Studies on the regulatory effects of ghrelin on
growth hormone secretion mechanisms in

ruminants

2008

The United Graduate School of Agricultural Sciences,
Iwate University
Course of the Science of Bioproduction
(Obihiro University of Agriculture and Veterinary Medicine)

Hnin Thidar Myint



Contents

Chapter 1  General introduction......

Chapter 2  (Experiment 1) Solid phase peptide synthesis and

radiocimmunoassay (RIA)
Introduction..........ceeeuunne
Cloning of bovine ghrelin...............

Solid phase peptide synthesis.....coivusiiiiiiiececcncnnnnn.
Plasma ghrelin RIA......

Plasma PYY RIA....cciiiiiieeniinnenen. cessessnuasenanee o
Plasma leptin RIA.......ccccivvmvvncinnees
Summaw.ll.l“.l‘l.!l‘.l. .............. (AR N ENEENEESENENNENREN]

Chapter 3  (Experiment 2) Dose-dependent response of plasma ghrelin

and growth hormone concentrations to bovine ghrelin in

Holstein heifers
Introductionl!.‘.‘.!..l'.l...l.‘l..'..ll ........ *e

Material and methodS..c.vesveseessssscrsnnsncances verecsenas
Results....l...I..'...........0I......CI........Il.l.....'.l..

DiSCHSSION. e renereeveensesssuacscsaassonasorssncannes censane

Summary..on.uu----cu--u--------u--------u---o -------

Chapter4 (Experiment 3) Effect of pretreatment of des-acyl ghrelin

on ghrelin-induced hormonal changes in Holstein steers

Introduction.......coeeeeenencnnnes
Material and methods...........
ResultS.iavoerasreciencareccecreserarssssrcorcrsescrsonninnes
DiSCUSSION..cererrvarratetesessstresssresessorssssarcassnoses

Summary- ---------------------------------- SEENSELEBUELIIESS

23
24
27
33
38
41
44

45
47
51
60
66

67
68
70
77
81



Chapter 5 (Experiment 4) Combined administration of ghrelin and

GHRH synergistically stimulates GH release in Holstein

preweaning calves

Introduction....oisseeereesccacecncasnne tessesscesnsasasennse
Material and methods.......... ceetsrsaesaaresnsantasaasanes
Results........ cevesevss crrecessrasens trtstsssesasesesasasares
Discussion........ crrastsssnnsesne ceesesesesssrassatsrasnanes
SUmMmAary...oeeeeeseesencssaces csevestinnrestsnrnarnas sovoene

Chapter 6 (Experiment 5) Effect of repeated administration of ghrelin

on plasma hormones and metabolites in holstein steers

Introduction..ceeessrsssrsrsnsssscensssscsananssasasanasanase
Material and methods......cceneses tereresssncacsescananene
| 20211 £ teenssscsascisntasrenestnes
Discussion......... ereurtestsesacssssetntntsesensesnsesssnese
Summary..cieveverennseasees tesssercesesssassanansosnannasess

Chapter 7 (Experiment 6) Metabolic and nutritional changes of

Chapter 8

Chapter 9

plasma ghrelin concentrations in ruminants

Introduction.....ceeeevieeercnccnaanss
Material and methods.....cceaveerniiiiriiiiiiiiniienn,
Results..oovevaivennannnnnaes cresesrienees setasesrescssestasans

DiSC“SSiOﬂ oooooooo (R R R R R R R R RN A R R RN

Summaryo--..co....-u.o.....u...............-....o-ooou-u

General DiSCUSSionooo.onc-o-oc...................---oo.o-o-u

General Summal‘y ........ BE LN LTI INCRIRNEINRERNRNNRNERRRIRNR RGOS
Japanese geﬂeral s“mmal’yl...l.lliolll.l.l..-clntllll.lll..l
Acknowledgements..n!nOcOOl..o..ool.ooiol.naoolt.nlccllolooo.

References lllll BRI IENIBINBLINIISINEIERIOIOIRNORESTQRUERERTSERTS (R EX N RS

II

83
85
88
93
97

99
101
103
108
111

113
115
117
123
127

129

137
143
149
151



Abbreviations Full name

ANOVA analysis of variance

AUC area under the curve

BBB blood-brain-barrier

BSA bovine serum albumin

BW body weight

cDNA complementary deoxyribonucleic acid
¢.p.m count per minute

cv coefficient of variations

DCE dichloroethane

DCM dichloromethane

DIPCDI diisopropylcarbodiimide

DIPEA diisopropylethylamine

DMAP dimethylaminopyridine

DMF dimethylformamide

EC cells enterocromaffin cells

ECL cells enterocromaffin-like cells

EDT ethanedithiol ‘

EDTA ethylenediamine-N,N,N ',N -tetraacetatic acid
FCA Freund’s complete adjuvant

FIA Freund’s incomplete adjuvant

Fmoc 9-fluorenylmethoxycarbonyl
G-protein GTP-binding protein

GCP-R G-protein-coupled receptor

GH growth hormone

GH-R growth hormone receptor

GHRH growth hormone releasing hormone
GHRH-R growth hormone releasing hormone receptor
GHR?P growth hormone releasing peptide
GHS growth hormone secretagogue
GHS-R growth hormone secretagogue receptor
GLP-1 glucagon-like peptide-1
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Abbreviations Full name
HBTU 2-{1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyuronium hexafluorophosphate
hCS human chorionic somatomammotropin

HOBt N-hydrexybenzotriazole.HO

HPLC high-performance liquid chromatography

IGF-1 insulin-like growth factor 1

KLH keyhole limpet hemocyanin

MBHA methylbenzyldrylamine

mRNA messenger ribonucleic acid

NEFA non-esterified fatty acid

NPY neuropeptide Y

PC1/3 prohormone convertase 1/3

PCR polymerase chain reaction

PEG polyethylene glycol

PRL prolactin

PYY peptide tyrosine tyrosine

RIA radioimmunoassay

RP-HPLC reverse-phase high-performance liquid chromatography
RT-PCR reverse transcriptase-polymerase chain reaction
SPPS solid phase peptide synthesis

SPSS Statistical Package for the Social Sciences
SRIF somatostatin

TFA trifluoroacetic acid

TIS triisopropylsilane

USP United States Pharmacopeia




Chapter 1 (General introduction)

1. Regulation of growth hormone secretion

Growth hormone (GH), a protein released in pulses from the somatotrophs of
anterior pituitary gland, is a pleiotropic hormone that required for postnatal linear growth,
carbohydrate and fat metabolism, and milk production. In dairy cows, administration of GH
not only promoted growth but also enhanced milk synthesis (Peel ef al. 1981, Etherton TD
& Bauman DE, 1998). Moreover, administration of porcine GH improved the rapid growth
and protein accretion in highly selected pigs for protein accretion (Campbell e al. 1988).
GH was first characterized in 1920s when Evans and Simpson demonstrated the
growth-promoting effects in rats treated with a crude extract from bovine pituitaries (Evans
& Simpson, 1931; for review, see Ref. Etherton TD & Bauman DE, 1998, Lindholm 1.
2006). It is a 191 amino acid peptide and the molecular weight of about 22,000 daltons in
cattle, sheep and human (Seeburg et al. 1977, Martial et al. 1979, Miller et al. 1980,
Warwick et al. 1989), and 190 amino acid peptide in pig (Kato et al. 1990). Bovine, procine
and rat GH share a high degree (~90%) of amino acid sequence similarity, while ~35% of
amino acid sequence of human GH is appreciably different from those (Miller ef al. 1980,
Etherton TD & Bauman DE, 1998, Fig. 1-1). GH, human cherionic somatomammotropin
(hCS), and prolactin (PRL) are a group of homologous hormones with growth-promoting
and lactogenic activity. GH molecule has two separate sites (site 1 and site 2) necessary for
functional interaction with the extracellular domain site of GH receptor, GH-R.
Dimerization of GH-R favors site 1 to interact with GH-R followed by site 2 binding.
GH-R, which is a member of the class 1 cytokine receptor family and widely expressed in
most tissues postnatally with highest abundance in liver and adipose tissue, orchestrates the

diverse effects of GH on metabolism and nutrient partitioning.



Classically, it has been believed that circadian and pulsatile release of GH from
anterior pituitary cells is under the control of hypothalamus. The role of hypothalamus in
the release of GH from pituitary has been postulated by several studies in which
hypophysectomy not only decreased the secretion of GH, and also slowed the growth of
swine and ruminants (Anderson LL, 1977, Klindt er al. 1983). In 1973, Paul Brazeau and
colleagues had isolated and characterized from ovine hypothalamus a peptide which
inhibits the secretion of GH in vivo and in vitro (Brazeau et al. 1973). They named this
peptide “somatotropin-release inhibiting factor” which is later known as SRIF or
somatostatin. The term “somatostatin” refers to a family of peptides: somatostatin-14,
somatostatin-28, and somatostatin-28 (1-12) that are all cleaved from a common,
116-amino acid primary translation product, preprosomatostatin (Patel YC & O’Neil W,
1988). Somatostatin immunoreactive neurons are widely expressed in the central and
peripheral tissues and the amino acid sequence of SRIF is highly conserved among species
(Fig. 1-2).

The existence of the GH-releasing factor in the hypothalamus was firstly reported
by Nair ez al (1978) from the study of 6000 batches of bovine hypothalamic fragments for
bioassay in rats. In 1982, GH-releasing hormone (GHRH) was successfully characterized
from human pancreatic tumors by two different research groups (Guillemin et al. 1982,
Rivier ef al. 1982), and later followed by the immunohistochemical studies of Bloch et al
(1983) who enabled to detect the existence of GHRH in primate hypothalamus, Subsequent
studies have isolated and characterized the GHRH from rat, bovine, ovine, caprine, porcine
and mouse hypothalamus (Bohlen ef al. 1983, Esch ef al, 1983, Spiess ef al. 1983, Brazeau
et al. 1984, Suhr et al. 1989). Generally, GHRH is a 44-residue carboxy-terminally
amidated peptide with highly conserved sequences in amino terminal region among species
(Fig. 1-3), although in case of rat and mouse GHRH those are predicted to be 43 and 42

amino acid peptides, respectively, with free carboxy-termini. The GHRH appears to



stimulate the transcription of GH gene as well as stimulation of GH release from
somatotrophs (Nair et al. 1978, Barinaga et al. 1983, Frohman LA & Jansson JO, 1986) via
acting on its pituitary receptors, GHRH-R (Mayo KE, 1992). The ¢cDNA sequence of
bovine GHRH-R encodes a 423-amino acid protein containing seven hydrophobic domains
characteristic of a G protein-coupled receptor. Bovine GHRH-R mainly expresses in
anterior pituitary gland and hypothalamus, and predicted amino acid sequence shares 93, 90,
89, 87, and 85% identity with the ovine, porcine, human, rat and mouse sequences (Connor
et al. 2002).

The episodic secretion of GH from somatotrophs is supposed to be initiated firstly
by a reduction in the secretion of SRIF and an increase in the release of GHRH from the
hypothalamus into the hypophysial portal system. Indeed, several studies have
demonstrated that episodic secretion of GHRH and SRIF in hypophysial-portal blood do
not always occur reciprocally with respect to each other and often are not synchronized
with the secretion of GH (McMahon et al. 20015). Frohman ef al (1990) reported that the
pulsatile patterns of GHRH and SRIF in hypothalamic-pituitary portal plasma of
unanesthetized sheep appears to reflect the independent neural rhythmicity with a primary
role of GHRH in determining pulsatile GH secretion. The best correlation of secretion
occurs between GH and GHRH and ranges from 48% to 78%, but only where the percent
of GH pulses began with or immediately after a pulse of GHRH. When secretion of SRIF
has been included, the percent of the GH pulses those occur with increased secretion of
GHRH and decreased secretion of SRIF is low, ranging from 26% to 40% (Drisko ef al.
1998, .Cataldi er al. 1994). Therefore, it is worth considering other controlling factors in
addition to GHRH and SRIF in the regulatory mechanisms of the synthesis and/or secretion

of GH from anterior piﬁ]itary gland.
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FPAMSLSGLFANAVLRAGHLHQLAADTFKEFERTY | PEGQRYS | GNTQVAFCFSET | PAPTGKNEAQGK bovine
sheep
goat

S W buffalo
P—S Y A A pig
P—8 Y A A rat
P—8—-§ Y A A mouse

—T{P—R—D—M—HR——F —YQ-—EA—KE-K—L—P-TSL—5—T-SNR—T— human
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QTYDKFDTNMRSDDALLKNYGLL SCFRKDLHKTETYLRVMKCRRFGEASCAF bovine
sheep
goat
buffalo

L K V-5 pig

A K A-3 rat

A K Y-S mouse

- SHN MD-V—F—1-G—S V-G—G-~ human

Fig. 1-1. Amino acid sequence alignment of bovine (UniProt accession number P01246), ovine
(P67930), caprine (P67931), buffalo (018938), pig (P01248), rat (P01244), mouse (P06880),
human (P01241) growth hormone. The dashes (-) indicate the sequence identity with bovine
sequence. See Table 1-1 for the translation of single-letter amino acid code.
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SANSNPAMAPRERKAGCKNFFWKTFTSC bovine
SANSNPAMAPRERKAGCKNFFWKTFTSC sheep
SANSNPAMAPRERKAGCKNFFWKTFTSC human
SANSNPAMAPRERKAGCKNFFWKTFTSC pig
SANSNPAMAPRERKAGCKNFFWKTFTSG rat
SANSNPAMAPRERKAGCKNFFWKTFTSGC mouse

Fig. 1-2. The alignment of the amino acid sequence of somatostatin. UniProt accession numbers for
references are; bovine, P26917; sheep, 046688; human, P61278; pig, PO1168; rat, P60042; mouse,
P60041. See Table 1-1 for the transiation of single-letter amino acid code.

1 44
YADA | FTNSYRKVLGQLSARKLLQD | MNRQQGERNQEQGAKVRL bovine
caprine
| sheep
S S—-R—RA— human
S R— pig
H————-8—=RI Y HE RSRFN rat
TN—L-§--Y——V|——K- —{-—R-RLS mouse

Fig. 1-3. The alignment of the amino acid sequence of growth hormone-releasing hormone (GHRH).
UniProt accession numbers for references are; bovine, P63292; caprine, P63293; sheep, P07217,
human, P01286; pig, P01287; rat, P09916; mouse, P16043. Dashes (-) indicate identity with bovine
sequence. See Table 1.1. for translation of single-letter amino acid code.



Table 1.1. Translation of the single-letter amino acid code

Single-letter code Three-letter code  Amino acid
A Ala Alanine
R Arg Arginine
N Asn Asparagine
D Asp Aspartic acid
C Cys Cysteine
Q Gln Glutamine
E Glu Glutamic acid
G Gly Glycine
H His Histidine
I Ile ' isoleucine
L Leu Leucine
K Lys Lysine
M Met Methionine
F Phe Phenylalanine
P Pro Proline
S Ser Serine
T Thr Threonine
W Trp Tryptophan
Y Tyr Tyrosine
Vv Val Valine




2. Discovery of ghrelin

In 1976, BoWers and colleagues reported the first unnatural GH-releasing peptide
(GHRP), pTrp’. It is a derivative of the natural opiate Met enkephalin pentapeptides
(TyrGlyGlyPheMet and TryGlyGlyPheLeu) those were initially isolated from porcine brain
by Hughes and coworkers (1975). The development of the GHRP is the first step for the
discovery of natural ligand ghrelin. DTrp? is of low potency to release GH and is active only
in vitro, but specific in action with lack of the opiate activity (Bowers er al. 1977). Premier
tetra and penta peptides GHRPs have been classified into 4 groups according to the number,
position and chairality of the Trp residue. They are TyrpTrpGlyPheMetNH, (pTrp?),
TyrAlaDTrp’PheMetNH,  (DTrp®),  TyroTrp’DTrp’PheMetNH,  (0Trp™’)  and
TyrpTrp°AlaTrppPheNH (DTrp?, LTrp*). Each of these four chemical general classes of
GHRPs has been used as templates to synthesize many new more potent GHRPs (for
review, see Ref. Bowers CY, 1998). Finally, the first in vitro and in vivo active hexapeptide,
HisDTrpAlaTrppPheLysNH2 (GHRP-6) has been evolved (Bowers er al. 1984). Other
GHRPs, GHRP-1 and GHRP-2 also show the potent GH-releasing activity in domestic
animals (Bowers CY. 1998). The stimulatory effect of GHRPs on GH release appears not to
be species-specific. However, the differences in the GH releasing activity of GHRH versus
GHRP (Badger et al. 1984) as well as intracellular signaling pathways of these two peptides
strongly imply the presence of specific receptor different from GHRH-R. In 1993, Roy G
Smith and colleagues identified a nonpeptidyl mimetic of GHRP-6; L-692-429, with
improved pharmacokinetics and oral bioavailability and the authors proved that L.-692-429
synergizes with GHRH and acts through an alternative signal transduction pathway (Smith
et al. 1993). Subsequently, an orally active mimetic, MK-0677, was developed (Patchett e
al. 1995). The selective receptor for such GH-secretagogues was firstly cloned from the

pituitary and the arcuate, ventro-medial and infundibular hypothalamus of the swine and



human (Howard et al. 1996).

GH-secretagogues receptor (GHS-R) is a heterodimeric GTP-binding protein
(G-protein)-coupled receptor (GCP-R) with seven predicted transmembrane domains, three
intracellular and three extracellular loops, and the GPC-R triplet signature sequence (Fig.
1-4). The GHS-R gene is composed by two exons encoding a seven transmembrane domain
protein and one intron (Howard et al. 1996, McKee ef al. 1997). Exon one encodes the
amino-terminal extracellular domain, five transmembrane domains, three intracellular loops
and two of the three extraceliular loops; exon two encodes transmembrane domains 6 and 7,
the third extracellular loop and the intracellular carboxyl terminal segment. Two GHS-R
mRNA isoforms, defined as types la and 1b are encoded by the GHS-R gene and are
produced by alternative mRNA processing. Translation of the GHS-R mRNA isoform,
where the intron is removed intact, produces the functional receptor GHS-Rla, a
polypeptide of 366 amino acids with a molecular mass of approximately 41 kDaltons
{KDa). On the other hand, GHS-R1b mRNA encodes a C-terminally truncated 298 amino
acid protein containing only the first five transmembrane domains plus a unique 24 amino
acid “tail” encoded by alternative spliced intronic sequence that contains a short intron
coding sequence. The amino acid sequence of the GHS-R1a is highly conserved among
species (Fig. 1-4). GHS-R, which is also known as orphan GPC-R since natural ligand for
this receptor has been unknown is widely expressed in the pituitary, hypothalamus and
other several tissues of human and rat (Papotti et al. 2000, Dass ef al. 2003). Therefore, it is
suggested that GHS-R and its unnatural and/or putative ligands play a key role in
physiology and energy homeostasis. As an example of “reverse pharmacology™: synthesis
of unnatural compounds lead to the discovery of a natural receptor and then to the
identification of natural ligand, Dr. Masayasu Kojima and his colleagues from National
Cardiovascular Center Research Institute of Japan successfully purified and identified the

endogenous ligand for the GHS-R from rat and human stomach tissues in 1999, and they



designated it “ghrelin” (Kojima ez al. 1999).

