunsazaumaniusnanels dudeseslum
hepcidin Tagun@ua hepcidin a%ﬁamﬂﬁuLLawé"aaaﬂf;jﬂizLLaLﬁam wonNtY fin1351891UN1S
LAAIBNYDY hepcidin protein Tunasaidansme lasnunishaniaanues hepcidin Tu endothelial
cells Tuanpavamy [Raha-Chowdhury et al. 2015] wazauddelud 2015 wuinanefisamed
hyperferritinemia $3ufusERy hepcidin AUdURUSHU aortic stiffness TugUrsauduladings
33 hepcidin azndailegnnszdulasnnefifindnazaslusnamennn wienngiinssnay Wudu

faifu hepcidin Ssenadiuudnduiusiunsarevasniden Inevhlminnsazaundnl’
luwad macrophage  @segnnunimaondenyafiiinsuindu/denuss  vuiluguvesausfigm
ety {Adeeadiluamzauiiladings fusondengninanennfiussiuluvaenidionuazeyya
dasy vieoAldoALARZiNISLEREENURY hepcidin Tulwaddnwin macrophage Lﬁugasﬁu uaze1ad

nsuanseanty endothelial cells HNgAUME

' World Health Organization (WHO). (2013). A global brief on hypertension Silent killer, global public health crisis. Retrieved from
http://www.who.int/cardiovascular_diseases/ publications/global_brief hypertension/en/

* difnulenneuazgnsemans antinnuudansynsasansisagy. adRansIsaay 1.6.2558. ngamwa: Tseiiust ansnaSeymndad (ngamm) i,
2559.
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1.2 dngUsrasAvuaIn1sivy

1. WeUssfiunedaninvesiaendenwastunyigndnirliduanusulafinasiisuiungund

2. WeAnwanuduiusveInsuanseanueslusau Hepcidin Tunasaidonuns Tudninaassi

IS [ a a (% a
Nﬂ?’)%ﬂ’ﬁﬂﬂﬂiﬁ%@’sﬂﬂL'Vl?J‘Uﬂ‘Uﬂ’]’JBTJﬂG]

1.3 wWaandnazlasu

A143YIn75

1.

e

HAFYANAMIIINAIILITEAINIATINTHILAIUITORANUWLUINTAITIVINTIEAUUIUITIAN

54

Ya o A d'

agflugnudeya SIR quartile 1-3 91uu 1 1304 uonINUENwTUNUNILaUenaUlY

MUYV INTTEAUUUIIRBNAIANNAIILALN AL

ANUIMITINGIAARTNITUNNGLUUNUIMYDY Hepcidin - nTavaenidenduiusiulsa

GRRFIAMEVIIER

ﬁ’wmsﬁ’m/mw%’wmniyﬂﬂa

1A59N193988 Turuazlnidn U.03 laNninnszuiuniIsisenianensing nieinim o4

Dunsimumineinsyaralidnisfadanssuiunis Andnszi wazAuaiinnuiiiudy ey

MliianNaunisAnefiaudndadiasisiasidsfnsieanlundaaunisdne wazvinla

NUATHVIAULAMITANENSITUT 1T Y

1.4 YBULUAYDINITIVY

lasams3dedl §Idefnwine1San nvemaendenunnuInlnguasuuaLE NI AaeT

gninilvifiannganusulaings wazfnwinisuanseanvedlusiu hepcidin luilleideviaeniion

wasvaynaaasgndnilvinn1izanusuladinauiisuiunyund sewmatinduyludalanil wag

confocal microscopy lagg3desutuilennaniinide luilavinsidesdninaasaes
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UNN 2 NISNUNIULENEISTINEIUBY (Literatures review)

2.1 Tsapnuauladings

Tsannudulafingsuazlsanszgangudulsainulivesuazidulsaifinaud Ay
anssglunguiigengiilan satwuividseaudlafingeuansgnnsuiithdeltiniuasnnie
Hoasineg veamainlsnsaniu wu nudnilngluggeeny wdstimunUszdniiou nmsguyms vise
nseeniidsne nmsannuiilufiieifanudulaingsaznuindanudeageiinun15inues
nszgn dslsamnudulaiingsuazlsansegnmgueiasziinanauiinundvesduieatu udegislsh
pudslaifinssenuiividaienalouazauduiusvesaunnvosnisinaudulaiingauazlsa
nszgangu Tsarnusulafingaanefannzanududeniusemnyivhlady was/mienusudenly
Fomefivhlananed fanunnnimanusudosdniiogsaiiies @nnd1 90/140 mmHg) F3A2u

mulafingawvsoandumnudulaingaugundl (dvswanms) dadunguinuinniian (esay 90-

1%
Y 1

95) fhenduiarSuiulsanrudulafinguiionigldussun 25-55 U (wuldunnlugiidorgfou
40 Vul) wazieogantufazilenmaduldiunniu Jaguddlinsuisaunguesnisifnanuiiy
Tofngeeiing uwillsemuiedadeliuhivhlmanmudulafings léun nssudsemuoimaiduin
vseliindeleifeuas N15do1gun ANTIU waznIIUILE druanusulalingauunfegiinuindng
agiiunan lsalaidess veendenunsievaanideaundlafiuuay sy

nsanwludnineaesnianzanudulaingariausugdl lasanizededanisAneily
o ¢ o o a = o v Yo = = a
dninaaeanidnizanuduladinglaenismilenimenisiasuindeludienlueimsusuimgs (8%

NaCl) Fenuidutadeidemdnvesnisiinanudulaingdludinudagduiliosninnginssunisiu

o A o

Aa |a a = ° v a v = v o ¢
@qﬂqimmﬂﬁﬂqﬂﬂsﬁl’ﬂﬂmfﬂﬂ WIUAIUANAYN SVIﬂwmmmaﬁmEJLLﬁm%ﬂ%ﬂﬂﬁlﬂLLasﬂamaMWUﬁ

o

vaamainlsanNusulainasdunazilugnistesiuuagShulsailseluluauen

wgFan nvevasaiFeailolinnufulaings UsnNIINILLTINTLUIUNIS angiogenesis Uad
§9vIa18NTNURIa DAL AN UTEAURADALADATUIA INELazasnldanIuInnNas Taevinlitin
wenSan Wluaeuuume Hyaline uwag hyperplastic arteriolosclerosis  lagluliuuwsn Hyaline
. . a & A P~ A dao I3 . Y]
arteriolosclerosis WenSan1nvaalotoazilusAunildnuwuzilu homogeneous pink AINTNY8S
y y g

waeaien daaznulaussluggegniaunanudulainunfwazaunulaings uiazguusiniily

AURY) 9

[
[y =

amgauauladings wenanifamululsalumiudnde (JUN 1) nsidguuuaiuuy hyaline
WudnwugdAgues benign nephrosclerosis f1e Feuanstanisuavasvosrasatdonluls vinli

Tasuidanudestiosad
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JUN 1 wenSanmvesviaaniden vila Hyaline arteriolosclerosis fiffoumed Periodic Acid Schiff (PAS)

wuuitdes fie hyperplastic arteriolosclerosis duiusiuanuduladinasegadeunduuas
JULII Snwazd1ANI9 histopathology  AB HLdUI9TBY 9 NadALFRAASI8%INON (onion  skin
appearance)  niafidnvarmuntududy 4 2enay LATQLIUYDINABALABALATEAY (concentric,
laminated thickening of the walls of vessel) (31117{ 2) Fednuwasdiududousududy 9 Hhudn
91nA13 duplication U84 basement membrane Vo4uaBALADN wonanil hyperplastic change €9

AuNusSAUNSaYaNDd fibrinoid LAY acute necrosis YaINABALADADNAIY

oY SIS S i e i |
. S ¢

JUN 2 wenSanmveiaeniien ¥ila Hyperplastic arteriolosclerosis Nigfaumied HAE

2.2 Iron homeostasis kas hepcidin

TngUnd nszuiunsmvaNnIsuudsnanididnseuaidion Wunseuiunsddgiiazsnwm
seduwanhudonlegluuiunaiiungay (Gzduminludeslunnsund 125 - 30 lulasluand)
nsvuIuNIsvUdumanluseiuwadfiniuAy systemic iron homeostasis agnuluwaduiswiln 1wy

wanlaydld (enterocyte), Lwaddu (hepatocyte) uasigadilaionv1iwlin macrophage Lusiu
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[Coates 2014; Hentze et al. 2010] seesluigad macrophage Winanunsadgisadniuaes
o fio (1) swpdntuglveamaniedn (Fe”) ASufUlUSAY transferin azgnuudadiwadsiiy
transferrin receptor 1 (TfR1) Faguuiaiwad vi3e (2) wanluguimdniesa (Fe”) Humna divalent
metal transporter 1 (DMT1) FafulusAurudsuuievuwadiiannsovudisinussianiifivsey 2+
(divalent ion; *) wdsanfwmandngiwadudn Fe” azgnivdesnleglugy Fe” etoulul ferric
reductase 9ntu Fe”' azgniuesnainisadgnizuadontiiu transmembrane protein fitain
ferroportin n§ani Fe”* %Qmﬂ?{amﬂu Fe”" Snafadetoulm] celuroplasmin itelkanunsa
Fuiy transferrin uazaudslunszuaidenls ileleaddu 1Wu waddy viewadlulunszgnatansa
dnndnivldlulunseuiunisaiadadosunssiely

AsYeuTes ferroportin SadesUsyanuiugesTuusiduseuiu ag1e Hepcidin Faudy
gosluuiaaazndaandu shuihiiruaunisUanudesmanannisadideydldesngnszualdon
yhausauiu ferroportin fudsnisUantdessmmininneadesngnszuaien lagluannisvininuy
voslusAuvudanin ferroportin 11lAANTS internalization e ferroportin 1 uazgnyiaty an
msdsiusnwmanidngnszuadeauazuaeslvavanl ifnisdld senmgaasndely S1amoaznds
hepcidin gatulunniefisenefindnazamnniuluuaglunnesniay Tumanssfudiudesane

a <@ & o | .. o [ v = <@ [ X |
LNRNTIVIRTIRAN WARRUATUaDY hepcidin  88nNUUBYAY mﬂummi@mumaﬂlmqwuuazm

]
al

nsruaunsiatediaideaunsfinuneigluiuielinduunldlinefneniiudesnis (5UN 3)
uonanifeanunsany hepcidin lonwala, s, Tn, nszingenmis wavarldidn [Campoverde et

al,, 2017] 4518MUNUNITUEAIBBNYBY hepcidin Tu endothelial cell luiduidenauavamysiy

v ¢ J

[Raha-Chowdhury 2015] agnelsinnu AluFuRussEndnanenSan e wmasnidaniitinain

v oY [

ANMUAUlaings AUNTSUEAIEaNYY hepcidin tudslidayaatiasuin
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Intestinal Lumen

F Fe* pmr
erric 1
reductase ® €] ®
‘ M | ‘ ‘ : A | . a& “ |
‘ |
Ferritin_o,o:: ’ ...: | — ...:
J |
¥ | Ferroportin U U
qudrous l Hepcidin
oxidase ® Fe+

Fe-transferrin @

Apotransferrin @ Plasma

3U7 3 Iron homeostasis Tuwadidoydld amuaunsiniiumanuaznisUanUdesianeengnssuaiden
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Uil 3 35n13ALHUN15398 (Research methodology)

