242

@ BREREFARE D

LR HZ 2 S8k L FGF23

F#0O

HE*1

B —1&1*2

*1 BRI TRmBERIR %2 P8k Sk bl v o e BRI 50 PR
key words : #k, FGF23, HIFle, KEEZIGE, ik

® B

PR I BT &) L, S THE
PEZ 1 & CKD-MBD & o 725 2 O 5575 Ciiim S 1
T&7, L2»LY YFlRENVEYTHSHFGF23 128
JAHENEE > TLBIZOoN, JleDbDELEZDS
NTW 28 ) Y @ interaction 3L 2 T & 72,
PR Z CTIKER R E N T HIF1e (3% %€ 1t L hypoxia
responsible element (245 &9 % 2%, £ O il FGF
(fibroblast growth factor) 23 &{&T-2MEAES 572012,
PR ZTlX FGF23 &3 i3 5. FGF23 D I % 5
WRHHREL E 2 5L, KEETHFESINLIAIITZ
LW 9928, #bo@fEz 7280 2235204
I OWTERTAHASL, — T, EHESKS TILE
FGF23 I 1AL, ) YIMEZFISEI . wb
W 5EES T Ky 7 A ThH D, ZIUIHIHE BT
ANZEHDFGF23 O oWl L ZE 2 b Twb, §k
& FGF23 OB IZ O W T OME R T X, BEE
TR ERICB T 287220 ) OB Z T 0b L
o,

1 &

P (Fe) RETHFZT260ERER/TH Y, HERSE
RTikb %<, KREMBRICHES>THHE, 74K, 7
VIZTAZOCHREE D TBY, ko 6 KoH
DO THE—DEREGRTH 5. HMIKIIFOE LD

AV 7L—=2aryPbEy ZNUHFRIY, FHIC
JRADREAE L 72K BE DT NN T LADHD

RS R vz, ZLTCENL ORI 4ET - T,
KEDOFHIC T 7— A MAY =5 tE L2, Z0EE
OWNEBTRIBRA ISR Y, FNETHELEL Z2h
ST B4 BRITTENHE L Tno e, A BT, ik
FOEFVIEIRELLRDY, ZRIHPEVEHORERIT
Wy, TLTHBICL BT AT =D S, B
THETFOEDVDEDDESHPHELIERL 2D, ZL
TR, B d BT o E S G T 26,
FYET 30 Ok A TNz COBEE OB IE iR D %
E LT CTHLEPHAENTHY ThD R3EST %
v, PO R R OB K e T AL F —
FIICEINLEEZLNRTVD,
COXHNHRDEELTEY, FIETHOMEZ %
FTEDHIROKE AL L T2 DIELREEZD
N5, ZOORTHEAELAGISEAFHL
TeDBVIREVZD1EHH . e v->THBMTH S
A sk a FEBHRE S E LTV b TIE R,
Fex REER OO OMIEE L CEEREHZH-THY,
BERDO Y b7 u ARBEERO/-DDANE T T
VBT 2H0EEMEIEIE) T TR,
CZTOEDODERME LT, Sk e LB
NTWaENLw) Zehbhd, 72 SAHDENH
Lo T, EMPEN 2T AEEICIEE S W,
PRIZEBR SR OEIEE LT, Fe*', Fe*' L HBONE
*EL, BTOZTELIPEDLOTHETH L. Kb
HoEw Fe’ id@uHl & LTER L, Fel ik s
PET UARENE L 2%, MBEN T Fe® T 248
HICBIG- L, MRS CIEIAEER O Fe* LY, %

The interaction between iron and FGF23 from a perspective of biological evolution

Akira Iguchi, Ichiei Narita



B ELDBRED 5 # 2 B8k E FGF23 243

BIERITE I N TWE W) 2L E&bETw
LY L, ThMboBRERICETHLHETDH
5.