The word “ghrelin” is derived from “ghre”, a word root in Proto-Indo-European
languages meaning “grow”, reflecting its role in stimulating GH release. Ghrelin is a
28-amino acid peptide in which Ser’ residue is n-octanoylated (Kojima et al, 1999). This
octanoyl modification seems to be essential for the bioactivity of ghrelin. Another form of
ghrelin which lack of acylation (des-acyl ghrelin) also circulates in bloodstream with high
concentrations (Hosoda et al. 2000a). Human ghrelin gene comprises five exons; the 20 bp
first exon appears to be a nonconding region, exon 2 and 3 encode mature ghrelin (i.e., the
28-amino acid functional peptide) and exon 4 and 5 encode the remaining proghrelin
sequence. Ghrelin precursors in the rat and human stomach are composed of 117 amino
acids (Kojima ef al. 1999). In the rat stomach, two isoforms of mRNA encoding pro-ghrelin
has been produced from the gene by an aiternative splicing mechanism. One mRNA
encodes the ghrelin precursor, and another encodes a precursor for des-Gln'*-ghrelin, a
peptide identical to ghrelin, but with a deletion of GIn'* (Hosoda er al. 20005).
Des—Gln”—ghrelin also has an n-octanoyl modification at Ser® like ghrelin, which is also
essential for its activity to release GH. In addition, purification of the human ghrelin from
the stomach tissues showed the modification of Ser® residue by decanoic acid and possibly
by decenoic acid (Hosoda ef al. 2003). Bovine ghrelin gene is located on chromosome 22
and putative bovine preproghrelin consists of 116 amino acids, which contains the 27
amino acid mature ghrelin without alternative splicing (Kita et al. 2005). In addition,
Dickin ef al (2004) reported that the alternative splice site in ghrelin is missing in ruminants.
Therefore, it is unlikely that the 28-amino acid peptide exists in ruminants in addition to the
27-amino acid peptide. The enzyme prohormone convertase 1/3 (PC1/3) is responsible for
the cleavage of the proghrelin to ghrelin through limited proteolytic cleavage at a single
arginine n vivo, and post-translational acylation is independent of proteolytic processing

since octanoylated proghrelin was detected in the stomach of PC1/3-null mice (Zhu et al,



2006). Ghrelin has been identified in all species studied to date, and the first 11 amino acids
of ghrelin sequence are highly conserved among species (Fig. 1-5) suggesting the essential

role of ghrelin in the physiological processes.

Another novel neuropeptide derived from the ghrelin precursor, obestatin, has also
been identified on the basis of bioinformatic approach (Zhang et al. 2005). Obestatin is a
23-amino acid peptide with an amidation at C-terminus (Fig. 1-5). Intraperitoneal
administration of obestatin suppresses feed intake and the gastrointestinal functions in rat
but it does not increase GH secretion like ghrelin. Zhang er al. (2005) reported that
obestatin is the ligand of cognate orphan GPCR, GPR 39. However, recent studies have
provided the independent evidence that obestatin does not affect feed intake (Gourcerol et

al. 2007) and does not interact with GPR39 (Chartrel et al. 2007).
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Fig. 1-4. The alignment of the amino-acid sequences of growth hormone secretagogue receptor type la (GHS-R 1a). The underlined sequences are

the predited transmembrane domain according to the Howard et al (1996). Dashes (-) indicate the identity with human sequence.
Gene bank accession numbers for the references are; human: Q92847, monkey: Q6B7N9, mouse: Q99P50, rat: Qo8
Q8MH?25, bovine: UPI00005BB8A8S, canine: UPICOOOEBOC3S, chicken: Q7ZT14.

See Table 1-1 for the translation of single-letter amino acid code.

725, pig: Q95254, ovine:
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Fig. 1-5. The alignment of the amino-acid sequences of prepro-ghrelin. Sets of the residues different from bovine are shaded.
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Fig. 1-5. continued: Reference numbers for the preproghrelin sequences. See Table 1-1 for

the translation of single-letter amino acid code.

Name Species GenBank Accession No.
Holstein Bos taurus (Bovine) AF350329, Q9BDI6
Zebu Bos indicus (Bovine) Q45RQ5_BOSIN
Whale Kogia breviceps (Pygmy sperm whale) Q6SL.G4_KOGBR
Goat Capra hircus (Caprine) Q6BEG7

Sheep Ovris aries (Ovine) NM_001009721

Mule deer Odocoileus hemionus (Black-tailed deer) Q6SLF2_ODOHE
Bison Bison bison Q6SPC1_BISBI

Water buffalo Bubalus bubalis Q863L0_SHEEP
Reindeer Rangifer tarandus (Caribu) Q6SLF7_RANTA
W.tail deer Odocoileus varginianus (White-tailed deer) Q6SLF9_9CETA

Elk Cerus elaphus canadensis (Wapiti) Q6SLFS_CEREL
Moose Alces alces Q6SLF3_9CETA
Pronghorn Antilocapra americana Q6SPC3_ANTAM
Human Homo sapiens NM_016362, Q9UBU3
Monkey Macaca mulatta (Rhesus Macaque) Q6UDE7_MACMU
Mouse Mus musculus BC132230, Q9EQX0
Rat Rattus norvegicus (Sparague-Dawley rat) NM_021669, Q9QYH7
Pig Sus scrofa DQ355969, Q9GKY5
Dog Canis familiaris AB060700, Q9BEF8
Cat Felis silvestris AB089201, Q6BEG6
Mongo gerbil Meriones unguiculatus (Mongolian jird) AF442491

Emu Dromaius novaehollandiae AY338467

Chicken Gallus gallus AY299454

Turkey Meleagris gallopavo (Common turkey) AY333783

Ip quail Coturnix coturnix japonica (Japanese quail) Q2VOH4_COTJA
Duck Anas platyrhynchos (Domestic duck) AY338466

Goose Anser specie | AY338465
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3. Regulation of ghrelin concentrations

Most of the reports on the physiology of ghrelin have been obtained with the
studies on human and laboratory animals rather than domestic animals. Ghrelin
immunoreactive cells are primarily located in a scattered distribution from the neck to the
base of oxyntic gland of the gastric fundus region in rat and human, and about 20% of the
chromatogranin A-immunoreactive endocrine cells contain ghrelin mRNA (Date et al.
2000). Ghrelin cells are ultrastructurally and cytochemically different from other known
endocrine cells of the oxyntic mucosa, such as histamine producing enterocromaffin-like
cells (ECL cell), somatostatin D cell or serotonin EC cell. The ghrelin cells are
morphologically correspondent to X cells in the dog, A-like or X cells in the rat, and P/D1
cells in man (Rindi et al. 2002). Two types of the ghrelin cells, closed- and opened-type
cells have been found in rat gastrointestinal tract (Sakata et al. 2002) suggesting that the
ghrelin cells are distinctly regulated by the different factors. Ghrelin cells are already
detected in the developing human fetal gut at gestational week 10 (Rindi et al. 2002) and at
day 18 in the fetal rat (Hayashida et al. 2002) with the increasing in numbers in an
age-dependent manner from the neonate stage to the adult (Hayashida et al. 2002). Apart
from gastrointestinal tissues, ghrelin expression has been identified in a number of tissues
including the hypothalamus, pituitary, pancreas, heart, reproductive tissues and some
neuroendocrine tumors at mRNA or protein level, or both (Papotti e al. 2000, Korbonits et
al. 2001 & 2004). Circulating ghrelin levels have also been recently documented in human
fetus (Cortelazzi et al. 2003) while mRNA for GHS-R1a is detected at 18- and 31-week
gestation (Shimon et al. 1998). Moreover, GHS-R 1la is widely expressed in the
hypothalamus, pituitary gland and many other tissues such as thyroid gland, stomach,
intestine, adipose tissue and ovary (Papotti et al. 2000, Dass et al. 2003). Therefore, it is

suggested that ghrelin/GH axis might be active in the early development and ghrelin inserts
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its function through the GHS-R to regulate the energy homeostasis.

At the present time, ghrelin is the only known circulating orexigenic hormone with
potential on the hunger and/or body weight regulation. The stomach is the major source of
circulating ghrelin and gastrectomy reduces the plasma ghrelin concentrations to
approximately half of pre-gastrectomy values (Ariyasu et al. 2001, Hosoda et al. 2003).
Ghrelin is secreted 1-2 hours preprandially and its plasma concentration decreases
drastically during the postprandium in the rat (Murakami ef al. 2002). Ghrelin also shows
diurnal rhythm, with the bimodal peaks occurring before dark and light periods in rats.
These two peaks were consistent with maximum and minimum volumes of gastric content
respectively (Murakami et al. 2002). We have reported the elevation of plasma ghrelin in
fasted pigs while prominent increase was seen nocturnally (Inoue et al. 2005). Moreover,
the gastrectomy-induced reduction in the plasma ghrelin levels gradually returned to
pre-gastrectomy values (Hosoda ef al. 2003) indicating that some other tissues, apart from
the stomach, might involve in ghrelin secretion. Several studies have been reported that the
circulating levels of ghrelin are regulated by short-term factors pertaining to food ingestion
and longer term factors pertaining to body weight (Cummings & Overduin. 2004).
Intraperitoneal administrations of gastric hormones such as gastrin and CCK in rats result
in increase of both acylated and des-acyl ghrelin levels (Murakami ef al. 2002). Recent
study in ghrelin cells which were directly challenged by a wide variety of neurotransmitters
and regulatory peptides in situ demonstrated that ghrelin release is stimulated by adrenaline,
noradrenaline, endothelin and secretin, while the release is inhibited by somatostatin and
gastrin-releasing peptide (de la Cour ef al. 2007). Overall, it can be postulated that the
mechanism of the release of ghrelin is critically complex, and the paracrine factors, apart
from endocrine ones, also regulate ghrelin secretion.

The information related to the synthesis and release of ghrelin in the domestic

animals is still scarce. Ghrelin immunoreactive cells are also present in the oxyntic gland of
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cow, sheep, pig and horse stomachs (Hayashida et al. 2001, Govoni et al. 2005). Both
ghrelin and GHSR-la are present in the ovine tissues including abomasums, anterior
pituitary, hypothalamic and hindbrain regions, testis and ovary, and ghrelin displays a
developmentally-related pattern of expression in reproductive tissues (Miller et al. 20035,
Harrison et al. 2007). It has been reported that the preprandial increase and postprandial
reduction of the plasma acylated ghrelin levels have been detected in a scheduled meal-fed
sheep (Sugino ef al. 2002a), and the preprandial surge of ghrelin is modified by feeding
regimens (Sugino ef al. 2002b). The evidence of preprandial transient surge of plasma
ghrelin has also been reported in humans (Cummings et al. 2001). However, other studies
in ruminants have only shown the reduction in post-prandial plasma acylated ghrelin levels
in cows (Hayashida et al. 2001, Miura et al. 2004). Govoni et al. (2005) also reported that
the starvation and refeeding influence the plasma ghrelin levels in prepubertal gilts.
Therefore, it is suggested that ghrelin participates in the regulatory process on feeding, and
the vagal control is the important candidate for the ghrelin release in ruminant (Sugino et al.
2004) as well-documented in human (Broglio et al. 2004). On the other hand, periprandial

changes of the plasma ghrelin concentrations were not seen in 3-month old calves (Miura et

al. 2004).
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4. Roles of ghrelin in energy homeostasis

A: Stimulation of GH release

Several studies have been reported the potent stimulatory effects of ghrelin on the
GH secretion in vitro and in vivo, in a broad range of species including human (Takaya et al.
2000, Arvat et al. 2001), rodent (Seoane et al. 2000, Wren ef al. 2002, Yamazaki et al.
2002), swine (Hashizume et al. 2003), ruminants (Hashizume et al. 2005, Itoh et al. 2005)
and non-mammalian species such as birds, amphibians and fish (Kaiya ef al. 2001, 2002 &
2003). Ghrelin directly stimulates the cAMP production and increased free intracellular
Ca®' levels in somatotrophs (Malagon ef al. 2003). Moreover, ghrelin has a synergistic
effect on the GH secretion in vivo when it is administered together with GHRH (Arvat et al.
2001). However, none of the additive or synergistic effect of ghrelin and GHRH on the GH
secretion is not seen in vitro (Yamazaki et al. 2002, Hashizume ef al. 2003), suggesting that
the sites of action of GH release by the ghrelin might be at both hypothalamic and pituitary
levels. This hypothesis is supported by the Mogi ef al. (2004) in which
intracerebroventricular administration of ghrelin induced a robust increase in GHRH
release in the cerebrospinal fluid without affecting SRIF release. In fact, the route of ghrelin
to promote the GH release is via GHS-R1a, which is coupled with the phospholipase
C/inositol phosphate/ protein kinase C signaling pathway, while GHRH binds to GHRH-R
which activates the adenylate cyclase / cAMP/ protein kinase A signaling pathway
(Anderson et al. 2005). The vagus afferent neurons are likely to be responsible to the
ghrelin-induced GH secretion in rats (Date ef al. 2002a), however, the potency of ghrelin to
stimulate the GH secretion in vagotomized patients are similar with that in normal subjects
(Takeno et al. 2004). Somatostatin might suppress the stimulatory effect of ghrelin on GH
by directly inhibiting the gastric ghrelin secretion (de la Cour ef al. 2007, Seoane ef al.

2007a) and decreased plasma ghrelin levels (Barkan er al. 2003). On the other hand, Di

17



Vito ef al (2002) has reported that the endocrine response to ghrelin administration was
only blunted by an exogenous somatostatin in humans indicating the existence of different
pathways independent of somatostatinergic influence on ghrelin’s endocrine effects.

Since ghrelin is the natural ligand of GHS-R, the interaction between ghrelin and
other nonnatural GHSs is of interest. In humans, ghrelin appears to be more potent
stimulant than nonnatural peptidyl GHSs such as hexarelin and GHRP-6, but also than
natural stimulant GHRH to release GH (Arvat et al. 2001, Mimic et al. 2002). Ghrelin
partially resistant to the homologous desensitization exerted by GHRP-6 (Mimic et al.
2002) but no interaction between ghrelin and hexarelin was also observed (Arvat et al.
2001) suggesting the existence of receptor subtypes for GHSs. The interactions of those

natural and nonnatural GHSs to stimulate GH release in domestic animals have not

available yet,

B: Effects on energy homeostasis

Apart from its strong GH releasing activity (Kojima ez al. 1999), ghrelin has also
been implicated in the regulation of other endocrine and exocrine properties including
stimulation of the lactotroph and corticotroph secretion, appetite stimulation, glucose
metabolism and control of gastric motility and acid secretion (Korbonits et al. 2004).
Agouti-related protein/neuropeptide Y neurons that are clearly protected by the blood brain
barrier (BBB) are the crucial target of the anabolic action of ghrelin (Nakazato ef al. 2001).
In fact, Banks et al (2002) reported that mouse acylated ghrelin crosses the mouse BBB in
the brain-to-blood direction while mouse des-acyl ghrelin crosses only in the blood-to-brain
direction, Human ghrelin which differs from mouse ghrelin by two amino residues only is
transported in both directions in mice. Therefore, the extent and the direction for ghrelin to
cross the BBB is influenced by at least two features of its primary amino acid sequence, its

post-translationally added fatty acid side chain and its amino acid sequence.
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_Ghrelin is known as an anabolic hormone since it stimulates appetite (Cummings
et al. 2001), induces feed intake (Nakazato et al. 2001, Murakami et al. 2002), and reduces
fat oxidation (Tschop et al. 2000), thus leading to adiposity (Korbonits es al. 2004).
Administration of the anti-ghrelin antiserum against the N-terminal region, and antagonism
of the ghrelin receptor reduces feed intake and body weight gain in mice (Murakami ef al.
2002, Asakawa et al. 2003) indicating that GHS-R1a is the cognate receptor for ghrelin’s
metabolic effects, and acyl-modification is critical for the activation of ghrelin receptor.
The stimulatory effect of ghrelin on feed intake is partly explained by inhibition on
glucagon like peptide 1 (GLP-1) and PY Y-induced reduction in feed intake (Chelikani et al.
2006). However, we reported in fasted pigs that intravenous administration of PYY3-36
does not influence the plasma acylated ghrelin levels (Ito et al. 2006). In contrast,
ghrelin-null mice showed similar in body size, growth rate, food intake, body composition,
reproduction, gross behavior, and tissue pathology to that of wild-type littermates (Sun et al.
2003, Wortley et al. 2004). Otherwise, Wortley et al (2004) aiso suggested from analyses of
ghrl(-/-) mice that endogenous ghrelin might play a prominent role in determining the type
of metabolic substrate (i.e., fat vs. carbohydrate) that is used for maintenance of energy
balance, particularly under the conditions of high fat intake. However, it must be noted that
knockout animals are not able to represent the whole complex physiological process that
control the energy expenditure.

In domestic animals, the controversial results have been reported on the effect of
ghrelin on feed intake. Salfen ef al. (2004) reported that body weight gain is higher in the
ghrelin-administered pigs although feed intake is not different when compared with
saline-injected control animals. Similarly, the voluntary feed intake was not affected by the
central infusion of ovine ghrelin in sheep (Igbal et al. 2006). On the other hand, intravenous
administration of bovine ghrelin at a dose of 0.08 pg/kg BW results the greater length of

time spent eating, and dry matter intake is also tended to be increased (Wertz-Lutz ef al.
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2006). Melendez er al (2006) also reported in their preliminary study in which
intramuscular injection of ovine ghrelin at a dose of 3 pug/kg BW in pre-partum ewes
increased the dry matter intake on the first day of treatment. More precise studies are
necessary to clarify the role of ghrelin on feed intake or energy expenditure in the domestic
animals.

The involvement of ghrelin in glucose metabolism and pancreatic peptide
secretion is still unclear. There are some reports suggesting the stimulatory (Date ef al.
2002b, Lee et al. 2002) or inhibitory (Broglio et al. 2001, Reimer et al. 2003) effects of
ghrelin on insulin secretion in human and rats. Moreover, Salehi e a/ (2004) reported that
the physiological dose of ghrelin has no effect on glucose-stimulated insulin release from
isolated mouse islets while low doses inhibit and high doses stimulate. Furthermore, 1
nmol/kg and 10 nmol/kg BW ghrelin injections suppress the basal plasma insulin levels in
the intact mice. Very recent study on ruminants reported that ghrelin injection with the
concentration of 1ug/kg BW has a stimulatory effect on insulin in the lactating cows but not
in calves (Itoh ez al. 2006).

Another molecular form of ghrelin; des-acyl ghrelin, which is the major portion of
circulating ghrelin is supposed to be the non-functional peptide. However, recent studies
reported some non-endocrine effects of des-acyl ghrelin in monogastric animals. Peripheral
administration of des-acyl ghrelin in the transgenic mice (Asakawa er al. 2005), and
intracisternal administration of des-acyl ghrelin in free-feeding and food-deprived rats
(Chen et al. 2005) induce negative energy balance by inhibiting feed intake and delaying
gastric emptying. In contrast, Toshinai er al. (2006) reported that the exogenous des-acyl
ghrelin does not inhibit, rather induce feed intake in rat by a different mechanism

independent of ghrelin’s functional receptor, GHS-R1a.
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5. Objectives

Growth hormone participates in postnatal growth, energy partition and fatty acid
metabolism in dairy production. The pulsatile release of GH from anterior pituitary is under
the control of two hypothalamic hormones, GHRH and SRIF. Discovery of ghrelin from the
stomach and identification of ghrelin as a potent GH stimulant opens the new era for the
understanding of the mechanism of GH secretion and the endocrinology of growth. Ghrelin
also induces appetite, improves feed intake and suppresses lipid degeneration in humans
and laboratory animals. The octanoyl-modification on its Ser’ residue is essential to
activate the cognate receptor of ghrelin, GHS-Rla. Moreover, the N-terminal
Gly-Ser-Ser(n-octanoyl)-Phe segment appeared to constitute the *“active core” required for
agonist potency at human GHS-R la (Bednarek et al. 2000). However, Torsello et al.
(2002) demonstrated that truncated ghrelin analogs encompassing the first 5 amino acids
are ineffective in the stimulation on GH release in neonatal rats and do not displace
radiolabelled ghrelin from binding sites in the membranes from human hypothalamus and
pituitary. Both acylated and des-acyl form of ghrelin circulate in the blood stream.

Ruminant ghrelin is composed of 27 amino acids with lack of Des'* and the
C-terminal amino sequence is different with that of monogastric animals (Fig. 1-5). The
recent studies on the physiology and roles of ghrelin in the ruminant have been indicating
that acylated ghrelin levels change periprandially in scheduled meal-fed sheep (Sugino et al.
2002a), and peripheral and/or central administration of ghrelin potently stimulates GH
release (Itoh et al. 2005, Hashizume et al. 2005). However, ghrelin is unlikely involved in
the feed stimulation in the ruminants (Igbal ef al. 2006). The role of ghrelin in the energy
homeostasis in dairy cattle is of interest. The GH response to ghrelin is higher in lactating
cows compared with the responses in calves and non-lactating cows (Itoh ef al. 2005).

