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FEAEGBREMERFHEEE (EHEREB R E)
WAL 226E ERIE T R G &

B RTRBIZR T DHH CNP IREICA 5
B EBIER RS RTEDOMESLIZ B DRSS

MERRE : TR —0 (RERFRZREEER %)

BREHEER (Skeletal dysplasia) 13 H - REOREREL S TEREEBORKHTHY | EFRALEHE
BNUEEHREICE A ZE LWERAREOXES X774, BE. AHREMEEIIRIIINTHARN,
FEEHE OILCRBIF R Y 7 AFIR~NTF K (C-type natriuretic peptide: CNP) 23R Ti8 7772 B M RAEHEE
BaEHO>Z L EFER L (J Biol. Chem. 1998, Proc. Natl. Acad. Sci. USA 2001) . B RHHEBORENKRAT
b HEEERRIE (Achondroplasia) D E TV~ 7 223t L CTEIMRIBRDREZRTZ & 2358 L (Nat.
Med. 2004), 5%, SEEEBEIZRNT S CNP OBKISABEIFEI NS & L Hio, EBREREUND
BRFEEBIZGT 2RBEMEVSIFTEIND D, FOEDEIEIL I TR, BB, BREERED—
RETHDIvn h—RRMHHEREREORREDR CNP R/ ETHLH /T =LEEV 77— B

(Guanylyl Cyclase-B : GC-B) DM AMBLTERTHLZ ENFEINTEY (Um. J Hum. Genet.
2004) . UIRAD CNP IBEICIEFME THATRIEIIRE TH D, AFRIE. 4 0 0FEELEZ{HE
T HEEEERIELS OB RHEERIZE TS CNP I1BRADEFOILEL . BTERARTF 0K BRZA iPS

MG 2 VTR & DR TRREBICB 2 Y BBRERAFE TH 5.
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A. BFREEH

BRAREBEE HEOREEZFICLVEREY
FETTHERERBOBITHY , IZEAEBHE
—BETERCERTAMOBRHETH D, B
REBCLIZARBEE L NEEHEOO, £
EHETORMMICHZ2ZF LWXEE 72985,
BEADLREDRRIIEIINTEL T, DT
BRENZEREABNBETHIBTERFNE D
RONTNWEIDOHRTHB,

HEEE DILE - BEERBIC L 2 BEREEBREIC
ST HREEMEE LT, EK1 5~1 9FEEE
HERFE LSBT, CNP BB CEAONHRED
e BR{EEIER 2 E > - & (Cusho et al., Proc.
Natl Acad. Sci. USA. 2001) . {E&BRIEDNRERH
KETHAIARNBFEEBEOET L~ T AL

TR RBERDRETT I LRELTER
(Yasoda et al., Nat. Med. 2004, Endocrinology.
2009), WMIE, HEENREREZ2ED S [HIRHR
BEENE LIV 7P A EENEC L HHER
—NR—8X ] ODFE 7 bE LT, BHRMR
REBIZANTSH CNP O RF U AR L—YaF A4
—F ORBBHHEENHBE ENTND, £IAT,
CNP {3+ D254 GC-B 2/t L TNt v
KAy —cGMP %2 E4£ L, #O4EMER
ERETIN, RERRHEREO—RETHDLH~
o b —AEA R AGE (AMDM) DJRRE A3
GCB DEETERTHAZILENEEEN
(Bartels et al., Am, J. Hum. Genet. 2004)
CNP BEETIMERMEBOFEESH LA LR
7., CNP {BRZ R 2 5 2 CHMEF DI
RITVETH D, AHFRIT, 940 0BELES
STFETHERBERRELA OB RBERIZE
(7% CNP IR IC " 2 A RVEFIOHE % . ATERR
BFFECB B B0 1PS MR 2 BV - figAT & R
MEMICB IR ) BKERFETH D,

B. BFRF

AIERRATZE & L T, CNP/GC-B RO B MR{REE




. Thbb, NEEEELICHTAEREZ. B
JE s RY) CNP/GC-B /v 77 7 b~ A
DVERL L R A2 & B L C R W EEMICRE Lo, &
7o, FOREBIFREL LT, SEIERERYIER
FF ) AIKT S CNP OEH AT L. 16
PR AR LI, S50, BRAREBEED
135 CNP BEORICE & BEBERTTT 57200
L LT, BEH KPS Mg O O RTE
ORI A B L. 1PS fIEA b EE e~ 1k
FOMEL A o7, ERIRIFFEE L TIE CNP
RO A FHIT A7 CNP/IGC-B %D
AT (M CNP & L O NT-proCNP fH) , 3 L T,

CNP/GC-B &z 1% (CNP, GC-B, BL T
T II B cGMP BT a7 A % F—+F

(eGKID)) Offesr w7z,

(1) 8 #EHENCNP/GCB/ v 2777k
~ U AD{ER & AR

CNP/GC-B ZDF - #HMkIc BT OERESH
IZEMICRET AL, B D WITIRE R R
CNP »AW3I GC-B /v 77U v A&{ER
L. #OXREHMEZLEMHR, MXBIZLDLE5FD
E SO, BERRE OMBFET, S5
1 CT % W= B BOMITHIZ L VG LT,

(2) BRAEEOFE ST L CNP/GC-B KD
FH AR O s

THETUEREEEREOERKE LT, BMP %
(BMP1 ®s 7. GDF5 %), SOX9, PTHrP
RGN EEELICEE R R FOBETFAE
BRRE SN TS, 5F, GDFsER~DT AD
£ sp e g & VT BMP & & CNP/GC-B %
DM EER e L. CNP {5FEOH DS F
B A st L7, E7-. CNP &5EF7 L& LT
O EE FF5 CNP KT AY 2=y 7
ALHRBERET LY ADOREERZ B Z
RN, B - EREARRR IS BT AR A BT LT,

(3) B RFIE BRI RAY IPS MfE DAL
WRREBIH - HEBEFERPFERNTHDHES

DEBEEDN, FESNTERREBEFICESW
FEEIERET L A& FT- CNP B

DD L ERIT . BREEBREEINTD
CNP DA% EBERET 5 HiEL LT, B
BB iPS AN A B L ORI~ L S
ONP (255 5 [UGHE & Bid 3 2 BRI R O e 2 %
BIior, SE. ERE BOLET S PS
A T BRI ~ D S LR 2 A LT