3.1 dnNnang

Va v &

nsfnwneItudninaaedulasinsi fIdelafne1ddesiniu as. ang.¥5050l Ruzdne

Y

14 =

Naln3n (NMAITVINGT ANEINYIMIENT PBINTAUUNINGITY) wagnuIeIeaULALTEULAY
nseaN AMEINEIAIEnS uInedeuing Tun1sidesdninaaswaziuddnsv gadulum
WRsFIUNSMAugRan1siagwan1slddninaaes auyInemans uningrdeuding Lazlasenis
Idninnasddaniunisiinnsailaeamugnssunismiuguanisidedwasnsiddninenes A
Wermans annIneaeuiing Wuniieuiosuds (1@all MUSC60-045-395 wag MUSC59-006-339)
% ° & o : Y = Yy 2 o 4 & A % & A o edn o
wazldnsunmuaiiuiegislunaunii Asldtinnsiiudiegnallaialuuda Tneilagedninlasu

L4

ANBYLATIZANIUY W1unITAsanINlua1TWITINENNaALaR (paraformaldehyde) 1uaa vinlu

a

Lifilaiflarfisanadiniunisafin RNA  ilanstatinsnssinisudnsoanvasiunuiignsenuid
GITRINIE

3.2 WHUN15NAadYe (Experimental design)

TunsAnwadsildvyusnansiiug Sprague-Dawley rat (SD rat) g 01y 8 dUami uwiny
oonulu 2 ndu nduag 8 f il

— ngudl 1 1Jungueunu (control) a¢lé3uemsgasiidl 0.4% sodium (standard diet;

0.4% sodium; SD diet)

— wynguit 2 agléFuemsidumnalufengs 8% (High salt diet; 8% sodium; HS diet)

yhmaidssdnimaneaeafung 5 e lneynddani vhnismansninausulainain
Uitndlaums (tail cuff method) Aviansasundasvesuaaldonmueddaulagis calcum
balance study suavhnsasadseiiiunsiauveslalnensaatnsedu BUN uag creatinine lu
iiden uaniledugamneaesazshnanigueens uazinieboiila, vaoadon aorta, ln uas

N3EANNINTIFRUNMTURYULUAIMIINETING AN 9
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Blood pressure is measured every week

A
[ |
Start ‘
Animal-age ; O—. O-O O‘. O‘ Q‘.
(weeks) 8 12 16 20 24 28

l l l l

Ca?*and Na* balance study
Blood sample collection for BUN and creatinine analysis

JUN 4 ununmansdunaunsanwinisilisuwlasumusiuveswnadenlunyusignvieslifinaueiu

ladings Taonslasuensiiindeu3unmgs (salt-induced hypertensive male rats)

= v ¢ a v ¢ a v o & & o A Y o=
e a3, angy. J¥sasel Aezdadnalnin laiuvdwilenls, vasaiion aorta warlawdd
ddligide lner3dulasuillotionla, vaondonuasln Niun1sAANIAIY Fixative solution
waztAvlu 70% vAv ethanol wasdndleidesn@nwinesanimuazAnuilusiu hepcidin ay

Taguszasdn1snaasssialy

sl 41' a a A a v o Y & (Y] a
agUsedaenn 1 L‘WE]‘U’i%Lll‘LJ‘WEJ’]ﬁﬁﬂ'TWGUEN‘MaaﬂLﬁEW]LL@QIUW%!‘V]Gﬂ%ﬂUWIﬂLUUﬂ??llﬂuIﬁM@

Y

€

o

9
a a
ﬂm&mﬂuwmm
51|
9

e o)

uyRgu edenaendenvewmyignininliluanusulaingasiinetSanin  (blood

2

vessel injury) ﬁquuamd%ﬁmﬁsuﬁ’wgﬂﬂa WU i endothelial damage,
vascular plaque LezwadveInsnEUEese (Jud

nmanaaas  {ideiuiafevaonidenuarlaluiunssuaunsmadadeineuasiily
w5l ndusadodeduuiy 5 lulaswns wdnhludeud HRE wavafmy
3U 9 19U Masson’s  trichrome 1lUfnw histopathology ﬁﬂi’lﬂglmﬁ/@ﬁa
vaemdon lneduuninsaveswensanmitnuidsunm lagldgerunadiom 2
au s1uiiorienuudasyainiu Tnsusuiduludauds #ail Endothelial

detachment, Presence of macrophage uag Inflammatory reaction
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Faquszasdnl 2 ilefnwinisuanieenvedlusiu Hepcidin Tunasaidonuasuesyiiaiog
AnuRuladingiguiunyUng

suyRgnu n1suanssenveslusiiu Hepcidin asuiugedu Tunyfifinnizanudulafings
N13NARDY

msfnwludiudl 2 4 §ifenaunuaziit sections veaaenidenuazieidelavosmyii 2
nau TUshun1seumilusiu hepcidin #ae35auyludalonil wazdniadeluiinszvide

[y

semi-quantitative immunohistochemistry aalusiknsy NIS-Element (Nikon) Wi Taseiu

¥

n1suanseanvadlusiu hepcidin Tusegdu light microscope ndvumils §Iduazdoulusiu

= o 1

hepcidin  uagtlufnwiuagiinsiesinie Confocal microscopy vivelviladayafissium
nsanteenueslusAunuiudnely  uazilelbovesasadennaziala irludnwinis
LAAIOONUDIBU Hepcidin WazBuiAeatediu iron transport-related genes 191 DMTI,

ferroportin, tranferrin receptor 1 lLay 2 Ao gRT-PCT (muAkuz1inues Reviewer)

3.3 Fmsuszliune/dunsnzidoya

nan1Iaaeeiluilasiest Unpaired student t-test wagidlodn p < 0.05 f931ANUNAY

o w

Juuanersegraiitedfydeaia arelusunsy GraphPad Prism 8.0 for Mac OS X (GraphPad
Software, San Diego, CA, USA).

3.4 BWHUNISAIUIIN/TUABUNISIVEY

M199ETUUHLIYTRY (Gantt chart)

Activities Year 2020 Year 2021

1 2 3 4 5 6 7 8 9 10 11 12

an. VRN n.A. FARN n.A. da.n. n.4. f.A. W.g. 5.A. au.e. ..

Experiment 1

Histological processing, H&E and
Trichrome staining

Vascular injury grading

A
v

Experiment 2

Hepcidin immunostaining and
semi-quantitative analysis
Hepcidin immunostaining and
confocal microscopy analysis
gRT-PCR analysis of iron

transport-related genes

A
\ 4

Data analysis

A

Manuscript preparation/submission
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Activities

Year 2020

Year 2021

5

6

10

11

12

Manuscript revision, expected

acceptance for publication
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unil 4 wamsIseuazafusena

4.1 lasensdelaeasy

otsiinsuiuinisslaandelnfesluiinadgeaiudmalianausulafingdls denisd
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3 Raha-Chowdhury R, Raha AA, Forostyak S, Zhao JW, Stott SR, Bomford A. Expression and cellular localization of hepcidin
mMRNA and protein in normal rat brain. BMC Neurosci. 2015;16:24.
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Excessive salt consumption causes
systemic calcium mishandling

and worsens microarchitecture
and strength of long bones in rats

Wacharaporn Tiyasatkulkovit'?, Sirion Aksornthong®3, Punyanuch Adulyaritthikul*3,
Pornpailin Upanan*, Kannikar Wongdee’*, Ratchaneevan Aeimlapa’3,

Jarinthorn Teerapornpuntakit®®, Catleya Rojviriya®, Nattapon Panupinthu3*' &
Narattaphol Charoenphandhu?37:8

Excessive salt intake has been associated with the development of non-communicable diseases,
including hypertension with several cardiovascular consequences. Although the detrimental

effects of high salt on the skeleton have been reported, longitudinal assessment of calcium balance
together with changes in bone microarchitecture and strength under salt loading has not been fully
demonstrated. To address these unanswered issues, male Sprague-Dawley rats were fed normal salt
diet (NSD; 0.8% NaCl) or high salt diet (HSD; 8% NaCl) for 5 months. Elevation of blood pressure,
cardiac hypertrophy and glomerular deterioration were observed in HSD, thus validating the model.
The balance studies were performed to monitor calcium input and output upon HSD challenge. The
HSD-induced increase in calcium losses in urine and feces together with reduced fractional calcium
absorption led to a decrease in calcium retention. With these calcium imbalances, we therefore
examined microstructural changes of long bones of the hind limbs. Using the synchrotron radiation
x-ray tomographic microscopy, we showed that trabecular structure of tibia and femur of HSD
displayed a marked increase in porosity. Consistently, the volumetric micro-computed tomography
also demonstrated a significant decrease in trabecular bone mineral density with expansion of
endosteal perimeter in the tibia. Interestingly, bone histomorphometric analyses indicated that salt
loading caused an increase in osteoclast number together with decreases in osteoblast number and
osteoid volume. This uncoupling process of bone remodeling in HSD might underlie an accelerated
bone loss and bone structural changes. In conclusion, long-term excessive salt consumption leads to
impairment of skeletal mass and integrity possibly through negative calcium balance.

Ingestion of table salt (NaCl) in an appropriate amount is essential for the maintenance of osmolarity and volume
of the extracellular fluid. However, sodium excess or deficiency can severely affect various organ functions. Cur-
rent recommendation by the American Heart Association states that individuals should not consume more than
2 g of sodium per day'. In modern societies, however, average sodium consumption has surpassed this guideline
reaching 3.4 g per day” Continued salt loading gradually compromises the function of the cardiovascular and
renal systems by increasing plasma osmolarity and fluid retention, thus leading to long-standing hypertension
with life-threatening consequences®. A number of studies reported that the mechanisms underlying systemic
hypertension due to high salt intake involve disarrays of neuronal and hormonal regulation. These include activa-
tion of sympathetic nervous system and renin-angiotensin system*®, production of atrial natriuretic peptide®’,
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and induction of oxidative stress®’. Systemic hypertension due to high salt now emerges as a key causal factor
for other metabolic diseases'*™'2.

Adverse effects of high salt diet (HSD) consumption also extend to calcium homeostasis and the regulation
of bone mass at both local and systemic levels. HSD consumption significantly reduced calcium retention in
adolescent girls from different ethnic backgrounds'?. In this regard, perturbation of renal epithelial functions by
excess sodium interfered with the ability to handle calcium'. Salt loading resulted in urinary calcium loss and
increased bone turnover in postmenopausal women who already had low bone mass from estrogen deficiency'.
Moreover, consumption of HSD upended the positive calcium balance by high calcium intake, leading to net
calcium loss in postmenopausal women'¢. Concerning the gut, it has been reported that exposure to excess salt
increased the number of apoptotic cells'’, caused inflammation'®, and leakiness'” of the epithelial layer. Although
HSD has long been postulated to cause osteoporosis, longitudinal monitoring of the calcium balance during
HSD consumption has not been fully demonstrated. Moreover, it is not known whether HSD directly affects the
intestinal calcium absorption, particularly the expression of genes related to calcium transport.

Despite earlier suggestion that low bone mass was a consequence of salt-loading-induced increase in uri-
nary calcium excretion, it remains unclear how excess salt consumption leads to aberrant bone cell functions.
Addition of high concentration of NaCl directly into the culture media stimulated differentiation of osteoclasts
from their precursors, i.e., mouse bone marrow macrophage and human peripheral blood mononuclear cells®.
Interestingly, enhanced production of osteoclastogenic factors induced by HSD led to increased resorptive area
and decreased bone mineral density (BMD) in long bones and vertebrae of growing male mice?!. Mechanisti-
cally, it has been shown that an imbalance of immune interaction, i.e., T helper 17 cells and regulatory T cells,
was responsible for this increase in bone resorption. However, the complete picture of bone remodeling process
and microstructural changes under high salt treatment remained unexplored. In addition, data on how dietary
salt affects bone strength is also lacking.

