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strated impaired glucose tolerance and reduced insulin
sensitivity, although there were no differences in body
weight or composition between Trp*-ghrelin-Tg and
non-Tgmice. When ghrelin-receptor-null mice were main-
tained on long-term standard chow, they had lower blood
glucose levels with low-to-normal insulin levels in com-
parison with wild-type mice, although they exhibited sim-
ilar body weights and composition (14). Ghrelin-receptor-
null mice appeared to have enhanced insulin sensitivity in
comparison with wild-type mice. In addition, Gauna et al.
(18) demonstrated that administration of ghrelin to wild-
type mice reduced insulin sensitivity. [t was also reported that
ghrelin inhibited glucose-stimulated insulin release (19-21).

In conclusion, we succeeded in generating Tg mice
overexpressing a ghrelin analog. The mice presented in
this study will serve as a useful tool for evaluating the
long-term effects of ghrelin or ghrelin analogs. In addition,
the method provided in this study may be useful in the
generation of gain-of-function models for hormones that
require posttranscriptional modification.
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The mammalian natriuretic peptide system, consisting of at least three
ligands and three receptors, plays critical roles in health and disease. Exam-
ination of genetically engineered animal models has suggested the signifi-
cance of the natriuretic peptide system in cardiovascular, renal and skeletal
homeostasis. The present review focuses on the in vivo roles of the natri-
uretic peptide system as demonstrated in transgenic and knockout animal

Natriuretic peptides

The existence of an atrial factor with diuretic and
natriuretic activities has been postulated since 1981 [1].
In 1983-1984, the isolation and purification of such a
factor and determination of its amino acid sequence
were accomplished in rats and humans [2-7]. The fac-
tor is a peptide distributed mainly in the right and left
cardiac atria within granules of myocytes and thus
called atrial natriuretic factor or atrial natriuretic pep-
tide (ANP). The discovery of ANP revealed that the
heart is not only a mechanical pump driving the circu-
lation of blood but also an endocrine organ regulating
the cardiovascular—renal system. For instance, in situa-
tions of excessive fluid volume, cardiac ANP secretion
is stimulated, which causes vasodilatation, increased
renal glomerular filtration and salt/water excretion

Abbreviations

and inhibition of aldosterone release from the adrenal
gland, which collectively result in a reduction of body
fluid volume.

Later, in 1988, a homologous peptide with similar
biological activities was isolated from porcine brain and
hence was named brain natriuretic peptide (BNP) [8].
However, it was soon found that brain BNP levels were
much lower in other species. It has since been shown
that BNP is mainly produced and secreted by the heart
ventricles [9]. Synthesis and secretion of BNP are regu-
lated differently from ANP [10], and the plasma con-
centration of BNP has been found to reflect the severity
of heart failure more closely than ANP [11].

In 1990, yet another type of natriuretic peptide
was isolated from porcine brain and named C-type

ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; CNP, C-type natriuretic peptide; GC, guanylyl cyclase; MCIP1, myocyte-
enriched calcineurin-interacting protein; PAR, protease-activated receptor; PKG, cGMP-dependent protein kinase; RGS, regulator of G-protein

signaling.
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natriuretic peptide (CNP) [12]. CNP was initially
thought to function only in the brain but was later
shown to be produced in peripheral tissues such as the
vascular endothelium [13] and in smooth muscle cells
and macrophages [14]. Because CNP plasma levels are
considerably lower than those of ANP or BNP, CNP
is thought to mainly act locally as a paracrine factor
rather than as a circulating hormone.

Natriuretic peptide receptors

To date, three receptors for natriuretic peptides have
been identified. In 1988, one type of ANP receptor was
isolated from cultured vascular smooth muscle cells.
Using its partial amino acid sequence, the full-length
cDNA was cloned and the entire amino acid sequence
was deduced [15]. The receptor molecule consists of
496 amino acid residues and contains a large extracel-
lular domain, a putative single transmembrane helix
and a 37 amino acid residue cytoplasmic domain. It is
generally accepted that the role of this receptor is to
bind and remove natriuretic peptides and their frag-
ments from the circulation. Hence, this receptor is
termed natriuretic peptide clearance receptor (C recep-
tor). On the other hand, a signaling role of the C
receptor has also been suggested [16].

One of the earliest events following the binding of
ANP to its receptor is increase in the cytosolic cyclic
guanosine monophosphate (¢cGMP) levels. This finding
suggested that cGMP might act as the second messen-
ger mediating the physiological activities of ANP and
that the ANP receptor is coupled to guanylyl cyclase
(GC), the enzyme that catalyzes the generation of
c¢cGMP. In 1989, a segment of the sea urchin GC
cDNA was used as a probe to screen various cDNA
libraries, which enabled cloning of the first mammalian
GC (thus called GC-A) from rats and humans [17].
Expression of the cloned enzyme confirmed that GC-A
is an ANP receptor. Soon after the discovery of GC-A,
cloning of a second mammalian GC (GC-B) was
reported [18,19]. GC-B also bound and was activated
by natriuretic peptides, demonstrating the diversity
within the natriuretic peptide receptor family. Since
these receptor proteins were first identified as GC fam-
ily members, we refer to them as GC-A or GC-B
throughout this paper.

Ligand selectivity

Subsequent studies revealed that GC-A preferentially
binds and responds to ANP, while GC-B preferentially
responds to CNP [20]. The relative effectiveness of the
three natriuretic peptides in stimulating cGMP produc-

In vivo role of the natriuretic peptide system

tion via GC-A and GC-B has been reported [21]. The
rank order of potency for cGMP production via the
GC-A receptor was ANP 2 BNP > > CNP. On the
other hand, c¢GMP response via GC-B was
CNP > ANP or BNP. Thus, the biological functions
of natriuretic peptides are mediated by two receptors:
GC-A (also known as the A-type natriuretic peptide
receptor, NPRA), which is selective for the cardiac
peptides ANP and BNP, and GC-B (also called the
B-type natriuretic peptide receptor, NPRB), which is
selective for CNP.

The binding affinities of ANP, BNP and CNP to the
human or rat C receptor have been reported [21]. Irre-
spective of the species examined, the rank order of
affinity for the C receptor was ANP > CNP > BNP.
This finding suggests that BNP is the least susceptible
to C-receptor-mediated clearance and is more stable in
the plasma.

Lessons from genetically engineered
animals

A variety of genetically engineered mice have been
generated to study the physiological function of each
component of the natriuretic peptide-receptor system
(summarized in Table 1).

Role of ANP- and BNP-mediated GC-A signaling
in blood pressure regulation

Transgenic animals, which constitutively express a
fusion gene consisting of the transthyretin promoter
and the ANP gene, have plasma ANP levels that are
higher than non-transgenic littermates by 5-10 fold
[22]. The mean arterial pressure in the transgenic ani-
mals was reduced by 24 mmHg, which was accompa-
nied by a 27% reduction in total heart weight. This
chronic reduction in blood pressure was due to a 21%
reduction in total peripheral resistance, whereas car-
diac output, stroke volume and heart rate were not sig-
nificantly altered. In 1994, transgenic mice carrying the
human serum amyloid P component/mouse BNP
fusion gene were generated so that the hormone
expression is targeted to the liver [23]. The animals
exhibited 10- to 100-fold increase in plasma BNP con-
centration and significantly lower blood pressure than
their non-transgenic littermates.

