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Abstract

Project Code: RTA6080007

Project Title:  Discovery of novel local and systemic control of calcium homeostasis: a foundation for
development of highly efficient calcium-fortified products and osteoporosis treatment

Investigator: Professor Narattaphol Charoenphandhu

E-mail Address: narattaphol.cha@mahidol.ac.th

Project Period: 3 years (30 June 2017 to 29 June 2020)

Abstract:

Calcium homeostasis and bone metabolism are closely related, and derangement of each other
negatively impact bone mass and bone quality. In humans and rodents, 99% of calcium in the body is
stored in bone in the form of hydroxyapatite nanocrystals, which are the most important building block of
bone microstructure. The remaining 1% is in the intracellular compartment and the extracellular fluid.
Plasma calcium concentrations are kept nearly constant by the concerted actions of calcium-regulating
hormones [e.g., parathyroid hormone (PTH), 1,25-dihydroxyvitamin Ds [1,25(0OH);Ds], sex hormone (such as
estrogen), fibroblast growth factor (FGF)-23 and calcitonin] as well as the three salient organs, namely
intestine, kidney and bone. Abnormalities of calciotropic endocrine system and/ or calcium-regulating
organs may eventually lead to a collapse of the body calcium homeostasis. A derangement of calciotropic
endocrine regulation is often observed in individuals with osteopenia or osteoporosis found in several
pathophysiological conditions, such as lactation, hypertension, diabetes mellitus, and thalassemia. It is
widely known that the osteoporosis-induced hip fracture is one of the important causes of death
worldwide. Osteoporosis is indeed a silent killer as individuals with osteoporosis are generally not aware of
the disease until they have bone fractures. With an increase in the elderly population in Thailand,
postmenopausal and age-related osteoporosis will become the important health-care problems.
Therefore, understanding of the underlying mechanisms and pathogenesis in local and systemic control of
whole-body can lead to development of novel approach for prevention and treatment of bone loss.
Along the entire 3-year research project, we produced 27 international publications and also establish a
sustainable research group by fostering career development of 12 skillful Thai and international
researchers, and distributing our research for general audience through 21 news articles. In addition, we
have expanded a new horizon of calcium and bone research in Thailand by creating a team-spirit with
young researchers in other scientific disciplines, such as materials science, thus rendering a new frontier of
multidisciplinary research pertaining produce bone-like nanomaterials (e.g., implants for bone fracture). In
addition, our team has reached a critical mass for perpetual knowledge sharing, knowledge management,

and team spirit, which pertaining to sustainable reseach network.

Keywords: bone; calcium; hypertension; iron; biomaterials
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Executive Summary
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Tawuu 1 : Local and systemic control of calcium homeostasis

1) navesgesluu FGF-23 dowwnuadduvesunadenuaznszen : FGF-23 \ugesluuivihmdiiniunu

a oo

aunavleainuazunaion Insnsansdueseoslundniiuf 33 FGF-23 ad1suazvdsaneadnsygn
1$un wwadeoamloledunzeeailovanas 1nuan1sAnuidel wui FGF-23 gnasistulasisadidey
aldfenauaunssie 1,25(0H)D; LLazqu‘ViﬁLmaL%aJumqﬁmiwmﬁﬂﬁqq AslYLouRUanne FGF-23
dievhane FGF-23 fignudseansnsnulissdld dawalsi 1,25(0H),D; finalunisifiinisgaduuaaifes
Wudafuaniizund wandliiiuinfinisadiuasnds FGF-23 90num1adiny apical 910 Caco-2
5&LLﬂdﬂmimaaﬂﬁwLLamﬂﬁLﬁuﬁﬂmiﬁﬂaiﬂmim‘uauLLUUi’JauﬂﬁmaWﬂzLLmLﬁamuqmﬁ@m%m
uaaLey uiidsasdesdinsAnvifisifuiionzesuieneazideaiieatunalnnseugunisuansesnves
TUsAu FGF-23 Ta CaSR Tauiansasdeyaiauann FGF-23 Lﬁaé’ugqﬂwiam%ul,l,ﬂaL%zmﬁé’ﬂé’

2) nselvsfuninanedu 1dun acetate wag propionate fignasistulaensruaunisuinvonauydunie
nelualdle amwmhaLﬁuﬁmwmi@ﬂ%maumaL%Em winalndsldiduiinsuwddn Tnsame
dunmsiiwadiBeyindlfdaslusfurudaunaoniifeidos

3) mﬂﬁ%’ummﬂfuﬁuqaLflunmmuﬁﬂﬁt,ﬁaﬂiz@ﬂamaq &1 vildagliptin F9.9ugniili¥nwiniy
WY amnsnansziulaaaimeseauazifinanuultunsrgnlusywadle WeRansansduys
metabolic wé’qmﬂﬁwHLWﬂLﬁ&JL?ﬁy&Né’a&Jmmﬂ&uﬁuqq fibmiingaunndy wuauunnseswenIy
yunussEAUTAa N1 IMAaeU oral glucose tolerance test N1s¥uUsEMuBTlaugee1aYh
Tinszgnilanuudeussanas finsdsunvasedlassairanszgn udlidsmansenusenisuds

whadeunaldlunyneadenlivio

9 5



Tatuu 2 : Metabolic diseases and osteoporosis: prevention and treatment
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Domain 1: Local and systemic control of calcium homeostasis

! Review article: Weaver CM. Diet, gut microbiome, and bone health. Curr Osteoporos Rep 2015;13(2):125-30.
2 Review article: McCabe L, Britton RA, Parameswaran N. Prebiotic and probiotic regulation of bone health: role of the
intestinal and its microbiome. Curr Osteoporos Rep 2015;13(6):363-71.
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Sub-project 1:

Sub-project 2:

transport and bone metabolism in insulin resistant beta-thalassemia

Beneficial effect of gut microbial bioactive products on intestinal calcium

The beneficial effects of iron and calcium supplementation in pregnant rats: the

interrelationships of gut microbiota and bone health in gestational diabetes

Domain 2: Metabolic diseases and osteoporosis: prevention and treatment

Sub-project 3:

Sub-project 4:

and bone structure in thalassemia

metabolisms in salt-induced hypertensive rats

Domain 3: Bone scaffold for fracture treatment

Sub-project 5:

Effects of iron chelators on the reciprocal intestinal iron and calcium transport

Effects of calcium and vitamin D supplementation on blood pressure and bone

Development of a novel three dimensional (3D) porous bioactive nutrient

elements co-doped calcium phosphate based bioceramics/ biopolymer

nanocomposite scaffolds for bone tissue regeneration

ajusgaziBenvatuiag Subproject

Sub |Domain Title Principal Co-
project investigator|researcher
1 1,2 Beneficial effect of gut microbial bioactive products on intestinal NC PS, KW,
calcium transport and bone metabolism in insulin resistant beta- PK,
thalassemia
2 1, 2 | The beneficial effects of iron and calcium supplementation in PS NC, NT
pregnant rats: the interrelationships of gut microbiota and bone
health in gestational diabetes
3 1,2 Effects of iron chelators on the reciprocal intestinal iron and KL MR, RA
calcium transport and bone structure in thalassemia
4 2 Effects of calcium and vitamin D supplementation on blood pressure WT PS
and bone metabolisms in salt-induced hypertensive rats
5 3 Development of a novel three dimensional (3D) porous bioactive WP NC
nutrient elements co-doped calcium phosphate based bioceramics
/ biopolymer nanocomposite scaffolds for bone tissue regeneration
Note: NC = Narattaphol Charoenphandhu (Mahidol University)
KL = Kornkamon Lertsuwan (Mahidol University)
KW =  Kannikar Wongdee (Burapha University)
PK = Pissared Khuituan (Prince of Songkla University)
PS = Panan Suntornsaratoon (Mahidol University)
WP =  Weerapat Pon-on (Kasetsart University)
WT = Wacharaporn Tiyasatkulkovit (Chulalongkorn University)
MR =  Mayuree Rodrat (Ph.D. student) (Mahidol University)
NT = Nithipak Thammayon (Ph.D. student) (Mahidol University)
RA = Rachaneevan Aeimlapa (Ph.D. student) (Mahidol University)
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The principal objectives of the present research project are as follows.

1.

To expand and strengthen research team

Currently we have recruited 4 new young researchers into our team, i.e., Dr. Panan
Suntornsaratoon, Dr. Kornkamon Lertsuwan, Dr. Wacharaporn Tiyasatkulkovit and Dr.
Pissared Khuituan. Therefore, our current team is well organized, consisting of professor,
associate professor, assistant professor, new academic staffs ( lecturers and senior
researchers), post-doctoral fellows, and graduate students. Since calcium and bone
physiology is a multidisciplinary research discipline, researchers in this field must be
fostered to form a collaborative team with various research skills, including
electrophysiology, biophysics, molecular biology, materials science, nanotechnology, etc.
Our research team consists of researchers from various universities in Bangkok and other
provinces, i.e., Mahidol University, Chulalongkorn University, Kasetsart University, Burapha

University, and Prince of Songkla University.

To explore an unseen area in the field of calcium and bone physiology

Currently we focus on the discovery of novel local and systemic control of calcium
homeostasis, and provide explanation as to how dietary nutrients, microbiota, luminal
minerals, various local factors and systemic hormones interact to modulate calcium and

bone metabolism. We aim to publish 20 international papers in high-quality journals.

To apply basic knowledge for future research utilization as well as commercialization

We have already known that simple calcium supplementation (e.g., calcium tablet) is not
an effective procedure to supplement calcium. Calcium-fortified formulae have to
contain dietary nutrients or small molecules (e.g, amino acids or microbiota-derived
organic molecules) that can enhance calcium absorption. Our acquired knowledge can
also help increase awareness for better understanding of how to consume calcium-rich
products (e.g, which forms of diets are suitable, or do healthy individuals need to

supplement calcium before aging?).

To perform a target-based research in the fields of bone-like materials and calcium-rich food

Some sub-projects aims to produce bone-like materials for treatment of osteoporosis
fracture. We also aim to acquire a suitable proportion of components in calcium-fortified
products (e.g., appropriate ratio of amino acids, short-chain fatty acids, zinc, and calcium

in the product).
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To foster collaboration between national and international researchers

Our research group currently collaborates with several research leaders in Thailand and
abroad. For example, we are working with Thalassemia Research Center, Institute of
Molecular Biosciences, Mahidol University (Associate Professor M.L. Saovaros Svasti and
Professor ~Suthat Fucharoen for thalassemia-related sub-project) , and Cardiac
Electrophysiology Research and Training Center, Faculty of Medicine, Chiang Mai University
(Professor Nipon Chattipakorn and Professor Siriporn Chattipakorn for sub-projects related to
microbiome and metabolic diseases). We also have a strong collaboration with Professor
David N. Sheppard at the University of Bristol, UK in a project related to intestinal ion
transport. We are planning to expand our collaborative network with other world-leading
research groups that are adept at sophisticated bone-related techniques, such as high-

resolution micro/nano-computed tomography.
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o Iasnistosi 1
Beneficial effect of gut microbial bioactive products on intestinal calcium transport in normal

female rats
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Acute FGF-23 exposure
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Apical Ca2* exposure
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1. Wongdee K, Rodrat M, Keadsai C, Jantarajit W, Teerapornpuntakit J, Thongbunchoo J,
Charoenphandhu N. Activation of calcium-sensing receptor by allosteric agonists
cinacalcet and AC-265347 abolishes the 1,25(0H),Ds-induced Ca** transport: evidence
+

that explains how the intestine prevents excessive Ca’

Biochemistry and Biophysics 2018;657:15-22.

absorption.  Archives of

2. Rodrat M, Wongdee K, Panupinthu N, Thongbunchoo J, Teerapornpuntakit J, Krishnamra
N, Charoenphandhu N. Prolonged exposure to 1,25(0OH).Ds and high ionized calcium
induces FGF-23 production in intestinal epithelium-like Caco-2 monolayer: a local
negative feedback for preventing excessive calcium transport. Archives of Biochemistry

and Biophysics 2018;640:10-16.
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ﬁmmwau?jaqﬁa (transepithelial resistance, TER) IngNan151AaoInyi Lﬁaﬁm‘lmﬂﬁﬂﬁmawwn Fuelany
nsnlusfurinansdusiin acetate linunsasuuuasasadudsmliiieg q aledieuiunguaiuau) iy
Sldnajarndfunazlnaoudiudu Juandiiuin lifinnsdsuwamuanifiveadoyi lunamssiud
asomslulnsadnlduiln propionate Inaifinuiinadesuiindeuiudeuinludldlngdulaaoudusiu (Ui
1.78) wilsifnaduamanusunuveadoyiy (Ui 1.70) luvadiansemnsuiie Butyrate fnaifineanusuniy
yoadoyin udlidwarenmsudsundasadudsmsliiingy q dsanmaudsunlasiangn Aatuludldlug

Ui laasudiusmuguideniu (5Ui 1.70)

Cecum Prox. colon Cecum Prox. colon Cecum Prox. colon
20 w0 . 60 i 150
(10 i © H 10)
o i ) o ; o T o
15 H I ® —~ i é
HO) 0 i < :
s i © E 40 L i E 100 H
£ ] i < H o 10 i@
b 1.0 H e i o ® o i Q
o H g 20 i@ © x5 | (€19}
N | ) |j |j 'U_J | i
0.0 H 0 H 0 i
Glucose (mM) - - - - - - - - Glucose (mM) - - - - - - - - Glucose (mM) - - - -
Acetate (mM) - 10 - - - 10 - - Acetate (MM) - 10 - - - 10 - - Acetate (mM) - 10 - - - 10 -
Propionate (mM) - - 10 - - - 10 - Propionate (mM) - - 10 - - - 10 - Propionate (mM) - - 10 - - - 10 -
Butyrate (mM) - - - 10 - - - 10 Butyrate (mM) - - - 10 - - - 10 Butyrate (mM) - - - 10 - - - 10

JUN 1.7. uansduusmndliifednsvudewna@euruboyrvanldlngy diudauuazlaaoudiuiu Tuvaed
gndudaniuansomsng 9 meaulnssdld Tu Ussing chamber eikA Control group (NguAiuAs—ansazae
fiusimaniinialulanaliel), Acetate group (@1sazatefiusiaaindinialuanalien unilans acetate 1y
I3 . a ¥ a 1 . I3 '3
29AUTENBY), Propionate group (@15arateusIAIINUInnaluanaies wailans propionate Wuasdusznau),
Butyrate group (@13azarafiusiaainiiaialuianaiied wallans butyrate iWusAUsznau), * P< 0.05 Lile
Wiguiiguiunguaiuay, ** P< 0.01 WawSguiiuiunguaiuay. PD, Potential difference; Is., short-circuit

current; TER, transepithelial resistance.

MnMINeaeiniuL nuiinsaluduriinanedu acetate way propionate fnalfindnsnisgaduves
wnadeslualdlvadrudnu ﬁﬂﬁuﬁiﬁaﬁﬂaEnﬂmwmai'mﬁ’wuaa acetate uag propionate ABdnNININATUYD
waawdeuludldlng Iﬂaﬁﬂwﬂuéﬂéﬂwmdw%ﬁuLLasiﬂaaumuﬁwmmémmaaw’hawlﬂﬁﬂsumgszj%'ﬂ (Ussing
chamber technique) aldnajdru@Aunazlaasudiufugnisun Ussing chamber Tnduinieansazateiiil
AuanTRndedonidluiuingsdld (Mucosal side) uazdnuiden (Serosal side) Tuan1izwandon 5% CO, 95%
0, guugdl 37 evenwaidya ndawntu dulnsedldvesdduuarlnaoudiufuazrdudatvarsazain il

v

drUsznevvensnluiuviinanedu acetate uaz propionate (Aududusgivay 5 mM) Faduarsiignasnadu

| = 19

Inenguduvsd eAnwdnsNTgaduveAa N LB e YR Ld
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Cecum Prox. colon
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= ot =
Glucose (mM) - - - -
Acetate (mM) - 5 -
Propionate (mM) - 5 - 5

U 1.8 uanssnsnisvudwnadessiudldvgdnddunasinasudimiuluvnriigndudaseaseimssiia o
yadulnssdld Tu Ussing chamber 1éud Control group (nduAruas—ansazatsiiusimainiianaluana
L?]ED), Acetate and propionate group (miazmaﬁﬂiﬁmmﬁﬁmduLaqaLa"m upslans acetate waz propionate
Hussduszneu), * P< 001 WaFouliisuiunguaiugu

v v U a

Nan15ANwINUI Welnssanlddudaniuansenmsvlin acetate uag propionate Tutafvaiu 8nsn

v '
a =% P

nsgeduvera@edludldivganizdindfuivinnauniu WewSsuieuiungduauay duansduun 1.8

waNIINT @1591M5%1A acetate Waz propionate fallnaiiuyUsunudesuindawinubauiansaldivgdiu

d

Ffu Tngliidmanoadudsnelniviadu 9 Ui 1.9)

A B Cc
Cecum Prox. colon Cecum Prox. colon e Prox. colon
4 40 ; 300 @ o
(@) (1’6) « 250 |
8 8 < % £ 200
s H 13 H S
E 10 S i S 150
a5 i R H @ ©) 5
o (10) [| "; E 100 (10) 0)
IHH Bl BB -+ [l
0 i 0 i 0
Glucose (mM) - - - - Glucose (mM) Glucose (mM) -
Acetate (mM) - 5 - 5 Acetate (mM) - 5 - 5 Acetate (mM) - 5 - 5
Propionate (mM) - 5 - 5 Propionate (mM) - 5 - 5 Propionate (mM) - 5 - 5

a o

U 1.9 uansdduusmalwihideiinsuudueadousiiudeyindldlve) dudduuarlaaoudiudu luvasiign
dudasneansemseng 4 maedulnsadnld Tu Ussing chamber léiuA Control group (ngumuau—ansazaned
U'ﬁmf\]']mfwmaimaqmﬁ'm), Acetate and propionate group (miaxmaﬁﬂimmﬂﬁwmahLaqaLﬁm uAsans
acetate Wag propionate Lﬂuaﬂﬁﬂizﬂau), * P< 0.05 Lﬁam%ﬂmﬁﬂuﬁumjmmwﬂu. PD, Potential difference;

lsc, short-circuit current; TER, transepithelial resistance.
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N1sNAaDNI 2.2
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o

fanse1mseing q Ngnauleenszuiunisdnvesnguydunidaneludldlvg nsvirnuredusiuviailazgn

q

v v
o v LY

999185 UIUUUT AN (specific NHE-3 inhibitor, Tenapanor) lngvinnisAnwiluaildlvegdmdaunazlnaou

(__nﬁ

drusuremyvnaesRiemAlinresgeds (Ussing chamber technique) dldlngjdiudfunaglaaoudiudugniauy
Ussing chamber 9ntutiiusigansazateniinuantfnaiaidanisluniulngsaild (Mucosal side) wazauidon
(Serosal side) luanmzuindes 5% CO, 95% O, grumgil 37 asriwalos nas iy Aulnsidldve@diuuarla

asududuarduiaiuasazatefidaiuUsenouTeaNINNIANe 9 WU propionate (AMLGNEY 10 mM) Faduans

- Y

Nonassvulaunauaduvidiazsduduuudinizusslusiuvudastin NHE3 (Tenapanor AMMLINUd 100 nM) tiie

Y a9

Anwdnsmsgeinveaa@eannudoyiadldlunngilifinisyhauves NHE-3
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% 20r E i (2)

I: ok H i
Propionate (mM) 10 10 10 10
Tenapanor (100 nM) - + - +

JUT 1.10 wansdnsnisvudsaadeunudldnadddunaglanoudiudiu luvusignduiadisaisemsviin
Propionate (a1sazatafiusimainiinialutanaies unilans propionate Wussdusznau) mesulnsdild Tu

Ussing chamber. Tenapanor, specific NHE3 inhibitor.

NNaNINaaaInudn adulnisd ldlwg sudanussszaonddaudsznevvasasonwisadia

(3
a o

Propionate (AMALTNTH 10 mM) wiaaunuagugImsinnuuaslysauaudisfia NHE-3 (anuiudi 100 nM)

a a

gnsn1snnduvednnadenludldvawnigdudau Jwwilduanas (GUN 1.10) wilidwalidoyiafauaudd

WasuwUadly (3U7 1.11) egdlsfinu wanisvaaesdsliifuiiuide iWesnndudssmnsiungunisvnassiitey
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2501
(1)
—~ 200r
e
©  150F 1)
G
o 100 (9 @
=
50- I i
0.
Propionate (mM) 10 10 10 10
Tenapanor (100 nM) - + - +

U 1.11 uansenduusmelniiudlefinsuudwnadounudeyialdivgdniduuarlnasudiudiu Tuvaeingn

dudan1881591115 ¥iin propionate M19A UlNsIa11d Tu Ussing chamber, Propionate group (@15azanei

Usmmﬂﬁwmaimaqalﬁa’a widlans WuesAUsenau). PD, Potential difference; I, short-circuit current; TER,

transepithelial resistance; Tenapanor, specific NHE3 inhibitor.
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® lasiniseae 2

The beneficial effects of iron and calcium supplementation in pregnant rats: the

interrelationships of gut microbiota and bone health in gestational diabetes

o

AQUIzaeAnan
1.

To study the interrelationships of gut microbiome, its activity and bone metabolism in gestational
diabetes
Specific objectives
1.1  To validate model of gestational diabetes
1.2 To study the alteration of intestinal calcium and iron transport in gestational diabetes
1.3 To study the alteration of bone microstructure and strength in gestational diabetes by
bone histomorphometry, uCT, and 3-point bending test.
1.4 To investigate the effect of diabetes in mothers on insulin sensitivity and bone structure
of their offsprings
1.5 To study the alteration of gut microbiome and level of microbial products during normal

pregnancy and gestational diabetes.

2. To study the beneficial effect of ascorbic acid on calcium and iron transport during pregnancy.
Specific objectives
2.1 To find the effective dose of ascorbic acids stimulate both intestinal iron and calcium
transport simultaneously.
2.2 To investigate the effect of iron and calcium supplementation on the prevention of
pregnancy-associated osteopenia.
Hypotheses
1. There is adaptive change of gut microbiome to favor species that had high metabolic activity
2. Gestational diabetes caused negative effect on intestinal calcium transport and bone
microstructure and strength.
3. Diabetes during gestation might impair glucose tolerance in their offspring in later life.
4. Ascorbic at concentration lower than 0.5 mM is able to stimulate iron transport without diminish
calcium transport.
5. Supplementation of micronutrient solution containing calcium, iron and ascorbic acid has positive

effect on bone health in pregnancy.
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WnsaniuenuIde

TgUseasdil 1 wismsidedu 2 duw

- dwfl 1 Bnquarasdil 1.1-1.0) Wiefinwinnizvesuimmiuszrindeesdaaonauliuudenisiudsuudas
Tassadiuarquantidnaenszgnuiazgnmdeinisiinseilnmmurdamesludiug e s1ee
AUFUNUSVBY 1) metabolic parameters (lawn 5@y LDL, HDL, total cholesterol, glucose, insulin,
fytl HOMA Tulden) v bone parameters (lawn osteoblast surface, osteoclast surface wag bone
volume) luwsinyiiduiumy 2) amnuduiudues metabolic parameters vaausinazgnyy @AV
LALLM TgRTUNR)

- dufl 2 (Tnquszasddl 1.5) iileAnwianuduiusuesnisiddsuutadues qut microflora Tuainydidu

WwuAunsiUdBuLUa3909 bone parameters

wruN1sAINaATeludn 1 wandlugun 2.1

<— Pre-pregnancy — <«———— Pregnancy and lactation

Mating PO Single injection (i.p.) with Wean

l Streptozotocin 35 mg/kg l
Acclimatization \ / 21 100 Pups (days)

I High fat high sucrose diet | Normal diet |

|
Day —42 -7 0 7 14 21 7 14 21

v v v
OGTT, HOMA , fasting blood glucose and lipid profiles. Feces are also collec'ted.
v v
Sacrifice
For mothers
I T 1
Intestine Bones Blood
Pa[\ii:/;eras ‘ - Bone turnover markers
[ 1 5
L - Blood chemistry
Femora Tibiae ;
Spleen x ! - Metabolic parameters
. - y . -OGTT
real-time PCR 3 point bending uCT Histomorphometry

Immunohistochemistry

(Euthanasia dams)

Weaning 21
. Euthanasia
Birth days ftd 100 days old
l l

Pre- pregnancy Pregnancy

3

MNormal diet (ND) High fat diet (HFD)

JUN 2.1 uanedsnsaiiun e Tngusvasan 1 dwnviilunyviosaslviug (Snguszasai 1.1-1.4)
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awuﬁ%&ludauﬁwmﬁaLﬁamaﬂ’uﬁ: Sprague-Dawley 818 3 dUa1i ndaRnindu 1 dUami vy
wiseonidu 3 nqu Téun ylaivies wyviesIunund uaznyvios Wuiiduum dmunguvyiiesas
¥ vaginal smear Lflav3zee estrous nsnasiugasiAssyinagfle 1u 1:1 Yuiiwuegdludesnasn
211n13%1 vaginal smear feifutudaiosudi 0 (PO) daummauﬁ’uﬁ:%Lé‘ym@'hEJmmﬂsuﬂuLLasﬁwma
glasagaioonsunifuie 6 dUami myiosnfdssieimsgaanasgiu Usenousie (%) Crude
protein 25.48, Crude fat 4.61, Crude fiber 5.14 [CE-2 for rearing and breeding, CLEA, Japan] ’d'aumd
Voa lusumud s s e siivaude hish fat + high sucrose [45.0 kcal% + 17.28% Sucrose] @<
Usgnaunae 24.0% Protein (20 % kcal), 41.0% Carbohydrate (35.0% kcal), 24.0% Fat (45.0% kcal);
D12451, Research Diets Inc., New Brunswick, NJ, USA (Pereira et al., 2015; Journal of Physiology)

{idearyhmvageuiinisdssiasemslutugteusasseninataiiomasaauliuuyinliiin
impaired glucose tolerance AEN1TNAGDU OGTT 7 3 4191ian e baseline (NeuNaNiug 7 Tw), Vieeuil
18-20 waglvuniuil 18-20 Tneudsmaonazuiugnugliivindunnesen 8 #/asen (f 4 iy 4 titerruasly

a v <

Iaomsuazdudliseiuluudazasen) gideasiudeginsean dlduazifenveswinylug 21 Ju

Y Y

VI ULgNIYazBemga I sUnAIUNTEIteny 100 Fu wasifiuiediuienuasnsznneiall

SI89IUNANITIY

HaMAdesenssilasaiansegnuainyyies 21 fu Mdewieesund

nsgnuiudanyvies 21 Juidese1mnsuni (CP, Bangkok, Thailand) deudied Goldner’s
trichrome W3guiilsuiunyliivieseny 11 §Uast nuidillensegnlassinglndlAeaiu (UN 2.2) 910
Mwiileidenszgniaanied calcein 2 A1 Ui double-labeled surface anasegednlau (UM 2.3)
va o o = Y A vo o = = ) a a o .
AduazvinsAnwinyviesilasuemsluiugauieuiieuiuemisuns (Rnu3en Research Diets Inc.,

New Brunswick, NJ, USA) siall

JUN 2.2 suiilaBensennvinudadausied Golner’s trichrome nuunguldvieaasnyiosiun 21 o1y 11 dUam

Ep: epiphyseal plate, Ma: bone marrow, Ct: cortical shell Qﬂﬂi%‘%umzaﬂ trabecular scale bar = 1,000 um
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Non-pregnant Pregnant
v Tl

JUN 2.3 sUilleilansegnuiiudedoudisd Goldner’s trichrome nnunguladviesuaznuviesiui 21 a1y 11
#Um 9t Th: trabecular bone, Ma: bone marrow, Qﬂﬂﬁ% double labeled surface %QLﬁuﬁnmﬁﬁmm%ﬂﬂizaﬂ

{AnT scale bar = 1,000 pm

HAYBIIYT high fat doAuILLUNTEANLALlATIATIIMNYANIAYDINTEAN

wBNIINANWIHAYDY obesity-related insulin resistance folassairansegnlunyviosuaslviuy §Iideld
Anvmnalunyund Tnedsaydeomsgaslodugeuiu 3 Wou ndsndunyazléfue Vidagliptin (Vi
(Dipeptidyl peptidase inhibitor) u1u 1 e ndsanldSueniiaviinisaarsvessesluu incretins anas @il
s1eauieesly incretins Sudanisaansnszgn Bnvisen Vil aunsaannuidssvesmsuaniinveansegnlugias

Tsawrnuie 2 1a°
Blood collection
t

=1 0 12 16 Week

HF [ HF+ Vehicle | HFV
! HFVil

v

Bone cqllection
T
Left tibia Righi tibia

-uCT Histomorphometry
- 3-point bending

UM 2.4 LandisnsailiuandfedngUssasddl 1 (@wivinlunyung)

> Monami M, Dicembrini I, Antenore A, Mannucci E. Dipeptidyl peptidase-4 inhibitors and bone fractures: A meta-analysis of
randomized clinical trials. Diabetes Care 2011;34:2474-2476.
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HAN1TIATIERAIEnATA uCT wud1 ANuvukdunsegniuwilduanadunquiliemisluduas (5Un
2.5) oA esilaseasnamieganiansegnaluimaila bone histomorphometry Wuda e bone volume,

trabecular thickness anas waz trabecular separation LLTU (SUN 2.6) ﬂ?ﬂlﬁiﬂ Mg prediabetes vl

Y

ﬂix@ﬂa@]aﬁ
Trabecular BMD Cortical BMD
0.4r 2.0
o’g =
&
S 03t 5§ 14
g == g"’
@ 02 —— S 10
P o
S o
3 8
201 T 0.5-
© (&)
=
0.0 Normal High fat 0l Normal High fat

SUT 2.5 uansrumuLunszgnlasene (trabecular bone mineral density, BMD) wagnsgniilauyiu (Cortical
BMD) (n = 5-8 fiang)

Bone volume Trabecular thickness
40, 100,
== *

30 75
9 E
ot T % S
E 20| . £ 50
2 o
) =

10 25

Normal High fat Y Normal High fat
Trabecular separation Trabecular number
400, 4
*
—

__ 300 — =3 i o
g E
s 3
& 200 >2
= e

100 1

o - 0 -
Normal High fat Normal High fat

FUN 2.6 WaANaNTIATIEAATIETINIRANIANTANAIEMALA bone histomorphometry (n=8 siang) * P < 0.05.

oY
1%

wyidesmsmsiuiugadalasue Vil wuilifinuuanssesdivings Ysunaemnsiiu Ysunw

o

visceral fat sgautaaludenlibans199nNnauaAIUAN WAlsEAUTRIRARIaAINDTRARALARYH HOMA anad (5U

v ¥
=1

#1 2.7) U971 eldelinsmeuauawioduyaunuy

soo’ 40 80
® 6 = 6 (s
Se00- | pm S 30 © 6 e - ©)
= 2 =
§’ 400‘ £ 20 S 40|
2ol k &
2 200 B 10} £ 20-

| g |

0 | 0 o-

HFV  HFVil HFV  HFVil HFV  HFVil
= 200 160 - 60 -
E’ g | 5 ‘
E 150k (5) (5) 2120 (,) *% x 45 (5)
8 T gme £ | 5) © T
8 100 ° g0 S 30 ¥
. M-
S 50 S 40! 2 15
& 5 ‘
©
T o0 oL L o-
HFV  HFVil HFV  HFVil HFV  HFVil

JUN 2.7 uansua metabolic parameters (n = 5 slangs) * P < 0.05, ** P < 0.01.
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wunlasuen Vil Ianuvuindunsegniilelusanuiy waziildfinnswisunlawedasiaiansegnilowiy

NMTIATIwRNTEANelUstnudd bone volume sy tawdle trabecular number Liiaduwagan trabecular

separation ana3 (gﬂﬁl 2.8 hag 2.9)

A Trabecular vBMD B Cortical VBMD
0.4~ 1.4 -
-
4 0.3F (5) 1.3
E L (5)
8 (5) § (5)
= 0.2 T D12 —
] |
= =
@ o1t @ 11F
0.0 1.0
HFV  HFVil HFV  HFVil
c Cortical thickness D Cortical area
1.00 - 10.0 ~
(5) (5)
—_075F = ~T5F
£ E | ® ©
~0.501 = 50 :
£ 2|
O pos)- O 25
pool L— l:u:tL
HFV HFViIl HFV HFVil
E o MM L F MMy G 125 Polar MMI
- 125 - -
4 () 4)  (4) 4y (4)
100 —— 100 —— 100 - —L
& 5] &
5 75 | s 75 5 75 -
= = £
O 50 O 50 O 50 -
= & &
251 25 25 |
! | S — oL !
HFV  HFVil HFV HFVil HFV HFVil

sUN 2.8 LanananIsiAsIgiauvuIkiuLaslassadenseanillawiduiismaiia uCT (n=4-5 dangu),

MMIl=moment of inertia * P < 0.05.
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C Bone volume D Trabecular thickness E  Trabecular separation

40 100« 600
30 * 75 (5) (5 156
Y B 5 = = == o — {
& ) E E (5) *x
(5) 2 3 o
> 20f c 50! a 300 - (5)
= ‘ ~ Z
= 0 o
o 10+  25- = 150
0 ) - o- L) - ot |
HFV HFViIl HFV HFVil HFV HFVil
F  Trabecular number G Osteocyte H Cortical thickness
6.0 100+ lacunar area 800 -
45} e Cgst OB g0 B ()
E (5) 3 = ‘ g == [l -
£ 3.0+ (5) — .
Es % 50 £ 400
Z o 2
2 15} g 25¢ O 500+
0.0b L ol | S —
HFV HFViIl HFV HFVil 0 HFV HFViIl

JUT 2.9 uananmillelansegnéeausied Goldner’s trichrome wagHan15IATIEMlATIEI9aN1ATBINTEYNLLD
U5 ANUvUIYeItunsEanilautuLasNufives osteocyte lacunar (n=5 fangu), Ma=bone marrow,

Tb=trabecular bone, * P < 0.05, ** P < 0.01. Scale bar=1,000 pm.
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HAYD8 WS high fat 8 metabolic parameters lunylaivtasfidssdasmmslusiugeuny 15 Fuai

903Ut 2.10 wyfidssssesluugaiidniingagainiinguemsunarausidaiusnyesnisvaas
lofuommnsuiainalsisnetu (Uil 2.11) Wonaaouaumuniusetimadie oral glucose tolerance test (U7
2.12) wudwmﬁ%aamaﬂ'mﬁm fasting glucose Un# (< 100 mg/dL) 1uwéﬂejum‘msﬂﬂaizﬁvﬁwmﬂaiuLﬁaﬂaz
nauNiAIUNANa931n glucose loading UL 120 WY ’Luwﬁlé’%’ummﬂmﬁuqqmu 6 §Um A1 136 me/dL
Falndfiaziu prediabetes (Mannawianna 5’1m‘1§wmaagjswﬁw 140 way 199 mg/dL fioiniu prediabetes)