U Ry, i EOMOEBRE)E TIER
CERMAERANTIIE T TICEEREEHZH- T
LI AZRON? X Wb DIEKIBEICE
tr Fe’ ORI AE D - ThH, VAR RIEEDR
bl wEnw) T e Fhid 26 & v ko
Brice y bARENRTWS, BTROALDOO 3d il
BEOIANF—DENTH S, $ki3 3dPLEIC 6D
BIZHATEY, F* " Tld4s BB D 2 NS,
CO3dHBEIZ 6 HDOFET &\ ) DAz % Fr LA
THb, HAOO3MdPEICREBHZANF—EBMDO D
D e, B LKA NF—HMTHH=DD t,, PLIBIZ
GG, 7 v NOHEEL X7 ) OFPBEEICHEY, 8
FIXVEDD t, MBEDOAZDDETH A>TV 5H
AV VIREETH 205, $HAORMAIELDLS L, BT
RS T 7201, e, LLEDOETHTXT t, Pl
ICABIEAY VIRBEIC 2 5 2 & T2 K& (&
25ZEHL, RVBORL:LEKRERT S LD
T&%Y, ThEIPRHRAOMETH 5.

A DS AR L 7o AR oM oKi: & b THEIT
MARBRETH- 72 EZLNTEY, EarEThi
BEICII Fe P EEICHAEL, BITBRRZHMEIC X
D BEA AN STz, LALYT
J ST ) T DA & B KERLFZE % BRI BRI
29 2Y, BEOHAEICL Y BLSh/8kid Fe’
Y, WREORVERILEE (D 29K Eh, K
HOFe BRZ L7, L LA ORERRICH
xR O EALEAHT TV 2720, RN L -2
DPRFE Lo OHEE AR E TS LSRR Y AT
LEEY EF0TR W EERD,

2 FGF23

=7, VoAb RN L BT CE . T
3 fibroblast growth factor-23 (FGF23) 1 8 Iifj 7L 3
Tld bonerenal axis  JEK L, Ebd THEHELZE %
HoTws, FGF23IZHbnWhdsd FGF 7 7 3
) —2J& 9 % endocrine FGFs D& DTH Y, U~
FRAIVEELTHERALINSYY, FGF 7 73U —
FEDDTHEENRRTTH Y, Aaatdlgs ok
BELTW/OTIR W EEZLNTWS,

SEAERIORE O ) LEBEORK, 2H ALY
J ZNEEPH BB ISEZ o 72, BUEOME A3E
DI OBFHEB Y I FGF23 785 BLL T T &0 b,
BESLL2RHOEY 7 A EHBICHELZEENT
W59, (FGF23 @ 5% % fl# L Tv» % PHEX (phos-
phate-regulating gene with homologies to endopepti-
dases on the X chromosome) % FGF %4k o k52 %%
k& L CTHEZE % Klotho E S 5122 LT A & A1 13
LTwldNTwa?) 722 LESHAETH- 2
A, BAEDO L) Y YRRANVE S L LTORE
%D o725 972, zebrafish TFGF23 % /) v 7 77
M5 e, MEAKILDTIHET LT LAREN, SH
(2 FGF23 13 Ca Wz BLE 3 21EH A H 5 2 & 28
RENTZEY,

COTERLbRDEHIT, Cad BE REEEICAE
BT 2 EAEICB VT, FGF23 34 MANO Ca % il
BILIEHE LTlwWTWEEZOND, ZOHEK
lZe MZBW T Ca i 2S FGF23 @ 43 WAl #Z
BToTwhbZ &, FGF23 A ¥ I ¥ D ifM b % BHE
T5IEND MBI, Z LT 3 AR FHE
By HskE B ERES A BRIC, small integrin-binding li-
gand N-linked glycoproteins (SLBLINGs) % J#7% L,
dentin matrix protein 1 (DMP1) % PHEX & ® inter-
action 25§ X, bone-renal axis |2 & % 1) v F R AR
WEPHEL SN2 ENTWBY, 2 2Hh 5 EHEN T
& BH, EILEN & 7 o 7o BB HEE Y 1305 56 2 AR
2 ELLEENDH Y, RO YL EOHEIERE
PSS ENZ T2 5 72D TlE v e,

