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Abstract

Project Code: RMU5480001

Project Title: Iron overload related oxidative stress and impact on metabolism and expression of
iron regulatory gene in thalassemia

Investigator:  Associate Prof. Noppawan Phumala Morales

Department of Pharmacology, Faculty of Science, Mahidol University
E-mail Address: noppawan.phu@mahidol.ac.th
Project Period: 3 years (15 June 2554 — 14 June 2557)

Iron overload and its effects on oxidative stress, pathology and expression of iron
regulatory genes were studied in iron overloaded mice models using intraperitoneally injection
of 1 g/kg body weight iron dextran for several periods. Overhauser-enhanced MRI (OMRI)
together with a spin probe, carbamoyl-PROXYL demonstrated the enhanced free radical
production in liver and kidney compartments in iron overloaded mice. Deferiprone, an iron
chelator, reduced free radical production in those compartments.

Heavily iron overload was produced by injection of iron dextran for 9 doses in two
weeks. This model demonstrated iron accumulation in the heart in addition to the liver.
Reduction of cardiac iron and also improvement of oxidative status were observed in mice
treated with deferiprone.

Hepcidin is a peptide hormone that regulates duodenal iron absorption and iron release
from macrophages. Heavily iron overload induced hepcidin gene (HAMP1) expression,
controversial with reduction of hepatic and serum hepcidin protein as demonstrated by
immunofluorescence and ELISA technique, respectively. This result may be explained by the
decreasing of TfR2 and furin expression. Furin has important function in post translation
process of hepcidin. It cleaves pro-hepcidin to active hepcidin before releasing to the
circulation. Insufficiency of furin activity results in lesser production of active hepcidin, even
though gene expression is still intact. Our finding may explain the non-responding to iron
chelator in some thalassemic patients. The low level of active hepcidin causes progression in
duodenal iron absorption, the regular dosage and regiment of iron chelator may insufficient in
this case. We propose that hepcidin agonist together with iron chelator may need in some
patients. It should be noted that defriprone and deferoxamine did not interfere HAMP1 and

other gene expression.

Keywords: beta-knockout, hepcidin, iron chelator, iron overload, thalassemia,
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"LéT%'um§ﬂLﬁué'mwmsa@aamaammLiwé'mumﬂmﬁuﬁﬂﬁugﬁfu&luﬁuLLa:VL@] M3 LAUENTULAAN
deferiprone (L1) MWfnadamsiddsuutasnsanii Usinawwanluiloie dreandiafinaiamm

Tuavuuazlaugadluansnen 1.2 uaz 1.3 aua1aL mﬂwamsmaaamﬁ]agﬂvl,@i”’jﬂuma:mamﬁ



Waldindn 3 awa musavhldifedjitonegyadasznianaifouulaimi redox status lu
gainaassuanafouudasioslitaan ldwutsdaynesia

{ o o o -1 o o
A1319% 1.1 2ANNIINA[IVDIANVLVNRY W carbamoyl-PROXYL (k, min )1%1&’]1"& AU LIRS

1o Siazhlasls OMRI 71 72 %’aimﬁﬁ'ﬂmﬂvléﬁ'umﬁﬂﬂ%'aq@ﬁ'm

Group (n) Heart Liver Kidney
Control (16) 0.225 +0.029 0.222 + 0.061 0.231 + 0.042
Iron overload (16) 0.231 £ 0.030 0.245 + 0.050 0.275 + 0.058
Iron overload + L1 (10) 0.213 + 0.037 0.243 + 0.063 0.278 + 0.060
Mean £ SD

4' a =3 1 a = ™
M19191 1.2 USUN L nanULazA1aanganWaLaIn ey

Group (n) Iron content TBARs GPx Catalase
(mg) (nmol/mgP) (UM/min/mgP)  (LM/min/mgP)

Control (10) 1.8+1.5 25+01 650.6 + 54.6 186.4 + 30.1

Iron overload (10) 119.5 £ 51.2 44 +0.8 7241 + 82.3 190.3 £ 42.2

Iron overload + L1 (10) 109.7 £ 38.2 4112 588.8 + 96.2 779 +£10.7

Mean = SD

A19191 1.3 USH AR NLAZANaaNTLANWRLATN bk bo

Group (n) Iron content TBARs GPx Catalase

(mg) (nmol/mgP) (UM/min/mgP)  (LM/min/mgP)
Control (10) 0.5+0.6 28+14 629.4 + 64.6 115.2 £ 33.4
Iron overload (10) 1.0+£0.8 34+07 484.2 + 104.2 50.6 + 8.7
Iron overload + L1 (10) 1.6+1.0 28+1.2 419.8 £ 91.8 449 + 18.5
Mean £ SD

NSNAARIN 1.2 NMIANBINATIINILAANLARLAZBONTLANWRLATNA NN THNINY DI ULAZ
w3 Iu%kbﬂﬂaLLazﬂELﬁﬂﬁasﬁLﬁﬂ
1. AAINARDIURENITRINAVILAGNAY
Wi C57BL/6 (wild type, WT) Wwaz heterozygous B-globin knockout (BKO) a1g 7-8
sl lauann guﬁ%"vmé’aﬁﬁﬂ VRIINLRLNTAAR %Hmaawﬁmmuﬂwxjﬁ@a: 4 nau
v ' AN e & AN e & o I3 . A
VL@Lmﬂqumuqu ﬂqw"l,muman ﬂégmvlmumaml,azmmumaﬂ deferoxamine (DF) uazngui

l@sumanuazentLUan deferiprone (L1)



slu%kkﬁvl,@i”%'umﬁmlzvlﬁ iron dextran awa 1 JadnsudatinminamieAlansy 9 asslu
nA 2 JUaA %éﬁﬁnﬂﬂﬁl@ﬁ'umﬁﬂﬂ%q@ﬁ’]yLLﬁh 3 M WBNUIUREAN deferoxamine %38
deferiprone 111@ 0.2 uaz 0.6 Hadlusaorimindanitaflansuamuiaudoiasdunm 7 5
%é’amﬂﬁmﬂ%q@ﬁw 24 T3 wikazn sacrificed lasmisaunanlasli Nembutal®  waz

@UG28 cardiac puncture LWBLALLABA BRIINUWLALDIBIZAN 9

2. MIANINIINENDTTNEN
Twbaauuazialanenuslu 4% paraformaldehyde, 5% sucrose Waz 150 mM PBS pH
7.4. uar embedded U paraffin aaiduutuaua 5 luasen wadwnganes hematoxylin/

eosin (H&E) WNafn®EN morphology &g §aua38 Perl’s Prussian blue LWa@n¥nIasaulinan

NANIANE

1. a”nym:n%'Zi/ii/amyﬁllﬂ?i/mﬁmﬁu

NAINT 1.4 i WT uaz BKO Lﬁavl,ﬁﬁf”umﬁﬂlu;sﬂ iron dextran wazlasUENTUAANS
ﬁmﬁfﬂéﬁvlaiLL@m@mﬂyulszNﬂQu §wILny BKO ﬁmq:ﬁmimﬁmﬁfﬂﬁmg@ﬂ’jm‘k}, WT U
ﬁmﬁfﬂé’u"l&il,mﬂ@mmn%% WT

Lﬁﬂﬁﬂlﬁﬂh&;ﬁﬂ’]’l:mgﬂLﬁuﬁﬂ%ﬁﬂﬁﬂLLﬂzﬁﬁNmﬂd%L& WT uaz BKO aziiuduluszeui
whgin mildendumanmsessieluam 7 Sunssanmsldiminns DF wsz L1 lLifuade

TRINA TRINAVLRENIN

A1519N 1.4 TRBNA ﬁmﬁfﬂﬁmmzﬂmmamﬁ WT Uaz BKO M laTUMAANLAZNAUAIINTULAAN

Mice Group Body weight (g) Liver (g) Spleen (mg)
WT Control 23.8+0.9 1.0 £0.3° 738 £7.1°
Iron overload 216 £ 1.1 2.7+0.2° 145.3 + 29.3°
Iron overload +DF 23814 2802 167.3 + 23.7
Iron overload +L1 205+ 15 24 +02 109.2 £ 15.5
BKO Control 231 +0.8 11+01" 4418 + 37.7°
Iron overload 21.9+1.1 26+02° 528.5 £ 28.3
Iron overload +DF 198+ 1.5 24 0.3 492.2 £ 75.8
Iron overload +L1 215+ 07 25%+02 568.9 + 56.5

Data are mean + SEM (n=4-5). Comparisons for significant differences are indicated by the

same alphabet; a...p<0.01; b,c,d...p<0.05.



2. STAUIRAN NINTZALVAIIBANLES oxidative status 141

*Jﬁ@ﬁ.lLﬂﬁﬂhgﬂ non-heme iron lu@aULEAIlANTI9N 1.5 Uas gﬂLﬂﬁﬂazaulu@”uI@ﬂ?'ﬁ'

Perls’ Prussian blue staining uaaslunwi 1.4 andoyausadlwifiuindaly iron dextran 1win

AI t&l et ] a e o Qs ﬂl v Rt 3 Qs a I3 ] 1 dl
wau‘lumuammuﬂmmy LNQIWUW?JUL%GT]I%?ZUZL’JG’] 7 % ‘].IS&J’WE%L%&T]ETZ&&IVLMG@GG LALAD

AATEAMANINENTINEIWLIIMInTzeTaswrandanuwandedelineday  lasanie

1 AI d’ v ot =3
GU’NU\‘]LNE’JIWU’]TULV\Nﬂ L1

@135197 1.5 3TAUAAN (non-heme iron) TudlivaIny WT uaz BKO NldIUIndnuazkanadsndiy

LA&N
Mice Group Liver iron (mg/g liver)
WT Control 0.03+0.0°
Iron overload 145+12
Iron overload +DFO 13.8+£0.8
Iron overload +L1 14513
BKO Control 0.21 +0.03°
Iron overload 14619
Iron overload +DFO 13.0+14
Iron overload +L1 14.0+£0.7

Data are mean + SEM (n=5). Comparisons for significant differences are indicated by the same

alphabet; a...p<0.01.

13191 1.6 Oxidative status 1%(5'%9@%21, WT ez BKO M aTUARNLAZNAURIINTULAAN

Mice Group TBARs GSH GPx Catalase
nmol/mg P nmol/mg P uM/min/mg P uM/min/mg P
WT  Control 25+04° 577 £+105 7241+ 754"  107.9 + 10.6
Iron overload 59+04° 524 +6.6 588.0 + 33.8 949+ 389
Iron overload +DF 45+04 51.9+59 521.2+396 76.9 £ 9.6
Iron overload +L1 48 +04 46.4 + 10.0 556.8 + 58.6 90.4 +12.1
BKO Control 44 +0.7 428 +5.9 496.4 + 48.2b 123.7 £ 17.7
Iron overload 59+05 418 £5.2 540.1 £ 62.2 96.1 £ 8.3
Iron overload +DF 48 0.5 31.3+£3.7 320.8 £ 37.4 75.5+84
Iron overload +L1 45+0.3 349 +45 348.1 + 23.8 88.5 + 131

Data are mean = SEM (n=9-10). Comparisons for significant differences are indicated by the

same alphabet; a...p<0.001, b...p<0.05



N7 1.6 fnwn oxidative status Tuau ﬁﬂ%fﬂ%%ﬁgdvl&ivl@%’{ULﬂﬂﬁﬂ 1wy BKO
flein lipid peroxidation (TBARs) §9ni1 uazilszay GSH @%ﬁm'mka WT LL@iLﬁalﬁmﬁﬂlu%Mmm
sfianuiidn TBARs liuanerariu nsdsuudaswaseususlunnaninifwliftoianlu
ﬁgﬂ%aaaﬂsjmwiﬂﬁﬁ’mmm catalase ﬁLLmIﬁua@amﬁiu%y WT uaz BKO milwendy