In this study, we employed a systematic approach to tackle the long-term consequence of HSD consumption
on calcium handling, bone microarchitecture and strength in growing male rats. A series of calcium balance
studies performed over 5 months of HSD consumption revealed mishandling of calcium in both the intestine and
kidney. The present study also investigated the expression of genes related to calcium transport in the intestine
and kidney. We showed that calcium loss in urine and feces compromised bone strength as determined by three-
point bending tests and microarchitecture as analyzed by conventional micro-computed tomography (uCT).
High-resolution synchrotron radiation x-ray tomographic microscopy (SRXTM) was also employed for better
visualization of void volume and porosity in bone microstructure.

Materials and methods

Animals. Male Sprague-Dawley rats at 8 weeks of age were obtained from Nomura Siam International Co.
Ltd. (Bangkok, Thailand). Upon arrival at the Central Animal Facility, Faculty of Science Mahidol University
(MUSC-CAF an AAALAC-accredited facility), animals were acclimatized for 7 days and maintained in stainless
steel cages at 21+ 1 °C temperature, 12/12 h light-dark cycle, and 50-60% relative humidity. The animals were
fed standard chow (Perfect Companion Group Co., Ltd., Bangkok, Thailand) and reverse osmosis (RO) water
ad libitum during acclimatized period. The experimental protocol was approved by the Institutional Animal
Care and Use Committee (IACUC), Faculty of Science, Mahidol University. All studies related to animals were
performed in accordance with relevant guidelines and regulations, including the ARRIVE guideline (http://
www.ARRIVEguidelines.org).

Experimental design. After acclimatization, body weight, systolic and diastolic blood pressure (SBP and
DBP, respectively) were monitored. Non-invasive tail cuff method was used to measure SBP and DBP based on
CODA tail-cuff blood pressure system (Kent Scientific Corporation, CT, USA). All rats were then randomly
allocated into two groups that received normal salt diet (0.8% NaCl, NSD) or high salt diet (8% NaCl, HSD).
Nutritional values of NSD (Perfect Companion Group Co., Ltd., Bangkok, Thailand) and HSD (Envigo, IN,
USA) were indicated (Supplementary Table S1). There were no significant differences in the baseline values of
body weight, SBP, DBP and mean arterial pressure (MAP) between two the groups (Supplementary Table S2).
Normal salt and high salt containing rat chow and RO water were provided ad libitum for up to 5 months. SBP,
DBP and MAP as well as body weight were recorded weekly in HSD and the corresponding age-match NSD
rats throughout the experiments. Calcium balance study was performed at 1, 3 and 5 months after the random
allocation. Upon euthanasia at the age of 1, 3 and 5 months in HSD and the corresponding age-match NSD rats,
blood was collected by cardiac puncture to determine level of ionized calcium. Heart and kidney were collected
to determine the pathological changes by histological staining. In addition, kidney and duodenum were col-
lected to determine mRNA expression of gene related to calcium transport. Furthermore, tibiae and femurs were
also collected for bone studies. The timeline of our experiments is depicted in Fig. 1.

Histological staining and analyses. Heart and kidney were removed after euthanasia. Fresh tissue was
dissected, cleaned with ice-cold saline and fixed at 4 °C with 4% paraformaldehyde for 12 h. Fixed tissues were
dehydrated by graded ethanol immersion and cleared by xylene. Tissues were then embedded in paraffin and
thereafter, sliced into 3-um-thick sections. Sections from kidney and heart were stained with hematoxylin and
eosin (H&E) for structural inspection. Histological analyses were examined under Olympus BX51 light micro-
scope (Tokyo, Japan) and NIS-Elements BR Analysis 4.00 (Nikon Instruments Inc., NY, USA). Measurement of
cardiac myocyte diameter was performed as previously described?’. The diameters were obtained by measuring
across the center of each cardiac myocyte at 100x magnification. The myocyte must be longitudinally cut with
the presence of nuclei. For Bowman’s capsule measurement was modified from the method of Lindahl and co-
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Figure 1. Timelines of the present experiments.

workers?. Fifty Bowman’s capsules pictures (20x magnification) per animal were used for analysis. Total Bow-
man’s capsule area and glomerular tuft area were derived from tracing the outline of parietal layer and visceral
epithelial layers, respectively. The difference value between total Bowman’s capsule area and glomerular tuft area
was defined as Bowman’s space area.

Calcium balance study. All animals were subjected for longitudinal assessment of calcium balance at 1,
3 and 5 months by random allocation using metabolic cages (Techniplast, Venice, Italy) to closely monitor the
consumption of food and water as well as excretion of urine and feces over 3 days. Food, water, urine and feces
were collected at the end of day 3, and the contents of calcium were assessed by atomic absorption spectrometer
(PerkinElmer, MA, USA) as described previously?*.

Assessment of plasma ionized calcium. Blood samples were collected by cardiac puncture immediately
after euthanasia with sterile heparinized syringe (BD Diagnostics, Plymouth, UK). Determination of ionized cal-
cium levels was performed by using ion-selective electrodes (Nova Biomedical, Waltham, MA) under anaerobic
conditions at Ramathibodi Hospital, Mahidol University, Bangkok, Thailand.

RNA isolation. Total RNA was isolated from duodenum, kidneys and long bones of NSD and HSD rats.
Rats were anesthetized and median laparotomy was performed. The duodenal segment was cut longitudinally
and rinsed with cold normal saline to remove luminal contents. The mucosal cells were collected by scraping
with ice-cold glass slide. For kidneys, surrounded connective tissue and renal capsule were removed and tissues
were chopped into small pieces. For long bones, tissues were flushed with cold phosphate-buffered saline to
remove cells in bone marrow and chopped into small pieces. Duodenal and kidney tissues were homogenized
with sterile glass-Teflon Potter-Elvehjem homogenizer. Bone tissues were homogenized with Precellys Evolu-
tion Super Homogenizer using ceramic beads according to the manufacturer’s protocol (Bertin Instruments,
Montigny-le-Bretonneux, France). RNA was extracted by TRIZol reagent according to the manufacturer’s proto-
col. The amount and purity of RNA samples were determined by NanoDrop-2000c spectrophotometer (Thermo
Scientific, Waltham, MA, USA).

Quantitative real-time RT-PCR. Synthesis of cDNA was performed by reverse transcription of one-ug
total RNA with iScript cDNA synthesis kit (Bio-Rad, CA, USA). 18S rRNA (for duodenal and kidney samples)
and B-actin (for long bones) were selected as housekeeping genes to evaluate consistency of the reverse tran-
scription (i.e., variation coefficient must be less than 5%; n=10 for each group). Quantitative real-time RT-PCR
(qRT-PCR) and melting curve analyses were performed by QuantStudio 3 RT-PCR System (Applied Biosystems,
CA, USA) using SsoFastEvaGreen Supermix (Bio-Rad, CA, USA). The reactions were performed for 40 cycles
at 95 °C for 60 s, 51-60 °C (see annealing temperature for each primer in Supplementary Tables S3 and S4) for
30 s, and 72 °C for 30 s. All primers have been validated for specificity and efficiency by conventional RT-PCR
previously?>?. Relative expression was calculated from the threshold cycles (C,) based on previously described
AC, method?.
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Measurement of bone microarchitecture and BMD. Bone length, three-dimensional microarchitec-
ture and volumetric density of cortical and trabecular bone were determined by micro-computed tomography
(uCT; SkyScan Model 1178, Aartselaar, Belgium) with subsequent analyses as previously described?. In brief,
right tibia of individual rats was exposed to rotational x-ray source of 180° scanning with 0.54° angular incre-
ment using the voltage of 65 kV, the current of 615 pA and filtered by 0.5-mm aluminum. The images were
reconstructed and analyzed by SkyScan CT-analyzer Version 1.11.10 (Aartselaar, Belgium).

Bone histomorphometry. Left tibiae from NSD and HSD rats were used to determine osteoblast- and
osteoclast-related parameters. After removal of adhering tissues, samples were dehydrated in serial concentra-
tions of ethanol solutions (i.e., 70% for 3 days, 95% for 3 days and 100% for 2 days) and then embedded in methyl
methacrylate resin at 42 °C for another 2 days. These resin-embedded tibiae were cut longitudinally by a tung-
sten carbide blade-equipped microtome (Leica, Nussloch, Germany) to obtain 7-um-thick sections, which were
stained with Goldner’s trichrome method® and visualized using Olympus BX51TRF light microscope (Tokyo,
Japan). Analyses of tissue sections were performed using the OsteoMeasure histomorphometric system (Osteo-
metric Inc., GA, USA). The region of interest (ROI) in this study was consistently assigned to cover the entire
trabecular area of the proximal tibial metaphysis at 1-2 mm distal to the growth plate.

Synchrotron radiation x-ray tomographic microscopy (SRXTM) of long bone. For each bone
specimen, the bone was placed in a sample holder filled with cottons soaked in PBS to prevent the tissue dehy-
dration and the displacement of the specimen during measurement. All SRXTM experiments were performed
at the x-ray tomographic microscopy beamline (BL1.2W: XTM) of the Siam Photon Source (SPS), Synchro-
tron Light Research Institute (SLRI), Nakhon Ratchasima, Thailand. The image acquisition and parameters
setup used in this experiment were based on the previous method of Tiyasatkulkovit and co-workers®. All
tomography datasets were collected with filtered polychromatic x-ray beam at the mean energy of 10.5 keV. The
x-ray projections were acquired from the detection system comprising YAG-Ce scintillator coupled microscope
(OptiquePeter, France) and PCO.edge 5.5 camera (PCO Imaging, Germany). This setup yielded an effective pixel
size of 3.61 x 3.61 um? The image processing and tomographic reconstruction was carried out by using Octopus
Reconstruction software (Kohoutovice, Czech Republic).

As for the porosity measurement, the pore canals in the bone specimens were segmented and analyzed from
the reconstructed slices by using Octopus Analysis software (Kohoutovice, Czech Republic). Herein, a fraction of
the void volume over the analyzed volume (referred to as the volume of interest; VOI) were averaged from four
regions in each specimen and expressed in terms of the percentage of porosity (% porosity—i.e., percent void
volume). The 3D visualization and presentation of the volumetric data were rendered by using Drishti volume
software (Canberra, Australia).

Statistical analyses. The results were expressed as means + standard error of mean (SEM). For the longi-
tudinal study of blood pressure, which had two contributed factors (HSD and time of induction), were analyzed
using two-way analysis of variance (ANOVA) with Bonferroni post-tests. For other data, the two sets of data
were compared by unpaired Student’s -test. The statistical significance was considered when P<0.05. All data
were analyzed by GraphPad Prism 7 (GraphPad, San Diego, CA, USA).

Results

Saltloading caused elevated blood pressure, cardiac hypertrophy and glomerularchanges. To
validate our HSD model, we monitored SBP, DBP and MAP in fully conscious rats using non-invasive tail-cuff
method over 5 months. At the beginning, there was no significant difference in blood pressure between the
two groups. SBP in HSD group increased by the end of the first month and remained elevated throughout the
experiments (Fig. 2A). Consuming HSD also increased DBP, but the effect was delayed until the end of the
second month (Fig. 2B). Likewise, MAP in HSD group was gradually increased and reached statistical signifi-
cance by the end of the second month (Fig. 2C). These data indicated that HSD caused elevation of SBP, DBP
and MAP in rats. We next examined the consequences of high blood pressure. In general, rats received HSD
remained alert and displayed normal behaviors. These rats, however, exhibited a significant decrease in body
weight despite an increase in food intake (Supplementary Fig. S1A,B, respectively). Reduction in body weight
rapidly developed ~5% (as compared to the age-matched NSD) during the first month of HSD consumption
and reached ~ 10% at the fifth month. In addition, water consumption was significantly increased in HSD group
(Supplementary Fig. S1C). Taken together, we found that salt loading led to hypertension with body weight loss
despite increased food and water consumption.