In 1995, ANP-deficient mice were generated, and
their blood pressure phenotype was reported [24]. The
mutant mice (homozygous null for the ANP gene) had
no circulating or atrial ANP, and their blood pressures
were significantly higher (8-23 mmHg) than the con-
trol mice when they were fed standard diets. When fed
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Kishimoto et al.

In vivo role of the natriuretic peptide system

auoz Anua

1001 |esiop dlucAiquia

2y} ur suoxe AJosuas
10O uOI1edINYIq JO 3o

[29] suoinsu

anndaoioou pasiedul
'U0J1BO1ISSO [BIPUOYIOPUS
pasiedw) (WSIIBMP 819A8S

palusnaid

S| UOI10JRJUI |BIPIEDOAW
19148 AydosuadAy sejnouiusp

Josuoo ueyl Jeybiy %48

S1 |aA8] N ewseld ‘sauoq
obejied jo uonebuolgy

(in3s

‘geIgelIaA 'squulf) SBu0q

10 ymmouBiano jeuipniibuoT

YimoiBiano |erajaxs
‘uoIeIIuBdU0D dNg euwseld
ul 8seasoul pjo} -00L ©1 -0l

dNYV Buiieinono jo |ang)
|ewiou aAey sal0bAzolsley
aouelsisal |etayduad

Ul UOI1oNPal % | Z ‘8low Jo
PI0)-8 paiens|d dNV ewse|d

%Gl ~ Ag sso| Apueoiubis
sem ones 1yBiom
Apoq 01 1yBiam peaH

s1yBiam 1ieay uo 108y ON

pauodal 10N

pauodal 10N

auljeseq le abueyo oN

paloayeun lyblem Leap

pauodal JoN
SIS0.ql} JEINJLIJUSA |BD0}
paonpul-peojanc-ainssald
‘AydoiuadAy
Je[nouluaA jo subis oN
salewall|
oluabsuel}-uou ueyl
1yBram pesy sse| %0 ~

adA1-piim
ayl ueyl Jaybiy pjoj-p’L
oiles 1ybram Apoq 0} pesH

ybiam
Leay Ul uononpal %/7

ainssaid poojq [ewlION
auab
v-2D 8y} jo sa1dod s31yl
BuiAsied 921u |4 Ul [ewiou
mo|jaq BHww z'g abesany

pauodal J0N

pauodal 10N

abueyo oN

paloayeun
ainsseid poojq 21j01sAg

pauodal 10N

uoisuaLuadAy
21Wa)sAs Jo subis oN

sajeutsalll| dluabsuel-uou
uey} Jemo| Bww oz ~

(sej0b6Azoislay)

191p 1jes-ybiy uo asesaiou|
BHwuw £Z “181p plepuels

uo |ewou !(sa1o6Azowoy)
BHww £z-8 ‘eseaiou|

1043U09
8yl ueyl Jamo| BHww Gz ~

peay

uolssaidxaiano
IWBISAS

uondnisip ojwalsAs

uondnisip 21WalsAS

pesy

19AI

obejiued
ale|d ymwolio

uondnisip 21WaIsAS

1817

uondnisip 21WalsAS

18AIN

Js1owoud

uieyd Areay uisoAw-o

auLNW JO WeaJ1SUMOp
pasny auab y-)o

uaamiaq

ul suab aoue)sisal
uIpAuoau ayl yim
psjeoldnp auab y-)9H aiugj

21195580 UoIssaidxe
79€] B ylm paoe|das | uox3

auaf aouelsisal upAwosu

ayl yum padejdal dND
Buipoous g pue | suox3j

Js10Wo01d

uieyo Areay uisoAuws-o

aulNW 8yl JO WesallSumop
pasny ausb gND

ausb uoisny

dN2 @snow/jusuodwod
d plojAwe wnias uewny
sueb

uoisny N2 8snow/uoibal
Jo10Wwo01d LeZ|0)

ouab

90Ue]SISal UIDAWIOBU 8yl
yum paoejdal g pue | suox3
susb uoisn}

dNg @snow/juauodwod

d plojAwe wnias uewny

ausab aouelsisal
uiDAwoau 8yl yum
paoejdal z-uoxa ui dq ||
auab uoisny

JNV 8snow/iajowoid
uileJAylsuesl 8sno

[6€] weay ayy ul
uoissaidxa1ano y-09

[£2] uoissaidxaiano
u-3o0uy ¥-09

(99] (uisag)
INo3o0uy dND

[6G] (010AY)
1N0X00UY dND

[59] Leay oy} Ul

u0Issa1dxa1an0 gND

[#9] 481 By3 Ul
uo0ISsa1dx818A0 dND

[£9] ebejiied sy ul
u0ISSaIdX8I8N0 dND

[LE] IN030o0LY dNG

tora}
uoISSa1dX818A0 N g

(2] In03o0UY NV

[ezl
uo1SS81dX818A0 NV

sadAjousyd 1oyl

adAlousyd oeipie)

adAjouayd ainssaid poolg

anssn palabie|

10n11su02 Bunsbie]

auab pajeiny

‘walsAs apndad onnainuieu ayl 1oy sjewiue paissuibus Ajleansusb eyl jo sadAiouayd ‘L ajqeL

FEBS Journal 278 (2011) 1830-1841 © 2011 The Authors Journal compilation © 2011 FEBS

1832



In vivo role of the natriuretic peptide system

I. Kishimoto et al.

alel

1esy paseaidul Alsapow
‘yimoub suog peonpay

paysijoqe

Sl NV 01 asuodsal

ui Aljigesuusad sejnosea

paseasoul (9% el-|1 Ag
Pasealoul S WN|OA BWSE|d

ase|oAd |AjAuenb

9|gn|os o uoissaidxa

paoueyua pue apIxo dulu

01 ALIAIISUSS UOIE].|IPOSEA

Jaybiy ‘uoisuedxa sawinjoa

ewse|d a1noe 0} asuodsal
ainssaid poojq psiesebbexy

UO0I1eJJUS2U0D NV
ewse|d ul 9seaidul pjoj-Z ~
aJnssaid
poo|q ul jjgj padnpul-S47
01 1uelsIsal ‘uoi08ssIp
2I11JOB JO JO ainjie) ueay
an11sabuod o aAlledIpul
aouaping |ealbojoydiow
Ulim ‘yiesp ueppns
uorsuayadAy
Ateuowl|nd paonpul-eixodAy
01 Aljigndaosns
pasesJoul (paysijoqe ale
uojsuedxa awnjoa ewse|d
J9}JB UoN8IOXa dIND2
pue wnjpos Aleuun ‘indino
auun ul saseasoul pidey

PeOJIaA0 aWN|oA

O1UOJYD Ul PaouByUS Jayuny
sem yoiym ‘AydostiadAy
oelpied aAIssalbold

wybram
Leay ul 8sealdul %0z ~

adA1-pjIm wioly JuBIByIp
10u aJe onel ybiam Apog

0] Leay pue 1ybiam LesH
peopaao ainssaud Jaye
uonouny oelpied pasedul
AlpaxJew !uolexejss
JBIpJED Pasealdsp
‘Al1oen1uod oelpies
pansasald ‘pajoayjeun
suonoeyj uabe|joo
1BJNOUIIUBA '80IW Y-09
paxoj} yim paseduwiod
ones ybrem Apoq

01 Leay Ul 8SBa1dul %0Z

adA1-piIm 4O (Sjewsy) %EEL
pue (sjew) 9,Gg|buibelane
ones 1ybiom Apog o1 LesH

1ey) 01 Jejiwis Ajjiloenuod
oeipied [(lybiam

ueay ul 9Sealdul %09-0b)