=3 U-q: =) 1 ot ;V 1 tﬁq/
L%ﬂﬂi%ﬁzﬂz@%‘l&l&lNﬂ@]ﬂ@l’)"]j’)(ﬂl,%a’]%

Control

Ironoverload

Ironoverload
+deferoxamine

Ironoverload
+deferiprone

2NN 1.4 m&nlwﬁmﬁaé’umamg WT 1az BKO NIaTULARNLATNAUAILNTULAAN

1a813% Perl’s’ Prussian blue staining



2. JLAULAAN NINTZILVAILAANUAS oxidative status U3 la

szaundnlugLl non-heme iron Twialaugasluenson 1.7 uae suwdnazauluwinlalag
5%Perls’ Prussian blue staining ugadlunni 1.5 nnayausadlfiAiwiluny BKO fndn
azaulwirlaagus Wolw iron dextran mﬁﬂLﬁ'm‘fuasmﬁﬁfﬂéﬂﬂ”tyluﬂzm%aaamju nIlABNIY

widn L1 sansnaamdnluwdalald lasiawizednabsluny BKO wustbddnmeada

@13197 1.7 32AUEN (non-heme iron) luialazasny WT uaz BKO fildsuiminuasnazadm

YULRAN
Mice Group Cardiac iron (mg/g heart)
WT Control 0.0x+0.0
Iron overload 55+1.8
Iron overload +DFO 57+20
Iron overload +L1 35+20
BKO Control 0.1£0.0°
Iron overload 45 + 1.1°
Iron overload +DFO 35+£15
Iron overload +L1 25+07

Data are mean + SEM (n=5). Comparisons for significant differences are indicated by the same

alphabet; a...p<0.01, b...p<0.05

#1519 1.8 Oxidative status M%""ﬂﬁmawk}, WT Uaz BKO M laTUMANLAZNAYEILNTULAEAN

Mice Group TBARSs GSH GPx Catalase
nmol/mg P nmol/mg P uUM/min/mg P uM/min/mg P
WT  Control 48+02° 153+ 1.5 322+27 41+08
Iron overload 8.0 +0.8" 13.5 £ 1.1 35849 7409
Iron overload +DF 6.4+04 13914 26211 59+04
Iron overload +L1 6.0+ 0.3 128+ 2.7 279+ 27 59+04
BKO Control 3.8+0.3 18.0+23 322+1.86 53+0.7
Iron overload 5402 16.2 £ 1.1 274 +£22 6.8 +0.5
Iron overload +DF 44+04 152 +1.2 236+25 6.1+0.6
Iron overload +L1 44+0.3 155+ 1.6 252+1.2 52+1.2

Data are mean + SEM (n=9-10). Comparisons for significant differences are indicated by the

same alphabet; a...p<0.001.
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° o . . ' A v & A £ ' Ao o @ &
§nTuA1 oxidative status WU ldsuimaniien TBARs geliuatinsdibdanyrsluny
¥ o { ' ° o 2 o A
WT W&z BKO wanannigsnunsilfsuutasdimsvinauaadianays catalase GIdumilsiuiin
TulunpnlaTumaniiv maldiueduimanand lipid peroxidation wazdiuenvnuvadlan

@ 6 ¥ (2 a
‘Ii?JElL‘IJ']tﬂlﬂﬂﬂ'l’)Zﬂﬂ@]

Control

Ironoverload

Ironoverload
+deferoxamine

Ironoverload
+deferiprone

ATNN 1.5 mﬁnlmﬁalﬂaﬁﬂwamg WT 1az BKO N 1@TUIRANUATNATIINTUAAN

1a813% Perl’s’ Prussian blue staining



a 6
aduazinsatwanisdnin
nnmMsAnsnzeandiafinaiasnlasld OMRI uaz carbamoyl-PROXYL Ll spin
A ' 'y PN A { o ' & ' { o v
probe TymunInusaddazianisljitnayyadarzneiiizdigiun wuduladainaassldsy
& A a A oo = < . A & ) A A o A
IARNINEITINALAEY #IalAsLIaN 3 avddatiiasasiRuumwl liunmsfsuudasfauunnning
01 1 nﬂl Gq/’ c?l/ nﬂl s L= >3 L= d' = £Z Qs
alpzaIndugnItanahasnauidueisiznanuazeisizusnfmanidn ldgzay  wazmslasy
pdumanaanInanljismeuyadaszld
1 =3 2 [~ a v % 1A 1 A aa
wANNKAMIANIIMTIRAN IS ates  g9lifinadenmsidfsuudasnianeniinen
1 L dq'd =1 v =3 n' J =1 c.i d' v =3
atnaTaLan wlassnsitdsdnmlasmsliwaniAinunnds anmsdnsf 1.2 Walhinansiv 9
a3s Fndnsrauluduuazatpizdugedataian Tuninuihdmanunwenazazanluiiladin
winsfnsudaliindnlulinnugelimanin nessuieaaialas OMRI 1d udlasnwsau
G 1 Qs =3 % o a =3 dl v v 1 aaa a 1 J v
winhszaumanazauulsduiudinaunanaliidnll enadfisineuysdasmihezanniudas
! e . . A & A o & v < &
fin lipid peroxidation Afgeduiladainasaslaiuinanuindu
A o A A o & v & £ A A v ed A @ )
Wunihssnadaliagainanadlasuinanunnds Smadfswudadseusugnineidaany
msﬁwﬁ'@a%aﬁaizvﬁm glutathione peroxidase (GPx) WLaz catalase NILUA8MUURINNIHH
> &‘ 1 Qs =Y Qs { 1 o o
vaslaududinagiuriiavasmpuszaivziminazay ulwila mahiuzas catalase
@ & & a o & o [ ° o g 4 )
wnldugadulunnamdnifn wszendumanilinsinueeseududisass Tusndludy
MIUVBILEUTNE catalase Auniliuaadiad (MInaaas 1.2) agdlsiaumsifsuuydas
gadlaugud ldanuuandvadwdteday  GvenafeaTesnumsdsuandainzeandie
A { ,
Azasn Sovanlanazdnsinabnealy
fusuuuunaassnzmaniinih lanwmiwsvasnzmaniiudanszuaums
= LA = ! \
AuQuaNnlag hepcidin F9nan1sdnsaznaluundaly

LAaN&13219D9
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un 2
[ a aaa a 1
msﬁnmNa"uaam'azmanmuuazﬂgnimmmaamwa hepcidin mRNA expression

a A A o o a < ' v . a A
hazagaib ©) 7]LﬂEI'J?Ua\jﬂ'ﬂﬂ']sﬂ’)ﬂﬂ.&lﬂsuﬁlml“aﬂi%iq\jﬂ'\ﬂwaﬁ“kbﬁ’]aﬁ?ﬂ“ﬂ

VNI
& a a o @ A ) , A
AITARNNWAUNUINEAYAaNITANULFNVRIBILIZA 9 sml,ﬂumm@qm'ﬁmsflu
o ! v A A & a o ! a v A A A
el gLELHE m’azmanmﬂugﬂ’sﬂuaﬂmﬂuwammﬂﬂ’ﬁvlmuLaamwal,mwlmﬂnzl,aa@ma
v a nl &/ =3 a & d
A7 mﬁmm@;mmﬂmimwumao@@%umaﬂmﬂmamummi P dwHaguLhaIN1INMT
Fuarziidaiiaaunaliauysnl (ineffective erythropoiesis) Nizuiun1INinadanIsAILQULAGN
Ao o A o 3 .
nfeAa nazuawmIiuwaadulndaaslan “hepcidin”
Hepcidin lu31l active form Usznaudisninaziily 25 d1 fFuanzdlwaadaulugdes
C . A g . o @ A < o A
pre-pro-hepcidin uaztUaawdn pro-hepcidin L8 hepcidin @MUAIQU LWANRILIIFNITURLADA
- @ o o o . . A 1 bd [ v
hepcidin 3z3UNUAIIUUW iron transporter fa ferroportin smaguuwmLsﬁaﬁmaamaﬁmvlml,az
o ' - v o o [ . o A [
LTRSLNALATANE N3V TERING hepeidin WazaITL AWavinle ferroportin NiNay TINAganIY
ﬁamsﬁ’]mﬁﬂL?Tﬂgjmmmﬁamiﬂymaﬂ’ﬁ@@fﬁumuvﬁaﬁﬁﬂﬁua:ﬂﬁﬁﬁmﬁﬂaaﬂﬁ]’ml,uﬂiﬂw\ha
aaRd uazimanlunszusfenanss nizuInmItdanudmaylunminiuguangananluime
MIFIATIZR  hepeidin Qﬂmuqﬂmnavln%mmzﬁu ﬁaﬁmimuqulmzﬁu
transcriptional regulation L8z post-translational regulation f1RIUIzAL transcriptional regulation
Qﬂmuqﬂ@]mz@”umﬁﬂlm‘i'ml,azlum:l,l,mﬁa@ FZAUMANIUALAILANHIUNTY Bone
Morphogenetic Protein 6 (BMP6) W hemojuvelin (HJV) UBNTILTARAL §IWAANLIWNTLRIREA
muawmu Transferrin Receptor 2 (TfR2) mm%mmumuﬂu hemochromat03|s protein (HFE)
uaﬂﬁnﬂumimmﬂmmu transcriptional  regulation %ﬁ’]&l’]iﬂﬂ’mﬂ&l@ﬁUﬂiwﬂ’luﬂ’liﬂ
Lﬂ&l’s"lladm_m’liaﬂl,ﬁuimlmu IL6 receptor ez JAK/STAT signaling pathway LLazﬂizﬁJ’mm?ﬂ
{ o . .. 4 X o o L v o &
WNeTaIny erythropoiesis activity T3UBNUIEAUVBDY erythropoietin (EPO) anale §MIUNNT
mqulm:@”u post translational regulation ﬁé’m”ryﬁaﬂ’mﬂﬁﬂuﬁ]’m inactive I active
- 1 . v o . A 'Y g
hepcidin Tasrn proprotein convertases (PCs) lauAtausue furin maLausﬁu§ﬁgﬂﬂaquI@U
N1 TFR2 @281 E%N% (Ganz and Nemeth, 2012)
ﬁmﬁdﬁnmﬂazﬁﬂavlﬂmsmuqm:@”umﬁﬂluiwmﬂﬁﬁﬂs:ﬁﬂ%mw WARINLARNLNY
4 ' o ° o | (> o Y A {
gatmzunmildsuifaadulssdlugihomaadidy anavhlina lniadifsuudasly
aINNIARNRINNTNYN AN TN UUDILTAR 16 bUIzALA9S  asnudsaulafinunavasnie
WanwdaNMILEaIaanwaddn hepcidin LaZNIIAIVAN  hepcidin ‘ﬁ'ﬂwkl, wild type Washi
heterozygous B-globin knockout (BKO) FINNIANHNAVBILNVULAAN bAWA deferoxamine (DF)

w8z deferiprone (L1) 6128

14



%

aniszaed
= a . @ a a . )
1. @nwnsuaadeanuaddu hepcidin (Hamp?) luauuaztSunasvaslysdn hepcidin 1udsa
a @ A A dl Qs =3 a
mam%ﬂﬂ@LLamkmaamm"Lmumaﬂmu
2. ANMNAVBINTLIRANAENTLEAIBBNVadEN hepcidin  (Hamp1) luauuazUSunawes
Tu3Gu hepcidin TuBiuvaswuindussnymaadillon ldsumnanii
3. ﬁﬂmﬂﬁ]é@mimuQummamaamlaa hepcidin lawn erythropoietin, transferrin receptor
2 (TfR2) waz furin Tungun@usznymaadillonlaTumaniiv uaznavessduiman
25 NBWNITNARDI
1. AN INARAIUBENITAT NN ISLAANAL
Wi C57BL/6 (wild type, WT) Las heterozygous B-globin knockout (BKO) a1g 7-8
ot lasuann quﬁ%”mmﬁaﬁ’fil,ﬁy VRINURLURAR ﬁhm”aaawﬁmmuﬂmﬁ@az 4 nau
o 4 AN e = VAN e = @ = i oA
vmemgumuqu ﬂquﬂ"lmuman ﬂqmvl,mumaml,azmmumaﬂ deferoxamine (DF) uazngu
l@sumanuazenTUWman deferiprone (L1)
AN v = o . A a o 4 2 v o A a @ &
‘Lu%w"l,m‘umam:"l,@ iron dextran TW1A 1 TRANTUGAINWINGINTLINLANITN 9 AYaln
1987 2 FUAW ué’amﬂmi"l,@i”%'umﬁn@%’@q@ﬁwuﬁfa 3 7% WMENUURAN DF w38 L1 1u1e 0.2
LAY 0.6 UAALURADIIRINAIRIHIA laNTUANEIAUABLTITWIRY 7 T4 ﬁé’dﬂﬁﬂﬁmﬂ{aq@ﬁ’m
24 lug nyazgn sacrificed lan1saaurioulasl’ Nembutal® uaza1udae cardiac puncture

dl =3 = g oq/' =3 [ 1 [
PWBENULREA ARIITNULNUAIBEINAU

2. MIATIVIRAAN UG

lagl535 colorimetric method 289 Foy et al. (1967) lagld ferrozine Wuansvinldinag

3. MIATIVINT=ALTIU hepcidin

526U hepcidin-25 ludsuasiaialesds ELISA lagld Mouse hepcidin ELISA kit
(BlueGene Biotech, China) m’;m”@@hﬂ’]s@@ﬂﬁml,mﬁ 405 wlwuasiag microplate reader
(Biotex, USA)