Moreover, ghrelin administration increases the plasma insulin concentrations (Itoh ef al.
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2006). Therefore, it is suggested that ghrelin plays in different roles in energy homeostasis

in ruminants depending on the physiological status of an individual. The important fact to

be noted is that all of the above studies have quantified the plasma ghrelin concentrations of

the domestic animals by RIA specific for monogastric animals. As a result, only the

concentration of circulating acylated ghrelin has been detected, and the concentration of

des-acyl ghrelin in ruminants is still unknown. Therefore, the objectives of the present

studies are;

(1) To establish the specific RIA systems for the measurements of acylated and des-acyl
ghrelin concentrations in ruminants

(2) To investigate the effects of ghrelin on GH axis in cattle

(3) To study the effects of the structure of ghrelin, and the physiological stage and
metabolic conditions of animals on the ghrelin-induced hormonal changes

(4) To investigate the metabolic and nutritional changes of plasma ghrelin concentrations in

small and large ruminants.
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Chapter 2 (Experiment 1)
Solid phase peptide synthesis and radioimmunoassay
INTRODUCTION

Livestock farming is one of the most important sectors which supply meat, milk,
egg, skin, feather etc. for human consumption. Rapid growth and feed efficiency are the
major aspects to achieve the maximal production and highest profits from domestic animals.
It is known that multiple hormonal and metabolic signals from central and peripheral
tissues including gastrointestinal fract involve in the growth mechanism and energy
homeostasis of domestic animals. Many outstanding studies on the physiological and
pathophysiological control mechanisms on the growth in farm animals have been carried
out over the decade, however, the conductivity of studies on the regulatory effects of the
gastrointestinal hormones in growth physiology of ruminants is still limited. One of the
reasons is that most of these peptides or hormones of ruminant origin which are different in
the amino acid sequences‘ from those of monogastric animals are commercially easily
unavailable. As a consequence, it is also difficult to get the specific and sensitive antibodies
for the evaluation of hormonal measurements in ruminants. Furthermore, most of the
commercially available radioimmunoassay (RIA) Kits are not only expensive but they also
are specific for human and/or laboratory animals rather than for domestic animals.
Therefore, the pure peptides of ruminant origin which must be utilized for the proposed in
vivo studies have firstly to be synthesized. Moreover respective polyclonal antibodies have
been raised, and RIA systems that are not validated yet but essential for the studies in

ruminant physiology have been evaluated.
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CLONING OF THE BOVINE GHRELIN

At first, we tried to synthesize and purify the recombinant bovine ghrelin by
molecular cloning technique based on the procedures which has already been established in
our laboratory on bovine and ovine leptin. Stomach tissue from Holstein steer was obtained
from local abattoir: the pieces of tissue (approximately 2 g weight) were incised from
abomasums within 5 min post-slaughter and immediately placed in liquid nitrogen for
transport to the laboratory. Then, the tissue was stored at -80°C -until used. Total
ribonucleic acid (tRNA) extraction was performed using guanidine thiocyanate. The
resulting aqueous phase was further purifed via phenol-chloroform extraction method to get
pure RNA. Thereafter, RNA was precipitated with isopropanol and the pallet was washed
with 80% ethynol, air dried, and resuspended in TE buffer containing 10 mM Tris-HCI (pH
7.5) and 1mM EDTA. The integrity of RNA was comfirmed by electrophoresis through
0.8% agarose gels stained with ethidium bromide. Thereafter, messenger RNA (mRNA)
purification was done via OligotexTM—dT30 <super> (TAKARA). Then, ghrelin
complimentary DNA (cDNA) was synthesized from mRNA mixture by using First-Strand
c¢DNA Synthesis Kit (Amersham) and was amplified by reverse transcriptase
(RT)-polymerase chain reaction (RT-PCR). The open reading frame of prepro-ghrelin
peptide was obtained using following primers; sense (forward) primer:
5’-gcccgececgtggaccate-3°, antisence (reverse) primer: 5°-geatccatctgagcatttatte-3’. The
forward and reverse primers were the partial sequence of bovine ghrelin (Genbank
accession no. AF350329). The conditions for PCR were 30 cycles of 96°C for 30 sec, 50°C
for 20 sec, 72°C for 20 sec. The amplified product was loaded to the 0.8% agarose gel
electrophoresis and a band of 483 base pairs long was obtained. (Fig. 2-1). The gene of
ghrelin was recovered and subjected to the ligation with pGEM®-T Easy Vector (Promega)

by DNA ligation kit Ver.2.0 (Takara).
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Then, competent cells (INV 1-o F’ E.coli, Invitrogen) were transformed and
appropriate colonies were selected using blue and white selection procedure. Colonies were
incubated in Luria-Bertani (LB) medium containing NaCl, tryptone, and bacto-yeast extract.
Quick-screening of white colonies was done for the expected insert size via enzymatic
cleavage of EcoR I site. Alkaline lysis method was used to purify the plasmid from
appropriate colonies. For DNA sequencing, the inserts were amplified using T7 and SP6
promotors and dye-labeled using Thermo Sequence™™ II Dye Terminator Cycle Sequencing
Premix Kit (Amersham Biosciences Corp.). The complete sequence of proghrelin was
confirmed (Fig. 2-2) by ABI PRISM™ 377 DNA sequencing system (PE Applied

Biosystems).

Marker (kb)

1.5

1.0

0.5

0.1

F FR R S

Fig.2-1. Gel electrophoresis of PCR product for bovine preproghrelin. mRNA extracted from
bovine abomasums was amplified by RT-PCR using forward (F) and reverse (R) primers. This
primer pair amplifies the entire 483-bp cDNA sequence reported (AF350329). FR; forward and
reverse, S; molecular weight marker
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geeecgeeeeg tggaccatct gcagecetget getgetcage gtgetetgea tggacttgge 60

ia ctecagagaa aggaagciaa

catggcegge tecagetttc teag

gaagocatca ggcagactea ag 180

tgegatcaag ctagcages 300

_aagctgaaga aaccetggot ¢

toaggacate cttigesaag iacgagtgag tegccetees
accaaccacc tgtccgttet cccaccctca gaagetctca cctggettee gggacactte 420
cgagaccacg tggggctctg aggggtacta gagtaggent tgaataaatg ctcagatgga

tge 483

Fig.2.2. The predicted sequence of bovine preproghrelin by cDNA/pGEM-T Easy Vector (483bp).
The primers are shown in italic words. The sequence of proghrelin is shaded. Unidentified base is
underlined.

However, preparation of the adequate amounts of recombinant peptide
approximately 0.2 gram for the proposed in vivo experiments in Holstein cattle is not
practical. Moreover, it is difficult to do the acyl-modification on the Ser’ residue of
recombinant bovine ghrelin with octanoic acid. Therefore, we synthesized chemically

bovine ghrelin and other peptide hormones by solid phase peptide synthesis procedures.
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SOLID PHASE PEPTIDE SYNTHESIS

Solid phase peptide synthesis (SPPS) is a method based on the sequential addition
of ¢ -amino and side-chain protected amino acid residues to an insoluble polymeric
support. In this experiment, peptides shown in Table 2.1 were synthesized by manual
base-labile Fmoc (9-fluorenylmethoxycarbonyl) strategy in which Fmoc-group is used for
N- a protection (Peptide synthesis protocol, NOVABIOCHEM, catalog 2000, Merck,

Germany). Modifications and detail procedures are expressed in the correspondent sections.

(A) SPPS for ghrelin

Two gram Wang resin (p-Benzyloxybenzyl Alcohol resin, 200-400 mesh eg. to
75-38 um in diameter, loading: 1.16 nmol per gram) was placed in a clean, dry flask and
allowed to swell by addition with sufficient amount of dimethylformamide (DMF). In the
another container, the first Fmoc amino acid (2 eq. relative to resin loading) was dissolved
in dry dichloromethane (DCM) and a solution of diisopropylcarbodiimide (DIPCDI, 5 eq.
relative to resin loading) in dry DCM was added to the amino acid solution. The mixture
was stirred for 20 min at 0°C in the moisture-free condition. After removing the DCM by
evaporation under the reduced pressure using a rotary evaporator, the residue was dissolved
in a minimum of DMF and added to the resin-containing flask. Finally,
dimethylaminopyridine (DMAP, 0.1eg. relative to resin Joading) in DMF was added to the
resin/amino acid mixture. The mixture was allowed to stand at room temperature for 1 h
with occasional swirling. To check the yield of first residue attachment, a small sample of
resin (20mg) was removed, washed and dried.

Estimation of first residue attachment: Dried Fmoc amino acid resin
(approximately 0.1 micromol with respect to Fmoc loading) was weighted and placed to

two 3%10 mm matched silica UV cells. Freshly prepared 20% piperidine in DMF (3mi) was
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placed into each of the UV cells. The cell contained only 20% piperidine was used as a
reference. The resin mixture was agitated with the aid of a Pasteur pipette for 2-3 min and

absorbance was read in a spectrophotometer at 290 nm. The estimate of first residue

attachment (57.7%) was obtained from equation below:
Fmoc Loading : mmole/g = (Absorbancessmpie-Absorbance,s)/1.65 x mg of resin)

After measuring the attachment of first amino acid, capping procedure was run to
reduce the expected enantiomerization or dipeptide formation. Resin/amino acid mixture
was washed with DMF, dichloroethane (DCE) and DCM for several time and allowed to
dry. DCE (0.08 eq. relative to resin loading), benzoyl chloride (0.06 eq.) and pyridine (0.06
eq.) were added to the dried resin and the mixture was allowed to stand at room
temperature for 2 h with continuous stirring. Then, resin was washed with DMF and
deprotection of N-terminal protecting Fmoc group was obtained by the treatment of resin
beads with 10% piperidine in DMF. The presence of free amino groups was tested by the
method of Kaiser (Kaiser ef al. 1970) with slight modifications. A few resin beads were
sampled and washed with 2 ml methyl alcohol/acetic acid. Supernatant was discarded after
centrifugation and resin was washed twice with dichloromethane: methanol (6:4) solution.
Then, 33 pl phenol:ethanol (phenol 4g in ethanol iml), 67 pul pyridine and 25 pl ninhydrin
(ninhydrin 0.5g/10ml ethanol) were added to the resin beads and the mixture was incubated
for 5 min in water bath. A positive test is indicated by blue resin beads. Second amino acid
(2.5 eq. relative to resin loading) and N-hydroxybenzotriazole. H;O (HOBt: 2.5 eq. relative
to resin loading) were dissolved in DMF and the activation was enhanced by the addition of
DIPCDI (2.5 eq. relative to resin loading). After 2 h incubation, the preactivated second
amino acid was incubated with the resin/amino acid mixture in a beaker for 20 min with

continuous stirring. The attachment of amino acid was confirmed by Kaiser Test. When
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there is Jack of free N-terminal amino groups, i.e. the coupling is successful, negative test
was indicated. Then resin beads were placed to glass filter and washed 3 times with DMF
prior to the deprotection of Fmoc group with 40% piperidine in DMF. The
deprotection/coupling procedures were repeated until the desired peptide sequence was
obtained.

In case of amino acids like Arg, Gln, Asn, His or Ser, activation was done by
2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate ~ (HBTU)
method. Fmoc amino acid (2.5 eq. relative to resin loading), HBTU (2.45 eq.}) and HOBt
(2.5 eq.) were dissolved in DMF. Diisopropylethylamine (DIPEA, 5 eq. relative to resin
loading) was added to the amino acid solution, stirred the mixture and the solution was
added immediately to the resin. HBTU can proceed coupling smoothly, and the rates can be
enhanced by addition of HOBt. A major problem in SPPS was peptide chain aggregation
due to either hydrophobic interactions or interchain hydrogen bonding. This typically
occurs between 5-15 residues from the C-terminus and can lead to incomplete coupling and
deprotection. Protection of the peptide bond has been shown to disrupt the hydrogen
bonding, which is thought to be the root cause of peptide chain aggregation. Therefore,
side-chain protected Fmoc-amino acids; Fmoc-Arg(Pbf)-OH, Fmoc-Glu(otBu)-OH,
Fmoc-GIn(Trt)-OH, Fmoc-His(Trt)}-OH, Fmoc-Lys(Boc)-OH, Fmoc-Ser(tBu)-OH and
Boc-Gly were used. Fmoc-Ser-OH was chosed for Ser’ because it needed acylation with
n-octanoic acid (Kojima et al. 1999).

For acylation on Ser’ residue, the n-octanoic acid (20 eq. relative to resin loading)
was firstly dissolved in dry DCM, and a solution of DIPCDI (10 eq. relative to resin
loading) in dry DCM was added. The mixture was stirred for 20 min at 0C in
moisture-free condition. After removing the DCM by evaporation under reduced pressure
using an evaporator, dissolved the residue in a minimum amount of DMF and added to the

resin/amino acid mixture. Finally, DMAP (0.leq. relative to resin loading) in DMF was
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added and the reaction mixture was allowed to stand at room temperature for 25 min with
occasional swirling. Then, the resin was washed with DMF and the acylation procedure
was repeated three times. Finally, resin compound was washed 5 times with DMF, 3 times
with 2-isopropyl alcohol, 2 times with methyl alcohol, and dry ether. The weight of the
resin was measured after ether was removed by evaporation. The resin was equally divided
into four 10 ml screw-capped tubes and was treated with 95% Trifluoroacetic acid (TFA),
2.5% water, 2.5% Ethanedithiol (EDT) and 1% Triisopropylsilane (TIS) to cleave the
N-terminal Boc-group and side-chain protected groups. After 3 h cleavage time, TFA was
removed by a evaporator overnight prior to the ether precipitating step. Then, CH;CN in
TFA water was added and the supernatant containing crude peptide was separated after
centrifugation. The resin support and ether was kept until the peptide analysis was
completed. The crude peptide was purified by the reverse-phase high-performance liquid
chromatography (RP-HPLC, semi-preparative column: TSK-GEL ODS-120A, pore size
10um, 7.8mm LD x 30cm, TOSOH). The flow rate was 2.0 ml/min under linear gradient
for 60 min from 0 % to 60% CH3;CN containing 0.1% TFA and reference wavelengths were
214 nm for peptide and 260 nm for Phenylalanine. The acyl modification appeared to
increase the hydrophobicity of the peptide, explaining the increase in retention time when it
was subjected to HPLC: acylated ghrelin was eluted at fraction 47 while des-acyl ghrelin
was eluted at fraction 37. The calculated yield of total pure peptide (= 1 g) showed that
approximately 82.5% of crude peptide was acylated. In addition to the synthesis of bovine
ghrelin [1-27], [Cys-12]-ghrelin [1-11], [Cys-12]-bovine ghrelin [13-27] and acylated
porcine ghrelin [1-28] were synthesized for immunization procedures. Purified peptides

were lyophilized and stored at -30°C for further usage.
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Table 2-1: List of the synthesized peptides and their amino acid’ sequences.

Bovine ghrelin [1-27]
[Cys12}-ghrelin [1-11]
[Cys0]-bovine ghrelin [11-27]
Porcine ghrelin [1-28]
Human GHRH amide [1-29]
Bovine PYY .3

Bovine PYY;.36

CyS [0]-b0vine PYY4.35

* acylation with octanoic acid

Amino acid sequences
1 » 11 20 27
GSSFLSPEHQKL QRKEAKKPSGRLKPR
1 = 11
GS SFLSPEHQKC
11 20 27
CKL_QRKEAKKPSGRLKPR
1 =« 11 20 28
GSSFLSPEHQKVQQRKESKKPAAKLKPR

11 21 29
YADA[FTNSYRKVLGQLSARKLLQDMSR -NH,

11 21 31 36
YPAKPQAPGEHASPDELNRYYTSLRHYLNLVTRQRENH?_
3 11 21 31 36
AKPQAPGEHASPDELNRYYTSLRHYLNLVTRQRF-NHz
4 11 21 31 36
CKPQAPGEHASPDELNRYYTSLRHYLNLVTRQRF -NH,

tSee Table 1-1 for the translation of the single-letter amino acid code.



(B) SPPS for GHRH and PYY
For the synthesis of human GHRH amide [1-29] and bovine PYY peptides (Table

2-1), Rink Amide MBHA resin (4-(2,4-Dimethoxyphenyl-Fmoc-aminomethyl)-
phenoxyacetamido-norleucyl-MBHA resin, 100-200 mesh, 1.37 mmoles per gram for
loading) was used. The detail procedures are similar with the synthesis of ghrelin. However,
the special procedures for the attachment of first amino acid including subsequence capping
step were omitted according to the C-terminal amidation of Rink Amide MBHA resin.
Resin 1 mmoles (0.7138 mmoles/g) was primarily used and side-chain protected
Fmoc-amino acids were Fmoc-Thr(tBu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Tyr(tBu)-OH,
Fmoc-Arg(Pbf)-OH, Fmoc-Glu(otBu)-OH, Fmoc-GIn(Trt)-OH, Fmoc-His(Trt)-OH,
Fmoc-Lys(Boc)-OH, and Fmoc-Ser(tBu)-OH. Synthesized peptides were purified by

RP-HPLC and peptide containing elusion were lyophilized and stored at -30°C until use.
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RADIOIMMUNOASSAY (RIA)

(A) Plasma ghrelin RIA
Rabbit anti-[Cys-12]-ghrelin [1-11] serum

Synthesized  [Cys-12]-ghrelin  [1-11] (6 mg) was conjugated to
maleimide-activated mariculture keyhole limpet hemocyanin (mcKLH) according to the
manufacturer’s instruction (Pierce # 77600). Hapten-conjugated antigen was emulsified
with same volume of Freund’s complete adjuvant (FCA, Wako # 014-09541) for initial
immunization. The skin of the rabbit was thoroughly disinfected and emulsified conjugated
antigen (1mg per injection) was subcutaneously injected to several sites to minimize the
painful inflammatory reactions. The procedure was repeated two weeks apart except
Freund’s incomplete adjuvant (FIA, Wako # 011-09551) was used for later immunizations.
After each injection, the rabbit was placed in a rabbit restrainer to collect the 5~10 ml blood
by transecting of marginal ear veins. After sixth injection, immunization procedure was
terminated but intermittent blood samplings were continued up to twelve times. To identify
the sensitivity of polycolonal antibody from collected blood samples, serially diluted sera in
assay buffer (0.05 M sodium phosphosphate containing 0.25% BSA; pH 6.85) were treated
with 'I-bovine acylated full-length ghrelin (10000 ¢.p.m.). After 24 h incubation at 4°C,
10 pul of goat anti-rabbit serum in 990 pl precipitating reagent (0.05 M Sodium phosphate,
0.9% NaCl, 0.025 M EDTA.2Na, 0.08% Sodium Azide, 0.05% Triton X-100, 3%
PEG-6000) was added to the reaction solution. After 30 min incubation period at 4°C,
bound and free portions were separated by centrifugation (x3000 rpm x30 min x4°C).
Sensitivity for the harvested serum is shown as values in bound per total c.p.m. in Table
2-2. Antibody titer started to increase after second immunization, peaked at 40 days after
and maintained high levels until the end of sampling period (81 days after initial injection).

Antibody-containing sera were stored at -80°C.
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Guinea pig anti-fCys-0]-bovine ghrelin {11-27] serum

Total of 4 mg synthesized [Cys-0]-bovine ghrelin {11-27] was conjugated to
mcKLH and polyclonal antibody was generated in two guinea pigs (Cavia porcellus).
Conjugated antigen was emulsified as described earlier and injected subcutaneously (0.3
mg per head per injection). Immunization procedures were repeated weekly. After seventh
injection, blood was collected by cardiac puncture under ether anaesthesia. Sensitivity of

the harvested sera was shown in Fig. 2-3. Serum from guinea pig-1 with high antibody titer

was stored at -80°C.

Ghrelin RIA procedure

To the best of our knowledge, there is no report to date on the circulating total
ghrelin level in ruminants. To remedy this, we validated two RIA systems for bovine
ghrelin. Acylated bovine ghrelin [1-27] was radioiodinated by the chloramine-T method
(Tai et al. 1975) at room temperature and purified by HPLC. In brief, 0.2 mCi 125 Na is
pre-incubated for 5 min with 2.0 pl of sodium borate (1 M, pH 8.5) and 3.5 pg of
chloramine-T dissolved to get the concentration of 5 mg/ml in 50 mM sodium borate (pH
8.5). Then, 1.0 pg of synthesized acylated bovine ghrelin [1-27] dissolved in 1mM HCl is
added. After 60 seconds incubation, the reaction is stopped by adding with 50 pg sodium
metabisulphite (5 mg/ml in 50 mM sodium borate). Then, 1 nmol of tyrosine (0.1mM in 1
mM HCI) is added after 90 seconds, and finally, 2.0 ul of 10% TFA and 2 nmol of sodium
iodide (1mM) is added. Total reaction volume is 29 ul. The reaction solution was loaded to
HPLC using 50 ul microsyringe and purified by Synchropack RP-8 HPLC column (0.346
ml bed; MICRA-silver; narrow-bore: 100 x 2.1 mm). The flow rate was 0.4 ml/min under
linear gradient for 60 min from 0 % to 60% CH3;CN containing 0.1% TFA. The fraction
was collected as 0.4 ml/tube. The elution containing iodo-ghrelin was stored at -80°C in

60% CH3;CN/0.1% TFA. This tracer was usually stable for two months, and used for both
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active and total ghrelin assays with acylated bovine ghrelin [1-27] as standard.