(4) BFZRHFIKBCHT D CNP HREFZETO
72 8 D BRIRAFAE

BRFEEROI B Lo LEBEICHEDOND
B EAEL, AR, B XBATRICL Y R
RBW N PR 5 T 5, [ATEBIT FGF3 Bl
AR A F ISR A B RIK T 5 2 F~ 12 CNP
N FGF & 7 /v MAPK #5280+ 5 Z & 12
I BB T L U A DR EEE Y
WETH L AHBH LT Y (Yasoda et al., Nat.
Med. 2004) ., CNP OFMEITHESLL T D,
F 7. CNP/GC-B F DB+ RIZ L D8 RHHE
BLLTiE, Z3E Tlo GC-B O REEE LALE(R
TR (AMDM) D&M, S (21 %F%), BX
OEW (Hachiya et al., J. Clin. Endocrinol.
Metab. 2007) (2 CHEENTWD, RUF T
BRI ME ISR L, WS s L2 BE
2K LT GC-B B AEREFEIITHRTET 5.
AMDM % CNP #HtOFRHEHEBTH H & H
WS A9, Hiil GC-B @I A ROEAITAR
GC-B % COS-7 #2386 IH &t T CNP (245
RISHA2#R L. CNP BFICxT 24 7
B 5, EPEANEBA S CNP RO LR
B ERAE
X517, BRKZW G D WITREKEE T A EE S
TV WE ZEERIIM LTI, EMEIC X D
KW AR L7 9 2 T, CNP/GC-B F D s F
(CNP. cGKII &) OEROHFEEZRET D, &
R SR E . CNP/GC-B R iE (1
t CNP e, fump - fReP cGMP %) £ 3T
L. #0OERIZLH» CNP/GC-B/GKII O 7' 2 %E
— A —REROEROF L RETT 5, LA EORET
MEHEH O CNP/GC-B AORENEESNIS
. FORBIEL L TERBEBDRICERELE
T A E LB, CNP JRIFEICATT S USSR T
WT 5, T7bhh, CNP BEIEICBWTITRA
TRIRERS S S, oGKIT % iEIT CNP
EHRHETHLZEATREIND, £72. AMDM



CEERRDIBRRESFETOINEELH D
», GCBEGFAROHFELRNT D,

(fREBE~DEE)

W BE I LT, AEENLWET SN (5
REFFRICBET A MEIES) (2Bl - AHEHEZE. 7
RRELOEEEZRB I Y, TONEIZ, FiEst
T RTHERL L EFHAEERRFEB L UE
GFHREERFFEE MRERFEEFLLUA
THx—h RN oy hOEHOBRAXE, RAE
ELIA) WCRE L, RERKERFRE SRR
EXHEOMBEERICHEH L TERELZIT. K
HREOARBEZITLTFETHD, £, BPE
BRIZEBLTEHEMEELDEEZ2EAZEBIYME
BRIEEL RAMKFEBMERERESICHEL, T
TIARZHE TS (MedKyo09105),

C. AR

(1) F/#EHEs CNP/GCB /v 777k
< 7 A DYERL L g4

B RNERTRIBE LTS CreloxP &
2T hERNTE/RERFEN CNP,/GC-B K
BeUuREERMLE, bbb, FnEFhE /K
BERREN I oE—F—THE 1 Bas—4 /1
Bag—4bFr7oxt—F—%RH= Cre vV X
(collal-Crecol2al-Cre) %# CNP & A\ %
GCBflox v VA LRZRIFEBZLIZL>TEH
BVEEHREHEN CNP H2WMEGCB /v o7
U hw X (BE4FEER) EERLE,
¥, col2al-Cre 7R E—F —% AWV EHFE
B CNP /v 77 v b=y REALTE, NEERE
BE -HEBOBRREEZHIEGFELRD, TO
BERZEE2/ v/77 7 b~ R LIZERBET
Holm (1 0BHBIZHBITIHFEOEFARLL  &F
BRO ) v 7T IR TRT 9%, T2/ v 7
TR AT 6%), Fio, HEEIREITIC
BNTYH, EHEMHCNP /v 2777 bR
WEBWIREE/ v 7T U R URLERBRICEE
BREREE OB/ MEBBD b, BERR
GC-B/ v/ 7 = RONBKESE HEE.
FRIZCEALTHLEROBERAZED OGN TEY, #H
ERRIZOEMTHTH D, S HIZ, collal-Cre
TuE—F—EFRAWCEREN CNP H 50T

GCB /vy /77w herAIZBALTYH, uCT %
ANWEEEORIEZRLE LT —Z DT %
BERZRoTWA,

(2) BRGEEBOEFRSTF L CNP/GC-B %0
T EAER OB

7, NREMBLICLYERINIBOHES
ex vivo [ZCHNTT A2 L2 AREL TH U AR
FREREERICBVNT, GDFs LR~y AHXK
BERREIRT S CNP ORE2BRIT LI, RAE
HHIZRBWT, GDFs B R~ A HEREERE
AR ARBERER LB L TELED
F. EHICCNP®REIZLY GDFs ER<U XA
REEREIIFER ~ 7 ABERE L RFICH
EMEE XN, EFMMETIZEBW TS, CNP
BTz L > T GDF5 B~ U AEEREEER
HEXFAR Y U AEREERERKE & Bk
IZF O ENMELE Lz, BE, CNP B#5ET
LLTOMPBRE AR CNP b AVx2=y
gwy At GDF5 BE~URLOREEREE
Z 7, CNP D invivo iZ35i1 %5 GDF5 R~
ADEHREREICXTIRERT L TND,

DFESL

iPS MfaIE ES MHfRIZREIL TVWA Z &b iPS
M B {bEEE: ES fila CEHbN TV 3
FiEERALTWASZ &A%, £7-. ES #i
EFROWESEMRA~O S EIIMIERSMA
MSO)THE SN FEZEMIL TS, £Z
T.MSC % ES MlfR THE STV 2B SRS
kA2 iPS Mifa, ES Mz BV TRNEIT
oz, FOFER. alcian blue Jufa THE I,
RT-PCR iZ L V& EH{b~—H—TH D Sox9. 2
Bas—kFr T7)VHrORRE2RDHHEM
BA~OF PRI, SOIBE2R 2T —
FUEDE LRI LRV TORBRORBT 2B
o TW3,