AydospuadAy oeipied |eqo|9

ainssaud |euapne
ueaw pue dljoiselp ‘I|oIsAs
Ul S32UBJBYIP uedIubIS ON

BHww g|-z| Agq ainssaid
poo|q 21101SAS pajeAs|]

paysijoge ainssaid
poojq uo 4Ny snousboxs
0 109)48 81NJe !|ewlIoN

(sapndad

J1l8INIeU JeIpIeD JO

U0118128S pasealdul 01 anp)
lewliou mojaq BHww Q-4

|0J3u00
ay1 ueyl Jaybiy BHww g1

adAl-pjIMm
ueyy Jaybiy BHWW Gz—0Z
sl aunssaid poo|q 21|01sAS

Apog sjoym
[z€] (eo1w a1
1892ueyUa /1810WO01d
To!l yum
Buissolo Ag) sjjeo
|eljaylopua Jejnosep

[€€] (801w 810-ZZINS
yim Buissold Aq)

S||80 8joSNW Yloows

[Ep] (801w

217 J910woid

uieys Aneay

uISoAw-p delpIed

yum Buissoo Aqg)
sa1Ao0Auloipien)

uondnisip JIWsISAS

uondnisip o1WalsAg

[£9] 1e4

se10woid AND 8yl Ul uoISsaldxaIano

YlIM pasny sem g-Do 104 anneBau
uenw saiebau-jueuiuog jueuiwop g-39

| uonul
40 9|ppiw 8y} U aus
dXO| payl e pue (| uoxa
JO @ 9'Z— 1e) 8118sseD
@ouelsisal upAwosu
pajuej-gxo| e ‘auab
v-0D 8yl jo asuanbas
/S 84} JO Q) 8¢ |euonippe
ue pue g|—| Suoxa
sureluod 1019aA Bupabie]

1noxo0uy
[EUOIIIPUOI Y-DD)

auab aoue)sisal uDAWoau
ay} yum psoe|dal
3J1aMm Z uoxa Jo uoiuod

B pue | uojui ‘| uox3g

[92] (euijose] yuoN)
noxd0uy v-29

ulewop suelquiauusuell
8y} sspooud

UdIYyM ‘7 UOX8 Ul pauasul

aueb aouejsisal uPAWOaN

12l (seleq)
N0Y20UY V-09

sadAjouayd JayiQ

adAlousyd oeipie)

adAlousyd sinsssid poo|g

anssi pajebie]

1on11su09 Bunebie] auab pajeinpy

‘(penunuo)) L sjqel

1833

FEBS Journal 278 (2011) 1830-1841 © 2011 The Authors Journal compilation © 2011 FEBS



In vivo role of the natriuretic peptide system |. Kishimoto et al.

. 2 w73 a standard-salt (0.5% NaCl) diet, the heterozygotes
=B % 5 e g had normal circulating ANP levels and blood pres-
s T 3 éfg - _:; "2 sures. However, on high-salt (8% NaCl) diets, they
§ § g fz _%’é P 2 § . E L. g g . were hypertensive, with 27 mmHg increases in systolic
8 25 8 8; = 5 25580 23 blood pressure levels [24].
2 Ew Se oLy g §§ = £ £ g In the same year, disruption of the GC-A4 gene was
5|2 8 £e 8 £3808u850 reported to result in chronically elevated blood pressure
5|28 £8%5E285 28388 (about 25 mmHg in systolic pressure) in mice on a
standard-salt diet [25]. Unlike mice heterozygous for
the ANP gene, blood pressures of GC-A heterozygotes
® remained elevated and unchanged despite increasing
% dietary salt intake. In 1997, another group reported
E, E 3 3 that the mice lacking functional Npr/ gene, which
el g S g encodes GC-A (denominated NPRA by the authors),
5|2 2 g displayed elevated blood pressure and cardiac hypertro-
8|2 z 2 phy with interstitial fibrosis resembling that seen in
human hypertensive heart disease [26]. In a subsequent
paper, the blood pressures of one-copy F1 animals were
o £ reported to be significantly higher on high-salt diet than
s 3 = on low-salt diet [27]. The reason for the discrepancy
% 5 £ between the salt phenotypes of these two GC-A4 knock-
“;i) % o § out mouse strains is still unknown. It is possible that
5 3 E 2 K dlfferencc?s result from different targetmg strategies or
|5 g2 o the genetic background of the mouse strains used.
fo: & ,%g i In 1999, the generation of mice in which the C
= 5 2 = OEO receptor was inactivated by homologous recombination
was reported [28]. C-receptor-deficient mice have less
ability to concentrate urine, exhibit mild diuresis and
c & tend to have depleted blood volume. C receptor homo-
S S .
R = z zygous mutants have significantly lower blood pres-
2 g é sures (by 8 mmHg) than their wild-type counterparts.
Sl e e o The half-life of ANP in C-receptor-deficient mice is
s 8 g & two-thirds longer than that in wild-type mice, demon-
g E" 5’;; 3% strating that C receptor plays a significant role in its
clearance. Moreover, C receptor modulates the avail-
ability of the natriuretic peptides to their target organs,
— thereby allowing the activity of the natriuretic peptide
g . @ ® g ‘g % é; system to be tailored to specific local needs. In fact,
2 s . e S i 2 _% %g g . agJ C receptor expression is tightly regulated by other sig-
‘g 2 5 % g g § 5 g -y é 3 E o naling molecules, such as angiotensin II [29] and cate-
AR % < E 28 5 %’5 §R32 T & g,) cholamines [30]. Interestingly, the baseline levels of
818535 %: 52 8¢ 8 % 3 g ANP and BNP were not higher in the C-receptor-defi-
2|8 g ’é 2 3 0}; E 85 § e é‘a é é cient mice than in the wild-type mice, implying that
§ E 5 g 2E g g E E ] E'ga § 2ow either the cardiac secretion or C-receptor-independent
sleT Tt d - N clearance mechanism was altered in those mice.
In 2000, the targeted disruption of the BNP gene in
. mice was reported. Multifocal fibrotic lesions were
g = s 3 found in the ventricles of BNP-deficient mice, suggest-
= olz & o S ing the protective role of BNP in pathological cardiac
Slele 83 =2 < fibrosis [31]. Interestingly, there were no signs of sys-
& g § 2 ;‘% E £ % temic hypertension or ventricular hypertrophy, suggest-
2 g ® 383 @ 8@ ing that in the presence of ANP basal levels of BNP
SlSl8c%E & g = are dispensable for these cardiovascular phenotypes.
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To examine the tissue(s) responsible for the hyper-
tensive phenotype of systemic GC-A-null mice, a tar-
geting strategy was designed so that Cre recombinase
mediates the deletion of exon 1 of the GC-A gene.
Thus, in floxed GC-A mice, GC-A can be deleted in a
tissue-specific manner. Endothelium-specific deletion of
GC-A was achieved by crossing the floxed GC-A mice
with transgenic mice expressing Cre recombinase under
the control of the Tie2 promoter/enhancer. Endothe-
lium-specific GC-A-deficient mice display significantly
increased systolic blood pressure (by approximately
12-15 mmHg) and diastolic blood pressure (by
approximately 5-10 mmHg) than their control litter-
mates [32]. Interestingly, although the direct vasodila-
tation effects of exogenously administered ANP were
abolished, smooth-muscle-cell-restricted deletion of
GC-A did not affect the resting blood pressure [33],
indicating that endothelial cell GC-A, and not vascular
smooth muscle cell GC-A, is indispensable for chronic
regulation of blood pressure.