Standards and plasma samples were incubated with correspondent antibodies
diluted in assay buffer (0.05 M sodium phosphosphate, 0.01 M EDTA, 0.08% Sodium
Azide, 0.1% gelatin, 0.25% BSA; pH 6.85). The rabbit anti-bovine ghrelin [1-11] antiserum
for active ghrelin RIA and guinea pig anti-bovine ghrelin {11-27] antiserum for total ghrelin
RIA were used at the final dilution of 1/240,000 and 1/15000, respectively. After 24 h
incubation, '*’I-bovine ghrelin (8000 c.p.m./100 pi assay buffer containing 1% carrier
serum) was added to all tubes. Bound and free ligands were separated by second antibody
method after further 24 h incubation and radioactivity in the pellet was counted with a
gamma counter (ARC-1000, Aloka, Japan).

In first RIA system, we used rabbit anti-[Cys-12]-ghrelin [1-11] serum for the
measurement of active ghrelin and this antibody does not react with bovine and porcine
des-acyl ghrelin (Fig. 2-4A). Therefore, we consider that the values measured with the first
RIA system specifically represent the acyl-ghrelin leveis. On the other hand, antibody used
for second RIA system (guinea pig anti-[Cys-0]-bovine ghrelin [11-27] serum) reacts with
bovine acyl-ghrelin [1-27] and bovine des-acyl ghrelin, but does not react with porcine
acyl-ghrelin, porcine des-acyl ghrefin and human acyl-ghrelin (Fig. 2-4B) indicating that
this antibody specifically recognizes the C-terminal bovine ghrelin fragment [11-27].
Therefore, since the values measured by using this RIA system represents acyl-ghrelin,
des-acyl bovine ghrelin, and all ghrelin fragments with intact bovine C-terminal region
[11-27], we use the term “total ghrelin” for these values. These RIA systems favor us to
report for the first instance the plasma ghrelin levels following synthesized bovine ghrelin

administration and physiological changes in plasma ghrelin concentrations in ruminants.
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Table 2-2. Sensitivity (titer) for polyclonal rabbit anti-[Cys-12]-ghrelin [1-11] serum.

Days after first Bound/ Total
immunization 1/40000 1/80000 1/160000 1/320000
27 0.57 0.48 0.33 0.21
40 0.62 0.56 0.51 0.39
42 0.64 0.58 0.46 0.33
54 0.62 0.59 0.53 0.37
68 0.62 0.54 0.44 0.29
70 0.61 0.53 0.42 0.26
71 0.63 0.53 0.42 0.26
73 0.61 0.53 0.39 0.25
75 0.63 0.53 0.38 0.22
77 0.61 0.52 0.39 0.24
79 0.60 0.49 0.33 0.22
81 0.65 0.50 0.39 0.23
0.7 -
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Fig. 2-3. Sensitivity of guinea pig anti-[Cys-0]-bovine ghrelin [11-27] serum. See text for detailed
immunization procedures. Serum was treated with '*’I-bovine acylated full-length ghrelin for 24 h
and bound and free portions were separated by goat anti-guinea pig serum. B/T = Bound/ Total.
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Fig. 2-4. Standard RIA curves for bovine ghrelin. Inhibition of "*’I-labeled bovine ghrelin binding to
rabbit anti-bovine ghrelin {1-11] antiserum (A), and guinea pig anti-bovine ghrelin [11-27] antiserum (B)
by serial dilution of bovine acylated ghrelin (®), bovine des-acyl ghrelin (0), porcine acylated ghrelin
(A), porcine des-acyl ghrelin (A) and human acylated ghrelin (w). Inhibition of '*’I-labeled bovine
ghrelin binding to both antisera by serial dilution of pooled bovine plasma (©) parallel to the curve
obtained using control full-length bovine ghrelin as standard. Each point is the mean for triplicate
determinations. B/B,, bound/bound in zero standard.
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2. Plasma PYY RIA

Guinea pig anti-{Cys-0]-bovine PYY .35 serum

Two guinea pigs were immunized by the subcutaneous injection of emulsified
conjugated [Cys-0]-bovine PYYs.s. Detailed procedures are similar to those for
anti-bovine ghrelin [11-27] serum. Both serum harvested from two guinea pigs showed the
similar potency to bind the radioiodinated bovine PYYs3s (Fig. 2-5). Therefore, serum

from both animals was stored at -80°C for further use.
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F:g 2-5, Sepsitivity of guinea pig anti-[Cys-0]-bovine PY Y36 serum. See the text for detailed
immunization procedures. Serum was treated with 1251_hovine PYY3.36 for 24 h and bound
and free portions were separated by goat anti-guinea pig serum. B/T = bound/ total.
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PYY RIA procedure

Synthesizéd bovine PYYs.3 was radioiodinated by the chloramine-T method.
Detail procedures were similar to those of bovine ghrelin iodination. Radio-labeled peptide
was purified by HPLC. lodo-PYY was eluted at fraction # 27 and stored at -80°C in 60%
CH;3;CN/0.1% TFA. This tracer was usually stable for two months, and used for RIA with
bovine PYYi.3¢ as standard..

On the day one, standards and plasma samples were incubated with antibodies
diluted in 100 pl of the assay buffer (0.05 M sodium phosphosphate, 0.9% NaCl, 0.025 M
EDTA, 0.08% sodium azide, 1.0% BSA; pH 7.4). The rabbit anti-bovine PYY,.35 antiserum
was used at the final dilution of 1/50000. Subsequently, 125 _bovine PY Y4 {8000 c.p.m. in
100 pl assay buffer containing 1% carrier serum) was added to all tubes. After 24 h
incubation, 1% goat anti-guinea pig serum in I ml precipitating buffer (0.05 M Sodium
phosphate, 0.9% NaCl, 0.025 M EDTA.2Na, 0.08% Sodium Azide, 0.05% Trition X-100,
3% PEG-6000, pH 7.4) was added. After 30 min incubation, bound and free ligand were
separated by centrifugation (x3000 rpm %30 min x4°C) and radioactivity in the pellet was
counted with a gamma counter (ARC-1000, Aloka, Japan).

The guinea pig anti-bovine PYY 3¢ antiserum does not react with porcine PYY .3,
Human PYY.3, human pancreatic polypeptide and neuropeptide Y (Fig.2-6) indicating
that this antibody specifically recognizes the bovine PYY .36 and bovine PYY3.36. Therefore,
the term “PYY” will be used for these values since the values measured by this RIA system

represent bovine PYY .35 and bovine PY Y3.36.
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Figure 2-6. Standard RIA curve for bovine PYY. Inhibition of '*’I-labeled bovine PY Y. to guinea
pig anti-bovine [Cys-0]-PY Y436 antiserum by serial dilution of bovine PYY .35 (®), bovine PYY;.36
(o), porcine PYYl‘i%G (A), human PYY s (A), human pancreatic polypeptide (0) and human NPY
(m). Inhibition of "“I-labeled rbleptin to antiserum by serial dilution of pooled bovine (0) or caprine
plasma (4) paraliel to the curve obtained using bovine PY Y3 as standard. Each point is the mean
for triplicate determinations. B/B,, bound/bound in zero standard.

40



3. Plasma leptin RIA

Guinea pig anti-bovine recombinant leptin serum

Three rabbits and two guinea pigs were immunized by the subcutaneous injection
of emulsified recombinant bovine leptin (1.0 and 0.5 mg per head per injection for rabbit
and guinea pig, respectively). The procedures for the injection and blood sampling are
similar as described above. Among the collected sera, the serum collected from guinea pig
2 binds the '*’I-bovine rleptin to 31% at the final dilution rate of 1/200000 (Fig. 2-7) while
serum from other animals failed to bind the tracer. Therefore, serum from guinea pig 2 was

stored at -80°C for later usage.

0.8
0.6 4

0.4

B/T

0.2 4

0 Ll 1 ¥ 1
0 50000 100000 150000 200000

Final dilution

Fig, 2-7. Sensitivity of guinea pig anti-bovine recombinant leptin (rleptm) serum. See the text
for detailed immunization procedures. Serum was treated with '*’I-bovine rleptin for 24 h
and bound and free portions were separated by goat anti-guinea pig serum. B/T = bound/
total.
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Leptin RIA procedure

The bovine recombinant leptin (rleptin) was freshly purified by gel-filtration
(Sephadex G 25) and the concentration of leptin was calculated as follows:
Concentration = the absorbance at 280nm/ 0.149 (absorption coefficient for bovine leptin)
Then the leptin was subjected to radioiodination. In brief, 0.2mCi 1251 was
pre-incubated for 5 min together with 15 pg chloramine-T (5 mg/ml in 50 mM sodium
phosphate, pH 7.5). Then, 2.0 ug of rleptin (0.1mg/ml in 50mM sodium phosphate) was
added to the reaction tube. After 40 seconds incubation, the reaction was stopped by adding
of 125 pg of sodium metabisulphite dissolved in 50 mM sodium phosphate solution at 5
mg/ml. 1 nmol of tyrosin (0.ImM in 1 mM HCI) was added after 90 seconds followed by
the addition of 2 nmol sodium iodide (ImM). Total reaction volume was 67 pl. The
iodinated ligand was purified by gel filtration using Sephadex G-50, equilibrated with 50
mM sodium phosphate/ 1% BSA (pH 7.4) and stored at -80°C. Each RIA incubation
mixture was composed of 100 pl standard or plasma samples, 100 pl assay buffer (0.05 M
sodium phosphate, 0.9% NaCl, 0.025 M EDTA.2Na, 0.05% Triton X-100, 0.08% NaN3,
1.0% BSA, pH 7.4) and 100 pl antiserum diluted in assay buffer. The guinea-pig
anti-bovine rleptin serum obtained from guinea pig 2 (Fig. 2-7) was used at final dilution of
1/200000. After 24 h incubation at 4°C, '*I-leptin (= 10000 c.p.m.) in assay buffer
containing 1% carrier serum was added to all tubes. After an additional 24 h incubation,
second antibody (goat anti-guinea pig antiserum) diluted in precipitation buffer (0.05 M
sodium phosphate, 0.9% NaCl, 0.025 M EDTA.ZNa, 0.05% Triton X-100, 0.08% NaNj3, 3%
PEG-6000, pH 7.4) was added. Finally, bound and free ligands were separated after 24 h by
centrifugation (x3000 rpm %30 min x4°C) and radioactivity in the pellet was counted with a
gamma counter (ARC-1000, Aloka, Japan). Typical standard and plasma dilution curve for
bovine leptin RIA is shown in Fig. 2-8. Displacement curves for serially diluted bovine and

caprine plasma are parallel to the standard curve.

42



0.8 - \

0.6 -

B/By

0.4

0.2

0.0 | | T T ~
0.01 0.1 1 10 100 1000

Standard (ng/ml) or plasma (ul)

Fig. 2-8, Standard RIA curves for bovine leptin. Inhibition of 'I-labeled bovine leptin binding to guinea
pig anti-bovine leptin antiserum by serial dilution of bovine recombinant leptin (©). Inhibition of
'%]_labeled bovine leptin binding to antiserum by serial dilution of pooled bovine plasma (A) and
caprine plasma (®) parallel to the curve obtained using control bovine recombinant leptin as standard.
Each point is the mean for triplicate determinations, B/B,, bound/bound in zero standard,
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Summary

We synthesized bovine acylated ghrelin [1-27], human GHRH-NH; [1-29], bovine
PYY-NH; [1-36] and bovine PYY-NH, [3-36] for in vivo experiments, and [Cys-12]-acyl
ghrelin [1-11], [Cys-0]-bovine ghrelin [13-27] and [Cys-0]-bovine PYY-NH, [4-36] for
immunization procedures via Fmoc-strategy of solid phase peptide synthesis. In accordance,
rabbit anti-ghrelin anti-serum which specifically recognizes the acylated ghrelin, guinea pig
anti-bovine ghrelin anti-serum which recognizes the acylated ghrelin, des-acyl ghrelin and
all ghrelin fragments with intact C-terminal region in ruminants, guinea pig anti-bovine
PYY anti-serum which specifically recognizes both ruminant PYY [I1-36] and ruminant
PYY [3-36], and guinea pig anti-bovine leptin anti-serum are raised. By using these antisera,
we have successfully validated the total of four radioimmunoassay (RIA) systems including
ghrelin RIA which is applicable for the measurements of serum/plasma active ghrelin
concentrations in both monogastric and ruminant species, and other RIA systems specific
for the ruminant total ghrelin, PYY and leptin concentrations. The values measured by

using these RIA systems will aid us to understand more deeply the physiology of growth

and energy homeostasis in ruminants.
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Chapter 3 (Experiment 2)

Dose-dependent response of plasma ghrelin and growth

hormone concentrations to bovine ghrelin in Holstein heifers
INTRODUCTION

The gastric-derived endogenous ligand of GHS-R, ghrelin, has been reported as a
novel peripheral GH stimulant in human as well as in rodents and domestic animals
(Kojima et al. 1999, Hayashida e al. 2001), and acylation on its Ser’® residue with octanoic
acid is essential to activate its cognate receptor, GHS-R 1a. Considerable amount of another
isoform of ghrelin which is lack in acylation (des-acyl ghrelin) is also circulating in
bloodstream (Hosoda ef al. 2000a). Des-acyl ghrelin does not possess endocrine activities
but promotes bone marrow adipogenesis in vive (Thompsen et al. 2004) and inhibits
glucose output by primary hepatocytes (Gauna et al. 2005). Ghrelin is also known as
orexigenic hormone and its effect on feeding is independent of the GH stimulatory pathway
(Nakazato ef al. 2001). Two molecular types of circulating ghrelin, i.e., ghrelin and
des-Glin'*~ghrelin, have been purified and characterized from rat stomach and both peptides
can bind to GHS-Rla (Hosada et al. 200056). Monogastric animals have both forms of
peptide, while ruminants only possess des- Gln'*-ghrelin because the first splicing acceptor
site within intron 1 has been lost (Dickin et al. 2004). Moreover, although N-terminal
region of ghrelin is homologous among species, 7 or 8 amino acids of C-terminal region of
ruminant ghrelin are different from those of monogastric animals (Dickin et al. 2004).

Recent studies investigating the involvement of ghrelin in ruminant physiology
have reported that ghrelin immunoreactive cells are present in abomasum of cow

(Hayashida er al. 2001), and that the preprandial increase and postprandial decrease in
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plasma ghrelin levels are regulated by cholinergic neurons in sheep (Sugino et al. 2004).
Furthermore, in vivo and in vitro studies on the effect of ghrelin in adenchypophysial axis
of ruminants have been performed by utilizing supraphysiological doses of rat or human
ghrelin (Hayashida et al. 2001, Hashizume ef al. 2003 & 2005, Itoh ef al. 2005), and it has
been reported that ghrelin stimulates GH secretion in dairy cattle of different physiological
stages. A very recent study using 1 pg human ghrelin/kg BW showed that ghrelin also has
different regulatory effect on plasma pancreatic hormone levels and on glucose
concentration (Itoh et al. 2006). However, in our knowledge, there is no report for the
dose-dependent effect of bovine ghrelin, especially of the physiological dose, on central
and peripheral hormones regulating energy homeostatis in ruminants. In this experiment,
we studied the effect of intravenous injection of synthesized acylated bovine ghrelin [1-27]

on plasma ghrelin, GH, insulin, leptin and metabolite levels in Holstein heifers.
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MATERIALS AND METHODS

All animal-related procedures used in this experiment were approved by the
Institutional Animal Care and Use Committee of the Obihiro University of Agriculture and

Veterinary Medicine, Japan.

Animals

Six Holstein heifers born at the Field Science Center (FSC), Obihiro University,
were housed under a natural light-darkness cycle. Heifers were 6 month old with an
average body weight (BW) of 178.4 + 6.4 kg (+ S.EM) at the beginning of experiment.
They were fed twice daily (0800 h & 1600 h) with concentrates for growing calves (crude
protein 14%, crude fat 1.5%, crude fiber 8%, and crude ash 7%, Hokuren, Sapporo, Japan)
under the routine management practice of FSC, Obihiro University. Animals finished eating
the concentrate within 20min. Timothy hay, mineral salt block and water were available ar
libitum. Body weight was measured one day prior to each injection. At the end of
experiment, heifers had an average BW of 196.2 + 7.8 kg and the average daily gain during

the experiment was 0.89 kg.

Peptides

N-acylated bovine ghrelin [1-27] (GSSFLSPEHQKLQRKEAKKPSGRLKPR),
[Cys-12]-ghrelin [1-11] with acylation and [Cys-0]-bovine ghrelin [11-27] were
synthesized by manual Fmoc solid phase peptide synthesis procedures. Detail of the
pfocedures for ghrelin synthesis and octanoylation on the Ser’ residue are presented at
chapter 2. Peptidyl resin was cleaved with TFA followed by purification on a TSK
ODS-120A column (7.8 mm IDx30 cm) by HPLC, linear gradient of 0-60% CH;CN and

fractions containing peptides were lyophilized and stored at -80°C. Lyophilized bovine
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ghrelin (1-27) was dissolved in de-ionized water and diluted to 1mg/ml with sterilized 0.1%

BSA-saline for the in vivo study.

Peptide injection and sampling procedures

Animals were subjected to a complete blocked Latin Square Design (six animal x
six dose of injectionx six day of sampling with one or two day recovery period) to obtain
the minimal residual effects. For both injection of peptide and blood sampling procedures, a
jugular vein catheter was inserted to each heifer one day before the start of experiment, and
patency of the catheter was maintained with heparinized saline. Bovine ghrelin [1-27] was
freshly diluted with sterilized solution of 0.1% BSA saline to reach the desired
concentration for each animal before the injection. Animals were loosely chained to the
stanchion during sampling and were injected with vehicle (5 ml of 0.1% BSA saline as
control) or vehicle containing synthesized bovine ghrelin (0.1, 0.5, 1.0, 5.0, 10.0 pg/kg
BW) at 1100 h (3 h after moming feeding) via jugular catheter followed immediately by
flushing out of catheter with 5 ml heparinized saline. Blood samples were collected at -30,
-15, 0, 5, 10, 15, 20, 30, 45, 60, 90, 120, 150, 180 min relative to the time of injection and
moved into pre-ice-chilled heparinized tubes. Plasma was isolated after centrifugation
(3000 r.p.m x 20 min at 4°C) and stored at -30°C until assay. For plasma ghrelin assay, 600

ul plasma were separately acidified with 30 ul I M HCI and stored at -30°C.

RIA for bovine ghrelin, GH, insulin and leptin

RIAs for bovine active ghrelin and for bovine total ghrelin have previously been
described in chapter 2. Triplicate standards and duplicate samples were run within a single
assay at 4°C, except samples where the concentrations exceeded the range of the total
ghrelin assay. These samples were adjusted aﬂgr re-assay with diluted plasma.

Displacement curves of diluted bovine plasma with *’I-bovine ghrelin were parallel to the
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standard curve for both active and total ghrelin. Average recovery rate of 3 known amounts
of bovine ghrelin added to the bovine plasma pool were 105% and 106% for active and
total ghrelin, respectively. Sensitivities of the present assay were 14.2 pg/ml and 0.14 ng/ml,

ICso were 264.1 pg/ml and 8.5 ng/ml, and intra assay coefficient of variation (CV) were

6.3% and 7.3% for active and total ghrelin RIA, respectively.