4. MINTIVIATEAUGIN erythropoietin

lagld Mouse EPO ELISA kit (Abcam, UK) m’;m"’@@i']msg@ﬂﬁmmﬁ 450 wluluay

lag microplate reader (Sunrise-Basic Tecan, Switzerland)
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5. miﬁnmmﬂm@aaanwadﬁu

MIANEIMILEaI0aN2aIaRlUAIBEIAL 1 ansInNIfURLUAIGALLNAUT left lobe
\inlu RNA later® uaziivlugiiugmnnd 20°C riauian homogenate uaz centrifuge # 3,000
rpm &% supernatant $3N8NA RNA I@Ui"f"l;@aﬂvﬁﬁ%%ﬁ] (UItracIeanTNI Tissue and cells RNA
isolation kit, MO BIO Laboratories (California) wazANENMIUEAIeanuaIdnlag real-time
reverse transcription-polymerase chain reaction (real time RT-PCR) laglt SYBR® Green One-
step qRT-PCR kit (Life Technologies Co. (California). uagld primers @‘ﬁLLaﬂﬂumﬂdﬁ 21

ﬁuﬁﬁﬂw’l amplified 1at) ABI PRISM 7500 thermo cycler: 50°C for 3 min, 95°C for 5 min
anuse 95°C for 15 sec, 60°C for 30 sec, 40°C for 1 min YIWUA 40 cycles UWRZANNGAIL
melting curve analysis LRSALATIZN relative quantification @28 PCR amplification efficiency

correction (or Pfaffl) method (Pfaffl, 2001) wazld B-actin \J% normalizer

®1379% 2.1 Primers §1%3IUMIANNNILEAIAaNUAIE %

Gene Primer sequence (5’ 3’)

Hamp1 Forward: AGAGCTGCAGCCTTTGCAC
Reverse: ACACTGGGAATTGTTACAGCATT

TfR2 Forward: CCTCTATGAACAAGTGGCACTCA
Reverse: CCCGATCATCCTCCATGAAG

Furin Forward: CAGCCTCGGTACACACAGAT
Reverse: AGCTACACCTACGCCACAGA

B-actin Forward: TCCTGGCCTCACTGCTCCAC
Reverse: GTCCGCCTAGAAGCACTTGC

6. MIuaavaanvadlusau hepcidin luaslag3s immunofiuorescence

¢18:8190U3 N formalin-fixed, paraffin-embedded (FFPE) thandnmusunmlysdn
hepcidin 1a83% immunofluorescence

¢at90@ slide section AINAWI 5 Um Antuianlieanuion 80°C 1A 30 Wil
Wae deparafininzed Tu Unyhol Plus® solution (Bio Optica Milano, Italy) ’ﬂﬂﬂifmi’luﬂizuauﬂ’li
rehydration LLRs retrieve antigen laouzly Tris-EDTA buffer, pH 9 uaan 40 wn ﬁlqm%gﬁ
95°C wasanuuutli 0.1% Triton-X 10 wifi 81968 PBS waz block &8 5% normal goat
serum in 3% BSA-containing PBS a1 1 fﬁimaﬁqm%nﬂﬁﬁaa W39 NIWLAY rabbit anti-
mouse hepcidin-25 (Abcam, UK) anadiuti 20 lulasnsudafiafaas lu 3% BSA-containing
PBS 71 4°C 711w (Ohtake et al., 2007)
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WaIa19628 PBS 1&N 100 lulasaas ChromeoTM 488 labeled-goat anti-rabbit IgG
antibody (1:10000, diluted with 2% normal goat serum in 3% BSA-containing PBS) e 1
Fludluiida wasansedan PBS udauglu 0.1% Sudan black in 70% ethanol WA 30
W nauaduazla slide @28 antifade mounting medium

AWAN fluorescence ALATZRLAL Olypus Fluoview FV 1000 laser-scanning confocal
microscope (oil-immersion) with a 60x 1.35 NA (numerical aperture). MINATNERANULT VD
fluorescence Ml1UNTH Imaged Ver 1.47i WRZANULTUTINDBY fluorescence ﬁ]’mﬂ'lwﬁlvlﬁﬁ]’m

14 10 non-overlapping field ﬁnmﬁﬂmmuauﬁwﬁ'umjumuqu

NAaN1IANE
1. AURANIUAL UaIzAL hepcidin Iudsuuazlwmbaidaay
) = % A A o & A o @ = A
saumdnludunyginduszny BKO allnmzmwinifuuazldeduminuaadluasen
2.2 &M3UeN serum hepcidin WML BKO Hurial¥uva9320L serum hepcidin gandngu WT
udillalfindn wud1 serum hepcidin  aadaInsmadngy  milenTundnyhld  serum

hepcidin NauLgIzaLLAEITY control Tuudazngu lidanuuandsatedvbddmydnitszey

hepcidin lutitaLdady

P o 3 a . ~ & A o a @ A A
M990 2.2 TTOULRAN I2AU hepcidin lummmﬂumaLﬂa@wm%@ﬂﬂmam%ﬁmaeﬁmﬁ

Group Total liver iron Serum hepcidin Liver hepcidin
(mg/g tissue) (ng/ml) (ng/mgP)
WT
Control 0.03 + 0.00° 26+1.8 0.20 £ 0.04
Iron overload 145212 1.5+0.8 0.20 £ 0.03
Iron overload + DF 13.8£0.8 30+16 0.16 £ 0.04
Iron overload + L1 14513 16+£1.2 0.19 £ 0.00
BKO
Control 0.21 +0.03° 34+13 0.15 + 0.03
Iron overload 146 +1.9 191204 0.18 £ 0.04
Iron overload + DF 13.0+ 1.4 3.3+21 0.20 + 0.08
Iron overload + L1 14.0 £ 0.7 4005 0.21 £ 0.06

Mean + SEM (n=5). Comparison for significant differences are indicated by the same alphabet;

a...p<0.01.
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2. mMyuaadaanvadduuazlUsdu hepcidin luay

lag3% qRT-PCR n1susasaanvadbu hepcidin (Hamp?) luwy WT uaz BKO Alesy
wmanfinusasluniwd 2.1 nmnuaasliifiuiing BKO finsuanseanues Hamp1 geninny
WT dszanm 1.4 i ue lidvbdagniesia Lﬁﬂ%gﬂ%aaaﬂéuw{umﬁﬂLﬁuwu’h LRAIBN
V89 Hamp1 Lﬁuﬁuaﬂwﬁﬁfﬂﬁmﬁngﬂw% WT usz BKO mslienduiwsnnis DF uag L1 Tuny

Afnmzmaniiuliinadensuaadaanaad Hampt (@15719 2.3)

NS

3.0 f_uiﬁ f_#ﬁ
E
s N
; \\s
=2 2.0
s
E
: 1
g T
Z 1.0
4;-; 1

0.0 T . i T

Control Iron overload Control Iron overload
Wild-type BKO

NN 2.1 Relative Hamp1 expression luauzaany WT uaz BKO I ld3ui#an

@151971 2.3 Relative Hamp1 expression ludLzaany WT uaz BKO N laTUIwaNUazHaY09879L

LA&N
Mice Group Hamp1 (fold change)
WT Control 1.0+ 0.1°
Iron overload 25402
Iron overload +DF 2904
Iron overload +L1 2704
BKO Control 14+02°
Iron overload 24+ 0.3Ib
Iron overload +DF 28+0.6
Iron overload +L1 2003

Data are mean + SEM (n=5). Comparisons for significant differences are indicated by the same

alphabet; a...p<0.01; b...p<0.05



11561 hepcidin TuauuaadlasdT Immunofluorescence LEULAINUNALBINITLEAIBAN
va48% 3zaulisiu hepcidin Tungamy BKO ganding WT dszanm 1.5 winud lifitbddmms
gh@ (M 2.2 a, c) Lﬁaﬁﬁwﬂaaaﬂﬁjuﬁm’;xm%Lﬁu wumMsuaaseanvasldsawliiudues
nafildanmiuansaanaasdu  Hamp? luﬁkl,ﬁzaaaamjw w‘g\‘]ftﬁkb BKO naufuwaliums
ugevaanvasllsiuluauanas (MWA 2.2 bd, 13197 2.4) wazen hepcidin TusLzaanfasny
USanaw hepcidin Tudsufia hepcidin sl,w}'}%;uﬁ@ha@mLfiaLfiaﬁm’s:mﬁﬂLﬁusl,u%hm%aaomju

alwengumanwuingeay hepcidin Tsduluduanaslagfiny hepcidin 1%%‘3"'&53'@1'?@0
1ﬂéTLﬁmﬂ”amHﬁ"LaJﬁmazm§mﬁu (WA 2.3, 397l 2.4)

WT

AMNA 2.2 Immunofluorescence of hepcidin protein 1u(§l°"i.l°lla\‘m‘kll> WT nguaiuaw (a) ﬂﬁjwﬁvleﬁu

W8N (b) Wik BKO NguaILqal (c) nduf la3Linan (d)



WT

BKO

AMNH 2.3 Immunofluorescence of hepcidin protein luﬁmamﬁﬁ%ﬁumﬁmﬁu wT l@5uen DF

(a) waz L1 (b); % BKO l@3Len DF (c) uaz L1 (d)
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@131971 2.4 Relative hepcidin protein ludl waz USinmludsuveany WT uaz BKO fildsy

LARNLAZHATIINVULANN

Mice Group Fluorescence intensity Serum hepcidin
(fold change) (ng/ml)

WT Control 1.0 £ 0.1 26+1.8
Iron overload 1.1+£0.2 1.5+0.8
Iron overload +DF 0.6 + 0.1 3.0+x1.6
Iron overload +L1 09+0.3 16+£1.2

BKO Control 1.5+04 34+13
Iron overload 0.7 +0.1 19204
Iron overload +DF 0.6 £ 0.1 3.3+21
Iron overload +L1 08+02 4005

Data are mean + SEM (n=5).