3 #& FGF23

BT, LR AKETH L., kv ARBHIEMER
i35 (chronic kidney disease; CKD) #Z#IZB W T &
bOTEELHETH LN, 5FTIE, TLEENAR
i, CKD-MBD & LCHl#DY by OCHmINT X7,
L2 L 1983 4129 CICHHESRIX - TIiE Y ~ 29K T
THEV)FRPWEINTVIEY, ELLZDAN
=4 (E1) EAHTH - 7255 2000 A #HHIC
FGF23 25[E &, TOEMPHH I HIZoNn2E),
2009 4E, EHESKICX 5 VKT X FGF23 i o 15
WCEB5DEL V) TENHLRII 72, ZO—
FHC, 20114E, $RZIZFGF23 A%z TLEX 5 L
Wi EN7e® RS TS T FGF23 2 R A, $kK



244 El Z’SJZ’{:EIEI\‘*EM

|EPO |<—| HIF1a 1 |
<y

bFGF

N EEESORBIEY 2

Vol. 36 No.2 2021

|
|
| RIEEA
|
|
|

é
D :
| FGF23 & (intact FGF23) | C-terminal FGF23

Endocrine EF :

S 7~7}l«‘{’cn§1 (iP ¥R, E#& 3> D AR

Autocrine ? Paracrine ? : B, EMRANDHE

X1 HIFla 2k 3 FGF23 &K
RAED X OBERERY, MEXMEKZ X HIFle 2 %58 b ¥ 85, HIFle 3B X O EPO
24 L CHIEMIC FGF23 &% & it S ¥ %, 70 S 172 intact FGF23 13 endocrine {EH]
ELTI AT MAEMEN % X 72355, RAMOIEM & LT autocrine paracrine (245 T B R0 i
MR EEE KT TN DH %, intact FGF23 1345 f# & 11 C C-terminal FGF23 & 7
505, PUIEVEH % & 7297, BHESRIC X A 0 IHl o BEVEDSDH 5

ZTFGF23 Gt L, — RT3 LTETLHZ0HE
213, %M%®$%%ﬁfmét%i%nfw .
FH 3z, $KZTFGF23 &It DWW T
&R 5.

PR Z OB E 7V Tld FGF23 O TOAKILIT
ELTBY, SRZEZTIEIAMWEEE D &0 7221k
C-terminal FGF23 A EH LT A6 L Lig
PEFICTH % intact FGF23 13 EH L Twhw, §4b
HLEBIEITHEL TW5 A, cleaving () S1tTw
L2DTH5D, @ ZITERRZHMTIE, 1KY ¥ IMEILE
2o\, —%, FGF23 #{n & #£12 X % cleaving
DOFEREREE % Z L T\ 4 ADHR (autosomal domi-
nant hypophosphatemic rickets) £ # Tix, $kKZ T
intact FGF23 25 17 L, RV Y IMFEAEZ 519, gk
ZMEMEHE~O (#HE) SAMiFiE Cterminal FGF23
EEWIET IR L FHEINTNEY, 51
CKD & TP IEARBI 245, FGF23 O cleaving *
KT LTWw2YDT, CKD EHENDOREIGMTIZY
v LA HERIFRIC intact FGF23 2K F &€ 5202 72 5
EEHRZIIFGF23 D E M2 LESI LD, L
LBEZFDE) B AN AL T HDIES ) Do,
#k & FGF23 @ interaction & Ay L O BWFEN 5, Z
DYLINEZRE 2 TR0,

FGF23 i& {2+ @ Lt 12
ment (HRE) 2%#4£ L, hypoxia-inducible factor (HIF)-
la "4 FE L T 59, HIFle 3EKEEFEN T-TH 0,

I& hypoxia responsible ele-

PROFRFEMLEER, I b3y B TR
DOEEEE 2L, $RKZTHIFle pNiEHILE N5
DIEFHII > TS, 120, %4 FGF23 O &I
KMEZEFENT-Tdh % HIFle BE5 L TWBEDEA
M REEBREE T TY YRR E R R v
IIHICEbN 5,