Plasma GH concentration was measured by double antibody RIA procedures (Lee
et al. 2000) using bovine GH (USDA-bGH, AFP-9884C) and anti-ovine GH
(USDA-anti-oGH, AFP-0802201). Sensitivity and intra-assay coefficient of variations were
0.25 ng/ml and 7.3% respectively. Plasma insulin concentration was quantified as
previously described (Inoue et al. 2005) by using bovine insulin (28.5 USP units/mg, Code
15500, Sigma Chemical Company, St. louis, MO, USA) and guinea-pig anti-bovine insulin
antiserum (Code 1-6136, Sigma Chemical Company). Sensitivity and the intra-assay
coefficient of variations were 0.05 ng/ml and 4.0%, respectively. Plasma leptin
concentrations were measured by in-house doubie antibody RIA procedures (See chapter 2).
Sensitivity and the intra-assay coefficient of variations were 0.46 ng/ml and 5 %,

respectively. All samples were run in duplicate at 4°C for each assay.

Measurements of plasma metabolites
Plasma glucose and non-esterified fatty acid (NEFA) levels were measured by
commercially available kits (Code No. 439-90901 and 279-75401 respectively, Wako,

Japan).

Statistics
All data are expressed as means + S.EM. Statistical difference between averaged
pre-injected values (from -30 to 0 min) and post-injected concentration at each time points

were analyzed using one way ANOVA, followed by multiple comparisons of general linear
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mixed model. Area under the curve (AUC) of each hormone for the 0 to 60 min response to
injection of vehicle or ghrelin was calculated using the trapezoid method and differences
were evaluated by Student’s paired r-test. All analyses were --performed using SPSS for
Windows, version 10.0.0 (SPSS, Chicago, IL, USA). P < 0.05 was considered significant. -
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RESULTS

The changes in plasma active and total ghrelin responses to synthesized bovine
ghrelin are presented in Fig. 3-1. The RIA for active ghrelin utilizing the rabbit anti-bovine
ghrelin [1-11] antiserum showed that there were no differences in pre-injected plasma
active ghrelin concentrations in any of the groups (159.0 + 19.1 pg/ml). Exogenous ghrelin
administration increased plasma active ghrelin levels in a dose-dependent manner (Fig.
3-1A). Significantly higher peak amplitude was seen 5 min after 0.5 ug’kg BW injection
compared with pre-injected levels (363.8 + 123.1 vs. 195.1 + 33.7 pg/ml, P < 0.01) and
increased dose-dependently. Thereafter, the elevated active ghrelin levé]s quickly returned
to the pre-injected levels within 10 min. On the other hand, the RIA for bovine total ghrelin
utilizing the antibody against bovine ghrelin [11-27] showed that the basal concentration of
bovine total ghrelin was 2.8 + 0.7 ng/ml and this value is approximately 16 times higher
than the basal active ghrelin level. Total ghrelin was also increased transiently following
synthetic bovine ghrelin injection and returned to the pre-injected values within 5-15 min
(Fig. 3-1B). Similar to the changes in active ghrelin levels, significantly higher peak
amplitude was also seen 5 min after 0.5 pg/kg BW injection compared with pre-injected
levels (24.1 + 5.1 vs. 3.9 = 1.5 ng/ml, P < 0.001) and increased dose-dependently.

The response of plasma GH concentration to bovine ghrelin is presented in Fig.
3-2. Plasma GH concentration in the vehicle-injected group did not change throughout the
experiment (2.6 = 0.6 ng/ml). Acylated bovine ghrelin [1-27] injection stimulated GH
secretion dose-dependently. Plasma GH level peaked significantly 5 min after injection of
0 .1 pg ghrelin/kg compared with pre-injected values (6.1 £ 1.9 vs 2.1 + 0.5 ng/ml, P <
0.05). The peak amplitude and duration of the GH response were dependent on the dose of
ghrelin, i.e., higher dose of bovine ghrelin resulted in increased GH level over a longer

period (Fig. 3-2).
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The response of plasma insulin to exogenous bovine ghrelin is shown in Fig. 3-3.
Vehicle injection did not modify the plasma insulin level throughout the study (0.7 £ 0.1
ng/ml). The plasma insulin concentration increased, in general, about 10-15 min after
ghrelin administration and decreased within 45 min post-injection. Transient but significant
peaks were seen only in groups injected with higher doses of ghrelin (5.0 pg/kg BW and
10.0 pg’kg BW).

Average basal glucose concentration in bovine plasma was 86.5 + 2.9 mg/dl in the
vehicle-injected group. Plasma glucose levels increased after ghrelin injection compared
with pre-injected values but did not reach significance and the response was independent of
the dose-given. Moreover, there was a wide range in variation among animals (data not
shown).

Figure 3-4 shows the effect of synthetic bovine ghrelin on plasma NEFA level in
Holstein heifers. Basal NEFA concentration in the control group (35.7 + 3.8 pEg/l) was
lower than that of ghrelin injected groups and significant changes were not seen throughout
the experiment. Injection of bovine ghrelin tended to increase plasma NEFA level but the
values did not reach significance compared with pre-injected values when ghrelin was
given in low doses (0.1 ug’kg BW & 0.5 ug/kg BW). On the other hand, plasma NEFA
concentration increased as early as 5-10 min after injection with the higher doses of ghrelin
(from 1.0 pg/kg BW to 10.0 pg/kg BW) and returned to pre-injected values 60 min later.

Plasma leptin levels did not change in vehicle-injected groups (1.37 £ 0.07 ng/ml),
and administration of bovine ghrelin did not modify the basal plasma leptin concentrations
(Fig. 3-5). However, plasma leptin levels increased 120 min later after ghrelin injection at a
dose of 10.0 ug/kg BW (average peak values is 2.28 + 0.30 ng/ml).

Table 3-1 summarizes the AUCs of plasma hormones and metabolites (-60 min
after ghrelin injection. Mean AUCs for six animals were pooled after subtraction of

pre-injected AUCs and expressed as a percentage of the AUC for the vehicle-injected group.
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Active ghrelin AUC pooled for 0-60 min started to increase significantly when the dose of
ghrelin was incréased to 0.5 pg/kg BW compared with that of the vehicle injected group
(119342 + 1470.6 vs 9472.6 + 1091.2 pg/ml/min). Total ghrelin AUC after ghrelin
injection at 0.1 pg/kg BW was 110% of the values of vehicle-injected group ( 172.2 + 42.7
vs. 155.9 £ 35.1 ng/ml/min) and increased dose-dependently (P < 0.001). Reflective to the
changes in GH concentration, GH AUC for 1h post-injection with the smallest dose of
bovine ghrelin (0 .1 pg/kg) was significantly greater than that of the control group (P <
0.01). The GH AUC after injection with the highest dose of ghrelin (10.0 pg/kg BW)
increased 797% over that of the vehicle-injected group (1186.66 + 16.95 vs. 148.86 + 1.43
ng/ml/min, P < 0.001). However, none of the gllucose AUCs 1 h after injection with several
doses of ghrelin significantly differed compared with the vehicle-injected group (5221.3 %
112.8 mg/dl/min). Moreover, insulin AUC did not increase significantly in any of the
ghrelin-injected groups compared with the vehicle-injected group (44.8 + 5.6 ng/ml/min).
In all ghrelin-injected groups, pooled NEFA AUCs for 0-60 min post-injection were
significantly higher than that of vehicle-injected group (vs. 2208.9 + 165.5 pEq/l/min).

However, no clear effect of ghrelin on leptin AUCs was observed.
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Fig. 3-1. Changes of plasma active (A) and total (B) ghrelin concentration in response to synthetic
bovine ghrelin in Holstein heifers. Animals were intravenously injected with acylated bovine ghrelin (-
@®--0,--H-- 0.1, -A--; 0.5, —@—; 1.0, —M—; 5.0, —A—; 10.0 pg/kg BW) dissolved in 5 ml
0.1% BSA-saline. Plasma ghrelin concentrations were measured by RIA. The arrow indicates the time of
injection. Values are the means + SEM of 6 animals. Opened symbols indicate a significant difference (P
<0.05) compared with mean pre-injected concentrations (-30 to 0 min).
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Fig 3-2. Dose-dependent stimulatory effect of ghrelin on plasma GH concentration in Holstein heifers.
Animals were intravenously injected with acylated bovine ghrelin (--@--; 0, --M--; 0.1, —-A--; 0.5, —@
—; 1.0, —M—; 5.0, —A—; 10.0 ug/kg BW) dissolved in 5 ml 0.1% BSA-saline. The arrow indicates
the time of injection. Values are the means + SEM of 6 animals. Opened symbols indicate a significant
difference (P < 0.05) compared with mean pre-injected concentrations (-30 to 0 min).
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Fig. 3-3. Response of plasma insulin to ghrelin in Holstein heifers. Animals were intravenously injected
with acylated bovine ghrelin (--@--; 0, -W--; 0.1, --A-; 0.5, —@—; 1.0, —l—; 5.0, —A—; 10.0
pg/kg BW) dissolved in 5 ml 0.1% BSA-saline. The arrow indicates the time of injection. Values are the
means + SEM of 6 animals. Opened symbols indicate a significant difference (P < 0.05) compared with
mean pre-injected concentrations (-30 to 0 min).
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Fig. 3-4. Dose-dependent effect of ghrelin on non-esterified fatty acids (NEFA) in Holstein heifers.
Animals were intravenously injected with acylated bovine ghrelin (--@--; 0, --l--; 0.1, -~ A--; 0.5, — @
—; 1.0, —M—; 5.0, —A—; 10.0 pg/kg BW) dissolved in 5 ml 0.1% BSA-saline. The arrow indicates
the time of injection. Values are the means + SEM of 6 animals. Opened symbols indicate a significant
difference (P < 0.05) compared with mean pre-injected concentrations (-30 to 0 min).
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Fig. 3-5. Dose-dependent effect of ghrelin on plasma leptin levels in Holstein heifers. Animals were
intravenously injected with acylated bovine ghrelin (~-@--; 0, —-l--; 0.1, - A--; 0.5, —@—; 1.0, —H
—; 5.0, —&—; 10.0 pp/kg BW) dissolved in 5 ml 0.1% BSA-saline, The arrow indicates the time of
injection. Values are the means + SEM of 6 animals. Opened symbols indicate a significant difference (P
< (.05) compared with mean pre-injected concentrations (-30 to 0 min).
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Table 3-1. Area under the curve of plasma hormones and metabolites from 0 to 60 min after injection of ghrelin in six Holstein
heifers. |

Dose of synthetic bovine ghrelin (ug/kg BW)

0.1 0.5 1.0 5.0 10.0
GH 128 +£ 23* 149 + 32* 313 £ 45%** 562 + 124*¥** TFOT £ 143***
Active ghrelin 100+ 8 126 + 16*** 127 & 14%%* 146 + J4%** 163 + 16***
Total ghrelin 110+27 185 £ 3] *** 281 & 61*** 612 £ 96*** 1127 £ 210%**
Insulin 98 + 16 102+ 15 108 £ 18 112+ 15 107 £ 25
Glucose 94+ 2 97+ 3 98+3 96+ 3 101 +3
NEFA 126 £ 7¥** 131 & JQ*** 185 £ 22%** 193 & 3(Q*** 238 &+ 38***
Leptin 105+9 116+ 6 93+ 6 74 + 4 1076

Bovine ghrelin was dissolved in 5 ml 0.1% BSA-saline and intravenously injected at 0 min. ‘AUCs were presented as
percentage (= SEM) of vehicle-injected group after subtraction of pre-injected AUC (-30 min to 0 min).
*P < 0.05, ***P < (.001 vs. vehicle-injected control group.



DISCUSSION

Feeding time, energy balance, physiological and some pathological states such as
obesity influence the plasma ghrelin levels in domestic animals as well as in humans
(Korbonits et al. 2004). Our previous study demonstrated that plasma ghrelin level showed
the nocturnal periodicity and tended to be increased by fasting in pigs (Inoue er al. 2005).
In ruminants, circulating active ghrelin levels are lower in 3-month-old calves than in
mature cows (Miura er al. 2004). It has also been reported that plasma active ghrelin levels
increased preprandially and decreased after feeding in schedule meal-fed sheep (Sugino ef
al. 2004) but these periprandial changes were not evident in 3 month old calves (Miura ef al.
2004). In the present study, the bovine ghrelin RIA showed that both isoforms of ghrelin
(acylated and des-acyl ghrelin) are circulating in bloodstream of Holstein heifers with
considerable amounts. This result is in agreement with other reports in human and animal
models (Hosoda ef al. 2000a, Asakawa et al. 2005). The basal level of total ghrelin is
approximately 16 times higher than that of active ghrelin, but it should be noted that this
ratio can only be used for the six-month-old heifers and not for animals of other
physiological stages such as pre-ruminant animals, i.e., calves. In pre-ruminant stage,
ghrelin immunoreactive cells exist. After weaning, ingested dry feeds are slowly digested
by ruminal microbes, and the nature of nutrients absorbed by abomasum become different
from the pre-ruminant stage. Therefore, weaning may alter the basal plasma levels of
gastric-derived hormone, ghrelin, the secretion of which is influenced by ingested nutrients
(Korbonits et al. 2004). This hypothesis is supported by the study in which basal gut
hormones such as gastrin, cholecystokinin, pancreatic polypeptide and vasoactive intestinal
peptide levels increased, while secretin and somatostatin levels decreased after weaning in

Holstein caives (Toullec ef al. 1992). Moreover, orally ingested glycery! trioctanoate rich in
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milk lipids significantly increases the active ghrelin levels in murine stomach leading to the
results that the amount of active ghrelin in stomach tissues increasing gradually during the
suckling period and decreasing sharply after the initiation of weaning, while plasma total
ghrelin levels do not change across this transitional period (Nishi et al. 2005). Therefore, it
can be suggested that plasma active and total ghrelin concentrations and their ratio in

plasma may alter with different physiological stages like before and after weaning in

ruminants.

On the other hand, the role of des-acyl ghrelin on ruminant physiology is still not
known. In rat, administration of des-acyl ghrelin decreased food intake and gastric
emptying rate through an action on the paraventricular nucleus and the arcuate nucleus in
the hypothalamus (Asakawa et al. 2005). Des-acyl ghrelin is supposed to induce negative
energy balance, in contrast to acylated ghrelin (Tschop er al. 2000, Nakazato et al. 2001),
and possesses some peripheral effects (Thompson et al. 2004, Gauna et al. 2005). Recently,
Igbal er af (2006) reported that injection of acylated ghrelin failed to induce voluntary feed
intake but significantly stimulated GH secretion in sheep while Toshinai e al (2006)
reported that intracerebroventricular injection of des-acyl ghrelin stimulated feeding during
light phase via distinct pathway from GHS-R in rats fed ad libitum. Therefore, it is
suggested that dominant amount of circulating des-acyl ghrelin may also play an important
role in mechanisms such as regulation of feeding in ruminants. Further extended studies
emphasizing the effects of feeding, physiology and energy states on plasma ghrelin levels,
and studies on the role of des-acy! ghrelin in ruminant physiology are necessary.

In this study, both active and total ghrelin levels were only temporally elevated in
plasma after injection of synthetic bovine ghrelin and were degraded/eliminated in the
bloodstream within 15 min. This result was in consistent with other reports in which the
half-life of plasma ghrelin was supposed to be very short (Tschip et al. 2000, Gauna et al.

2004). The similar results has reported in weaned pigs; serum ghrelin level peaked within
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15 min of intravenous infusion of human ghrelin (2 pg/kg BW) and decreased to nearly
half-maximal values by 30 min after infusion (Salfen ef al. 2004).

In dairy industry, it is of economical importance to increase plasma GH secretion
because it is associated with faster growth, less fat stores and improved milk production
(McMahon et al. 2001b). Two hypothalamic hormones, GHRH and SRIF are known to be
the main regulators of episodic GH release from anterior pituitary gland where GHRH
stimulates and SRIF inhibits the GH secretion. Other synthetic enkephalin derivatives,
GHRPs, (also known as GHSs) also stimulate the secretion of GH (Bowers CY 1998). The
endogenous ligand of GHS-R, ghrelin, has been of interest as a peripheral potent GH
stimulator since it was first purified from rat stomach (Kojima et al. 1999), and several
studies have been published on the physiological and pharmacological effects of ghrelin in
human and domestic animals (Korbonits et al. 2004). It has also been reported that the
octanoylation on Ser’ residue of the N-terminal region is important for ghrelin to activate
its receptor, GHS-R1a (Kojima et al. 1999), and short peptides encompassing the first 4-5
residues of ghrelin can activate the GHS-R1a almost as efficiently as the full-length ghrelin
(Bednarek et al. 2000). In contrast, truncated peptides of octanoylated ghrelin such as
EP-01037 (Gly-Ser-Ser(O-octanoyl)-Phe-NH;) and EP-00775
(Gly-Ser-Ser(O-octanoyl)-Phe-Leu-Ser-Pro-Glu-NH,) neither stimulate GH secretion in
vivo nor replace radiolabelled ghrelin from binding sites (Torsello et al. 2002). Moreover,
bovine ghrelin is a 27 amino acid peptide and 8 amino acids of C-terminal region [11-27]
are heterologous to those of monogastric animals (Dickin ef al. 2004). Based on these facts,
it is preferable to use a specific peptide to investigate the physiological effect of ghrelin on
the mechanisms of GH secretion in ruminants.

In this study, we firstly reported the dose-dependent stimulatory effect of synthetic
acylated bovine ghrelin [1-27] on GH secretion in Holstein heifers. We used 6 doses of

synthetic bovine ghrelin from 0.1 pg/kg BW to 10 pg/kg BW (approximately 0.033
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nmol’kg BW to 3.3 nmol/kg BW) in single bolus injections. The minimal dose of bovine
ghrelin used in this study induced significantly greater GH AUC 1 hour after injection
compared with that of vehicle-injected control group. The GH peak amplitude also reached
significant as early as 5 min after injection. ltoh ef a/ (2005) also reported that intravenous
bolus injection of human ghrelin (0.3 nmol/kg BW, approximately equivalent to 1 pg/kg
BW) significantly stimulated GH secretion in dairy cattle, and the effect seemed to be more
potent in early lactating cows than in calves and in late lactation cows. In contrast,
Hashizume et al (2005) reported that intra-arterial injection of rat ghrelin at 1pg/kg BW
was not able to stimulate GH secretion in ovariectomized goats but injection of ghrelin at 3
ng/kg BW significantly stimulated GH release. Moreover, Iqbal ef al (2006) reported that a
bolus injection of ovine ghrelin at the dose of 1, 5, 10 and 20 ug to third cerebral ventricle
induced a weaker GH response compared with DAP-octanoyl® human ghrelin injection in
ovariectomized ewes. These conflicting results of different responses of GH to ghrelin
injection might be due to the differences in experimental condition, differences in
physiological stages of the experimental animals such as age, different preparations of
peptide for injection and the use of human/rat ghrelin which have quite different amino acid
residues at C-terminal region compared with ruminant ghrelin (Dickin ef al. 2004). Our
results from dose-dependent study clearly indicated that a physiological dose of bovine
ghrelin is sufficient to induce GH secretion in Holstein heifers and this is consistent with
the results of previous works in human and rats (Takaya et al. 2000, Hataya et al. 2001,
Tolle et al. 2001). Moreover, the highest dose of ghrelin used in this study (10.0 pg/kg BW)
still stimulated the secretion of GH significantly than the 5.0 pg/kg BW indicating that 10.0
pgfkg BW is not the situation dose for the maximum GH release in Holstein heifers.
Altogether, these data suggest that ghrelin is a potent GH releaser in ruminants.