3. Y99eiAgIvaInUMILandaanvad hepcidin lun1azinaniiu
Yo 4 . . .4
llﬁ]ﬁlEmud"lladﬂ’lﬁﬂ’s‘]_lquﬂ’lil,l,ﬁmaamla\‘l Hamp1 fan1e ineffective erythropoiesis T3
& v L A & A = = Aa A X
gk &@ualiAdl erythropoietin (EPO) 1NaNNYY uazinsgaduinanannyaauamaiiuin
LY o & < & Y e o4 o &
uaz EPO aznszdumiaiailaiioauas sk EPO luiladadaduginisuaasaanyad Hamp?
nnndanswudmy WT & EPO ludsuluszauildauninasaialdluamen ny BKO
flvzeu EPO Tudiugs (3197 2.5)
A A & a ! o & . o & X A @
Wallnzmaniiuluny WT wudt EPO Tudiugeluetwtaaunstinaidumanszdu
v =3 dl v =3 A v Qs =3 1 dq/ 1 dq; 1 a v o Qs
miltimanesinudaian wazmiliendumanlunguiidn EPO ludiuanasatnalvbdary
o v 2 u.z o ' ) @ % f ' %
§miLny BKO daflvzau EPO ludsugeagudinisliindnniasduminhifinasdeszau EPO
Yaasulviinisuaasaanaad Hamp1 ldund nsuaadsanes transferrin receptor 2
' A & ' A
(TFR2) wamsAnmwudluny BKO Antuseseanves TR2 ndulzanm 1.5 wh &9
Y o A A X ' A
FEAANBINLNANITURAIAANYEY Hamp? Tuwy BKO Tundudszanm 1.4 wh udillaiining
IMANIARNLI MIuaadaanuad TAR2 nausaadageliupdany waznsldenauman Winada
NIUFAIEONTEY TAR2 (MWN 2.4 LA A1T19N 2.6)
Furin iJwausudnsangluwnsidfsw pre-pro- uaz pro-hepcidin Iﬁagiugﬂ active form
(hepcidin-25) Furin gnaiugulay TAR2 :InMIdnswUI1 miuaasaanvad furin iduldaiuns
URAIBONVBY TAR2 NaAe LHauaadnantad TIR2 aaad NNILRAI8NVDY furin AARIANUNH

< X & a a o . A A
‘Yl\‘mﬂ’n:maﬂLﬂ%ﬂJNﬂi%ﬂ’]SLLamaan‘uad furin 8ARJ (NNN 2.5 1AL AN 2.7)
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15191 2.5 Serum EPO Vo991 WT Uaz BKO NATURANULAZNATILITULAEAN

Mice Group Serum EPO (pg/ml)

WT Control nd
Iron overload 2927 + 77.9°
Iron overload +DF 85.5 + 21.5°
Iron overload +L1 103.4 £ 205

BKO Control 231.0 £ 547
Iron overload 278.9 £ 48.2
Iron overload +DF 252.4 £ 68.8
Iron overload +L1 262.3 £ 191.1

Data are mean + SEM (n=4). Comparisons for significant differences are indicated by the same

alphabet; a,b...p<0.05.

2.0

1.5

Fold change relative to wild-type control

Control Iron overload Control Iron overload

Wild-type BKO

N1 2.4 Relative TfR2 expression luaLI784%Y WT Uaz BKO Alasuiman
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@131971 2.6 Relative TfR2 expression ludUu8i%y WT Uaz BKO NIATULARNUAZHAIENT

LA&N
Mice Group TfR2 (fold change)
WT Control 1.0+ 0.1°
Iron overload 0.4 +0.0°
Iron overload +DF 0.6 £ 0.1
Iron overload +L1 04 +0.1
BKO Control 15+0.2°
Iron overload 04 = 0.0'o
Iron overload +DF 0500
Iron overload +L1 0.4 0.1

Data are mean + SEM (n=5). Comparisons for significant differences are indicated by the same

alphabet; a,b...p<0.01

2.0

1.0+

Fold change relative to wild-type control

Fi

i

Control Iron overload Control Iron overload

Wild-type BKO

NN 2.5 Relative Furin expression Tud@luasny WT uaz BKO flasuman
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@131971 2.7 Relative Furin expression ludluaiwy WT waz BKO ld3Uindnuaznavedsdy

LA&N
Mice Group Hamp1 (fold change)
WT Control 1.0+ 01"
Iron overload 0.7 +0.1°
Iron overload +DF 0.9+0.1
Iron overload +L1 0.7+ 01
BKO Control 15+0.1°
Iron overload 0.5+ 0.0°
Iron overload +DF 0.8+0.2
Iron overload +L1 0.6 + 0.1

Data are mean + SEM (n=5). Comparisons for significant differences are indicated by the same

alphabet; a...p<0.05; b,c...p<0.01

a 4
asduazinnsatwansdnin
v A A A & . o A Y & . .
luwymasdills  (BKO)  dndnazawagluduuaziinnzihulaifiasan  ineffective
. . ! . . & o ol
erythropoiesis uazilen erythropoietin (EPO) geliulwidon dmiLnsuaasvaddn Hamp? uas
113w hepcidin Tuduuazludsuddrgoniing WT idniay azanm 1.4 1) laswaiizanadod
. o 4 o C e d
AUMIANIUILEAI8aNUBIEN TAR2 WAL furin TIANIULTZN 1.4-1.5 LY UTUAY TILFA
I#iAw iron pathway lasriu TR2 gadunumlunungaii
o { & \ [ s [y o 5 !
anaunnefizayu EPO Nigslinluny BKO #19znan13daamzy hepcidin 1Wilszdudinin
wilungy WT winansdnsliiduldaanae wddawudiluny BKO Sundnazauagluduuas
LY v & o L A X = o ¥ ' { o & = [
dhausaslWiAuwinazau hepcidin Avindudntasi a1aldiisswafivzdudinisgaduvaaninle
\ P A A \ a (% a £ s o v =
2en9fldseAnTan udluansidoInumsiANduuad hepcidin a1avhliindanazauluualasva
J [ 3 % % = 1 A =S o v ]
INTRAIEIAB IaNVIAVEIIN TahaulafazAnsnmsaeuauasveIi lauazualasniade
hepcidin lunsiiaae
=2 <3 a . A R (<3 a '
mydnmazwdniiuluny wid-type uar BKO iWadnmHazaIn1zinaniinedng
WEIuazNITMANIAUTINAL  ineffective erythropoiesis  aud1aL  mslastinanluny WT
nizgunsaing EPO athwwdnlUldlunsaiadaifoauas  nmazauladhalawyldlunymis
WT was BKO
s =3 nq: 1 v g 1 L= o o
m3ldsumanlunynssasnguiunald’ nsuaadaanvas Hamp? gelinedefibdmanyng
ahie  wansuaaseanvadldsduluavualudsululfsuutaimlanataaadlasanizatnedslu

ni BKO waztlaNTINIsuandaantad TIR2 Waz furin 8AaILTHA8IN
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mIaaasad TAR2 lunylasumaniiuiazdinaliniiuandaanyas Hamp? aaadudna
= L 1 &/ 1 a o o L 1 U =} ~ = dl dl 1
MIANINAUNLIUAAdeanYaY  Hamp? geduatadivbddgenananldiiidadvdugniae
WNEITaINUNMIURAIBANT DY Hamp1 1% inflammatory pathway lagru IL6
A < ~ . . A o v A
MIN TR2 asadnwinazlinaniznulasasidemsuandaanvad furin Tvininndu
{ a5 o &
convertase Lardunuinlunisidsw pro-hepcidin 1% hepcidin 1u3ﬂaaﬂqm AIBWNIINAR
i A o v |1a a A =~ o & o
V2INIuaAdBanved furin - anafinavhliuTinmllsduneangniaaas aimuenassylaiinig
waniAuiifouudas hepcidin MsluiBalIanmuazgunin
Yaspfshangmalasuudas TiR2 B9 bTaLn waaIaininaziieITaInunizeand
A @ , o o & & a a A A
Wfinaan idinaiminszausasauduy convertase anatlunnzmaniiu ldsdudugngn
faanzwlugy pro-protein M11aznNNIZNULTWGALINL hepcidin
fawmsldsueduminsinaliazat EPO aandluny WT Aldsumaniin udedy
= ' ) o & . A & & v
WAAN LUEINAGENTLEAIBNLATNNTAIATIEA  hepcidin lwANzRdnEn  Neftmslasuenlue

FTUZIANFU YUALRAINNANLIRANI A9 Ll ldaaTzaumanluay lainaawa
¥ a
LN&EIID9DY
Ganz T and Nemeth E. 2012. Hepcidin and iron homeostasis. Biochim Biophys Acta 1823:

1434-1443

Pfafft MW. 2001. A New mathematical model for relative quantification in real time RT-PCR.
2001. Nucleic Acids Res 29: e45.

Ohtake T, Saito H, et al. 2007. Hepcidin is down-regulated in alcohol loading. Alcohol Clin Exp
Res 31 (Suppl 1): S2-8.
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UNN 3

NMSNARINITATIVIA hepcidin Tagas Liquid chromatography/Mass spectroscopy

UNA

Hepcidin dinthfdAtylunsaiuga body iron homeostasis aMuAAUNGU84 hepcidin
WNenTasnunentamnnanalse lauin1sAaNIARDGITLAL hepcidin 14lAaALAAAIR ANIY

% v ¥ o { ) v % - J 1l a Aa v &

LADAIWNHNUINTTURIONIONIFUITETI INETBINUTEAL hepeidin g9linatlialnd asuu
M I5ARENHABI0AENNTATIVIATLAL hepeidin BENIULNEN

udatnilafimun1sfinm  hepcidin - Tuagtiudsddadiialunienaia  Aemsldis
. A Ay o o oA ' = . | v .
immunoassays Tidtadriada lisaninusdsumiz hepcidin Tugdensgldun pro-hepcidin,

T 4 . T . g 4 { ! A€ { 1

hepcidin-25 Tl active hepcidin Wae hepcidin-22 T8I0 NINNBINNNLANGAIIN
hepcidin-25 & (Ruchala and Memeth, 2014)

% & & 2 A A o a & . o

Tandszasdniarasnmsdnmlulazamiiife mavarin1Inaie Tz hepcidin ludiu
wazdaanizlanldis liquid chromatography W8 electrospray ionization/liner ion trap mass
spectrometer (LC/MS/MS) Naltiiasnzhuazfaanunmsilfsuudasszat hepcidin Iudsulu
v | e A A A v '
Aihumdadidenlaiuandng

PNMIANIINLIINNTATINIG hepeidin WG58 lawld LC/MS/MS — Addadnna luaiu

a ] i - A . . % o

WMAAEIY 1w hecidin 94 disulfide bond f14 4 bond snansamznulUsAwlubsunIel
Unsunduquazvilimiamaiadeudisein wanmiteandasnaduiniasile

lussnuhdsnanudnansanslasld  hepcidin - AMIRIATIEA  WWBIAZNNS

aranminzauludtunazdzzzdaluluawaa

DA UBUNIINARDY
m’s:msmaaaﬁlﬁw”wmua:ﬂ%’uﬂgamﬂ Li et al., 2009; Bansal et al., 2009 Lax Bansal et al.,
2010

Standard hepcidin: &13 hepcidin-25 1193371% (DTHFPICIFCCGCCHRSKCGMCCKT;
Peptide Institute, Inc. Osaka, Japan) azanendu stock solution 1 Aadnsudefadany lu
50/50/0.1 (v/v/v) methanol/water/formic acid LLazLﬁUVHﬁqm%n“ﬁ 2-8°C MILAIBUFITAZANY
mmg’mifum%'wﬁm'mL?T&J?Tu@m 991ud 10-1000 wlunsudadaddnslu mobile phase

LC system: Stationary phase laglT Varian Polaris C18A (5um, 75x2.1 mm; Lake
Forest, CA, USA). Mobile phase A, 0.1% formic acid in water; mobile phase B 0.1% formic acid
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in acetonitrile lag1% gradient 71 flow rate 200 lulasaasaow?i lagld mobile phase B 7 10% 2
wift waztRadn 40% molu 2 wnit edasnd 8 wifi ugraesain 10% molu 0.5 W

Mass spectroscopy: lagla Electrospray ionization (ESl)/linear iron trap mass
spectrometer (Agilent 1100, Germany), ESI spray voltage +4500 V, source temperature 300 °C,
nebulizer gas 20 psi, dry gas flow rate 8 I/min.