The consequences of elevated blood pressure were examined. Since salt loading normally leads to an expan-
sion of intravascular volume, we asked whether an increased afterload led to structural changes in the heart. It
was found that HSD increased the diameters of cardiac muscle fibers within 1 month and 5 months (Fig. 2D,E).
These data indicated development of cardiac hypertrophy caused by an elevated blood pressure, thus validating
our model of HSD-induced hypertension. Since persistent elevation of blood pressure can damage microvascular
and renal structures, we thus examined the histological changes in the kidneys after 1 month and 5 months of
HSD. Here, we noticed alteration in total Bowman’s capsule area and Bowman’s space in HSD group. Quantitative
analysis of the Bowman’s capsule area indeed revealed a significant increase in Bowman’s space after 5-month
HSD consumption (Fig. 2E,G) consistently with a significant increase in Bowman'’s capsule area (Fig. 2EH). These
data confirmed that HSD consumption led to structural changes of the renal glomeruli, which could be an early
sign of renal dysfunction in hypertension.
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Figure 2. Blood pressure profile of NSD and HSD over 5-months of treatments. (A) Systolic blood pressure
(SBP), (B) diastolic blood pressure (DBP) and (C) mean arterial pressure (MAP). (D) Representative HXE
photomicrographs of cardiac myocytes obtained from rats fed with HSD or NSD for 1 month and 5 months.
Arrow, nucleus of cardiac myocyte; C, vascular capillary; R, red blood cell. Scale bars, 20 uM. (E) Cardiac
myocyte diameter of rats receiving HSD or NSD for 1 and 5 months. (F) Representative H&E photomicrographs
of renal tissue obtained from rats fed with HSD or NSD for 1 month and 5 months. Bowman’s capsule

(arrow) and glomerulus (G) were presented. Alteration of Bowman’s capsule areas was evident in HSD groups
(arrowheads). Scale bars, 50 um. (G,H) Quantitative analysis of the Bowman’s space and total Bowman’s capsule
areas revealed an increase after the fifth month HSD consumption. Numbers of animals in each group are
shown in parentheses. *P<0.05, **P<0.01 and **P<0.001 compared to period-matched NSD.

HSD consumption led to calcium mishandling in the kidneys and intestine. We adopted a sys-
tematic approach to explore the effect of HSD on calcium handling. Specifically, animals were subjected to cal-
cium balance study after 1-, 3- and 5-month of HSD consumption. Data were compared with those from rats
receiving NSD at corresponding times. Focusing on the kidneys, HSD consumption led to progressive loss of
calcium in the urine over 5 months (Fig. 3A). Rapid increase in calcium loss was apparent initially between
time points of 1 to 3 months of HSD intake. In addition, HSD induced significant fecal calcium loss at 5 months
(Fig. 3B). Next, fractional calcium absorption and calcium retention were calculated based on the results from
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Figure 3. Longitudinal study of calcium balance in NSD and HSD. (A) Calcium output from urine, (B)
calcium output from feces, (C) percentages of calcium absorption, (D) percentages of calcium retention, and (E)
plasma ionized calcium. Numbers of animals in each group are shown in parentheses. *P<0.05, **P<0.01 and
***P<0.001 compared to NSD.

urine and fecal outputs. We found that fractional calcium absorption was significantly decreased by 6% in HSD
groups after 5 months of dietary manipulation (Fig. 3C). Reduction in calcium intake together with urinary
and fecal calcium loss thus led to significant decrease in calcium retention (Fig. 3D). Nevertheless, the plasma
ionized calcium remained unchanged in both groups at 1 and 5 months after dietary manipulation (Fig. 3E). In
addition, it was possible that HSD-induced calcium mishandling in the kidney and intestine might have resulted
from alteration at the transcriptional levels. Nevertheless, the mRNA expression levels of five candidate genes
that were directly involved in the transcellular calcium transport of both kidney and intestine— i.e., TRPV5,
TRPV6, S100g, PMCA , and NCX1—did not alter in HSD vs. control groups (Supplementary Figs. S2A-E for
kidney and S3A-E for intestine).

SRXTM and pCT analyses revealed microarchitectural defects in the long bones of rats receiv-
ing HSD. Since chronic HSD consumption induced calcium loss in urine and feces, which, in turn, led to
negative calcium retention, this negative impact on calcium homeostasis was expected to trigger a response by
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Figure 4. The representative images of bone specimens and their microstructures obtained from SRXTM, scale
bar: 1000 um. (A) Longitudinal section trabecular bone at proximal metaphysis of tibiae, (B) trabecular bone at
distal metaphysis of femurs and (C) cross-sectional cortical bone at diaphysis of femurs in NSD and HSD.

promoting calcium release from bone to maintain normal level of calcium in the blood. This highly efficient
minute-to-minute regulation is possible due to the sensitive calcium-sensing receptors in the parathyroid glands.
As expected, we did not detect any change in the levels of plasma ionized calcium in both groups at 1 and
5 months after dietary manipulation. We thus further hypothesized that long-term continuous release of calcium
from bone could affect bone microstructure. Femurs and tibiae from rats receiving HSD or NSD for 5 months
were isolated and subjected to structural and quantitative analyses using SRXTM. We examined changes in the
microarchitecture of trabecular bone at metaphyses and cortical bone at midshafts. Longitudinal and cross-
sectional analyses of these areas were depicted in Fig. 4A-C. Superior to those obtained from conventional uCT,
the SRXTM has enable the 3D visualization of the pore networks inside the cortical bone, which contributed the
porosity. As shown in Fig. 5A,B, the porosity in cortical bone, as a measurable outcome, regarding the relative
volume of cortical canals was significantly increased in HSD as compared with NSD. In addition, an increase in
bone porosity was also observed in the trabecular bone of tibia and femur of HSD compared with NSD (Fig. 5C).
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Figure 5. The segmentation and analysis for pore measurement in the 3D volumes of cortical bone specimens
obtained from SRXTM. (A) 3D volume representatives of the cortical bone at diaphysis of femur from NSD and
HSD group are shown in brown color gradient. The segmentation of pore canals inside the bones is rendered

in red color enclosed with a transparent background for porosity measurement. All scale bars are depicted

500 um. (B) quantitative analyses of the porosity of cortical bone at diaphysis of femurs and (C) trabecular bone
at proximal metaphysis of tibiae and trabecular bone at distal metaphysis of femurs. The number of animals in
each group are indicated in parentheses. *P<0.05, **P<0.01 compared to NSD.

Next, we used conventional uCT analysis to determine geometry and BMD of long bones. HSD consumption
led to a significant increase in cross-sectional area of proximal tibial metaphysis (Fig. 6A) without affecting bone
length (Fig. 6G). This geometric change in HSD group prompted us to perform analyses across the surface of
bone circumference of tibial metaphysis. Medullary area of tibiae metaphysis of HSD rats was markedly expanded
(Fig. 6B) with a significant increase in endosteal perimeter that lined the bone marrow (Fig. 6C). We applied
similar analyses to the distal metaphyses of femurs but found no significant change between HSD and NSD
groups. It was also found that the circumferential areas of trabecular known as the cortical thickness was unaf-
fected by HSD consumption (Fig. 6D). Interestingly, volumetric BMD (vBMD) of the proximal tibial metaphysis
was significantly reduced in HSD groups (Fig. 6E), while there was no change in vBMD of femoral trabecular
bone. Likewise, vBMD of cortical bone at both sites was unchanged (Fig. 6F). Taken together, the aforementioned
data indicated that prolonged salt loading had unfavorable impacts on the long bones by increasing porosity at
trabecular and cortical parts, inducing medullary expansion and decreasing trabecular BMD.
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Figure 6. Microstructural parameters of tibiae and femurs of NSD and HSD. (A) Cross-sectional bone area;
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Figure 7. Bone histomorphometric analysis of bone resorption markers of tibiae and the mRNA expression
levels of osteoblast-derived osteoclastogenic factors in long bone (humerus and radius) of NSD and HSD. (A)
Percentages of osteoclast number per bone perimeter (N.Oc/B.Pm) and (B) osteoclast surface per bone surface
(Oc.S/BS), and expression of (C) IL-6 and (D) m-CSE The mRNA expression of each gene was normalized

by B-actin expression. Numbers in parentheses are numbers of animals in each group. *P<0.05, ***P<0.001
compared to NSD.

HSD consumption disrupted the balance of bone remodeling. A decrease in trabecular vBMD had
suggested that bone remodeling process was imbalance in rats with HSD treatment. We then employed bone
histomorphometry to demonstrate the changes associated with bone resorption and bone formation. Regard-
ing bone resorption, osteoclast numbers and surface were significantly increased in rats that received HSD for
5 months (Fig. 7A,B, respectively), suggesting that salt loading promoted osteoclastogenesis. Freshly isolated
tibiae from HSD and NSD rats were collected for qRT-PCR to access mRNA expression of cytokine genes related
to osteoclastogenesis, i.e., interleukin-6 (IL-6) and macrophage colony-stimulating factor (m-CSF). These oste-
oclastogenic cytokines were significantly increased in HSD group (Fig. 7C,D, respectively). Regarding bone
formation, bone histomorphometry was used to visualize and quantify osteoblast number and activity from
the same sets of samples. HSD consumption markedly decreased osteoblast numbers and surface (Fig. 8A,B,
respectively). Moreover, we found that salt loading markedly reduced osteoid surface and volume (Fig. 8C,D,
respectively). Despite the apparent changes in osteoblast number and activity, the expression levels of mark-
ers associated with osteoblast differentiation, i.e., Runx2 and osterix, as well as those associated with osteo-
blast activity, i.e., alkaline phosphatase and osteocalcin in HSD group were not different from NSD controls
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Figure 8. Bone histomorphometric analysis of tibiae and the mRNA expression levels of bone formation
markers in long bone (humerus and radius) of NSD and HSD. (A) Percentages of osteoblast number per bone
perimeter (N.Ob/B.Pm), (B) osteoblast surface per bone surface (Ob.S/BS), (C) osteoid surface per bone surface
(OS/BS) and (D) osteoid volume per bone volume (OV/BV). The mRNA expression of (E) Runx2, (F) Osterix
(Osx), (G) alkaline phosphatase (ALP) and (H) osteocalcin (OCN) were determined by quantitative real-time
PCR and was normalized by B-actin expression. Data were analyzed by unpaired t-test. Mostly from cells of the
osteoblast lineage in HSD group were similar to those in NSD controls. Numbers in parentheses are numbers of
animals in each group. *P<0.05, **P<0.01 compared to period-matched NSD.

(Fig. 8E-H, respectively). These data thus indicated that HSD uncoupled bone remodeling cycle by enhancing
bone resorption and suppressing bone formation.