Overall, these results show the significance of the
endogenous natriuretic peptide system in the mainte-
nance of normal blood pressure.

Regulation of blood volume

Infusion of ANP results in substantial natriuresis and
diuresis in wild-type mice but fails to cause significant
changes in sodium excretion or urine output in GC-A-
deficient mice, indicating that GC-A is essential for
ANP-induced acute regulation of diuresis and natriure-
sis [34]. After experimental expansion of the plasma
volume, urine output as well as urinary sodium and
c¢GMP excretion increase rapidly and markedly in the
wild-type but not in systemic GC-A-deficient animals.
Nevertheless, plasma ANP levels are comparable or
even higher in CG-C-deficient animals [34]. On the con-
trary, the knock-in overexpression of GC-A (four-copy)
in mice results in augmented responses to volume
expansion in urinary flow and sodium excretion along
with rises in both glomerular filtration rate and renal
plasma flow, compared with wild-type (two-copy) mice
after volume expansion [35]. These results establish that
GC-A activation is the predominant mechanism medi-
ating the natriuretic, diuretic and renal hemodynamic
responses to acute blood volume expansion.

The plasma volumes of animals completely lacking
GC-A are expanded by 30%, suggesting the role of
GC-A in chronic regulation of the blood volume.
Interestingly, mice lacking GC-A specifically in the
vascular endothelium are volume expanded by 11-13%
[32], suggesting that GC-A in the endothelium at least
partly accounts for chronic blood volume regulatory

In vivo role of the natriuretic peptide system

effects. Since previous experiments indicated that ANP
increased capillary permeability of the endothelium to
macromolecules like albumin [36], these data suggest
that the ANP/GC-A pathway regulates chronic trans-
vascular fluid balance by increasing microvascular per-
meability [37)].

Cardiac remodeling and the local natriuretic
peptide system

Cardiac synthesis and secretion of ANP and BNP are
increased according to the severity of cardiac remodel-
ing in humans as well as in animal models [38]. Since
the two cardiac natriuretic peptides share a common
receptor (i.e. GC-A), the cardiac phenotype of mice
lacking GC-A revealed complete effects of the cardiac
natriuretic peptide signaling. Notably, targeted deletion
of the GC-A gene resulted in marked cardiac hypertro-
phy and fibrosis, which were disproportionately severe
[39,40] given the modest rise in blood pressure [25].
Since the chronic treatment of GC-A-deficient mice
with anti-hypertensive drugs, which reduce blood pres-
sure to levels similar to those seen in wild-type mice,
has no significant effect on cardiac hypertrophy [41],
these results imply that the natriuretic peptides/GC-A
system has direct anti-hypertrophic effects in the heart,
which are independent of its roles in blood pressure
and body fluid control.

More direct evidence of local anti-hypertrophic GC-A
signaling was obtained from animals in which the
GC-A gene was conditionally targeted. The GC-A4 gene
was selectively overexpressed in the cardiomyocytes of
wild-type or GC-A-null animals, and the effects were
examined [39]. Whereas introduction of the GC-4
transgene did not alter blood pressure or heart rate as
a function of genotype, it did reduce cardiomyocyte
size in both wild-type and null backgrounds. The
reduction in myocyte size was accompanied by a
decrease in cardiac ANP mRNA expression, which
suggests the existence of a local regulatory mechanism
that governs cardiomyocyte size and gene expression
via a GC-A-mediated pathway [42]. Conversely, the
GC-A gene was inactivated selectively in cardiomyo-
cytes by homologous loxP/Cre-mediated recombina-
tion, which circumvents the systemic hypertensive
phenotype associated with germline disruption of the
GC-A gene [43]. Mice with cardiomyocyte-restricted
GC-A deletion exhibited mild cardiac hypertrophy
with markedly increased transcription of cardiac
hypertrophy markers, including ANP. These observa-
tions are consistent with the idea that a local function
of the ANP/GC-A system is to moderate the molecu-
lar program of cardiac hypertrophy [44].
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ANP
BNP

‘Local hormones’

ANP
BNP

‘Circulating hormones’

Reduction of cardiac pre-and after-load

Fig. 1. ANP and BNP, the cardiac natriuretic peptides, protect the
heart in not only an endocrine but also a paracrine fashion. Because
ANP and BNP have potent diuretic, natriuretic and vasodilatory
actions, augmentation of the ANP and BNP/GC-A signaling leads to
a decrease in cardiac pre- and after-load, and their mobilization dur-
ing cardiac failure is considered one of the compensatory mecha-
nisms activated in response to heart damage. In addition to the
hemodynamic effects of their actions as circulating hormones,
recent evidence suggests that ANP and BNP also exert local cardio-
protective effects by acting as autocrine/paracrine hormones.

Since the diuretic, natriuretic and vasorelaxant activ-
ities of ANP and BNP lead to reduction of the cardiac
pre- and after-load, these results suggest that the car-
diac natriuretic peptides/GC-A signaling exerts its car-
dioprotective actions in both an endocrine and an
autocrine/paracrine fashion. These mechanisms are
schematically depicted in Fig. 1.

The molecular mechanism of GC-A-mediated
inhibition of cardiac hypertrophy

To identify the molecular mechanism underlying car-
diac hypertrophy seen in GC-A-deficient mice, DNA
microarrays were used to identify genes upregulated in
the hypertrophied heart [45]. Among several genes
known to be upregulated in cardiac hypertrophy (e.g.
a-skeletal actin, ANP and BNP), it has been found
that the expression of the gene encoding myocyte-
enriched calcineurin-interacting protein (MCIPI) is
also increased. The MCIPI gene is reportedly regu-
lated by calcineurin, a critical regulator of cardiac
hypertrophy. Thus, it was hypothesized that the calci-
neurin activity is enhanced in the heart of GC-A-defi-
cient mice. To test this hypothesis, cultured neonatal
cardiomyocytes were used to determine whether phar-
macological inhibition of GC-A would increase calci-
neurin activity, which it did not [45]. On the other
hand, stimulation of GC-A with ANP inhibited calci-
neurin activity, suggesting that it is by inhibiting the

I. Kishimoto et al.

calcineurin pathway that cardiac GC-A signaling (acti-
vated by locally secreted natriuretic peptides) exerts its
anti-hypertrophic effects. In fact, chronic treatment
with FK506, which in combination with FK506-bind-
ing protein inhibits the phosphatase activity of calci-
neurin, significantly reduces the heart weight to body
weight ratio, cardiomyocyte size and collagen volume
fraction in GC-A-deficient mice compared with the
wild-type mice [45]. A further study using microarray
analysis and real-time PCR analysis revealed that, in
addition to the calcineurin—nuclear factor of activated
T-cells (NFAT) pathway, the calmodulin-CaMK-
Hdac—Mef2 and PKC-MAPK-GATA4 pathways may
also be involved in the cardiac hypertrophy seen in the
GC-A-null mice [46].