Sleidemydsanslutugeioluauasy 15 Uaminud wylinnisiimiu fio sefu fasting glucose >
126 mg/dL wazdiszduimandsainyin OGTT gand1 200 me/dL (3U7 2.13) ustshinwiinvesiulaiunnsaiu (Ui

2.14) (fnmgladunenduunnweayiilisuiivunalnegu)

500
o e -O- Control
S 400F * * ®.
2 L X o%®%0%0g @ HFD
S 300
()
i 200+
©
(=]
@ 100F
0_

et 1 1 1 1 1 1 | Y I I I |
01234567 10111213 4 1516
weeks

JUN 2.10 wanawtindmidlofemumelliemeemsluiuaauSeuiisuiuemisuna (n=8 sengu), * P < 0.05

35
30
25
20
15
10

1)

o

=M e

Usunaemnsnlasu (ns

U

Control HFD

JUN 2.11 uansUSuaewnsiinusieu WeldengemsluiugudSeuiisuivemsund (n=6 dengy)
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250r

g -@- HFD
g 200+ -O- Control
@ 150"
8
3 100
o
g 50t
[a1]
0_

1 1 1 1

0 15 30 60 90 120
Time after glucose loading (min)

=1

JUN 2.12 uanssyavdinnaludenailenagouaununiuseiinia (OGTT, oral glucose tolerance test) luviyine

dedleideangomisludugeuu 6 danidSeuiisuivemsuni (n=8 sengw) * P < 0.05 ieuiu time=0 Tu

nauAeaniy, * P < 0.05 Wesuiunguamuaunia i

500
-® HFD

-O- Control

N
o
£

Blood glucose (mg/dL)

1

0 15 30 60 90 120

Time after glucose loading (min)

JUN 2.13 uanssyauiinnaludondlenadeuaununiuseiinia (OGTT, oral glucose tolerance test) Tuviyine

dedlatesmeamnsludugeunu 15 daniidSeudisuivemsund (n=5-8 senqu)

20

—_
w

(n5)

Unin@u
=

w

Control HFD

JUN 2.14 uanahwdnduiiloifessngemsludugaunu 15 §Ua (n=6 dongu)
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WellnsgiszautaageudaszludoanuinduTuiunnTudsdiuniie1atiion1ainniig metabolic
acidosis Tutu1manu (gﬂﬁ 2.15) uaﬂmﬂQ’%ﬁmzﬁﬂmﬁﬂwma‘umm’w hyperglycemia Wag dyslipidemia #®
lassaiansenud laRannuguanednsNsgadukaaideuialdmedmuinnnedina nlidmansenusdenisgn

Fuupaideuruald (U 2.16)

6.5
5
o
Y
E 6 %
[
G
= 55
fre)
e
z
3 s
2
=3
qu™
]
4.5

Control HFD

sUN 2.15 wanssesuknastendaseludan (ionized calcium) Wiawaeasie01115 T UgIUIY 15 dUA9% (n=6 #

v kY

ngu), * P < 0.05

é 40r 5r 4)
E 6) )
2& i 4+ [
S IE 30
8o 6 S 4
S 20 =i E .
L7 2 2
£ 10
[2] 1_
&
= 0- ot
Normal diet HFD Normal diet HFD
40~ 300r
4) @) @)
o~ 30 T & 1 i
£ £ 200-
< 20 =
8 & 100
= 10F =
o- o
Normal diet HFD Normal diet HFD

JUN 2.16 wanansvudaadunualddiu duodenum wazauaedng Anseualniuazanusiiuniures

epithelium Tunyimasasigeimsluiuguu 15 §Ua1v (n=6 Aengu)
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NAY03811113 high fat @i metabolic parameters Tunyvinsfidsmgomisloiuau 10 §Uani
wywadleeny 9 dUaniwvteanidu 2 nqu fe ldSuemsund (16-20 6) %i3e high fat utw 4 dUav

v v

(16-20 #) Surursmilswaausazngu (8-10 #2) ganausfusAunyf iUy 1:1 nyfiidaiosgniasssienims
high fat sialusewinevies (aie 3 dUai) warliuy (ads 3 &Uav) wyﬁaﬁlﬂ&gdﬁmgﬂﬁmaﬂmmﬁmam
sdsanturhmsmyaenauimygliug 21 %u fuden thus dilddusu (duodenum) nsggnutuda nsgniua
Lﬁaimiwﬁsﬁa;ﬂaﬁaﬂa mmgﬂﬁ 2.12 udnein N31aEeEaEe1Ms high fat ¥ilsiAn impaired glucose tolerance
93U 2,17 uansmsiasgimsvudauaadesrudldfewmaiia Ussing chamber wuth uimylsiusnguiiidies
desunadinagaduunaiiougsdudedeutumylives udilleuinydedaeeimns high fat Snanisgads
waadenanas (feunsmuisd 2 uag 3) :nmada pQCT WU’jWLLﬂWHﬁLgSQﬁ’J‘Ejaﬂﬁﬁ high fat & trabecular
BMD tiosninnguilld¥uemisun uien trabecular BMC fluualtiuanas dauvesnszgniiiouiiuuiing midshaft

i cortical BMD laiUAsuuas wazdlen cortical BMC anas (3U7 2.18)

@)

'S
oL

7
i )

(nmol h~'cm2)
w
2

-
o

Transepithelial calcium flux

JUN 2.17 uanamsdnsvudsnaidonniiuaild@in duodenum Tunylivissuasvyliuuiidessieanmsuni

v Y

(N3 7) wagaivyliunidesingemslusiuas (n51me) (n = 5-7 siengy)

Tibial metaphysis Tibial midshaft
@ 400 2.0
2 o
£ 300 i $ 1.5 (8) (5)
a (8) =
s == (5) S
@ 200 Z 10
> >
j;; 100 8 05
=
4 5}
8 o
g o 0.0
Mated/ND Mated/HF " Mated/ND Mated/HF
Tibial metaphysis Tibial midshaft
—~ 25 ~ 8 *
2 2 e £ ®
520 (5) S 6
[s) -
2 15 g
) € 4
& 10 8
= | -
©
8 05 £ 2
© o
[ =] 0.0 o o
Mated/ND Mated/HF Mated/ND Mated/HF

5Uf 2.18 uansn1s bone mineral density (BMD) uag bone mineral content (BMC) nszgauntiudaain proximal

metaphysis Lag midshaft Mlﬂﬁuumﬁ%mmiﬂﬂa (n317) wage1ws high fat (ns1MeN)
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HAYDILUNYNLAYIAI88IM15 high fat dani15iaiaiAulauesgnry N15UA8ULUAIYEY metabolic
parameters UAEANUNUILUUYDINTLANGNNY

v
o ° o

VEWINGNVUVE NI grviuyndagnifeswiasensansund fidenudeyatminduwasUinauemnsfinuues

anvuianAuazinellgaunsENteny 13 dUav nudn gnuunanAglaziilsannauwivuitewieamis high fat &

Wmtindgandnguemnsund 5 2.19 Walesgranuvuikdunseaniaseiiememailn pQCT wudn gnuuie

deeny 13 dUamiidssnguinyiuvuiianurisdunsegnanasegsdliduddameedi ueaenuiuuilduanady

QnVIINeE| (U 2.20) JUduvumamvuLdunszgnanmslasevisiematian pQCT uanduguin 2.21

Female offsprings

350
-O- from ND mother n=8
o 300~ -@- from HFD mother n=5
= 250 o
-§’ %%
©
O
m 150+
100~
| | | | | |
6 7 8 9 10 1
age(w)
Male offsprings
800~
-O- from ND mother n=8
o 600 * -@- from HFD mother n=5
b
% 4001 . Fok ok
S
2 200+
0
m
0_

[ 1 1 | | |
6 7 8 9 10 M

age(w)

3UN 2.19 uanawiindignuyeny 6-13 dUam (anwwaiiseny 11 dUav s Tuis1eamuma), * P < 0.05
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Femoral metaphysis

— 3007
"’E Male Female
2 *
B 225 ©® 5)
= ©

o 150¢ = 0

8

3

g 75

Ke]

©

= ot

ND HF ND HF

JUN 220 uansANurLILLUnsEgnlAswegnuyeny 13 dam viawaguazide ND = gnvyilidesnieg

walvyUnA HF = gnvyilideasiguivy GDM * P < 0.05

wlinyUn# WUVYLUIIY

LWALUY

JUN 221 mwdiegananinuvukiunsEgnlasiegnuyeny 13 §Uansi ey (Waauu) uazineide

(unaW) JnTzvmemalia pQCT fundunshonszgnlaseing
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= = 1%

wsinyieandtud 21 Invsarenszgnanaadefiouiunylivies Bnsmdenhliduuimnuny
Farfpadnedeanuanuideduiianuudildien Streptozotocin itevhansisadiusou (szdusesluudugauly
Fenanaq) Sawiulriemslutugaazuuuiiliemisluiugaiissegnuieon Fafidvazvhnsmaasadieuiiou
W 2 wuu ielildlumaiinyay osainndn 10% vesan3nenssaidu gestational diabetes uaziuwaliiy
geiuides 9 Wesnaniifdminiuintuegrseiileslnsangluanizolin fannginagduidensts
dwaidelaonssiemnuudiussvonszgnual uflasslunngvussnindsasssasmelundsnasngn us
mnlifimsauauszduihmalutaed wadefinssnudensegniliniuoislinduangnizundls sidedens
dueussevinlviuudludesnisguaguninsinsieasss Sndauveanuitenuiinisléueimsluiiuge
dunatuiwiliifenszgnanas 81 vildagliptin deLdusiild$nuiniiziuimaiu armisnanss iy
cholesterol, HOMA index uaztiinaamuuiunszgnlunymadle Wefinnsandiuus metabolic ndsand
myinendeidesineeimslutugs finndnindy wuaruunniesvesnLNUNIUAeTEAUTAAGIBAT
nAday oral glucose tolerance test NssuUseuemslufiugrenvilinsegniinnuudussanas fn1s

Wasuulasvedlassadansegn uiliidwmansenudenisvudauaa@euialdlunynalenlivios

Ineluuds Useansamnisgaduuaaidouiialdra@uluseninsvioswasIiunieyfulisianie

lasuuaaidenlviiiganedualdlunisadyidvlanvemisnluassduasndninug wudiusednsamnisaady

¥y v
=

waaldeufigedulagmeliluninyiinieiededugiudieadmansenudenisasyivlnvesgnuy 910013
AaTgvimemalin pQCT wudgnuyinallsinnuvuiudunsegnauvanaileliig uiuuivyiiieswieems
) vLya/ L& A

Unit lugaedisneauaseliidelidntuiedoaiaduuds wazazsenunanisinssinssgnuumiemaila

bone histomorphometry Tusigaunanssdnly
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lnsaniseaei 3

Effects of iron chelators on the reciprocal intestinal iron and calcium transport and bone

structure in thalassemia

IUITEIAVAN (2 YI9@151897U 30 Ruey 2560 DeIun 29 fiquieu 2563)

—_

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

WieAnwnavessinwanlugUuuulessauaymesindensidin uaznsutavadvesesailovaas
ieAnwinavessimanlusUuuumesiauazinesindensievessadesalovaias uazn1sAnuinig
Wasuuwasedusiulunsmevessaduuuienonlnda vesesanlevanaimasldiuiman
Wednwinmsthidiivnuesesailovanas waznavessmmanlusuuuumesiauazesindenisuansoon
uaznsiasuulasmedusiuiimihilunsvudavdnluseamlovanas
ilefnunavessimdnluguuvumlessauazmesindenisianulasuanioonvesdudiieitesiuns
nuvedeeaileuatadlunsasnsegn
iiefnwinavessgmanluguuuumesiauazimesindenisuanieenvesduiliisad eafunisaiununis
Mureseeailonaan lueeaRlouaiad (osteoblast-derived osteoclastogenic genes)
ilefnunavessimdnluguuvumlessauazmesindenisianulasuanioonvesdudiieitesiunis
Wannuazn1svheuvesesaitovanad Weldfumanlussozinaidiefu

ilefnwnavesinfiuf densuntundnvesesailevaan wazn1sidinsenvesesanlevatadnigld
AMzWANAY
iefnwravessnuaniugiuuumesiauazilendemsarauunafouveavadooarloanas
ileRnymavesEnsiuSimsmeuuy Ferroptosis semsiitinsenveusadenailovanas neldamezmniiu
ilefnynavesuaadeudomsiTinsenuessadosarlovaad meldnmzmaniiu
Wiefnwmnuiieesues Reactive oxygen species siansmevesadesaitovanas neldnmzndniiu
Lﬁaﬁﬂmmamaamsﬁ’ma%aﬁms (N-acetyl cysteine; NAC) Aon15iliinsonvediwadenaflouaidn
meldnzmdniiu

Wlefnwinavesansdus1man (iron chelaton) seseiusinmanaeluiwadesadlovanad waznsildin
soavaagadeaailouatad aeldnnizimdniiu

diefnwmaresanssudueulus NADPH oxidases (NOXs) denmsiidinsenveavadesailovatas angld
AMENANAY

Lﬁaﬁﬂmwaﬁuaqﬁmmﬁﬂiugmmumaﬁf%’aLLazW\Ia%%ﬂsiamﬁmﬁi&ml,mawaﬁzﬁu Glutathione peroxidase
4 (GPX4)

ilefnwmavesansiueyuadasy Trolox (eywusvesinniiu b) deon1siTinsonvesvadesanlouatad
WAZTEAU Reactive oxygen species meldnmewaniiu
WednwnavessimanlusUuuumesiauazmesindenaaigdvlavoasadauining
WieAnwnaveandn unaiBon Iniud uazimiuddermuduiusseninanuannsalunsvudaninuas
wadeunelueadanldveauyyd
msfnwinavensaueanadnuazsmmanAenIsvudLAaT BNk uIadaT AN

NSANBINATDINTALDAADTNADNITAZAYVDILAALTNATUDLUA
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S189IUNANITIAY

1. wavaswanluguuuumaiFauasmasin denisfidinsenveswasoasflovanad

wadedue1s 106 gnidestuemsiifivdniessannuessauenludendauin vie wosinain wesin
N Hednsn NAnadudu 0, 25, 50, 75, 100, 200, 400, 600 3 g 0 Tlasluans Wuszezian 24, 48 wie
72 0 sl vidsnTiun1sidinveswadavgninde3s MTT assay wan mvwaenuinvaniisaosguuuuiliinns

An89989UTEVINIWAR00AR LEUAIARNIUANULTUTULAL ILEEIANVBIN T8I U W SATIWEN (AN 3.1)

Iron exposure to UMR106 for 24 hrs Iron exposure to UMR-106 for 48 hrs

Y
N
o

-8 FAC 120

-~ s -8 FAC
S 100 S 100
>E | = o H = FAS z - FAS
£33 N QDL 206 #Hittt
= 80 =0 80 okk
g ) = g 8 L
>3 60 zg 60
O N 39
;’ T 40 °F 40
=E RE it i B
£ 20 I 20 g eetis
O+——T———T1—1 +— T T 1 O+———1— +— T T 1
0 25 50 75 100 4
q,QQ @Q "o@ %QQ 0 25 50 75 100 200 00 600 800
concentration (uM) concentration (uM)
B Iron exposure to UMR-106 for 72 hrs
120
. -& FAC
S 100 -# FAS
b=
28 &
82
S5 60
TN
9% 40
X E
S 20
=~ *** P <0.001, **P < 0.01 compare with control (FAC 0 uM)
0 T T T 1 T T 1 < < i
0 25 50 75 100 200 400 600 800 ### P < 0.001, # P < 0.05 compare with control (FAS 0 uM)

concentration (uM)

= < 6o < ' aa 3 a ¢ s Y v oo
A 3.1 wdniessnuazmanmlesiaannifinsonvedeadesanlouaad gidue1s 106 nuANUANITNTUN
WNTW wazalasuman **P<0.01, **P<0.001 (Wawlsuiuimanilesinnauaiunw), ##P<0.01, ###P<0.001
(Hewlsuiumanuessanguaiunu)

vaanlansluiluna 24 Flumuinldaansaduginisiasyreasadaduens 106 hunninfesay 50 udazl
ansiindugaand 800 lulasluansfinny wudnisfidinveswadeiduens 106 anasdovay 30.56 uay 25.74 el
widnesda wazmdnuessnauddiu (1l 3.1A) n1sneuAUBIauTARYLENeNS 106 AawanWesTa wasindn

3 < s

wes3nuuingl 48 uay 72 Hilusiuliunnsieiu lnenudngadedues 106 sentinanategrsundlalivén

v
o =

Anududugandt 200 lulastuans waziuaaaududunidudnsitinsenveasadeiduens 106 laaswmiled
(lodso, 1C50) 232.35 waz 221.64 lulasluans d1nsuwndnwassa wasindnassnaudisui 48 F2lus (A
3.1B) wadgidues 106 fifleds 11 72 Filusanaadniies fie 229.76 uay 211.45 lulasluans dmsumdnnessa

& oo o w ~ o ] & fa v s & s ' <
LaZLaNNBIINAINAINU (A1NN 3.10) Imﬂm‘wswLLm‘W‘U’nmaﬂLWaiiﬂumaauadL%aagLaums 106 ganinLvian
wassa
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2. wavasmanmasia uasmdnmaindeanuaansalunisuiasadvaugadgduens 106

wadgduens 106 Wsumanmlessa uasindninessn fimnududu 0, 1, 3, 10, 30, 100, 300 ¥ 1000
lalpsluans uaginnisidvensadsne nssudensiy (BrdU assay) ndsnlimdnluuds 24 $alus mssaandn
vosnstonsfggaefiuefiduemeilmiuansiansaiguensad wulwdnmessadudimaniaueusadessd
Yodndny Tnedudiludesas 26.55 finududuman 100 llasluans uasdosay 28.53 Amududuman 1000 lu
Tsluans daundniessadt 300 lulastuansudinasyldunnsetadifodfy uwikansdiandunisdudms
W3 reLYadyNens 106 Tnwansaduds maiasyveseadlddosay 23.43 ((mil 3.2A) daumdnilessndu
mmsaé’ugamiLﬁ]’%m;uamjaégLﬁuaﬁ 106083fitfudfey Tnedudsludesay 33.44 uaz 49.48 ielHndnaau
Wudu 300 uay 1000 lulasluansmudndiu (nnit 3.28) Fwaillsilaenndosfunsiameuiidinsenluamil 3.1

A DA I fa o | s & s | I &
WLLamMmummaﬂLW@iiﬂmaﬂiswumamaaquLanmi 106 WnAmaNeTSa

A B FAS2¢hmix3 rep (normalized to control)
FAC 24h mix 3 rep (normalized to control)

1.5
= s%
=) £ ’§‘ (3) G 3)(d)
o E ® 3 10 ) (3) * (3) *
28 et S
o O T
s c o
@ N
c o sN
s S S 0.5
=8 S E
2 £ Q5
22 <z
QNDYO NN DO D
QN DO P \QQ%QQ\QQQ NS S
FAC (uM) FAS (uM)
*** P < (.001, *P < 0.05 compare with control (0 pM) *P < 0.05 compare with control (0 uM)
(n: biological replication = 3) (n: biological replication = 3)

UMR-106 Passage 20, 22, 21 Seeding density 2,500 cells/well UMR-106 Passage 20, 22, 21 Seeding density 2,500 cells/well

Ml 3.2 1dniEesguuuuannsasyvesYadosailouataneidues 106 (A) wanmesini 300 uaz 1000 lu

o o

Tnsluans annisiasgyuesesaflovaiadyduens 106 egalded ey (B) wdnessad 100, 300 uaz 1000 lulps

@

Tuand ann1sia3nyvetesaflovataseiduens 106 egalituddy

o

< ga < (5 3 < a (3
3. navawmanWeIan wazmanWaisaRoN1SNNBVDLYaADREHR LloUATER

AnuauysalnsgUvendeuwad saiionssuveseulvdneluwadiduniocawinuiidinsenves

=

wad Tunsfnwiasilinanuauysalnsguvesdeueadmenisldiesideulslulawes (ethidium homodimer) @
szunsniinluluead waviberiuianivavesgadinieuaild nasndilvlugadudiesideulslulawes &4

anunsaldesuanigloaudduadlidiognnszdu azluinziuidueuazyiliiwadinneudfivamglowsawudd

T

uns lunenduiy Aanssuveseuledioameisa (esterase) J’]’1FJINL"UaaVIﬁJsU’JG]‘i]SLﬂaiJ‘LlLLF’]a‘TJu—LQLSiJ (calcein-AM)

W undaduanfiliuanaiglosasuadidenld Wegnnsedu Jadududiwadiuddidined wadeidues 106

Isumanvessn uasiuanmessananududusneg fu lewn 0, 100, 200 wag 300 lulasluans Wuan 72 Falua

a v

waaIntueadzgninaanmeledifeulalulawes uazunadu-tady wiewe fu Anuduveamgloisasusva

U
¥

Wed wazund waviunniivaanglosawuigniniiodnumdndiuveseaainngsowadNiizin nan13naaed
v 2 < o & P s & ¢ \ ] Y
wandlil I nraniaaesgUunuuuNSEAUNTANeveRTangLdNens 106 lunnngun1svaass (n1ni 3.3A) dadiu

Anuduvenamglosawudsznitduamnedideulslulawe s (wadane) wasdilennnuaadu-ioldu (waddl

9 39



) ﬁﬁﬂagjﬂ' 33.50, 34.07 waz 35.29 luwadedues 106 Plasumanmoisaninududu 100, 200 uaz 300 lu
Tasluandnwadu Tuvaziidndunnuduvenaniglosa-wudszniduasnniesironlslulowes (wadnne)
uazAdeannuaadu-oidu (wadiidin) vouwadaiduens 106 Aldsumanmesinduiiadnindnies Ae 28.47
uay 24.50 Aanudiuduman 100 uaw 200 lalasluansmudiay witidngada 54.09 Welmanesin 300 lulas
Tuand (Mt 3.38)

uenniiuiifuanuamiglosasuiiaunuandodgninds Suduiuueshuueadiiuanauam
glawsawuiingn Adnduvesiuiiiuansuamiglosawuddua deuamgloisawui@iediawinty 70.28,
97.43 uay 171.32 dwduwadilasumsnimessnidudy 100, 200 way 300 lulasluandauady Adnauvositud
fuanwuamiglosamuifunaefuiifuanuamiglosamuidifolusadildsumsnmestadusianiidnties
fi 65.77, 93.33 uay 140.44 eldSumanesianududy 100, 200 uaz 300 lulasluardaudifu (e
3.38) MndoyamaivdlfAuiwminmeindauamnsolumanssdumnevessadosailovatadlsunn i
widnwlessa lnedlidadiuanuiduveamiglosawudssnindunanedineulslulawes (wadne) wasdiden

NNuATU-LLOL (WadiiTin) wasAdndiuresiufiiuanuamiglolsamusiaunsotufiiuanuamglowsaausa

Jen geandiamariiveasadeduens 106nlasumanuessanianududuieniu
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[FAC] (uM)

200" dokk

150

®)
100} e ©
Spll s
50
3 ®) 3)
S S S

N S S S
NI Y

Dead/live area coverage
fluorescent intensity ratio

FAC FAS

Dose of Exogenous iron treatment (uM)

*** P < 0.001 compare with control (0 M)

awil 3.3 wdnwlesinuasinanleitarihliwadesaflovanadyduens 106 ane lneTue
(A) wanagadaeifnaanieesiieslalulames Guwng) waswaaiPinfnaaindeuaady
sUnvvdmaliwadonanlovanadiyduens 106 melastuivuiinuanududureanan lnednaniiunfidua

alowsaudduasradiledniiuyu (C) wdnvsaessuuuudmaliwadesailovaadyduels 106 melasduiu

[FAS] (uM)

100 200

*kk

*kk

R

@) -
(3)
20
(3) 3)
0
&

O P PO O
7 P

Dead/live fluorescent intensity ratio
(normalized to control)
S
o

FAC FAS

Dose of Exogenous iron treatment (uM)

*** P < 0.001 compare with control (0 uM)
** P < 0.01 compare with control (0 uM)

g
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Usnapnududuvesnin Inetaandsunadnduanuduvewamiglosamuddunsedideiiiudu
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4. wavaawdnasinuazmanilessa denisanevevadesdnloumaduuuewanlnda
TusAuaneadgiduens 106 Aldsumdnuiesin viewanmessaiunan 72 HlusgnldifeAnvinaves
wiEnulesin uanmdnulesiadensidsuulamesiusinsmeuuuienenlyda fegrilusiugninludinude
3%13?1L‘ﬁi‘uuaamLﬁaQisﬁwaaﬁaﬁﬁwwawh%a Toun aeanlslualndwes-wsa 1, pdnslndeanlslualnawes
5 1, AdnldueaiUa 3 uay Adviduaaila 7 ndsnwadléTuimaniaasuuuy (nmil 3.4) wanmsvaassmud
Uimalvdiedilslualndwesisa 1 duanasegednnulumadooailovaadildsumdnmedin udsedudy
routhdlsiiAsuniadumadildsumanmesia (1wdl 3.5A uay 3.58) uasusisyiuveandndlndedilslualna
wodisa 1 ndsnldsuimdniaesguuuutiuariiiivtusdisdidoddy uiiledunmdndiu adwdlndiondls
Tualwwedisa 1 delwdioAflsTualndmesisa 1 wuhildadufudundinnlfsumdnisaosguuuy (il 3.50)
Tnsseduiiivtuaonadodulufimmaioatutussduamuduturouniniiiutu winadldasliunndeged

o

°o o 1Ay v & sw < Y 2 = oa = v o oA v < s = &
Wedhdnlunguilasumaniessa udfuandiiiufsianauuuiigituiunguinldfumanessn (nwi 3.50) wail
Fliuinmanisaesguuuy nszqunsaeluwadeeaileuataditiiumnnsyuiunisioneninda dudaun laun

= 3

AANALALUE 3 wag adnduaaa 7 lesunsussidiuiioifunmsBudunssuiunmsienenlviawadesaflovanas
waanlasumdniivaasguuuu (il 3.4) Tnenuinwadgduens 106 Tszdupdns-waala 3 uaz 7 Wiiudusgns
o v o =Y ) 2 = < fU_ o9 Y o A &
wnudsnliminmessn netuegiuanududuveandnnessn drumanmleisavihlissduadndunaia 3 uaz
7 vindwanies nnnamalasuldinmanisaesguuuunseduliieadesailevanadiinnsyuiunsionenivda

Tnewmdniassndnauinninwdnunassa

PARP-1 117 kDa

\

Cleaved PARP-1 — 89 kDa

B-aCHN e e — — ——— 42 kDa

FAC (uM) 0 100 200 300 - - - -

FAS@M) - - - - 0 100 200 300
Cleaved caspase 7 ... .“.... 18 kDa

19 kDa

BraCliN e —— 42 kD32

FAC(UM) 0 100 200 300 - - - -
FAS(M) - - - - 0 100 200 300

P 2 & A o vy 1 & A oa X 'Y Yo 2 o
AN 3.4 Wiaﬂmﬂa@ﬂsﬁu@quLVW?Uﬂsﬁﬂ'ﬁ(ﬂqEJLLUULaW@WIWsUﬁLWNSUUﬁaQ"ﬂmeLﬂﬁUL‘WaﬂLUULfJa"] 72 GU']INQ
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Cleaved PARP1
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6. kawanTsasgURUUdBRanIuvaeulvidanlatveanuag (alkaline phosphatase; ALP) lusaafilou

<
A&

Haveswmanesin uazimdnwlessanon s wasianssuvesvadesailovatadgnuszdiulaeianssu
veseulaidamlaiveaning lnginfanssuveseulesifingn wazAanssuveseulusineniislusiuresiiegng
ué’qmﬂﬁiﬁmﬁﬂﬂy’qamgﬂLLUUﬁmwmﬁwﬁ'u 100, 200 w3 300 lulastuanfiduiian 24 war 72 Falus wudrusian
mﬁﬂﬁy’namgﬂLLUUlﬂdawaTﬁﬁ%ﬂﬁiumaqLauvlfzjﬁé’amlaﬁWaaWWLm anasenslidudAadflunansvinansaiu
Tngy eehslsfinuuwliilunisanawwesianssuveseulnidanlativeanunaansonuliluwadeoailovaradd
IFFumdnfisansguuuy uaznuiianssuveseulsiioulesidanlatinoarnalueadesailovaaninisanag

agafidedAysadalunguiilssumdnmesinfieaududu 300 lulasuansiluszeziian 24 Hlus (i 3.8)

o

24h FAC_non-normalized by protein 72h FAC_non-normalized by proteir 24h FAS_non-normalized by protein 72h FAS_non-normalized by protein

200

200 200
~ 150 o
25 = 150 = 150 23
58 ) £8 g8 g
. £ S 4, B C 5) ]
; % 100 ®  © = ﬁ & oo (4) @ @ (@ § S 100 5 ) ® n“j S
g 5% 9% 2 e
3 3
= 50 = 53 >~
S 50 € o
0
A ¢ N S ¢ S & & P
E OB S S & I
FAC (uM
e FAC (uM) FAS (uM) FAS (uM)
**P < 0.01 compare with control (0 M)
24h FAC_normalized by protein 24h FAS_normalized by protein 72h FAC_normalized by protein 72h FAS_normalized by protein
- 200 c 200 200 . 200
83 ko) = 335
3= ) S E ol %=
°E o Lo 5 E
£ § 150 5) & § 150 ®) (5) g .g 150! & § 150
2 2 2
S3 100t 2 ® 2 e 2 g5 22 w P e @ 22 1o @ 4 @
£8 £8 23 ™ £
Zs 3's 25 83
G E 50 = E 50 B o 8E 50
38 EH o 8 o
< g 0 << i < 0
oS @Q {b@ S ® {190 “Pe o @ (&Q 5@ ° & q’@ ,bs)
FAC (uM) FAS (uM) FAC (M) FAS (uM)

= ¢ o a o g v a a a ¢ o ¢ A
AN 3.8 L‘Viaﬂ‘VNa'ENEULL‘U‘UlINaw'ﬂ,'wLﬂﬂﬂ']iLUaHULLﬂaﬂmaﬂﬂsﬂﬂiimsﬂaqLE]Ui‘UiJ@aﬂWIau‘V‘I@ﬁW']L@ﬁ N138AAIYNU

Hoddyn1eadd iaduiwadesaRlevaradilasuimaniessnianududu 300 lulas- luans Wussesiian 24

Flalg

i 47



7. navasmdnmasinuazindninesadwananisuanseanvesdufiduaunisinnuvesvadesailovanad
waziraneadflonadn lulwadaaanlauaan
UonaNNIsuanIeenvestussaRleuaanTidmalaunswenIsimuIveuadosaflovaras duandlily
Al 3.7 iwadeeaRlouaandsruaun s warmsvhnusessadesailonaadtiu nssufduius wagnns
ndsansnszdunatsvin n1sAnuiuandiifuiinisuansoonvesBunuuesailovatardenseduliAnnisiam,
yesadenanlevatan uidudsmsimuvensadesailonmas (nmil 3.9) nansvnaestiinisuanseonvestud
STsTodAu- Insiads Bawuus U lnlgaga JigUinos-dumesuonns Wiy U2 (erythropoietin-producing human
hepatocellular receptor-interacting protein B2; Ephrin B2), Bussaflolusiiiniu (osteoprotegerin; OPG) wayley
Tra-8endiiua 2 (Cyclo-oxygenase 2; COX-2) tufisiudovas 23, 56 way 74 LﬁﬁLﬁaLﬁﬂuﬁUﬂfjwmuau Na921A
Tndnimesin uslinuindudilslndaunsings Sauuud et lawagan Siwuines T4 (erythropoietin-producing
human hepatocellular receptors B4; Eph B4) wWasuulaslundmnlimdnmessn uddelimanmessanuindu
315 lndRu-Insins Fauuud eurlnwaga Titwes-Bumesuonia Tusiu 02 uazBusilsindu-Insids 52
waud eUrlnigagan Siwtines 04 anasdenas 16 way 25 musdudlaisuiungumunu uenanidmuinding
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FAC 100 pM, ““* P < 0.001 compared with FAC 200 pM)
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14. n1sfnwnavasaIsAtuayyadase (N-acetyl cysteine; NAC) Aian15idinsanvasiwadaadaflouardn
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nsbisumanlugluuumessn uay wessa dwaliszduves Reactive oxygen species Wy Fedtle
seelideunthiudy ddunsmeaeuasduoyyadase (N-acetyl cysteine; NAC) slomsnievaneadeadile-
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16. WafRnwinavasd1seuswaulasl NADPH oxidases (NOXs) #an15idinsanvadiyasoadnlauaids
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18. n3AnwINAYRIAITINTUBYYABESE Trolox (BYWUSYRIINNIU E) Aan1siidinsanvasivadan

dRlauanaduazseau Reactive oxygen species n1glan1azwaniiu
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100, 200 30 300 lwlpsluans Wuian 72 $alus awaﬁumsﬁwﬁgﬁnwau%aa‘luﬂ%ﬂﬁwmﬂﬁﬂ Flow
cytometry Tagla@gon Propidium iodide (PI) Tunisdoufnd DNA
NaNTAGeINUI AR oeaRleUaERT e T uIManlassnuarie$Sa dnsifinturesdovarvesiuaugad
Tuszey GO/G1 egaiitfpnzddny WeFsuiisuiunguauauililéisuman luvasiluszes S wagszoy G2/M Ll
finaAsuutaniniu (nnil 3.27) fedusanisnwuandiifuimnilesinuasessailmAnnisugavesty

INTwaansrey GO/G1 dwaliinnsduginsiaseyiulavesgadeosailovadas

Control FAC30 i FAC100 " FAC200 FAC300
§ ! 1 ;_ ; 1
€ € z = 13
= g H g g
3 g 8 . a2M 8 G2M 8 . G2jM 38 g G2M
s o s
g 81 s e 8] s % 1 subs o 81 suc g
o RABANREEEEREE RS LEEE) T trrr o YT Sy T T T T T T T T
50 100 150 200 250 SID 100 150 200 250 50 100 150 200 260 50 100 150
PLA (x 1.000) PLA (x 1,000) PLA [ )] PIA (x 1,000)
GO0/G1 phase S phase G2/M phase
® @ 2 4
@ G @
~ ~ @ ~ B @ 6 @
g, g1 @ © g 3
<
3 K S 2
3 2 ;% 3
o o o1
°&3°\ S S S Facm &“@ S & & S racum °<$°\ & & & rFacwm
< <
Control ER FAS30 FAS100 FAS200
H =
EE (G (€81 - 8
E E_1 = "
8 &% G2 3% a2m 23] =
& s fo 5 = s
3 9
g subs 82 e Agg ] be Agg
S RAREREEEEE S n s -
Y 100 150 200 250 50 100 150 00 250 ! 100 150 m:u za‘u 5'0 100 150 zu‘u 25‘,, 50 100 150 00 250
PLA € 1.000) PlLA 0 1.500) PlA (x 1,000) PLA (x 1.000) PlA 0 1.000)
GO/G1 phase S phase G2/M phase
2 4
@ 6 0 el oo o o
- 3
g g1 @ g @ @
5" 5 g
g lg 1 22
2
g
52 H 3
(8] (&) o1
SR H S e & ©
c?&go ® S & S Faswm & £ S FAS (uM) &{" P F P £ Fasum
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Ml 3.27 wanwlesin (A) wasindninessa () neanissqivlavessadesaflovananiisves GO/GL (* P <