The increase of plasma insulin concentration in response to synthetic bovine

ghrelin injection reached significance at 10 min when the heifers were injected with 1.0
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ug/kg BW while lower doses of ghrelin failed to stimulate insulin secretion. However, none
of the insulin AUCs for 1 h post-injection in ghrelin-injected groups reached significant
compared with the vehicle-injected groups. The effect of ghrelin on pancreatic hormones is
still unclear. There are some reports suggesting that ghrelin has stimulatory (Date ef al.
2002b, Lee et al. 2002) or inhibitory (Broglio et @l. 2001, Reimer et al. 2003) effects on
insulin secretion in human and rats. Moreover, Salehi e al (2004) reported that a
physiological dose of ghrelin has no effect on glucose-stimulated insulin release from
isolated mouse islets while low doses inhibit and high doses stimulate. Furthermore,
injection of 1 and 10 nmol ghrelin/kg BW suppresses basal plasma insulin levels in intact
mice. A very recent study on ruminants reported that injection of 1pg ghrelinkg BW has a
stimulatory effect on insulin in lactating cows but not in calves (itoh e/ al. 2006).
Combining these results with ours in which physiological doses of ghrelin failed to elevate
insulin levels, it seems that physiological concentrations of ghrelin do not influence insulin
secretion. Coincidentally, the injection of physiological or supra-physiological doses of
ghrelin failed to induce apparent changes in plasma glucose concentration in this study.
This result is in agreement with other reports in ruminants studies on the effects of KP 102,
another potent GH secretagogue (Roh et al. 1996) and ghrelin (Itoh e al. 2006). On the
other hand, it was reported that injection of acyl ghrelin induces a rapid rise in insulin and
glucose levels but decreases insulin sensitivity in human models (Gauna et al. 2004). These
authors also reported in another in vitro study that acylated ghrelin induced while des-acyl
ghrelin inhibited glucose output from primary porcine hepatocytes (Gauna et al. 2005).
From this dose-dependent study, it is not possible to extrapolate the precise regulatory
mechanism of ghrelin, insulin and glucose in ruminants and more extended studies are
needed in these area.

In humans, a 2-h intravenous infusion of acylated human ghrelin (7.5 pmol/kg/min)

significantly increased not only serum GH concentrations, but also serum NEFA,
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adenocorticotropin, epinephrine and prolactin levels when ghrelin was given at a dose of 15
pmol/kg/min (Lucidi et al. 2005). In our results in ruminants, a bolus injection of bovine
ghrelin stimulated plasma NEFA level (Fig. 3-4), but the response was slightly delayed
compared with the time-course of ghrelin-induced GH release. This result is similar to a
previous report (Roh ef al. 1996) in which serial injections of KP102 resulted in elevation
of plasma NEFA level in Holstein calves. In rodents, chronic ghrelin administration has
been shown to increase body fat content and to stimulate the activity of
glycerol-3-phosphate  dehydrogenease and the differentiation of rat parametrial
preadipocytes in vitro (Tschop et al. 2000, Korbonits ef al. 2004). These controversial
effects of ghrelin on lipid metabolism might be due, at least in part, to the differences in
species, length (chronic and acute) and dose of peptide administration. One possible
explanation for our result is that elevated plasma ghrelin may mimic the temporary negative
energy balance in heifers because plasma ghrelin levels elevated in the conditions of energy
insufficiency (Korbonits e al. 2004, Anderson et al. 2005). In addition, ghrelin-induced
elevation of plasma GH concentration may promote fatty acid degradation (McMahon e al.
20015). As the result, reserved body fat is mobilized to maintain the energy balance leading
to the subsequent increase in plasma NEFA concentration (Chilliard et al. 2000). Other
factors such as leptin (adipose tissue derived protein), insulin and glucagons may
participate in the counter-regulation of fat metabolism with ghrelin.

In conclusion, our dose-dependent study clearly demonstrates that both acylated
and des-acyl ghrelin are circulating in the bloodstream in considerable quantities in
ruminant species. Moreover, our data show that intravenous injection of ghrelin at
physiological doses is sufficient to induce endogenous GH secretion and confirm the potent
stimulatory effect of acylated bovine ghrelin on plasma GH secretion in Holstein heifers.
Ghrelin also has cénsiderable effect on plasma insulin and NEFA levels indicating that

ghrelin plays an important role in ruminant physiology.
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SUMMARY

The stimulatory effect of novel gastric-derived hormone, ghrelin, on GH secretion
has been reported in domestic animals as well as in human and rats. The effects of
pharmacological doses of rat and/or human ghrelin on GH secretion have been reported
recently in ruminants; however, physiological effect of exogenous bovine ghrelin on its
own plasma level and on GH secretion is still unknown. In this study, the dose-dependent
effects of synthesized acylated bovine ghrelin [1-27] on plasma active and total ghrelin, GH,
insulin and metabolites were measured in Holstein heifers. Six animals were intravenously
injected with synthesized acylated bovine ghrelin (0, 0.1, 0.5, 1.0, 5.0, 10.0 pg/kg BW and
plasma hormone concentrations were measured from serially collected samples. Bovine
ghrelin RIA showed that basal level of total ghrelin is approximately 16 times higher than
that of active ghrelin in bovine plasma. Both forms of ghrelin were increased in
dose-dependent manner responsive to the bovine ghrelin injections, peak values were
reached at 5 min after administration and returned to pre-injected values within 15 min.
Plasma GH was responsive to all doses of bovine ghrelin in dose-dependent manner,
peaked as early as at 5-10 min after injection and returned to the basal value within 60 min.
The GH area under curve 1 h after injection of smallest dose of ghrelin used in this
experiment (0.1 pg/kg BW) was significantly higher than that of vehicle (0.1% BSA
saline)-injected control group (P < 0.05). GH response to the highest dose of ghrelin (10.0
pg/kg BW) was greater than the response to 5.0 pg/kg BW ghrelin (P < 0.001). Plasma
glucose concentrations were not significantly altered by the administration of bovine
ghrelin while plasma insulin levels were transiently stimulated by higher doses of ghrelin
(1.0, 5.0, 10.0 pg/kg BW). Plasma NEFA levels also increased following the ghrelin
administration. This study confirms that ghrelin is not only a potent stimulator for GH

secretion but also plays a considerable role in energy homeostasis of Holstein heifers.
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Chapter 4 (Experiment 3)

Effect of pretreatment of des-acyl ghrelin on ghrelin-induced

hormonal changes in Holstein steers

INTRODUCTION

In Chapter 3, we have clearly demonstrated the potent stimulatory effect of ghrelin
on the GH secretion in Holstein heifers (ThidarMyint et al. 2006). Moreover, intravenous
administration of the supraphysiological doses of ghrelin stimulated insulin and NEFA
concentrations. Two types of ghrelin molecular forms, acyl- and des-acyl ghrelin (Hosoda
et al. 2000a) circulates in the blood stream in all species studied to-date and their ratio is
about 1:16 in Holstein heifers (ThidarMyint et al. 2006). The acyl-modification on its Ser’
residue is supposed to be indispensable for the binding of ghrelin to the cognate receptor,
GHS-Rla (Kojima et al. 1999). Moreover, N-terminal Gly-Ser-Ser(n-octanoyl)-Phe
segment appeared to constitute the “active core” required for agonist potency at human
GHS-R la (Bednarek et al. 2000). In contrast, Torsello ef al. (2002) demonstrated that
truncated ghrelin analogs encompassing the first 5 amino acids are ineffective in the
stimulation on GH release in neonatal rat. Moreover, recent studies have demonstrated in
monogastric animals that des-acyl ghrelin inhibits cell death in cardiomyocytes (Baldanzi et
al. 2002) and central administration of des-acyl ghrelin reduces cumulative food intake in
16 h feed-deprived rats (Chen er al. 2005). Heijboer ef al (2006) also reported that
simﬁltaneous administration of des-ghrelin abolishes the inhibitory effect of ghrelin on
hepatic insulin action. Therefore, it can be hypothesized that des-acyl ghrelin acts as a
natural antagonist of ghrelin. The objective of the present study was to determine the effect

of des-acyl ghrelin on ghrelin-induced endocrine effects in ruminants.
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MATERIALS AND METHODS

Animals

Five Holstein steers (10 months of age with 280 =+ 9 kg BW) and six Holstein male
calves (3 month of age with 86.8 + 3.2 kg BW) were housed in group under natural
dark-light cycle at beef cattle barn, Obihiro University of Agriculture and Veterinary
Medicine. They were fed twice daily (0800 h & 1600 h) with concentrates for growing
calves (crude protein 14%, crude fat 1.5%, crude fiber 8%, and crude ash 7%, Hokuren,
Japan) according to the Japanese nutritional standard for beef-type dairy cattle. Animals
finished eating concentrate within 20min. Timothy hay, mineral salt block and water were

free-choice. Body weight was measured one day prior to each injection.

Experimental design

The experimental procedures were approved by the Institutional Animal
Experimentation Ethics Committees of Obihiro University. A catheter was inserted to one
of the external jugular vein of each steer one day before starting the experiment, and
patency of the catheter was maintained with heparinized saline. Bovine acylated ghrelin
[1-27] and bovine des-acyl ghrelin [1-27] were freshly diluted with sterilized solution of
0.1% BSA saline to reach the desired concentration for each animal before the injection.
Animals were loosely chained to the stanchion during sampling. They were randomized to
receive one of the following three intravenous injections: vehicle (5 ml of 0.1% BSA saline
as control) injection § min prior to the injection of vehicle (v/v group), acylated ghrelin
injections at a dose of 1.0 pg/kg BW with pre-injection of vehicle (v/ghr group), or 10.0 pg
des-acyl ghrelin /kg BW (des-ghr/ghr group). Treatments were done at 0955 and 1000 h via
jugular catheter followed immediately by flushing the catheter out with 5 ml heparinized

saline. Blood samples were collected at -15, -10 (prior to the first injection), 0 (prior to the
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second injection), 5, 10, 15, 20, 30, 45, 60, 75, 90, 105, 120 min, and moved into
pre-ice-chilled heparinized tubes. Plasma was treated as previously described in chapter 3
and stored at -30°C until assay. Experiments were repeated with 2-days recovery period.

In addition, six male calves were randomly assigned to be intravenously injected
with vehicle, acylated bovine ghrelin [1-27] or acylated porcine ghrelin [1-28]. Bovine and
porcine ghrelin show six different amino acids sequences at their C-terminal region (Table
2-1). Peptides were injected at a dose of 1.0 ug/kg BW at 1000 h and serial blood samples
were collected. Treatment and storage of plasma was done as described earlier,

Experiments were repeated with 2-days recovery period.

Measurements

Plasma acyl-ghrelin, total ghrelin, GH, insulin and PYY levels were measured by
RIA as previously described in Chapter 2. All samples were measured in a single assay at
4°C. Sensitivity was 20.0 pg/ml, 0.10 ng/ml, 0.04 ng/ml, 0.04 ng/ml and 0.01 ng/ml for
acyl-ghrelin, total ghrelin, GH, insulin and PYY RIA, respectively. Intraassay CV was less
than 10% for each assay. Plasma glucose and NEFA levels were evaluated by commercially

available kits as previously described in Chapter 3.

Statistics

All data are expressed as means + SEM. Statistical difference between pre- and
post-injected values at each time points were analyzed using one way ANOVA, followed by
multiple comparisons of general linear model. All analyses were performed using SPSS for

Windows, version 10.0.0. P < 0.05 was considered significant.
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RESULTS

The changes in plasma acyl- and total ghrelin concentrations in Holstein steers
from -15 to 120 min after injections are shown in Fig. 4-1. Vehicle injections did not
change the basal plasma acyl-ghrelin and total ghrelin concentrations (103.15 £ 16.11
pg/ml & 3.16 + 0.46 ng/mi respectively). Plasma acyl-ghrelin levels promptly and
transiently increased after acyl-ghrelin injections both in v/ghr group and des-ghr/ghr group
(Fig. 4-1A). Plasma total ghrelin levels peaked at 5 min after acyl-ghrelin injections in
v/ghr group (14.05 * 2.02 ng/ml) and returned to the preinjected values within 10 min after
injection. On the other hand, plasma total ghrelin levels elevated 5 min after des-acyl
ghrelin injection (51.03 + 13.81 ng/ml for des-ghr/ghr group) and the level steadily
recovered to the baseline values 60 min after acyl-ghrelin administration (Fig. 4-1B).

The plasma GH concentrations immediately increased (peak value of 43.16 +
10.42 ng/ml) from basal value of 3.36 + 1.07 ng/ml after intravenous administration of
acyl-ghrelin (Fig. 4-2). The peak values and recovery time of plasma GH between v/ghr
group and des-ghr/ghr group were not differed. The plasma insulin levels transiently
increased from basal values of 0.51 + 0.08 ng/ml 10 min after acyl-ghrelin injections but
the effects of preinjections of vehicle or des-acyl ghrelin on these changes were not
observed (Fig. 4-3A). There was no significant change in plasma PYY levels in all groups
(Fig. 4-3B), however, average plasma PYY levels were differed among groups (0.70 + 0.05,
0.76 + 0.03 & 0.87 = 0.05 ng/mli in v/v, v/ghr & des-ghr/ghr groups respectively, P < 0.03).
Plasma glucose concentration was not altered in v/v group showing average concentration
of 85.45 + 1.32 mg/dl (Fig. 4-4A). The transient peak was seen 5 min after ghrelin injection
in v/ghr group (97.35 + 3.04 mg/dl) or 10 min after injection in des-ghr/ghr group (97.21
4.57 mg/dl). Plasma NEFA concentrations were elevated from the basal values of 76.36 £

16.33 pEq/1 after ghrelin injections and peaked at 10 min post-injection (175.73 £ 21.25 &
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172.47 + 47.72 uEq/l for v/ghr and des-ghr/ghr groups respectively, Fig. 4-4B).

Figure 4—5 shows the responses of plasma GH to the intravenous bolus injections
of bovine acyl-ghrelin [1-27] and porcine acyl-ghrelin [1-28] in 3 month old calves. Both
bovine and porcine ghrelin significantly stimulated GH release with similar potency ( the
peak values were 49.73 + 15.37 and 42.42 + 10.69 ng/ml 5 min after bovine and porcine

ghrelin, respectively).
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Fig. 4-1. Effect of preinjection of des-acyl ghrelin on ghrelin-induced plasma acyl-ghrelin (A) and total
ghrelin (B) levels in Holstein steers. Animals were intravenously injected with vehicle followed by
vehicle (v/v, ®); vehicle followed by acyl-ghrelin (v/ghr, m); des-acyl ghrelin followed by acyl-ghrelin
(des-ghr/ghr, A). The arrows indicate the time of injection. Values are the means + SEM for 5 animals.
Opened symbols indicate a significant difference (P < 0.05) compared with pre-injected concentrations

(-15 min).
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Fig. 4-2. Effect of preinjection of des-acyl ghrelin on ghrelin-induced plasma GH levels in Holstein
steers. Animals were intravenously injected with vehicle followed by vehicle (v/v, ®); vehicle followed
by acyl-ghrelin (v/ghr, m); des-acyl ghrelin followed by acyl-ghrelin (des-ghr/ghr, A). The arrows
indicate the time of injection. Values are the means + SEM for 5 animals. Opened symbols indicate a
significant difference (P < 0.05) compared with pre-injected concentrations (-15 min).
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Fig. 4-3, Effect of preinjection of des-acyl ghrelin on ghrelin-induced plasma insulin (A} and PYY (B}
levels in Holstein steers. Animals were intravenously injected with vehicle followed by vehicle (v/v, ®);
vehicle followed by acyl-ghrelin (v/ghr, ®); des-acyl ghrelin followed by acyl-ghrelin (des-ghr/ghr, A).
The arrows indicate the time of injection. Values are the means + SEM for 5 animals. Opened symbols
indicate a significant difference (P < 0.05) compared with pre-injected concentrations (-15 min).
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A). The arrows indicate the time of injection. Values are the means = SEM for 5 animals. Opened
symbols indicate a significant difference (P < 0.05) compared with pre-injected concentrations (-15
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Fig. 4-5. Comparison on the effects of bovine and porcine acylated ghrelin on GH secretion in Holstein
steers. Animals were intravenously injected with 5 ml 0.1% BSA-saline (®); bovine acyl-ghrelin (m);
and porcine acyl-ghrelin (A). The arrow indicates the time of injection. Values are the means + s.EM for
6 calves. Opened symbols indicate a significant difference (P < 0.05) compared with pre-injected

concentrations (-15 min),
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DISCUSSION

In the circulation and stomach tissues, ghrelin can be found as at least two major
molecular forms: acyl-ghrelin with n-octanoylation on the Ser’ residue, and des-acyl
ghrelin which is lack in acylation (Hosoda et al. 2000a). Des-acyl ghrelin occupies the
major portion of circulating ghrelin in Holstein heifers (ThidarMyint ef al. 2006) and also
in monogastric animals (Hosoda ef al. 2000a). In the present study, basal plasma total
ghrelin levels (including acyl-ghrelin, des-acyl ghrelin and intact C-terminal ghrelin
fragments) were approximately 24 times higher than the acyl-ghrelin levels. This ratio of
plasma acyl- and total ghrelin levels are differed from the results of the previous study
(ThidarMyint et al. 2006) while total ghrelin concentrations are similar between these two
experiments. Therefore, it can be postulated that plasma acyl-ghrelin may readily, fluctuate
with the changes in physiological conditions of animals compared with des-acyl ghrelin
levels. More precise studies are in necessity on this aspect.

The finding of interest in the present study is that the rate of
degradation/elimination of total ghrelin was relatively delayed; plasma total ghrelin levels
increased promptly but declined gradually to the basal values 60 min post-injection when
bovine des-acyl ghrelin was administered at a dose of 10 pg/kg BW (3.24 nmol/ kg BW;
Fig. 4-1B). In our previous study, it was observed that the degradation/elimination rate of
plasma total ghrelin concentrations induced by 10 pg (3.09 nmol) acylated bovine
ghrelin/kg BW was obviously rapid, i.e., within 15 min post-injection (Fig. 3.1B). We can
not explain the reason for these differences in the present time but the rapid degradation or
short half-life of ghrelin has been reported in humans (Tschop et al. 2000, Gauna et al.
2004) and in pigs (Salfen et al. 2004). Therefore, it can be suggested that the rate of
degradation of ghrelin in circulation is also rapid in ruminants and perhaps the structure of

ghrelin (acylated or des-acyl form) may affect the degradation rate of exogenous ghrelin.
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The results from the present study again demonstrated the potent stimulatory effect
of ghrelin on GH release in steers. On the other hand, intravenously pre-administered
des-acyl ghrelin did not influence the ghrelin-induced GH elevation. In addition,
intravenous bolus injections of bovine and porcine ghrelin of which different amino acid
sequences at C-terminal region showed the similar potency on GH stimulation in calves.
These findings are in consistence with the results of the study by Bednarek ef a/ (2000) in
which short peptides encompassing the first 4 or 5 residues of ghrelin were capable of
increasing intracellular calcium levels in cells transfected with the human GHS-R1a about
as efficiently as the full-length ghrelin. In deed, acyl-modification on its Ser’ residue seems
to be critical for the ghrelin to react with GHS-Rla (Kojima ef al.1999). However, the
controversial results have been reported by Torsello er al (2002) in which ghrelin analogs
that were truncated in C-terminal region were ineffective to stimulate GH release in
neonatal rats and failed to displace radiolabelled ghrelin from binding sites in membranes
from human hypothalamus and pituitary. Nevertheless, the results from the present study
support the critical role of acyl-modification for ghrelin to stimulate GH secretion in
ruminants.

While the controversial effects of ghrelin on carbohydrate metabolism has been
reported by numerous in vivo and in vitro studies (Date et al. 20025, Lee et al. 2002,
Broglio et al. 2001, Reimer et al.2003), the present study showed that intravenous bolus
injection of ghrelin at a dose of 1 ng/kg BW increased plasma insulin levels in steers, These
data supports the results of previous studies in Holstein heifers (ThidarMyint et al. 2006)
and lactating cows (Itoh ef al. 20065). Plasma NEFA levels also significantly increased
followed by ghrelin injection and only transient increase for plasma glucose levels was
observed. The precise regulatory role of ghrelin on carbohydrate and fatty acid metabolism
in ruminants can not be fully explained from the present results, but it is noteworthy that

the responsive time of insulin and NEFA levels was less rapid compared with the GH
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response to ghrelin in the present study. The similar result was seen in the previous study
(ThidarMyint et al; 2006). It can be suggested that ghrelin-induced GH release may be
responsible for the increase in plasma insulin and NEFA levels. Again, pre-injection of
des-acyl ghrelin did not affect to those changes. Recent study by Heijboer et al (2006)
showed that ghrelin hampers insulin's capacity in mice to suppress endogenous glucose
production, whereas it reinforces the action of insulin on glucose disposal, independently of
food intake and body weight. These metabolic effects are unlikely to be mediated by the
GHS receptor. Therefore, more precise studies are necessary to understand the involvement
of ghrelin and ghrelin receptor in the regulation of glucose and insulin levels in ruminants.
In contrast to the orexigenic effect of ghrelin, PYY secreted form L-cells of
intestinal tract inhibits feed intake in monogastric animals (Batterham et al. 2002). Two
molecular forms of PYY with opposite biologic actions are circulating in the bloodstream:
PYY .3 stimulates feed intake while PYY3.36 inhibits (Grandt er al, 1994). Both ghrelin and
PYY immunoreactive cells are present throughout the gastrointestinal tract (Date ef al.
2001, Onaga et al. 2000) suggesting the possible counter-regulation of secretion and
function between these peptides. Although the information about this area and the effect of
PYY on feed intake in ruminants is still limited, Chelikani et al (2006) has reported that
intravenous infusion of ghrelin at dark onset attenuated the inhibitory effects of PYY;.35 on
food intake and gastric emptying in freely feeding rats. The present study showed that the
injection of ghrelin alone or pre-injection with des-acyl ghrelin had no clear effect on
plasma PYY levels while the group differences in average plasma PYY levels were
observed. We also have reported that plasma ghrelin levels did not change in pigs
administered with porcine PYY;3s (Ito er al. 2006). Moreover, plasma ghrelin levels
fluctuated around feeding in scheduled meal-fed sheep (Sugino et al. 2002a) while plasma
PYY levels were not altered over 48 h in both roughage and concentrate-fed sheep (Onaga

et al. 2000). Therefore, it can be suggested that the roles of ghrelin and PYY are
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independent in ruminant physiology, and at least in part, ghrelin is not a regulator of plasma

PYY concentrations in ruminants.