Role of regulator of G-protein signaling in CG-A
cardioprotective actions

Recently, it has been elegantly demonstrated that
cGMP-dependent protein kinase (PKG) la attenuates
signaling by the thrombin receptor protease-activated
receptor (PAR) | through direct activation of regulator
of G-protein signaling (RGS) 2 [47]. PKG-Ia binds
directly to and phosphorylates RGS-2, which signifi-
cantly increases the GTPase activity of Ga,, thereby
terminating PAR-1 signaling. Given that cGMP is an
intracellular second messenger for natriuretic peptides,
RGS might mediate the cardioprotective effect of the
GC-A signaling. To test this hypothesis, the role of
RGS-4, which is the predominant RGS in cardiomyo-
cytes under physiological conditions, was examined. In
cultured cardiomyocytes, ANP stimulated the binding
of PKG-Ia to RGS-4 as well as the phosphorylation
of RGS-4 and its subsequent association with Gayg
[48]. In addition, cardiomyocyte-specific overexpression
of RGS-4 in GC-A-null mice significantly rescued the
cardiac phenotype of these mice. On the contrary,
overexpression of a dominant-negative form of RGS-4
blocked the inhibitory effects of ANP on cardiac
hypertrophy [48]. Therefore, GC-A may activate car-
diac RGS-4, which then inhibits the activity of Gayg
and its downstream hypertrophic effectors. The endog-
enous cardioprotective mechanism meditated by
ANP/BNP, GC-A and RGS-4 is depicted schemati-
cally in Fig. 2.

Very recently, PKG activation reflecting chronic
inhibition of ¢cGMP-selective phosphodiesterase 5 has
been shown to suppress maladaptive cardiac hypertro-
phy by inhibiting Gog-coupled stimulation, and the
effect was not observed in mice lacking RGS-2 [49].
This suggests that RGS2 mediates the cardioprotective
actions of PKG in pathological conditions such as
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Fig. 2. Inhibitory mechanism of cardiac hypertrophy by the local
natriuretic peptide system. Cardiac hypertrophy agonists such as
angiotensin I, catecholamines and endothelins stimulate G-protein
coupled receptor. Subseguent production of inositol triphosphate
(IP3) promotes elevation of intracellular Ca** levels, which results
in activation of the calcineurin/nuclear factor of activated T cells
(NFAT) pathway. Cooperatively with the family of GATA transcrip-
tion factors, NFAT activates the hypertrophic gene program, which
includes the ANP- and BNP-coding genes. In an autocrine or para-
crine fashion, ANP and BNP stimulate their receptor GC-A and
exert their anti-hypertrophic actions via the activation of the RGS,
which consequently results in an increase in the GTPase activity of
the a subunit of the guanine nucleotide binding protein (Gag) and in
a decrease in the activity of the downstream signaling mediators
(adapted from [48]).

pressure overload or excessive Gag activation due to
hypertrophic stimuli. In fact, RGS-2 is also implicated
in the anti-hypertrophic action of cardiac GC-A [50].

The role of GC-A in myocardial infarction

It is well known that plasma levels of ANP and BNP
are dramatically elevated early after myocardial infarc-
tion [51]. To examine the significance of this upregula-
tion, experimental myocardial infarction by ligation of
the left coronary artery was induced in mice lacking
GC-A [52]. GC-A-deficient mice exhibited significantly
higher mortality rate than wild-type mice, reflecting a
higher incidence of acute heart failure. Four weeks
after infarction, left ventricular remodeling, including
myocardial hypertrophy and fibrosis, and impairment
of the left ventricular systolic function were signifi-
cantly more severe in mice lacking GC-A than in wild-
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failure and attenuate chronic cardiac remodeling after
acute myocardial infarction.

Role of GC-A in peripheral arterial disease

A role of the natriuretic peptide system in peripheral
arterial diseases has also been suggested. Activation of
the natriuretic peptides<cGMP-PKG pathway was
found to accelerate vascular regeneration and blood
flow recovery in a murine model of peripheral arterial
disease, in which leg ischemia was induced by femoral
arterial ligation [53]. Recently, it has been reported
that intraperitoneal injection of carperitide, a recombi-
nant human ANP, accelerated blood flow recovery
with increasing capillary density in the ischemic legs
[54], indicating the role of exogenously administered
ANP and BNP in angiogenesis. When the hindlimb
ischemia model was performed in GC-A-deficient mice,
autoamputation or ulcers were more severe in GC-A-
deficient mice than in their wild-type counterparts [55].
Laser Doppler perfusion imaging revealed that the
recovery of blood flow in the ischemic limb was signifi-
cantly inhibited in GC-A-null mice compared with
wild-type mice. In addition, vascular regeneration in
response to critical hindlimb ischemia was severely
impaired [55]. Similar attenuation of ischemic angio-
genesis was observed in mice with conditional, endo-
thelial-cell-restricted GC-A deletion. On the other
hand, smooth-muscle-cell-restricted GC-A ablation did
not affect ischemic neovascularization [56], suggesting
that it is the endothelial GC-A that stimulates endo-
thelial regeneration after induction of ischemia. Taken
together, the evidence suggests that the natriuretic pep-
tide pathway significantly contributes to peripheral
vascular remodeling during ischemia.

Role of the CNP/GC-B pathway in bone
formation

In a 1998 study, mice with transgenic overexpression
of the BNP gene, especially those exhibiting high
expression levels, unexpectedly displayed deformed
bony skeletons characterized by kyphosis, elongated
limbs and paws, and crooked tails, which resulted
from a high turnover of endochondral ossification
accompanied by overgrowth of the growth plate [57).
Even after crossing with GC-A-null mice, transgenic
mice overexpressing BNP continued to exhibit marked
longitudinal growth of the vertebrac and long bones
[58]. Therefore, the effect of excess amount of BNP on
endochondral ossification is independent of GC-A,

type mice [52]. GC-A activation by endogenous cardiac ~ and so signaling through another receptor was
natriuretic peptides may protect against acute heart suggested.
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In 2001, CNP-deficient mice were reported to show
severe dwarfism as a result of impaired endochondral
ossification [59], thus indicating that CNP acts locally
as a positive regulator of endochondral ossification. In
2004, the phenotype of mice lacking GC-B was
reported [60]. The GC-B-null animals exhibited dra-
matically impaired endochondral ossification and
attenuation of longitudinal vertebral or limb bone
growth. Therefore, it appears that GC-B is the recep-
tor mediating the CNP action in inducing longitudinal
bone growth. Furthermore, homozygous C-receptor-
null mice also have skeletal deformities associated with
a considerable increase in bone turnover [28], an oppo-
site phenotype to that observed in the mice deficient
for CNP. Since CNP is the only natriuretic peptide
expressed in bone, it is suggested that one function of
the C receptor is to clear locally synthesized CNP from
bone and modulate its effects.

Since pharmacological amounts of BNP can stimu-
late GC-B, these results suggest that activation of the
CNP/GC-B pathway in transgenic mice with elevated
plasma concentrations of BNP or in mice lacking the
C receptor for natriuretic peptides results in skeletal
overgrowth. By contrast, inactivation of the CNP/GC-
B pathway in mice lacking CNP, GC-B or cGMP-
dependent protein kinase II (a downstream mediator
of the CNP/GC-B pathway) results in dwarfism caused
by defects in endochondral ossification.