SIEE TR TIE R VA, #3292 FGF23
L HIFl@ I22WTEZ Th L, BEHEFHEWTIXY
CHREIZ LD E LI AT MRHRVE V& LTE
HLTWw37s, WigfaFTidCaftiicmd By LT
WLZ LI ERTREXR, EH5I232DIT5H L,
FGF23 & HIF 2 # 3 2 KA OIEH D H - 72D Tl
HwhtEZ27L %5, £b%ZbH FGF family O T
wOFIBE # 2 5N TWw5b, basic FGFs & I
% FGF1 & FGF2 (&M 522 %0 M Hr A o %8 % 45 -
TBY, ZoOiEMICI1Z HIFla 25BHE L Tw 522,
CHIIBZEICH HIFIC X > THIIE R TWB DI
#H1F 5. endocrine FGF ~ & #1L L 72 FGF23 & # ®
DHREFHRLTVWLDOND LNV, IENRZEHIEZLD
WEHFTDICHMMWICZ L. FGF23 2D DI
342 7 VR DA OB FISE BT 5 &% E 03D 5

DTIEZRVA, FGF23 I FMIBTHELEINS, &H
5 & &1213, RFRBRERESAEL, 20

Hi% T FGF23 b & b2Y, FGF23 / v 7 77 b
<7 ATIEE/NERWFOREAEZ T &S L),
¥ 72 FGF23 135 D AIKALICHEEAS LTwab & bk



B ELDBRED 5 # 2 B8k E FGF23 245

HINTBYD, ) AMBEN S VBTN OEE]
WdHBHDO0H LN, FGF23 23R S 7z D138
FREDHEALZZAHATHY, FEENOELG T L
% FGF23 O K\ DIEH7ZZ s 7o Tld vt Bnk
Bot7-< %%, 9% 5L FGF23 ® L ic HIF A
HAHZEDBWMIFWL L, endocrine Tld 7 < autocrine,
paracrine DL TYEH L T2 DTH NI, #HRLH»IZ
cleaving & 11 T intact FGF23 A% ¥4 2 3 |2 C-terminal
FGF23 O AAMEEHFHE THZ 2 D DM <,

b —oOWHEM L LT, FGF23 X HHiTd A
ENG. A D= ALNIEAWZHAEPO & DB
22 R M ERFTERAINEF B~ DD YO 2 E 2 5 &,
HIF L OBEH FFETEX 25059 5. b9 V&0,
FGF23 @ fragment 23 &4 (2% L CHRRAEM IZE) <3V 2
Eh 5, FGF23 28 HIF IZHI#l S Tw B2 % 2
HZEHTEALD, fragment H ) XITHELLTEAE
ERBORIP LY 5, WFHEHOEE, X
KAFBH 72 A% autocrine, paracrine cytokine T MK T
RIEMA T & L TEH LTz ®A%, endocrine hor-
mone & L C CafRAf #2243 L, BEBEICEL T
) UHROE 2 £ T 5L MEEZ -7 8%
ZABHEGLEOMELHEHMMNZDOD X HIZEZTL
5,

FGF23 & DRI 72 X J1 = A 21% 3 FEAE 7T 04
FOBRMBICEZHAEL TS, TIERZDLE, #KR
Z CTFGF23 O3t 3 % 25, cleaving A3 1EH# T
B % 72D intact FGF23 % L5235, XY ¥ e
I EZ VO LEHIT A, autocrine, paracrine TIEH]
T 5720 cleaving DI Z T e wEEBbLNLR S,

— )i T EEHESR DS FGF23 % T 5 D725 9
WhW LTSNS Ky 2 2ATH D, FHESTLAT
% FGF23 1%, kY YIEZXH|IEEI T EnHdb
7% LB, HHERO intact FGF23 Th 5. R ZH
WESINL 720, FHUIMET L Cterminal FGF23 13
FAY% A intact FGF23 13 LA $5, ZhIZTXToOHH
HEKICE 2 AT TIE7% {, irondextran Tl X
NTPH S5, ferric carboxymaltose (FCM) = & H R
LB CTHEE E N TV B2 B WA = X AIEAR
BH 72738, FGF23 O cleaving 2SIl S 5 72 & % 2
LM Twa, FGF23 X #lREE4 & L T, GALNTS
2 & % O-glycosylation |2 & V) cleaving $K$i Pk % 4 15
T 5D, FEERE A S ORI Z D cleaving K