(4) BRERBIZRT S CNP ARHEFZRIO
7= O OEERF



TRIEA W O 12 DI 2 7 CNP/GC-B £ B
DIEMBEOREZ B Z o7z, EHF I (24~44
F.n=10) (BT A0 CNPRE,
NT-proCNP (CNP & N ¥ 7' o ~7"F F) RE, M
1 cGMP (CNP OffifaNt > B A /t V)
R A RIAVE, EIAVEICTHIELZE 24, LLT
DIl

A CNP % 0.75 £ 0.05 pg/ml (mean =+
SE)

M4 H NT-proCNP # . 1.95 = 0.14 pmol/L
(mean £ S.E))

fiEd cGMP #EE 244 = 0.16 pmol/ml (mean
+ SE)

F 72, CNP/GC-B ZDEETEROHBIRIZE LT
IX. CNP, GC-B, ¥ X N CNP/GC-B F DO HifaH
effecter 9+ TH V. FOBRBIEBETFERT v
MIBWTHBERENHR SN TV D cyclic
GMP dependent protein kinase I (cGKII) @, &ix
TREFDPCR I A4 v—t v F&{ERIL, B
WAEENT D Dk AR LT,

D. £%

BRMERT - B LR O EIEEIZ LV K
%E@“ME%%@&%%tL\E%@A@%%
T b RE A R I T REDO KD BEA MR B
HTHD, BHEEH (2010 FEEESFE) T40 7L
— 7 400 FEEO Sy E S, Elx ORED
HEITERNLOORBENBZ OB E LT
IR OBICDIEA L ENTWD, ZnbDk
B w3 B IHAEOEREREIEITEEARIC LD
b TIRBEOIR VEIERT CH D | AR E s
FEITRTTHESL ST eV, HIEEH O A EE ST
EEERSEXEEAERA LT, BRREED S L
DERE T AUEICRE L THED TV 5 FiHEY
BEIETH D CNP IBFIE, BRFREBICST D
BB EETHY  HRMIZLEE S
(Endocrine news, May 2009) [E N5 ORIVE
bENZBEL TS, £70, HFHFFERCEND
e ES CRE) IRV T RVARIEIZE
T A AHBEELIIRS L TS EEERK
SETREE | KRR S 2001-301586, 22 2003-104908
M), CNP (3R T f e B EREFENZ &
D B AUE A OB RFEERBII LT
T ramettrnmd ., AHMORLERTH

DB R BAOIRCEE DILRB SN D,
%@ﬁ*&otﬁﬁﬁﬂ%fj GDF5 E Rz kL

BRFEEBRIZG LT, CNPIEERE I TH DA
,&waénto&*%fzm4ﬁxl@
Warman 513 21 %O GC-B (CNP Z&K) HH
L DEREER (v h—AEA %&i%&
JE) i L TEY (Bartels et al., Am. J Hum.
Genet. 2004) . B RHCEE B kd-cmpﬁﬁﬁ#
EFOAJREENREN T WD, S LI B,
GC-B O~7 2B {n A RIZ X DR RIZFEKA
BOEEERED 130 lCDIF5EHm L TEY
(Olney et al., J. Clin. Endocrinol. Metab. 2006) . "&
FRERIZBIT S CNPIGC-B R FEOEHRT
CNP BB AB IR HBUIHBETH D DRI LT,
e L PRSI RE A N7 P b DR
REMEL H D, 7eE, AILIZEITH GC-B EFIZL
5~ k=R R R AE SRR B &
B BMEHME SN TS (Hachiyaer al., J. Clin.
Endocrinol. Metab. 2007), AHFZEIL. #RE AL
FERXBE LT- CNP B T OMOEB RH KRS
IZEREEAZEEDESOHBET D, AR
7% % 3@ L C CNP/GC-B F B 52 L 5B Rt R B
N, BRFERCIBTIAHEREBHOMEL LT
Wy ansztbE2LND,

E. ¥

R B AT LASN OB SRR BIZ F8 1T D CNP i

IR A A NER OIRE A | BIERRITIEOE S
Hﬁ%msm@%mwtmm&ﬁﬁf%Amu%
T ) BRERAFGT A T L TN D oﬁﬁ&“@%ﬁ
JEZ GG ET D ONP OEERIGSRE LS FEENT
WA FOMOEREEERIZEBNTE ONP 1R
TEORZ DBEFEAZLDLTHET AR
LT, CNP iR DA I & REE T 5 AW & fikfi
THTETHD,
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disease. CNP therapy for achondroplasia. Clin
Calcium. 20:1212-8, 2010.

Fujii T, Komatsu Y, Yasoda A, Kondo E,
Yoshioka T, Nambu T, Kanamoto N, Miura M,
Tamura N, Arai H, Mukoyama M, Nakao K.
Circulating C-type natriuretic peptide (CNP)
rescues chondrodysplastic CNP knockout mice

from their impaired skeletal growth and early
death. Endocrinology. 151:4381-8, 2010.

Yasoda A, Nakao K Translational research of
C-type natriuretic peptide (CNP) into skeletal
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S BRIEF RS (BEMRERRATER)
FRL22GEFE BT ERE F

CNP/GC-B BI#EE F DRIERDOHELIZBT D55

BrgeoiasE - %) Bk (EBRBFET ¥ —ER k)

CNP/GC-B Rt Mz Lz,

NEMAEEEESTF FIZERNSFTHY BRGRICH o TEECEERB P 2LV IR
o, SHEMEZEITINE TIOEA REBREERTF FERR L TERM, T MY U LRIRSTF
K773 Y —HF0VEDTHY ., EEFEE L OLFFREIZL > T ANP - BNP/GC-A ROTERES
RICRBIT A BHEOMACLAR LB - 1AREL LTOBRICH~ORBIZAML T, 5.
L5V EONTF R T AFIRERTF RRTHD CNPIGC-B RO TS 2B HEREERZERK
AT AIIHTEY, ThETDEELRRTF FIFEORREZ AN LT, AEEIABNIZETD