Summary

As stated above, studies using genetically engineered
animals revealed physiological and pathophysiological
roles of the natriuretic peptides/receptor signaling
pathways in the regulation of blood pressure/volume,
maintenance of the cardiovascular system, and devel-
opment of the longitudinal bone, acting as not only a
circulating hormonal system but also a local regulatory
system. Recent evidence also suggests roles for the
natriuretic peptide system in renal [61] and neuronal
[62] morphology and function. In addition, genetic
defects of each component of the system in humans
may cause diseases that are also observed in the geneti-
cally engineered animals. Furthermore, an interesting
hypothesis that needs verification is that these observed
phenomena could be the recapitulation of early devel-
opmental mechanisms. More studies at tissue, cellular
and molecular levels are needed to clarify the mecha-
nisms underlying the intriguing phenotypes observed in
transgenic animal models. In addition, more studies at
clinical and population levels are needed to elucidate
the potential importance of the natriuretic peptide sys-
tem in humans.
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Oxytocin and Dopamine Stimulate Ghrelin Secretion
by the Ghrelin-Producing Cell Line, MGN3-1 in Vitro

Hiroshi Iwakura, Hiroyuki Ariyasu, Hiroshi Hosoda, Go Yamada, Kiminori Hosoda,
Kazuwa Nakao, Kenji Kangawa, and Takashi Akamizu

Ghrelin Research Project (H.I., H.A., T.A.), Translational Research Center, and Department of Medicine
and Clinical Science, Endocrinology, and Metabolism (G.Y., K.H., K.N.), Kyoto University Hospital, Kyoto
University Graduate School of Medicine, Kyoto 606-8507, Japan; and National Cerebral and
Cardiovascular Center Research Institute (H.H., K.K.), Osaka 565-8565, Japan

Tounderstand the physiological role of ghrelin, it is crucial to study both the actions of ghrelin and
the requlation of ghrelin secretion. Although ghrelin actions have been extensively revealed, the
direct factorsregulating ghrelin secretion by ghrelin-producing cells (X/A-like cells), however, isnot
fully understood. In this study, we examined the effects of peptide hormones and neurotransmit-
ters on in vitro ghrelin secretion by the recently developed ghrelin-producing cell line MGN3-1.
Oxytocin and vasopressin significantly stimulated ghrelin secretion by MGN3-1 cells. Because
MGN3-1 cells express only oxytocin receptor mRNA, not vasopressin receptor mRNA, oxytocin is the
likely requlator, with the effect of vasopressin mediated by a cross-reaction. We also discovered
that dopamine stimulates ghrelin secretion from MGN3-1 cellsin a similar manner to the previously
known ghrelin stimulators, epinephrine and norepinephrine. MGN3-1 cells expressed mRNA en-
coding dopamine receptors D1a and D2. The dopamine receptor D1 agonist fenoldopam stimu-
lated ghrelin secretion, whereas the D2, D3 agonist bromocriptine did not. Furthermore, the D1
receptor antagonist SKF83566 attenuated the stimulatory effect of dopamine. These results indi-
cate that the stimulatory effect of dopamine on ghrelin secretion is mediated by the D1a receptor.
In conclusion, we identified two direct regulators of ghrelin, oxytocin and dopamine. These find-
ings will provide new direction for further studies seeking to further understand the regulation of
ghrelin secretion, which will in turn lead to greater understanding of the physiological role of
ghrelin. (Endocrinology 152: 0000-0000, 2011)

hrelin is a stomach-derived 28-amino acid peptide

hormone with a unique modification of acylation,
first described by Kojima et al. in 1999 (1). To understand
better the physiological function of ghrelin, it is crucial to
study both ghrelin action and the regulation of ghrelin
secretion. The actions of ghrelin have been vigorously in-
vestigated by multiple groups, revealing a wide variety of
activities, including GH-stimulating (2), orexigenic (3),
fat-storing (4), cardiovascular (5), gastroprokinetic (6),
and insulin-suppressing (7) activities. In contrast, the reg-
ulation of ghrelin secretion from ghrelin-producing cells
(X/A-like cells) is not fully understood. Although the re-
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sults of in vivo studies suggest that plasma ghrelin levels
are regulated by acute and chronic energy status (8-10),
the individual factors regulating ghrelin secretion by ghre-
lin-producing cells (X/A-like cells) remains unclear due to
the lack of an appropriate in vitro assay system.
Recently we established a ghrelin-producing cell line,
MGN (mouse ghrelinoma) 3-1 cells from a gastric ghreli-
noma isolated from ghrelin promoter SV40-T antigen
transgenic mice (11, 12). The MGN3-1 cell is the first cell
line derived from a gastric ghrelin-producing cell that pre-
serves the ability to secrete of substantial amounts of ghre-
lin under physiological regulation, making this line one of

Abbreviations: ANP, Atrial natriuretic peptide; AVP, vasopressin; CNP, C-type natriuretic
peptide; C-RIA, anti-C OOH-terminal ghrelin (amino acids 13-28) antiserum used to detect
ghrelin and desacyl-ghrelin; GABA, y-aminobutyric acid; GHRP2, GH-releasing peptide 2;
GIP, gastric inhibitory polypeptide; GLP, glucagon-like peptide; GOAT, ghrelin O-acyltrans-
ferase; N-RIA, anti-NH,-terminal ghrelin (aminc acids 1-11) antiserum detects ghrelin only;
PP, pancreatic polypeptide; VIP, vasoactive intestinal peptide.
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FIG. 1. The effects of peptide hormones on ghrelin secretion by MGN3-1 cells. A and B, The
amount of ghrelin secreted by MGN3-1 cells incubated for 4 h in DMEM supplemented with
0.5% BSA and 10~® M GH, GHRP2, IGF-l, insulin, glucagon, somatostatin, PP, gastrin, CCK,

GLP-1, VIP, GIP, secretin, neurotensin, calcitonin, oxytocin, AVP, T,, leptin, ANP, or CNP. **,

P < 0.01 in comparison with controls (n = 9).

the best research tools to study the regulation of ghrelin
secretion in vitro. In previous studies, we used MGN3-1
cells to examine the effects of insulin and somatostatin,
which are well established in in vivo studies to suppress
ghrelin secretion (13-16). In this study, we examined the
effects of peptide hormones and nonpeptide neurotrans-
mitters on #7 vitro ghrelin secretion from MGN3-1 cells.

Materials and Methods

Cell culture

MGN3-1 cells were cultured in DMEM supplemented with
10% fetal bovine serum, 100 U/ml penicillin, and 100 pg/ml
streptomycin at 37 C in 10% CO, as described previously (12).

Batch incubation study

MGN3-1 cells were seeded at 7.5 X 10° cells/well and cultured
for 24 h in 12-well plates. After a washing with PBS, cells were
incubated at 37 C for 4 h in DMEM supplemented with 0.5% BSA
and the indicated reagents before collecting supernatants. Toscreen
for peptide hormones stimulating or suppressing ghrelin secretion,
IGF-1, glucagon, somatostatin, pancreatic polypeptide (PP), gluca-
gon-like peptide (GLP)-1, secretin, neurotensin, thyroxin, atrial na-
triuretic peptide (ANP), GH (Sigma Aldrich Japan, Tokyo, Japan),
gastrin, cholecystokinin (CCK), vasoactive intestinal peptide (VIP),

Oxytocin

Oxytocin

Endocrinology, July 2011, 152(7):0000-0000

gastric inhibitory polypeptide (GIP), calci-
tonin, oxytocin, vasopressin (AVP), C-type
natriuretic peptide (CNP) (Peptide institute,
Inc., Osaka, Japan), GH-releasing peptide 2
(GHRP2; Kaken Pharmaceuticals, Co., Ltd,
Tokyo, Japan), insulin (Invitrogen, Carlsbad,
CA), or leptin (Pepro Tech, Inc., Rocky Hill,
NJ) were added to each well at 107¢ m. To
screen for neurotransmitters, acetylcholine,
nicotine, muscarine, epinephrine, norepi-
nephrine, dopamine, histamine, serotonin,
glutamate, or y-aminobutyric acid (GABA;
Sigma Aldrich Japan) were added at 10™* Mto
each well. To determine the stimulatory ad-
renergic receptor subtype, 107 M of isopro-
terenol, denopamine, ritodrine, phenyleph-
rine, or clonidine (Sigma Aldrich Japan) were
used. To determine the stimulatory dopa-
mine receptor subtype, 10™° M apomorphine,
fenoldopam, or bromocriptine (Sigma Aldrich
Japan) were used. For the antagonistic studies,
oxytocin receptor antagonist [d(CH,)s',
Tyr(Me)?,0rn®]-oxytocin (Bachem, Buben-
dorf Switzerland), Bl-receptor antagonist
atenolol (Sigma Aldrich Japan), and dopamine
D1 receptor antagonist SKF83566 (Tocris Bio-
science, Ellisville, MO) were used.