Yotk 2 RS 2 W REEAURIE S LTV %3,

CKD IZB W T b I A2, cleaving 25K T
L intact FGF23 2’ FLH L Tw5a, Thigfr7ua Y
720 D) YRR ERAET B LB SEIC o T
5., L7 L CKD TEERZZAHTHZENEL,
FRRZIZE 5 FGF23 Gt HEDEH b #i> T 5,
FGF23 L Efn vk L OMBEIETELS A EbN T3
B, DIERR R, IR, KIEE Vo Rk A
REL OB SNTWA, cleaving 2SHHE X LT
% CKD IZBWT, $kRZIZX % FGF23 Lasr e
FTTFHREMBEL TWD MRS, 3EERMDOK
WO N Z Bl 7 286§ & FGF23 o B %
FErz T Db —HEHS,

AZRABCH CH - HE R E R 2

X ®

1) Kosman D] : Redox cycling in iron uptake, efflux, and traf-
ficking. J Biol Chem 2010; 285(35) : 26729-26735.

2) BN ALFESH T T OME SR B, FEEREE
2 2009; 27(16).

3) Knoll AH, Nowak MA : The timetable of evolution. Sci Adv
2017; 3(5).

4) ADHR Consortium : Autosomal dominant hypophosphatae-
mic rickets is associated with mutations in FGF23. Nat Genet
2000; 26(3) : 345-348.

5) Shimada T, Kakitani M, Yamazaki Y, et al. : Targeted abla-
tion of Fgf23 demonstrates an essential physiological role of
FGF23 in phosphate and vitamin D metabolism. J Clin Invest
2004; 113(4) : 561-568.

6) Itoh N, Ohta H, Konishi M : Endocrine FGFs : Evolution,
Physiology, Pathophysiology, and Pharmacotherapy. Front En-
docrinol (Lausanne) 2015; 6: 154.

7) Rowe PSN : The chicken or the egg : PHEX, FGF23 and
SIBLINGs unscrambled Cell. Biochem Funct 2012; 30(5) :
355-375.

8) Singh AP : eKlotho Regulates Age-Associated Vascular Cal-
cification and Lifespan in Zebrafish. Cell Rep 2019; 28(11) :
2767-2776.e5.

9) Lin C-H, Hu H-J, Hwang P-P : Molecular Physiology of the
Hypocalcemic Action of Fibroblast Growth Factor 23 in Zebraf-
ish (Danio rerio). Endocrinology 2017; 158(5) : 1347-1358.

10) David V, Dai B, Martin A, et al. : Calcium regulates FGF-23
expression in bone. Endocrinology 2013; 154 (12) : 4469-4482.

11) Okada M, Imamura K, Iida M, et al. : Hypophosphatemia in-
duced by intravenous administration of Saccharated iron ox-
ide. Klin Wochenschr 1983; 61(2) : 99-102.



246 H AR EHT IR 3 Mk

12) Yamashita T, Yoshioka M, Itoh N : Identification of a novel fi-
broblast growth factor, FGF-23, preferentially expressed in the
ventrolateral thalamic nucleus of the brain. Biochem Biophys
Res Commun 2000; 277(2) : 494-498.

13) Liu S, Tang W, Zhou ], et al. : Fibroblast growth factor 23 is
a counter-regulatory phosphaturic hormone for vitamin D. J
Am Soc Nephrol 2006; 17(5) : 1305-1315.

14) Schouten BJ, Doogue MP, Soule SG, et al. : Iron polymalt-
ose-induced FGF23 elevation complicated by hypophosphatae-
mic osteomalacia. Ann Clin Biochem 2009; 46 (Pt 2) : 167-169.

15) Farrow EG, Yu X, Summers L], et al. : Iron deficiency drives
an autosomal dominant hypophosphatemic rickets (ADHR)
phenotype in fibroblast growth factor-23 (Fgf23) knock-in
mice. Proc Natl Acad Sci USA 2011; 108(46) : E1146-1155.

16) Imel EA, Peacock M, Gray AK, et al. : Iron modifies plasma
FGF23 differently in autosomal dominant hypophosphatemic
rickets and healthy humans. J Clin Endocrinol Metab 2011; 96
(11) : 3541-3549.

17) Farrow EG : Iron deficiency drives an autosomal dominant
hypophosphatemic rickets (ADHR) phenotype in fibroblast
growth factor-23 (Fgf23) knock-in mice. Proc Natl Acad Sci
USA 2011; 108(46) : E1146-1155.