A, HFRE®

SHBEZETINETH MY U ARRTF R
77 IV —DEANBFFAL— 3TN
H—FF CHHEE L, ANP - BNP/GC-A RO /L
MEFNLELE LTOEBOMBEHA, LAY
AW  JHEE L L COBKIGHIZHRI L TE
7. FEICER IS EEND 19FEEE TOEANH
BLSERF2RI2 T CNP/GC-B R DR D THR 7B
RIBEERZERALTE - F - BERAICRT
5 CNP/GC-B ROBEZRZMEHA L, HHGEEL L
TOEBRICA2ERATAINI VAL—Vva TV
JH—F%BtE L7, CNP X 22 AOT I /EE»
LARANEMRTF R ThdoEEEIZEWN
<4 RE A3 7 < . BMP-2, BMP-7, FGF % ®
B HEHERTF LB L TEMTHADER
BEMHICLIEESND, T2, CNP OEKRET.
CNP OF « 8F - 8RB~ BT I o Em
L FEFEECLID LD TH D, BRAKSE
DHILH, bolb bREMREKBTHY, HoKEA
EFN2 TR E BV RIEREMEIZS VT CNP
YRR ShiE DS HEST L TV B R T RRIE IS x5
AEERIGBRITT CTICHE SN TWA R, AR
BT, ZOMOERERBICHNT D CNP {5
BEOEIEGI 2 BRET S -0 ORI L 5 E
LTW3,

B. G

CNP/GC-B RO REEFEM (M CNP B8 LU
NT-proCNP, M cGMP {EH#IE) #FZ7/~>T
CNPEEZ B I ) ROEREL 5, S 6IC,
CNP/GC-B REBEGTREOHEL ZNLDRIE
EEBAET 52 L1121 -T CNP HoEIES RIE
& CNP R ESRIEICHE - BT 5,

C. WrEukE R

FEKZIZ 1T 5 CNP/GC-B # BIE 0 EiEE O R
EWH A LIz, RIA#., EIAEICX VRIE L@
HEM (24~44 F. n=10) {ZRF B M CNP #=
B, M NT-proCNP (CNP @ N 57" 1 ~<7F K)
BE mH cGMP (CNP DLy FA v E
vO%—) BRERIUTORRE R,

M4+ CNP B 0.75 = 0.05 pg/ml (mean =
S.E.)

i 4 & NT-proCNP 8
(mean £ S.E.)

fLiE9 cGMP B 244 = 0.16 pmol/ml (mean
+ S.E)

1.95 £ 0.14 pmol/L.

D. B8

CNP I RBFFEFL LTEZLNTRY, £
OImEElL ANP, BNP Lt L TF L KE
ThBH, FEF LW RIA BIlEgx vy b CKE
Phoenix % CNP-22 Ultra-Sensitive RIA Kit)




FHNAZLIZE Y BEED CNP JHIEA Al 6E 278:1830-41, 2011.
7po7-, ¥£7-. EIA #BI2 X0 IE L =g 5. Iwakura H, Ariyasu H, Hosoda H, Yamada

NT-proCNP #E x5 L O+ cGMP #EEIZFE L G, Hosoda K, Nakao K, Kangawa K,
THHER EIZERIFOHEETH -7, Akamizu T, Oxytocin and Dopamine
Stimulate Ghrelin  Secretion by the
E. ¥ Ghrelin-Producing Cell Line, MGN3-1 in
Vitro. Endocrinology. 2011, Epub ahead
CNP/GC-B FEAHE O IE & ZEREEIZ DWW TRET LTz, of print.

DB RHERBEICIRBIT DS 25 O FEME A
L. CNP/GC-B R FZ Db D, DOV 2. FLoRRK

FHIRBORK & 72 5 EE L NECH IR LR 72 L
FORBRGTOERICEIT 2EMERITLTET
Ho, H. A8 EHEOHEE - RERT
F. #EEABREH FE AT 4 1
EBERFET 3 1

730
G. HEX
1. WRXER

1. Ariyasu H, Iwakura H, Yamada G,
Kanamoto N, Bando M, Kohno K, Sato T,
Kojima M, Nakao K, Kangawa K, Akamizu
T, A postweaning reduction in circulating
ghrelin temporarily alters growth hormone
(GH) responsiveness to GH-releasing
hormone in male mice but does not affect
somatic growth. Endocrinology,
151:1743-50, 2010.

2. Iwakura H, Li Y, Ariyasu H, Hosoda H,
Kanamoto N, Bando M, Yamada G, Hosoda
K, Nakao K, Kangawa K, Akamizu T,
Establishment of a novel
ghrelin-producing cell line.
Endocrinology, 151:2940-5, 2010.

3. Yamada G, Ariyasu H, Iwakura H, Hosoda
H, Akamizu T, Nakao K, Kangawa K.
Generation of transgenic mice
overexpressing a ghrelin analog.
Endocrinology, 151:5935-40, 2010.

4. Kishimoto I, Tokudome T, Nakao K,
Kangawa K, Natriuretic peptide system:
an overview of studies using genetically
engineered animal models. FEBS J.



EASBRERERENE FEREREARFEFZ)
FrR22EE SR FERE &

B REFE BT D CNP ARESIDORETE B 2 ATERRATZE

WeEsiEE  A+E BE REKRFRFREZFREA  HED
W% A B (RERFERFREFHER BE)