AVP
Thyroxin
Leptin
ANP
CNP

ANP I
CNP I

AVP

Thyroxin
Leptin

Measurements of ghrelin
concentrations in culture medium

To measure ghrelin concentrations in
culture medium, the collected culture media
were centrifuged, and the resulting super-
natants were immediately applied to Sep-
Pak C18 cartridges (Waters Corp., Milford, MA) preequili-
brated with 0.9% saline. After washing cartridges with saline
and 5% CH;CN/0.1% trifluoroacetic acid, bound protein was
eluted with 60% CH;CN/0.1% trifluoroacetic acid. Eluates
were lyophilized and subjected to ghrelin RIA. Two types of
ghrelin RIA were performed: C-RIA, in which an anti-COOH-
terminal ghrelin (amino acids 13-28) antiserum is used to detect
both ghrelin and desacyl-ghrelin, and N-RIA, in which an anti-
NH,-terminal ghrelin (amino acids 1-11) antiserum detects
ghrelin only, as described (17, 18).

RT-PCR and quantitative RT-PCR

Total RNA was extracted using an RNeasy kit (QIAGEN,
Hilden, Germany). Reverse transcription was performed with
a high-capacity cDNA reverse transcription kit (Applied Bio-
systems, Foster City, CA). RT-PCR was performed using a
GeneAmp 9700 cycler (Applied Biosystems) with AmpliTaq
Gold using appropriate primers (Supplemental Table 1, pub-
lished on The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org). Real-time quantitative PCR
was performed using an ABI PRISM 7500 sequence detection
system (Applied Biosystems) using appropriate primers and
tagman probes or Power SybrGreen (Supplemental Table 1).
The mRNA expression of each gene was normalized to the
detected levels of 18S rRNA.
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FIG. 2. The effect of oxytocin on ghrelin secretion by MGN3-1 cells. A, RT-PCR analysis of
oxytocin receptor (Oxy-R) and vasopressin receptors (AVPR) 1a, 1b, and 2 mRNA expression in
MGN3-1 cells. B and C, The amount of ghrelin secreted by MGN3-1 cells incubated for 4 h in
DMEM supplemented with 0.5% BSA and 10™° M AVP with or without 107°

[d(CH,)s", Tyr(Me)?,0rn®]-oxytocin (oxytocin receptor antagonist). **, P < 0.01 in comparison
with controls; ##, P < 0.01 in comparison with AVP (n = 9). D and E, The amount of ghrelin
secreted by MGN3 1 cells incubated for 4 h in DMEM supplemented with 0.5% BSA and

M oxytocin. **, P < 0.01 in comparison with controls (=) (n = 9). F and G,
Ghrelin and GOAT mRNA Ievels in MGN3-1 cells after a 24-h incubation with 107% M
oxytocin. **, P < 0.01 in comparison to controls (n = 9). AU, Arbitrary unit.
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Statistical analysis

All values were expressed as the means = SE. The statistical
significance of the differences in mean values was assessed by
ANOVA with a post hoc test (Turkey’s test) or Student’s £ test as
appropriate. Differences with P < 0.05 were considered significant.
Statistical analysis was performed by Statcel2 (OMS, Saitama, Japan).

Results

Effects of peptide hormones on ghrelin secretion

First, we examined the effects of various peptide hor-
mones on ghrelin secretion by MGN3-1 cells. Oxytocin
and vasopressin significantly stimulated ghrelin secretion
by MGN3-1 cells, whereas insulin and somatostatin sup-
pressed the secretion as reported previously (12) (Fig. 1, A
and B). Addition of any of the other peptides, including
GH, GHRP2, IGF-], glucagon, PP, gastrin, CCK, GLP-1,
VIP, GIP, secretin, neurotensin, calcitonin, thyroxin, lep-
tin, ANP, or CNP to the medium had no effect on ghrelin
secretion (Fig. 1, A and B).

MGN3-1 cells expressed mRNA encoding the oxytocin
receptor but did not express mRNA for any subtypes of
vasopressin receptors (types 1a, 1b, and 2; Fig. 2A), indi-

peptide neurotransmitters on ghrelin
secretion by MGN3-1 cells. Ghrelin se-
cretion by MGN3-1 cells was stimu-
lated by the addition of epinephrine,
norepinephrine, or dopamine to the
medium (Fig. 3, A and B). No cffects on
ghrelin secretion were seen after the ad-
dition of acetylcholine, nicotine, mus-
carine, histamine, serotonin, gluta-
mate, or GABA to the medium (Fig. 3, A and B). Ghrelin
secretion induced by epinephrine increased in a dose-de-
pendent manner (ED value for N-RIA: 1.31 pum; C-RIA:
2.36 uM; Fig. 4, A and B). MGN3-1 cells expressed mRNA
encoding of ala- and B1-adrenergic receptors (Fig. 4C).
The nonselective B-agonist isoproterenol and the B1-ag-
onist denopamine significantly stimulated ghrelin secre-
tion by MGN3-1 cells (Fig. 4, D and E). The B2-agonist
ritodrine also stimulated ghrelin secretion to a lesser extent,
which may have been secondary to cross-reactivity (Fig. 4, D
and E). No effect on ghrelin secretion was found using the
al-agonist phenylephrine, the ala-agonist A61603 or the
a2-agonist clonidine (Fig. 4, D and E). Addition of B1-receptor
antagonist atenolol significantly attenuated the stimulatory ef-
fect of epinephrine on ghrelin secretion (Fig. 4, F and G). These
results indicate that the stimulation of ghrelin secretion by epi-
nephrine or norepinephrine is primarily mediated by the p1-
receptor. Isoproterenol significantly increased GOAT mRNA
levels but not ghrelin mRINA levels (Fig. 4, H and I).

The stimulation of ghrelin secretion by dopamine was
also dose dependent (EDs, value for N-RIA: 24.7 uwm;
C-RIA:40.6 um; Fig. 5, A and B). MGN3-1 cells expressed
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mRNA encoding dopamine receptors D1a and D2 (Fig.
5C). The nonselective dopamine receptor agonist apomor-
phine and the D1 receptor agonist fenoldopam also sig-
nificantly stimulated ghrelin secretion from MGN3-1
cells, whereas the D2, D3 agonist bromocriptine had no
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effect (Fig. 5, D and E). Addition of D1
receptor antagonist SKF83566 signifi-
cantly attenuated the stimulatory effect
of dopamine on ghrelin secretion (Fig.
S, Fand G). These results indicate that
the stimulatory effect of dopamine on
ghrelin secretionis mediated by the D1a
receptor. Apomorphine had no effect
on ghrelin or GOAT mRNA levels in
MGN3-1 cells (Fig. 5, H and I).