Although none of the endocrine effects of des-acyl ghrelin has not available to date,
numerous studies have shown the central effect of des-acyl ghrelin in the respect of feed
regulation. Secretion of des-acyl ghrelin from the rat hypothalamus increased in glucoprivic
states induced by fasting or treatment with 2-deoxy-D-glucose (2-DG), a selective inhibitor
of carbohydrate metabolism (Sato ef al. 2005). Toshinai et a/ (2006) also reported that
central administration of des-acyl ghrelin stimulates feed intake in GHS-R deficient mice,
but not in orexin deficient mice suggesting the regulatory effect of des-acyl ghrelin through
interactions with a target protein distinct from the GHS-R. The controversial study by
Asakawa et al (2005) has shown the anorexigenic and catabolic effect of centrally
administered des-acyl ghrelin in rats. In that study, administration of des-acyl ghrelin
decreased food intake and gastric emptying rate through an action on the paraventricular
nucleus and the arcuate nucleus in the hypothalamus of rat. Moreover, des-acyl ghrelin
overexpressing mice showed moderately decreased linear growth and exhibited a decrease
in body weight, food intake, and fat pad mass weight. However, we did not observe the
involvement of des-acy! ghrelin in the endocrine effects of ghrelin in cattle. At least in part,
the site of the injection might not be the reason because des-acyl ghrelin can enter into the
brain (Banks et al. 2002).

In conclusion, our present data in ruminants is in agreement with previously
reported studies in monogastric animals showing the critical role of acyl-modification for
the endocrine effects of ghrelin. Moreover, this is the first report, as in our knowledge, on
the effect of exogenous ghrelin on plasma PY'Y levels in ruminants. The possible metabolic

effects and the specific receptor for des-acyl ghrelin in ruminants have to be studied in

advance.
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SUMMARY

In this experiment, we study the effect of preinjection of des-acyl ghrelin on
ghrelin-induced endocrine changes in Holstein steers. Five Holstein steers were
intravenously injected with vehicle (5 ml 0.5% BSA-saline) or synthesized acylated bovine
ghrelin at a dose of 1 pg/kg BW. They were preinjected with vehicle or des-acyl bovine
ghrelin (10 pg/kg BW) and serial blood sampling were done. Plasma acyl-ghrelin level
increased after ghrelin injection and rapidly returned to the basal values within 10 min
post-injection. The elevated plasma total ghrelin levels induced by des-acyl ghrelin
injection less rapidly returned to preinjected values (within 60 min). Bolus administration
of bovine acylated ghrelin stimulates plasma GH and NEFA levels. There was a transient
increase in plasma insulin and glucose levels followed by the ghrelin injection but plasma
PYY levels did not change. Pre-injection of des-acyl ghrelin did not influence the endocrine
effects of ghrelin in Holstein steers. Moreover, i.v. bovine and porcine acylated ghrelin
injection to calves at a dose of 1 ug/kg BW induced equal and potent GH release. These
data indicates that acyl-modification of ghrelin at Ser® residue is critical for the endocrine

effects of ghrelin in ruminants.
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Chapter 5 (Experiment 4)

Combined administration of ghrelin and GHRH synergistically

stimulates GH release in Holstein preweaning calves

INTRODUCTION

The circadian and pulsatile secretion of GH from the anterior pituitary gland is
mainly regulated by two hypothalamic hormones: the stimulatory GHRH and the inhibitory
somatostatin SRIF (McMahon et al. 20015). Other synthetic hexa- or penta-peptides,
known as GHRP or nonpeptidyl GHSs, also stimulate GH release via the specific G-protein
coupled receptor GHS-R (Bowers et al. 1984, Smith et al. 1993). In 1999, the endogenous
ligand of GHS-R, ghrelin, was firstly purified from stomach of rat and reported as a potent
GH release stimulant (Kojima et al. 1999). Ghrelin is also known as an anabolic hormone
because it stimulates feeding and reduces fat oxidation, thus leading to adiposity (Tschop et
al. 2000). To date, several studies in monogastric animals showed that ghrelin is the third
regulator of the adenohypophysial axis since it acts synergistically in vivo or additively in
vitro with GHRH to release GH (Anderson ef al. 2005).

Ruminant ghrelin is a peptide consisting of 27 amino acids with octanoylation on
Ser’ residue of N-terminal region (Kita et al. 2005) which modification is essential for the
bioactivity of ghrelin on GH secretion (Kojima ef al. 1999). Another form of ghrelin,
des-acyl ghrelin, represents the major portion of circulating ghrelin (Hosoda er al. 2000a,
ThidarMyint et al. 2006). Ghrelin was detected in bovine oxyntic glands of abomasal
tissues (Hayashida er al. 2001) and preprandial surges of plasma active ghrelin
concentrations were observed in scheduled-meal fed sheep (Sugino er al. 2002a),

suggesting that ghrelin may be involved in appetite regulation in ruminant species. In our

83



previous study, we have shown that both active and total ghrelin circulate in the ruminant
blood stream and that exogenous ghrelin dose-dependently stimulates GH secretion in
Holstein heifers (ThidarMyint ef al. 2006). Another study also reported that ghrelin-induced
GH secretion is higher in early lactating cows than in calves and late-lactating cows (Itoh et
al. 2005). Therefore, ghrelin is an important regulator of the somatotropic axis in ruminants
and the effect of ghrelin might be altered by the physiological status of animals.
Nevertheless, a recent in vitro study showed no synergistic or additive effect of ghrelin and
GHRH on GH secretion from ruminant adenohypophysial cells (Hashizume et al. 2003). To
the best of our knowledge, there is no report on associations between ghrelin and GHRH in
vive in ruminant species. In this study, we investigated the effects of ghrelin, GHRH and
their combined administration on plasma GH, IGF-1, insulin, glucose and NEFA levels in
Holstein bull calves. Moreover, we examined whether or not the interaction of ghrelin and
GHRH on these parameters were altered after weaning. We also studied the possible
changes of plasma active and total ghrelin concentrations in the pre- and postweaning

periods because weaning induces changes in endocrine regulators in ruminants (Katoh ef al.

2004, Yonekura et al. 2002).
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MATERIALS AND METHODS

Animals

Six Holstein bull calves (18 = 2 days of age, 40.5 1.7 kgBW) were purchased
from a commercial producer and housed in individual pens in natural light-darkness cycle.
Calves were bottle-fed with 300 g milk substitute (crude protein 26%, crude fat 20%, crude
fiber less than 1%, crude ash 10%, Calf milk AT, Snow Brand, Japan) in 2 liters of
lukewarm water per meal two times per day (0900 h & 1700 h). Calf starter (crude protein
25%, crude fat 2%, crude fiber 7%, crude ash 10%, Calf Manna, Manna pro-corporation,
St.Louis, USA), Timothy hay and water were supplied ad libitum. After weaning at 6 weeks
of age, calves were raised in flock and offered concentrate for growing calves (crude
protein 14%, crude fat 1.5%, crude fiber 8%, crude ash 7%, Hokuren, Sapporo, Japan)
instead of milk substitute. Water and hay were provided ad libitum with mineral salt.
Average daily gain during the experiment was 0.77 kg. Obihiro University Animal Use and

Care Committee approved the experimental procedures of the study.

Peptides

n-Octanoylated bovine ghrelin (1-27) and human GHRH-NH, (1-29) were
synthesized with Fmoc strategy of solid phase peptide synthesis procedures. Peptidy] resin
was cleaved with TFA followed by purification on a TSK ODS-120A column (7.8 mm ID x
30 cm) by HPLC (linear gradient of 0-60% CH3;CN) and fractions containing peptides were
lyophilized. Peptides were dissolved in sterile de-ionized water and diluted with sterile
0.1% BSA dissolved in physiological saline to reach 1 mg/ml and stored at -80°C. The
amino acid sequence of first 29 residues of GHRH is reported as the shortest fragment
required for full capacity of GH-releasing activity in vive (Ling et al. 1984, Hodate ef al.

1986) and represents the high degree of sequence conservation among species (Frohman
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LA & Jansson JO, 1986).

Peptide administration and sampling procedures

To study the effect of ghrelin and/or GHRH on plasma GH levels during the
pre-weaning period, a sterilized polyethylene catheter was inserted nonsurgically into an
external jugular vein of each calf 1 day prior to the start of experiments when calves were 5
weeks old and weighed 51.2 + 2.3 kg (+ SEM). The catheter was fixed to the skin with a
silk ligature and the patency was maintained with heparinized saline. This catheter was
used for both peptide injection and blood sampling. Body weight was measured one day
before each injection to allow the determination of peptide doses. Calves were assigned
randomly to injection of vehicle (5 ml 0.1% BSA-saline), ghrelin (1 pg’kg BW equivalent
to 0.3 nmol per kg), GHRH (0.25 pg/kg BW equivalent td 0.074 nmol per kg) or a
combination of ghrelin (1 pg/kg BW) and GHRH (0.25 pg/kg BW) separated by 1 or 2 days
between experiments. All calves received all treatments. Therefore, the number of animals
in each treatment group was 6. The dose of ghrelin (1 pg/kg) was chosen from our previous
study (ThidarMyint et al. 2006). Preliminary studies showed that the stimulatory effects of
two doses of synthesized human GHRH (0.25 and 1.0 pg’kg BW) on GH secretion were
similar in Holstein bull calves (ThidarMyint ez al. unpublished data). Therefore the dose of
0.25 ug/kg BW was chosen for GHRH. Peptides were injected at 1200 h and serial blood
samples (5 ml each) were withdrawn immediately before (-15 and 0) and at 5, 10, 15, 20,
30, 45, 60, 90, 120 min after each injection. Plasma was transferred to tubes and stored in
triplicate at -30°C for later analysis. One portion of plasma was acidified by 1M HCI for
ghrelin assays. Experimental procedures were repeated when the calves reached 10 weeks
of age (post-weaning period, 73.1 + 3.9 kg BW), but in contrast to the preweaning period,

calves were loosely attached during blood sampling.
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Measurement of plasma hormones and metabolites

Plasma active ghrelin, total ghrelin, GH and insulin concentrations were measured
by double antibody RIA as previously described (ThidarMyint et al. 2006). The I1GF-1
concentration was measured by RIA (Lee e al. 2000) after extraction of plasma with
acid-ethanol (Daughaday er al. 1980). All samples were measured in duplicate at 4°C.
Average inter-assay and intra-assay coefficients of variation were 12% and 11% for active
ghrelin, 13% and 6% for total ghrelin, 5% and 5% for GH, 15 % and 11% for insulin, and
9% and 5% for IGF-1, respectively. Plasma glucose and NEFA levels were measured by

commercially available kits (Code No. 439-90901 and 279-75401 respectively, Wako,
Japan).

Statistics

All data are presented as means + S.EM. Values of the time points at -15 and 0 min
were averaged and used as pre-injected valﬁes. The significant differences in the plasma
concentrations at each time points, and changes in the effects of treatments before and after
weaning were analyzed using repeated measures ANOVA. The values of AUC of each
hormone for 120 min after the injection of vehicle, ghrelin, GHRH or their combination
were calculated by using the trapezoid method and compared with Student’s paired r-test
after subtraction of correspondent pre-injected AUC (from -15 to 0 min). All analyses were

performed using SPSS for Windows, version 10.0.0. P < 0.05 was considered significant.
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RESULTS

Basal plasma concentrations around weaning

Basal plasma concentrations of active ghrelin, total ghrelin, GH, insulin, IGF-1,
glucose and NEFA are summarized in Table 5-1. Plasma insulin, glucose and NEFA
concentrations were higher during the preweaning period (P < 0.001), while the

concentrations of active ghrelin, total ghrelin, GH and IGF-1 levels were similar during the

pre- and postweaning periods.

Effect of peptide injections on plasma GH concentrations

Figure 5-1. shows the response of plasma GH concentrations to vehicle, ghrelin,
GHRH and their combined administration around weaning. Vehicle injection did not affect
basal plasma GH levels. In the preweaning period (Fig. 5-1A), plasma GH levels reached
peak values at 5 min after injection and returned to pre-injected values within 30 min: the
peak values in calves injected ghrelin or GHRH alone were similar (29.6 + 5.3 ng/ml after
ghrelin; 25.9 + 5.4 ng/ml after GHRH), but the GH response to ghrelin plus GHRH was
greater (102.3 + 35.7 ng/ml; P < 0.001) than the sum of the GH responses to ghrelin and
GHRH alone. After weaning (Fig. 5-1B), plasma GH levels increased immediately after
peptide injections and peaked at 10 min (53.2  14.5 ng/m| after ghrelin; 77.9 + 31.2 ng/ml
after GHRH; 92.9 = 19.7 ng/ml after ghrelin plus GHRH). Thereafter, plasma GH levels
gradually returned to pre-injected values at 30, 45 and 90 min after injection of ghrelin,
GHRH and ghrelin plus GHRH, respectively.

Likewise, the values of GH AUCs for 120 min aﬁér injection in ghrelin-alone or
GHRH-alone groups were similar (811.5 + 37.5 vs 934.8 + 136.8 ng'min/ml) in the
preweaning period (Fig. 5-2). GH AUC in ghrelin plus GHRH group was significantly
greater (2941.1 + 529.3 ng-min/ml, P < 0.05) than the sum of GH AUCs responsive to the

88



injection of ghrelin aJone and GHRH alone. Therefore, we considered that ghrelin and
GHRH synergisticélly stimulate GH secretion. When calves were weaned, combined
administration of ghrelin and GHRH induced a higher GH AUC (4086.1 + 455.5
ng'min/ml) than that of ghrelin alone (1665.9 + 215.3 ng-min/ml, P < 0.001), but similar to
that of GHRH alone (3047.4 + 823.6 ng'min/ml, P = 0.295). The GH AUCs in the
postweaning period were greater than those of the preweaning period when peptides were

injected alone (P < 0.05). However, the values of GH AUCs of ghrelin plus GHRH groups

were similar (P = 0.18).

Effects on other hormones and metabolites

Plasma active ghrelin and total ghrelin were transiently elevated after
administration with ghrelin alone or in combination with GHRH (average peak values;
913.2 + 88.9 pg/ml and 18.9 + 2.3 ng/ml respectively), however; injection of GHRH alone
or in combination with ghrelin did not modify the plasma active or total ghrelin
concentrations. Moreover, plasma IGF-1, insulin, glucose, or NEFA concentrations were

not significantly changed by vehicle or peptide administration (data not shown).
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Table 5-1. Basal® plasma concentrations of hormones and metabolites in Holstein bull

calves before and after weaning’.

Preweaning period Postweaning period
(5 wk of age) (10 wk of age)
Active ghrelin (pg/ml) 408.1 + 86.8 5982+ 1134
Total ghrelin (ng/ml) 2.8+03 3.1+£0.8
GH (ng/ml) 24+0.38 34+1.0
IGF-1 (ng/ml) 41.7+£9.7 392+72
Insulin (ng/ml) 1.7+£0.7 0.4+ 0.1%**
Glucose (mmoles/L) 52+0.2 4.0 £ 0.2%**
0.16 +0.02 0.06 + 0.0]***

NEFA (mEg/L)

Values are presented as means = s.eM. for six calves. i
2 Averaged value of vehicle (0.1% BSA-saline)-injected group from -15 to 120 min.

®Calves were weaned at 6 weeks of age.
*%% P <0.001 vs correspondent value of pre-weaning period
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Fig. 5-1. Plasma GH responses to the iv injection of vehicle (), n-octanoylated bovine ghrelin at 1
pg/kg BW (m), human GHRH amide (1-29) at 0.25 ug/kg BW (A) and their combination (¢} in Holstein
bull calves at 5 weeks of age (A; preweaning period) and at 10 weeks of age (B; postweaning period).
Calves were weaned at 6 weeks. The bolus injections were done at 0 min. Data are expressed as means %
SEM. for 6 animals. Open symbols indicate a significant difference (P < 0.05) compared with the mean
of pre-injected values (-15 to 0 min).
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Fig. 5-2. The plasma GH area under the curve (AUC) for 120 min after acute intravenous injection of
vehicle, n-octanoylated bovine ghrelin at 1 pg/kg, human GHRH amide (1-29) at 0.25 pg/kg and their
combination in Holstein bull calves. Open columns represent the values of pre-weaning period (5 week
of age) and closed columns represent the values of post-weaning period (10 week of age). Calves were
weaned at the age of 6 week. The values shown are mean = S.EM for 6 animals.

* p<(.05, ** P<0.01 vs correspondent value between pre- and post-weaning periods.

%5 represent values that are significantly different within pre-weaning period (£<0.05)

*¥Z represent values that are significantly different within post-weaning period (P<0.05)
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DISCUSSION

In the present study, we demonstrate that the coadministration of ghrelin and
GHRH had a synergistic effect on GH secretion in preweaning calves and that this effect
was lost after weaning. Previous in vivo studies have, too, reported a synergistic effect of
ghrelin and GHRH on GH responses in humans (Arvat ez al. 2001, Hataya et al. 2001). On
the other hand, in vitro studies could not demonstrate that ghrelin has a synergistic or
additive effect with GHRH on the GH release from bovine, porcine and rat anterior
pituitary glands (Hashizume e al. 2003, Malagon er al. 2003, Yamazaki e al. 2002). These
discrepancies in the results between in vivo and in vitro studies suggest that the effect of
ghrelin on GH secretion is not only limited to the pituitary, but likely also involves effects
on GHRH release from the hypothalamus. This assumption is based on the fact that ghrelin
and GHS-R are both produced in the hypothalamus (Anderson et al. 2005). Recent in vitro
and in vivo studies have reported that ghrelin stimulates GHRH release (Mogi et al. 2004,
Wren et al. 2002). 1t is also possible that ghrelin and GHRH stimulate GH secretion from
somatotrophs via different pathways. Indeed, ghrelin and GHRH regulate GH secretion
through complex interdependent intracellular signaling pathways. It is generally accepted
that the route of ghrelin to promote GH release is via GHS-R type 1a, which is coupled
with the phospholipase C/inositol phosphate/ protein kinase C signaling pathway, while
GHRH binds to GHRH-R which activates the adenylate cyclase / cAMP/ protein kinase A
signaling pathway (Anderson ef al. 2005). Moreover, it is noteworthy to consider the
possibility of subpopulations of bovine somatotrophs that are responsive to ghrelin, GHRH
or both stimulants since Mitani et a/ (1996) reported based on studies using reverse
haemolytic plaque assay that there are at least three functionally distinct somatotroph
subpopulations that responded to GHRP-6, GHRH and both stimulants in rat anterior

pituitary cells. Further studies on expression and functional regulation of ghrelin in the
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bovine anterior pituitary glands is needed.