Blank serum: 103salagtindaatnsdiuLinaas activated charcoal Moliifwna 30 wid
wdinly centrifuge 7 15,000 g twian 5 wifl wandsueanudrvnduaausinsngnsduin
A3d

nsanaeaagessuuszganaz: analay solid phase extraction lag Oasis® HLB 1cc

(10 mg, Waters Corporation, Mailford, Massachusets, USA)

HANIIANBINARDI UWATUNITHE
1. Mass spectrum lage direct infusion

Mass spectrum 28J hepcidin ‘ﬁlm’mlﬁm]'u 2  Hg/ml lw  50/50/0.1 (v/viv)
methanol/water/formic acid 1988aa39171 mass spectrometer (direct infusion) LLamluﬂ’lwﬁl 3.1
PNANENNTOATIANY [M+4H] ™ Al miz 698.2, [M+5H]™ 7 miz 558.6 waz [M+3H] @ miz
930.7 lasdanuiduuassanin (intensity) 13890INANEIAL

e miz 698.2, miz 558.6 Wwar m/z 930.7 WMaFEUNTAA fragmentation lagld
fragment amplitude (collision energy) ¢14¢ WU’i’lﬁl amplitude 0.80 I product mass ‘ﬁﬁ
intensity §4UAZE904 intensity U89 precursor IudSinafiwanzas i 3.2

61131\1“71'3.1 W& intensity U84 precursor WAz product mass §149 %G“ﬁagaﬁ%ﬁwﬂﬂu

MIaNeAUSI ez lasIa319ue9 hepeidin WUL MS/MS da'lyl
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. [M+aH]
v 698.2

[M+5H] "
558.6
: 3+
H i [M+3H]
v 9307

R e S

ﬂ’]‘wﬁ 3.1 Mass spectrum 83 hepcidin ‘ﬁlm’mtﬁufu 2 pg/ml lu  50/50/0.1 (v/viv)

methanol/water/formic acid
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(a) MS/MS of [M+5H] "

6937

Precursor

\

10883 qygg5
bl I

(b) MSIMS of [M+4H] .
Precursor

(c) MS/MS of [M+3H]

Precursor

ANA 3.2 MS/MS 289 [M+5H]™ (a), MSIMS 283 [M+4H]™" (b), MS/MS 189 [M+3H]" (c)

i fragmentation amplitude 0.8

29



M1519% 3.1 URAIANITNVDINYIMVBY precursor LAz product mass WaJaN fragmentation

# amplitude 0.8

Mass precursor (m/z) Intensity Product mass-m/z Intensity
558.9 502 x 10" (vie) 3422 2.95 x 10°
(yzo) 439.4 1.02 x 10*

(yro) 6932 9.0 x 10°

(va1) 763.6 461x 10"

() 812.8 1.36 x 10°

(i) 1039.4 7.34x10°

698.4 4.97 x 10° (Vie) 342.2 157 x 10"
(bs) 501.2 1.03 x 10°

(yzs)  644.0 119 x 10°

(oa)  669.4 1.07 x 10°

(o) 693.6 1.02 x 10°

(ya1) 7636 3.25 x 10°

(y22) 8132 4.38 x 10°

(Y23)3+ 858.2 274 x10°

(yio) 1039.8 222 x 10°

(1) 1144.8 1.03 x 10°

930.8 3.62x 10" (bs) 354.2 6.18 x 10°
(bs) 501.2 1.26 x 10"

(yis) 858.6 3.16 x 10°

(Vo) 892.2 3.91 x 10°

(yo1) 1145.0 9.90 x 10"

(vs)  1218.4 4.01x 10"
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2. Hepcidin chromatograms
=1 @ | . e ' A o . g =
NNN3AnEN LUy mobile phase ez condition ¢4 LWNaNIIATIAIN hepcidin A1IEN
N aNNFa s e uiuuae9 lugIUB8435NIMAnaY chromatograms uwa@dlumwi 3.3
NN retention time (RT) 84813 hepcidin 119331487 9.6 W1l mass NwuIINNgaluszUY
#fa m/z 558.6, 698.2 LGLN9 INANEINITAATIINL m/z 930.8 FIELTUAL
WaETINIINITRINANNUTNVDIFYYIMIINNIEIN  mass  NUANNTNTUITWUINN

ANUFUANUTLTILAUATINNRNNITAITE

m/z 558.6; y=282401x-3E+07 ' =0.9634
miz 698.2 y=241468x-2E+07 r'=0.9681 (MWl 3.4)

MnaNNIAANUTNTUANIgaNeT1970 (LLOQ) ldfa 10 wilunudadiaffng

m/z 558.6

m/z 698.2

S —— A — e

2 4 6 5

[

nnh 3.3 Chromatogram Alannmaiangians hepcidin mmg’mslmzum LC-MS Jtaie
m/z 558.6 LLaT 698.2
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Intensity

3.0E+08
A
2.5E+08
m/z 558.6 y=282401x- 3E+07 0]
R?=0.9624
2.0E+08
y = 241468x - 2E+07
m/z 698.2 R2 =(.9681
1.5E+08
1.0E+08
5.0E+07 y = 15410x - 1
R2=0.953
0.0E+0
600 800

(ng/ml)

AN 3.4 Standard curve U89 hepcidin i1a31A 9% m/z 558.6, 698.2 WAz 930.8

a 4

asduazInnsaiwanisdnm
= Qs [ - A [ A ¥

NANNIANEINITATIIATLAY hepcidin anldsdusaasizilaslsis Le/MSMS lauls
electrospray ionization/linear ion trap mass spectrometer uTaUsunzmInzanlung
a v 04 Rt cl: { ot 1 a Aaa d { U
AenzAld uazanvialdluszdudige (LLOQ) 71 10 wluniusdafiadias 49 mass fazld
A . s+, 4 o
Tiezieallfe m/z 558.6 ((M+5H] ) T94 sensitivity aﬁq@l

udadd lsAmumatienzdludsauazdasn:  Sugwludaswaaaiasialunsdnmiy
=3 v A a 6
leNaNmAMzrNzaN TR

1uﬂﬁ]ﬁ;u°uﬂ‘avl,aiﬁmﬁLmﬂzﬁﬁlﬂummﬁg’mﬁm%‘u hepcidin (Goyal et al., 2013) WAz

1 = = a 1 v a e = Qq: ;
liddnengaulSoudioy myliengdluudaziesdjudnsdanuudsdugs  vatien
A ~ e, o o a A o o = L a P
Ha9nnan sl umIunulUsAwlugsy NIILALLAEN wae hepcidin lunszuafandnany
a o 9 em v . A | a o . {

3 Blasrirldnldienzdldun ELISA uaz immunofiuorescence TiudazuIsh 4 antibody 71d
epitope AN9N1 LANINNA hITAINNINN1z6a active hepcidin

\#8991nM133e 12 hepeidin danuindudanmavhanudilanszuiunnivguszau
wanlugie luawraadasihe hepcidin agonist #3a hepcidin antagonist 1114 $11dludasiszau
2849 hepcidin bWENIIALAZUSLIUWIALT NMITAAMNEMATHANINTINN I8l uaInildsdad

o Aa = '
AUWBUNIIANBEG E]le]
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ABSTRACT

The liver and heart are the major target organs for iron accumulation and iron toxicity in 3-thalassemia.
To mimic the phenomenon of heavy iron overload resulting from repeated blood transfusions, a total
of 180 mg of iron dextran was intraperitoneally injected into C57BL/6] mice (WT) and heterozygous {3-
globin knockout mice (™!Bth-3/*, BKO). The effects of deferiprone and deferoxamine in this model were
investigated. The iron was distributed homogenously throughout the 4 liver lobes (left, caudate, right
and median) and was present in hepatocytes, Kupffer cells and the sinusoidal space. Iron accumulation
in phagocytic macrophages, recruitment of hepatic lymphocytes and nucleus membrane degeneration
were observed as a result of iron overload in the WT and BKO mice. However, the expansion of hepatic
extramedullary hematopoiesis was observed only in the BKO mice with iron overload. In the heart, the
iron accumulated in the cardiac interstitium and myocytes, and moderate hypertrophy of the myocardial
fibers and cardiac myocyte degeneration were observed. Although the total liver iron was not significantly
altered by iron chelation therapy, image analysis demonstrated a difference in the efficacies of two iron
chelators. The major site of chelation was the extracellular compartment, but treatment with deferiprone
alsoresulted in intracellular iron chelation. Interestingly, iron chelators reversed the pathological changes
resulting from iron overload in WT and BKO mice despite being used for only a short treatment period. We
suggest that some of these effects may be secondary to the anti-inflammatory activity of the chelators.
© 2014 Elsevier GmbH. All rights reserved.

1. Introduction

and storage of iron in the liver and other organs of (3-thalassemia
patients, such as the total body iron concentration, the rate of RBC

Organ dysfunction and fatal complications in patients with
[3-thalassemia are primarily caused by heavy iron deposition in
vital organs (Rund and Rachmilewitz, 2005; Beutler, 2007). Iron
overload occurs as a result of therapeutic blood transfusions and
increased intestinal iron absorption secondary to ineffective ery-
thropoiesis (Taher, 2005). Several factors influence the distribution
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0940-2993/© 2014 Elsevier GmbH. All rights reserved.

transfusions and the chelation therapy protocol (Kolnagou et al.,
2013). The altered iron deposition pattern in iron overload patients
has been previously described (Ambu et al., 1995; Anderson et al.,
2001; Hankins et al., 2010).

In transfusional iron overload, as occurs in 3-thalassemia major,
iron typically accumulates in the reticuloendothelial system of the
spleen, liver and bone marrow (Ghugre et al., 2009). Liver biopsies
from patients show massive iron deposition in the majority of the
Kupffer cells. In contrast to thalassemia intermedia and hereditary
hemochromatosis, in which iron overload is caused by increased
gut iron absorption, iron predominantly accumulates in the hepa-
tocytes (Deugnier et al., 1992; Origa et al., 2007).

The degree of iron overload and the pattern of tissue and cellular
iron deposition are important because different cell types exhibit

http://dx.doi.org/10.1016/j.etp.2014.03.002
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varying levels of tolerance to iron-mediated toxicity (Nemeth,
2010; Britton et al., 2002). Furthermore, the localization of iron in
various compartments can affect the ability of an iron chelator to
reach the iron. Likewise, the efficacy of iron chelators is determined
by physicochemical properties, including lipid solubility; efficacy is
affected by iron mobilization from various intracellular compart-
ments, tissues and organs (Kontoghiorghes et al., 2000, 2003). The
variability in disease severity, complications and the response to
iron chelation therapy may be partially attributed to individual
patterns of iron distribution.

Heterozygous B-knockout mice (MUBth-3/* BKO) were gen-
erated to study the pathophysiology of [-thalassemia and to
evaluate novel therapeutic interventions. Their phenotypic char-
acteristics are comparable to those of thalassemia intermedia,
including hypochromic microcytic anemia with hemoglobin levels
of 7-9 g/dl, splenomegaly, reticulocytosis and ineffective erythro-
poiesis with progressive liver iron accumulation (Yang et al., 1995;
Breda and Rivella, 2003; Jamsai et al., 2005). However, the degree
of iron accumulation in these mice was far lower than in human
patients (Gardenghi et al., 2007; Huo et al., 2009) Therefore, exoge-
nous iron administered either through diet or by parenteral iron
overload has been used to mimic the iron status of these patients.
Iron dextran has been used for parenteral iron loading to mimic
severe iron overload in (3-thalassemia intermedia patients with
cardiaciron accumulation (Bartfay et al., 1999) and a marked induc-
tion of hepatic iron accumulation (McCullough and Bartfay, 2007).
Recently, Moon et al. demonstrated that intraperitoneal injection
of iron dextran into C57BL/6 mice resulted in dose-dependent iron
accumulation in the liver and heart. This model could be used to
characterize cardiomyopathy in patients with secondary iron over-
load (Moon et al., 2011).