Salt loading caused transient mechanical defects in long bones. We then turned to examine
changes in the skeleton over the 5-month period. We began the process with a series of three-point bending
tests to evaluate whether HSD induced cumulative mechanical defects within bone tissues. We found that HSD
compromised the mechanical properties mostly after 1 month of HSD consumption. Specifically, HSD intake
decreased yield load, which was the force required for the transition of elastic to plastic deformation (Fig. 9A).
While there was no change in yield displacement—i.e., the bending distance prior to plastic state (Fig. 9B), HSD
reduced the ultimate displacement, which was the bending distance prior to fracture (Fig. 9C), suggesting that
long bones from HSD rats, once deformed, had greater tendency to break. Moreover, the capacity of energy
absorption was reduced in long bones from HSD-fed rats (Fig. 9D). Consistently, flexure strain observed at the
initial point of fracture was significantly reduced in HSD group (Fig. 9E). There was no change in the flexure
stress observed at the initial point of fracture between two groups (Fig. 9F). Taken together, HSD led to compro-
mised bone mechanics within the first month. However, all these mechanical changes due to salt loading disap-
peared in the following 3- to 5-month period (except the yield displacement at 3-month time point), suggesting
that mechanical defects in bone due to salt loading were transient and correctable despite persisting calcium
mishandling in chronic HSD consumption condition.

Discussion

Herein, we demonstrated integrated findings on the effects of HSD on calcium and bone metabolism. The present
dietary intervention compromised fractional calcium absorption in the gut and continuous losses of calcium in
the urine, which could lead to negative consequences on the skeleton. Impaired bone strength was found after
HSD consumption, whereby long bones became less resistant to external forces. Advance image analyses using
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Figure 9. Mechanical property analysis of femurs of NSD and HSD. (A) Yield load, (B) yield displacement, (C)
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are numbers of animals in each group. *P<0.05, **P < 0.01 compared to period-matched NSD.

SRXTM combined with conventional uCT revealed microarchitectural changes in the skeleton from HSD-fed
rats. Indeed, HSD consumption further compromised bone microarchitecture and reduced vBMD. Consist-
ently, bone histomorphometric data showed that osteoclast numbers were increased together with decreases in
osteoblast numbers and osteoid volume, thus indicating an uncoupling of bone remodeling process.

Prior to studying bone microarchitectural changes, we began by validating our model of HSD-induced hyper-
tension in rats. Early rise in salt loading-induced SBP indicated a greater sensitivity of SBP changes®'. Complete
aberration of blood pressure regulation at the fourth and the fifth month confirmed the condition of salt-induced
essential hypertension. It was evident that HSD-fed rats exhibited a significant weight loss despite marked
increase in food intake. Likewise, this aberrant energy metabolism was reported in another HSD-induced hyper-
tensive model—the Dahl salt-sensitive rats®?. It has been proposed that corticosterone-induced muscle wasting
occurred in the high catabolic state due to salt loading®. However, in humans, excessive salt consumption was
usually associated with obesity, which did not fully recapitulate this condition in HSD rat models. Indeed, salt
when given with sugar mixture led to systemic hypertension and obesity in male mice compared to those that
received only sugar mixture'®.

The disturbances in cardiovascular functions then led to subsequent changes in the kidneys. Normally, an
optimal ratio of glomerular and Bowman’s capsule volumes implicates effective filtration®*. However, we found
an enlargement of Bowman’s capsule area developed as a response to HSD, which was likely to be a result of
a massive filtration volume, a consequence of a long-standing intake of HSD. In general, the HSD-induced
hypertension often causes kidney damages in animals and men. For example, in spontaneously hypertensive
rats, chronic HSD consumption led to severe damage of renal corpuscle, i.e., glomerular hypertrophy and loss
of podocyte integrity®. Moreover, depletion of podocytes in the glomeruli was implicated in specimens from
patients with hypertension®. Herein, we propose that Bowman’s area enlargement may be included as another
critical indicator of progressive glomerular changes due to chronic HSD consumption.

Calcium concentrations in the blood and extracellular fluids are tightly controlled through the regulated
translocation of calcium ions via intestinal absorption, renal reabsorption and the formation and breakdown
of bone. Calcium absorption in the intestine and calcium reabsorption in the kidney involve similar processes,
i.e., passive paracellular and active transcellular pathways. The transcellular pathway is a multi-carrier-mediated
process, in which TRPV5 and TRPV6 allow calcium entry across the apical membrane while calbindin-D,g
(kidney) or calbindin-Dy, (intestine) translocating calcium across the cell, and finally PMCA , and NCX1 extrud-
ing calcium across the basolateral membrane. In addition, tight junction proteins, e.g., claudins, contribute to
formation of ion-selective pores that mediate paracellular calcium movement®’. The present result, however,
showed no significant alteration in the mRNA levels of the calcium transport-related genes (for either paracel-
lular passive or transcellular active transport) in the intestine and kidney. This was consistent with the previous
report that showed an increased abundance of calcium transport protein calbindin-D,g, in HSD rats without
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change in the mRNA level'*. Interestingly, HSD could alter NCX1 expression in other tissues. For example, the
increased NCXI1 expression on mitochondrial membrane played a pivotal role in mitochondrial calcium overload
and cardiac hypertrophy induced by HSD consumption®®. Therefore, the cellular and molecular mechanisms of
how HSD consumption induced calcium mishandling in the intestine and kidney require further investigation.

Emerging evidence indicated that HSD disrupted the balance of gut microbiota that underlay the pathogen-
esis of hypertension®. Thus, it is conceivable that this HSD-induced dysbiosis compromised calcium absorp-
tion by, for example, impairing gut barrier*” or decreasing beneficial bacteria that normally promote calcium
absorption*"*2. Furthermore, it was proposed that disruption of gut barrier due to HSD led to early kidney
injury and hypertension' that could interfere with calcium reabsorption. On the other hand, consumption of
the Dietary Approaches to Stop Hypertension (DASH), which contained low salt content together with high
proportions of fruits, vegetables and dairy products, helped reduce the risk of urinary calcium oxalate stone
formation®. These findings suggested that appropriate amount of salt consumption must be achieved to maintain
calcium balance by intestine and kidney. Whether consumption of beneficial probiotics would counter calcium
loss in HSD consumption requires more investigation. Careful examination of the host-microbe interaction
in the intestine and kidneys may be helpful to uncover the mechanism of HSD-induced calcium mishandling.

Bone is a highly organized structure of calcified connective tissue and undergoes constant remodeling in
a dynamic multi-step process with precise timing and coordination. Interference with any steps would likely
compromise bone mass and integrity. High salt intake worsened bone microstructure along with enhancing bone
loss, as seen in increased trabecular and cortical porosity and decreased trabecular vBMD in this study. Interest-
ingly, the use of high-resolution 3D SRXTM allowed us to explore cortical bone porosity, which characterized as
an important predictor of bone of fracture in human*!. Other negative effects on bone, such as an imbalance of
immune interaction (T helper 17 and regulatory T cells), have also been reported'. Moreover, the imbalance of
calcium metabolism as well as an elevation of blood pressure might have direct influence on bone phenotype®.
The present results that demonstrated uncoupling of bone remodeling in HSD rats, i.e., decreased formation
with increased resorption, was consistent with the previous reports of HSD stimulating osteoclastogenesis and
bone resorption®*?!,

It is also possible that the accumulation of salt in bone tissue could have attracted macrophages similar to the
previous findings in skin layers*®*’. It was explained that salt deposition could alter skin microenvironment and
disturb resident cells*®. In addition, high salt concentration found in the cerebrospinal fluid led to the release of
excitatory neurotransmitters, reactive oxygen species and inflammatory cytokines, which could, in turn, affect
nearby cells®. Here, we provided evidence that HSD induced expression of osteoclastogenic factors along with
increased osteoclast numbers and expansion of endosteal surface. Since deposition of sodium at the cutaneous
layers was an active process that depended on the abundance of glycosaminoglycan®, it was plausible that excess
dietary sodium could directly deposit in glycosaminoglycan-rich bone matrix and the increase in readiness of
sodium in the microenvironment enhanced the migration and differentiation of osteoclast precursors. Surpris-
ingly, although salt accumulation has been shown in bone marrow of mice fed low salt diet™, osteoclastogenesis
was suppressed under this low salt condition. Thus, it is likely that salt-directed osteoclastogenesis and bone
resorption are dependent on the readiness of sodium in bone matrix rather than the salt concentration in bone
Mmarrow.

Less is known about the effects of HSD on osteoblast functions. We demonstrated herein that rats fed HSD
over 5 months had fewer osteoblasts and less matrix production. It has been shown that excess salt consumption
rewired the sympathetic response causing over-activation along with an increase in blood pressure®>*. Since it
was well established that an increase in the sympathetic activity inhibited bone formation®, elevation of sym-
pathetic nerve activity after HSD could be the culprit of bone defects. On the other hand, attenuation of these
signals, for example, the use of B,-adrenergic antagonist™ or endocannabinoid®®, promoted osteoblast functions
and prevented bone loss. Thus, the uses of these drugs should provide protective benefits in HSD-induced bone
loss. At the cellular level, HSD did not cause any significant changes in the mRNA expression of major regula-
tors of bone formation, i.e., Runx2 and osterix. Likewise, our previous work in spontaneous hypertensive rats
also showed no change in the expression of these transcription factors®. Recently, salt-inducible kinase 1 (SIK1)
was identified as a downstream effector for the signaling of bone morphogenetic protein (BMP)-2 in cells of the
osteoblast lineage during bone formation®. Therefore, it would be of interest to determine the role of BMP2-SIK1
signaling axis in bone under hypertensive conditions of various etiologies.

The ultimate consequences of HSD consumption on bone fragility and the risk of fracture are not known.
This study revealed for the first time that salt-induced hypertensive rats has less resistance to deformation prior
to breaking in the first month of salt loading before returning to normal by the end of the fifth month. It was
likely that excess salt intake had an immediate effect on bone microarchitecture and strength, which later on
adapted, compensated and restored to normality. A previous study reported that bone physical property was
altered in HSD-fed rats due to a decrease in heterogeneity of mineralization together with an increase in crystal-
linity at the cortex*'. This uniform and highly crystalized matrix may easily permit an initiation of microcracks
contributing to fracture®®®. Since bone calcium accretion is dependent on intestinal calcium supply in vitamin
D-dependent manner®, the hypertension-associated dysregulation of vitamin D metabolism®! might aggravate
bone mineralization defect and related mechanical properties (e.g., stress and yield load). Further investigations
especially in human volunteers are needed to address the microarchitectural changes, deterioration of mechanical
properties and their adverse consequences.

Having elaborated the negative impacts on calcium and bone metabolism caused by HSD consumption, there
are some limitations needed to be addressed. The amount of dietary salt given in HSD groups was at ten times
greater than those in control groups (i.e., 8% vs. 0.8% NaCl). Sodium content used in HSD group was intended to
induce an obvious aberration in calcium and bone metabolism. However, such a high amount of sodium intake is
unlikely to occur in human. Indeed, the sodium intake in HSD population was approximately two times greater
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than that in normal population®. Thus, it is likely that this moderate yet significant increase in salt intake is one
of several factors that collectively worsens calcium metabolism and bone mass in human'>!¢.

In addition, timing and coordination of HSD-induced dysregulation of calcium and bone metabolism needed
to be addressed. Here, we found that fecal calcium loss was evident only after 5 months of HSD consumption
agreeing with a decrease in the intestinal calcium absorption, while urinary calcium loss and impaired bone
strength was evident within the first month. It was conceivable that negative calcium balance occurred initially
via urinary calcium loss. Since regulation of plasma calcium concentration was highly robust in the expense of
the skeleton, this led to impaired bone resistance to the external forces by the end of the first month. Neverthe-
less, persistent insult of salt loading was detrimental to calcium and bone metabolism leading to increased bone
porosity and decreased bone mass by the end of study. Therefore, the effects of HSD consumption on body cal-
cium balance are highly dynamic and dependent on a number of factors. It would be interesting to incorporate
dynamic tracing of calcium and sodium together with longitudinal monitoring of skeletal changes in vivo after
HSD consumption.