0.05 compared to control group (0 uM))

20. n1sfAnwmavamnan waalen InRud uazdandufdeanudunussendieUBnanninuas

wpapungluiwadanldvauyud
nsnmaesiiwaddldvesuyvdfiasydnlnduiasgnidsdusmsifannzunandieiu Usgnaudeans

sasialUfifo Aiud 10U waalsukazdn WeAnwianuduiusveslSuiawdnias wraeunieluiwad

& o 1

alduywd fedranynnguansazgniluiaviunaninuasueadenlunansendu nan1s@nsinuiimn
anmzifimanuazinfudluemsannsadivssiuveamdnangluwadls luvuriviinuueai@ounslusades
grifiwegnannanmslifiniiud uasnavesindufiromaiiuuiinaunadounislusadiavanasiietinisldas
siaduadluemnsdae uenniuanisAnymumiuduiusuuunndussniandnuazunadeunislugaddld
uywd Meldanngiil FAC Saufuiniiud Inmiufuazunadeuasivinumdninnuaiviunaunadeuditosndn

40179EAIUAN (NN 3.28)

A

o el
< T 2

Relative intracellular iron

o
il

0.0-
3mM FAC
3 mM FAS .- L.
0.5 mM VitC + +
10 nM 1,25(0H),D5 S T S
12 mM CaCI2 - - -+ o+ +

'
+
'
'

B

Relative intracellular calcium
T

17 3 ©
o1
3mMFAC - -
3mMMFAS - . . . . .
05mMVitC - + - - +
10nM 1,25(0H),D3 - - + + + - -
12mMCaCl, - - - + +

'
'
'

+
'

+
'

+

+
+ o+
+ o+

+ o+ 4+ o+

+ o+ o+

Ml 3.28 wansnudLLSHUURNAUSETINUSINaLAadsuLasmanneluadaldvesuyed (% P < 0,001

compared with control) AMnHkansUsNUUe4 intracellular iron (A) wa intracellular calcium (B)
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21. M3fnwInavasnsauaanalnuazsuindanIsvuduAadaNkUYas

nsaueaneidn 3o Indudiunumminifiddyvaisedns wu Wuansiueyyadase uazvaelunis
yhauveseulesiring q usne niddesns 9 Waweinsaueareiniidiutglunsiiunisgeduuaaiousinu
Slddnuinalnmsifiumageduueaifeniusdifuiinsuwidn venaninsneanssndliqritaoifiuntsgady
swmdndudlAdn uinenuinisgedusimminfineuiuliasinadudinmageiuuadeniidlddndnde
namfenisrudunaisuwazmiorafiniliosdiusznavuedsneluwadsiniu dlugnsudsiuwag atiuda

¥
=< a

msgadu fAsdunisinull Sl Tguszasdiiiefnvnavesnsaueanasinuassnmindenisuudaunadeuduuniu

Boalaylagldinaiin Ussing chamber nanis@inwimuinnsaueanesinuagsiawmanliiinalaenswionisuuds
wraduruiennlay weNINTUNATEINITIIEIMANLUY acute SaufunsaneaaesinAliiinasuniunsgady
waadaurumadonlandndae lunnesatudunislisimmdnaieldaniziiiiafiufdienszgunisgady

unaLBendmariliinsgaduunaenantiosategiitoddadeisuiunguidindudnseduiiisesnadion us

q q

nsnueanesinldiinadudinisgadunaadenduieniusigman nsfinwsiemaiia Ussing chamber §aanunse
wansbiliiudernausneding (PD) nszua (Iso) waganusuvny (TER) vaudoanlandauanitsnaautfluniseen

Wiansindeuitiuveaiode annansnwnuindefiusimmanneldanneiifinduidwalii Isc anadluvasd

o w

TER WingeluegadfedAgydloiieuiunguifiinifufifissegrufios egrslsfinuan PD lunguuessinmanlaid

[

pnuuanasegefideddadlodisuiunguinifiuf nanisdnutuandiiuinsaumandwalibenlayeeulias

waeunulierauliondAnsuantesaduvaeinnuduynuininulafeuiunguinlufdmalins

Anduuaaideuaniasatlunguilins aumandndie (1wl 3.29)

A Acute treatment of FeCl,
B
25 xas 167
é sk (10) H 1
20 (10) . 31*5) (10)
= (10) 1.2 (10) 10
S5 n —Tf m s (10) (19 w) | (o) (19 (1)
s T: (10 ‘ \E/ 0.8F
2310 o -
Q c
27 4 |2 04 |3
c - =
° 5 g
= S 3
o o
- + -+ Ascorbicacid (0.5 mM) 0.0~ Ascorbic acid (0.5 mM
+ + - + +  FeCly (200 uM) - - + - + + - + Ascorbic acid (0.5 mM)
- - - + + - + + FeCl; (200 pM )
+ - - - + + + 10nM1,25(0H),D,
- - + + + 10nM1,25(0H),D,
C D
12r
(’%*) " 3507 )
10r 10 L
(10) 300 (1) W) ) (10)
8 it ~ 2500 (10
£ (o) it ) - "
g20 4 (10) (10) (19 § 20 (10) 0
£ (O (10) S 150
4 §
5 £ 100 5
ik s |2
ot L9 o LC
- + - + + - + Ascorbic acid (0.5 mM) - - + R + + - + Ascorbic acid (0.5 mM)
+ + - + + FeCl;(200 uM ) - - - + + - + + FeCl,(200 uM)
+ - - - + + + 10nM 1,25 (OH),D4 - + - - - + + + 10nM 1,25 (OH),D,

Ml 3.29 UARINATDINTALEAABTNUAZSINWANLUY acute fioluan1zi19Y fan1sgaduuwnaidouriubenilay
(A), ArrnuaRdndlii (8), Amnseualniin (O), wag Arnuduniy (D) Yaudanilay (**P < 0.001; *P < 0.05

WURuNguAIuUAYL kae 1P < 0.001; 1P < 0.01 WiguiuInniium)
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wenandidsldviinisnaassdnwinavensaueanostnuazsinumanidislisiamanlunaifiuiuidy 72
Flus (chronic effect) nan1sAnwmudn nsaueanestnuarsimmanlifinalaenssranisvudunadeuriiubon

Tanuifeaiu waznslisaumdnuuu chronic Saufunsaueanesinilifinasuniunisgaduuaaideusiumade

v
B v a LYY =

alandneae uinslistaumanuuu chronic Adiinaduginisgaduuaadeunieliannieniinduinsedu siuds

o

A1 Isc anas wag TER Wngeduegaditduddyllefieuiunguionniud wuheiunimeasineunindnmeg uans

17

Tiisnwmananunsadudinsgaduuaadeulinieliansndifnseduriniuudagly

q

o

fuganeldanienisgn
Fuuaalgeuund TuvuennsaueaneiinlidmasuniunisgaduuaaideunsluanieNitniuanses uiasisnn

q

WIANBNAIY (AN 3.30)

Pre-treatment of FeCl, for 72 h

A B
N sokk 16-
3 Y (10) " (10)
T % ot
E_” o T 12 (10 (10) (10)
3% o (o) (10) - (10)
85 " 2 (10) (10) )
2 i H |
- 15 (10) it Eos
5 ) 2 o 5
2 E10-
gss 3 0 |3
T r|€ €
gL ot L©
+ -4 + +  Ascorbic acid (0.5 mM) -+ + + Ascorbic acid (0.5 mM)
A + + FeCly(200uM) R -+ + FeCl(200uM)
+ + + + 10nM1.25(0H)D, + + 4+ + 10nM125(0H),D,
C
12 D
300 @ @
o (10) (19
* 250 )
~ 8 10 . .
) < (10) e 200 ) a0 T @
8 ° 6 (10) S
2 g (10) (10) (10) (10) %150—
=4 (10) 1
5
0 0

+ + + +  Ascorbic acid (0.5 mM) - - + - + + + Ascorbic acid (0.5 mM)
+ o+ - +  + FeCly(200 M) A -+ + FeCly(200uM)
- - £+ + 100M125(0H)D, S+ - - -+ 4+ 100ML25(OH)D,

il 3.30 uanawaveInsakearadnuarsIanLUY chronic Aeludnizaee sen1sgaduuaadeurudonila
N (), Arrnuedngluil (8), Anszualndii (O), uag ArAudumIL (D) vodBanlay (**P < 0.001; **P <

0.01; *P < 0.05 WeURUNGUAIUAL kae 1P < 0.001; 1P < 0.01 WiguiuIniium)
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22. MsANYINAVBINIALDEADTNABNITAZANUVDILAALTENATUBLUA
Mnuitefiuandifiuimavensaueaneitnfianusaifiunisgafunaadenldtueaasd unauian
Arwannsnvensaueansiinlunisifiunisazaisvesuanifen duuishnsvasedaslfinada flame atomic
absorption spectrophotometer iafinuwin1sararevesuaaifeumvaiundadunaadouiiaunsoazaslden
meldianngifuarlifinsausansitn nanmaaswuandiiiiuinnsaueanesdnannsadioiiunnuannsalunis
avanpasnadnnuaunesaiitddydiefieutunduiilifinsaueanatn uenanilundudifien pH wifuds
#1379 (pH match) nutnguilfisnsauearesiniimsazarsvesunadouauoumiiad uagnailedidy Bdlunt
funsausaroidndsanunsatisiiumsaransvesunadsunueusliibduneliannzanudunsndnde an
nan1svnasslansliifiuin nsaueanestnauisatieiiiunuannsalunsazansvesunadounaziinsiuiy
weaiBeuloooudausuuuuiianmsogeduldludlédn dafufsonamednavilidusuuueaiBouiianmnsogndy

' oy d \ N = =~ 1% = -
mumqa’ﬂmaﬂLLazmmmmmwmmiamuLmawaaﬂm (DN 3.31 Wag MN5199 3.2)

Control

0.5 mM Ascorbic acid

HCI acid, pH Match with (Ascorbic acid)
HCl acid pH 4.0

HCl acid pH 4.0 + 0.5 mM Ascorbic acid

NN EX

S 60r 11.50

=

E so0t {125 &
4 g
© - . =.
8 40 1.00 E
o 30r 1075 9
S o)
® 20t 1050 %
c —_
g 10t 1025 =
5

o ot 10.00

0 50 100 150 200
CaCO, (mg)

AN 3.31 ULAAINATDINTALDAABTNADNITALAIIVDILAATHUATUBLUA (**P < 0.001; *P < 0.05 Wiguiungu

AIUAN WAy 1P < 0.001; +1P < 0.01 Wisuiunsaueanadn)

A157199 3.2 LAnIAD pH 09E5aragluNISANYINITALANIVDILABITINATUDLUR

pH 5mg/L  15mg/L  25mg/L  50mg/L 100 mg/L 150 mg/L 200 mg/L
Control 6.672 6.711 6.957 7.787 7.382 7.716 8.417
Ascorbic acid 4.248 4.190 4.907 5.616 5.668 6.280 6.415
pH Match with ascorbic
4.2 4.2 4.9 5.6 5.7 6.3 6.4

acid group

pH = 4.0
3.360 3.636 3.923 4.435 4.823 4.659 4.794

+ Ascorbic acid
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1.

10.

11.

12.

13.

14.

15.
16.

]

wiEnasuuuuesin uazledta sudinmsiifinvesadesarlovaran Tnewlesindnalunsduds
n3iiFinveadesailovatanuinninnessalaedmanududuiivhlivssnsvenvadanas
ASINTY (ICso) 71 72 Faluawindu 211.45 waz 229.76 lulasluans dmsumanessn way wessa
AIUAIAY

wianwessn waznessa duaviliiinnisanasuesnisulsvadesanlevaad laawassnilnasne
MsanavaIALaIalunIsLUshTeIeeaRlouaaiunnIwmaniugUwessa
wiEnaesUuuuhliAnmnsveusadeeailevanad InamesinlviAnnsnevessadesd-
Touanadunninudnessa
wamdnieBnuasilasaviliinnsiuturedlusiuiiiedestunsmevesraduuuienaninga
TnawlefindnaliAnnnfindureddsfunduiinnnimdnlessa Tsaonadesturanismnaans
WanTiuan

waneBnuawestadyhliinnsiiutureandnnelumadesadlovatas wansdanisiudn
wianiihgwadveseeailovatad Wnamanmlesinifinadessafleuataduinninndninessa vinli
Aansidrveuningeeailovanasiuinndd
wanisaesguiuuhlfiAnnisdsunlainsuanseenvesduiiisitestunisuudansn lnd
AsanasweInIsanseanvesBuiliisadestunisiininduead wasiinsiiiunisuansoanves
Buiieatestunisvudandnoenainisasd
mﬁﬂﬁaaaagmwuﬁwa@iaﬂmﬂ?iaul,maaﬂmmmaaﬂsuaaﬁuﬁLﬁ'm%’aaﬁ’umaﬂ’muwaaaaaﬁiﬁm
ANEALALDOER LAANARAISA %aawwﬁﬂﬂzﬂmm’%msmaﬁLLmﬂsmﬁ’mmmﬁﬂaaqgmmwiaaaaﬁ
Tovanan

mé‘ﬂﬁy’ﬂgmmmm%n wazlessa fuaviliinniswasunasnisuanseanvasdu Runx2, Apaan
Wy wiled 1, wulsddanlaiveanuag uas WUsiusoailownadu Huandrstunussoziaandilasu
man

wandnessa was medsn anunsadudinsavauupadenes wadeeaRlouaanle

Aniiud shliAamsdidinindiwadesailovaadnniu vsdldnmaiuturesvinmeluad
spaRlovaasiilasuInaun

a a aada o

Aniiud dnavilinmsmeveseadesaflovatadilisumaniisaesguuuuiintuindeos Tussdudil

HldrAgy @

guman dnavinlnistidmvanvsweadesailovatananas

A159UdINIMEILU Ferroptosis lAlAaIs Ferrostatin-1 a@ansaduganisnievesesdilovaianiy

v
P

amzwaniiule UeI1n15nNeveeadeadd louatdnlun1guantAuinaInNTYuIUNIS
Ferroptosis

mﬁﬂﬁﬂaaagmwu fuulinlunisanszaulusiu Glutathione peroxidase 4 (GPX4) nmelulwanes
adlovanas \JuinustuagBudunsmeuwuy Ferroptosis vensadosaplouaaiiunnsmaniiu
weaiBeuinaviliisadesaflovmadiniametosasnedineminifunnidessUuuy

% & ° v a a X I Ao . .
WaNYINEBIgULUY mslmﬂmmﬁmeuammu&JmﬂQJmm Reactive oxygen species (ROS) ety

\WadedRlauaan
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17.

18.

19.
20.

21.

22.
23.
24.
25.
26.

a1301ueyadasy N-acetyl-L-cysteine (NAC) lal@unsnannisaieuazansedu ROS luseailoy
anad 1o ameldnnewmaniiu

arstfudsufAsensnendnisluisad Diphenyleneiodonium (DP) lalanunsnannisnieuazanseiu
ROS Tuseailovaad 1o neldngwmaniiu

efus1man Deferxamine (DFP) llanunsnannisnieveseeailouaas lunzmaniuld
asinueyyadase Trolox (eyiusveinniiu £) anunsoannisaiguaranseau ROS Tueeadlovanas
16 aeglannzmaniiiu (Preliminary results)

wEnfsaesgUuuungaindnsvensadlussey GO/G1 dwaliaansdudininatauivinuazutei
YDUYAADOER LOUAER

Indud lldwanssnusensvudandnluwaaailién

Innaud Lifinansenurenisuuduradedluwadanldian
azwdniAuinalunstufinswudanadenluwadaildisn

mMsvudeudunaidon wasmanlumasaldidn fauduiudiBwniudunasiu

Fanfiud dnafiunisazanevepafouniveiun dsenaiinald ionized calcium iistuuavenaiing

Tinsanduweadeuintuluddidinla
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) Taganissiasy 4

Effects of calcium and vitamin D supplementation on blood pressure and bone metabolisms

in salt-induced hypertensive rats

AnudAyuazlymnive

Tsannudulafingauazlsansegamquidulsaiinulfvesuazdulsaifanuddymsasisugulungy
fasengsialan vanuividseaudilafingauasnsrgnnguiitadeltmiuas amedowing q vesnsialsndauiu
wu wudnlvgluggeeny ismmauszdndion msguys wieniseendndsnie anmsanwimuinlugiedil
mnusulafingegnuidinudesgsiinunsinvesnszgn dalsanusulafingauazlsanszgnnguenaaziinain
mnuiaUnAvesBuienty uiedndlsinuddlifinmssenuiiuidnienalauazeuduiusvesaimmueanisiin
mwdulafingauazlsanszgnngu Tsannudlaiingmneiannganududenludimeiiialadu uas/mionu
sudenludwngiithlarated daunnniiaianududoaunfiogiwiewios @nni1 90/140 mmHg) Fapusu
Tafingaudseenidumnusuladingsgund (iinsruame) Sadunguiinuanniian (Fesas 90-95) r;:iﬂwﬂa;mﬁw
Budulsearwiulafingadoonglduszum 25-55 T wuldunnludiifonghoust 40 99ulU) wasBeenguinduftass
Tomaduldundu Yagtusslinsuisanmmosmaiaaruiulafingeing uiienuddadeliuhiviilfiie

s 1

Anusuladings lown n1ssuusznuemsdndavselindeludeuas nslienguin Ausu waznssuiug du

arnudulafingsuuunisgimuidindanmaiinan lsalaidess vedenunsievaenifonuaslafiuuay usy
Tsansegnuwgumnefanneiinssgngyideidonszgn waslassadrsvoanszgniinly vinlwinszgniaam
Wgue ansinlade dnenulugiislsannudulaingmuisigauvesanuiaunivesaunawaaidesly
19018 fmagedunnaidoniisiléanas uardinstuoonvoueaifenlulaasfiuniniu Ssilenafiduaimgii
TAansinudsduressesluumainsesdlunsiuaadounnsegnanldundudiiesnwaunauazsiliin
A1ITN1TANBIVDINIANTZAN IUNTEANUTIW Az e eg1elsAnmuniselutedenalnuaznisfinuds
audiusvesnisanasesnansegnuasiUAsuLlawing 4 lussduwadnszgnludihelsaruduladings &
lidaauuazidediinun msAnwludninnassiiinnzmiudulafingedaugund Tnsiamzegndansanuily
dninmassifiamzanuduladingslnsmsimienihdhonisidsuindeledenluesuuags (8% Nac) Fswuidy

Uadsidsmdnvesnmsiinanudulafingsludiandasduioninnginssunisiuemsniivsunalefouas 4

'
o o o

ANudAg g liaunsaesutswazidlatianalnuasauduiusvesnisifalsannudulaingauaslsansean

£

wyu duiivzthlugnislesiuuazshulsensaesuinisoluluouian

feaufAdeeaulafinuiinisivdsunasenaalBenunueddy uarnsiudsuulaveIansegn
1A59a5191199a01AYRIN TN TINTINSiURBuLUAe 9 luseduadnsegn NduTusiunsiaduresnLdiy

lainlunynaaesilasuemsludenlulsunugs Snidaulaidnvinavesnslisuuaal@euuayinniiufse

JostuuagSnwinneanudulaingaasnisialsansggnngulunynlasuomsiaenluysunugadneie
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nQUszasAnan (au ¥2949a151897U 30 dquieu 2560 899Ul 29 liguieu 2563)

Wefnwin1sidguuuasesgadinszgnnienaInMslasugesiuusing q Alunuimauankazinnis

—_

L‘U?ﬂlauLLUaﬂiﬂium’gzmmﬁﬂaﬁmgﬂ laun angiotensin II, atrial natriuretic peptide (ANP), antidiuretic
hormone (ADH) wae -adrenergic agonist (epinephrine) Tngn13ns39¥nnsidsunladluseduiud
Lﬁﬁ?sﬁaﬂﬁUﬂ’lia%’NLLaxmiﬁa’l‘c’Jﬂigﬂﬂ lAun osteopogeterin (OPG) Wag receptor activator of nuclear
factor kappa-B ligand (RANKL) Iuwaa‘a%ﬁﬂﬂiz@ﬂaaaﬁiaumaﬁ (osteosarcoma UMR-106 cell line)

2. iefnwinmsiAsuulatuniuedduveunaiden lunyusmignimieailiifaanudulaingalasnis
1¢uemsifindouiunags (salt-induced hypertensive male rats) Ing@nwinisgadauaznnsdusen
SUENLLﬂaL‘%Emi?mﬁ’jﬂﬂ']iL"LJal‘c’JuLLﬂﬁﬁ%@ﬁﬁ@ﬁuuﬁﬁNaﬁiaﬂ’liﬂ’mﬂuLLﬂaL“?IEJlJEUBﬁI’NmEJ

3. Lﬁ@ﬁﬂwﬂﬂ’lﬂﬂgﬂmmad“ZJENlJ’JaﬂizQﬂLLa81?15&?[%’]%‘08%38@ﬂiuM‘HLLiWﬁIQﬂLMﬁU?ﬁWIﬁLﬁﬂﬂ’Jﬂuﬁﬂaﬁm

galaenslasuomnsniiindousanags (salt-induced hypertensive male rats)

SI89IUNANITIY

navasgasluuniiunumaluaunzaNnuaulaingeianisuaaseanvasuiineidasiunisaslsuasnns

dgan8nssnn
ga1dna-An

v v
=% ' o

sumedinalnlunsmugunnzanudulaiinfiiingaduinuassuussamuas ssuusesluu Ay
Tafaiifuduaziiertestulszansamnisiufvesilaazussunisinaioure masnidendiutasves
s19me Tneanuslafinfousinandeniieenainifilaly 1 unfl (cardiac output) wazaMuFuMuTeVRendon
druvay %ammﬁm%wmﬂa]%’ﬁimﬁai’]’wﬁqvﬁaf’?ﬂaEN{]ar-TTEJa]521'wasl,ﬁmmﬁu1aﬁmiui'wm&an%ﬁu uenaNTUNS
AuAuUSINaresmallusante laun extracellular volume (ECV) AfianudAgysianisiauesiilanasvaon
Fon madnweuduvesinenie Tasnalnnisnwaunavesufinadilusameazerdensmuuuialadey
Hundn (sodium balance) efinsasuudasues ECV iwqma%%’uﬁzymymmimﬁammaﬂma baroreceptorﬁ

Ia

8gUILINY carotid sinus, aortic arch, glomerular arterioles Wag cardiac atrium Lﬁa receptor méﬁﬁgﬂﬂixéju
$umefazdinaudsundas Temmassuutszamsnludi® wasszuvseslu ioruaunisduledeumdlaly
winzauiuUTuu ECV éTQﬁ?umvaaJama%ma"Lﬂﬁm 9 loun szuvUszamBunwisin (sympathetic nervous
system) S¥UULTHU-LB931auduU (renin-angiotensin system) wagszuun1svinauvedla Ndswalvianudulain
fiRaundly
nsnsefulszamdundindiuseanvilivaondonunmaiisfinnudunuremaondonifiniu
wagaziinasion1snuvesszuusiu-tesdlamuduilvindauasdlowmuduy (angiotensin 1) Wity daald
vaendenunniuazilieuiunure maesden diulateiutu uaﬂmmfumsmzéjuﬂismw%mww%aﬂ
dauudn axvilisnsnsiduresitladfiuanniy usslushvestilausduiafinusinaudendioonantlouas
daavilmnuiiladinduinntu venantusedlfauesdiundsiinsudigeslu antidiuretic hormone (ADH)
y3enlemsadu (vasopressin) tioniuauasvadlussuulnaiiou uareosluudnandnadenduidodoures
vaendonvilinaendonndansasiiinarlimaonideniinswediininniu snimsiiunissfivesnaie
Feualawfieswainnisuiia atrial volume w3 pressure azviliinisadeuazndseasluy atrial natriuretic
peptide (ANP) 990 myocardium v9 atrium s LLazaaﬂqmév‘fﬂﬁﬁﬂwﬁu‘IsﬂLﬁamaaﬂmﬂmmﬂﬁu
nnalnnsiasuilameadsingwessesluuiinulunnzanusulafingadonann §isedealariing

o 1

Reiseuefnwdsnnuduiusvesgesiuune 4 Mutulunneanudulainganandenisiisuwdamis

o
@ =

d3TIinenveinsegn lnen1sAnwluseiuwadveseadaiansegniionsiainnis WasuuladussauBumneides

funsaianarnIsaaIenIEanNEadasINszgneealoualan (osteoblasts) lawn osteoprotegerin (OPG) way
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receptor activator of nuclear factor kappa-B ligand (RANKL) %ﬂuﬂizmumsa%aﬂimﬂﬂLLasamaﬂiz@ﬂ \wad
a¥anszqn osteoblast 951ds RANKL way OPG deilumumlunsefunisiudsuanimusswadaaisnsegnesdiile
AaNasR osteoclast Jagawidu osteoclast 1a3aTe Tne RANKL 9:dUffUs5U (RANK receptor) uuilaigadves
osteoclast To8ou Turmefi OPG 9w lUg 13y (decoy protein receptor) U RANKL wazvinls RANKL 1

ansansgiuliAnnswsuaninvessadesadilonananls

BN NIUII4TTE

yhmsfnuiluwadairanszgnosaiileuaast (osteosarcoma UMR-106 cell line) Tngvinisidieiaad
osteoblast-like UMR106 SUEJWHLLWMEJWUS: Rattus norvegicus (American Type Culture Collection (ATCC)
no.CRL-1661) Ingld Dulbecco’s modified Eagle’s medium (DMEM; Sigma) 7Tl 10% fetal bovine serum (FBS,
Gibco, USA) uag 100 wihenadaddns wed antibiotic-antimycotic (AA; Gibco; Grand Island, NY, USA) luanag
winaeu 5% CO, g il 37 A LYalTea nurinsUugeansang 9 leuA Angiotensin Il, R-adrenergic
agonist (epinephrine), ADH uaz ANP fimnandudu 10 war 1000 nM Huan 24 alus vdmnthuwhnsaimda
a5iBueannwad UMRL06 Tngld TRIzol® reagent (Invitrogen) SnuU3anaionsiduiesesn3os NanoDrop 2000C
(Thermo Scientific, USA) &a.A51¢3% cDNA 910 1 ug U949 total RNA Tonely iScript kit (Bio-Rad, Hercules, CA,
USA) to cDNA iag a thermal cycler (model MyCycler; Bio-Rad) AsvERUNSLAnIeenUaBuiiieItostunis
afauaznsaatonszgn LA RANKL wag OPG 1ngld GAPDH LHudumiuny niaaeuseds qRT-PCR feined
QuantStudio TM3 Real-Time PCR Systems (Applied Biosystems, Foster City, CA, USA)

Start Treatment with hormone
g : L L] ®. .. ® Day
UMR-106 cell line 0 1 2 3 4 5

l

RNA extraction

cDNA synthesis

RANKL/OPG expression by qRT-PCR

JUN 4.1 uansisnisaliunisidedisedasinisdesi 4

KANTSANY)

NansAN® (U7 4.2) nuinnnevwdsannldsu angiotensin Il findandudu 10 nM 1Hunan 24 §2lus wy
N5LERIB8NTBY RANKL mRNA ﬁLﬁuﬁuLﬁaLﬁauﬁmdumuqy Tngldnunsiudsunuames OPG mRNA LLazﬂEjmﬁ'
145 ADH firnandiadu 10 uaz 1000 nM wumstiaduvesta RANKL wag OPG d@au B-adrenergic agonist A7
Wudy 10 war 1000 nM uilasenisiiinduves OPG Tngliifinasonisuanioenves RANKL uanainialainunns
Wasuwlawesiaesfunendiainnislésu ANP udegnilsAnuiiefionsandndiuusuianisuantoanaes
RANKL/OPG (571 4.3) nuingesluu angiotensin II, ADH uag ANP yinaddudulsifinasienisiasundasues
dndr1 RANKL/OPG ratio weinu31 R-adrenersic agonist finavitli RANKL/OPG ratio finauidudu 10 nM anas

Waiiguiunguauay
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Mnuan1sAnyiseaiing 1naviuigesiuufiinanuauyiliiinnnzanudulaings Angiotensin |

wag ADH vihlviwadashanszan osteoblasts dn13uandeanveddu RANKL 7iindiu F3 RANKL ausaduiudiiu

RANK #iUShaialsasaanensean osteoclasts Wagyinmiiiinsgdunisiasyuasnmsinuveaanaaignszanle ui

agalsAmulinunisdsunuasdndiuvad RANKL/OPG ratio kamd3nuwas osteoblasts in15a319 OPG uiieans

Tun1519u decoy receptor wagduiu RANKL vi1198 RANKL Na51aifiudunitu laiunsaduiudisufiieaa

osteoclasts ¢ vilildausafiunisdguaznisinnuveseadaatensegnld widuiauladndewad

osteoblasts 195U R-adrenergic agonist nauaWalwiin1sasne OPG AU Laznudnaiuves RANKL/OPG anas

wansliiiindn RANKL anunsalunsgsduiad osteoclasts Iadosasdmalinisadguasnisiaulunisaatansygn

lhanasniy
A.
Angiotensin ||
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Control 10 1000
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g‘uﬁ 4.2 u@ng mRNA expression U8SRANKL (A, C, E, G) wag OPG (B, D, F, H) n1&asa1nn1stasu angiotensin Il

(A uaz B), R-adrenergic agonist (C wav D), ADH (E uaz F), ANP (G waz H), * P< 0.05, **P< 0.01 iawUiauiiieu

funguAIuAY
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A. Angiotensin |l B. B-adrenergic

agonist
029 0.20
(8)
@ 0.15 ® (8) o5l (® .
o} 9 )
@ g (@)
2 0.10 2 0.10
z b4
§ 0.05] & 0.05
0.00
000 Control 10 1000 Control 10 1000
Angiotensin Il (nM) Epinephrine (nM)
ANP
C ADH D
0.15 8
o D ® B
6]
o & 0.10
g 010 &
2 3
zZ
£ 005 £ 0.05
0.00
Control 10 1000 Control 10 1000
ADH (nM) ANP (nM)

U7l 4.3 uansdndiuvesnisuandeanuas RANKL uaz OPG (RANKL/OPG ratio) n1emdsannmsléf3u angiotensin

Il (A), R-adrenergic agonist (B), ADH (C), ANP (D), * P< 0.05 iilet3oulfisuifunguaauny

nsidsuuiasumueiguvesaadslunywsniignniisntlviiaanudulaingdasnisladsuamisidnge

U%ﬂ,ﬂmgjd (salt-induced hypertensive male rats)

msuilaaesiilimnganduleduidssiznoliiAnnuiaunddendlaruinisuaziinanseuse
qunmmasauiilan omsfilimnzanuasdmadoroguam WWun omsidlatu dinne wasindoluuuings
Tagianizegdansuslnremsiisiuinaindeguiumnsgiu Jagdunuinudnlnginuilanomnsidinde
lady 9-12 nYusietu ?jqﬂ%mmﬁqaﬂdwﬂ%umﬁaaﬁmsamﬁa‘ﬂammzﬁwﬁai’uﬁa 5.0 n§u (WHO Media centre,
2012) ilosnrnindeiduuvawedafon uiihludouaniuussmiiduduiensinuresead uaznnesisma
(homeostasis) ¥84319M18 WidissnuinsuilanemnsiifludeugedidyiliAnauduladings uazifinany
owolsaiilauaznasnidonaues (Adekunbi, 2016; Hendriksen, 2018; William, 2015)

nMs3ulsgmuemsitledengauiutadeiviliislsannudulaings fsenunudasnsmieves
Usgrnsluiliindudomianlsanuduladngafideafunslésuladongs (Mozaffaran et al, 2014) 990
nsfnwnuihmafistureduien dwalinsduweadenlulaansfiuiu feilvszduuaadoulunaraund
sERUAidInIUnG (Massey, 2005) LﬁaﬁLmaL%auﬁ@i"mjwﬂﬁﬁ]zﬁmiﬂizéjuﬁiammiﬂ,mawﬂﬁﬁmia%ﬁquﬁ
Inseengasluu (parathyroid hormone; PTH) annTy ﬁﬂﬂdﬁiﬁﬁﬂ’]iﬁﬁ’mLL@@L%EJ%JE]E]ﬂR]’]ﬂﬂi%@ﬂLﬂliiii’]ﬂ%u
(McCarron et al., 1980; Cappuccio et al., 1999) asmvl,ﬁﬁmmﬂaqﬁumﬁﬂmnalﬂmil,ﬁmmmﬁuiaﬁmqqﬁ'ﬁ
ammunaInnslauemsitiladengauarnsivdsunlasuunueaduvouaaieslussneanmslasulefes

geddliifinaasuiuudn Memailfidedaulafnunavesnisiuemnsnivinalefisugs ensiinneannudy

lafingauarnisildsuilauuunuodduvsswaaidan taun ﬂ’]i@ﬂ%ﬂLLa%ﬂWi‘ﬁUa@ﬂ“UENLLﬂaL%Huiuilﬂﬂﬂﬂﬁl N3

Y

'
a

Wasuwlawesszdunaalfounaysedu PTH luiden suvisdneinisiasuulaweinisnisuanieanvesdy
muaums@m?ﬁmmaL%wﬁé’ﬂa’lﬁmt,asma@mﬂé’uLLﬂaL%aumﬂﬁalm TnginsAnunlunuusninaganeius
Sprague-Dawley rat %ﬂiﬁ%U@WﬁﬁﬁIﬂdLaqu mamuf‘g%’s“ﬁam'1ia13’1uﬂiﬁLﬂu%'au“aﬁugﬂﬂumiﬁmmLmeqmi
ﬁaqﬁ’uLLag%'msnQ’ﬂaaﬁﬁmwmmé’ulaﬁmqqﬁﬁmmm’mmﬁuﬂ%mmimﬁauqmazmmﬂmﬂﬂamaqama

WILNUDATLVRILARLT BN bU

i 78


https://www.ncbi.nlm.nih.gov/pubmed/?term=Hendriksen%20MAH%5BAuthor%5D&cauthor=true&cauthor_uid=29325124

ELlpRETRI IR ]

Tunsinwiadsilldvyusmansiitug Sprague-Dawley rat (SD rat) inf] 91g 8 dUani uvsvysenidu 2 nau
nquaz12 ¢ deil ngudl 11 Bunduauau (control) a¢l#$Ua1m13gnsTil 0.4% sodium (standard diet; 0.4%
sodium; SD diet) wazvynaud 2 Wunguli3uemslafionas (Hight salt; HSD) Fsazld¥uomsifiviinalnfogs
8% (High salt diet; 8% sodium; HS diet) yin15desdninismaasadunan 5 Weu lneynduniv shn1snisnsnin
anuulafinainuinalaums (tail cuff method) nsransasunlasuesuaaidoniun1ueddulagds calcum
balance study sastsviinisasaUsidiunsvihauvedlalaensiatasedu BUN wag creatinine lutindenuazidle
Augansnnaesazynsngaee uazindadeils In uasnsrgnuinsndeunaUAsunlamimending s q