Wi O\E) IIHFRARED L L LI TR 15~ 19 FEREFRNE [F - KF - B
HigEE A EH L L1z CNP-GC-B system @ kT v AL—vat A ) $—F) (b 7/ Ay
BAERS) #/8 CNP S ANBRAOLERERERREEFT 5 L2 ER L (Yasoda
et al., Nat, Med. 2004), & 5IZHiEER®ERE LT, AH CNP #5228, AHREEL S
TEHBERREOTT LY ADEREZIZFFER2NIKETH Z L ZFEH L7z (Yasoda et al,
Endocrinology 2009), #EEHREZ KL TIBRMRBIILOEZ LA EHRE—BEF
FChy., e BRETERCERT2HOERECHIN, TOPTEMEEFICLD
SR BN ERES - LTABRE COEMBIC RS ELVWHEL S TRELS
CHEIET D, L LARRGHE, RERBICHT A REMBRIIHIENTRLT,
15D C R BB 72 BT AR IBIRIE Ch A BEER BB bR TN 50HTH S, CNP IS
BRI T D O BRI AT A AR IARE L LTI STV 523, CNP a5
MNTRESNLZEE GC-B OREFERICLIBRHESR (v b—REfHHERP
i (acromesomelic dysplasia, type Maroteaux: AMDM)) b¥ R &, CNP BRI
+ B ESEFHEROLERE L BER SN TS, SEFEE bt KEFERAEUADR R
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Abstract Since the 1980s, a number of bioactive mole-
cules, now known as cardiovascular hormones, have been
isolated from the heart and blood vessels, particularly from
the subset of vascular endothelial cells. The natriuretic
peptide family is the prototype of the cardiovascular
hormones. Over the following decade, a variety of
hormones and cytokines, now known as adipokines or
adipocytokines, have also been isolated from adipose
tissue. Leptin is the only adipokine demonstrated to cause
an obese phenotype in both animals and humans upon
deletion. Thus, the past two decades have seen the
identification of two important classes of bioactive mole-
cules secreted by newly recognized endocrine cells, both of
which differentiate from mesenchymal stem cells. To assess
the physiological and clinical implications of these novel
hormones, we have investigated their functions using
animal models. We have also developed and analyzed mice
overexpressing transgenic forms of these proteins and
knockout mice deficient in these and related genes. Here,
we demonstrate the current state of the translational

K. Nakao (34) * A. Yasoda - K. Ebihara - K. Hosoda *
M. Mukoyama

Department of Medicine and Clinical Science,

Kyoto University Graduate School of Medicine,
Kyoto 606, Japan

e-mail: nakao@kuhp.kyoto-u.ac.jp

K. Nakao

Translational Research Center,

Kyoto University Graduate School of Medicine,
Kyoto 606, Japan

K. Nakao

EBM Research Center,

Kyoto University Graduate School of Medicine,
Kyoto 606, Japan

research of these novel hormones, the natriuretic peptide
family and leptin, and discuss how lessons learned from
excellent animal models and rare human diseases can
provide a better understanding of common human diseases.
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Although a multitude of animal models have been
developed to emulate various diseases, there are a few
excellent animal models that mimic human disease remark-
ably well, such as spontaneously hypertensive rats (SHR)
[1] and hereditary obese mice, ob/ob mice [2]. These
models are very useful for translational research into the
common human diseases, hypertension and obesity. Les-
sons from research on SHR, an excellent animal model for
hypertension research, developed at Kyoto University led
us to investigate the clinical importance of cardiovascular
hormones and adipokines using appropriate animal models
that mimic human diseases beyond species differences. In
this review, we discuss the current state of translational
research of the natriuretic peptide family and leptin and
discuss the ways in which animal models and rare human
diseases can educate about common human diseases.

Translational research of natriuretic peptide family

The natriuretic peptide family consists of three structurally
related peptides, atrial natriuretic peptide (ANP), brain
natriuretic peptide (BNP), and C-type natriuretic peptide
(CNP) [3]. The biological actions of natriuretic peptides are
mediated by activation of two subtypes of membranous
guanylyl cyclase (GC), GC-A and GC-B, leading to
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intracellular accumulation of cyclic guanine monophos-
phate (cGMP) [4]. The rank order of potency to induce
c¢GMP production via GC-A is ANP > BNP >> CNP, while
that via GC-B is CNP > ANP > BNP [5]. Thus, ANP and
BNP serve as endogenous ligands for GC-A, while CNP is
specific for GC-B. A third natriuretic peptide receptor with
no intracellular GC domain, dubbed the clearance receptor
(C-receptor), is thought to be engaged in the receptor-
mediated degradation of natriuretic peptides [4]. The ANP,
BNP/GC-A system plays a pivotal role in the regulation of
cardiovascular homeostasis, as demonstrated by their
augmentation in various pathophysiological states such as
heart failure [6—10], myocardial infarction [11, 12], cardiac
hypertrophy [13, 14], and hypertension [15-17]. ANP and
BNP are cardiac hormones secreted primarily by the atrium
and ventricle of the heart, respectively [10, 17], with strong
diuretic, natriuretic, and vasodilatory activities [6, 7, 10].
ANP and BNP are used in the treatment of heart failure [18,
19] and serve as sensitive biochemical markers for heart
failure and cardiac hypertrophy [8-10]. ANP infusion
therapy has currently reached a greater than 30% share
among drugs given for acute congestive heart failure in
Japan.

CNP, the third member of natriuretic peptide family, was
first purified from porcine brain [20]. While CNP is the
primary natriuretic peptide in the human brain [21], it is
also produced by vascular endothelial cells [22-24] and
macrophages [25]. This hormone functions in the regulation
of vascular endothelial function and arteriosclerosis via
local effects, not by acting as a circulating hormone [26—
28]. These observations indicate that CNP acts as an
autocrine/paracrine regulator and as a neuropeptide [21].

The distribution of the natriuretic peptide system over-
laps with the distribution of the renin—angiotensin system
[21, 29-33], prompting us to examine the functional
relationship of the natriuretic peptide system and the
renin—angiotensin system. We demonstrated an antagonistic
relationship between these two systems, both in their
peripheral functions as well as their central actions [34—
39]. Furthermore, the natriuretic peptide system has
therapeutic implication in vascular regeneration in patients
with arteriosclerosis obliterans [40].

Mice with genetic alterations in the ANP, BNP/GC-A
system

Genetically engineered mice are useful tools to study the
complex phenotypic effects of an altered gene in living
animals. Overexpression or deficiency of each member of
the natriuretic peptide family or its receptors has been
generated through transgenic (Tg) or knockout (KO)
technologies [41-45]. We generated Tg mice expressing
BNP under the control of the serum amyloid P (SAP)
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component promoter, which targets hormone expression to
the liver [43]. BNP-Tg mice exhibited a 100-fold increase
in plasma BNP concentrations with concomitant elevations
in plasma ¢cGMP concentrations. These mice displayed
significantly lower blood pressures and smaller hearts than
non-Tg littermates. These results indicate that BNP func-
tions in the long-term cardiovascular regulation and may be
useful as a long-term therapeutic agent. In addition, the
proteinuria and renal dysfunction observed in anti-GBM
nephritis [46], the nephrosclerosis induced by subtotal
nephrectomy [47], and the manifestations of diabetic
nephropathy [48] were ameliorated in BNP-Tg mice
compared to those in wild-type mice, indicating a possible
application for the natriuretic peptide family in the
treatment of renal disorders.