In an attempt to simulate the iron status of thalassemic
patients, a murine model of BKO with iron dextran loading was
developed to represent iron overload due to repeated blood trans-
fusions together with ineffective erythropoiesis. On the other hand,
iron overload in wild-type mice can demonstrate secondary iron
overload without ineffective erythropoiesis. The patterns of iron
distribution in varying tissues and its toxic consequences were
observed in the liver and heart. Image analysis was applied to eval-
uate the efficacy of tissue iron mobilization with two clinically
available iron chelators, deferoxamine (DF) and deferiprone (L1).

2. Materials and methods
2.1. Experimental animals

Male and female wild-type C57BL/6] mice (WT) and heterozy-
gous B-globin knockout mice (MUBth-3/* BKO) 7 weeks of age
and weighing 17-25g were obtained from the Institute of Sci-
ence and Technology for Research and Development, Mahidol
University, Thailand. The animals were acclimatized for 1 week
before the experiments and were housed under conventional ster-
ile conditions. The rodent diet (082G/15) and water were provided
ad libitum. The temperature and humidity were maintained at
25+ 2°Cand 60 + 5%, respectively, and the animals were kept on a
12 h light/dark cycle. These experimental protocols were approved
by the Animal Ethics Committee at the Faculty of Science, Mahidol
University of Thailand (Protocol No. 229).

2.2. Iron overloading and treatment with iron chelators

WT and BKO mice were intraperitoneally loaded with iron dex-
tran (Sigma, St. Louis, MO) once daily at a dose of 20 mg iron/mouse
for 9 doses over a period of 2 weeks for a total iron administration of
180 mg/mouse (Moon etal.,2011). Mice in the iron chelator-treated

groups were injected with either 0.2 pmol (125 wg)/g body weight
deferoxamine (DF, deferoxamine mesylate, Merck, San Diego, CA)
or 0.6 wmol (80 wg)/g body weight deferiprone (L1, The Govern-
ment Pharmaceutical Organization, Bangkok, Thailand) for 7 days
beginning 3 days after receiving their last intraperitoneal dose of
iron. The mice were sacrificed 24 h after iron chelation by exsan-
guination from the heart and were perfused with 10 ml saline
before removing the organs to determine the tissue iron content.
For histopathological studies, the organs were removed without
perfusion. Control mice received placebo treatment with saline on
the same schedule as the iron-overloaded groups.

2.3. Assay for tissue iron content

The levels of non-heme iron in the liver and heart were deter-
mined using a modification of the method described by Foy
et al. (1967). In brief, the tissue samples were homogenized in
0.1 M PBS, pH 7.2, with a Qiagen TissueLyser (USA). The iron was
extracted three times by boiling 0.5 ml of the homogenate with
0.5ml of an acid mixture (equal volumes of 1N HCl and 10%
trichloroacetic acid). Aliquots of the supernatant were mixed with
chromogen solution (0.5 mM ferrozine in 50 mM sodium ascorbate
and 1.05mM sodium acetate) and left at room temperature for
30 min before measuring the absorbance at 562 nm with a spec-
trophotometer (GBC Cintra 10e, USA).

2.4. Assay for serum labile iron concentrations

The serum labile iron concentration was measured using the flu-
orometric method described by Srichairatanakool et al. The method
is based on the conversion of the non-fluorescent dihydrorho-
damine (DHR) to the oxidized form rhodamine (R), resulting in
an increase in fluorescence intensity (FI) (Esposito et al., 2003).
Briefly, 20 .l of a serum sample was incubated with and without
deferiprone at 37 °C for 30 min, and then the DHR solution (Biotium,
Hayward, CA) containing ascorbic acid was added. The kinetics
of increasing fluorescence was followed immediately for 40 min
using a spectrofluorometer at an excitation wavelength of 485 nm
and an emission wavelength of 530 nm. The serum labile iron con-
centration was calculated from the calibration curve relating the
difference in slopes with and without DFP versus the standard iron
concentration (Srichairatanakool et al., 2013).

2.5. Histopathological studies

The left, caudate, right and median lobes of the liver and the
left ventricle of the heart were dissected and preserved for rou-
tine histology by fixation in 4% paraformaldehyde, 5% sucrose and
150 mM PBS, pH 7.4. The fixed samples were embedded in paraffin,
sectioned to 5 m, and stained with hematoxylin/eosin for mor-
phological analysis and with Perl’s Prussian blue for iron deposition.
The tissue slides were examined by light microscopy on a Nikon
ECLIPSE E200 (Tokyo, Japan)

The accumulation of iron in the liver was evaluated using the
following grading system described by Barton et al. (1995): grade
0, no visible iron deposition; grade 1, small, slight iron deposition
in the cytoplasmic space of Kupffer cells; grade 2, prominent iron
accumulation in Kupffer cells; grade 3, iron deposition in hepato-
cytes was observed; and grade 4, same as in 3, with additional iron
deposition in the fibrous tissue of the portal tracts or septa.

The heart iron content was graded using the following crite-
ria: grade 0, no visible iron deposition; grade 1, small iron deposits
in the cardiac muscle; grade 2, detectable dense aggregates of iron
granules in the cardiac muscle; grade 3, visible clumps of iron accu-
mulation; and grade 4, same as in 3, with frequent iron clumps
observed in the cardiac muscle.

http://dx.doi.org/10.1016/j.etp.2014.03.002
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Table 1
Body weight, liver weight and heart weight.

Group Body weight (g) Liver weight(g) LW and BW ratio Heart weight (g) HW and BW ratio
Initial After

Wild type
Control 20.5 + 2.1 25.0 + 2.1 1.5+03 0.06 + 0.02 0.12 + 0.02 0.005 + 0.001
Iron overload 199 + 28 211 +28 2.6 + 0.8 0.13 + 0.02 0.11 + 0.02 0.005 + 0.001
Iron overload + DF 209 £ 2.2 228 £33 3.0+ 0.7 0.13 £ 0.01 0.11 + 0.02 0.005 + 0-001
Iron overload +L1 199 +23 221+ 36 2.7+ 0.6 0.12 + 0.02 0.10 + 0.01 0.005 + 0.001

B-Knockout
Control 199 + 1.1 219+ 1.2 14 +£05 0.06 + 0.02 0.14 + 0.02 0.007 + 0-001
Iron overload 213 +28 212 +£32 25+ 0.6 0.12 + 0.02° 0.12 + 0.02 0.006 + 0.001
Iron overload + DF 183+ 25 199 + 34 24+ 0.6 0.12 + 0.02 0.13 + 0.03 0.007 + 0.001
Iron overload +L1 19.8 £ 2.0 214 +29 2.6+ 0.7 0.12 + 0.02 0.14 + 0.04 0.006 + 0-001

Values are mean £ SD (n=9-10).
" Significant difference from the control group (p <0.05)

The numbers of infiltrating mononuclear and polymononuclear
cells and hematopoietic cells in the liver were counted. The average
scores from ten non-overlapping areas were determined using the
following criteria: score O, absent; score 1, mild with 1-10 cells;
score 2, moderate with 11-50 cells; and score 3, severe with more
than 50 cells.

2.6. Image analysis

Semi-quantitative analysis of the iron accumulation in tissues
was also performed by analyzing images obtained by Perl’s Prus-
sian staining. For each tissue section, 5 non-overlapping fields were
photographed with a 400x objective with a Nikon ECLIPSE E200
microscope (Tokyo, Japan). The digital images were analyzed with
Image] Ver.1.47i software (developed at the National Institute of
Health, Maryland). First, a true color image was transformed to an
8-bit grayscale image in which the grayscale intensity ranged from
0 to 256. The gray values of individual pixels were analyzed, and
a histogram was constructed. The minimal gray value detected in
control tissue was considered as the threshold for detection of areas
representing iron (Ortega et al., 2005). Then, the gray values of the
pixels above the threshold were integrated. The values presented
are the average of 5 areas.

2.7. Statistical analysis

Statistical analysis was performed with SPSS software version
19.0. The data were expressed as the means + SD unless otherwise
indicated. The comparisons were analyzed by one way analysis of
variance (ANOVA) with Tukey’s test as a post test. Statistical signif-
icance was considered when the p-value <0.05.

3. Results
3.1. Body, liver and heart weights

The initial body weight of all animal groups showed no sig-
nificant difference. After the study period, the body weight in all
groups was slightly increased, but this increase was only signifi-
cant in the WT control mice. Hepatomegaly but not cardiomegaly
was observed in all of the iron loaded WT and BKO mice. The ratio
between the liver weight and the body weight increased by approx-
imately 2-fold during the study period, and treatment with iron
chelators for 1 week had no effect on the liver weight or the ratio
(Table 1).

3.2. Labile serum iron and tissue iron content

The labile serum iron and total iron levels in the liver and heart
are shown in Table 2. Naturally, BKO mice revealed a slight iron

Table 2
Labile serum iron and tissue iron content.

Group Labile serum Tissue iron content (mg/g
iron (M) tissue)
Mean Liver Heart
(min-max)
Wild type
Control 0 0.1 +0.1 0.0 + 0.0
Iron overload 1.3(0.6-1.9) 15.6 + 2.0° 55+ 1.8
Iron overload + DF 1.5(0.6-3.3) 17.0 £23 5.7 +£2.0
Iron overload + L1 1.2(0.0-3.1) 173 £2.2 35+£20
B-Knockout
Control 0 04 £ 0.5 0.1 £0.0
Iron overload 0.4 (0.0-1.1) 18.0 £ 2.6 45+ 1.1
Iron overload + DF 0.3 (0.0-0.6) 15.2 £5.2 35+15
Iron overload +L1 0.2 (0.0-0.8) 163 £ 74 2.5+ 0.7%

Values are the mean £ SD (n=9-10).
" Significant difference from the control group (p <0.05).
# Significant difference from the iron overload group (p <0.05).

accumulation in the tissues even without iron loading. Loading
with iron dextran markedly increased the labile serum iron levels
and the liver and heart iron contents. The total loading of 180 mg
of iron produced the same degree of tissue iron accumulation in
both WT and BKO mice. Interestingly, the labile serum iron was
significantly higher in WT mice than in BKO mice. Treatment with
deferiprone reduced heart iron content in WT (p =0.052) and BKO
(p=0.028) mice.

3.3. Liver histopathology

3.3.1. Iron deposition

Fig. 1 shows a representative image of the Prussian blue staining
of the left liver lobes of WT and BKO mice. In BKO mice, spontaneous
iron deposition was observed in the Kupffer cells and hepatocytes
with a grade of 1 in all of the liver lobes (Fig. 1b and Table 3).

Table 3
Iron deposition score.

Group Iron deposition score
Liver Heart
Wild type
Control 0 0
Iron overload 3 3or4
Iron overload + DF 3 3or4
Iron overload +L1 3 3or4
B-Knockout
Control 1 1
Iron overload 3 4
Iron overload + DF 3 3or4
Iron overload +L1 3 3or4

Values are mean=+SD (n=5).

http://dx.doi.org/10.1016/j.etp.2014.03.002
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Fig. 1. Prussian blue staining of the left liver lobes of wild-type (left panel) and BKO mice (right panel). Control (a and b), iron overload (¢ and d) and iron-overloaded mice
treated with deferoxamine (e and f) or deferiprone (g and h). The bar represents 50 wm, and the images were taken at 400x original magnification.

After iron loading, the iron was largely confined to clusters of
phagocytic cells such as the Kupffer cells. Hemosiderin granules
were observed in the cytoplasm of hepatocytes with a grade of 3 in
allliver lobes (Fig. 1¢,d and Table 3). Image analysis of tissue stained
with Prussian blue demonstrated the homogenous distribution of
iron accumulation in the whole liver. The average of the integrated
gray values were approximately 40-50 x 10 in left, caudate, right
and median liver lobes.

Treatment with iron chelators significantly decreased the size
of the clusters of phagocytic cells (Fig. 1e-h). Although high iron
accumulation persisted in hepatocytes (grade 3), image analysis
indicated that the total liver iron decreased in response to the iron
chelators. The efficacy of the iron chelators varied among the liver
lobes and between the two strains of mice used in this study. Treat-
ment with deferoxamine significantly decreased iron in the left and
caudate lobes of WT mice, and significant effects of iron chelation

http://dx.doi.org/10.1016/j.etp.2014.03.002
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Fig. 2. Image analysis of iron accumulation in the left (a), caudate (b) right (c) and median (d) liver lobes. The data are expressed as the mean=+SD (n=>5). *Significant

difference from the iron overload group (p <0.05).

were observed in all of the liver lobes of both WT and BKO mice
after treatment with deferiprone (Fig. 2).