15 s3elasun1siansaneusialidninulasan1sideiaril MUSC60-045-395 (WNUNISVIARBILARIFILNLUNIN)

Blood pressure is measured every week

A

[
Start ‘

Animal-age - O-@ @ O® O@
20 28
l

(weeks) 8 12 16 24

l 1 1 1

Ca?*and Na* balance study

Blood sample collection for BUN and creatinine analysis

UNUANW UansdurauMIAnun1sAsuwlauuuedBuvewaaideslumyisnigninileniiiinanuiulaing

IfﬂEJmﬂﬁ%’umm‘iﬁﬁLﬂﬁaﬁ"%mmq& (salt-induced hypertensive male rats)

HANITANY)
wavaensldFuasitlufengeiensiuasuuUasanuiulain nmsiauveslauazinle
91nn13nsraanufulaiinainuiulaums (tail cuff method) Ineiadesinaudulafindiviy
dninmans CODA-MNTRTM (KENT Scientific cooperation, Connecticut, USA) SLuWéVlﬂaaﬂﬁgﬂﬂéjm control @sl¢%u
omnsillaifenuaunm 0.4% wagngu HSD Alssuemsiiiladeaysunn 8% nuimyngy HSD nendsnnlésy
Tnideugeioideaduna 5 Uawi amnusiuvda systolic pressure geninngueuguegisifodfauazanusuvia
ilganaentng 20 dUai Aldsuomsiiiusinalnden 8% fetarmduniin diastolic blood pressure wuiniien
avtuuiulungy HSD Waifisufunguaiuau winswdsuuvamuludUniid 5 wasduanid 10 Aauuulsl
soLfios satinudilungy HSD A1 mean arterial pressure SAfintuagteroiiiostautduanii 16 Husuly (U
4.4 A BO) Snnailensiageunssaninuesndnuiiienlavesdsing nuivunavesadnduiieleiiiniy
Tungu HSD (3Ufl 4.4 D, £,F) uonantunuimyngy HSD Seiadevesmsfuomsuaginde fusiaiuames
Jaanggeniinguaiunu Lwiasmliﬁmmﬁaﬂﬂﬁmﬁﬁ’mﬁma?{ﬂuwgﬂﬁu HSD aendannlasueimslefiongs

o o

[ A [ ¥ a1 L4 ! ! [ a o
Wuan 1 Lﬂ@uLUUWUIUQJﬂWUQEJﬂ?WﬂQJJﬂ’]UﬂlJE]EJ’NMUEJﬁWﬂfy
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N3P TIvEUNNTYINIUYaLlan I USINUNSANIkarUSIuTaagves nyngu HSD fA1aandingy
Auategeiltdedidny (FUN 4.5 AB) uanandudmuiivungualuAuuas HSD fisedu BUN uaz creatinine Tu
nzuadonagluinamiun® (BUN 15-21 mg/dL wax creatinine 0.2-0.8 me/dL audsiu) wandliiudnlugae 4

WwaunsnUSualaRsusanielesu lddsmasanisinanuvadls weadelsAnunusesu sesu BUN wag creatinine

=

figevulungu HSD Wiaw3suiieuiunguatuaun 5 weu (5U71 4.5 CD) Fworadululdinislasulafenysunn

U

gusudmanoUszAnsnwnsviheuvests Fwenvziluanneldiniiliife secondary hypertension 161
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z b
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% o 120 **** Fkk
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E Qo QOE’
I el
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Time of induction (week) Time of induction (week)
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I
IS Fxx *kk Fkk .
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= * *kk
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w| [
o
b
o= 1 5
Time of induction (month)
=O- Control
-~ HSD

gﬂﬁ 4.4 LanspAuaulaRin systolic blood pressure diastolic blood pressure Lag mean arterial blood
pressure (AB,Q); dndiutminiiiladeumiingda (D) uar vwnvesgasnauileiilaviesarstie (EF) Tunynay
AuAukazngulasuleeuUTuan 8% (two-way ANOVA, * P< 0.05, ** P< 0.005 wag *** P< 0.001 Lil®

Wiguigufiunguaiuau)
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§160 Dk e -% 1401 ket
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g £
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(] 1 1 1 1 1

a 0 1 2 3 4 5 0 1 2 3 4 5
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~30r 0.6 seskok
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Ul 4.5 USnansiiuth (A), Uianadaaniz(B), s2FuBUN (O) uazsedu creatinine (D) Tuiden Tunynauniuny
LLazﬂzjuﬁ"Lcs’w’%’UMLﬁamﬁmm 8% (two-way ANOVA, * P< 0.05, ** P< 0.005 Wag *** P< 0.001 dlewseuiieuiu

NANAIUAL)

nuanIIneasansiiuinsinglasulunfenluviuimegs sunmeiinisgedulefeuuniudanali

poaluadduarlofenlufenglu nigeealuaidfasazyilineenannaduiniu nszduarunsemen &’

'
=

Fenthiiutuiefnviaugavesesaluaaidiivansniulnd Tndeuluiumelfeuiomnazegluthuonad
nssnuaugavesienelagliviliseduladenludsuviesealuadfuasuutas dusnnied nsifiudiuns
yosmananIkarUiInsthseniaead (interstitial fluid) nagdanunsamieniliAeninfuturesanudu
vaondentauln systolic uaz diastolic blood pressure Tunynaaedld lnenuinanendninnslasu 5 &am
finavir Ay systolic qa%ﬂuizﬁmﬁuﬂﬂw 120 mmHg uaﬂmﬂﬁummﬁuﬁﬁmqﬁué’ﬂdaNaiﬁmaasuaa
n&miloralaiintu utedslsfnuanuansinuinuissing 4 Woudldsulaenluumugdlidmadens
vhauvedlailesanszdiuues BUN wag creatinine dauni winslesulufenumnagaduszozina 5 ousy

daasioUszdnsnmnisianuvests Jaevaiduaisliutiliiia secondary hypertension e
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navasnslasuamnilafesgeianisiuasunlasaumiuaiFuvasuaaidey

mMsdsuslasseaukaadeulubon

uAaBenUuuss AT USInannigalusamelasiussndseneuvedlassasnsnsegnuas iy uaaLden
Tusnisarveglunssuadonlufe 1% Wefisuivuiiaunaifontianun Tnseglusunuunis q 1un 1)
proteinbound calcium %QLngﬂﬁ inactive 2) ionized calcium LLﬂaL%smaqugﬂﬁ UINAATINI1 50% Fsaziuu
sULUU physiologically active 3) complex calcium LﬂugﬂﬁlmaL%'amlaaauﬁi”uaqﬂ“ﬁﬁﬁﬂisﬂauﬁlu L U
carbonate Wa sulfate 2MNHANIATIITAUTIM ionized caldum lunyisaasngumnudn n1endaainnisldsy
omsfiflefongadune 5 Weu liwunsidsuuUaswessediu ionized calcium welfisufiunyngu control

(LLamé’qgﬂﬁ 4.6 G)

msAsuuareninaneadeuivyiuseninirsnemnslaaizuargannss
MnMsAnwInsasuuUamesUTinauaalfsuiivytusenainiuniensdasiziazgenss 1neis
calcium balance study nendsannisldsuemslu 1, 2, 3, 4 uay 5 Wou veavyiaoangy Usinaunaidoudi
yyld3usewinangumueuuazngy HSD liuandnafusesiidod ey (wansisnnil 4.6 A) iensiasziuunaidoy
Tudlaanignie urine lunnideoundsainlasueomsmuin seAuuaafouvasmyngd HSD unnInlunynguAIuax
ogafitfodAty uaznavesUiinaunadeslugansevie feces nudt ludoudt 4 ndsanldiuenms wynau HSD 4
syiuunaenlu feces snnimynguauauegiifuddy (wansianini 4.6 B,C) iliilovmasuvowuaaifon
lutaaney uarluganszvemynguaiuauuas HSD USeuiisuiu wudtlungy HSD dn1stunaaideteanain

sumennnIngumuANegsiideddnlneanzd ¢ ua 5 Fou (wansisnmd 4.6 D)
31NNINTIUAT calcium intake wagAn calcium excretion H1UIATERarTaaIETIAWIALTIE50

1A percent calcium absorption figAguAusInUSINELALG Hanudn percent calcium absorption Tuwy
Aty

v '
a o

HSD tieenin nquauAuegalited Aty A 1 1ABUAIENERINATINNITNARDY (WARIRININA 4.6 F)

mswasuulasesssdunsusnseanyesduiiindasiunspaduusaideuidlduasle

91ANa calcium balance study %’Nf?’l’u%ﬂwumi@m%mLmaL%mﬁLﬁmﬁugﬂﬂy’aﬁmﬁuaaﬂGuaal,mat,%smﬁ
diutu SeinsAnuinalamadsuulasiidetuiivsnudlédnuagle Fadurinuiteuddnlunisaunu
augauaaiuvesiane laensdnwinisuansesnves mRNA vesBuiiiftesiumsgaduuaaiBouiialdidndou
duodenum WU myRANAIUANLALAGN HSD fiszezinan 5 iieu finsuanioonvesBusiiedliunnssiuseedl
foddmsatiives 1Hun TRPVS uaz TRPV6 fivimihiiasslusiusuunaidendngieadiineiegnisinu apical
mermbrane wazdu Calbindin-D., fivhwihiiadslusiuiivhvinfivudauaadeunielugas, PMCLB uaz NCX1 4
vniilunisvudaaaidonoenainieadiinediegnisfiu basolateral membrane wag CLDN2 fiu3iia
paracellular membrane (kansfaniwdl 4.7) uanaintugamuinisuansoonves mRNA vesBuiiieadasiuns
@mﬂé“mmm%wﬁu%nmvialm 1euA TRPV5, CalD9k, PMACLB way NCX Alunuaiiuunnansednafifedfey
ety feoradululdinisasuuamsinsuanseenlusefu mRNA 9199giinsUsuiUAsunuszogna
vesnslsulafoniiuaounvadly Tned 5 Weustaiinmsuiuszdunawnililungs HSD fianlissnnguaiugy

(LERIAININD 4.8)
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sU 4.8 53AUN15UANIBaNTBY MRNA expression vasBudiiisadasiunisgaduuaa@oudla léud TRPVS,
CalD9k, PMAC1B uaz NCX lneil 18s rRNA 1lu housekeeping gene

nslasuulasvasianseanuazlassaiisanseanlunyumingnmitedilifiannudul ainglagnis
1ﬁ§uaﬁwﬂiﬁﬁtn§aﬂ%mmgd (salt-induced hypertensive male rats)
BmIANTdUIINITY

P
=T

Tunsfnwasdldnuusnaleiug Sprague-Dawley rat (SD rat) tweie] 818 8 dUnih wuswyeanu 2
nau nauar12 @ feil ngudl 1 Wunguaauay (control) wl#¥uemsgnsiil 0.4% sodium (standard diet; 0.4%
sodium; SD diet) wagnynaud 2 Wungule¥ueimsledengs (Hight salt; HSD) Beazleisuemsfisiusnaluion
89 8% (High salt diet; 8% sodium; HS diet) Ymsassdainsmeasadunan 5 e mnﬁ?uﬁwmimﬁqmmm
wazmsiiuiegnanszgnan tibia wazdu femur lngvinisianznszgnaan tibia wag femur ilethlunsiain
AIAUNUILLUUTDINTEAN (bone mineral density; BMD) Fepsen Micro-Computed Tomography (UCT) wagyin
NIATIINANUNTUVBINTEAN (bone porosity) Ingldinaila Synchrotron radiation X-ray tomographic imaging

(SRXTM) uena1niiviinisnsiaiamauasunlamnaninreseadnseantngds bone histomorphometry

HANIIANY)
WA TInnsasuLUadasiasiaensgnieinies pCT nynauilasuaslafesaanuinaiaiy
MWUUVBINTEYNUTLIU trabecular bone Y8INTEAN tibia danauiaisuiunguilasuamisuni usliny

N5UasUMUAIAIUNUILINYBINTEANUIIN cortical bone Y84 tibia WBNANUUGMUNITANAIYRY periosteal
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perimeter 184n39N tibia wilainun1sdeuulasmes endosteal perimeter wag medullary perimeter (Wan4
Fagui 4.9) eglsAmulaimumsudsuutasuesaanumunuivresnsegnuazlnssaireduglunsegn femur
faiiileanindosiiavenados uCT Aflnuazidoaliiismelunisindinaumuiniureanszgn s
yhnsAnwinisiasuudadlassaiisweanszgnlasldinaia Synchrotron radiation X-ray tomographic imaging
(SRXTM) Banmitlsiazdl resolution Aiflanuazieaiifinin nasinnsfnwimuin fivsiin distal trabecular v04
nszgn femur Tunyngu HSD Wudnwaizues bone porosity figindnauaruguetsiidodify  wdlinuay

Waguwladly cortical bone 9nns@nwiIasslinansliiuinnzaudulaingaainnistasulufeugadu

'
a

VaUITdNAioN1TARAIANTLILINYBINSEYnlaenUiNvuzvesgnIulun Sz IANLNNTY (Lansdagy
4.10)
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6 Tibia Femur —0.6r Tibia Femur L5 1.8- Tibia Femur
£ o
Q IS
= 10 S 12 (12) 10
= 4F ~0.4f * E1.2f
= o (12 1) (12)(10)
IS} = g
5 s 2
g 2 3 0.2} 3 06k
fos] @ £
3 s
= o
o*- 0.0- ool
D E. FF
Tibi F g Tibi F
N 15f ibia emur £ 45 Tibia Femur - 15~ ibia emur
E é é *x (12) (10)
210} 12 19 = 12 @) (12 @) &4l (10)
2101 (12) (10 8 30 3 10
£ @ £
2 S g
= 0 o =
g0 g15r g5
5 $
a |
0.0% & ot ot
O
12~ Tibia Femur 24 - Tibia Femur g 0.6r Tibia Femur
E 4l Sk 12) (10 6l (10) 3 oal o) (12 (o)
o « < 0.
o (10) o 12) g
a T 2
] :
= 4r (12 8 8f ;0.2-
3 £ E
= k] %
0" o- S ool

JUN 4.9 MsLanIfIAMUnLILINYRINSEnkarn1sUAsuLUaedlas saf1w1eveensegn femur way tibia
lassasnavensegnaieiased uCT Tununquatuauuasnquinlasulaidenyusunn 8% (Unpair t-test, * P< 0.05

Waz** P< 0.005 WallIgulileuiunguaiunm)
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JUN 4.10 MsuanImAInUILUuYeINTEAniasNsUdsuLUaadlATIEsIew1eveInsean femur uae tibia
lasas1avenseanaagds SRXTM lununquaiuruuaznauiilasuledenysunm 8% (Unpair t-test, * P< 0.05

wag** P< 0.005 watuuiisuiunguaiunm)

UANANUUNANITNTIVIANTURBULUAM9aN1AYRINTEAN (bone histomorphometry) nungs HSD
NUIITIUIUAFaT1NTEAN (osteoblast number) Wuflvegadaseinsenn (osteoblast surface) USunau
osteoid warNURIVDY osteoid anadilaifisufiunguatuAy (FUN 14.11) nianun1sildsuuuasnesdnuiuead

dan8nszan (osteoclast number) wariuRIvevea7loAaa (osteoblast surface) Miinaulungu HSD Bnsiae

'
a

(U 14.12) :91NN15NUNNTAAAIYDY BMD sauiunisivdsunuasvessadiiieidesiunssnuiaunaveia
nszgnuansbiliuitnzauiulafinfigsuanlasulunfeninagedmalinisinuveagadadawazaaiy

nsvanliaunaiu lnenunisaatenseaniiiuuniuluvaeinisaienseananatsdmaliiinnisanaseduia
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JUN 4.12 uananisidgunuamiegan1nveensegn (bone histomorphometry) vadigadaalenszgn (osteoclast)

lunsegn tibia
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mﬂﬂiz@ﬂsmqﬂwwmaaa‘ﬁqaaaﬂq’u iloniaseunisuanseenvesfuiliisitesiunisairauazaaionsegn
Taglunszuiunisainanszgn lwadasanszgn osteoblast 951ds Runx2, osterix, alkaline phosphatase (ALP),
osteocalcin Wag collagen type | LﬁamgﬁﬂﬁlﬁmmiasamLmaL%ﬂm%aLﬂuaﬁﬁﬁzysuaalﬁaﬂis@‘ﬂ yonaNTL
osteoblast 921 receptor activator of nuclear factor kappa-B ligand (RANKL) l.aig osteoprogeterin (OPG)

Faflunumlunszdunisildsudn nveswadaalensegn osteoclast Jasouilu osteoclast 1935y Ing RANKL

[ V)

229UAUATU (RANK receptor) UlLBBL@aa1ed osteoclast Tueau Tusagyl OPG ag11lUngsdu (decoy protein

receptor) fiu RANKL wagyilvi RANKL ldanunsanseduliiinnisiasuaninvessadoeaiilenatanls 8nviady

o w

= % = o v a 13 = i |
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'
a

Runx2, osterix, alkaline phosphastase (ALP), osteocalcin (OCN) lag collagen type | (colla) (U7 4.13) us

'
=

MHNUNMSANTUVRITEAUNTUANIDDN VBB Y M-CSF wag IL-6 (U7 4.14)
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® [lasniseaeii 5
Development of a novel three dimensional (3D) porous bioactive nutrient elements co-doped
calcium phosphate based bioceramics/biopolymer nanocomposite scaffolds for bone tissue

regeneration

Fanuszaedvan (u 929981918974 30 Aquieu 2560 Befudl 29 quieu 2563)

1. duAentarTanlasesnd 3 48 vesansnauseninasetiuniduaa@euoann (calcum phosphate
(CaP)) Tignuiuussnnianifshenninsinems saufululenediues (chitosan-alginate) (ChiAlg)-
graft-(Polycaprolactone-Poly (Lactic-Co-Glycolic Acid)) (PCLA) (ChiAlg-g-PCLA) (BioCaP@ChiAlg-g-
PCLA) fidosaasldngling Bineosnsadienszan dr¥anlassisianmivhmiindidulasesds
wadnszgnanBainizuasmiahliAnnssuiunisaienssgnsulmidunmeuny

2. duasendaianlasesng 3 46 vesansnausenitvanseliunidunadeunaains (calcum phosphate
(CaP)) fignuussamaniAsonsifiusmewns saufuasslndnnediues (chitosan-graft-poly(methyl
methacrylate) (Chi-e-PMMA)) (mHA@Chi-¢-PMMA) vianiinildulasesrsliiwad nsggnUNdaINIzLaY
wileniliAnnssurumsainsegnsulmitusmaunuuasAnsmUanUdesansTiluiana

3. ieAnwiauantAvenenmesiifanuiluneulndvlaseiewesans mHA@Chi-g¢-PMMA lFan
M3duA1en Insnsiesesinuaudfilena wu anuuduazaudaneu

a. efnwiguandAinisnuiinmvestifaguilureulnanlasiing mHA@Chi-g-PMMA léa1nnis
dupszan Imaﬁn‘mmimﬁmﬁﬂmaéﬂizaﬂ NsEaNNEYRLTAANTEYN Srunuwasindyiuln wayvsh
Uedvongadainenszgnitaginunlugnisairanszgn (bone mineralization) Fenandlfifiudsanny
Dululdlunsihludszandldidutaamawnunsegn

5. iefnen nsrurun1sUanUdssaisdaluiana anti-cancer drug (doxorubicin (DOX)) and of the

protein (bovine serum albumin (BSA)) Y8333 7@nlAs4319 3 {f mHA@Chi-g-PMMA fiduaseity

/NTANLUUINY

TumsdndueAdelutg 18 Weudliuan lévinsfnwuasnaasuafanlaseindinmiiaiainais
NaNsEyinsansetuvddunadenslaamn (calcum phosphate (CaP) filsdainindavaiuargnusuussqniandise
n13uiusIR e saufululenediues (chitosan) (Chi)-graft-(poly(lactic acid)(PLA)) (Chi-g-PLA) (BioCaP@Chi-g-
PLA) ﬁsiaaamEJléfmEJ‘LGTWm%‘immmaamﬁa%wms@ﬂLLasﬁﬂmmimi%meaalfuaéﬂix@ﬂ nuidefiaesls
viwmiﬁﬂm%ﬁa@‘lmqsﬁaﬁﬁamiwﬁmﬂmsmamwdwmsaﬁw%éLmaL%auWaaLWW (calcium phosphate (CaP))
94 hydroxyapatite (HA) uazs1UNTEUINNNTTgNUT VU TIRMIaNTRMENSIANE MW ANIaINaIsa zane SBF
(mHA) sauduAsulndnnwediuss (chitosan-graft-poly(methyl methacrylate) (Chi-g-PMMA)) (mBCP@Chi-g-
PMMA) ﬁéaEJamsﬂﬁmaiﬁwm%%mmsuaqmia%’wﬂisaﬂ LLazﬁﬂmmsmi?jmmeamaéﬂw@ﬂLLasmﬁmﬁﬁmﬁa
ﬂiSU’Juﬂﬁﬁ%lNﬂiS@Jﬂé'ui%ﬂ%uM”Wl@LLVI‘LlLLa% AnwinalnnisUandaesaisdaluana cancer drug (doxorubicin
(DOX)) and of the protein (bovine serum albumin (BSA)) ¥83%37aq1A59319 3 {1 MHA@Chi-g-PMMA i
Fuareitu fufulunsideesulseasdennisinweenfuaudiuie ludiuusnvesnisifeasin nsdne
FuangitrTanluresufoinslaefiasAnwvimasnumenin wueauds anuBaveu dnduduiiaens@nwins

wWhiuldvestiTagiduaseiduiuadnsegn Wemitiaguialyumngay nieunisiusudeyafnwinig
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HululsfazinluAnuiludaiveassdely TuduilamaginmsfnwnisUanddesasdlaana doxorubicin (DOX)
g protein bovine serum albumin (BSA)

NuATeTieafun1sdunsIeel waal@eueaa (calcium phosphate (CaP)) ﬁlé’mmﬂémﬂamasgﬂ
USuussnaantinmenisiiusineims sauidululenediues (chitosan) (Chi)-graft-(poly(lactic acid)(PLA)) (Chi-g-
PLA) (BioCaP@Chi-g-PLA) 1uddeldmnsiasaduudy

Tuduvesnuisefiiertunisduasziasefiunidwnadeunaama (calcium phosphate (CaP)) a1
hydroxyapatite (HA) ignu¥utsauausidenafiusigoims ulseonldiduaesiuneufemisuunadoumoan
vodlensendezmlndlnenszuiunmsnnudnanansazansagldouneos wilndvdsniulviarudoud 500°C 1y
nan 1 Halus fegldnwwesasieiuilfundnveslansendoznilng [hydroxyapatite (HA)] Tunseseun1suTulse
shensiinsme s rslansendermnlndazymsnansiuiufuansazats SBF dsilesduszneutessineimns NaCl
(136.8 mM), NaHCOs (4.2 mM), KCL (3.0 mM), K:HPOq4 (1.0 mM), MgClo-6H.0 (1.5 mM), CaCl; (2.5 mM) and
NaSOq (0.5 mM) figasndau 1 de 4 ndsarntuiinslelasiouen figaumngii 160°C Hunan 6 Falus Aagldns
waaLgeuvlaaLn (calcium phosphate (CaP)) 484 hydroxyapatite (HA) ﬁgﬂﬂ%’wgﬁﬂmamﬁaﬁaamilﬁmmmmi
(mHA) ileflagihlA@nwluddusely

mMsdanszineulndnseninsunaleumoamn (calcium phosphate (CaP)) 489 hydroxyapatite (HA) i
gnuFuleRuaudinen1siiusineImis Siuduaeulndnnediues (chitosan-graft-poly(methyl methacrylate)
(Chi-g-PMMA)) (mHA@Chi-g-PMMA) Hue1&81dnn13 blending 5¥1319 mHA way Chi-e-PMMA Taaiians
ammonium persulfate (APS) vwnthitaianszuunedmelsodu Taglunszuaunisdaunsizsi PMMA szgnazais
Tuansazarsusluwes MMA finududu 200 me/mL @3y chitosan %Qﬂazmﬂummaz%m?nﬁmmLﬁﬁm%‘u 15
Wesidudlagthumin lunsyuiunisisuneulndnlagsesn $n31ausendng mHA sle Chi-g-PMMA gl
30 wWefwudlasimin luvneiinssuiumsivansdaluana DOX uaz BSA tusyniAves mHA@Chi-g-PMMA 1z
grNanfUasaza1sve DOX uay BSA fimuidudu 1.0 me/mL wag 0.5 mg/mL audisu WWuan 24 dlua fla
@i@3678819 DOX/BSA-mHA@Chi-g¢-PMMA lunseinwinsuantaesansdiluana eunia DOX/BSA-mHA@Chi-g-
PMMA 2ggn@nwiluasazanguine fithaian 0.5, 1, 2, 3, 4,5, 7, 10, 15, 20 uaz 25 42139 Yuauanstaluana
fiuanUdosgnAnnasensingnnsganaunady’

Tuduveams@nuitisatosiunsiin bone mineralization msiifulfulwadnsegn rat osteoblast-
like UMR-106 cells (n vitro study) lussdusiesufoinistuasshmadnuilasnisihiaian mHA@Chi-g-PMMA
svhmadsdunudsneadiduna 1 #asi inasusdldhasdu MTT uaz ALP asgninuazyinisiese
wieguualiiueudululdlunisiin bone mineralization dniveass (ny) szideuiBnisvesnAdeiifeiu

F1¥anBioCaP@Chi-g-PLAGY mHA@Chi-g-PMMA (5Ul 5.1 way SU7 5.2)

Y Y
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Autoclave
160°c/12h

S m

\ Mechanical mixing }

|

mHAFS@PLAChi
composite

JUN 5.1 uansszideuitidenaensroziiatdilunuide waeninseinan1sideiingliuiian BioCaP@Chi-g-
PLA

BioComposite Scaffolds Made with Modified Calcium phosphate inclusion of
Chitosan-Grafted-PMMA for Bone Tissue Engineering Application

Biocomposite scaffolds controlled release studies.
= ¥
= % i 1
° 8 o :
- m S0 ‘i i Fi
+ oo, B el - d :
o e 2aoft™ 4 *
. E gg ]ttt
Chi-g-PMMA, mHA =
m.
Polymers ,51.-. d .
E [ 1@ 1& 2 26

mHA@Chi-z-PMMA Physlcochemical and bloloelcal studles.

JUT 5.2 uansszileuitidunaonseagiadiliunudde warn1sinTeinan1s3deingiudiian mHA@Chi-g-
PMMA
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SI89UNANITIY

a o =

T fasuaaldeumeainla (calcium phosphate (CaP)) fignu3ulssnaiandidensifusineins sudululene
Awwas (chitosan) (Chi)-graft-(poly(lactic acid)(PLA)) (Chi-g-PLA) (BioCaP@Chi-g-PLA)

1NNTANY UL INNIUVDILATINUITINUINNOAIIAIUVDY NaToRUNIIwAaLdaunaging (calcium

'3

phosphate (CaP)) fignuuugsnuaniAsonaiusinomnsimiuansiulewsamesfisasainwiniu 20esiaus
Tnethwiinvestaglassnstanin saufu lulenedwes lalngu [chitosan (1wt%)] (Chi) waunedmeslunsnosd
m3nsamfu polyllactic acid) Asnsnau 3:1 wuIeuMawAaunaae (calcium phosphate (CaP)) ﬁgﬂ
UsuUssniandRsmemaiusigemsinsraiureseynauianluazidlovhm il neismmaeiinuiteyna
fidansgitulsznousiesg Ca, P, Mg, Na, K, Cl uag C aaindadunsusuisnemsausofasunsnidly

¢

Tuansefunidunraifoumoailn (calcium phosphate (CaP) lduaziioTinnzidslassarmuieynmaiduasei
flassairadanlensendormlng duwandugunmd 53 @) (b) uar (0) muddu Ansanneulndnvedriani
Fuasginuinusgnaumegniuazvunvesgniueglussaulilasiuandusunmd 2(d) WevhmsAnwianin
Sangurestaianiduamzitunuinfamuudusdimnsaniumailudnviiedutaslasssinnmiudedin
Armudsneldiusenaiiuszana 20 MPa uazlfruonda 7 539 MPa (5UTl 5.3) (e) Fsaenadasfiunsegndulud

AUsEUNL 2-20 MPa

241 HAFS
22| — mHAFS@PLAChi (E)
20 4

18
16 -
14
12
10 1
8 -
6 -
4
2]
T T T 0 T T T T T T
20 30 40 50 60 0.00 0.02 004 0.06 008 010 0.12

2-Theta (degree)

Intensity (a.u)

Compressive Stress (MPa)

Compressive strain

JUN 5.3 LanWan1sIATIEMTINIEANTesEnsiegenduaseilunyide (a) M SEM vesansetiunidunaides
Woaln (calcium phosphate (CaP)) Nignusuusnaandfisen1sidus19ems (b) Hamsliasigiesdusenauves
519 Wag (0) NaNTIATIEATlATEI19998 XRD 7 (d) wanan1n SEM vesansaeunedniidunsienduluanidy

WAZNTN () UansanEnveuratasidnATIzineliLsng
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HANIANYINTEAWTEIVOUTAANTEANUURITBIENTTITANIATITN 3 §IR vesanseliuvidunaiBeunaalnn
(calcium phosphate (CaP)) #gnUsuussanandfnien1siiusine1nis swdululenediweilalneiuuas

3

poly(lactic acid) a9nn1snadeuiugadnssan osteoblast-like UMR-106 tlutian 3, 5 uay 7 Ju finuinfisau
wadsyiulauuTiianlasene 3 fafiduas1esildime q fuum (FuuSeudio) (GUi 5.4) Wlevhnsdnu MTT
uay ALP (U7 5.5) (a) uag (b) muddiu ileguiunaveswadnszgnuaznisimuiigluidusadnszgnnuin
Tt 3 Suwsndiinaugadidesuuiatanleseine 3 Savdaeseidatesniileviniafesuuifisesslsfio
Uinaadialdunndnsudedsndune 7 fu aumauannisuanUdessinoimsvesinaglaseine 3
yhlvinsedumsBamiowazmsieiqgivlnvesvadnsegn fedunaiiulddnaufoduuwadnszgnita3quuts
fagiidaaneisidunnnindedeculensendornlndesnaiiulddaiou mnmsdnwndestuidliiuinatag
Tas319 3 17 vesansedunidunaidoumeaiin (calcium phosphate (CaP)) fignusuugsnnaNdAfIon1sLAns g
913 Saufululewedweslalasiuuas poly(actic acid) Suuliufiagiannluduianmaununsygndeld

3 days 5 days 7 days

Glass

mHAFS@PLAChi

o '3

JUN 5.4 uansnisiasaiulnveswadnssanuudadaniaseing 3 Eanduaseiiieuiuuia GdSeuiieu)

MTT assay ALP activity
045 . T T T 118 . . .
— 5.40](3) ne = 1wl (b) ts
[Fr] J =
=] I t
Ty ] T s
] [T}
2 =3
£ &
= =2
"
3 g
= o
3 -
=T
Glass Ha MHAF $@PLACHKI H mHAF $@FLACH
Samples Samples

o

JUN 5.5 LansdnuIUYRIasaiansEgnUURITesi Tanlassns 3 Tandunsentundminidedlauny 3 uag 7 Ju

TneiieufiuiGeauuni (nguatuns)
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Frfaguaaifisumeaa (calcium phosphate (CaP) fignuiulssnmanti@dienisiiusineinis sy
Aaulndnnadiuas (chitosan-graft-poly(methyl methacrylate) (Chi-g-PMMA)) (mHA@Chi-g-PMMA)
INMIANYINUT 81587387 1AT9319 MHA@ChI-g-PMMA fi§n51dnTENII9 MHAChi-e-PMMA 30:70 g
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\Weu (In preparation)
fulonansudn
9E5EUINgNTAN
(Submitted)
agflusgninaunly

(Revision)

(5mlassnnseios 3) | (Fnhlasanis)
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First/Corresponding author

negnelilaseinside

First author Corresponding

author
2018;68:221-232. LI 1#Sumsmevsundn
9E5ENINNIANUN
(Accepted/In press)
M daduriud (Published)
22. Pon-On W, Suntornsaratoon P, L] 9YIENINMITYUTLY | Pon-On W Pon-On W

Charoenphandhu N,
Thongbunchoo J, Krishnamra N,
Tang I-M. Synthesis and
investigations of mineral ions-
loaded apatite from fish scale
and PLA/chitosan composite for
bone scaffolds. Materials Letters

2018;221:143-146.

\Weu (In preparation)
Juenansuda
9EIEUINTNITAN
(Submitted)
agluseninauily
(Revision)
TasunmsneusuLa?
9gjseNINInNUN
(Accepted/In press)

@

ARLALA (Published)

(3mlnsansges 5) | ({3wlassnsdey 5)

23.

Charoenphandhu N,
Suntornsaratoon P, Sa-Nguanmoo
P, Tanajak P, Teerapornpuntakit
J, Aeimlapa R, Chattipakorn N,
Chattipakorn S. Dipeptidyl
peptidase 4 inhibitor vildagliptin
improves trabecular bone
mineral density and
microstructure in obese-insulin-
resistant rats. Canadian Journal

of Diabetes 2018;17:30282-4.

BEIENINNTITHUITEY
\Weu (In preparation)
fuenansudn
9EIENININNTAN
(Submitted)
aglusgniudly
(Revision)
lasunmsnauiuLa
9ET¥NINIARUN
(Accepted/In press)

a 4

IANUNLAD (Published)

Charoenphandhu, N.

(Fwnlasanig)

24,

Rodrat M, Wongdee K, Panupintu
N, Thongbunchoo J,
Teerapornpuntakit J, Krishnamra
N, Charoenphandhu N. Prolonged
exposure to 1,25(0H),Ds and high
ionized calcium induces FGF-23
production in intestinal
epithelium-like Caco-2
monolayer: a local negative

feedback for preventing

HEN

9YILNINNITYULTLY
Weu (In preparation)
futonansudn
9EIENININNTAN
(Submitted)
agluseninaunly
(Revision)
1AsuNMImaUSULAY
9E5ENINTIARUN

(Accepted/In press)

Charoenphandhu N

(FmtnlAgang)
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excessive calcium transport.
Archives of Biochemistry and

Biophysics 2018;640:10-16.

INUNLA (Published)

25.

Nakkrasae L, Jaisin V,
Charoenphandhu N.
Osmoregulation of pre- and
prometamorphic Chinese edible
frogs (Hoplobatrachus rugulosus)
raised in brackish water relies on
body Na and CU” concentrations,
but not urea production.
Aquaculture Research

2018;49:1122-1126.

DYILNINNMITTYULTLY
\Weu (In preparation)
Suenansuda
9EIEUINTAITAN
(Submitted)
aglusenineuily
(Revision)
lasunmsmaUiuLa
9gjsENINdInRUn
(Accepted/In press)

a 4

IANUALAT (Published)

26.