In conclusions, our work has provided evidence on the detrimental effects of HSD on bone. Specifically, exces-
sive salt consumption disrupts calcium balance, skeletal mass and integrity. Our approach should be beneficial
in providing relevant platform and facilitating the identification of potential targets or therapeutic approach for
improving bone mass and strength under prolonged high salt consumption and long-standing hypertension.
Findings from our current work further establish the association of excessive salt intake, bone loss and tendency
to fracture. Additional experiments in humans are required to confirm the long-lasting effects of HSD on calcium
and bone metabolism.
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Abstract

Whether the intestinal mucosal cells are capable of sensing calcium concentration in the lumen and pericellular interstitium
remains enigmatic for decades. Most calcium-regulating organs, such as parathyroid gland, kidney, and bone, are capable of
using calcium-sensing receptor (CaSR) to detect plasma calcium and trigger appropriate feedback responses to maintain calcium
homeostasis. Although both CaSR transcripts and proteins are abundantly expressed in the crypt and villous enterocytes of the
small intestine as well as the surface epithelial cells of the large intestine, the studies of CaSR functions have been limited to
amino acid sensing and regulation of epithelial fluid secretion. Interestingly, several lines of recent evidence have indicated that
the enterocytes use CaSR to monitor luminal and extracellular calcium levels, thereby reducing the activity of transient receptor
potential channel, subfamily V, member 6, and inducing paracrine and endocrine feedback responses to restrict calcium absorp-
tion. Recent investigations in zebra fish and rodents have also suggested the role of fibroblast growth factor (FGF)-23 as an en-
docrine and/or paracrine factor participating in the negative control of intestinal calcium transport. In this review article, besides
the CaSR-modulated ion transport, we elaborate the possible roles of CaSR and FGF-23 as well as their crosstalk as parts of a
negative feedback loop for counterbalancing the seemingly unopposed calciotropic effect of 1,25-dihydroxyvitamin Dz on the in-
testinal calcium absorption.

enterocyte; fibroblast growth factor-23; parathyroid hormone; TRPV6; vitamin D

INTRODUCTION calcium intake, there is no known minute-to-minute preven-

Calcium-sensing receptor (CaSR) in the parathyroid chief —tion of excessive calcium entry into the body. The only
cells is known for its role in regulating the extracellular cal- Known response is a reduction in 1,25(0H),Ds production
cium concentration ([Ca®*],). CaSR senses minute changes that takes a long time to yield the result. Since the mainte-
in [Ca®"], from the physiological range of 1.1-1.3 mM (1). hance of plasma calcium with a narrow range is of utmost
Under hypocalcemic conditions, a reduced calcium binding ~iMmportance, there must be a specific protective mechanism
to parathyroid CaSR triggers a multi-tissue axis—kidney that could detect and immediately respond to excessive cal-
intestine, and bone—to restore [Ca®" |, Its extracellular do-  Cium uptake across the gut epithelium. Recent investiga-
main consists of two lobes with the calcium-binding sites ~tions have suggested that intestinal CaSR may be involved in
locating in the cleft (2). In the presence of extracellular cal- the regulation of calcium homeostasis through additional
cium binding, CaSR initiates downstream responses in the ~Mmechanisms beyond that occur in the parathyroid gland (4-
parathyroid chief cells through G, and phospholipase C 6). In addition, since phosphate metabolism that is 1'.egu1ated
pathway to diminish parathyroid hormone (PTH) vesicle by fibroblast g%'owth factor (FG'F)-23/K.lotho system is closely
fusion and release, thereby reducing its systemic calciotropic  linked to calcium homeostasis, the interplay between the
activity (3). CaSR and FGF-23 is inevitable (5, 6).

It is well known that calcium homeostasis is also regulated In this review, we focus on the local functions of CaSR in
by 1,25-dihydroxyvitamin D; [1,25(0H),D3], which promotes r'egulatl'ng mtespnal ion transport e}nd its potential 1nt'erac-
intestinal calcium absorption when the extracellular calcium ~ tions with transient receptor potential channel, subfamily V,
is depleted. On the contrary, when there is high dietary ~Mmember 6 (TRPV6) and FGF-23. We have also provided new
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evidence that shed some light on the modulation of intesti-
nal calcium absorption by CaSR.

CaSR AND INTESTINAL ANION TRANSPORT

Anion secretion in the small and large intestine is an inte-
gral mechanism to maintain an appropriate environment,
i.e., pH and osmotic balance for effective nutrient absorp-
tion, normal intestinal mucosa integrity, and prevention of
mucosal ulcerations. Functional CaSR that is expressed on
the apical and basolateral membrane of colonic crypt cells in
both rat and human has been implicated in intestinal fluid
secretion and ion transport (7). Specifically, CaSR is involved
in the intestinal transport of two major anions, i.e., HCO;~
and Cl, as well as K. The intestinal HCO;~ secretion is
mediated predominantly by cystic fibrosis transmembrane
conductance regulator (CFTR) and anion exchangers, for

A

example, SLC26A3, SLC26A6 (Cl7/HCO;~ antiporter), and
SLC4A9 (8). The CFTR is highly expressed in the crypt cells
while anion exchangers are expressed at different levels of
the villous epithelial cells (Fig. 14).

Apical efflux of HCO3~ through CFTR is induced by both
cAMP and intracellular calcium signaling. In support of this
notion, dietary calcium and CaSR activators, e.g., spermine
and Gd3*, have been shown to stimulate duodenal HCO3~
secretion in wild-type mice but not CFTR knockout mice (9).
Interestingly, blockade of intermediate conductance Ca?*-
activated K" channels (IK¢,) markedly diminished the CaSR
activator-induced HCO;~ secretion (9). IKc, hyperpolarizes
the basolateral membrane, thus facilitating the increase in
intracellular calcium concentration, which promotes duode-
nal HCO3~ secretion (9). A recent investigation has also sug-
gested that CaSR could modulate HCO3™ secretion in the
colon. Using the rat distal colonic mucosa mounted onto
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sensor for amino acids and divalent ions.
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by mechanisms that involve cystic fibrosis
transmembrane conductance regulator
(CFTR), HCOs /CI™ antiporter (SLC26A6),
and intermediate conductance Ca®"-acti-
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Ussing chamber, Tang et al. showed that a specific CaSR acti-
vator, NPS-R568, activated Cl - and short chain fatty acid
(SCFA)-dependent HCO3~ secretion while inhibiting cAMP-
dependent HCO;™ secretion. These effects were absent in co-
lonic mucosa from CaSR-null mice (10). These findings con-
sistently showed that both duodenal and colonic HCO3;™
secretions are modulated by CaSR although more experi-
ment is required to determine how CaSR activates CFTR
and/or anion exchanger for HCO3~ secretion.

Excessive intestinal Cl~ secretion is a major pathological
pathway of diarrheal conditions, e.g., fluid and electrolyte
loss induced by cholera toxin and Escherichia coli entero-
toxin. In contrast to the stimulatory effect of CaSR on HCO3 ™~
secretion, Giebel et al. (11) showed that CaSR played a role in
inhibiting the toxin-stimulated Cl~ secretion in the rat colon.
Recent studies further explained that the underlying mecha-
nisms were related to both neuronal and nonneuronal secre-
tagogue action (12, 13). Since CaSR is also expressed in
neurons of the enteric nervous system, Sun et al. (13) used
conditional knockout model to specifically delete Casr gene
in either neurons or myenteric neurons and was able to dem-
onstrate that the antisecretory effect of CaSR was mediated
primarily through the inhibition of myenteric neurons.
Direct inhibition of CFTR-mediated Cl~ secretion by enter-
ocytic CaSR is possible but the cellular mechanism is
inconclusive.

Furthermore, evidence in marine organisms has intro-
duced a new paradigm for exploring how intestinal HCO3;~
or CI™ secretion works or interacts with calcium metabolism
and/or CaSR function. Seawater fish utilize drinking to com-
pensate for osmotic water loss. Thus, the high drinking rate
leads to an increase in calcium uptake. A study in the Gulf
toadfish revealed that HCO3;~ secretion through the HCOz~/
Cl -antiporter (SLC26A6) in the rectum functioned as a
luminal osmolality regulator by binding to luminal Ca*" to
form insoluble CaCOj; precipitates (14). The guanylin family
of intestinal peptides (e.g., guanylin) has been known to
induce luminal fluid retention. By activating guanylyl cy-
clase-C receptors, this peptide increased CI= secretion
through apical CFTR (15). An increase in Cl~ secretion into
the intestinal lumen reduces water absorption, thereby
enhancing removal of insoluble CaCOjz precipitates from the
gut lumen. Hence, this CI~ secretory machinery helps
remove excessive calcium content from the rectum of ma-
rine fish. Existing data on CaSR-mediated HCO;  secretion
and Cl -induced water flow in the intestine of marine fish
and mammals have suggested a plausible involvement of in-
testinal CaSR-modulated anion secretion in the regulation of
intestinal calcium absorption. Further investigations of
direct involvement of CaSR-mediated anion secretion in in-
testinal calcium absorption are required to define the impli-
cations in humans or rodents.

CaSR AS A SENSOR FOR AMINO ACIDS AND
DIVALENT IONS

There are three main amino acid sensing receptors located
in intestinal enteroendocrine L cells, i.e., G protein-coupled
receptor family C group 6 subtype A (GPRC6A), sodium-de-
pendent neutral amino acid transporter 2, and CaSR (16), the
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latter of which is sensitive to L-aromatic amino acids, e.g.,
L-phenylalanine, L-tryptophan, L-asparagine, and L-gluta-
mine (Fig. 1B). These amino acids probably stimulate the
secretion of appetite- and satiety-regulating factors (17-19).
For example, Mace et al. reported that L-phenylalanine, L-
tryptophan, L-asparagine, L-arginine, and L-glutamine stimu-
lated secretion of gluco-insulinotropic peptide, glucagon-like
peptide (GLP)-1, and peptide tyrosine-tyrosine (PYY) in iso-
lated loops of rat small intestine (18). Although these
responses were augmented by the CaSR agonist, NPS-R568,
these L-amino acids were without effect in the absence of
extracellular calcium or in the presence of the CaSR inhibitor
Calhex 231 (18). In support of these in vitro data, Acar et al.
(20) confirmed the role of the CaSR in promoting GLP-1, but
not PYY secretion, in the acute response to an intraduodenal
administration of L-tryptophan in male rats. Furthermore,
studies in mice and swine showed that CaSR can detect L-
amino acids and mediate cholecystokinin secretion from the
duodenum (21, 22). These findings indicate that L-amino
acids act as agonists for CaSR to promote incretin/endocrine
factor secretion.

Because certain L-amino acids can bind to and activate
CaSR (23), they potentially affect calcium homeostasis. A
randomized controlled trial of protein-depleted healthy sub-
jects showed that the subjects who received a fivefold
increase of L-phenylalanine and L-histidine supplementation
had significantly higher 24-h urinary calcium excretion than
the subjects who received branched-chain amino acids
(i.e., leucine and isoleucine). Interestingly, bone turnover
markers were not different between the two groups, suggest-
ing that calciuria was likely to occur as a result of an
increased calcium absorption (24). Whether the increase in
calcium excretion in the subjects receiving L-aromatic amino
acids is a consequence of intestinal CaSR-mediated calcium
absorption remains a question for future research.