3.3.2. H&E staining

Signs of liver injury, including fatty liver and nuclear mem-
brane degeneration, were observed in the BKO mice (Fig. 3b).
Changes in morphology were observed in the iron-overloaded WT
and BKO mice, including the presence of clumps of brown pigment
in sinusoid-lining cells and swollen Kupffer cells and hepatocytes.
A higher frequency of nuclear degeneration in the hepatocytes was
observed in iron-overloaded mice (Fig. 3c and d). Interestingly, the
nuclear degeneration and hepatocytes swelling was reversed by
treatment with the iron chelators (Fig. 3e-h).

In addition to morphological changes, mononuclear cell infil-
tration and increased hematopoietic cells were observed in the
iron-overloaded mice. The mononuclear cell infiltration scores
for the 4 liver lobes of WT mice are presented in Fig. 4a. Lym-
phocytes were the major population in all of the liver lobes of
the iron-overloaded WT mice. Treatment with deferoxamine and
deferiprone significantly decreased the score in all of the liver lobes.
In contrast, the iron-overloaded BKO mice presented characteris-
tics of hepatic extramedullary hematopoiesis with a higher number
of erythroblasts adjacent to the iron-laden macrophages (Ginzburg
et al.,, 2009; Sonoda and Sasaki, 2012). Because this study did not
differentiate types of the cells, we used the same scoring criteria

as for WT mice to quantify hematopoietic cells. The results showed
that the score was not decreased after iron chelation in BKO mice
(Fig. 4b). However, treatment with deferiprone decreased the size
of the foci, and they became more ellipsoidal than spherical in
shape.

3.4. Heart histopathology

3.4.1. Cardiaciron

The Prussian blue staining of the left ventricular tissues is shown
in Fig. 5. A slight iron deposition (score of 1) was found in the car-
diac myocytes of the control BKO mice. The heart tissues of the
iron-overloaded mice had iron deposits in the interstitium and
scattered throughout the cardiac muscle (score of 4). Treatment
with deferoxamine and deferiprone diminished the iron deposition
observed in the cardiac cells. Although the image analysis showed
no significant effect between the two iron chelators, deferiprone
seemed to be more effective than deferoxamine at removing the
iron from the interstitium. However, iron deposition in cardiac
myocytes remained detectable even after treatment, with a score
of 3 or 4 (Table 3).

3.4.2. H&E staining
Without iron loading, the BKO mice demonstrated mild to mod-
ulate hypertrophy of the myocardial fibers and cardiac myocyte

http://dx.doi.org/10.1016/j.etp.2014.03.002
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Fig. 3. Hematoxylin and eosin staining of the left liver lobes of wild-type (left panel) and BKO mice (right panel). Control (a and b), iron overload (c and d) and iron-overloaded
mice treated with deferoxamine (e and f) or deferiprone (g and h). The bar represents 50 wm, and the images were taken at 400x original magnification. The degeneration
of the nuclear membrane is indicated by an arrow (':> ). Hepatocyte hypertrophy is indicated by (i} ). Mononuclear cells and hematopoietic cells are indicated by (—).

degeneration. The cardiac muscles of the iron-loaded mice showed 4. Discussion

scattered brown pigments, hypertrophy of the myocardial fibers,

cardiac muscle degeneration and nuclear membrane degeneration. Iron chelation therapy is a mainstay in preventing and delay-
In the mice treated with deferoxamine or deferiprone, the heart ing iron toxicity-related complications in thalassemia and genetic
tissue showed small scattered brown pigments. Deferiprone sig- hemochromatosis. An improved quality of life and longevity after
nificantly reversed the pathologic changes in iron-overloaded BKO chelation therapy has been demonstrated in several clinical studies
mice (Fig. 6). (Borgna-Pignatti et al., 2005; Maggio et al., 2009). Although at least
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Fig. 4. Quantitative analysis of the mononuclear cells and hematopoietic cells in the 4 liver lobes of wild-type (a) and BKO mice (b). The data are expressed as the mean + SD

(n=5). *Significant difference compared to the iron overload group (p <0.05).

three iron chelators have been proven effective in the clinic, animal
models are still needed to further evaluate the efficacy and toxicity
of iron chelators.

Our study used iron loading via intraperitoneal injections of iron
dextran to mimic heavily iron overload due to repeated blood trans-
fusions. The dose of iron was easily to be controlled, and the liver
iron content of the WT and BKO mice was comparable to a previous
report by Moon et al.(2011).Iron-overloaded Kupffer cells with ele-
vated phagolysosomal function were a major microscopic feature.
A mixed pattern of parenchymal and mesenchymal iron overload
was observed in the liver loaded with iron dextran (Meguro et al.,
2005; Deugnier and Turlin, 2011). Moreover, iron accumulated in
the myocytes, and cellular damage was observed within 2-3 weeks
of iron loading.

Deferoxamine and deferiprone are widely used for iron chela-
tion therapy. Because it is a smaller molecule and has a higher
lipid solubility, deferiprone has an advantage over deferoxamine in
the mobilization of intracellular iron, especially in cardiac muscle,
which is a standard goal for iron chelation therapy (Kontoghiorghes
etal., 2003). In agreement with a previous report, the primary sites
of chelation were the reticuloendothelial compartment and inter-
cellular spaces such as the liver sinusoid and cardiac interstitium
(Wood et al., 2005, 2006). Although histological grading provides

information that can describe the severity and cellular sites of iron
storage, this method was not able to differentiate between the effi-
cacies of deferiprone and deferoxamine in the tissues. Deugnier
et al. (1982) and Ortega et al. (2005) have introduced image anal-
ysis for quantifying iron content during liver iron overload. Their
results showed significant correlations between image analysis and
histological and biochemical parameters.

In this study, we performed image analysis with the freeware
“Image]” (NIH). Treatment with equimolar doses of two iron chela-
tors resulted in equal mobilization effects on the liver iron stores
in the WT mice. Interestingly, deferiprone was significantly more
effective than deferoxamine in reducing the iron content of the left
and caudate liver lobes of BKO mice. Deferiprone is able to pass
through the cell membrane (Kontoghiorghes et al., 2003), and this
may explain its ability to chelate intracellular iron in the liver of
BKO mice (Esposito et al., 2003; Sohal et al., 1999). It should be
noted that iron complexes with deferiprone are mainly excreted
via the urine, and biliary excretion is the major route for iron com-
plexes with deferoxamine (Kontoghiorghes et al., 2003). Therefore,
the metabolic and pathologic changes in the livers of BKO mice may
also influence iron excretion. In addition, the image analysis clearly
showed that both iron chelators, with slightly more effectively of
deferiprone, reduced iron content in the heart. As mention earlier,
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Fig. 5. Prussian blue staining of the left ventricular myocardium of wild-type (left panel) and BKO mice (right panel). Control (a and b), iron overload (c and d) and iron-
overloaded mice treated with deferoxamine (e and f) or deferiprone (g and h). BKO mice demonstrated mild to moderate hypertrophy of the myocardial fibers and displayed
cardiac myocyte degeneration (x). The iron accumulated primarily in the cardiac interstitium (— ) and to a lesser extent in the cardiac myocytes (+r). Treatment with iron
chelators primarily removed iron from the cardiac interstitium. The image analysis demonstrated significant differences in the cardiac iron content after chelation therapy
(i). The bar represents 50 wm, and the images were taken at 400x original magnification.
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Fig. 6. Hematoxylin and eosin staining of wild-type (left panel) and BKO mice (right panel). Control (a and b), iron overload (c and d) and iron-overloaded mice treated with
deferoxamine (e and f) or deferiprone (g and h). The bar represents 50 m, and the images were taken at 400x original magnification. Hypertrophy of the myocardial fibers
is indicated by (» ). Cardiac muscle degeneration is indicated by (* ). Nuclear membrane degeneration is indicated by (— ).

the major site of iron mobilization was the extracellular cardiac
interstitium, and the superior effect of deferiprone was likely due
to its ability to permeate membranes.

In addition to iron mobilization, the ultimate goal of chelation
therapy is the reversal of cellular injury and damage. Redox-active
iron catalyzes the formation of reactive oxygen species via the Fen-
ton and Haber-Weiss reactions and results in lipid peroxidation
and oxidation of other macromolecules. Oxidative stress dis-
turbs cellular functions and can result in abnormal morphologies,

including hypertrophy of hepatocytes, cardiac myocytes and hep-
atic lipocytes, all of which were observed in the iron overload
mice (Friedman, 1993; Monte, 2005; Park et al., 1987; Wood et al.,
2006; Yang et al., 2003). The end stages of hepatic and cardiac
iron overload are hepatic cirrhosis and hepatocellular carcinoma
and cardiomyopathy and cardiac failure, respectively. The mech-
anisms of these conditions have been reviewed by others (Ramm
and Ruddell, 2005; Anderson et al., 2001; Zurlo et al., 1989; Olivieri
et al., 1994). In this study, without the presentation of end-stage
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morphology (e.g., fibrosis), signs of hepatocyte and myocyte injury
were observed throughout the tissues.

Liver inflammation and recruitment of mononuclear cells was
also observed in iron-overloaded mice. Iron may contribute to the
activation of the Kupffer cells and can induce the chemotaxis of
mononuclear cells toward the area of damage. Kartikasari et al.
(2004) showed that intracellular iron enhanced the adhesion of
monocytes to endothelial cells. Similar to hemochromatosis, lym-
phocytes were present in the liver tissue. Lymphocyte-derived
cytokines activate the Kupffer cells, leading to the increased pro-
duction of cytokines and growth factors involved in stellate cell
activation (Lewindon et al., 2002) and finally resulting in the devel-
opment of fibrosis.

Interestingly, the iron chelators used in this study were able to
reverse the abnormal cell morphology, cell damage, and inflam-
mation, even after a short period of treatment. We should note
that this schedule of chelation did not significantly reduce the total
body iron store (e.g., total liver iron was not changed), but these
effects may result from the reduction of redox-active iron and a
subsequent decrease in inflammation. Furthermore, iron chelators
may possess intrinsic anti-inflammatory activity. Lastly, the inhi-
bition of adhesion molecule expression and T-cell proliferation in
response to iron chelation have been reported in other non-iron
overload experimental models (Sweeney et al., 2011; Li and Frei,
2006).

BKO mice have characteristics of ineffective erythropoiesis and
markedly increased erythropoietin (Ramos et al., 2010). The spon-
taneous iron accumulation may result from increased gut iron
absorption as it does in (3-thalassemia. In agreement with a report
by Ginzburg et al. (2009), the expansion of hepatic extramedullary
hematopoiesis was observed in iron-overloaded [-thalassemic
mice and the mechanism was explained by hepcidin suppression
Our results demonstrated that iron chelation had no effect on the
number of hematopoietic cells despite changes in the size and
shape of the foci. This effect of iron chelators may partly relate to
the alteration of erythropoietin level after chelation therapy (data
not show).