We also generated mice bearing a targeted disruption of
the BNP gene [44]. At baseline, BNP-KO mice did not
show any signs of systemic hypertension or ventricular
hypertrophy; however, these animals developed multifocal
fibrotic lesions within the cardiac ventricle even in the
absence of additional stresses; these lesions increased in
size and number in response to ventricular pressure
overload, demonstrating that BNP is an antifibrotic factor
acting within the ventricle of the heart as an autocrine/
paracrine regulator for ventricular remodeling [44]. In
addition to these cardiovascular manifestations, BNP-Tg
mice exhibited marked skeletal overgrowth via endochon-
dral bone formation [49]. Nevertheless, BNP-KO mice did
not possess any skeletal abnormalities [44]. The skeletal
overgrowth seen in BNP-Tg mice that express elevated
plasma concentrations of BNP was similar to that seen in
cartilage-specific CNP-Tg mice [49]. As the BNP/GC-A
system does not have an abnormal skeletal phenotype [41,
42, 45], we postulated that the markedly increased
circulating levels of BNP (100-fold greater than wild-type
mice) may cross-react with GC-B to stimulate endochon-
dral bone growth, even though the affinity of BNP for GC-
B is lower than that for GC-A. This interpretation is
supported by the finding that the skeletal overgrowth
observed in BNP-Tg mice was not abrogated by a genetic
deficiency of GC-A in BNP-Tg mice [50].

ANP transgenic mice expressing elevated levels of
circulating ANP under the control of mouse transthyretin
promoter [41] exhibited decreased arterial blood pressure
without the induction of diuresis or natriuresis. ANP-KO
mice and GC-A-KO mice displayed salt-sensitive and salt-
resistant hypertension, respectively [42, 45]. Studies using
GC-A-KO mice implicated the involvement of GC-A in
antihypertrophic actions in the heart [51-53]. A more
detailed analysis of GC-A was performed using mice
bearing a conditional knockout of GC-A and indicated the
importance of GC-A in vascular endothelial-cell-mediated
blood pressure control [54-56].
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As for the regulation of ANP and BNP gene expression,
neuron-restrictive silencer elements (NRSEs) are located in
the 5'-flanking region of the BNP gene and the 3'-
untranslated region of the ANP gene [57]. The neuron-
restrictive silencer factor (NRSF) can thus repress ANP
promoter activity through binding to NRSE [58]. Studies
examining dominant-negative NRSF Tg mice expressed
under the control of the a-myosin heavy-chain promoter
have demonstrated that NRSF plays an important role in the
gene expression of both ANP and BNP and in the
progression of cardiac dysfunction and lethal arrhythmia
associated with heart failure [59].

Genetically engineered mice of the CNP/GC-B system

We generated mice with a targeted disruption of the CNP
gene; the resultant CNP-KO mice exhibited markedly short
stature due to impaired bone growth [60]. Mammalian
bones are formed through two different mechanisms,
endochondral ossification and membranous ossification.
Most mammalian bones are formed through endochondral
ossification, a process during which chondrocytes in the
growth plate undergo proliferation, hypertrophy, cell death,
and osteoblastic replacement [61]. The short-stature pheno-
type of CNP-KO mice resulted from impaired bone growth
through endochondral ossification [60]. CNP-Tg mice with
targeted overexpression of CNP at the growth plate
cartilage exhibited prominent overgrowth of those bones
formed through endochondral ossification [62]. GC-B-KO
mice exhibit the same short-stature phenotype as observed
in CNP-KO mice [63], demonstrating that the CNP/GC-B
system is a physiologically important stimulator of endo-
chondral bone growth. Dominant-negative GC-B transgenic
rats displayed blood-pressure-independent cardiac hyper-
trophy, suggesting evidence linking GC-B signaling to the
control of cardiac growth [64].

c¢GMP-dependent protein kinase (cGK) has been identified
as a molecule activated downstream of the natriuretic peptide
family and GC system [65]. Mice depleted with the gene of

Fig. 1 Rescue of achondroplastic
mice (Ach mouse) by targeted
overexpression of CNP in growth Wt
plate cartilage. From top to
bottom arc shown the gross
appearance (left panel) and
skeletal phenotype (right panel,
soft X-ray picture) of female
wild-type mice (i), Ach mice
(Ach), and Ach mice overex-
pressing CNP in the growth plate
cartilage (Ach/CNP-Tg) at an

age of 3 months

Ach

Ach/
CNP-Tg

one subtype of cGK, c¢GKII (cGKII-KO mice), exhibit a
short-stature phenotype secondary to impaired endochondral
bone growth [66], similar to that observed in CNP-KO mice
[60]. We demonstrated that cGKII affected endochondral
bone growth by functioning downstream of the CNP/GC-B
system by showing that the impaired endochondral bone
growth observed in cGKII-KO mice could not be rescued by
targeted overexpression of CNP in the growth plate cartilage
[67].

Multiple spontaneous animal models with impairments
in the CNP/GC-B system have been identified [68-71].
Two strains of dwarf mice, with an autosomal recessive
mutant gene, named cn/cn [68] and short-limbed dwarfism
(SLW) mice [69], possess spontaneous loss-of-function
mutations in the GC-B gene. Spontaneous mutant mice
with a loss-of-function mutation in the CNP gene, named
long bone abnormality (Lbab) mice, exhibit short-stature
owing to their impaired endochondral bone growth [70],
and this phenotype could be abrogated by targeted over-
expression of CNP in the growth plate cartilage [71].