Lapmanee S, Charoenphandhu J,
Teerapornpuntakit J, Krishnamra
N, Charoenphandhu N.
Agomelatine, venlafaxine, and
running exercise effectively
prevent anxiety- and depression-
like behaviors and memory
impairment in restraint stressed
rats. PLoS One
2017;12(11):e0187671. doi:
10.1371/journal.pone.0187671.

HEN

9EYILNINNTFIULTEY
Weu (In preparation)
fulonansuwdn
9EIEUINTRITAN
(Submitted)
agluseninauily
(Revision)
TAsunIneuUsuLa?
9ETENINInRUN
(Accepted/In press)

InNUTLAY (Published)

27.

Apaijai N, Charoenphandhu N,
[ttichaichareon J, Suntornsaratoon
P, Krishnamra N, Aeimlapa R,
Chattipakorn SC, Chattipakorn N.
Estrogen deprivation aggravates
cardiac hypertrophy in nonobese
Type 2 diabetic Goto-Kakizaki (GK)
rats. Biosci Rep 2017;37(5) pii:
BSR20170886. doi:
10.1042/BSR20170886.

HEN

9E5ENINNTTEUTEY
\Weu (In preparation)
Suenansuan
9E5EUINTNITAN
(Submitted)
agluszninauily
(Revision)
lasunsmausuuan
aETENINInRUN
(Accepted/In press)

IaRuNLa7 (Published)
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2.2.2.2 n15a5iaTavie I luseussina

1.

lofufl 15uns1au 2563 Prof. David N. Sheppard (School of Physiology and
Pharmacology, University of Bristol) launussenafiayluimite “Cystic Fibrosis: Restoring
Function to Faulty Channels with Small Molecules” finA3vassine) augivemans
IINeduuina

dlotuil 6-15 wwigw 2562 f. a5, un uinowa LIRuS uag s as.n3dn$ AR 16
WWun19lUnu Prof. David N. Sheppard (School of Physiology and Pharmacology,
University of Bristol) a4 University of Bristol Uszieans1seandng vilesan w.a.934n
s35u18U dnAnwvyyrenlasinsiauiasedne3feuuwd s uandenllasunu
Wunsludsemadangy aneldnisatuayulay Newton Fund-PhD Travel grants for
supervisor 2018/19 Tae w.a.954n IHiAunssufuensefivsnwmdn Wieadeniu

a

suien1uuiITeiu Prof. Sheppard Tilauseiliios lny uw.a.0954a laAnwineun

Y

University of Bristol {utsdu q Aotudl 1-14 wweu 2562 uenanil dedoidunisiime
nfnuiuigiien an. Ao unsanugd sonint ednnuanuimtiAeaiunuide
#u electrophysiology N9y Prof. David N. Sheppard

dlouil 25 nanAu-a woednneu 2561 A A3, unuRona WIS uay s n3.nsIing
2 IAunsludeauin@nudiggien aun. Ao uanug? sendal wazmnaiieaty
n19%1 PhD Double degree 5¥#i19univiendeuing wag University of Bristol 58891139
AuAntnieafuuidediu electrophysiolosy ifinw1saufufiu Prof. David N.
Sheppard (School of Physiology and Pharmacology, University of Bristol) &4 University
of Bristol UseinAansnyeIning

A3, uw.aigna nyiiug suAndonlmdisinaulssuivinas “IAP for Health Young
Physician Leaders programme and the World Health Summit 2018” $ufl 11-16 AaAl
2561 \l94 Berlin Useinpaviusasisaspeasuil

dloYufl 16unsaau 2561 Prof. David N. Sheppard (School of Physiology and
Pharmacology, University of Bristol) laanusseneiitawluiade “Cystic fibrosis: restoring
function to defective chloride channels with small molecules” finada3sine Ay
WIAENT UNINISBLTARE

dotuil 24 Fwnau-4 fueneu 2560 udduldiFumslddeuinAnuUiyanen aun. Ao
wsandednual Funsing uazmniennuiramtiuieifunuddesiu electrophysiology 7
Ainw13auA Uiy Prof. David N. Sheppard (School of Physiology and Pharmacology,

University of Bristol) a4 University of Bristol Us¢in@aansnyeiunang
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(819158 AIMEITINGT AULINYIAERNS URINIRLUARA)
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2.2.4 maduinens/nrsdisaudszyudving

2.2.4.1 mauanens/gnsenasgdl
1.

a

9

a 1Y

A A5, unuinona Wiyus Wiuivensussereiidees “Micostructural bone
defects in diabetes mellitus and hypertension: studies in the rodents by bone
histomorphometry and synchrotron radiation X-ray tomographic microscopy” Tu
NuUIEY WAYINTUIUNR The 37" Interational Conference of the Microscopy
Society of Thailand (MST37) $ufl 25-28 nuAMiLS 2563 2.1A55 1%L

v 6

fl. A5 WN.USAANA LTy WUg \duAnensusseeiideises “A journey from lab
bench to market: Case study from calcium-fortified product development
and commercialization” Tus1uyssyu3v1n15uI1u1916 The 7" Burapha
University International Conference on Interdisciplinary Research Suil 27-29
NOATNIOU 2562 2.98Y73

A a5, unufnoma winiud iuivensussseideies “Lunssumsannaztag
Tinszanudasdlavseld” Tunuuseaadvins Precision Medicine in Thailand 4.0

venssunsuntulsewdlvesn 4.0 Tui 6-8 Fnew 2562 NANNY

¢ o v A

A. a3 un.usnana tasyiug Wuineansuignan eae nndei Wadei3es
“Innovative Products from Physiological Research” e[,umuﬂis‘qma‘mmi
35 IVendunnL ASed 46 Juil 19 Sunew 2561 9.uATIYEIN

A A5, UNuSHaNa LWTeyiug Juinennsusserewadeisas “Fibroblast srowth
factor-23 as a novel regulator of calcium and bone metabolism” Tu a1
UTEYIINTUINITRA Asia Pacific Paediatric Endocrine Society (APPES 2018)
afait 10 Fufl 7-10 Sueu 2561 2.dedlnl

A 3. un.udnowa eiug usteefiewiadedes “nsiwunanSudiady
wnaLdeudmSugTluyRswazaeeny” sefiussaudininetmans s

ann Tud 3 AAIAN 2561 d NTINWUNIUAT

2.2.4.2 n1sunavenasuIsgsuuinida/uamas

1.

Oral presentation in English: Sooksawanwit S, Lertsuwan K, Saovaros Svasti,
Panupinthu N, Charoenphandhu N. “Effects of mild-intensity exercise on iron
overloading status and calcium metabolism in thalassemic mice” at the a7
Physiological Society of Thailand 2019 Annual Meeting, Bangkok, Thailand
December 19-21, 2019.

Invited speaker in English: Charoenphandhu N. “Osteoporosis in hypertension”
at The 1% Asia Pacific Workshop and Conference on Molecular Medicine 2019,
Denpasar-Bali, Indonesia, July 2-5, 2019.

Invited speaker in English: Wongdee K. “Diabetes and bone health” at The 1%
Asia Pacific Workshop and Conference on Molecular Medicine 2019, Denpasar-
Bali, Indonesia, July 2-5, 2019.

Poster presentation in English: Jantarajit W, Rodrat M, Ng D, Harvey B, Wilkinson
W, Charoenphandhu N, Sheppard D. “Ivacaftor alleviates CFTR inhibition by the
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10.

11.

12.

carbon monoxide-releasing small molecule CORM-2”. at the 42" European
Cystic Fibrosis Conference (ECFS2019), Liverpool, UK, June 5-8, 2019.

Poster presentation in English: Charoenphandhu N, Ratchaneewan A, Saovaros
S, Wongdee K “1,25-Dihydroxyvitamin Ds partially restores the osteoblast and
osteoclast functions of hemizygous beta-globin knockout thalassemia mice” at
the 46" Annual European Calcified Tissue Society Congress (ECTS 2019),
Budapest, Hungary, May 11-14, 2019.

Poster presentation in English: Wongdee K, Ratchaneewan A, Charoenphandhu
N. “Aggravation of trabecular bone defect in ovariectomized Goto-Kakizaki (GK)
type-2 diabetic rats” at the 46th Annual European Calcified Tissue Society
Congress (ECTS 2019), Budapest, Hungary, May 11-14, 2019.

Oral presentation in English: Promruk W, Tiyasatkulkovit W, Chaimongkolnukul K,
Kengkoom K, Panupinthu N, Charoenphandhu N. “Male spontaneously
hypertensive rats develop poor bone mass and strength” at the 46th Annual
European Calcified Tissue Society Congress (ECTS 2019), Budapest, Hungary, May
11-14, 2019.

Invited speaker in English: Charoenphandhu N. “Diabetic osteopathy and
impaired intestinal calcium absorption in diabetes mellitus” at the 9th Congress
of the Federation of Asian and Oceanian Physiological Societies (FAOPS), Kobe,
Japan, March 28-31, 2019.

Invited speaker: in English: Suntornsaratoon P, Charoenphandhu N. “The effect
of high-fat diet on maternal bone microstructure and the metabolic parameters
in rats” at the 9" Congress of the Federation of Asian and Oceanian Physiological
Societies (FAOPS), Kobe, Japan, March 28-31, 2019.

Poster presentation in English: Tiyasatkulkovit W, Promruk W, Sawangsalee A,
Intarapanich A, Thongbunchoo J, Chaimongkolnukul K, Kengkoom K, Panupinthu
N, Charoenphandhu N. “Upregulation of osteclastogenic markers and the
impaired bone microstructure and bone strength in hypertensive rats” at the 9"
Congress of the Federation of Asian and Oceanian Physiological Societies
(FAOPS), Kobe, Japan, March 28-31, 2019.

Poster presentation in English: Nammultriputtar K, Lertsuwan K, Charoenphandhu
N. “Differential effects of Fe”" and Fe®" on the proliferation and differentiation of
osteoblasts” at the 9th Congress of the Federation of Asian and Oceanian
Physiological Societies (FAOPS), Kobe, Japan, March 28-31, 2019.

Poster presentation in English: Khuituan P, K-Da S, Bannob K, Hayeeawaema F,
Wichienchot S, Peerakietkhajorn S, Charoenphandhu N.  “Dragon  fruit
oligosaccharide ingestion enhances mouse intestinal motility” at the 9" Congress
of the Federation of Asian and Oceanian Physiological Societies (FAOPS), Kobe,
Japan, March 28-31, 2019.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

Poster presentation in English: Nanthawuttiphan S, Charoenphandhu N,
Lertsuwan K. “Comparative effects of ferric and ferrous on osteoblast cell
survival and function” at Pure and Applied Chemistry International Conference
2019 (Paccon 2019). Bangkok, Thailand, February 7-8, 2019.

Poster presentation in English: Charoenphandhu N, Rodrat M, Wongdee K.
“Inhibition of 1,25(0CH),Ds-enhanced intestinal calcium transport after exposure
to high apical calcium is mediated by calcium-sensing receptor and fibroblast
growth factor-23” at the 45" Annual European Calcified Tissue Society Congress
(ECTS 2018), Valencia, Spain, May 26-29, 2018.

Oral presentation: in Thai : Promruk W, Tiyasatkulkovit W, Chaimongkolnukul K,
Kengkoom K, Panupinthu N, Charoenphandhu N. “Low bone mass and increased
tendency to fracture in spontaneously hypertensive rats” IUQﬁuﬂizﬁquﬁﬁuﬁﬂﬁi
ST Ienanan asefl 46 Juil 19 Sumau 2561 2.uAsvEIN

Poster presentation: in English : Suntornsaratoon P, Thammayon N,
Charoenphandhu N. “impairment of intestinal calcium absorption, bone
mineral density and mechanical property in spontaneous hydronephrotic mice”
at the 45" Annual European Calcified Tissue Society Congress (ECTS 2018),
Valencia, Spain, May 26-29, 2018.

Poster presentation: in English : Wongdee K, Aeimlapa R, Charoenphandhu N.
“Early insulin treatment partially improves bone mechanical properties of Goto-
Kakizaki type-2 diabetic rats” at the 45" Annual European Calcified Tissue
Society Congress (ECTS 2018), Valencia, Spain, May 26-29, 2018.

Poster presentation: in English : Charoenphandhu N, Rodrat M, Wongdee K.
“High apical calcium diminishes 1,25(0H);Ds-enhanced calcium transport across
the epithelium-like Caco-2 monolayer by activating calcium-sensing receptor” at
the 95" Annual Meeting of the Physiological Society of Japan, Takamatsu, Japan,
March 28-30, 2018.

Poster presentation: in English : Wongdee K, Aeimlapa R, Charoenphandhu N.
“Effects of early insulin treatment on bone microstructure in Goto-Kakizaki type-
2 diabetic rats” at the 95" Annual Meeting of the Physiological Society of Japan,
Takamatsu, Japan, March 28-30, 2018.

Oral presentation: in English : Rodrat M, Wongdee K, Charoenphandhu N. “The
1,25(CH),Ds-induced changes in the short-circuit current and transepithelial
resistance across epithelium-like Caco-2 monolayer are inhibited by fibroblast
growth factor-23" at the 95" Annual Meeting of the Physiological Society of
Japan, Takamatsu, Japan, March 28-30, 2018.

Oral presentation: in English : Aeimlapa R, Wongdee K, Charoenphandhu N.
“Insulin treatment does not restore type 2 diabetes-impaired bone
microstructure in Goto-Kakizaki rats” at the 95" Annual Meeting of the

Physiological Society of Japan, Takamatsu, Japan, March 28-30, 2018.
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Jan15Useyui¥In1s The 7" COCAB Conference 2020 luvada “Innovation for bone
health” ¥ufl 29 unsAN 2563 T59usal LAY glnea NN

Innnsdununiitay luwade “Cystic Fibrosis: Restoring Function to Faulty Channels with
Small Molecules” 1@ © Prof. David N. Sheppard (School of Physiology and
Pharmacology, University of Bristol) ufl 15 uns1ay 2563 &1 n1a3¥1a35In87 A
LIAENT NNINIULAN

Jan1sUszaivnng The 6 COCAB Conference 2019 Tuiadia “Advance technology platform
for calcium and bone innovation” Sufl 22 AwnAx 2562 T5ausa Moy a:[ﬂﬂa NTWNN
Jnn15UsYu3vInIs The 5" COCAB Conference 2018 Tuade “COCAB-Moving forward for
food and drug translational research” ¥ufl 21 Asnau 2561 Tsausu oy glnda N3y
mheIfeiuiaadenuaznszgn InduNUAYLara USRI URN5TIMAY USEn Bunda
§11%9 1389 “Real-time PCR technology and QuantStudio 3 Real-time PCR system” $ufi 2
NUAMUS 2561 4 NAIYIETTIVGT AMYINYIAARS UNTINERELTing

dani1sdununfitae Tuiade “Cystic fibrosis: restoring function to defective chloride
channels with small molecules” Ing Prof. David N. Sheppard (School of Physiology and
Pharmacology, University of Bristol) Sufl 16 uns1ay 2561 &1 A1a3¥1a35IN87 A
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Regulation of vitamin D system
In skeletal muscle and resident
myogenic stem cell during
development, maturation, and
ageing

Ratchakrit Srikuea®*™, Muthita Hirunsai? & Narattaphol Charoenphandhu®>*>

Skeletal muscle exhibits enormous plasticity throughout life, however, less is known regarding how
the stages of growth regulate its local vitamin D system. Herein, we investigated serum 25(0OH)D; and
Ca?* levels along with the vitamin D system in skeletal muscle and resident myogenic stem cells of male
C57BL/6 mice during development, maturation, and ageing. Compared with development, significant
increases in vitamin D receptor (VDR) protein expression in mature and aged muscles were associated
with increased serum 25(0OH)D; and centronucleated fibres, respectively. The substantial increase in
VDR protein expression in aged muscle was also related to reduced downstream mTOR signalling
protein expression which was more pronounced in fast-glycolytic compared to slow-oxidative muscles.
Intriguingly, serum Ca%* and vitamin D-metabolising enzyme (CYP27B1 and CYP24A1) levels in skeletal
muscle were not different across age. In primary cell culture, nuclear VDR protein was expressed in
undifferentiated skeletal muscle stem cells (SMSC) after 1c,25(0H),D; treatment. Additionally, a
diminished response to 1c,25(0OH),D; was observed with age as there was a rapid commitment of
SMSC towards differentiation under growth-stimulating conditions. Collectively, understanding the
local vitamin D system in skeletal muscle could help develop effective interventions for vitamin D
supplementation to improve skeletal muscle mass and function during ageing.

Vitamin D research has primary focused on the role of Ca*" homeostasis regulation in classical vitamin D target
tissues, i.e., bone, intestine, and kidney'?. However, non-calcemic action of vitamin D has been suggested as
expression of vitamin D receptor (VDR) and vitamin D-metabolising enzymes (CYP27B1 and CYP24A1) has
been reported in non-classical vitamin D target tissues, i.e., brain and heart® and skeletal muscle*. This emerging
evidence has suggested possible novel functions of vitamin D besides calcium homeostasis as well as how the
vitamin D system is regulated in these non-classical vitamin D target tissues._

In skeletal muscle, VDR protein has been reported to be expressed in both skeletal muscle cells and tissue,
including mouse skeletal muscle cell line (C2C12)*, primary skeletal muscle cells'*'!, human skeletal mus-
cle cells'? 14 rodent skeletal muscle®®%1%1>-18 ' and human skeletal muscle!>!419-2!_ In addition, vitamin D
system-related proteins (VDR, CYP27B1, and CYP24A1) are expressed in regenerating muscle along with expres-
sion of VDR in skeletal muscle stem cells (SMSC) after injury*, suggesting a contribution of this resident myo-
genic stem cell (namely satellite cell) in the local vitamin D system during skeletal muscle regeneration. However,
less is known regarding the regulation of the vitamin D system in skeletal muscle in a fibre-type specific manner.
Data in the predominantly fast-twitch tibialis anterior revealed alterations in vitamin D system regulation during
recovery from injury*.

!Department of Physiology, Faculty of Science, Mahidol University, Bangkok, 10400, Thailand. 2Department of
Biopharmacy, Faculty of Pharmacy, Srinakharinwirot University, Nakhon Nayok, 26120, Thailand. 3Center of
Calcium and Bone Research (COCAB), Faculty of Science, Mahidol University, Bangkok, 10400, Thailand. “Institute
of Molecular Biosciences, Mahidol University, Nakhon Pathom, 73170, Thailand. °The Academy of Science, The Royal
Society of Thailand, Dusit, Bangkok, 10300, Thailand. *e-mail: ratchakrit.sri@mahidol.ac.th
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Figure 1. Fibre type composition in developmental, mature, and aged soleus and plantaris muscles. (A)
Representative images of fibre type composition in soleus and plantaris muscles at different stages of growth.
Type I fibres (red), type II fibres (green), and hybrid fibres (orange). Images were taken at x 100 magnification,
scale bars = 200 um. (B) Quantitative analysis of fibre type composition during development, maturation,

and ageing (n = 6 mice/group). ***p <0.0001 compared to type I fibre of plantaris muscle, **p < 0.001 and
#p < 0.0001 compared to hybrid fibre/type II fibre of soleus muscle.

Skeletal muscle consists of slow-oxidative (type I) and fast-glycolytic (type IT) muscle fibres, which are charac-
terized based on the abundant of slow and fast myosin heavy chain (MHC) expression in rodents and humans?.
These characteristics of muscle fibre type directly affect skeletal muscle function, i.e., force production, speed
of contraction, and fatigue resistance?. Providing clinical relevance, the vitamin D5 deficiency (serum 25(OH)
D; < 20 ng/ml)* has been associated with muscle weakness in older adults?>?. Therefore, vitamin D; supple-
mentation has been recommended to older adults who have a vitamin D deficiency in order to improve skeletal
muscle function?*. However, whether regulation of the vitamin D system in skeletal muscle is differentially
regulated among fibre types during ageing is currently unknown.

Additionally, specific expression of the VDR protein in SMSC during muscle regeneration has been demon-
strated*. This finding suggests a potential connection of non-calcemic action of vitamin D on the regulation of
SMSC activity. Skeletal muscle is a post-mitotic tissue and it relies on SMSC function®. During development,
rapid skeletal muscle growth also represents an active stage for SMSC?2 In contrast, SMSC becomes quiescent
during maturation but can be activated upon muscle injury®>. Ageing reduces the proliferative potential of SMSC
which can decrease the regenerative capacity of aged muscle®*. However, the effect of age on vitamin D regula-
tion of SMSC function at distinct stages of muscle growth is an unresolved question. Previously, the active form
of vitamin D; [1&,25(OH),D;] has been shown to regulate the expression of VDR and vitamin D-metabolising
enzymes (CYP27B1 and CYP24A1) in primary muscle cells!®. A limitation of that study was that, the primary
muscle cells were isolated from 3 week-old developing muscle. Hence, it is difficult to extrapolate these findings
to mature and aged SMSCs.

Therefore, the purpose of this study was to investigate the local vitamin D system in slow-oxidative (type
I) and fast-glycolytic (type II) muscles and its associations with skeletal muscle plasticity during development,
maturation, and ageing. Additionally, we examined the expression of VDR and vitamin D-metabolising enzymes
(CYP27B1 and CYP24A1) in SMSCs isolated from developmental, mature, and aged muscles to reveal how age
affects the SMSC response to vitamin Ds.

Results

Fibre type composition in slow-oxidative and fast-glycolytic muscles during development,
maturation, and ageing. To assess the potential contribution of muscle fibre type on the regulation of
the vitamin D system, we studied the slow-oxidative (soleus) and fast-glycolytic (plantaris) muscles at different
stages of growth as illustrated in Fig. 1A. The ageing group in this study represents an early stage of ageing to
control for age-related comorbid conditions that could confound the interpretation of the results on vitamin D
system in skeletal muscle. The quantitative analysis revealed a remarkable significant difference of type I muscle

SCIENTIFIC REPORTS | _###############

######_ | https://doi.org/10.1038/s41598-020-65067-0


https://doi.org/10.1038/s41598-020-65067-0

www.nature.com/scientificreports/

fibre distribution, which was higher in the soleus than plantaris muscle at development (31.12 4 1.74% vs. 0.65 +
0.11%, p <0.0001), maturation (36.64 £ 2.08% vs. 0.91 £ 0.31%, p < 0.0001), and ageing (47.89 =+ 2.48% vs. 0.58
=+ 0.20%, p < 0.0001) (Fig. 1B). In contrast, type II muscle fibre frequency was significantly higher in plantaris
than soleus muscle in development (86.90 £ 1.24% vs. 65.75 £ 1.52%, p < 0.0001), maturation (99.02 £ 0.31%
vs. 58.95 & 3.07%, p < 0.0001), and ageing (98.76 = 0.29% vs. 45.38 & 2.47%, p < 0.0001) (Fig. 1B). Nevertheless,
hybrid muscle fibre frequency (co-expressions of fast MHC and slow MHC isoforms) was significantly higher in
the plantaris compared to soleus muscle during development (12.45 £ 1.21% vs. 3.14 &= 0.59%, p < 0.0001). This
difference was reversed during advanced age where the plantaris muscle had a significantly lower proportion of
hybrid fibres than the soleus muscle during maturation (0.10 & 0.05% vs. 4.67 &= 0.94%, p < 0.001) and ageing
(0.66 £ 0.21% vs. 6.73 £ 0.53%, p < 0.0001) (Fig. 1B). Altogether, these difference show distinct skeletal muscle
properties between soleus and plantaris muscles at different stages of growth.

Characteristics of slow-oxidative and fast-glycolytic muscles at different stages of
growth. Although the different in fibre type composition in slow-oxidative (soleus) and fast-glycolytic (plan-
taris) muscles was demonstrated, skeletal muscle plasticity during the different stages of growth are comparable.
Muscle wet weight was significantly increased in parallel with body weight in soleus (p < 0.001) and plantaris
(p <0.001) muscles during development to maturation (Fig. 2A). There was no further increase in muscle wet
weight during maturation to ageing (Fig. 2A), despite a progressive increase in body weight (Fig. 2B). To support
findings in tissue wet weight, histological analysis across ages (Fig. 2C) revealed muscle fibre CSA was signifi-
cantly increased during maturation (p < 0.001) and ageing (p < 0.001) compared to development in both muscles
(Fig. 2D). Additionally, fibre size, as demonstrated by histogram analysis showed differences between soleus and
plantaris muscles during maturation and ageing (Fig. 2E). The frequency distribution of soleus muscle fibre size
was concentrated at a median level. This distribution pattern differs from the plantaris, which showed a more
widespread fibre size distribution, suggesting higher variation of muscle fibre size. In contrast to the changes of
fibre size, the number of fibres in the soleus and plantaris were not significantly different at any age investigated
(Fig. 2F).

Serum levels of 25(0H)D,/D,, 3-Epi-25(0OH)D5/D,, and total Ca** during advanced age. In this
study, mice were fed with a standard diet containing 205 IU/100 g vitamin D5 throughout the study period, how-
ever, serum 25(OH)D; level (17.7 & 1.4 ng/ml) during development was lower than the normal range for vitamin
D status (~30ng/ml). Serum 25(OH)D; level was significantly greater during maturation (29.1 + 1.2ng/ml) (p
< 0.05) and ageing (31.7 & 4.4ng/ml) (p < 0.05) compared to development (Fig. 3A). In contrast to 25(OH)D;,
3-Epi-25(OH)D; was barely detected in serum samples and no significant differences between growth stages was
ascertained (Fig. 3B). Neither 25(OH)D, nor 3-Epi-25(OH)D, were detected in any samples. Additionally, there
was no association between serum 25(OH)D; and total Ca?* level at different stages of growth (Fig. 3C).

Associations of serum 25(0OH)D; level and skeletal muscle plasticity. According to the changes
of serum 25(OH)D; during different stages of growth, 25(OH)D; level had a positive relationship with
slow-oxidative (soleus) muscle fibre CSA (r=0.75 p=10.0003) and fast-glycolytic (plantaris) muscle fibre CSA
(r=0.58 p=0.0113) (Fig. 3D). Moreover, serum 25(OH)D; level positively correlated with the percentage of type
II fibres in plantaris muscle (r=0.68 p=10.002) but not type I fibres of soleus muscle (r =0.38 p=10.121) (Fig. 3E).

Vitamin D system in slow-oxidative and fast-glycolytic muscles during advanced age. To clar-
ify whether skeletal muscle plasticity affects the vitamin D system in skeletal muscle, the expression of vitamin D
system-related proteins (VDR, CYP27B1, and CYP24A1) in slow-oxidative (soleus) and fast-glycolytic (plantaris)
muscles at different stages of growth were investigated. During development, VDR protein was expressed at low
level in the soleus muscle but significantly increased during maturation (7.1 & 2.5-fold) (p < 0.01) and ageing
(12.3 £ 3.6-fold) (p < 0.001) (Fig. 4A). However, VDR protein was barely detectable in the plantaris muscle
during development but significantly increased during maturation (4.2 £ 1.4-fold) (p < 0.05) and increased at a
substantial level during ageing (17.5 £ 6.6-fold) (p < 0.001) (Fig. 4B). These temporal changes in VDR protein
expression were coordinated with VDR protein expression in kidney and intestine which are vitamin D-sensitive
tissues (Fig. 4C,D). Additionally, VDR protein expression in soleus (r=0.68 p=0.002) and plantaris (r=0.65
p=0.004) muscles positively correlated with serum 25(OH)D; level. Contrary to VDR protein expression, vita-
min D-metabolising enzyme (CYP27B1 and CYP24A1) protein expression was not significantly different at any
age in soleus muscle (Fig. 5A) and plantaris muscle (Fig. 5B).

Expression and localisation of vitamin D system in slow-oxidative and fast-glycolytic mus-
cles. The expression and localisation of vitamin D system-related proteins (VDR, CYP27B1, and CYP24A1)
in slow-oxidative (soleus) and fast-glycolytic (plantaris) muscles during development that could impact vitamin
D action during advanced age are illustrated in Fig. 6. VDR protein could be detected in centronucleated muscle
fibres in soleus muscle (arrows). In contrast, co-localisation of VDR and CYP24A1 protein expression (arrow-
heads) was observed in plantaris muscle (Fig. 6A). CYP27B1 protein expression in soleus and plantaris muscles
tended to localise in the mitochondrial compartment (arrowheads) as indicated by OxPhos staining and was also
expressed in the extracellular matrix compartment (arrows) (Fig. 6B).

VDR protein expression in aged muscle associated with increased centronucleated muscle
fibres and decreased phosphorylation of downstream mTOR signalling proteins.  To elucidate
how VDR protein expression was substantial increased in the aged muscle, the percentage of centronucleated
muscle fibres (Fig. 7A) that could be observed during ageing was evaluated. The results revealed that the percent-
age of centronucleated muscle fibres was significantly greater in soleus muscle (0.38 & 0.08% vs. 1.47 £ 0.26%,
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Figure 2. Muscle weight, body weight, and histological characteristics of soleus and plantaris muscles during
development, maturation, and ageing. (A) Muscle weight, (B) Body weight, (C) Representative hematoxylin
and eosin-stained images of developmental, mature, and aged muscles, (D) Quantitative analysis of fibre cross-
sectional area (CSA), (E) Histogram analysis of muscle fibre size distribution, and (F) Quantitative analysis

of fibre number. Images were taken at X400 magnification, scale bars = 50 um. ***p < 0.001 compared to
developmental stage, “p < 0.001 compared to maturation stage (n =6 mice/group).

p < 0.01) and plantaris muscle (0.51 &= 0.13% vs. 1.73 £ 0.23%, p < 0.01) when development and ageing were
compared (Fig. 7B). These results suggest an increase in SMSC activity to maintain muscle integrity during ageing
that might contribute to an increase in VDR protein expression in the aged muscle. In addition, phosphorylation
of downstream mTOR signalling proteins that regulate skeletal muscle protein synthesis® were different in devel-
opment and ageing. Phosphorylation of 4E-BP1 was significantly decreased during ageing to a greater degree in
the plantaris muscle (1.00 = 0.02-fold vs. 0.13 % 0.04-fold, p < 0.001) as compared to the soleus muscle (1.00 £
0.08-fold vs. 0.54 & 0.12-fold, p < 0.01) (Fig. 7C). Additionally, phosphorylation of p70 S6K1 protein was sig-
nificantly decreased only in aged plantaris muscle (1.00 + 0.07-fold vs. 0.42 £ 0.09-fold, p < 0.001) but not aged
soleus muscle (1.00 % 0.03-fold vs. 0.68 + 0.18-fold, p >0.05) (Fig. 7D). The significantly lower of 4E-BP1 and
p70 S6K1 phosphorylation in aged plantaris muscle suggest a decrease in protein synthesis that might augment
the substantial elevation of VDR protein expression compared to aged soleus muscle.
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Figure 3. Serum levels of 25(0OH)Dj;, 3-Epi-25(0OH)Dj, and total Ca*" during advanced age and the association
of 25(0OH)D; level and skeletal muscle plasticity. (A) 25(OH)Ds, (B) 3-Epi-25(0OH)Dj, (C) Total Ca**, (D)
Correlation analysis between 25(OH)D; level and fibre CSA, and (E) Correlation analysis between 25(OH)

D; level and fibre type. *p < 0.05 compared to developmental stage (n = 6 mice/group). NS indicates not
statistically significant.

Expression of vitamin D system-related proteins in SMSC. To further validate a role for the vitamin
D system in skeletal muscle tissue, the expression of vitamin D system-related proteins (VDR, CYP27B1, and
CYP24A1) were investigated in isolated SMSCs. The purity of SMSC in this study was determined using MyoD
staining to evaluate the expression of this myogenic regulatory factor in cultured SMSC (Fig. 8A). The results
demonstrated that cultured SMSC (MyoD™ cells) derived from different growth stages expressed VDR protein
in responses to 1,25(OH),D; treatment (Fig. 8B). In addition, CYP24A1 protein, responsible for the catabolism
of vitamin D in target cells, was expressed and co-localised with VDR protein in developmental, mature, and
aged SMSCs treated with 1c,25(OH),D; (Fig. 8B). In contrast, SMSCs expressed CYP27B1 protein mainly in the
cytoplasmic compartment (arrows) and no co-localisation with VDR protein after 1c,25(OH),D; treatment was
observed (Fig. 8C). These results suggest that SMSC is a source of vitamin D system-related proteins in skeletal
muscle and this resident myogenic stem cell could be a direct target of vitamin D5 during skeletal muscle plasticity
changes that occur in advanced age.

Decreased responsiveness of SMSC to 1«,25(0H),D; during advanced age. To evaluate the
response of SMSC to vitamin D; during advanced age, VDR protein expression in response to 1a,25(OH),D;
treatment was examined in SMSCs derived from developmental, mature, and aged muscles (Fig. 9A). The results
revealed that VDR protein expression in developmental SMSC was significantly increased after treatment with
10,25(0OH),D; compared to vehicle-treated control (2.0 £ 0.3-fold) (p < 0.05). In contrast, the responses to
10,25(0OH),D; treatment was diminished in mature SMSC (1.1 & 0.1-fold) and aged SMSC (1.3 £ 0.2-fold) as
compared with their respective vehicle-treated controls. To support this notion, the expression and localisation
of VDR protein in developmental SMSC in response to vehicle treatment or 1a,25(OH),D; treatment conditions
are illustrated in Fig. 9B. An increase in nuclear localisation of VDR protein expression was demonstrated after
10,25(0OH),D; treatment (arrows). Taken together, it appears that SMSC is a vitamin D;-sensitive cell, however,
the response of SMSC to the active form of vitamin D; declined during advanced age.
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Figure 4. VDR protein expression in soleus and plantaris muscles, kidney, and intestine during development,
maturation, and ageing. VDR protein expression (A) soleus muscle and (B) plantaris muscle (n =6 mice/
group). K=Kidney samples serve as a positive control for VDR protein expression in soleus and plantaris
muscles. (C,D) VDR protein expression in the vitamin D-sensitive tissues including (C) kidney (n =6 mice/
group) and (D) intestine (n= 5-6 mice/group). *p < 0.05, **p < 0.01, ***p < 0.001 compared to developmental
stage, *p < 0.05 compared to maturation stage. The highly sensitive VDR (D-6) antibody was used to detect
VDR protein expression and GAPDH served as loading control. VDR protein expression level was normalized
with GAPDH protein expression that obtained from the same gel and experiment.