18) Wolf J : Effects of iron deficiency anemia and its treatment
on fibroblast growth factor 23 and phosphate homeostasis in
women. Bone Miner Res 2013; 28(8) : 1793-1803.

19) Ho BB, Bergwitz C : FGF23 signalling and physiology. ] Mol
Endocrinol 2021; 66(2) : R23-R32.

20) Iguchi A, Kazama JJ, Yamamoto S, et al. : Administration of
Ferric Citrate Hydrate Decreases Circulating FGF23 Levels
Independently of Serum Phosphate Levels in Hemodialysis Pa-
tients with Iron Deficiency. Nephron 2015; 131(3) : 161-166.

21) Iguchi A, Yamamoto S, Yamazaki M, et al. : Effect of ferric
citrate hydrate on FGF23 and PTH levels in patients with non-
dialysis-dependent chronic kidney disease with normophos-
phatemia and iron deficiency. Clin Exp Nephrol 2018; 22(4) :
789-796.

22) Rao Z, Shen D, Chen J, et al. : Basic Fibroblast Growth Fac-
tor Attenuates Injury in Myocardial Infarction by Enhancing
Hypoxia-Inducible Factor-1 Alpha Accumulation. Front Phar-
macol 2020; 11:1193.

23) Rey S, Gregg L : Hypoxia-inducible factor-1-dependent

mechanisms of vascularization and vascular remodelling. Se-

Vol. 36 No.2 2021

menza Cardiovasc Res 2010; 86(2) : 236-242.

24) Stegen S, Carmeliet G : Hypoxia, hypoxia-inducible tran-
scription factors and oxygen-sensing prolyl hydroxylases in
bone development and homeostasis. Curr Opin Nephrol Hy-
pertens 2019; 28(4) : 328-335.

25) Lysaght AC, Yuan Q, Fan Y, et al. : FGF23 deficiency leads
to mixed hearing loss and middle ear malformation in mice.
PLoS One 2014; 9(9) : e107681.

26) Murali SK, Roschger P, Zeitz U, et al. : FGF23 Regulates
Bone Mineralization in a 1,25(0OH), D3 and Klotho-Indepen-
dent Manner. ] Bone Miner Res 2016; 31(1) : 129-142.

27) Agoro R, Montagna A, Goetz R, et al. : Inhibition of fibro-
blast growth factor 23 (FGF23) signaling rescues renal ane-
mia. FASEB J 2018; 32(7) : 3752-3764.

28) Daryadel A, Bettoni C, Haider T, et al. : Erythropoietin stim-
ulates fibroblast growth factor 23 (FGF23) in mice and men.
Pflugers Arch 2018; 470(10) : 1569-1582.

29) Flamme I, Ellinghaus P, Urrego D, et al. : FGF23 expression
in rodents is directly induced via erythropoietin after inhibition
of hypoxia inducible factor proline hydroxylase. PLoS One
2017; 12(10) : e0186979.

30) Ishii S, Suzuki T, Wakahashi K, et al. : FGF23 from erythro-
blasts promotes hematopoietic progenitor mobilization. Blood
2020; blood.2020007172.

31) David V, Martin A, Isakova T, et al. : Inflammation and func-
tional iron deficiency regulate fibroblast growth factor 23 pro-
duction. Kidney Int 2016; 89(1) : 135-146.

32) Wolf M, Chertow GM, Macdougall IC, et al. : Randomized
trial of intravenous iron-induced hypophosphatemia. JCI In-
sight 2018; 3(23) : €124486.

33) Takeda Y, Komaba H, Goto S, et al. : Effect of intravenous
saccharated ferric oxide on serum FGF23 and mineral metabo-
lism in hemodialysis patients. Am J Nephrol 2011; 33(5) : 421-
426.

34) Fukao W, Hasuike Y, Yamakawa T, et al. : Oral Versus Intra-
venous Iron Supplementation for the Treatment of Iron Defi-
ciency Anemia in Patients on Maintenance Hemodialysis-Ef-
fect on Fibroblast Growth Factor-23. Metabolism J Ren Nutr
2018; 28(4) : 270-277.

35) Edmonston D, Wolf M : FGF23 at the crossroads of phos-
phate, iron economy and erythropoiesis. Nat Rev Nephrol
2020; 16(1) : 7-19.