Recently, substrates of H* -dependent peptide transporter
(PEPT)-1, e.g., dipeptide Gly-Sar, were shown to stimulate
CaSR at the basolateral side of enterocytes, accompanying
by phospholipase C activation and the increased intracellu-
lar calcium, the latter of which triggered IKc, opening (25).
This IK¢, opening led to hyperpolarization, which, in turn,
promoted more dipeptide absorption (25). Therefore, IKc, is
not only involved in the CaSR-induced HCO;~ secretion but
also modulates PEPT1 function.

Besides L-amino acids and dipeptides, CaSR is probably
activated by several divalent ions, e.g., Ca?*, Mg?*, Fe?™,
Zn?*, and Sr*" in the lumen (26). Nevertheless, interde-
pendent actions of calcium and magnesium on CaSR have
been extensively studied at the systemic level, particularly in
parathyroid gland and kidney (27-29). Although calcium is a
predominant regulator of PTH secretion, several findings
infer that magnesium can modulate the secretion of PTH
under normal conditions with physiological concentrations
of these two ions in the plasma. Magnesium was reported to
upregulate the mRNA and protein expression of CaSR, vita-
min D receptor (VDR), fibroblast growth factor receptor
(FGFR)-1, and Klotho—a co-receptor of fibroblast growth fac-
tor (FGF)-23—but only in the presence of moderately low
[Ca?*], (0.8-1.2 mM) (29). This line of evidence showed that
CaSR is involved in the homeostasis of other divalent ions
aside of calcium ions.

AJP-Cell Physiol « doi:10.1152/ajpcell.00485.2020 - www.ajpcell.org
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An emerging area of interest is the regulation of phos-
phate metabolism by CaSR. A recent study investigated the
role of phosphate in the parathyroid gland and revealed that
hyperphosphatemia (1.4-3 mM) inhibits parathyroid CaSR to
promote PTH secretion, thus enhancing renal phosphate
excretion (30). Interestingly, the effect of phosphate on CaSR
was probably noncompetitive since the x-ray crystallography
and mutagenesis studies of the extracellular domain of CaSR
showed that the phosphate-binding site of CaSR was differ-
ent from that of calcium (30, 31). Although the effect of
hyperphosphatemia on intestinal CaSR is unclear, an activa-
tion of intestinal CaSR can induce FGF-23 release (32), which
might, in turn, enhance the renal phosphate excretion
(please see the following section for more detail about CaSR-
mediated FGF-23 release). Similar gut-kidney axis for the
regulation of ion homeostasis has been reported previously.
For example, high sodium intake is known to induce intesti-
nal secretion of prouroguanylin, thereby enhancing renal so-
dium excretion to eliminate excessive salt (33).

INTESTINAL CALCIUM ABSORPTION AND
POSSIBLE REGULATION BY CaSR

Although CaSR is the major sensor for extracellular cal-
cium, whether CaSR expressed in the enterocytes is able to
detect changes in luminal calcium and/or calcium in the in-
terstitial fluid to fine-tune calcium uptake remains elusive. It
is possible that intestinal CaSR contributes to local, para-
crine, and/or neurocrine regulation of intestinal calcium
absorption (32).

Mechanism of Intestinal Calcium Transport and
Systemic Regulation by CaSR

Intestinal calcium transport consists of two major path-
ways, i.e., concentration-dependent paracellular and energy-
dependent transcellular pathways (34, 35). While the former
takes place in a nonsaturable passive manner, the latter is an
active, yet saturable process that mainly occurs when whole
body calcium pool is below the physiological range. The acti-
vation of this transcellular pathway is controlled by 1,25
(OH),D; through the parathyroid gland-kidney-intestine
axis, i.e., CaSR in the parathyroid gland helps detect a drop in
[Ca** ], and induces the release of PTH. An increase in serum
PTH enhances release of bone calcium and phosphate and re-
nal 1,25(0H),D3 production, which later promotes intestinal
calcium absorption and renal calcium reabsorption (Fig. 2).
Renal calcium reabsorption can occur paracellularly through
tight junctions in the proximal tubule and the thick ascending
limb of Henle’s loop (36). During this process, PTH also acti-
vates the renal excretion of excessive phosphate ion.

Growing evidence suggests that CaSR may also work inde-
pendently of PTH to prevent hypercalcemia. By using mice
lacking PTH alone (PTH KO), PTH and CaSR (DKO), or wild-
type mice, Kantham et al. (37) found that PTH KO and wild-
type mice, but not DKO mice, had higher serum calcitonin
levels to defend against hypercalcemia after an oral calcium
load. Moreover, DKO mice excreted less calcium than the
other two genotypes. This means that high [Ca?* ],-induced
inhibition of PTH secretion is not the only mechanism for
protecting against hypercalcemia.

AJP-Cell Physiol « doi:10.1152/ajpcell.00485.2020 - www.ajpcell.org

The same group used these knockout mice to study the
effect of a single intraperitoneal dose of 1,25(0H),D; (0.5 ng/g
body wt) on serum calcium concentrations in calcium-replete
mice (38). At 24 h after injection, calcium-replete DKO mice
showed a greater increase in serum calcium levels from the
baseline than wild-type and PTH KO mice (7 and 2-3 mg/dL,
respectively). This difference was adequate to put these DKO
mice into moderate hypercalcemia (serum calcium levels of
12-13 mg/dL). On the other hand, when feeding mice with
0.01% calcium w/w for 48-72 h, the difference between se-
rum calcium levels of PTH KO and DKO mice at 24 h post
injection was only 0.9 mg/dL, much less than that of mice
fed calcium-replete diet (~4 mg/dL). Therefore, hypercalce-
mia observed in these calcium-replete DKO mice likely
resulted from a difference in calcium absorption (38). Thus,
the aforementioned findings clearly demonstrated that CaSR
plays a pivotal role in preventing 1,25(0OH),Ds-induced hyper-
absorption of calcium in normocalcemic animals. It is tempt-
ing to postulate that this observed defense mechanism
against hypercalcemia (systemic control) could be attributed
to protective mechanisms mediated by the CaSR in other
organs such as the intestine (local control).

CaSR and TRPV6

TRPV6 is a calcium-selective transporter abundantly
expressed in the duodenal enterocytes. Under habitually
low calcium consumption, the parathyroid gland-kid-
ney-intestine axis stimulates the renal production of 1,25
(OH),D; resulting in 1,25(0OH),D;-mediated upregulation
of calcium transport genes including TRPV6, which
increases transcellular active intestinal calcium transport
(35). In addition, 1,25(0OH),D; through a negative feedback
regulation suppresses the PTH gene transcription to
maintain effective calcium homeostasis (39).

Although CaSR has been shown to express in both apical
and basolateral membranes of the enterocytes in humans,
rats, and mice (40, 41), existing data confirming the direct
action of CaSR on transcellular calcium absorption is scant.
By studying calcium transport across the intestinal epithe-
lium-like Caco-2 monolayer in the Ussing chamber setup,
our group demonstrated that low-dose CaSR inhibitors
(Calhex 231 or NPS2143) were capable of preventing the 1,25
(OH),D3z-induced transcellular active calcium uptake (32).
We further showed that the CaSR expressed in the apical
membrane of the intestinal epithelium may act as a sensor
of luminal calcium concentration and could serve as a local
protective mechanism that responds rapidly and in anticipa-
tion to potential intestinal hyperabsorption of calcium.

Another line of research further showed that CaSR
expressed on the basolateral membrane of enterocytes can
also influence transcellular calcium transport through regu-
lating the expression of TRPV6. Lee et al. (4) reported that an
increase in [Ca®" ], or applying the calcimimetic cinacalcet
to the basolateral side of Ussing chamber led to a decrease in
net calcium absorption across the intestinal epithelium.
These responses were not observed in the intestine from
mice expressing nonfunctional TRPV6 (TRPV6P>*'4), To con-
firm the causal relationship between CaSR and decreased
calcium fluxes through TRPV6, the investigators co-
expressed TRPV6 and CaSR in Xenopus oocytes. They
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Figure 2. Conventional model of calcium homeostasis regulated by the parathyroid gland—kidney—intestine axis and proposed local regulatory roles of
calcium-sensing receptor (CaSR) in the enterocytes. In the presence of extracellular calcium binding, CaSR initiates downstream responses in the para-
thyroid chief cells through G, and phospholipase C pathway to diminish parathyroid hormone (PTH) vesicle fusion and release, thereby reducing its sys-
temic calciotropic activity. When ionized calcium concentration is below the physiological range (<1.1 mM), decreased binding of Ca®" to CaSR induces
PTH secretion and delays PTH degradation (top right). PTH activates the conversion of 25-hydroxyvitamin Dz to 1,25-dihydroxyvitamin D3 [1,25(0OH),D3]
in the kidney. 1,25(0OH),D3 upregulates calcium transport genes in the enterocytes, thereby promoting transcellular calcium absorption. On the other
hand, CaSR localized in the enterocytes is proposed to sense superfluous calcium influx and suppress both transcellular and paracellular calcium
absorption. NCX1, Nat/Ca®* -exchanger 1; NHE3, Na* /H* -exchanger 3; NKA, Na* /K" -ATPase; PMCA, plasma membrane Ca?*-ATPase-1b; S100G,
S100 calcium-binding protein G or calbindin-Dg,; TAL, the thick ascending limb of Henle’s Loop; TRPV5/6, transient receptor potential channel, subfamily

V, member 5/6.

observed that CaSR activation by cinacalcet in these
oocytes led to a decrease in TRPV6-mediated calcium
currents, indicating the existence of a local regulatory
action of CaSR in modulating transcellular calcium
movement. In vivo study using intestinal specific knock-
out of CaSR is required to demonstrate its physiological
relevance.

Intestinal CaSR and Phosphate

The concept of intestinal CaSR as a potential sensor of
phosphate has been proposed. Duodenal infusion of so-
dium phosphate in normal rats could acutely increase
plasma PTH and phosphate within 5 and 30 min after infu-
sion, respectively, while ionized calcium level remained
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unaltered (42). When phosphonoformate—a nonabsorb-
able form of phosphate—or an inhibitor of sodium phos-
phate cotransporter was administered, an elevated plasma
PTH was still observed but plasma phosphate took three
times longer to rise to the same level as triggered by so-
dium phosphate. Based on these data, the investigators
suggested that a phosphate sensor may exist in the intes-
tine (42). These findings together with the data from a
study of Centeno et al. (30) demonstrating the role of phos-
phate in modulating PTH secretion via CaSR in the para-
thyroid glad led us to hypothesize that the direct action of
phosphate in the small intestine could be mediated by in-
testinal CaSR, but more in vivo studies are required to con-
firm this hypothesis.
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CaSR and FGF-23

FGF-23 is primarily known as a phosphate-regulating
hormone produced by osteoblasts and osteocytes (43). It
controls inorganic phosphate (Pi) homeostasis via the
orchestration of three organs, i.e., bone, kidney, and intes-
tine. The classical action of FGF-23 is to prevent hyper-
phosphatemia by inhibiting the renal Na*-dependent Pi
cotransporter (NaPi)-2 and thus enhancing phosphate
excretion. Whenever phosphate level exceeds the physio-
logical range of 0.97-1.61 mM, FGF-23 secretion is mark-
edly enhanced (44). Although some cellular pathways
were proposed, e.g., increased production of reactive oxy-
gen species (45), the exact mechanism by which bone cells
sense fluctuation of phosphate is still unclear.