State-specific VDR protein expression in undifferentiated SMSC. Nuclear VDR protein was
non-uniformly expressed in SMSCs (MyoD™ cells) under growth-stimulating conditions (Fig. 9B), suggesting
that the expression of VDR protein in response to 1a,25(0OH),D; treatment could be state-specific. To support this
hypothesis, SMSCs strongly expressed VDR protein specifically in the undifferentiated state (Myogenin ™~ cells) as
illustrated in Fig. 9C (arrows). This result supports the notion that VDR protein expression is down-regulated in
SMSCs undergoing differentiation (Myogenin™ cells). Based on this finding, the differentiation characteristics of
developmental, mature, and aged SMSCs were investigated to evaluate the diminished response of SMSC under
10,25(0H),D; treatment during advanced age. The characteristics of SMSCs (MyoD™ cells) derived from the
different growth stages under growth-stimulating conditions are illustrated in Fig. 10A. Results reveal that devel-
opmental SMSC had a significantly lower number of nascent myotubes (>3 MyoD™" nuclei fusion) (Fig. 10B) and
fusion index (number of >3 MyoD™" nuclei fusion/total MyoD* nuclei) (Fig. 10C) than mature and aged SMSCs.
These results suggest that developmental SMSC can retain an undifferentiated state under growth-stimulating
conditions which corresponded with a substantial increase in VDR protein expression after 1c,25(OH),Dj treat-
ment. In contrast, mature and aged SMSCs had a significantly greater number of nascent myotubes (p < 0.01
and p < 0.05) (Fig. 10B) and a fusion index (p < 0.05) (Fig. 10C) compared to developmental SMSC which was
associated with a diminished response to 1a,25(OH),D;. However, the rapid commitment of SMSC to differenti-
ation was reduced in aged SMSC compared to mature SMSC (p < 0.05) (Fig. 10D) as illustrated by MHC protein
expression (Fig. 10E). This result was supported by a lower number of aged SMSC compared to mature SMSC
(decreased to 58.0 & 11.2%) in response to growth-stimulating conditions (p < 0.05). Altogether, these findings
suggest that state-specific VDR protein expression in SMSC could be a primary factor that influencing vitamin D;
action in skeletal muscle during advanced age.
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Figure 5. Expression of vitamin D-metabolising enzymes in soleus and plantaris muscles during development,
maturation, and ageing. CYP27B1 and CYP24A1 protein expression (A) soleus muscle and (B) plantaris
muscle. GAPDH served as loading control (n =6 mice/group), K=XKidney sample (positive control). CYP27B1
and CYP24A1 protein expression level was normalized with GAPDH protein expression that obtained from the
same gel and experiment.

Discussion

This study provides insight about the vitamin D system in skeletal muscle at a tissue and cellular level during
advanced age. The primary findings of this work are 1) VDR protein was barely detected in developmental
muscle but substantially increased in aged muscle which was more pronounced in fast-glycolytic compared to
slow-oxidative muscles; 2) levels of vitamin D-metabolising enzymes (CYP27B1 and CYP24A1) in skeletal mus-
cle were not affected by local VDR protein expression or circulating 25(OH)D; level; and 3) SMSC expressed
vitamin D system-related proteins, however, there was a diminished response of SMSC to 1¢,25(OH),D; during
advanced age due to a rapid commitment of SMSC towards differentiation under growth-stimulating conditions.

Currently, the non-calcemic actions of vitamin D on skeletal muscle have been reported, i.e., development,
strength, ageing, and repair®®. In addition, there is supportive evidence in the beneficial effects of vitamin D on
elderly population where muscle mass and function is compromised*>*. However, how vitamin D exerts its
action and regulates the vitamin D system in skeletal muscle remains unknown. Previous studies have demon-
strated undetectable levels of VDR protein in skeletal muscle tissue’”*. Subsequent investigations reported
that VDR protein expression was detected in normal muscle!®'>'#2! and substantially increased during skeletal
muscle regeneration®®. The latter findings suggest that skeletal muscle plasticity is associated with SMSC func-
tion during repairing process, which could be a primary factor regulating VDR protein expression in skeletal
muscle. However, whether vitamin D system-related proteins are differentially regulated in slow-oxidative and
fast-glycolytic muscles currently unknown.

In this study, slow-oxidative muscle (soleus) expressed VDR protein at low level during development, which
progressively increased during advanced age. In contrast, fast-glycolytic muscle (plantaris) had barely detectable
levels of VDR protein expression compared to soleus muscle. However, we observed significant increases in VDR
protein expression in plantaris muscle during transition from maturation to ageing. These findings on differential
expression of VDR protein between soleus and plantaris muscles during ageing suggest an intrinsic factor related
to fibre type composition could contribute to the regulation of VDR protein expression. To support this notion,
soleus muscle contains a majority of type I muscle fibres that are associated with a higher number of SMSCs
than plantaris muscle*#°. SMSCs are a potential source of VDR in skeletal muscle tissue according to a previous
investigation®. Therefore, the differences in SMSC content during postnatal development could be responsible for
the higher level of VDR protein expression in soleus muscle. However, an increase in SMSC activity in plantaris
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Figure 6. Expression and localisation of vitamin D system-related proteins in soleus and plantaris muscles.

(A) VDR and CYP24A1 protein expression; VDR protein was expressed in centronucleated muscle fibres

of soleus muscle (arrows) while co-localisation of VDR and CYP24A1 protein expression (arrowheads) was
observed in plantaris muscle. (B) CYP27B1 and OxPhos protein expression; CYP27B1 protein mainly expressed
in mitochondrial compartment (arrowheads) as indicated by OxPhos staining and expressed in extracellular
matrix (arrows) in soleus and plantaris muscles. The representative images of VDR-CYP24A1-DAPI and
CYP27B1-OxPhos-DAPI staining are illustrated using serial-sections. DAPI was used to delineate nuclear
localisation of the stained-sections. Images were taken at X200 magnification, scale bars = 100 pm.

muscle to compensate for type IT muscle fibre atrophy during ageing could lead to a substantial increase in VDR
protein expression. Since SMSC are required to maintain the myonuclear domain (ratio of cytoplasmic volume
to myonuclear number) in atrophic muscle*'. Additionally, a significant reduction of downstream mTOR signal-
ling protein expression (decreased phosphorylations of 4E-BP1 and p70 S6K1 proteins) was more pronounced
in plantaris compared to soleus muscle during ageing supporting a decreased in protein synthesis that requires
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Figure 7. Centronucleated muscle fibres and downstream mTOR signalling protein expression in soleus and
plantaris muscles during development, maturation, and ageing. (A) Representative image of centronucleated
muscle fibres, (B) Percentage of centronucleated muscle fibres at different stages of growth, (C) Phosphorylation
of 4E-BP1/4E-BP1 protein expression level, and (D) Phosphorylation of p70 S6K1/p70 S6K1 protein expression
level. Image was taken at x400 magnification, scale bar = 50 um. *p < 0.05, **p < 0.01, ***p < 0.001 compared
to developmental stage and *p < 0.05, *p < 0.01 compared to maturation stage (n =6 mice/group).

increased SMSC activity. Altogether, increased SMSC activity could augment VDR protein expression in plantaris
compared to soleus muscle during ageing.

Even though our results provide compelling evidence about the up-regulation of VDR protein expression
in aged muscle, SMSC as a potential source of VDR expression in skeletal muscle, declined after birth (P0) and
underwent quiescence during postnatal development (P21)*% Reductions in SMSC content and activity could
lead to decreased VDR protein expression in skeletal muscle during postnatal development compared to neona-
tal stage as previously reported'®. Intriguingly, the increased VDR protein expression observed in aged muscle
compared to developmental muscle is paradoxical. To explain the current findings, an increase in VDR protein
expression in aged muscle was associated with increased centronucleated muscle fibres, suggesting an increased
number of activated SMSC. SMSC activation in aged muscle might recapitulate SMSC activity during neonatal
stages would result in substantially increased VDR protein expression.

To prevent age-related concomitant diseases that could affect an interpretation of the results on vitamin D sys-
tem in skeletal muscle, the age of mice in this study represents an early stage of ageing without signs of sarcopenia
(age-associated loss of muscle mass and function). Therefore, the potential reduction of VDR protein expression
during sarcopenia that occurs in very old age should not be excluded. Lower muscle VDR protein expression
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Figure 8. Expression and localisation of vitamin D system-related proteins in SMSC. (A) Representative
image of purified SMSCs (MyoD™ cells), (B) Representative images of VDR and CYP24A1 protein expression
in developmental, mature, and aged SMSCs. Co-localisation of VDR and CYP24A1 protein expression in the
nucleus (DAPI-stained) was demonstrated in SMSCs after treated with 100 nM 1a,25(OH),D; for 24 h. (C)
CYP27B1 protein expression was localised in the cytoplasmic compartment of SMSCs (arrows) in response to
100nM 1,25(OH),D;-treated for 24 h. Images of A and B-C were taken at x200 and X400 magnifications,
respectively.

in sarcopenic patients with a significant reduction of lean body mass and grip strength has been reported®'.
Additionally, a reduced SMSC pool in sarcopenic muscle*? could be a potential contributing factor to decreased
VDR protein expression during sarcopenia.

In the current study, vitamin D deficiency was detected at development as indicated by serum 25(OH)D; level
<20ng/ml. The low levels of serum 25(OH)D; were associated with low VDR protein expression in develop-
mental muscle and vitamin D-sensitive tissues (kidney and intestine). The temporal expression of VDR protein
in skeletal muscle that orchestrates with vitamin D-sensitive tissues suggests an influence of circulating 25(OH)
D; level on systemic VDR protein expression during development. In contrast, total serum Ca*" level at develop-
ment was normal suggesting that low levels of 25(OH)D; and VDR protein expression are sufficient to maintain
Ca?* homeostasis at this stage of postnatal development. These results were supported by a previous investigation
demonstrating that serum Ca*" remained normal in severe vitamin D deficient patients if serum 25(OH)D con-
centration not fall below ~10 nM*. Although serum 25(OH)D; was increased toward normal level (~30ng/ml)
during maturation and maintained during ageing, VDR protein expression in aged muscle was increased inde-
pendent of serum 25(OH)D; level. These results suggest that the contribution of intrinsic factors (i.e., SMSC activ-
ity), in addition to systemic 25(OH)D; level, regulate VDR protein expression in skeletal muscle during ageing.
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Figure 9. State-specific VDR protein expression of SMSCs in response to 1c,25(OH),D; treatment. (A)
Representative immunoblot of VDR protein expression of developmental (D), mature (M), and aged (A) SMSCs
after vehicle-treated and 100 nM 1¢,25(OH),D;-treated for 48 h (daily-treated). The highly sensitive VDR (D-6)
antibody was used to detect VDR protein expression and GAPDH served as loading control. K =Kidney and

I =Intestine (positive controls). VDR protein expression level was normalized with GAPDH protein expression
that obtained from the same gel and experiment. Data obtained from 1,25(OH),D;-treated group was
normalized with the respective vehicle-treated group to demonstrate the fold change at each growth stage (n=3
SMSCs isolated from different mice/growth stage). *p < 0.05 compared to vehicle-treated group (developmental
SMSC). (B) VDR protein expression (arrows) in developmental SMSC (MyoD™ cells) was substantial increased
after treated with 100nM 10,25(OH),D; for 48 h (daily-treated). (C) VDR protein specifically expressed

in undifferentiated SMSC (Myogenin' cells) (arrows) after treated with 100 nM 1,25(OH),D; for 48h
(daily-treated). DAPI was used to visualize nuclear localisation. Image (B,C) were taken at x200 and x400
magnifications. Rectangular line in (B) represents the area that is illustrated at x400 magnification.

In contrast to the increased VDR protein expression during advanced age, no significant change in vitamin
D-metabolising enzymes (CYP27B1 and CYP24A1) were evident in skeletal muscle at any age. In general, vita-
min D-metabolising enzymes in the kidney regulate 1c,25(OH),D; concentration under influence of parathy-
roid hormone, fibroblast growth factor 23 (FGF23), and circulating 1,25(OH),D; level*!. However, changes in
serum 25(OH)D; level from development to maturation that could affect systemic 1a,25(OH),D; concentration
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Figure 10. Differentiation characteristics of developmental, mature, and aged SMSCs. (A) Representative
images of developmental, mature, and aged SMSCs (MyoD™ cells) under growth-stimulating conditions for
48h. Arrows in (A) indicate fusion of >3 MyoD™ nuclei (nascent myotube formation). (B-D) Quantitative
analyses of (B) number of nascent myotubes, (C) fusion index, and (D) MHC protein expression from
developmental, mature, and aged SMSCs (n =3 SMSCs isolated from different mice/growth stage). (E)
Representative images of MHC staining in developmental, mature, and aged SMSCs under growth-stimulating
conditions for 48 h. Arrows in (E) indicate nascent myotubes (MHC™") that contains >3 nuclei fusion. *p < 0.05
and **p < 0.01 compared to developmental stage and *p < 0.01 compared to ageing stage. Images were taken at
%200 magnification.

did not alter CYP27B1 and CYP24A1 protein expression in skeletal muscle. These findings suggest that vitamin
D-metabolising enzymes in skeletal muscle might be responsible for the local regulation of vitamin D metabo-
lism but not regulate systemic production of 1a,25(OH),D; or its inactive metabolite (calcitroic acid). Moreover,
no associations between VDR and vitamin D-metabolising enzyme expression levels in aged muscle were evi-
dent. These results differ from previous investigations showing VDR and CYP24A1 mRNA/protein expression
in skeletal muscle cells/tissue are concurrently increased in response to 1,25(OH),D; treatment, i.e., studies in
primary muscle cell culture'®'?, skeletal muscle cell line®*>*¢, and regenerating muscle*. From this point of view,
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an increase in VDR protein expression in aged muscle could be due to local factors in skeletal muscle rather than
changes in systemic 10,25(OH),Ds.

To support the local vitamin D system in skeletal muscle, SMSCs isolated from developmental, mature
and aged muscles were shown to express vitamin D system-related proteins (VDR, CYP27B1, and CYP24A1).
These findings reveal a potential impact of vitamin D; on SMSC, which are major contributors to skeletal
muscle plasticity. Up-regulation of VDR protein expression in SMSC (MyoD™ cell) after 1a,25(OH),D; treat-
ment was consistent with previous reports on vitamin D; action in rodent and human primary skeletal muscle
cells!®113, Additionally, cultured SMSC expressed nuclear VDR protein that co-localised with CYP24A1 protein
after 10,25(OH),Dj; treatment. This result supports previous work regarding regulation of vitamin D5 action
in SMSC during regeneration through VDR and CYP24A1 activation after intramuscular administration of
10,25(0OH),D5*. However, the decreased response of SMSC to 1c,25(OH),D; treatment was apparent during
advanced age in this study. Alteration of SMSC characteristics during advanced age could influence the effect
of vitamin Dj; on the regulation of VDR protein expression. To support this notion, the rapid commitment to
differentiation of mature and aged SMSCs under growth-stimulating conditions might diminish the response
to 1a,25(OH),D;. VDR protein is highly expressed in undifferentiated SMSCs (Myogenin’) after 1c,25(0OH),D;
treatment. This novel finding suggests that state-specific regulation of VDR protein expression in SMSC could be
a crucial factor affecting the impact vitamin D; action on skeletal muscle during advanced age. To substantiate
this finding in vivo, conditional knockout models using Cre-Lox recombination targeting myogenic regulatory
factors (MRF4, Myf5, MyoD, and myogenin) would be a useful tool to study the state-specific response of SMSC
to vitamin D; supplementation at different stages of skeletal muscle growth.

In conclusion, the present study provides insight into the local vitamin D system in skeletal muscle at differ-
ent stages of growth. We observed significant elevations in VDR protein expression in skeletal muscle during
advanced age. This difference was more pronounced in fast-glycolytic compared to slow-oxidative muscle during
the transition from maturation to ageing. The substantial increase in VDR protein expression in aged muscle
could be impacted by an increase in SMSC activity. Additionally, SMSC express vitamin D system-related proteins
to support the action of vitamin D; on the regulation of skeletal muscle plasticity via SMSC. However, the dimin-
ished response of SMSC to 1a,25(0OH),D; treatment during advanced age could due to the rapid commitment of
SMSC towards differentiation under growth-stimulating conditions. In addition, we observed no association of
vitamin D-metabolising enzyme (CYP27B1 and CYP24A1) protein expression in skeletal muscle with circulating
25(OH)D; suggesting that skeletal muscle is not the tissue responsible for regulation of systemic 1¢,25(OH),D;.
Taken together, our evidence on vitamin D system in skeletal muscle supports a role for non-calcemic action of
vitamin D in this non-classical vitamin D target tissue.

Materials and Methods

Animals. Male C57BL/6 mice were obtained from Nomura Siam International Co, Ltd. (Bangkok, Thailand)
and assigned into three groups: development (aged 4-week-old), maturation (aged 24- to 25-week-old), and age-
ing (aged 72- to 76.5-week-old). The maximum age of mice in each growth stage corresponded approximately to
1-month-old, 6-month-old, and 18-month-old study periods, respectively. In each group, mice were allocated for
an investigation of vitamin D system in skeletal muscle tissue (in vivo study) and SMSC culture (in vitro study).
Mice were housed in temperature- and humidity-controlled room with a 12:12 light-dark cycle. In addition, mice
were fed with CLEA Rodent Diet CE-2 containing 205 IU/100 g vitamin D; (Nomura Siam International Co, Ltd.)
and reverse osmosis water ad libitum throughout the study.

Tissue sample collection. Before tissue sample collection, mouse body weight (g) was recorded to deter-
mine body weight at different stages of growth. Soleus and plantaris muscles were dissected and muscle wet
weight (mg) was measured using a digital weight scale (Model MS204) (Mettler Toledo, Greifensee, Switzerland).
For Western blot and histological/immunohistochemical analyses, muscle samples were frozen in liquid nitro-
gen or covered with Tissue-Tek O.C.T. compound (4583) (Sakura Finetek, CA, USA) before being frozen in
2-methylbutane (Sigma-Aldrich, M32631) pre-cooled with liquid nitrogen. In addition, kidney and intes-
tine (duodenum) were collected and frozen in liquid nitrogen to serve as the positive controls for vitamin D
system-related protein expression analysis.

Analyses of serum 25(0OH)D,/D,, 3-Epi-25(0OH)D,/D,, and total Ca?* levels. Serum was obtained
from blood placed at room temperature for 30 min followed by centrifugation at 4 °C using refrigerated cen-
trifuge Model 5430 R (Eppendorf, Germany) (3,000 rpm for 15min). Serum levels of 25(OH)D;/D, and 3-Epi-
25(0H)D5/D, were determined by LC-MS/MS using the MassChrom® 25-OH-Vitamin D3/D, in Serum/Plasma
kit (Chromsystems Instruments & Chemicals GmbH, Germany). Serum concentration of total Ca*" was analysed
using the o-cresolphthalein complexone method.

Histological analysis. Muscle sections at 10 um thickness were obtained using a cryostat (model CM1850,
Leica, Wetzlar, Germany). The sections were stained with Hematoxylin solution modified acc. to Gill II (105175)
and Eosin Y (C.I. 45380) (115935) (Merck Millipore, MA, USA) to evaluate the histological structure of mus-
cle fibres, fibre cross-sectional area (CSA), and fibre number. Images were taken at X100 and x400 magnifica-
tions using an Olympus microscope (BX53) (Olympus, Tokyo, Japan) equipped with a digital camera (DP73)
(Olympus, Tokyo, Japan). Fibre CSA and the distribution of fibre size were analysed from 200-300 fibres/indi-
vidual muscle section. Fibre number was counted from the entire muscle cross-section. The quantitative analyses
of fibre CSA and fibre number were performed using ImageJ (National Institutes of Health, Bethesda, MD) and
cellSens Dimension software (Olympus, Tokyo, Japan), respectively.
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Immunohistochemistry. Immunostaining protocols were performed following previously described.
Briefly, the sections were fixed with 4% paraformaldehyde (PFA) (15713) (Electron Microscopy Science, PA,
USA), permeabilized with 0.5% Triton X-100 (X100) (Sigma-Aldrich, MO, USA), blocked with mouse IgG block-
ing reagent (MKB-2213) (Vector Labs, CA, USA), and with 10% normal goat serum (PCN5000) (Invitrogen,
CA, USA). Primary and secondary antibodies were used as follows: mouse monoclonal anti-VDR (D-6) (1:100,
sc-13133), rabbit polyclonal anti-CYP24A1 (1:100, sc-66851), and rabbit polyclonal anti-CYP27B1 (1:100,
sc-67261) (Santa Cruz Biotechnology, CA, USA); rabbit polyclonal anti-fast MHC (1:1,000, ab91506) and mouse
monoclonal anti-slow MHC (1:2,000, ab11083) (Abcam, Cambridge, UK); rabbit polyclonal anti-laminin anti-
body (1:400, L9393) (Sigma-Aldrich, St Louis, MO, USA); mouse monoclonal anti-ATP synthase (complex V)
subunit o (OxPhos) (1:200, 459240), goat anti-mouse Alexa Fluor® 568 IgG (H + L) (1:500, A-11004), and goat
anti-rabbit Alexa Fluor® 488 IgG (H+L) (1:500, A-11008) secondary antibodies (Invitrogen, CA, USA). Nuclear
localisation was visualized using 4,6-diamidino-2-phenylindole (DAPI) (D1306) (Thermo Fisher Scientific,
Waltham, MA, USA). Stained sections were mounted with antifade mounting medium (H-1000) (Vector Labs,
CA, USA). Images were taken using an Olympus microscope (BX53) (Olympus) equipped with a digital camera
(DP73) (Olympus) using image acquisition software (cellSens Dimension Desktop, Olympus, Japan) at x 100,
%200, and %400 magnifications.

SMSC isolation and culture. An isolation protocol was performed according to a previously described
method?’. Isolated SMSCs were obtained from developmental, mature, and aged muscles and seeded on 2%
gelatin-coated T25 flasks and cultured using DMEM supplemented with 20% fetal bovine serum (FBS) (10270-
106) (Invitrogen, CA, USA) and 5ng/ml of basic fibroblast growth factor (bFGF), human recombinant (GF003)
(Merck Millipore, MA, USA) at 37°C and 5% CO,. The pre-plating technique was performed during passaging to
eliminate contaminating fibroblasts during the isolation process. The purity of SMSCs was determined by myo-
blast determination protein (MyoD) expression. Ten randomized fields of cultured SMSCs from developmental,
mature, and ageing stages (n =3 SMSCs isolated from different mice/growth stage) were analysed to evaluate the
percentage of MyoD ™ nuclei [(number of MyoD™" nuclei/total nuclei) x 100]. SMSCs at passage 5-6 with >98%
of MyoD™" nuclei were used in this study.

Assessment of vitamin D system in SMSC.  Developmental, mature, and aged SMSCs were seeded on
2% gelatin-coated 12-well plate and cultured with DMEM + 20% FBS + 5 ng/ml bFGF for 48 h. On the day of
treatment, culture media was washed twice with sterile phosphate-buffered saline (10010023) (Gibco, NY, USA)
and replaced with DMEM + 20% FBS 4 10% horse serum (HS) to represent growth-stimulating conditions.
SMSCs were treated daily with vehicle (0.1% ethanol) or 1c,25(OH),D; (100 nM) (final concentrations) to assess
the expression of vitamin D system-related proteins (VDR, CYP27B1, and CYP24A1) under growth-stimulating
conditions for 24 h and 48 h, respectively.

Assessment of SMSC differentiation. Developmental, mature, and aged SMSCs were seeded on 2%
gelatin-coated 12-well plate and cultured with DMEM + 20% FBS + 5 ng/ml bFGF for 48 h. After twice wash-
ing with PBS, SMSCs were cultured in growth-stimulating conditions (DMEM + 20% FBS + 10% HS) for 48 h.
Thereafter, MyoD and myogenin protein expression was determined to investigate the differentiation characteris-
tics of SMSCs under growth-stimulating conditions. Quantitative analysis was performed using image acquisition
software (cellSens Dimension Desktop, Olympus, Japan). MyoD-DAPI stained images (10 randomized images at
%200 magnification) were used to analyse the nascent myotube formation (>3 MyoD™ nuclei fusion) and fusion
index (number of >3 MyoD™ nuclei fusion/total MyoD™ nuclei). Quantification of MHC protein expression and
cell number were analysed using MHC-DAPI stained images (15 randomized images at x 100 magnification).

Immunocytochemistry. Cells were fixed with 4% PFA, permeabilized with 0.1% Triton X-100, and blocked
for non-specific staining with 5% normal goat serum. The primary and secondary antibodies were used as follows:
mouse monoclonal anti-MyoD (G-1) antibody (1:500, sc-377460), mouse monoclonal anti-myogenin (F5D) anti-
body (1:200, sc-12732), mouse monoclonal anti-VDR (D-6) (1:200, sc-13133), rabbit polyclonal anti-CYP24A1
(1:500, sc-66851), and rabbit polyclonal anti-CYP27B1 (1:500, sc-67261) (Santa Cruz Biotechnology, CA,
USA); mouse monoclonal anti-myosin heavy chain antibody (MHC) (1:500, 05-716) (Upstate, CA,USA); goat
anti-mouse Alexa Fluor® 488 IgG1 (1:500, A-21121), goat anti-mouse Alexa Fluor® 568 IgG2a (1:500, A-21134),
goat anti-mouse Alexa Fluor® 488 IgG2b (1:500, A-21141), goat anti-mouse Alexa Fluor® 568 IgG (H + L) (1:500,
A-11004), and goat anti-rabbit Alexa Fluor® 488 IgG (H+L) (1:500, A-11008) (Invitrogen, CA, USA). Nuclei
were stained with DAPI to delineate nuclear localisation. Representative images were taken at x200 and x400
magnifications using an Olympus Inverted Fluorescence Microscope Model IX83 (Olympus, Tokyo, Japan)
equipped with ORCA-Flash 2.8 Digital CMOS Camera (C11440) (Hamamatsu Photonics, Hamamatsu, Japan).

Western blot analysis. Proteins from tissue samples (skeletal muscle, kidney, and intestine) and SMSC sam-
ples were extracted using RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1% Triton®X-100)
supplemented with protease inhibitor (1:100) (P8340) (Sigma, St Louis, MO, USA) and phosphatase inhibitor
cocktails (1:100) (524625) (Merck Millipore, MA, USA). Protein concentrations were determined using BCA
assay and the optical density was measured using Spark™ 10 M multimode microplate reader (Tecan Trading
AG, Minnedorf, Switzerland). After denaturing the protein samples by heating at 60 °C for 10 min, 30 ug (tis-
sue samples) or 20 pg (SMSC samples) of protein was loaded into SDS-polyacrylamide gel (4% stacking and
10% separating). Protein samples were transferred to PVDF membrane, blocked with 5% non-fat milk, and
probed with primary antibodies as follows: mouse monoclonal anti-VDR (D-6) (1:200, sc-13133), rabbit pol-
yclonal anti-CYP24A1 (1:200, sc-66851), and rabbit polyclonal anti-CYP27B1 (1:200, sc-67261) (Santa Cruz
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Biotechnology, CA, USA); rabbit polyclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:5,000,
ABS16) (Merck Millipore, MA, USA); rabbit polyclonal anti-phospho-4E-BP1 (1:1,000, 9451) and rabbit mon-
oclonal anti-4E-BP1 (1:1,000, 9644), mouse monoclonal anti-phospho-p70 S6K1 Thr389 (1:1,000, 9206), rabbit
monoclonal anti-p70 S6K1 (1:1,000, 2708) (Cell Signaling, MA, USA). Membranes were incubated with goat
anti-rabbit peroxidase-conjugated antibody (1:7,000, AP132P) and goat anti-mouse peroxidase-conjugated anti-
body (1:7,000, AP124P) (Merck Millipore, MA, USA). Protein bands were visualized using chemiluminescence
horseradish peroxidase detection reagent (WBLURO0100) (Merck Millipore, MA, USA) and exposed to UltraCruz
Autoradiography Film (sc-201696) (Santa Cruz Biotechnology, CA, USA). Quantification of the protein expres-
sion levels was performed using Image J (National Institutes of Health, Bethesda, MD).

Statistical analysis. Data are expressed as means and standard errors of the mean (means & SEM).
Significant differences among groups were determined using One-way ANOVA with Tukey’s post-hoc test,
independent-samples Kruskal-Wallis test, or independent sample t-test. Correlation analysis was evaluated using
Pearson correlation coefficient. All statistical tests were performed using SPSS and p < 0.05 represents the signif-
icant difference between groups.

Ethical approval and informed consent. Experimental procedures in animals were performed in
accordance with institutional guidelines for the care and use of laboratory animals. The animal protocol has been
approved by the Animal Care and Use Committee of Faculty of Science, Mahidol University (SCMU-ACUC;
Protocol ID MUSC59-008-341).

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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ABSTRACT

Parathyroid hormone (PTH) enhances cystic fibrosis transmembrane conductance regulator (CFTR)-
mediated anion secretion by the human intestinal epithelial cell line Caco-2. With the patch-clamp and
Ussing chamber techniques, we investigated how PTH stimulates CFTR activity in Caco-2 cells. Cell-
attached recordings revealed that PTH stimulated the opening of CFTR-like channels, while impedance
analysis demonstrated that PTH increased apical membrane capacitance, a measure of membrane surface
area. Using ion substitution experiments, the PTH-stimulated increase in short-circuit current (Isc), a
measure of transepithelial ion transport, was demonstrated to be Cl™- and HCO3-dependent. However,
the PTH-stimulated increase in Isc was unaffected by the carbonic anhydrase inhibitor acetazolamide, but
partially blocked by the intermediate-conductance Ca**-activated K channel (IKCa) inhibitor clotri-
mazole. TRAM-34, a related IKCa inhibitor, failed to directly inhibit CFTR Cl~ channels in cell-free
membrane patches, excluding its action on CFTR. In conclusion, PTH enhances CFTR-mediated anion
secretion by Caco-2 monolayers by increasing the expression and function of CFTR in the apical mem-
brane and IKCa activity in the basolateral membrane.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

The calciotropic hormone parathyroid hormone (PTH) has
important roles in the regulation of ion transport in renal epithelia
[1,2]. Using intestinal epithelia and Caco-2 monolayers, a widely
used model of intestinal ion transport, we previously demonstrated
that PTH enhances anion transport by the cystic fibrosis trans-
membrane conductance regulator (CFTR) CI~ channel, a key
mediator of epithelial ion transport [3—5]. Based on previous work
[6,7], PTH might promote CFTR-mediated anion transport by either

* Corresponding author. Department of Physiology, Faculty of Science, Mahidol
University, Rama VI Road, Bangkok, 10400, Thailand.
E-mail address: naratt@narattsys.com (N. Charoenphandhu).

https://doi.org/10.1016/j.bbrc.2019.12.106
0006-291X/© 2020 Elsevier Inc. All rights reserved.

directly enhancing CFTR activity or augmenting CFTR expression at
the apical membrane by modulating its delivery to or retrieval from
the membrane. However, these hypotheses have not been tested
experimentally.

Interestingly, our previous studies demonstrated that PTH
stimulates residual electrogenic ion transport by Caco-2 mono-
layers in the absence of CI~ and HCO3 in the apical and basolateral
solutions [4]. Because the driving force for anion secretion across
the apical membrane of intestinal epithelia requires the intracel-
lular negative potential created by anion accumulation and/or the
efflux of K* across the basolateral membrane [8], we hypothesized
that carbonic anhydrase (CA) and basolateral membrane K* chan-
nels might contribute to the CFTR-mediated anion secretion stim-
ulated by PTH. Several basolateral membrane K* channels (e.g.
intermediate-conductance Ca®*-activated K+ channel [IKCa] and
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voltage-gated K* channel subfamily KQT member 1 [KCNQ1]) are
regulated by the Ca®* and cAMP signaling pathways [4,9], both of
which are known to be stimulated by PTH [10,11].

Therefore, the present study aimed (i) to investigate whether
PTH directly enhances CFTR activity or augments CFTR insertion
into the apical membrane of Caco-2 cells and (ii) to determine the
roles of intracellular HCO3 production and basolateral K™ channels
in the action of PTH on Caco-2 monolayers under Cl~/HCO3-free
conditions. For these studies, we applied the patch-clamp and
Ussing chamber techniques to Caco-2 monolayers, employing small
molecules to identify the contribution of different ion channels. Our
results suggest that PTH likely enhances CFTR-mediated anion
secretion across Caco-2 monolayers by modulating both CFTR
insertion and function and IKCa activity.

2. Materials and methods
2.1. Cells and cell culture

Caco-2 cells (ATCC no. HTB-37) were cultured as previously
described by Laohapitakworn et al. [3]. For real-time PCR and
patch-clamp experiments, Caco-2 cells were cultured for 7 days
before use. For Ussing chamber experiments, 5 x 10° Caco-2 cells
(passage nos. 27—35) were seeded on Snapwell filters (12-mm
diameter, 0.4-um pore size; Corning, NY) and cultured for 14 days
to obtain transepithelial resistance (R;) of ~200—300 Qecm?. In
some experiments, mouse mammary epithelial (C127) cells heter-
ologously expressing wild-type human CFTR were cultured and
used as previously described [12].

2.2. Quantitative real-time PCR

The PCR method was modified from Laohapitakworn et al. [3]. In
brief, total RNA was extracted from Caco-2 cells using TRIzol re-
agent (Invitrogen, Carlsbad, CA). qRT-PCR and melting curve ana-
lyses were operated by QuantStudio 3 Real-Time PCR systems
(Applied Biosystems) with SsoFast EvaGreen Supermix (Bio-rad).
PTHR1 and PTHR2 mRNA levels were normalized to GAPDH
expression (for primers, see Supplementary Table S1).

2.3. Direct-current (DC) analysis of epithelial electrical parameters

The Ussing chamber technique was used to determined trans-
epithelial voltage (V¢), equivalent short-circuit current (Isc) and R.
Caco-2 monolayers were equilibrated for 30 min before exposure to
(i) the vehicle [0.1% vol/vol dimethyl sulfoxide (DMSO)] or 10 nmol/
L recombinant human PTH fragment 1-34 (PTH 1—34; catalogue
no. P3796; Sigma) added to the basolateral side for 30 min, (ii)
clotrimazole (30 umol/L; catalogue no. C6019; Sigma) added to the
basolateral side for 30 min, and (iii) acetazolamide (100 pmol/L;
catalogue no. A6011; Sigma) added to both the apical and baso-
lateral sides for 30 min. Caco-2 monolayers were mounted in
Ussing chambers and bathed symmetrically with a HCO3/Cl™-free
solution containing (in mmol/L) 126 sodium gluconate, 4.7 potas-
sium gluconate, 1.1 MgS04-7H,0, 2.5 CaCl,, 10 HEPES sodium salt,
12 p-glucose, 2.5 L-glutamine, and 4.4 NaH;PO4-H,O (pH 7.4;
osmolality, 289—292 mmol/kg H,0), maintained at 37 °C.

The change in Isc magnitude after PTH treatment (Alg.), which
represents PTH-stimulated electrogenic ion transport, was recor-
ded continuously with an epithelial voltage-current clamp ampli-
fier (model ECV-4000, World Precision Instruments, Sarasota, FL)
and digitized at 200 Hz with a PowerLab/4SP (ADInstrument, Col-
orado Springs, CO). During experiments, short current pulses (I;
3 pA amplitude, 800 ms pulse duration, 0.1 Hz frequency) were
applied across Caco-2 monolayers by a pulse generator to create

brief voltage deflections (AVy). Current was clamped and V; was
continuously recorded. The values of I and AV, were used to
calculate R; by using Ohm’s law (R¢ = AVy/I). Then, Isc was obtained
from V¢ and R (Isc = V¢/Ry). Negative V; values represent the elec-
trogenic movement of anions from the basolateral to apical com-
partments, the movement of cations in the opposite direction or a
combination of both.