Clinical application of CNP and its analogs for skeletal
dysplasia

To explore the potential applications of CNP and its analogs
for clinical use, we attempted to apply the strong effect of
CNP and GC-B on endochondral bone growth to skeletal
dysplasia, a group of genetic disorders characterized by
severely impaired bone growth [72]. Achondroplasia (Ach),
the most common form of skeletal dysplasia characterized by
short-limbed dwarfism, is caused by constitutive activation
of fibroblast growth factor (FGF) receptor 3 [73]. The current
therapy for Ach is limited to distraction osteogenesis [74], an
orthopedic procedure; no efficient medical therapies have
been developed as yet. We demonstrated that targeted
overexpression of a CNP transgene in the growth plate
cartilage of a mouse model of achondroplasia (Ach mice)
rescues their impaired bone growth and short-stature
phenotypes [62] (Fig. 1). To elucidate the molecular
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mechanism by which CNP ameliorates achondroplasia, we
examined the effect of CNP on extracellular signal-regulated
kinase (ERK) signaling. CNP inhibited FGF2-stimulated
phosphorylation of ERK in a dose-dependent manner
through cGMP activation via GC-B ligation, ultimately
increasing matrix synthesis by chondrocytes [62].

We also demonstrated that systemic and continuous
administration of synthetic CNP is safe and effective to
reverse the impaired bone growth seen in Ach mice [75]
(Fig. 2). The safety and efficacy of systemic CNP adminis-
tration in preclinical studies with the observation that CNP
has only a minimal effect of blood pressure in humans [76]
suggest that systemic administration of CNP or CNP
analogs provides a novel therapeutic strategy for the
treatment of human skeletal dysplasia, including Ach.

One form of human skeletal dysplasia, acromesomelic
dysplasia type Maroteaux, is caused by loss-of-function
mutations in the GC-B gene [77]. This implicates the CNP/
GC-B system as a physiologically important enhancer of
endochondral bone growth in humans, suggesting a clinical
application for CNP and CNP analogs to multiple types of
human skeletal dysplasia [75].

In the near future, idiopathic short stature, a common
disease of short-stature phenotype with an unknown etiology,
and bone fracture, the healing of which is made through
endochondral ossification, would be the next avenues to
explore for a therapeutic effect of CNP treatment.

Translational research of leptin

Leptin, an adipocyte-derived hormone originally identified
from hereditary obese mice (ob/ob mice) [78], plays crucial
physiologic roles in the regulation of energy expenditure
and food intake [79-83]. Mice [84] and rats [85, 86]

Fig. 2 Rescue of Ach mice by
administration of synthetic CNP.

Three-week-old female wild- Wi
type (Wr) or Ach mice were
continuously administered CNP
intravenously. The gross
appearances (a), soft X-ray
pictures of femurs (b), and
histological pictures of tibial
growth plates stained with
safranin-O and hematoxylin and
eosin (c) are shown for wild-
type mice treated with vehicle
(left), Ach mice treated with
vehicle (middle), and Ach mice
treated with 1 pg/kg per minute
CNP (right) after a 4-week
administration period. Scale bar
in ¢, 50 pm
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bearing mutations in leptin receptors demonstrate identical
phenotypes as ob/ob mice. The Koletsky rat, an obese
substrain of SHR serving as a model of metabolic
syndrome exhibiting both hypertension and morbid obesity,
was discovered to carry an additional nonsense mutation of
the leptin receptor [86].

In obese animals and subjects, plasma leptin concen-
trations are increased in proportion to the degree of
adiposity [87-89], indicating that leptin is a satiety signal
communicating the size of adipose stores to the brain [90—
92] and that leptin resistance is related to obesity [87, 93—
95]. Leptin deficiency in human subjects is associated with
morbid obesity with insulin resistance, indicating the
physiological role of leptin in both animal models and
humans [96, 97]. Leptin is implicated in a number of
manifestations seen in obese animal models [91, 98-101],
especially obesity-related hypertension [99], abnormal
reproduction [98], bone changes [100], and Cushing
syndrome [102]. Leptin is also produced by human placenta
[103] and choriodecidual tumors [104].

Generation of Tg mice overexpressing leptin

To explore the clinical implications of leptin in vivo, we
generated leptin-Tg mice displaying elevated plasma leptin
concentrations comparable to those seen in obese subjects
[105]. A fusion gene comprised of the human SAP
promoter upstream of the mouse leptin ¢cDNA coding
sequences was designed to target hormone expression to
the liver [43, 106]. Overexpression of leptin in the liver
resulted in the complete disappearance of both white and
brown adipose tissues in mice [105]. Such a phenotype did
not occur when transgene expression was targeted to
adipose tissue, the endogenous site of leptin production,
using adipocyte-specific promoters [107]. The hyperlepti-
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nemia seen in these transgenic “skinny” mice provides a
unique experimental system in which the long-term effects
of leptin are investigated in vivo [98-101, 105, 108, 109].
Skinny mice exhibit augmented glucose metabolism and
increased insulin sensitivity of both skeletal muscle and
liver [105], supporting the concept that leptin acts as an
antidiabetic hormone in vivo [110-112]. These studies
suggest the potential usefulness for leptin treatment of
diabetes and obesity.

Crossbreeding of transgenic skinny mice with A-ZIP/F-1
mice, a mouse model of severe lipoatrophic diabetes

Generalized lipodystrophy, caused by a systemic deficiency
of adipose tissue, is characterized by severe insulin
resistance and hypertriglyceridemia [113]. A form of
diabetes, called lipoatrophic diabetes, eventually develops,
although the precise mechanism by which this paucity of fat
results in diabetes has remained to be elucidated. Plasma
leptin concentrations are markedly reduced or absent in
patients with lipoatrophic diabetes and in rodent models of
this disease [114—117]. Given leptin’s antidiabetic action,
leptin deficiency may play a role in the pathogenesis of
lipoatrophic diabetes; thus, leptin may be a drug for
lipoatrophic diabetes.

A mouse model of severe lipoatrophic diabetes (A-ZIP/
F-1) was generated by expressing in adipose tissue a
protein that inactivates basic-zipper transcription factors
[116]. To assess the pathophysiological role and therapeutic
potential of leptin in lipoatrophic diabetes, we crossed
transgenic skinny (LepTg/+) and A-ZIP/F-1 (A-ZIPTg/+)
mice to produce double transgenic mice (LepTg/+:A-
ZIPTg/+) virtually lacking adipose tissue and expressing
approximately tenfold higher levels of leptin than normal
controls [118]. LepTg/+:A-ZIPTg/+ mice were hypophagic
in comparison to A-ZIPTg/+ mice and exhibited decreased
hepatic steatosis. Glucose and insulin tolerance tests
displayed increased insulin sensitivity and normal glucose
tolerance in LepTg/+:A-ZIPTg/+ mice, which was compa-
rable to LepTg/+ mice. Pair-feeding experiments demon-

strated that the effects of leptin were not solely due to
decreased food intake. Leptin also helped to prevent
diabetic nephropathy in generalized lipoatrophic diabetes
mice [101]. These results demonstrate that leptin can
improve insulin resistance and diabetic manifestations in a
mouse model of severe systemic lipodystrophy, indicating
that leptin is therapeutically useful in the treatment of
lipoatrophic diabetes [118].