After reaching the kidney, FGF-23 mainly controls
calcium/phosphate reabsorption at the proximal renal
tubules by binding to FGFR-1 and its co-receptor a-Klotho,
both of which activate FGF receptor substrate 2o (FRS2a)/
Ras/MAPK signaling pathway (46), resulting in internal-
ization of NaPi-2a and -2c¢ and reduction of tubular phos-
phate reabsorption (43, 47). In addition, FGF-23 may
indirectly control phosphate uptake in the intestine by
upregulating the 1,25(0OH),D; inactivating enzyme 24-
hydroxylase, thereby promoting catabolism of 1,25(0OH),D3
(48). This could decrease both intestinal phosphate and
calcium absorption.

In the past decade, several lines of evidence have sug-
gested the role of FGF-23 as a calcium-regulating hormone
that directly modulates intestinal calcium absorption via hu-
moral and local mechanisms (4, 49, 50). Regarding the hu-
moral mechanism, Khuituan et al. (49, 50) demonstrated the
role of FGF-23 as a suppressor of 1,25(0H),D3-stimulated du-
odenal calcium absorption in mice. Therein, mice injected
with 1 pg/kg 1,25(0H),D; once a day for three days showed
~1.8-fold increase in duodenal calcium transport that was
completely diminished by 140 ng/kg FGF-23 injection. Such
inhibitory action of FGF-23 affected both paracellular and
transcellular transport, the latter of which probably resulted
from downregulation of calcium transport genes (e.g.,
TRPVS5, TRPV6, and calbindin-Dg,) via MAPK/ERK, p38
MAPK, and PKC signaling pathways (5, 49). As for the para-
cellular pathway, FGF-23 modestly but significantly reduces
the 1,25(0OH),D3-induced paracellular calcium flux and cal-
cium permeability (50). These findings provide an explana-
tion of how the duodenum prevents excessive calcium
transport during high-calcium intake.

The local production of FGF-23 and four types of FGFR
isoforms in the small and large intestine have been reported
by our group (6, 49, 51) and others (52, 53). Upon stimulation
by 1,25(0OH),D; or prolonged exposure to high apical calcium,
the intestinal epithelium-like Caco-2 monolayer was capable
of secreting FGF-23 into the culture media in both apical and
basolateral compartments. Moreover, lactating rats, which
physiologically exhibit calcium hyperabsorption, had greater
FGF-23 expression in small and large intestine than age-
matched controls (6). Nevertheless, whether the small intes-
tine can express a-Klotho is unclear (49). Since o-Klotho is a
coreceptor required for FGF-23 signaling (54), we postulate
that the local regulation of FGF-23 is mediated by soluble
a-Klotho in the circulation. Soluble o-Klotho is the
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extracellular domain of the transmembrane «-Klotho, which
is cleaved by secretases and can circulate in the blood to
other tissues to support FGF-23 signaling (54). Thus, the
aforementioned data strongly support the idea of FGF-23 as
alocal regulator of intestinal calcium absorption (6, 51, 53).

Recent investigations further revealed that the local effect
of FGF-23 in the intestine somehow could be regulated by
CaSR (5, 6). By using Caco-2 cells treated with 10 nM 1,25
(OH),D; or directly exposed to high apical calcium (30 mM),
our group demonstrated that CaSR inhibitors (Calhex-231
and NPS2143) suppressed 1,25(0H),D3-induced upregulation
of FGF-23, whereas CaSR activation by cinacalcet and AC-
265347 diminished the 1,25(0OH),Ds-mediated transcellular
calcium transport, most likely via the upregulation of FGF-
23 (6). Consistent with our studies, early-stage zebrafish
expressing both CaSR and FGF-23 showed an increased FGF-
23 expression when raised in high-calcium water (5). The up-
regulation of FGF-23 was intensified in CaSR knockdown
zebrafish while the downregulation of another hypocalcemic
hormone stanniocalcin 1 (STC1) was observed in these fish
compared with controls (5). Furthermore, STCl-overexpress-
ing zebrafish had lower levels of FGF-23 transcript than con-
trols. Because lack of CaSR suppressed STC1 expression and
STCI1 negatively modulated FGF-23 expression, the investiga-
tors proposed that, in high-calcium environment, CaSR
directly upregulated FGF-23 to suppress branchial calcium
uptake in fish. On the other hand, STC1 became a negative
regulator of FGF-23 to prevent superfluous FGF-23 produc-
tion. Future research is warranted to explore whether these
observations are relevant in the regulation of mammalian in-
testinal calcium absorption. Taken these findings into con-
sideration, CaSR could act as a local calcium sensor to fine-
tune calcium absorption in the intestine by modulating FGF-
23 expression (Fig. 3).

PERSPECTIVES AND CONCLUDING
REMARKS

CaSR is involved in the regulation of intestinal trans-
port of various ions, e.g., HCO3;~, Cl1-, K*, phosphate, and
Ca?*. It is currently clear that CaSR in the enterocytes
contributes to the local regulation of intestinal calcium
absorption. It probably conveys the negative feedback
signals directly to calcium transporters, e.g., TRPV6, or
indirectly by controlling the 1,25(0OH),D3-dependent cal-
cium transport machinery via a paracrine factor, FGF-23.
Despite being an osteokine produced by osteoblasts and
osteocytes, this humoral factor is widely expressed in sev-
eral other cell types including the enterocytes and skele-
tal muscle tissue and is regulated by various factors such
as hypocalcemia, hyperphosphatemia, inflammation, and
iron overload (55). Under conditions with high luminal
calcium and/or intestinal calcium hyperabsorption, an
increase of pericellular calcium concentration is appa-
rently sensed by CaSR, which, in turn, induces local FGF-
23 production and secretion to suppress transcellular cal-
cium transport. This phenomenon is probably a part of
the ultra-short negative feedback loop to prevent exces-
sive calcium uptake by the enterocytes. In contrast to
most humoral factors, e.g., 1,25(0H),D3, 17B-estradiol,
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Figure 3. A schematic diagram of possible mechanisms of CaSR-FGF-23 local regulation of calcium absorption. Calcium-sensing receptor (CaSR) local-
ized to the apical membrane is proposed to serve as anticipatory response to high luminal calcium to prevent hyperabsorption of calcium. CaSR at the
basolateral membrane is hypothesized to counterbalance increased calcium absorption under prolonged high calcium intake. Activation of CaSR by
high luminal calcium or CaSR agonists upregulates fibroblast growth factor (FGF)-23 in the enterocytes, which inhibits 1,25-dihydroxyvitamin Dz-medi-
ated transcellular and paracellular calcium transport. FGF-23, fibroblast growth factor 23; S100G, S100 calcium-binding protein G or calbindin-Dg,;

TRPV5/6, transient receptor potential channel, subfamily V, member 5/6.

prolactin, and growth hormone that are calciotropic (56,
57), FGF-23 appears to be the salient counterregulatory
endocrine and paracrine factor for the regulation of cal-
cium absorption. Furthermore, whether the role of CaSR
in dampening excessive absorption of calcium is specific
to certain intestinal segments—particularly the proximal
small intestine where transcellular calcium transport pre-
dominantly occurs—remains inconclusive. Although
there are a number of molecules and ions (e.g., magne-
sium, amino acids, and positively charged compounds)
that can activate CaSR, it is unclear how they contribute
to the regulation of calcium transport and/or how the
enterocytes distinguish the signals from these com-
pounds from those induced by calcium.

Finally, CaSR also plays an important inhibitory role in
the regulation of the intestinal secretion of anions, particu-
larly through CFTR, which can transport ClI-, HCO;~, and
some other halide anions. Both Cl~ and HCO5; ™~ as well as the
resulting osmotic water flow are also crucial for calcium and
phosphate absorption. Although it remains elusive whether
similar mechanism occurs in mammals and whether CaSR
contributes to the process, our recent investigations showed
that the hypophosphatemic action of PTH could be explained
by the stimulatory effect of PTH on HCO;~ secretion and lumi-
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nal fluid accumulation in the intestine (58) that favor precipita-
tion of phosphate, and thus reduce phosphate absorption. On
the other hand, appropriate fluid secretion and pH are
required for calcium solubility. Future investigations are
required to demonstrate whether calcium-induced CaSR acti-
vation is able to modulate anion and water secretion, which, in
turn, alters calcium solubility and thus fine-tunes the amount
of absorbed calcium.
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Abstract

In this review article, we focus on mammalian calcium absorption across the intestinal
epithelium in normal physiology. Intestinal calcium transport is essential for supplying calcium
for metabolism and bone mineralization. Dietary calcium is transported across the mucosal
epithelia via saturable transcellular and non-saturable paracellular pathways, both of which are
under the regulation of 1,25-dihydroxyvitamin D3 and several other endocrine and paracrine
factors, such as parathyroid hormone, prolactin, 17p-estradiol, calcitonin and fibroblast growth
factor-23. Calcium absorption occurs in several segments of the small and large intestine with
varying rates and capacities. Segmental heterogeneity also includes differential expression of
calcium transporters/carriers (e.g., transient receptor potential cation channel and calbindin-Dyy)
and the presence of favorable factors (e.g., pH, luminal contents and gut motility). Other proteins
and transporters (e.g., plasma membrane vitamin D receptor and voltage-dependent calcium
channels) as well as vesicular calcium transport that probably contributes to intestinal calcium

absorption are also discussed.

Didactic synopsis
Major teaching points:

» Polarity is an important aspect of epithelia. Epithelial cells including intestinal enterocytes
have 2 domains, i.e., apical and basolateral domains. Apical domain is exposed to lumen
or external environment and responsible for absorption and protection. Basolateral domain
is associated with neighboring epithelial cells and the basement membrane.

« Calcium (Ca’**—as free-ionized calcium) traverses the intestinal epithelia via transcellular

and paracellular pathways.
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Transcellular Ca®* transport is a three-step process consisting of TRPV6-mediated apical
calcium uptake, cytoplasmic diffusion of Ca?*-laden calbindin-Dg,, and PMCA ,- and
NCX1-mediated basolateral calcium extrusion.

Paracellular Ca?" transport is determined by tight junction permselectivity and the
expression of tight junction proteins, e.g., claudin-2, -12 or -15 as well as perijunctional
actomyosin ring remodeling.

The calciotropic hormone 1,25-dihydroxyvitamin D; (an active form of vitamin D) is a
potent positive regulator of transcellular and paracellular calcium absorption.

A number of humoral factors (e.g., fibroblast growth factor-23 and calcitonin) and certain
luminal factors (e.g., iron and alkaline pH in the bulk phase of intestinal lumen) can reduce
intestinal calcium absorption.

Neural regulation of intestinal calcium absorption by enteric nervous system is plausible

but direct evidence to support this notion is scant and inconclusive.
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The information pertaining to negative regulators or counterbalancing factors is scant.
Local and systemic FGF-23 system as well as CaSR expressed in the enterocytes probably help
prevent calcium hyperabsorption as parts of a negative feedback loop, but little is known on how
these mediators regulate the function of calcium transporters in the absorptive villous epithelial
cells. Since the rate of calcium absorption is dependent on nutrient contents in meals, such as
sodium, amino acids, oligopeptides, prebiotic derivatives and small acidic molecules (60, 80, 95,
240), the cellular mechanisms of calcium absorption must be different among different human
populations and species in different habitats with a wide variety of diets. However, intestinal
calcium absorption of some species (e.g., Cryptomys damarensis and Heterocephalus glaber) has
been reported to be independent of vitamin D (188). Therefore, there are other calciotropic factors

yet to be identified.
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