2.4. AC impedance analysis

AC impedance analysis was performed to determine membrane
capacitance and hence, membrane surface area. Caco-2 monolayers
were mounted in modified Ussing chambers and bathed symmet-
rically in a solution containing (in mmol/L) 118 NaCl, 4.7 KCl, 1.1
MgCly, 1.25 CaCl,, 23 NaHCOs, 12 p-glucose, 2.5 L-glutamine, and 2
mannitol (pH 7.4; osmolality, 289—292 mmol/kg H,0), maintained
at 37 °C. Impedance analysis was performed using a 1225B fre-
quency response analyzer and a 1287A electrochemical interface
(Solartron, Farnborough, UK). Sine-wave AC current (35 pA/cm?
root mean square amplitude, 0.5—10 kHz) was applied across the
Caco-2 monolayer at different time points before and after adding
10 nmol/L PTH 1-34. We previously found that the peak response
occurred ~2 min after exposure to PTH 1—34, after which responses
decreased to a new stable baseline 15—30 min later [4]. Thus, the 2-
min and 30-min time points were used to represent the PTH-
induced ion transport across Caco-2 monolayers in the early and
late phases, respectively. To determine the contribution of CFTR
trafficking to the apical membrane during PTH stimulation, Caco-2
monolayers were pretreated with the CFTR inhibitor CFTRj,,-172
(20 pumol/L; catalog no. C2992; Sigma) on the apical side. Using
Zplot/Zview software (version 3.0; Scribner, Southern Pines, NC),
Nyquist, Bode magnitude and Bode phase diagrams were plotted
and fitted with a nonlinear least squares fitting algorithm. The
equivalent circuit of Caco-2 monolayer was constructed based on
the lumped model with 4 resistors and 2 capacitors
(Supplementary Fig. S1). All parameters in the circuit were calcu-
lated according to the method of Jantarajit et al. [4].

2.5. Patch-clamp experiments

CFTR channels were recorded in either cell-attached membrane
patches from Caco-2 cells endogenously expressing wild-type hu-
man CFTR or excised inside-out membrane patches from C127 cells
heterologously expressing wild-type human CFTR, as previously
described [12]. For cell-attached recordings, the pipette (extracel-
lular) solution contained (mmol/L): 140 N-methyl-p-glucamine
(NMDG), 3 MgCl,, 10  N-tris|hydroxymethyl]methyl-2-
aminoethanesulphonic acid (TES) and 1 CsEGTA, adjusted to pH
7.3 with HCl ([CI7], 147 mmol/L). The bath solution contained
(mmol/L): 137 NaCl, 4 KCl, 3 MgCl, and 10 TES, adjusted to pH 7.3
with NaOH ([CI™], 147 mmol/L), and was maintained at 37 °C;
pipette potential was +50 mV. CFTR channels were activated with
100 nmol/L PTH 1-34.

For excised inside-out membrane patch recordings, the pipette
(extracellular) solution contained (mmol/L): 140 NMDG, 140
aspartic acid, 5 CaCly, 2 MgS04 and 10 TES, adjusted to pH 7.3 with
Tris ([C17], 10 mmol/L). The bath (intracellular) solution contained
(mmol/L): 140 NMDG, 3 MgCl,, 1 CsEGTA and 10 TES, adjusted to pH
7.3 with HCI ([CI"], 147 mmol/L; free [Ca**], <10~8 mol/L) and was
maintained at 37 °C; membrane voltage was clamped at —50 mV.
Following membrane patch excision, CFTR ClI~ channels were
activated promptly with 75 nmol/L protein kinase A [PKA (purified
from bovine heart); Calbiochem] and 1 mmol/L ATP (Sigma). The
effects of test compounds were evaluated by addition to the bath
solution with PKA and ATP continuously present to prevent channel
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rundown. In this study, membrane patches contained <5 active
channels determined using the maximum number of simultaneous
channel openings as described previously [13]. After recording,
filtering and digitizing data [12], single-channel current amplitude
(i) and open probability (P,) were determined as described previ-
ously [12,13].

2.6. Statistical analyses

Data recordings and analyses were randomized, but not blinded.
Results are expressed as means + SEM of n observations. In mRNA
expression studies (Fig. 1), n represents the number of cell samples,
in Ussing chamber studies (Figs. 2C and 3), n represents the number
of independent epithelial monolayers, and in patch-clamp experi-
ments (Fig. 2A and B and 4), n represents the number of individual
membrane patches obtained using different cells. All data were
tested for normal distribution using a Shapiro-Wilk normality test.
To test for differences between two groups of data acquired within
the same experiment, we used Student’s t-test. To test for differ-
ences between multiple groups, we used one-way analysis of
variance followed by Dunnett’s multiple comparison test when a
statistically significant difference was observed. Differences were
considered significant when P < 0.05, as analyzed by Prism 5
(GraphPad Software, San Diego, CA).

3. Results
3.1. Caco-2 cells abundantly express PTH receptors

To test the effects of PTH on CFTR-mediated anion secretion, we
examined the expression of PTH receptors (PTHRs) type-1 and -2 in
Caco-2 cells. mRNA analysis demonstrated that Caco-2 cells
strongly express both PTHR1 and PTHR2 (Fig. 1). The level of
expression of PTHR1T mRNA was approximately double that of
PTHR2 mRNA.

A PTHR1 PTHR2

118 bp
103 bp

O
- C:.OO

vy)
N

w

ek

—_
I

Log PTHR/GAPDH x 10°
N

PTHR1 PTHR2

Fig. 1. (A) Representative PCR analysis of PTH receptor (PTHR) isoform 1 and 2 mRNA
expression in Caco-2 cells. (B) The mRNA levels as normalized to GAPDH expression
(n = 4; *P < 0.01 vs. PTHR1).

3.2. PTH stimulates the opening of CFTIR-like channels and the
insertion of membrane vesicles into the apical membrane

Our previous work demonstrated that PTH-induced anion
secretion by Caco-2 monolayers is dependent on CFIR activity
[3,4,14]. To understand better how PTH stimulates CFTR-mediated
anion secretion, we investigated whether PTH enhances the ac-
tivity of individual CFTR CI~ channels or increases channel number
in the apical membrane. To study the effects of PTH on individual
CFTR CI~ channels, we used the cell-attached configuration of the
patch-clamp technique. Because cell-attached recording from the
apical membrane of Caco-2 cells isolated from polarized mono-
layers was not feasible (n = 15 attempts), we used Caco-2 cells
grown on glass coverslips, selecting for study cells within small
clumps which were likely to be polarized. Three successful cell-
attached recordings were obtained from Caco-2 cells from 46 at-
tempts. Under basal conditions, no channel activity was observed
(Fig. 2A). However, following the addition of 100 nmol/L PTH 1-34
to the solution bathing Caco-2 cells, channel activity was observed
(Fig. 2A and B). Because these channels had small single-channel
current amplitude and a time-independent bursting pattern of
channel gating characteristic of CFTR [12,13], the data suggest that
PTH stimulates CFTR activity in Caco-2 cells.

To learn whether PTH enhances the apical membrane expres-
sion of CFTR, we used AC-based impedance analysis to measure
membrane capacitance because membrane capacitance is directly
proportional to plasma membrane area [3]. Fig. 2C shows a repre-
sentative time course of Isc from a Caco-2 monolayer demonstrating
the transient increase in Isc stimulated by PTH, which is followed by
a sustained plateau, while Fig. 2D quantifies the corresponding
changes in C,. At both the peak of the transient and during the
sustained plateau stimulated by PTH, C; values were increased
3.48- and 3.86-fold compared to controls, respectively (Fig. 2D).
However, treatment of Caco-2 monolayers with CFTRjyn-172
(20 umol/L), a potent inhibitor of CFTR abolished the increase in C,
values (Fig. 2D). These data suggest that PTH stimulation of Caco-2
monolayers increases the surface area of the apical membrane,
presumably by the insertion of CFTR-laden vesicles.

3.3. IKCa inhibition diminishes residual PTH-induced anion
secretion by Caco-2 monolayers under Cl~/HCO3-free conditions

In Ussing chamber experiments, CFTR-mediated anion secretion
by Caco-2 monolayers stimulated by PTH is characterized by an
early transient increase in Is., which decays rapidly to a long-lasting
plateau [4]. Removal of CI~ and HCO3 from the apical and baso-
lateral solutions reduces the magnitude of the peak and late phases
of the I response by 0.54- and 0.94-fold, respectively (Fig. 3).
Based on the effects of inhibitors when Caco-2 monolayers were
bathed in physiological salt solutions [4], the residual Isc observed
in CI~/HCO3-free solutions might be accounted by either IKCa or
CA. To test these possibilities, we treated Caco-2 monolayers bathed
in CI~/HCO3-free solutions with the IKCa inhibitor clotrimazole
(30 umol/L) and the CA inhibitor acetazolamide (100 pmol/L) prior
to recording the PTH-induced I Fig. 3 demonstrates that clotri-
mazole reduced the peak Isc by 0.44-fold, but was without effect on
the plateau Isc, whereas acetazolamide was without effect on either
the peak or plateau Is. These results suggested that basolateral K*
recycling through IKCa contributes to the residual PTH-stimulated
Isc in Caco-2 monolayers.

3.4. The IKCa inhibitor TRAM-34 is without effect on CFIR activity

Since the IKCa inhibitors clotrimazole (Fig. 3) and TRAM-34 [4]
suppress the action of PTH on Caco-2 monolayers, it was important
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Fig. 2. PTH promotes CFTR opening and trafficking to the apical membrane. (A and B) Cell-attached recordings from a Caco-2 cell in the absence and presence of 100 nmol/L PTH
1-34. The dotted line indicates where channels are closed and downward deflections correspond to channel openings. The 10-s period indicated by a bar is displayed on an
expanded time scale in (B) to show the pattern of channel gating. Similar results were observed in two other experiments. (C) Is. timeline diagram showing time points of early and
late phases following Caco-2 monolayer stimulation by 10 nmol/L PTH 1—-34. (D) Summary data show the change in apical membrane capacitance (C,) after exposure to vehicle
(DMSO 0.1% v/v; white bars), 10 nmol/L PTH 1-34 or 10 nmol/L PTH 1-34 and 20 pmol/L CFTRjyn-172, determined at 2 and 30 min after PTH treatment to represent early and late

phases of Caco-2 response, respectively (n = 10; ***P < 0.001 vs. DMSO).

to exclude the possibility that IKCa inhibitors affect CFTR function.
TRAM-34 is a highly lipophilic small molecule that permeates cell
membranes [15], while CFTR contains a deep intracellular vestibule
that is occluded by organic anions with diverse chemical structures
[16]. Using excised inside-out membrane patches from C127 cells
heterologusly expressing wild-type human CFTR, we investigated
whether TRAM-34 inhibits CFTR. Fig. 4 demonstrates that 20 umol/
L TRAM-34 was without effect on current flow through open CFTR
Cl~ channels nor the pattern of channel gating (as measured by P,)
(P > 0.05). By contrast, the CFTR potentiator ivacaftor (100 nmol/L
VX-770) increased P, by 53%, after which the CFTR inhibitor
CFTRjnp-172 (20 umol/L) decreased P, by 96% without altering i
(Fig. 4B — D). Thus, the observed effects of TRAM-34 on trans-
epithelial ion transport by Caco-2 monolayers are unlikely to be
mediated by CFTR.

4. Discussion

This study investigated how PTH enhances anion secretion by
the human intestinal epithelial cell line Caco-2. With the patch-
clamp and Ussing chamber techniques, we demonstrated that
PTH increased the insertion and function of CFIR in the apical
membrane and IKCa activity in the basolateral membrane.

PTH is a key regulator of body Ca?* and HPOZ~ homeostasis [17].
In previous studies using Caco-2 cells and rodent tissue, we iden-
tified a new role for PTH, i.e., stimulation of CFTR-mediated intes-
tinal anion secretion [3,14]. Epithelial anion secretion drives salt
and water secretion by generating a transepithelial luminal-
negative voltage, which facilitates Na* and water transport
through the paracellular pathway into the lumen [18]. In airway
epithelia, anion secretion contributes to the formation of airway
surface liquid, which modulates mucus viscosity and promotes
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Fig. 3. Inhibition of the intermediate potassium (IK) channel partially suppresses the
PTH-induced Al of Caco-2 monolayers in the absence of CI~ and HCO3. (A and B)
Summary Alg. time courses of Caco-2 monolayers exposed to PTH 1—34 (10 nmol/L)
after 30-min pre-incubation in symmetrical CI”- and HCO3-free solution. The grey
lines in (A) and (B) show theoretical Alg. time courses for PTH-stimulated Caco-2
monolayers bathed in symmetrical salt solution. In (A) Al was recorded in the
absence and presence of the IK channel inhibitor (30 umol/L clotrimazole) in the
basolateral solution, whereas in (B) Al was recorded in the absence and presence of
100 pumol/L acetazolamide in both sides. CI-/HCO3-free (control), n = 8; ClI~/HCO3-
free + clotrimazole, n = 10; CI"/HCO5-free + acetazolamide, n = 10; **P < 0.01 vs.
control at the corresponding time point.

mucociliary clearance. In the intestine, salt and water secretion
helps maintain a semiliquid luminal environment that supports the
digestion and absorption of nutrients. The PTH action found in the
present study would promote intestinal fluid secretion, consistent
with the presence of fluid accumulation in ileal loops after intra-
venous PTH infusion in mice [14]. In addition, PTH-induced HCO3
secretion probably plays an important role in pH regulation in the
intestinal lumen. It has been hypothesized that alkalinization of
luminal fluid is important for the regulation of mineral absorp-
tion—e.g., phosphate uptake as reported by Danisi et al. [19],
consistent with the hypophosphatemic actions of PTH. Future
in vivo and in vitro experiments should test this hypothesis.

CFTR is the epithelial anion channel regulated by cAMP-
dependent phosphorylation [5]. It provides a pathway for CI~ and
HCO3 flow across the apical membrane and additionally regulates
anion exchangers, which mediate HCO3 secretion in the intestine
[18,20]. Our previous studies demonstrated that PTH activates the
cAMP signaling pathway, leading to stimulation of CFTR-mediated
anion secretion by Caco-2 monolayers [3,4]. Building on these
data, here we demonstrate that in Caco-2 cells expressing the PTH
receptors, PTH opens CFTR-like channels in intact cells and causes a
CFTRinh-172-sensitive increase in apical membrane surface area.
We interpret these data to suggest that PTH stimulation of CFTR-
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Fig. 4. Lack of effect of the IKCa channel inhibitor TRAM-34 on wild-type CFTR. (A and
B) Representative single-channel recordings of wild-type CFTR in excised inside-out
membrane patches from C127 cells showing the effects of 20 pmol/L TRAM-34 and
100 nmol/L ivacaftor (VX-770) and 20 pmol/L CFTR;j,,-172 on channel activity. The
recordings were acquired at 37 °C with either 1 mmol/L ATP (A) or 0.3 mmol/L ATP (B)
and 75 nmol/L PKA continuously present in the intracellular solution. Dotted lines
indicate where channels are closed and downward deflections correspond to channel
openings. (C and D) Summary data show the effects of small molecules on the single-
channel current amplitude (i) and open probability (P,) of CFTR. TRAM-34 group,
n = 5; VX-770 and CFTRj;p-172, n = 3; **P < 0.01, ***P < 0.001 vs. control.

mediated anion secretion involves both increased CFTR channel
activity and the delivery of CFTR-containing vesicles to the apical
membrane, the latter of which is a common mechanism to increase
the apical CFTR expression under various conditions, e.g., vasoac-
tive intestinal peptide and forskolin exposure [21].

Even in the absence of CI~ and HCO3 in physiological salt so-
lutions, PTH elicited some electrogenic ion transport by Caco-2
monolayers [4]. This result suggested that Caco-2 cells generate



W. Jantargjit et al. / Biochemical and Biophysical Research Communications 523 (2020) 816—821 821

HCO3 or K* is transported across the basolateral membrane. To
investigate these possibilities, here we tested the effects of the CA
inhibitor acetazolamide and the IKCa inhibitor clotrimazole on
Caco-2 monolayers using CI~/HCO3-free conditions. Acetazolamide
was without strong effect, but clotrimazole and TRAM-34 inhibited
the PTH-stimulated increase in electrogenic ion transport [4].
Because TRAM-34 was without effect on the single-channel
behavior of CFTR, we interpret these data to suggest that PTH
stimulates anion secretion by Caco-2 monolayers, in part, by acti-
vating IKCa in the basolateral membrane to enhance the driving
force for anion exit across the apical membrane, similar to the
previous report that showed contribution of IKCa to CFTR activity
[22].

In conclusion, in Caco-2 monolayers, a widely used model of
human intestinal ion transport, PTH stimulates CFTR-mediated
anion secretion by increasing CFTR expression and function in the
apical membrane and IKCa activity in the basolateral membrane.
Future studies should use animal models with genetically-silenced
epithelial ion channels to understand better the physiological role
of PTH in the intestine [23].
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Abstract

Several investigations have shown that pregnancy and lactation are able to induce elongation of long bone by altering epi-
physeal cartilage function in a prolactin-dependent manner. Since the transcription factor Sox9 is of utmost importance for
chondrocyte proliferation and differentiation and since bromocriptine, a dopaminergic D2 agonist widely used to suppress
milk production, is known to disrupt the production and release of prolactin, we herein aimed to investigate whether preg-
nancy and lactation as well as bromocriptine could alter the expression of Sox9. Our immunohistochemical analysis showed
that the Sox9 expression levels were markedly upregulated in the tibial proliferative zone of day 21 pregnant rats. In day 8
(early) and day 14 (mid) lactating rats, the Sox9 expression was enhanced only in the proliferative zone, but not in the resting
and hypertrophic zones. There was no change in Sox9 expression in day 21 (late) lactating rats. Postweaning rats manifested
a decreased Sox9 expression in the hypertrophic zone. Bromocriptine had no effect on Sox9 expression in the proliferative
zone of day 21 pregnant rats; however, it completely prevented the Sox9 upregulation in those of early and mid-lactating rats.
A differential response was observed in the proliferative and hypertrophic zones of late lactating rats, in which bromocriptine
enhanced Sox9 expression. Further investigation of cartilaginous matrix revealed no change in proteoglycans accumulation
in lactating rats. In conclusion, the upregulated Sox9 expression predominantly occurred in the proliferative zone during
late pregnancy and early and mid-lactation, while the bromocriptine effects depended on the periods and epiphyseal zones.

Keywords Bone - Cartilage - Growth plate - Prolactin - Sox9

Introduction

>4 Narattaphol Charoenphandhu Endochondral ossification is the process, in which chon-
naratt@narattsys.com drocytes in cartilages are replaced by osteoblasts result-

Faculty of Allied Health Sciences, Burapha University, ing in bone formation (Mackie et al. 2008). Endochondral

Chonburi 20131, Thailand bone growth is controlled by both systematic factors and
2 Center of Calcium and Bone Research (COCAB), Faculty 19C31 sigr}als, Par tic.ula.rly growth hormone (GH), prolac'Fin,
of Science, Mahidol University, Bangkok 10400, Thailand liver-derived insulin-like growth factor-1 (IGF-1), Indian
3 Department of Biochemistry, Faculty of Science, Mahidol hedgehog (Thh) and parathyroid hormone-related protein
University, Bangkok 10400, Thailand (PTHrP) (Ballock and O’Keefe 2003; Cheng and Genever
4 Department of Physiology, Faculty of Science, Mahidol 2010; Provot and Schipani 2005). This process is also regu-
University, Rama VI Road, Bangkok 10400, Thailand lated by several chondrogenic transcription factors, particu-
5 Department of Physiology, Faculty of Medical Science, larly SRY (sex-determining region Y)-box9 (Sox9) (Mackie
Naresuan University, Phitsanulok 65000, Thailand et al. 2008; Provot and Schipani 2005; Chen et al. 2014;
6 Institute of Molecular Biosciences, Mahidol University, Liu et al. 2017). Since prolactin is one of the regulators for
Nakhon Pathom 73170, Thailand chondrocyte proliferation, differentiation and endochondral
7 The Academy of Science, The Royal Society of Thailand, ossification, longitudinal bone growth is also affected during
Dusit, Bangkok 10300, Thailand pregnancy and lactation, the reproductive periods when the
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circulating prolactin levels are markedly elevated up to ten-
fold (i.e., from ~ 10 to > 100 ng/mL in rodents and humans)
(Wongdee et al. 2012).

Our previous studies reported that endochondral bone
growth was enhanced in lactating rats, resulting in a sig-
nificantly increased femoral length in these animals (Sun-
tornsaratoon et al. 2010a; Wongdee et al. 2013). The lac-
tation-induced bone elongation also resulted, in part, from
hyperprolactinemia, which could be abolished by the sup-
pression of prolactin secretion by bromocriptine (Suntorn-
saratoon et al. 2010a, b; Wongdee et al. 2013). Generally,
bromocriptine is a versatile drug for a number of symptoms
and diseases, such as excess production of breastmilk, prol-
actinoma, hyperprolactinemia and Parkinson’s disease. It is
also prescribed to suppress breastmilk production for certain
groups of patients, e.g., abortion and HIV infection. Since
bromocriptine is a potent dopaminergic D2 receptor agonist
that inhibits pituitary prolactin release and diminishes the
plasma prolactin to an undetectable level (Lieberman and
Goldstein 1985), it was hypothesized to markedly affect the
expression of chondroregulatory proteins including Sox9
during lactation with physiological hyperprolactinemia.

As the chondrocyte resident site in long bones, growth
plate is a center of endochondral ossification consisting
of ordered zones of chondrocytes that secrete an extracel-
lular matrix (ECM) with specific types of collagens and
proteoglycans. Growth plate can be divided into 3 zones,
i.e., reserve (resting) zone (RZ), proliferative zone (PZ)
and hypertrophic zone (HZ) (from proximal metaphysis to
diaphysis) (Mackie et al. 2008; Burdan et al. 2009). The 3
morphological zones represent different functional stages of
the cells. Along with the growing growth plate, cartilaginous
ECM is produced to confer mechanical stability and with-
stand compression of growing skeleton (Mackie et al. 2011).
Specifically, in RZ, quiescent chondroblasts are embedded
in extracellular matrix-rich environment (Abad et al. 2002).
Once the cells migrate to the PZ, they transform into the
highly mitotic cells and organize themselves in paralleled
columns. They also overexpress Sox9, which is also one
of the activators of the chondrocyte-specific enhancer of
the pro-collagen gene. Thereafter, the proliferating chon-
drocytes differentiate to mature hypertrophic chondrocytes
that synthesize a lot of extracellular proteins, such as col-
lagens and proteoglycans in HZ (Mackie et al. 2008; Provot
and Schipani 2005; Arnold et al. 2007; van der Eerden et al.
2003). Finally, the hypertrophic chondrocytes undergo apop-
tosis leaving spaces for the invasion of blood vessels and
osteoblasts to initiate bone forming process (Mackie et al.
2008; Provot and Schipani 2005; van der Eerden et al. 2003).

Since bone elongation was enhanced in lactating rats
(Suntornsaratoon et al. 2010a), bromocriptine known to
diminish the lactation-associated bone elongation was
previously investigated to confirm the effects on some

@ Springer

chondroregulatory paracrine factors, such as Ihh and PTHrP
(Suntornsaratoon et al. 2010a; Wongdee et al. 2013). Thus,
in the present study, Sox9 was of interest because of its
important role in bone elongation as one of the major regu-
lators in chondrocyte differentiation and endochondral ossi-
fication. Many studies showed that Sox9 is required for the
commitment of mesenchymal stem cells to chondroblasts
(Provot and Schipani 2005). Sox9 in the proliferative chon-
drocytes also induces proliferation and the expression ECM
proteins, such as collagen type II, IX and XI (Provot and
Schipani 2005; Lefebvre and Smits 2005).

Therefore, the present study aimed to elucidate the effects
of bromocriptine on Sox9 expression in growth plate of lac-
tating rats as well as the effects of bromocriptine on proteo-
glycans accumulation in the growth plate during lactation.
These data could provide more information about physio-
logical roles of prolactin in lactation-induced endochondral
bone growth and the potential side effects of the widely used
drug, bromocriptine, on chondrocytes.

Materials and methods
Animals

Eight-week-old primiparous pregnant and nulliparous age-
matched (weighing 210-220 g) Sprague—Dawley rats were
obtained from the National Laboratory Animal Center,
Nakhon Pathom, Thailand. They were housed in standard
stainless-steel cages under 12:12-h light—dark cycle (light
on at 0600 h; average illuminance of 200 Ix) for at least
5 days prior to the experiments. They were fed with stand-
ard chow (CP Co., Ltd., Bangkok, Thailand) and reverse
osmosis water ad libitum. Room temperature was controlled
at 25 +2 °C with relative humidity of ~50 to 60%. After
delivery (day 0), the litter size was adjusted to eight pups
per dam. This study has been approved by the Institutional
Animal Care and Use Committee (IACUC) of the Faculty
of Science, Mahidol University, Thailand.

Experimental design

The present experimental design and bone specimen col-
lection were based on the previous protocol by Wongdee
et al. (2013). Changes in Sox9 protein expression and/or
proteoglycans accumulation were investigated in the proxi-
mal tibial growth plate of vehicle (normal saline)-treated or
bromocriptine-treated rats at various reproductive phases,
i.e., late pregnancy (day 21 of pregnancy; P21), early lacta-
tion (day 8 of lactation; L8), mid-lactation (day 14 of lacta-
tion; L14), and late lactation (day 21 of lactation; L21). In
addition, Sox9 expression was also examined in postweaning
rats (day 15 of postweaning; PW).
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After delivery, rats were acclimatized for 5 days. For lac-
tating rats, the litter size was adjusted to eight pups/dam
for all lactating groups. Thereafter, day 14 pregnant and
day 1, 7, and 14 lactating rats were subcutaneously injected
once a day with 4 mg/kg body weight (BW) bromocriptine
(Sigma, St. Louis, MO, USA) or 0.2 mL/kg normal saline
(age-matched control) for 7 days. The ages of P21, L8, L14,
L21, and PW rats were 11, 12, 13, 14, and 16 weeks old,
respectively. The corresponding age-matched control rats
were also euthanized on the same designated day. Our bro-
mocriptine administration has been reported to successfully
abolish hyperprolactinemia in lactating rats (i.e., serum pro-
lactin level < 10 ng/mL) (Charoenphandhu et al. 2009). The
timeline of this experiment is shown in Fig. 1.

Bone preparation for histological study

Tibiae were cleaned of adhering connective tissue and
washed with 0.01 M phosphate-buffered saline (PBS) and
immediately fixed at 4 °C for 24 h in 0.1 M PBS containing
4% w/v paraformaldehyde. Then, they were washed with
cold PBS pH 7.4 and decalcified in 15% w/v ethylenedi-
aminetetraacetic acid (EDTA; Sigma) at 4 °C for 3 weeks.
Decalcifying solution was replaced every 3 days. Thereaf-
ter, tibiae were processed for dehydration and clearing by
graded ethanol (70%, 80%, 90%, 95% and 100% ethanol)
and xylene, respectively (1 h each). After being embedded
in paraffin, specimens were longitudinally cut into 5-pm
sections by a microtome (model RM2255; Leica, Nussloch,
Germany), followed by dewaxing with xylene and graded
ethanol.

Sox9 immunostaining

Bone sections were then incubated at 37 °C for 30 min in
antigen retrieval solution (0.01 mg/mL proteinase K, 50 mM
Tris—HCI pH 8.0 and 5 mM EDTA). To reduce endogenous
peroxidase activity, the sections were then incubated for
15 min with 3% H,0,. Non-specific bindings were blocked
by 2-h incubation with blocking solution (4% bovine serum
albumin, 10% normal goat serum, and 0.1% Tween-20 in
PBS) followed by overnight incubation at 4 °C with 1:50

Fig. 1 Timelines of the present
experiments (please see text for
detail)

Day i 7/

77/

—5 Acclimatization 0

rabbit polyclonal primary antibody against Sox9 (catalog no.
sc-20095; Santa Cruz Biotechnology). After being washed
with 0.1% Tween-20 in PBS, the sections were incubated at
room temperature for 1 h with biotinylated anti-IgG (catalog
no. sc-2040; Santa Cruz Biotechnology) followed by 1-h
incubation with streptavidin-conjugated horseradish per-
oxidase (HRP) solution (Invitrogen, Carlsbad, CA, USA)
and 3-amino-9-ethylcarbazole (AEC) peroxidase substrate
(Vector Laboratories, Burlingame, CA, USA). Regarding the
negative controls, the sections were incubated with blocking
solution in the absence of primary antibody. All sections
were counterstained with Mayer’s hematoxylin (Sigma),
examined under a light microscope and analyzed with Image
Pro Plus 5 (Media Cybernetics, Bethesda, MD, USA). Posi-
tive sections appeared reddish brown of AEC end product,
whereas negative control sections were stained purplish of
Mayer’s hematoxylin color (Fig. 2).

Safranin O staining

After deparaffinization, tibial sections were stained with
Mayer’s hematoxylin (Bio-Optica; Milan, Italy) for 5 min.
After being rinsed with tap water, the sections were stained
with 0.02% w/v Fast green to counterstain the tissue back-
ground. The color was differentiated by dipping in 1% v/v
acetic acid for 30 s. To stain proteoglycans, the sections were
stained with Safranin O for 10 min, then dehydrated with
graded ethanol, cleared with xylene and examined under a
light microscope (Olympus BX51) and NIS-Elements BR
Analysis 4.00 (Nikon Instruments Inc., NY, USA).

Quantitation of histochemical signals

Quantitative determination of Sox9 signals in the proximal
tibial growth plate was modified from Wongdee et al. (2010)
and Lehr et al. (1999). Demarcation of each growth plate
zone (i.e., RZ, PZ and HZ) was previously described by
Yakar et al. (2002). Selections of AEC-positive signals (red-
dish color) were performed with Adobe Photoshop (Adobe
System, San Jose, CA, USA) by filtering the specific color
shade [in red—green—blue (RGB) mode] and color density
in the regions of interest (ROI), which covered each zone

Start End
P14-—-----m > P21
L > L8
L7 ---mmmmmmmmmmmmmmmmmmooeoe- > L14
L14 -mmmmmmmmm oo > L21

Daily injection (s.c.) with: 7 8
« 0.2 mL/kg BW normal saline i

» 4.0 mg/kg BW bromocriptine Tissue collection

@ Springer



280

K. Wongdee et al.

Purplish brown signal

A Fon E s 5 7 a7y s Rt
_—“mi'%ﬁ' M-m b > . "

-
ROEY, Tx, o

200x

400x

Fig.2 Diagram shows chemical reaction of color change indicating
the expression of Sox9. a—-d Representative immunohistochemical
photomicrographs of Sox9 expression in the proximal tibial growth
plate of a lactating rat (X200 magnification, bars 100 um; X400
magnification, bars 50 um). The paraffin-embedded decalcified tibial
section was incubated with primary antibody against Sox9 (4Anti-
Sox9). Positive reddish signals of Sox9 were localized predominantly

of growth plate. Positive pixels on the ROI were automati-
cally highlighted by software, while other pixels outside the
defined color range were not included. Pixel counting was
performed by the Histogram command, which showed the
numbers of the total and positive pixels in the ROI. Relative
signal intensity was normalized by the average of negative
control signals (i.e., the positive signals from the negative
control sections).

For proteoglycans density, selection of safranin O positive
signals (reddish color) in whole growth plate was analyzed
with NIS-Elements BR Analysis 4.00 (Nikon Instruments
Inc.) by filtering the specific color shade [in red—green—blue
(RGB) mode] and color density in the ROI. The most intense
reddish color was scored 5 and the palest color was scored
1. The numbers of total and positive pixels in the ROI were
counted by software. Relative signal density was normalized
by the average of negative control signals (i.e., the positive
signals from the negative control sections). Relative den-
sities of vehicle-treated lactating rats and bromocriptine-
treated lactating rats were normalized by the relative inten-
sity of age-matched control rats, and presented as percent
of control value.
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in the proliferative zone (PZ) of epiphyseal cartilage rather than the
reserve zone (RZ) or hypertrophic zone (HZ). Corresponding nega-
tive control section was incubated in an absence of anti-Sox9 anti-
body (—Anti-Sox9). The negative control image showed brownish
color. The arrowheads indicate the expression of Sox9 protein in the
chondrocytes. M, marrow; Md, mineralized matrix; Oc, osteoblast
cell; Sn, primary spongiosa

Statistical analysis

The results are presented as means =+ standard error (SE).
Two sets of data were compared using unpaired Stu-
dent’s ¢ test. One-way analysis of variance (ANOVA) with
Kruskal-Wallis multiple comparison test was used for
multiple sets of data. The significant level for all tests was
P <0.05. All data were analyzed by GraphPad Prism 8.0 for
Mac OS X (GraphPad Software Inc., San Diego, CA, USA).

Results

The representative photomicrographs of Sox9 expression
in the growth plate were depicted in Fig. 2. The negative
signals appeared purplish brown, whereas the positive sig-
nals were reddish brown. Sox9 expression (reddish color)
was abundantly localized in PZ rather than RZ and HZ.
Previous results from our group showed that bromocriptine
could abolish lactation-induced endochondral bone growth
(Suntornsaratoon et al. 2010a; Wongdee et al. 2013). To
examine the effects of bromocriptine on Sox9 expression in
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growth plates of late pregnant (P21) and different periods
of lactating rats (L8, L14, L21) were used in this study. In
P21 rats, Sox9 expression increased in PZ, but bromocrip-
tine treatment did not significantly change Sox9 expression
compared with P21 group (Fig. 3). In lactation, Sox9 was
expressed predominantly in PZ, but not in the RZ and HZ of
L8 and L14 rats (Fig. 4a, b). There was no change in Sox9
expression in the growth plate of L21 rats as compared to
the age-matched control (Fig. 4c).

Bromocriptine significantly suppressed Sox9 expression
in PZ of L8 and L14 rats back to similar level as in the age-
matched control (Fig. 4a, b). While bromocriptine slightly
reduced Sox9 expression in RZ of L14 lactating rats, it had
no effect on Sox9 expression in RZ of L8 rats and HZ of
both L8 and L14 rats (Fig. 4a, b). Interestingly, bromocrip-
tine notably increased the expression of Sox9 to as high as
~3-fold in HZ of L21 rats (Fig. 4c). Similar trend could
be observed in RZ (~1.5-fold increase) and PZ (~ 2-fold
increase) of L21 rat growth plates (Fig. 4c). On the other
hand, Sox9 expression was downregulated in HZ of PW rats
(Fig. 5).

To further evaluate the effects of lactation and bromocrip-
tine on endochondral bone growth, proteoglycans accumula-
tion in the growth plates of lactating rats was determined.
Our results showed that different lactating periods and bro-
mocriptine treatment did not significantly change proteo-
glycans accumulation in the growth plate of L8, L14 and
L21 rats (Fig. 6).

Discussion
Our previous studies showed that bone elongation was

enhanced in lactating rats leading to the increased tibia
length in early, mid- and late lactating rats (Wongdee et al.