In conclusion, our study demonstrated the sites of iron depo-
sition and iron chelation in WT and BKO mice with iron overload.
Treatment with deferiprone had effect in intracellular iron mobi-
lization. Interestingly, iron chelators reversed the pathological
changes in iron overloaded mice despite being used for only a short
treatment period. We suggest that the effects may partly contribute
by the anti-inflammatory activity of the chelators.
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Abstract

Hepcidin plays a key role in the regulation of systemic iron homeostasis. The expression of hepcidin is activated by
iron repletion. On the other hand, it is repressed by erythropoietin (EPO). Inappropriate low level of hepcidin
contributes to iron overload. Recently, there was evidence indicated that iron chelation therapy increased serum
hepcidin concentration in iron overload condition. However, mechanisms of action remain unclear. The present study
investigated the effect of deferiprone (L1), an orally active iron chelator, on hepcidin gene (Hampl) expression in
association with liver iron content (LIC) and serum EPO level in an iron-overloaded mice model. C57BL/6 mice were
divided into 3 groups; control (no treatment), iron overload, and L1 treatment after iron overload, respectively. To induce
iron overload, mice were intraperitoneally (i.p.) injected by 1 mg/g/day iron dextran for 9 doses within 2 weeks. After iron
loading, once daily 80 mg/kg L1 was i.p. injected for 1 week in L1-treated group. The results showed that LIC was 14.4
* 2.6 mg/g liver in iron-overloaded mice. Furthermore, iron overload significantly increased Hamp! expression (2.6-
fold, P < 0.01) along with the elevated serum EPO level (244.8 + 172.2 pg/mL). L1 treatment did not alter both LIC
(14.4 + 2.8 mg/g liver) and HampI expression (2.7-fold) in iron-overloaded mice. Despite, a reduction of serum EPO
was observed (83.5 + 72.8 pg/mL, P = 0.056). In conclusion, short-term L1 treatment did not affect LIC and Hampl
expression but rather tended to decrease serum EPO level in iron overloaded-mice.

Keywords: Deferiprone, Hepcidin, Iron overload, Erythropoietin

Introduction

Hepcidin is a peptide hormone that mainly synthesized by the liver. It limits iron export from duodenal enterocytes,
macrophages, and hepatocytes, resulting in a reduction of iron absorption and recycling. Iron overload is a stimulating
factor of hepcidin gene expression whereas EPO is considered as an inhibiting factor. Hepcidin insufficiency which
contributes to iron overload, has been observed in various disorders (1). Remarkably, deferasirox can increase serum
hepcidin concentration in iron-overloaded myelodysplastic syndrome patients (2). Nevertheless, it remains unclear how
iron chelators modulate hepcidin production. The present study investigated the effect of L1 on Hamp! expression in
association with LIC and serum EPO level in iron-overloaded C57BL/6 mice. We hypothesized that iron chelators may
alter hepcidin production through the modulation of stimulating and/or inhibiting factors of Hamp1 expression.

Materials and Methods

Eight-week old C57BL/6 mice were divided into 3 groups (5 mice each) including control (no treatment), iron
overload, and L1 treatment after iron overload, respectively. Iron overload was produced by 1 mg/g/day iron dextran
i.p. injection for 9 doses within 2 weeks. In L1-treated group, once daily 80 mg/kg L1 i.p. injection was started at three
days after the last dose of iron and continued for 1 week. After completion of all treatment, mice were anesthesized by
60 mg/kg pentobarbital i.p. injection and whole blood was collected via cardiac puncture. Subsequently, the liver was
removed.

Total LIC was measured by ferrozine method as previously described (3). The serum EPO was analyzed using EPO
Mouse ELISA Kit (Abcam plc, Cambridge, UK). Real-time RT-PCR was used to determine mRNA expression: In
brief, total liver RNA was isolated by Ultraclean Tissue & Cells RNA isolation kit (MO BIO Laboratories, CA, USA).
Real-time RT-PCR was carried using SYBR Green One-Step qRT-PCR Kit (Life Technologies, CA, USA). A Relative
mRNA quantification was achieved (4), choosing F-actin as a normalizer. Forward and reverse primers as follows:
Hampl, forward 5'-AGAGCT GCAGCCTTTGCAC-3' and reverse 5'-ACACTGGGAATTGTTACAGCATT-3'; B-actin,
forward 5"-TCCTGGCC TCACTGTCCAC-3' and reverse 5'-GTCCGCCTAGAAGCACTTGC-3".

Data were presented as mean + SD. The mean differences were compared using Mann-Whitney U test. P-value <
0.05 was considered as statistically significant. All experimental protocols were approved by the Animal Ethics
Committee of the Faculty of Science, Mahidol University, Bangkok, Thailand.
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Results

The data showed that iron overload significantly increased Hampl mRNA expression (2.6-fold) and it was not changed
after 1 week of L1 treatment (2.7-fold) (Figure 1). Likewise, unchanged LIC was also observed (14.4 £ 2.8 and 14.4
2.6 mg/g liver in L1-treated and iron-overloaded mice, respectively). However, serum EPO concentration tended to
decrease after L1 treatment (83.5 + 72.8 and 244.8 + 172.2 pg/mL in Ll-treated and iron-overloaded mice,
respectively) (Figure 2).

4.0

*
%
3.0 - Figure 1. Relative Harnpl mRNA expressions
in liver. Data are mean + SD (n = 5). *P <0.01
2.0 A compare with control.
&
0.0 T T ,
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Fold change in
Hampl/B-actin ratio
relative to control

500 -

400 + Figure 2. Serum EPO concentrations.
300 - Data are mean + SD (r = 5). L1 tended to
decrease serum EPO in iron-overloaded mice
200 A (P =10.056).
w
Undetectable

Control Iron overload Iron overload + L1

Serum EPO (pg/ml)

Discussion

While several regulators of hepcidin gene expression have been introduced (1), we investigated the effect of L1 on two
opposite regulators in iron-overloaded mice model; iron as a stimulator and EPO as an inhibitor for HampI expression.
Normally, regulators of hepcidin gene expression should be in balance (2). Our results showed that iron overload
significantly increased Hampl expression even in the presence of elevated serum EPO. In this circumstance, the
stimulatory effect of excessive iron may overcome the effect of inhibiting factors including EPO. We also
demonstrated that 1 week of L1 treatment did not alter both Hamp! expression and LIC in iron overloaded-mice.
However, it tended (but not significant) to decrease serum EPO level (P = 0.056). This finding is supported by previous
report that described the effect of iron donor and iron chelator in arising and diminishing EPO production, respectively
(5). As a consequence of its EPO-reducing propensity, apparent change of Hamp! expression might be observed in
long-term L1 treatment.

Conclusion

Short-term L1 treatment did not affect Hamp! expression and LIC but rather tended to decrease serum EPO level in
iron overloaded-mice. However, long-term L1 treatment is required to elucidate more prominent evidence.
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Iron overload and oxidative stress are associated with expression and release of hepcidin, a liver peptide
hormone that regulates systemic iron homeostasis. In this study, effects of iron overload on liver expression of
hepcidin gene (Hampl) and serum level of hepcidin were investigated in C57BL/6 mice (WT) and a B-
thalassemic mice model (B-knockout mice, BKO). Iron overload was induced by intraperitoneally injection of
iron dextran for 3 weeks. Two weeks after the last dose, mice were sacrificed and blood was withdrawn by
cardiac heart puncture. Liver expression of Hampl was assessed by quantitative real-time polymerase chain
reaction (QPCR). Serum concentration of hepcidin was determined by ELISA technique. The results showed that
iron overloading enhanced Hampl expression in both WT and BKO mice. On the other hand, serum
concentration of hepcidin was decreased. This controversy may be precipitated by post-transcription process of
hepcidin. Our study also showed that gene expression of a pro-protein convertase, furin, was also decreased in
iron overloaded mice. Hence, the cleavage pro-hepcidin to active hepcidin may be disturbed. The results
suggested that iron may implicate hepcidin regulation via transcription and post-transcription pathway.

Keywords: hepcidin, furin, iron overload, 3-thalassemia
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EXPRESSION AND RELEASE OF HEPCIDIN IN MOUSE MODELS OF

IRON OVERLOAD AND THALASSEMIA
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INTRODUCTION

Hepcidin is a 25 amino acid peptide hormone synthesized in hepatocytes as
inactive pre-prohepcidin. Pro-hepcidin is cleaved by prohormone
convertase, furin, to generate mature hepcidin. Hepcidin inhibits iron entry
into the plasma compartment by regulation of an iron transporter,
ferroportin that locates on plasma membrane of duodenum and
macrophages .

Figure 1: Iron-regulated pathway for hepcidin

There are 3 pathways for hepcidin regulation; iron-regulated pathway,
inflammatory pathway and erythroid pathway. Figure 1 shows iron-
regulated pathway in which bone morphogenetic protein receptor (BMPR)
and its SMAD pathway are central regulatory mechanisms. Holotransferrin
by binding to transferrin receptor 2, TfR2, induces Erk1/2 phosphorylation
and induces furin expression. Furin participates in the maturation of
hepcidin and BMP. Furin also produces the soluble HJV which has
inhibitory effect on hepcidin expression.

OBJECTIVE

To study effects of intra-peritoneal injection of iron dextran on iron-
regulated pathway of liver expression of hepcidin gene (Hamp 1) and
hepcidin release to circulation in C57BL/6 (WT) and B-thalassemic mice
model (B-knockout mice, BKO).

MATERIALS and METHODS

C57BL/6 (WT) & B-knockout (BKO)
Male/female, age 8 weeks
(n=5)

<~

i.p. 1 mg/kg Iron dextran
(9 doses in 3 weeks)

Two weeks
after the last injection

Liver Serum

Quantitative real-time PCR
Hampl Forward: AGAGCTGCAGCCTTTGCAC
Reverse: ACACTGGGAATTGTTACAGCATT
TfR2  Forward: CCTCTATGAACAAGTGGCACTCA
Reverse: CCCGATCATCCTCCATGAAG
Furin  Forward: CAGCCTCGGTACACACAGAT
Reverse: AGCTACACCTACGCCACAGA
B-actin Forward: TCCTGGCCTCACTGTCCAC
Reverse: GAGGGACACAATGTGATG

Hepcidin: ELISA

Acknowledgements

RESULTS

Iron overloading enhanced Hamp 1 expression, approximately 2 fold, in
both WT and BKO mice. Corresponding with Hamp 1 expression, total liver
hepcidin was significantly increased. However, serum hepcidin level was
decreased in iron overloaded mice. Reduction of liver expression of TfR2
and furin expression was observed.
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Figure 2: Liver expression of hepcidin, HAMP1 (a) transferrin receptor 2,
TfR2 (b) and furin (c) in WT and BKO mice
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Figure 3: Total liver hepcidin (a) serum hepcidin (b) in WT and BKO mice

DISCUSSION and CONCLUSION

Intra-peritoneal iron loading caused an increased hepcidin gene expression
that can be explained by the iron-regulated pathway. Reduction of gene
expression of furin may result in decreased production of a inhibitor for
hepcidin expression, soluble hemojuvelin (sHJV). In addition, furin acts as a
pro-protein convertase. Hence, the cleavage of pro-hepcidin to active
hepcidin and its release may be disturbed. The results suggested that iron
may implicate hepcidin regulation via transcription and post-transcription
processes.
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Abstract

Hepcidin plays a key role in the regulation of systemic iron homeostasis. Erythropoietic activity
and iron signaling via transferrin receptor 2 (TfR2) are the mgjor regulators in anemia with iron
overload condition such 3-thalassemia. In addition, furin, a convertase enzyme, isimportant for
hepcidin maturation. This study aimed to investigate the changes of gene expression hepcidin
(Hampl) and its regulators, in C57BL/6 mice (WT) and p-knockout mice (BKO) with iron
overload. Iron overload was induced by intraperitoneally (i.p.) injection of iron dextran for 2
weeks, and following by i.p. injection of deferoxamine (125 mg/kg) or deferiprone (80 mg/kg)
for 7 days in order to evaluate their effects on hepcidin production. Comparing with WT, BKO
mice showed a dlightly increase (1.4 fold) in Hampl expression, corresponding with increased
levels of liver and serum hepcidin. Elevated erythropoietin (EPO), TfR2 and furin expression
was observed in BKO. Although iron overload caused a significant increase in Hampl
expression in WT (2.5 fold), it had a dightly effect in BKO (< 1 fold). Moreover, levels of
hepcidin in liver and serum were also decreased in iron overload condition. Down-regulation of
TfR2 and furin may contribute in such conseguences. Treatment with deferoxamine and
deferiprone did not affect hepcidin synthesis. In conclusion, both quantity and furin-mediated
biological activity of hepcidin may be diminished iniron overload circumstance.
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