Discussion

Ghrelin-producing cells are located in
the stomach. These cells secrete ghrelin
by responding to various kinds of in-

puts, possibly hormones, neurotransmitters, or nutrients.
From these exogenous signals, the cell can sense the

outside environment and/or interact with other organs
to provide appropriate regulation of ghrelin secretion,
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FIG. 4. The effects of epinephrine on ghrelin secretion by MGN3-1 cells. A and B, The amount of ghrelin secreted by MGN3-1 cells incubated for
4 h in DMEM supplemented with 0.5% BSA and 1077 to 10™° M epinephrine. **, P < 0.05, **, P < 0.01 in comparison with controls (=) (n = 9).
C, RT-PCR analysis of adrenergic receptors-a1a, -a1b, -a1d, -a2a-c, and -B1-3 mRNA expression in MGN3-1 cells. D and E, The amount of ghrelin
secreted by MGN3-1 cells incubated for 4 h in DMEM supplemented with 0.5% BSA and 107 M isoproterenol (B-agonist), denopamine (31-
agonist), ritodrine (B2-agonist), phenylephrine (a1-agonist), clonidine (a2-agonist), or A61603 («1a-agonist). **, P < 0.01 in comparison with
controls (n = 9). F and G, The amount of ghrelin secreted by MGN3-1 cells incubated for 4 h in DMEM supplemented with 0.5% BSA and 107° m
epinephrine with or without 10™* M atenolol (B1-antagonist). **, P < 0.01 in comparison with controls; ##, P < 0.01 in comparison with
epinephrine (n = 9). H and |, Ghrelin and GOAT mRNA levels in MGN3-1 cells after a 24-h incubation with 1075 misoproterenal. *, P < 0.05 in
comparison with controls (n = 9). AU, Arbitrary unit.
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FIG. 5. The effect of dopamine on ghrelin secretion by MGN3-1 cells. A and B, The amount
of ghrelin secreted by MGN3-1 cells incubated for 4 h in DMEM supplemented with 0.5%
BSA and 1078 to 10~* m of dopamine. *, P < 0.05, **, P < 0.01 in comparison with controls
(=) (n = 9). C, RT-PCR analysis of dopamine receptor (DR) D1a and D2-5 mRNA expression in
MGN3-1 cells. D and E, The amount of ghrelin secreted by MGN3-1 cells incubated for 4 h in
DMEM supplemented with 0.5% BSA and 10™° M apomorphine (nonselective dopamine
agonist), fenoldopam (D1 agonist), or bromocriptine (D2, D3 agonist). **, P < 0.01in
comparison with controls (n = 9). F and G, The amount of ghrelin secreted by MGN3-1 cells
incubated for 4 h in DMEM supplemented with 0.5% BSA and 10~ m dopamine with or
without 10™% M SKF83566 (D1 antagonist). **, P < 0.01 in comparison with controls; ##,

P < 0.01 in comparison with dopamine (n = 9). H and |, Ghrelin and GOAT mRNA levels in
MGN3-1 cells after a 24-h incubation with 10~° M apomorphine (n = 9). AU, Arbitrary unit.

which in turn influences various homeostatic systems,
including energy homeostasis or growth control. We
sought to understand better the molecular mechanisms
governing ghrelin secretion by cells, which may further
contribute to understanding the physiological role of
ghrelin. In previous studies, we have developed a ghre-
lin-secreting cell line MGN3-1 as a research tool to
study the regulation of ghrelin secretion in vitro (12).In
this study, we examined the effects of the various pep-
tide hormones and neurotransmitters on ghrelin secre-
tion using MGN3-1 cells.
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We found that oxytocin signific-
antly stimulates ghrelin secretion from
MGN3-1 cells. Oxytocin, a nonapep-
tide with a disulfide bond, is secreted
from the posterior pituitary gland in a
neuroendocrine manner andisinvolved
in milk ejection and uterine contrac-
tion. Oxytocin also acts as a neu-
rotransmitter, specifically as a negative
regulator of food intake to oxytocin-

G .
2000 receptive neurons in the paraventricu-
1800 lar nucleus of the hypothalamus (19).

Ed .
e :ggg Only two previous reports have exam-
E 1000 ined the effect of oxytocin on plasma
< oo ghrelin levels. Vila et al. (20)described a
% e reduction in basal and lipopolysaccha-
0 ride-induced ghrelin levels in healthy
Dopamine -+ * men after systemic administration of
SKF83566 - - + Y

oxytocin. Shibata et al. (21) reported
that inhibition of the suckling-induced
increase in plasma oxytocin levels by a
oxytocin antagonist did not alter
plasma ghrelin levels in lactating rats.
Although the investigators concluded
that oxytocin has no effects on ghrelin
secretion, our findings are notin accor-
dance with that report. The reason for
this discrepancy is not clear but may
result fromindirect effects of additional
mediators in vivo. Further studies will
be needed to explore the regulation of
ghrelin secretion by oxytocin in vivo.

We also found that the nonpeptide
neurotransmitters epinephrine and nor-
epinephrine strongly stimulate ghrelin se-
cretion by MGN3-1 cells. Ghrelin secre-
tion has been suggested to be regulated
by the sympathetic nervous system.
Mundinger et al. (22) noted that in-
creased portal ghrelin levels in rats after
electrical sympathetic nerve stimula-
tion or iv tyramine administration. Ho-
soda and Kangawa (23) reported that the administration
of adrenergic agonists increased plasma ghrelin levels in
rat. Recently Zhao et al. (24) reported that ghrelin secre-
tion from the pancreatic ghrelinoma cell line PG-1 and the
stomach ghrelinoma cell line SG-1 could be stimulated by
B1-adrenergic receptors. Our observation demonstrating
increased ghrelin secretion after epinephrine and norepi-
nephrine administration is consistent with these results,
supporting the idea that sympathetic nervous system is an
important regulator of ghrelin secretion.
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In addition to epinephrine and norepinephrine, dopa-
mine also significantly stimulated ghrelin secretion from
MGN3-1 cells via the D1A receptor. As far as we know,
this is the first report of ghrelin secretion stimulation by
dopamine. Dopamine is a catecholamine, acting as a neu-
rotransmitter in the certain brain areas in motor control or
reward behaviors. A substantial amount of dopamine is
also produced in the gastrointestinal tract (25), in which it
suppresses gastric motility, stimulates exocrine secretions,
modulates jejunal sodium absorption, or protects against
gastroduodenal ulcers (26,27). Our finding raises the pos-
sibility that gastrointestinal dopamine may also control
ghrelin secretion.

In this study, we used a standard culture medium
(DMEM) for the incubation study. The medium contains
several compounds including inorganic salts, glucose,
amino acids, or vitamins, the concentrations of which may
not be entirely the same to that around the ghrelin cell in
vivo. We cannot exclude the possibility that these com-
pounds may have influenced on the results and that may
explain the discrepancy between our data and clinical
studies of oxytocin. Further studies will be needed to clar-
ify the combinational effects of these compounds in the
medium and peptide hormones or neurotransmitters.

In addition to epinephrine and norepinephrine, which
were previously known to increase ghrelin secretion, we
identified two new regulators of ghrelin secretion, oxyto-
cin and dopamine, by screening peptide hormones and
neurotransmitters using MGN3-1 cells. These findings
will provide new direction for further studies seeking to
understand better the regulation of ghrelin secretion and
the overall physiological role of ghrelin in organism ho-
meostasis and energy regulation.
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