2013). The underlying mechanism of lactation-induced
endochondral ossification was shown to be a result from
hyperprolactinemia and could be abolished by pituitary
prolactin release inhibitor, bromocriptine (Suntornsaratoon
et al. 2010a, b; Wongdee et al. 2013). While prolactin led
to the increased endochondral ossification, bromocriptine
diminished this effect through the regulation of chondrocyte
differentiation and growth plate development. Our previous
investigations also showed that bromocriptine treatment led
to the upregulated expression of Ihh and PTHrP receptor
in the growth plate of lactating rats (Wongdee et al. 2013).
This could lead to an increase in chondrocyte proliferation
and the delayed chondrocyte apoptosis. Furthermore, Runt-
related transcription factor 2 (Runx2) expression was sup-
pressed by bromocriptine in growth plates of lactating rats,
which could result in the delayed chondrocyte hypertrophy
(Wongdee et al. 2013). Taken together, bromocriptine sup-
pressed the lactation-induced bone elongation, potentially by
increasing chondrocyte proliferation but slowing down chon-
drocyte hypertrophy. This could contribute to the increased
total growth plate height in bromocriptine-induced inhibition
of endochondral ossification (Suntornsaratoon et al. 2010b).
In other words, it illustrated that prolactin governed endo-
chondral bone growth by regulating chondrocyte differentia-
tion during the lactation-induced bone elongation in rodents.

In the present study, the expression of the salient
upstream transcription factor, Sox9, was determined during
lactation, after weaning, and upon bromocriptine treatment.
It was found that Sox9 was expressed predominantly in PZ in
growth plates of lactating rats, but its expression was much
lower in RZ and HZ (Fig. 4). This data corresponded to
previous studies, indicating that Sox9 typically expressed
in PZ of the growth plates, and its expression was reduced
greatly in RZ and HZ (Provot and Schipani 2005; Akiyama
et al. 2002, 2004; Bi et al. 2001). It also correlates with the
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Fig. 3 Relative immunohistochemical signals (arbitrary unit) of Sox9
proteins in the growth plate of P21 rats, age-matched bromocrip-
tine-treated P21 rats (P21+4bromo) and age-matched nulliparous
rats (control). The signals were derived from the three growth plate

zones, i.e., a reserve (resting) zone (RZ), b proliferative zone (PZ)
and ¢ hypertrophic zone (HZ). Numbers in parentheses represent the
numbers of animals in each group. *P <0.05 compared with the cor-
responding control group
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Fig.4 Relative immunohis-
tochemical signals (arbitrary
unit) of Sox9 proteins in the
growth plate of a L8, b L14,
and ¢ L21 rats, age-matched
bromocriptine-treated rats
(+bromo) and age-matched
nulliparous rats (control). The
signals were derived from the
three growth plate zones, i.e.,
reserve (resting) zone (RZ),
proliferative zone (PZ) and
hypertrophic zone (HZ). Num-
bers in parentheses represent
the numbers of animals in each
group. *¥*P <0.05 compared
with the corresponding control
group, 'P <0.05 compared with
corresponding lactating group

Fig.5 Relative immunohisto-
chemical signals (arbitrary unit)
of Sox9 proteins in the growth
plate of post-weaning (PW) and
age-matched control (control)
rats. The signals were derived
from the three growth plate
zones, i.e., a reserve (resting)
zone (RZ), b proliferative zone
(PZ) and ¢ hypertrophic zone
(HZ). Numbers in parentheses
represent the numbers of ani-
mals in each group. *P <0.05
compared with the correspond-
ing control group
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Fig.6 Relative histochemi- Proteoglycans (Safranin O staining)

cal signal of proteoglycans

(arbitrary unit) accumulation in A
the whole growth plate of a L8, 200 L8
b L14, ¢ L21 rats, age-matched
bromocriptine-treated rats
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roles of Sox9 that can induce the chondrocyte proliferation
and expression of ECM-related genes, e.g., pro-collagen
(Provot and Schipani 2005; Lefebvre and Smits 2005). As
endochondral bone growth was enhanced in lactating rats
(Suntornsaratoon et al. 2010a, b; Wongdee et al. 2013), Sox9
expression was also induced in PZ of L8 and L14 lactating
rats (Fig. 4a, b). The expression pattern indicated the poten-
tial roles of Sox9 in the lactation-induced endochondral bone
growth to facilitate chondrocyte proliferation in PZ. Inter-
estingly, our results showed that bromocriptine was able to
suppress the expression of Sox9 in PZ of L8 and L14 rats,
but it enhanced Sox9 expression in all zones of L21 rats,
especially in PZ and HZ (Fig. 4c). Thus, the potential side
effect of bromocriptine in the suppression of endochondral
bone growth could be mediated through the alteration of
Sox9 and perhaps Runx?2 activities (Wongdee et al. 2013;
Suntornsaratoon et al. 2010b).

Even though the downregulation of Sox9 expression back
to normal level after bromocriptine treatment might lead to
the decreased chondrocyte proliferation, this effect could be
surpassed by the increase in PTHrP and Ihh expression after
bromocriptine treatment (Wongdee et al. 2013). Therefore,
the overall effects could result in excessive chondrocyte pro-
liferation as reported previously (Wongdee et al. 2013; Sun-
tornsaratoon et al. 2010b). Our previous data also revealed
that Runx2 was downregulated in bromocriptine-treated
lactating rats, which could lead to the delay or inhibition
of chondrocyte hypertrophy and subsequently endochondral
ossification inhibition (Wongdee et al. 2013). Runx2 is able
to induce the maturation of hypertrophic chondrocytes as
Sox9 is sometimes absent in these late-stage chondrocytes
(Mackie et al. 2008; Akiyama et al. 2004; Bi et al. 2001).
Several studies have further showed that Sox9 is a positive
regulator for chondrocyte proliferation, but it negatively
regulates chondrocyte hypertrophy (Akiyama et al. 2004;
Bi et al. 2001). Another study showed that Sox9 also nega-
tively affected cartilage vascularization and bone marrow
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formation (Hattori et al. 2010). One of the possible mecha-
nisms that Sox9 enhanced chondrocyte proliferation could
be mediated by the inhibition of Runx2. For example, Sox9
could directly interact and inhibit the transaction activity
of Runx2 (Cheng and Genever 2010). Thus, the increased
level of Sox9 in HZ of late lactating rats could contribute to
the further inhibition of Runx?2 activity in growth plates of
the lactating rats. These data suggested another endochon-
dral ossification suppression mechanism by bromocriptine
through Sox9. While our results showed the increased Sox9
expression in pregnant rats, bromocriptine had no effect on
Sox9 expression in these rats (Fig. 3). This suggested that
the increased femoral length in pregnant rats reported pre-
viously could come from different mechanism as compared
to lactation-induced endochondral bone growth (Suntorn-
saratoon et al. 2010a). Taken together, all of these results
revealed the potential role of prolactin in lactation-induced
endochondral ossification through the regulation of Sox9
expression. Therefore, bromocriptine, as a pituitary prol-
actin release inhibitor, could suppress lactation-induced
endochondral bone growth through the alteration of several
chondrogenic transcription factors including Ihh, PTHrP
receptor, Runx2 and Sox9.

Although prolactin has been reported to control growth
plate chondrocyte maturation (Wongdee et al. 2013), its
role on accumulation of proteoglycans, one of ECM con-
tent supports growth plate structure, was not pronounced.
Specifically, the present results showed that proteoglycans
accumulation was not significantly changed in lactating rats,
corresponding with bromocriptine administration, which
also did not alter proteoglycans accumulation (Fig. 6).
Although stimulatory action of prolactin on proteoglycans
accumulation in cultured ATDCS5 chondrocytes has been
reported (Seriwatanachai et al. 2012), prolactin is not the
principal hormone for growth plate chondrocytes maturation
in rodents, unlike GH, IGF-1 and thyroid hormone (Mackie
et al. 2008).
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In conclusion, prolactin was elucidated to be an important
regulator for chondrogenic transcription factors, particularly
So0x9. The upregulation of Sox9 expression predominantly
occurred in the PZ during late pregnancy, early and mid-
lactation. In addition, bromocriptine actions were depend-
ent on the specific reproductive period and epiphyseal zone.
However, both lactation and bromocriptine had no effect
on proteoglycans accumulation. Our present data have thus
provided the evidence to explain how lactation modulates
bone elongation in rodents and how bromocriptine as well
as prolactin affect Sox9 expression in the growth plate dur-
ing lactation.
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Abstract

Purpose The chronic consumption of a high-fat diet (HFD) induces obese—insulin resistance and impairs jawbone health
via gut dysbiosis-stimulated inflammatory process. Our previous studies demonstrated that the probiotic Lactobacillus
paracasei HII01, prebiotic xylooligosaccharide (XOS), and synbiotics improved several vital organ functions by reducing
gut dysbiosis in HFD-induced obese rats. However, the impacts on the cellular level of jawbone microarchitecture have not
been examined. Here, we hypothesized that the supplementation of L. paracasei HII01, XOS, and synbiotics ameliorated
the bone microarchitectural pathology in HFD-fed rats by reducing systemic inflammation and other metabolic parameters.
Methods The dietary regimes (normal or high-fat diet) were provided to 48 male Wistar rats throughout 24-week experi-
ment. After week 12, rats were given either a vehicle, pro-, pre-, or synbiotic for an additional 12 weeks before being killed.
Then, blood analyses and bone histomorphometry of the jawbones were performed.

Results The HFD-fed rats developed obese—insulin resistance with significantly elevated systemic inflammation. Bone
histomorphometry of these rats showed a decrease in trabecular thickness with increased osteoclasts and active erosion
surfaces. Mineral apposition and bone-formation rates were also remarkably diminished. The treatment with pro-, pre-, and
synbiotics equally improved metabolic disturbance, reduced systemic inflammation, increased trabecular thickness, decreased
osteoclasts and active erosion surfaces and restored mineral apposition and bone-formation rates.

Conclusion The probiotic L. paracasei HII01, prebiotic XOS, and the synbiotics had similarly beneficial effects to improve
jawbone microarchitecture in HFD-fed rats by possibly ameliorating osteoclast-related bone resorption and potentiating
bone-formation activities.
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Introduction

The medical burden due to obesity has been dramatically
rising worldwide [1], since obesity enhances the risk of
metabolic syndrome, type 2 diabetes, cardiovascular dis-
eases, and musculoskeletal disorders [2]. The continuous
consumption of a high-fat diet (HFD) for a long time is
considered to be the major cause of obese—insulin resist-
ance and has detrimental effects on bone health [3]. Our
previous studies demonstrated that an HFD also induces
osteoporosis of the jawbone [4, 5]. However, there have
been few studies elucidating the impact of HFD on jaw-
bone microarchitecture at a cellular level.

The current mechanism, which proposed to link HFD-
induced obese—insulin resistance with bone health, is that
involved in the inflammatory process. Consumption of an
HFD is known to trigger chronic systemic inflammation
which is a result of increasing levels of pro-inflammatory
cytokines such as IL-6, IL-1p, and tumor necrosis factor
(TNF)-a [6]. These cytokines dysregulate bone-marrow
niches resulting in the downregulation of osteoblastogen-
esis [7] along with the upregulation of osteoclastogenesis
[8]. In addition, the increased osteoblastic apoptosis with
impaired osteoblastic insulin signaling and subsequently
reduced jawbone-formation rates has been reported in
HFD-given rats for 12 weeks [5]. These findings suggest
that HFD could alter the balance in bone metabolism,
resulting in jawbone loss by increasing bone resorption
and causing a decline in bone formation.

Recently, gut microbiota (GM), a community of tril-
lions microbial organisms which live in the host digestive
tract, have been studied with regard to their crucial role
in obese—insulin resistance and bone metabolism [9, 10].
The alteration of GM composition after HFD consumption,
termed “gut dysbiosis”, was considered as being one of the
initial factors in the stimulation of both gut and systemic
inflammation [11, 12], leading to deterioration of the bone
[13]. Targeting the enhancement of GM using probiotics,
living beneficial microbes, prebiotics, a special form of die-
tary fibers which induce the growth of proper GM, or syn-
biotics, a therapy for HFD-induced pathological conditions,
including alveolar bone loss, has been a recent focus [14].
Various types of probiotics, especially Lactobacillus spp.
and Bifidobacterium spp., have been reported to change the
composition of GM and elicit the positive effects on bone in
both healthy and unhealthy condition [15-17]. Accordingly,
various types of bioactive foods and prebiotics also benefi-
cially affected bone [18]. The evidence pointed that a short-
chain fatty acid, which was a product after fermentation of
prebiotics by either GM or probiotic bacteria, appeared to
be a key metabolite in this gut—bone axis, since it enhanced
intestinal barrier capacity, increased mineral absorption, and
interestingly provided the anti-inflammatory effects [15-18].

@ Springer

However, most of those studies have put an attraction on
the growing individuals and hormonal-related osteoporosis.
Therefore, the evidence about the biotic supplementation,
focusing on the metabolic-related bone pathology, should
be further investigated.

Our previous reports have published the beneficial effects
of the probiotic Lactobacillus paracasei HIIO1, the prebi-
otic xylooligosaccharide (XOS), and a combination of the
two on the gut [19], cardiac activity [20], cognitive [21],
and renal [22, 23] functions in HFD-induced obese—insulin-
resistant rats. Nevertheless, the impacts of these pro-, pre-,
or synbiotics on jawbone microarchitectures in obese—insu-
lin-resistant rats have not been examined. In this study, our
hypothesis was that the long-term supplementation of L.
paracasei HII01, XOS, and the two, as synbiotics was able
to decrease systemic inflammation, reduce the metabolic
disturbance, and improve jawbone microarchitecture in
HFD-fed rats.

Materials and methods
Experimental protocols

Forty-eight male Wistar rats (6 weeks, 200-250 g) from the
National Laboratory Animal Center (NLAC), Salaya Cam-
pus, Mahidol University, Nakhon Pathom, Thailand, were
used in this study. All experiments were approved (approval
no. 28/2559 on September 16, 2016) and performed follow-
ing the applicable guidelines of the Faculty of Medicine,
Chiang Mai University Institutional Animal Care and Use
Committee, which was in accordance with the ARRIVE
guidelines [24]. The rats were housed individually in stand-
ard cages and maintained under a 12/12 light/dark cycle
room with controlled temperature (25 °C). After 1 week of
environmental adaptation, all rats were randomly set into
two groups to be fed on a normal diet (ND) or a high-fat
diet (HFD) for 24 weeks. The energy from fat for ND is
19.77% while markedly higher to 59.28% in HFD [5]. At
week 13, each dietary group was randomly separated into
four subgroups for the specific treatment. Rats in each sub-
group (n=6/subgroup) were fed orally via gavage tube with
either a vehicle (PBS; 1 ml/day), the probiotic (L. paraca-
sei HII01 1x 108 CFU/ml/day; 1 ml/day), prebiotic (10%
XOS; 1 ml/day), or a synbiotic (the combination of the same
probiotic and prebiotic 1:1; 2 ml/day) for another 12 weeks
[21]. Blood samples were collected at weeks 0, 12, and 24.
Calcein solution (10 mg/kg, Sigma-Aldrich, Missouri, USA)
was injected to each rat twice (i.e., 6-day intervals) before
euthanasia at the end of the experiment. Mandibles were col-
lected and analyzed by bone histomorphometry (see diagram
of the experimental protocol in Fig. 1).
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Fig. 1 Diagram showing the experimental design; n=6 for each group; ND normal diet, HF high-fat diet, V vehicle, PO probiotics, PE prebiot-

ics, C synbiotics

Probiotics, prebiotics, and synbiotics

Lactobacillus paracasei HI101, provided by the Health Inno-
vation Institute (HII), Department of Pharmaceutical Sci-
ences, Faculty of Pharmacy, Chiang Mai University, Chiang
Mai, Thailand, was used as the probiotic [25]. In brief, L.
paracasei was cultured in de Man, Rogosa, and Sharpe (MRS)
broth under 37 °C incubation and was multiplied to an esti-
mated cell concentration of 108 CFU/ml. XOS (Shandong
Longlive Biotechnology, China) was used as the prebiotic, a
10% (w/v) mixture being formulated in sterile PBS [19]. The
synbiotic solution was prepared by mixing the probiotic L.
paracasei HII01 with the prebiotic XOS in the proportion 1:1.

Determination of metabolic parameters
and systemic inflammation

The metabolic parameters, which consist of body weights,
visceral fat weights, plasma lipid profiles, plasma glucose,

to determine plasma glucose, triglyceride, and cholesterol
levels. Plasma insulin was estimated by Sandwich ELISA
technique using a commercial kit (LINCO Research, St.
Charles, MO, USA). For insulin sensitivity, an oral glucose
tolerance test (OGTT) was performed on the first day of
week 24 of the study. The rats were fasted for 12 h. Blood
was gathered before orally feeding with glucose by gav-
age tube (2 g/kg BW) and promptly at 0, 15, 30, 60, and
120 min after glucose feeding for glucose analysis as men-
tioned above.

The serum lipopolysaccharide (LPS) levels were quanti-
fied, to indicate metabolic endotoxemia or systemic inflam-
mation, by LAL testing kit (Thermo Fisher Scientific, Mas-
sachusetts, USA).

Assessment of insulin resistance

Insulin resistance was determined by Homeostasis Model
Assessment (HOMA). The HOMA index was computed by
the following equation [26]:

[Fasting plasma insulin (uU/ml)| X [Fasting plasma glucose (mmol/1)]

22.5

and plasma insulin levels, were recorded at baseline, week
12, and week 24. At each timepoint, the rats were starved
for at least 5 h before collecting the blood from the tail vein.
The preservative NaF and EDTA were added for serum and
plasma tubes individually. The centrifugation at 3000 rpm
for serum and 6000 rpm for plasma at 4 °C for 10 min was
performed, and then, all blood tubes were kept at — 80 °C
until investigation.

The colorimetric assay with economically accessible
kits (Biotech&Scientific, Bangkok, Thailand) was used

A higher HOMA index indicates a higher level of insulin
resistance.

Microarchitectural analysis by bone
histomorphometry

Bone histomorphometric analysis was adapted from Char-
oenphandhu et al. [27]. The right hemi-mandibles without
adhering connective tissues were kept in the series of etha-
nol, 70, 95, and 100% v/v for 3 days each. Then, dehydrated
bone samples were installed in methyl methacrylate resin.
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The resin-embedded bones were cut using a rotary microtome
equipped with a tungsten carbide blade (model RM2255;
Leica, Nussloch, Germany) at 7-um and 12-pm thickness for
static and dynamic studies, respectively. The bone sections
were then mounted and processed for microscope visualiza-
tion. The specific regions of interest for the mandibles were
from the frontal sections of the second molar area as previ-
ously reported [5, 28]. The measurement was calculated under
a light/fluorescent microscope (model BX51TRF; Olympus,
Tokyo, Japan), using the computer-assisted Osteomeasure sys-
tem with software version 4.1 (Osteometric, Atlanta, GA),
according to the international standard of the ASBMR Histo-
morphometry Nomenclature Committee [29].

For the static histomorphometric assessment, 7-um sec-
tions were processed for Goldner’s trichrome staining and
viewed under a light microscope in the interradicular area
of the earlier specified lower second molars (Fig. 2). The
parameters obtained were trabecular bone volume normal-
ized by tissue volume (bone volume fraction; BV/TV, %),
trabecular thickness (Tb.Th, um), trabecular number (Tb.N,
mm™"), trabecular separation (Tb.Sp, um), osteoblast surface
normalized by bone surface (Ob.S/BS, %), osteoclast surface
(0c.S/BS, %), and active erosion surface (aES/BS, %).

For dynamic histomorphometric technique, 12-um
unstained sections were used to observe the double lines of
calcein labeling under a light/fluorescent microscope. The
obtained parameters included mineral apposition rate (MAR,
um/day) and bone-formation rate (BFR, um?® um=2 day ™).

Data analysis

The sample size of each group was calculated under 80%
statistical power and 0.05 significance level using the fol-
lowing formula:

2Zy) + Zﬂ)za2

Sample size/group = ( B
B~

Fig.2 Representative photo-
micrographs showing the inter-

Table 1 The metabolic parameters and LPS levels at baseline and
after 12 weeks of normal or high fat diet consumption

Metabolic parameters Baseline At week 12 of diet

Week 0 consumption

ND HF

Body weight (g) 232+2 467+6 560+ 8%*
Plasma triglyceride (mg/dl) 90+9 113+5  114+10
Plasma total cholesterol (mg/dl) 77+3 73+3 89 +4*
Plasma HDL (mg/dl) 25+1 27+1 28+1
Plasma LDL (mg/dl) 21+3 17+3 29 + 3%
Plasma glucose (mg/dl) 136 +7 144+4  154+6
Plasma insulin (ng/ml) 2.3+0.3 44+04 6.1+£0.5*%
HOMA index 21+4 36+4 67+ 7%
Serum LPS (EU/ml) 05+0.01 0.67+02 59+1.6%

Data are presented as mean + SEM

ND normal diet, HF high-fat diet, HDL high-density lipoprotein, LDL
low-density lipoprotein, HOMA Homeostatic Model Assessment, LPS
lipopolysaccharide

*p<0.05 vs ND

Zoyps Zﬁ, o, and u; — W, are Z value of the type I error, Z
value of the type II error, standard deviation, and mean dif-
ference, respectively. Based on the data from our previous
study in molecular bone effects [4], the values of Z ,, Z,
o, and u; — u, were 1.960, 0.842, 2.142, and 3.626, respec-
tively. Thus, we obtained a sample size of 6 per group to
reveal bone change after biotic treatment.

All data are stated as mean and SEM. The comparison of
two dietary groups was determined by a Student’s ¢ test for
the pretreatment data. The differences among the groups,
as the post-treatment data were analyzed by a two-way
ANOVA followed by a post hoc Tukey’s test. The statistical
significance was considered when p <0.05. All reports are
in accordance with the ARRIVE guidelines [24].

radicular area of lower second
molars in HFD-fed rats. Bone
sections were processed for
Goldner’s trichrome staining.
Mineralized tissues are stained
green, while cells are stained
red. a X 40 magnification; b

X 200 magnification; PDL peri-
odontal ligament
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Results

Probiotic L. paracasei HI101, prebiotic XOS,
and synbiotic treatment alleviated obese-insulin
resistance and systemic inflammation

HFD-fed rats became obese—insulin resistant after 12 weeks
of dietary challenge, as indicated by elevated body weight
and plasma lipid profiles. The increased plasma insulin was
observed without any significant difference in the plasma
glucose levels (Table 1). The “metabolic endotoxemia” in
HFD group was observed as evaluated by the elevated serum
LPS levels. Metabolic endotoxemia is the term summariz-
ing the existence of important circulating markers present
in obesity which contribute to systemic inflammation [6].
At week 24, the vehicle-treated HFD group continued to
be obese—insulin resistant as well as showing evidence of
metabolic endotoxemia. When compared to those of vehicle-
treated HFD (HFV) group, the rats 12 weeks treated with the
probiotic L. paracasei HII01, prebiotic XOS and the two as a
synbiotic essentially diminished body weight, visceral fats,
plasma cholesterol, plasma insulin levels, HOMA index, and
area under the curve of the OGTT (Table 2). These find-
ings suggested that all biotic treatment similarly reduced
obese—insulin resistance and systemic inflammation.

Pro-, pre-, and synbiotics enhanced trabecular
thickness of the jawbones

From static bone histomorphometry, we found that HFD
feeding for 24 weeks prompted a decrease in trabecular
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Fig.3 Effects of pro-, pre-, and synbiotic on jawbone microarchi-
tecture after 12 weeks of interventions in ND and HFD-fed rats. a
Bone volume normalized by tissue volume (BV/TV, also known as
bone volume fraction). b Trabecular thickness (Tb.Th). ¢ Trabecu-
lar separation (Tb.Sp). d Trabecular number (Tb.N). All data were
obtained from Goldner’s trichrome-stained sections by bone histo-
morphometry. The trabecular thickness of HFD-fed rats was reduced
but restored by the biotic treatments. The data are expressed as mean
and SEM; n=6 for each group. *p <0.05 vs NDV group. p <0.05 vs
HFV group. ND normal diet, HF or HFD high-fat diet, V vehicle, PO
probiotic, PE prebiotic, C synbiotic

Table 2 The metabolic parameters and LPS levels after 12 weeks of vehicle, probiotic, prebiotic or synbiotic administration in ND and HFD rats

Metabolic parameters ND HF

NDV NDPO NDPE  NDC HFV HFPO HFPE HFC
Body weight (g) 511410 531412 50049 522411  732+21%  658+22%7 651 +£16%7 644 +£20%"
Visceral fat (g) 28+2 27+1 25+1 33+1 65+2% 56+3%" 55+3% 52.43%
Plasma triglyceride (mg/dl) 102+17 74+9 100+16  94+9 103+12 78 +4 79+7 98+23
Plasma total cholesterol (mg/dl) 69+4 66+6 68+4 59+6  109+9*% 80+5" 78 +5" 7846
Plasma HDL (mg/dl) 28+2 28+3 29+1 27+1 27+1 2742 26+1 24+1
Plasma LDL (mg/dl) 21+4 24+6 23+2 19+8 71+9% 38+5" 3545 34497
Plasma glucose (mg/dl) 130+7 131+7 139+38 138+9 143+10 143+7 141+6 140+13
Plasma insulin (ng/ml) 33+04 50408 51+12 41+13 86+03* 39+09" 48+06 44+03"
HOMA index 44412  54+14  42+14  56+15 122+20%  50+8F 49+6' 43 +47
Plasma glucose AUC (mg/dl X min X 10%)  2.2+0.1 25+02 2.1+02 23+0.1 33+02% 25+02"7 22027 20+0.2°
Serum LPS (EU/ml) 09+02 1.0+02 08+02 09+03 63+14* 07+02" 1.0+£03" 07=x0.1"

Data are presented as mean + SEM

ND normal diet, HF high-fat diet, V vehicle, PO probiotics, PE prebiotics, C synbiotics, HDL high-density lipoprotein, LDL low-density lipopro-
tein, HOMA Homeostatic Model Assessment, AUC area under the curve, LPS lipopolysaccharide

*p <0.05 vs NDV Tp <0.05 vs HFV
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Fig.4 Effects of pro-, pre-, and synbiotics after 12 weeks of inter-
ventions in ND and HFD-fed rats on: a Osteoblast surface normal-
ized by bone surface (Ob.S/BS). b Osteoclast surface normalized by
bone surface (Oc.S/BS). ¢ Active erosion surface normalized by bone
surface (aES/BS). All data were obtained from Goldner’s trichrome-
stained sections examined by bone histomorphometry. The osteoclast

thickness of the jawbone without a significant change in
bone volume fraction, trabecular separation, or trabecular
number (Fig. 3a—d). All biotic supplementation restored the
trabecular thickness in the HFD-fed rats.

Osteoclast-mediated bone resorption was reduced
after pro-, pre-, and synbiotic supplementation

Next, we additionally explored the bone metabolism-related
parameters at a cellular level in the jawbone. Regarding
bone-formation-mediated parameters, there were no sig-
nificant differences in osteoblast surface between the two
dietary groups following 24 weeks (Fig. 4a). However, the
osteoclast surface of HFV group was significantly increased,
compared with that of ND-fed rats (Fig. 4b). A consistent
active erosion surface, which represents the proteolytic
activity of the osteoclast [30], was also expanded in the
jawbones of HFD-fed rats (Fig. 4c). The treatment with the
pro-, pre-, and synbiotic displayed a lower osteoclast and
active erosion surface compared to vehicle-treated HFD-fed
rats (Fig. 4b, ¢). These findings proposed that all treatments
equally reduced osteoclast-mediated bone resorption of the
jawbones in HFD-fed rats with no significant impacts on
osteoblast-related static bone histomorphometry.

Pro-, pre-, and synbiotics restored mineral
apposition and bone-formation rates in HFD-fed
rats

Despite there being no significant difference in osteoblast
surface (a static parameter), we attempted to determine the

@ Springer

surface and active erosion surface of HFD-fed rats were increased
but restored by the biotic treatments. The data are expressed as mean
and SEM; n=6 for each group. *p <0.05 vs NDV group. p <0.05 vs
HFV group. ND normal diet, HF or HFD high-fat diet, V vehicle, PO
probiotics, PE prebiotics, C synbiotics

effects on bone formation from the quantitative dynamic
histomorphometric analysis in the unstained samples.
The double green fluorescent lines labeled with calcein,
representating newly mineralized areas (Fig. 5a), demon-
strated that HFD consumption for 24 weeks significantly
decreased the mineral apposition rate and the bone-forma-
tion rate normalized by bone surface in the jawbones, indi-
cating that HFD indeed impaired bone formation despite
no change in osteoblast surface. Interestingly, all treat-
ments significantly increased both dynamic parameters in
HFD-fed group (Fig. 5b, ¢).

Discussion

This study demonstrates the impact of the probiotic L.
paracasei HI1I01, prebiotic XOS, and their combination, a
synbiotic, on the microarchitecture of jawbones by bone
histomorphometric analysis along with metabolic and
inflammatory conditions in HFD-induced obese—insulin-
resistant rats. The major findings of our study are: (1)
chronic daily intake of HFD led to metabolic derangements
including obesity and dyslipidemia, insulin resistance, and
systemic inflammation; (2) a long-term HFD consump-
tion had detrimental effects on jawbone microarchitec-
tures by: (a) reducing trabecular thickness; (b) increasing
osteoclast-mediated bone resorption; and (c) decreasing
mineral apposition and bone-formation rates; (3) the treat-
ment with pro-, pre-, and synbiotics for 12 weeks led to
equal attenuation of obese—insulin resistance and systemic
inflammation; and (4) the negative impacts on jawbone
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Fig.5 Effects of pro-, pre- and synbiotics on dynamic bone histomor-
phometry after 12 weeks of interventions in ND and HFD-fed rats.
a Representative images of calcein labeling in each group at X 400
magnification. b Mineral apposition rate (MAR). ¢ Bone-formation
rate normalized by bone surface (BFR/BS). All data were obtained
from unstained sections examined under a fluorescent microscope.

microarchitectures were improved by the supplementation
of biotic treatment in HFD-fed rats.

The previous studies have established the unfavora-
ble effects of HFD on the properties of bone. The known
structures include both alveolar and long bones [5, 27, 31,
32]. The current proposed mechanism which links osteo-
porosis and HFD-induced obese—insulin-resistant con-
dition is through the inflammatory process [32] and the
GM is known to be a pivotal part in this relationship [14].
The alteration of GM after HFD consumption enhanced
the growth of LPS-containing Enterobacteriaceae levels
[19]. The bacterial LPS then entered the blood stream,
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The MAR and BFR/BS of the HFD-fed rats were decreased, but
restored by biotic treatments. The data are expressed as mean and
SEM; n=6 for each group. *p<0.05 vs NDV group. 'p<0.05 vs
HFV group. ND normal diet, HF or HFD, high-fat diet, V vehicle, PO
probiotic, PE prebiotic, C synbiotics

circulating the body leading to metabolic endotoxemia or
systemic inflammation [6]. Furthermore, the pro-inflam-
matory cytokines also became elevated in the bone mar-
row, where the osteogenic stem-cell differentiation occurs,
and contributed to an increase in osteoclastogenesis but a
decline in osteoblastogenesis, bringing about a progressive
bone loss [8]. Consistently, we found that HFD intake for
24 weeks initiated obese—insulin resistance and systemic
inflammation, as demonstrated by increasing serum LPS
levels. The jawbone microarchitecture of HFD-induced
obese—insulin-resistant rats was weakened with elevated
osteoclast-mediated bone resorption (as shown by the
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increased Oc.S and aES), and decreased bone formation
(as shown by the decreased MAR and BFR) (Figs. 3, 4, 5).

The positive impacts of supplementation of the probi-
otic L. paracasei HII01, prebiotic XOS, and the two as a
synbiotic on metabolic and inflammatory conditions of
HFD-induced rats have been reported and shown a correla-
tion with the improvement of several vital organ functions
including the gut [19], brain [21], heart [20], and kidney
[22, 23]. Furthermore, our recent study found that consump-
tion of these pro-, pre-, or synbiotics attenuated IL-6 mRNA
expression in bone marrow of HFD-fed rats. Nevertheless,
these additives did not ameliorate jawbone mechanical prop-
erties at a macroscopic level [4]. Thus, the present study
further determined the effectiveness of the biotic supplemen-
tation on the cellular bone level in HFD-fed rats using the
static and dynamic bone histomorphometry. Interestingly,
the pro-, pre-, and synbiotic treatments improved jawbone
microarchitecture especially as regards trabecular thickness.
All of them also reduced osteoclast-mediated bone resorp-
tion and enhanced mineral apposition and bone-formation
rate in HFD-fed rats. The reduction of gut dysbiosis, gut
inflammation, and metabolic endotoxemia following the pro-
biotic L. paracasei HII01, prebiotic XOS, and the synbiotic
therapies in HFD-fed rats [19] may be the underlying mecha-
nisms, resulting in the alleviation of osteoclast-dependent
bone resorption along with the elevation of bone-formation
activity, as shown in the present study. Collectively, these
findings suggested that L. paracasei HII0O1, XOS, and their
combination had the potential effects to improve jawbone
properties of HFD-induced obese—insulin-resistant rats if the
appropriate dose and duration were used.

Consistent with the findings of our study, several recent
studies have revealed the attenuating impacts of the use of
various types of probiotic and prebiotics on jawbone pathol-
ogies, including periodontitis-related and metabolic-related
bone loss [33-36]. Although we expected to find the additive
effects of the synbiotic, we did not observe any differences
when the results were compared to those from the monother-
apies. The possible key factors might be the particularity of
the combination of synbiotics. The sort of fibers as prebiotic
should conform the certain strain of probiotics used. A more
favorable prebiotic for Lactobacillus provision could be an
inulin [37]. On the other hand, XOS could be matched with
Bifidobacteria due to its bifidogenic effect [38].

The previous articles have reviewed that despite the
specificity of type, dose, and duration of pro- and prebiotics
used, different effects of pro- and prebiotics on bone may be
dependent upon different host factors, including sex, age,
and hormonal status [16, 18]. Thus, the optimal adminis-
trative dose and duration of the specific type of pro-, pre-,
and synbiotics need to be considered in further animal and
clinical investigations as well as the effects of sex, age, and
hormonal status to maximize the findings from this study. In

@ Springer

addition, other mechanistic aspects in gut—bone axis such as
mineral absorption ability should be determined.

In conclusion, the chronic consumption of HFD aggra-
vates obese—insulin resistance and systemic inflammation.
HFD-induced obese—insulin resistance also weakened jaw-
bone microarchitecture by increasing osteoclast-mediated
bone resorption and alleviating mineral apposition and
bone-formation rates. Daily oral consumption of the pro-
biotic L. paracasei HII01, prebiotic XOS or the two as a
synbiotic for 12 weeks had equal impact on the attenuation
of obese—insulin resistance, and the reduction of systemic
inflammation, and had similarly potential positive effects on
improving jawbone microarchitecture in HFD-fed rats by
possibly ameliorating osteoclast-related bone resorption and
potentiating osteoblast-mediated bone formation.
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