Leptin replacement therapy in Japanese patients
with generalized lipodystrophy

We previously reported a novel homozygous mutation of
MC4R in a Japanese woman with severe obesity (body
mass index (BMI) 62 kg/m?) [119]. MC4R mutations have
been identified at a relatively high frequency (3—4%) in
morbidly obese patients in Europe; all of the mutations
reported to date occur in an autosomal-dominant fashion,
with the exception of a single unique pedigree in the UK.
[120, 121]. Although both parents were heterozygous for
the mutation, neither exhibited such a severe obese
phenotype (BMI 27 and 26 kg/m?, respectively, which are
preobese according to WHO criteria). As genetic back-
grounds and lifestyles vary significantly between European
and Asian countries, it is necessary to examine the effect of
lifestyle on the phenotypes resulting from genetic mutations
and on treatment efficacy in each country.

Four-month leptin replacement therapy has been
reported to improve glucose and lipid metabolism in
lipodystrophy patients in the USA [122]. To elucidate the
efficacy, safety, and mechanisms underlying leptin replace-
ment therapy in Asian patients with generalized lipodys-
trophy, we treated seven Japanese patients, two acquired
and five congenital types, with physiological replacement
dose of leptin [123, 124]. Leptin replacement therapy
dramatically improved fasting glucose (mean+SE, 172+
20 to120+12 mg/dl, P<0.05) and triglyceride (mean + SE,
700+272 to 260+98 mg/dl, P<0.05) levels within 1 week.
Leptin replacement reduced insulin resistance, as demon-
strated by the euglycemic clamp method. Improvement of

Fig. 3 a Daily insulin doses and A 160 B 10-
fasting plasma glucose levels
and b HbAlc levels during the = 140
first 2 months of leptin therapy =) S 120
in a 19-year-old male patient =D § 8 1
with congenital generalized lip- E 3 100 -
odystrophy (Seipin gene mutant) @ é 801 i

25 o £ 64

T 7 401

= i
0 10 20 30 40 50 60
Leptin treatment (day) (month)
@ Springer



J Mol Med (2009) 87:1029-1039

1034
900
=
]
R
[=]
E 600 &
£ o
E b
2 a
® 300 Tz
g ¢
£
0-
Leptin
trebtment (month)  pre 1 2 3 4
CCr(mlmin) 205 138 170 62 70

Fig. 4 Time course of daily urinary albumin secretion, creatinine
clearance, and HbA l¢ levels during leptin treatment of a 16-year-old
female patient with acquired generalized lipodystrophy

fatty liver was also confirmed by changes in computed
tomography (CT) attenuation, and liver volume was
calculated by CT imaging. By 4 months, six of seven
patients were able to discontinue all antidiabetic drugs,
including insulin (Fig. 3). The decreased fasting plasma
glucose levels, triglyceride levels, and liver volumes in all
seven patients were well maintained throughout the therapy
period with no adverse effects. The longest period of leptin
replacement therapy has now extended beyond 7 years.

Leptin treatment was also effective at combating diabetic
complications. The macroalbuminuria seen in two patients
regressed to microalbuminuria, while microalbuminuria in
two additional patients normalized. The creatinine clear-
ance of patients with glomerular hyperfiltration decreased
with improved glucose tolerance (Fig. 4), which was
consistent with previous findings in the lipoatrophic
diabetes model mice [101].

We also examined the effect of leptin therapy on a 16-
year-old girl with severe hypertriglyceridemia who suffered
from repeated episodes of acute pancreatitis (Fig. 5). After
the initiation of leptin therapy, her triglyceride levels
normalized; she did not have any additional episodes of
acute pancreatitis (Fig. 5). These results clearly demonstrate
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the safety and efficacy of the long-term leptin replacement
therapy in patients with generalized lipodystrophy. While
these results are impressive, it is important to remember
that the efficacy of leptin replacement therapy in patients
from Japan, a country in which the prevalence of obesity is
relatively low, is excellent.

Leptin therapy for more prevalent forms of diabetes

To assess the therapeutic potential for leptin treatment in
insulin-deficient diabetes, we generated diabetic animals by
treating wild-type and LepTg/+ mice with a relatively low
dose of streptozotocin (STZ 180 g/g body weight) [125].
Plasma insulin concentrations were reduced (<0.10 ng/ml),
resulting in severe hyperglycemia in both wild-type and
LepTg/+ mice 2 weeks after STZ treatment. LepTg/+ mice
were more sensitive to exogenously administered insulin
than wild-type mice; STZ-treated LepTg/+ mice became
normoglycemic at doses of insulin that did not improve the
hyperglycemia in STZ-treated wild-type mice. To clarify if
combination therapy with leptin and insulin is beneficial for
insulin-deficient diabetes, we also examined the effect of
chronic coadministration of leptin and insulin in STZ-
treated wild-type mice. We demonstrated that subthreshold
doses of insulin, which do not affect glucose homeostasis,
are effective at improving diabetes in STZ-treated wild-type
mice in combination with leptin. These results indicate that
leptin therapy may be used as an adjunct for insulin therapy
in insulin-deficient diabetes.

We also investigated the therapeutic usefulness of leptin
in a mouse model of type 2 diabetes mellitus with increased
adiposity [126], generated using a combination of a low-
dose STZ (120-g/g body weight) and a high-fat diet (HFD,
45% of energy as fat; STZ/HFD). In STZ/HFD mice,
continuous infusion of leptin (20-ng/g body weight per
hour) reduced food intake and body weight gain and
improved glucose and lipid metabolism with enhanced
insulin sensitivity. Leptin therapy also decreased the
triglyceride content of both the liver and skeletal muscle.
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