We also observed that the effects of ghrelin and GHRH to elicit GH release
became more potent after weaning when the peptides were injected independently.
However, synergistic effect of ghrelin and GHRH on GH secretion seen in preweaning
calves was no longer observed. It can be suggested that the greater GH responses to
individual stimulants might mask the possible synergistic or additive effect of ghrelin with
GHRH in weaned calves. Furthermore, it is possible that the effect of individual stimulants
and their interaction on the hypothalamo-pituitary axis alter after weaning since several
studies have reported that digestive and endocrine systems including the somatotropic axis
are affected by weaning in ruminants (Katoh er al. 2004, Yonekura et al. 2002).
Unfortunately, it is difficult to elucidate that weaning is the major influencing factor for
these changes because we did not study age-matched un-weaned animals in the present
experiment. However, based on the fact that basal plasma GH concentrations and the values
of GH responses elicited by the combination of ghrelin plus GHRH were similar in pre- and
post-weaning periods, it can be postulated that the basal GH releasing capacity of
somatotrophs were similar in pre- and postweaning periods. It is possible that the
proportions of subpopulations of somatotrophs that are responsive to ghrelin, GHRH, and
to both secretagogues might change during the weaning.

Several studies have reported that the potency of ghrelin on GH stimulation is
weaker when compared with GHRH in humans (Anderson et al. 2005, Hataya er al. 2001).
In contrast, Seoane ef al (2000) showed that ghrelin has similar or stronger potency on GH
release compared with GHRH in humans. In the previously reported study in ruminants, the
stimulatory effect of ghrelin was weaker than that of GHRH, but increased while GH
secretory response to GHRH was blunted or relatively weak in early lactating cows (Itoh ef
al. 2005). We have shown in Holstein heifers that physiological doses of ghrelin could

stimulate GH secretion while higher doses also enhanced plasma insulin and NEFA levels
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(ThidarMyint er al. 2006). The present data also showed that ghrelin had comparable effect
with GHRH on GH responses in calves. Therefore, ghrelin is an important regulator of GH
secretion in ruminants.

The present data also showed that both active and total ghrelin concentrations
between feeding times remained unchanged across the pre- and postweaning periods in bull
calves. A recent study by Kobayashi et al (2006) also showed that plasma active ghrelin
levels were not changed by feeding in young goats. As in our previous study, plasma total
ghrelin concentration in Holstein heifers was higher (16 times) than active ghrelin levels
(ThidarMyint er al. 2006). Again, we observed that the ratio of active and total ghrelin,
independent of feeding time, is lower (1:7) in bull calves and that this ratio did not change
after weaning. Moreover, plasma total ghrelin concentrations were similar in the two
studies while plasma active ghrelin concentrations were higher in bull calves than heifers.
Further studies on plasma active and total ghrelin levels by sex, physiological stage,
feeding time and nutritional status may be helpful for a deeper understanding of the role of
ghrelin in ruminant physiology.

On the other hand, significant changes in plasma IGF-1, glucose and NEFA
concentrations were not observed over 2 h sampling period in all group. However, basal
plasma insulin, glucose and NEFA concentrations were higher in the preweaning period
compared with the values of postweaning period. Feeding time might not be the reason for
these discrepancies because blood sampling procedures were done between meal times
(started at 3 h after morning feeding and finished at 3 h before evening feeding) in both pre-
and post weaning period. It can be suggested that differences in feed composition,
developmental changes of gastrointestinal tract such as ruminal maturation around weaning,
or by aging may influence the plasma insulin, glucose and NEFA levels but ghrelin might
not be a major reguiator in this process.

In conclusion, this study demonstrates that ghrelin synergistically stimulated GH
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release with GHRH in the preweaning calves, but this effect was obviously lost after
weaning. Basal plasma insulin, glucose and NEFA levels declined after weaning but acute
intravenous administration of ghrelin, GHRH and their combination failed to induce any
changes on these parameters. Although further investigation on the precise role of ghrelin
on the GH-IGF-1 axis in ruminants in different physiological stages is needed, our study

showed a major role of ghrelin on regulation of GH secretion in young ruminants.
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SUMMARY

Ghrelin is a gut peptide which participates in growth regulation through its
somatotropic, lipogenic and orexigenic effects. Synergism of ghrelin and GHRH on GH
secretion has been reported in humans and rats, but not in domestic animals iz vivo. In this
study, effects of a combination of ghrelin and GHRH on plasma GH and other metabolic
parameters, and changes in plasma active and total ghrelin levels were studied in Holstein
bull calves before and after weaning. Six calves were intravenously injected with vehicle
(0.1% BSA-saline), ghrelin (1 pg/kg BW), GHRH (0.25 pug/kg BW) or a combination of
ghrelin plus GHRH at the age of 5 weeks and 10 weeks (weaning at 6 weeks of age).
Ghrelin stimulated GH release with similar potency as GHRH and their combined
administration synergistically stimulated GH release in preweaning calves. After weaning,
GH responses to ghrelin and GHRH became greater compared with the values of
preweaning calves, but a synergistic effect of ghrelin and GHRH was not observed. The
GH areas under the concentration curves for 2 h post-injection were greater in weaned than
in preweaning calves (P£<0.05) if ghrelin or GHRH were injected alone, but were similar if
ghrelin and GHRH were injected together. Basal plasma active and total ghrelin levels did
not change around weaning, but transiently increased after ghrelin injection. Basal plasma
insulin, glucose and non-esterified fatty acid levels were reduced after weaning, but no
changes by treatments were observed. In conclusion, ghrelin and GHRH synergistically

stimulated GH release in preweaning calves, but this effect was lost after weaning.
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Chapter 6 (Experiment 5)

Effects of repeated administration of ghrelin on plasma

hormones and metabolites in Holstein steers

INTRODUCTION

In the previous experiments, we have observed the potent stimulatory effect of
ghrelin, gastric-derived GHS, on GH stimulation in Holstein cattle (Chapter 3: ThidarMyint
et al. 2006, and chapter 4). In addition, intravenous administration of ghrelin has
stimulatory effect on plasma insulin and NEFA levels indicating the important role of this
peripheral hormone in ruminant physiology. Moreover, ghrelin and hypothalamic GHRH
synergistically stimulate GH release when they were intravenously co-administered in
pre-weaning calves (Chapter 5: ThidarMyint et al. 2008). The acyl-modification on its Ser®
residue seems to be critical for ghrelin to activate its cognate G-protein coupled receptor,
GHS-R1a, since the des-acyl ghrelin which is lack in octanyolation did not modify the
endocrine or metabolic effects of ghrelin (Chapter 4).

Studies by radioreceptor assay and immunofluorescent histochemistry reported
that GHS-R is detected in the numerous peripheral endocrine and nonendocrine tissues
including gastrointestinal tract in humans, rats and ruminants (Papotti ef al. 2000, Dass ef al.
2003, Miller er al. 2005). Moreover, both ghrelin and GHS-R, at mRNA and peptide levels
are present in the hypothalamus and pituitary (Korbonits et al. 2001, Miller et al. 2005)
suggesting the endocrine and possible autocrine/paracrine modulatory effect of ghrelin.
Although synergism between ghrelin and GHRH on GH secretion has been reported in
humans (Arvat ef al. 2001) and also in ruminants (ThidarMyint et al. 2008), the endocrine
responses to ghrelin were not modified by the coadministration of hexarelin, a nonnatural

peptidyl GHS (Arvat et al. 2001), and ghrelin was partially resistant to the homologus
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desensitization exerted by GHRP-6 (Micic ef al. 2002). These data suggest the existence of
additional un-identified receptor rather than GHS-R1a for natural and nonnatural GHSs, or
different intracellular mechanisms inserted by these compounds (Anderson ef al. 2005). In
rat, Yamazaki ez al. (2002) have reported that serial ghrelin stimulation to the dispersed
anterior pituitary cells at 1 h intervals decreased GH-response, but the response recovered
with stimulation at 3 h intervals. The authors suggested the strong desensitization of ghrelin
(receptor down-regulation) to the somatotrophs. It was supported by the results in human
embryonic kidney (HEK) 293 cell line that stably expresses the human GHS-R1a in which
ghrelin binding to these cells rapidly down-regulated the GHS-R (Camifia e al. 2004). in
the present experiment, we studied the characteristic of the effect of ghrelin on plasma

ghrelin, GH, insulin and metabolites in steers by using the serial intravenous injections of

ghrelin.

100



MATERIALS AND METHODS

Animals and Experimental procedures

Five Holstein steers (257 + 3 days old, 250 + 10 kg BW) were housed under
natural dark-light cycle. They were fed twice daily (0800 h & 1600 h) with commercially
available concentrates (crude protein 14%, crude fat 1.5%, crude fiber 8%, and crude ash
7%, Hokuren, Japan) to meet the daily energy requirements according to the Japanese
Nutritional Standard for beef cattle (2002). Animals finished eating concentrate within
20min. The timothy hay, mineral salt block and water were free-choice. Body weight was
measured on the previous day of experiment. Steers were assigned to randomized
cross-over study and were injected repeatedly with vehicle (5 ml 0.5% BAS-saline) or 1 pg
bovine ghrelin/kg BW 2 h intervally for 4 times (0800, 1000, 1200 and 1400 h) and serial
blood samplings were done from 0730 h to 1600 h. At the experimental day, water and
mineral salt block was given continuously but concentrate and hay were supplied at the end
of blood sampling. Plasma was treated as described in previous sections and experiments

were carried-out with 2-day recovery period.

Measurement of plasma hormones and metabolites

Plasma acyl-ghrelin, ghrelin, GH and insulin were measured by RIA as previously
described in Chapter 2. All samples were measured in single assay at 4°C. Sensitivity and
intraassay CV were 17.42 pg/ml and 6.5% for acyl-ghrelin RIA, 0.05 ng/ml and 10.7% for
ghrelin RIA, 0.14 ng/mi and 9.7% for GH RIA, 0.004ng/ml and 10.7% for insulin RIA
respectively. Plasma glucose and NEFA levels were evaluated by commercially available

kits (Code No. 439-90901 and 279-75401, respectively, Wako, Japan).
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Statistical analysis

All data are presented as means + SEM. The significant differences in the plasma
concentrations at each time points were analyzed using repeated measures ANOVA. The
values of AUCs for 120 min after each injection of vehicle or ghrelin were calculated by
using the trapezoid method and compared with Student’s paired s-test. All analyses were

performed using SPSS for Windows version 10.0.0. P < 0.05 was considered significant.
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RESULTS

Fig. 6.1 shows the changes in plasma acyl-ghrelin (A) and total ghrelin (B)
concentrations followed by the repeated injections of vehicle and ghrelin every 2 h for 8 h
in Holstein steers. The basal plasma acyl and total ghrelin levels for § h (average values of
0.54 + 0.08 ng/ml and 2.06 = 0.50 ng/ml respectively) were not modified by vehicle
injection. When ghrelin was repeatedly administered at a dose of 1 pg/kg BW, both plasma
acyl and total ghrelin levels were transiently elevated after each injection. The peak values
of acyl-ghrelin tended to be increased by the repeated injections but the values of AUCs for
120 min post-injection of ghrelin (77.47 £ 15.76, 75.03 + 13.41, 72.88 + 10.77 and 72.98 +
7.02 ng/ml/min for first, second, third and fourth injection respectively) were not different.
On the other hand, both the peak values and AUCs for plasma total ghrelin followed by
each injection were similar (AUCs; 582.47 + 85.01, 636.72 + 8.44, 675.90 + 57.29 and
642.09 = 60.59 ng/ml/min for first, second, third and fourth injection respectively).

The basal plasma GH concentrations in vehicle-injected group did not significantly
change throughout the sampling period (5.42 + 2.12 ng/ml; Fig. 6.2A). Each ghrelin
injection significantly increased the plasma GH levels but the peak values responsive to
second and third injections gradually decreased (23.60 = 4.85 and 11.12 + 4.56 ng/ml
respectively) when compared with that to first injection (28.52 + 8.86 ng/ml) and recovered
after fourth administration (25.48 £10.37 ng/ml). In accordance, GH AUC (ng/ml/min) for
120 min after first injection of ghrelin (1184.6 = 249.1) was larger than those after second
(727.3 £207.2; P <0.001) and third (457.03 = 154.4; P <0.01) injections. The value of GH
AUC after fourth injection (895.9 + 234.5) was higher than that after third injection but still
lower than that after first injection (P < 0.05). Basal plasma insulin (0.35 £ 0.06 ng/ml)
levels were not modified by the repeated administration of vehicle (Fig. 6.2B). Plasma

insulin levels significantly increased after each injection of ghrelin and peaked at 10-15 min
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post-injection. No significant difference among the values of AUCs for insulin followed by
each injection of ghrelin was observed (59.81 + 16.49, 57.71 £ 12.15, 53.94 + 8.65 and
51.89 + 10.14 ng/ml/min). The repeated administration of ghrelin did not affect the plasma
glucose levels throughout the experiment (average concentrations: 87.5 + 2.3 mg/dl and
88.9 = 3.3 mg/dl in vehicle- and ghrelin-injected group respectively, Fig. 6.3A). Plasma
NEFA level (average basal value of 117.2 + 20.8 pEq/l in vehicle-injected group) was
significantly increased after the repeated administration of ghrelin, whereas the AUCs
(mEq/l/min) followed by the each injection were not significantly differed (15.21 + 1.77,
16.72 £ 1.98, 20.95 £2.59 and 23.62 + 2.20 respectively, Fig. 6.3B).
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Fig. 6-1. The changes in plasma acyl-ghrelin (A) and total ghrelin (B) concentrations followed by
ghrelin administration. Steers were intravenously injected with vehicle (5 ml 0.5% BSA-saline;®) or 1

pg acylated bovine ghrelin/kg BW (©O) at 0, 120, 240 and 360 min. Blood sampling was started at 0730 h.
Data are presented as mean + S.EM for 5 animals,
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Fig. 6-2. The changes in plasma GH (A) and insulin (B) concentrations followed by ghrelin
administration. Steers were intravenously injected with vehicle (5 ml 0.5% BSA-saline;®) or 1 pg
acylated bovine ghrelinkg BW (O) at 0, 120, 240 and 360 min. Blood sampling was started at 0730 h.

Data are presented as mean £ S.EM for 5 animals.
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Fig. 6-3. The changes in plasma glucose (A) and NEFA (B) concentrations followed by ghrelin
administration. Steers were intravenously injected with vehicle (5 ml 0.5% BSA-saline;®) or 1 pg

acylated bovine ghrelinkg BW (©) at 0, 120, 240 and 360 min. Blood sampling was started at 0730 h.
Data are presented as mean * S.EM for 5 animals.
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DISCUSSION

In the present study, we investigated the characteristic of the endocrine function of
ghrelin in Holstein steers. The ratio of the basal plasma acyl-ghrelin and total ghrelin levels
was approximately 1:4 in 10 month old Holstein steers. This ratio is different from the
results of previous studies (approximately 1:16 in Holstein heifers in Experiment 2, 1:24 in
Holstein steers in Experiment 3, 1:6 in Holstein pre- and post-weaning calves in
Experiment 4). Therefore, it can be suggested that differences in the time and duration of
sampling, age and sex of animlas and experimental conditions may affect the molecular
structure of circulating ghrelin in ruminants. However, significant changes in both plasma
acyl-ghrelin and total ghrelin levels were not seen in the vehicle-injected control group
throughout the sampling time indicating the lack of the effect of short term fasting during
sampling on plasma ghrelin levels in Holstein steers. More detail procedures are needed to
investigate the regulatory factors that may influence the molecular forms of ghrelin in the
plasma or tissue levels.

Intravenous administration of ghrelin every 2 h for 8 h transiently increased the
basal plasma acyl-ghrelin and total ghrelin levels. Obviously, the peak value of plasma
acyl-ghrelin increased after fourth injection of ghrelin while plasma total ghrelin showed
similar response to each ghrelin injections. However, the values of AUCs for 120 min after
post-injection were not different for both acyl-ghrelin and total ghrelin. We can not explain
the reason for this finding in the present time but, at least in part, the residual effect of
exogenous ghrelin is the rare case since elevated acyl or total ghrelin quickly declined to
basal level after each injection. The rapid degradation of the plasma ghrelin has been
reported in humans (Tschop et al. 2000, Gauna et al. 2004) and in pigs (Salfen e al. 2004).
Our results in the previous studies also agree these findings. Therefore, we considered that

physiological up-regulation of ghrelin can be induced by repeated administrations of
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ghrelin but the precise evidence is not available yet.

In agreemeﬁt with the results in ruminants (Hayashida es al. 2001, Itoh er al. 2006a,
ThidarMyint et al. 2006 & 2008) and in monogastric animals (Seoane et al. 2000, Takaya
et al. 2000), present study showed that ghrelin potently stimulated GH secretion even
when it was repeatedly administered every 2 h for 8 h in Holstein steers. Moreover, the
decrease in the response of GH in a peak value or in AUC by serial injections of ghrelin
was observed. Roh e al (1996) also reported that GH responses were decreased by
multiple injections of GHRP-2, one of the potent GH-secretagogues, in Holstein calves. A
number of reasons can be considered. First, the capacity of somatotrophs to release GH
might be reduced after repeated administration of agonist. However, we have reported that
even 10 pg ghrelin/kg BW is not a saturation dose to stimulate GH secretion in Holstein
heifers (ThidarMyint ez al. 2006). Therefore, it can be considered that the depletion of
pituitary GH content is not the reason for this reduction in plasma GH following the
repeated injections of ghrelin at a dose of 1 pg/kg BW. Another possible factor is the
homologus desensitization of GHS-R induced by the multiple injections of peptide (Luque
et al. 2004). In the present result, the progressive reduction in the response of GH to the
subsequent injections recovered after fourth injection which was done at 6 h after first
injection. In fact, Camifia et al (2004) reported the slow recycling of ghrelin receptor
which takes 360 min to recover from internalization after agonist treatment in the human
embryonic kidney 293 cell line transfected with human GHS-R 1a. The other possibility is
that hypothalamic GHRH and SRIF may participate in this process (Kamegai et al. 2001,
Thompson et al. 2003). However, we can not show direct evidences for these possibilities
from our results, and advanced studies are necessary.

Plasma insulin level was also increased by ghrelin and every response to each

injection was similar while plasma glucose levels were not changed. The numerous studies

have been carried out on the effect of ghrelin on glucose mechanism in monogastric
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animals including humans but the results are controversial. Some studies have shown the
evidence of the stimulatory effect of ghrelin on pancreatic hormone secretion (Date ef al.
2001; Lee et al. 2002) while some have not (Broglio e al. 2001; Reimer et al. 2003).
According to the results from our previous study (Chapter 3), stimulatory effect of
pharmacological doses of ghrelin on plasma insulin levels was observed while
sub-pharmacological or physiological doses have no clear effect (ThidarMyint et al. 2006).
Itoh et al (20064) also reported that transient increase in plasma insulin and glucagon levels
were observed in lactating cows in response to the ghrelin administration while plasma
glucose levels were not changed. On the other hand, plasma NEFA level was also increased
after each ghrelin injections. Differences in experimental conditions, nutritional status and
physiological state of animals or sex may influence the effect of ghrelin on glucose and
fatty acid metabolism. Furthermore, the present study shows the delay response in the
changes of plasma insulin and NEFA levels after ghrelin administration compared with the
response of plasma GH. This result was in consistence with our previous studies. It
suggests the possibility that ghrelin indirectly affects the concentration of insulin and NEFA
via stimulation of GH, not by modulating the glucose level.

In conclusion, the present study shows that the repeated administration of ghrelin
promoted the increase in plasma acyl-ghrelin levels but the responses of plasma total
ghrelin levels after each injection were similar. Moreover, the potent stimulatory effect of
ghrelin on GH secretion was confirmed in Holstein steers while the GH response was
decreased with repeated administration of ghrelin. Ghrelin also stimulated plasma insulin
and NEFA concentration where plasma glucose levels were not changed. Although further

experiments are necessary, the present data demonstrate the regulatory role of ghrelin in

ruminant physiology.
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SUMMARY

The present experiment was conducted to study the characteristic of the effects of
ghrelin on plasma ghrelin, GH, insulin and metabolites in 10 month old Holstein steers.
Animals were subjected to randomized cross-over study and serially injected 2 hourly for 8
h with vehicle (5 ml 0.5% BSA-saline) or synthesized acylated bovine ghrelin (1 pg/kg
BW) via jugular vein catheters with 2 days recovery period. Blood sampling was done from
0700 h (30 min before first injection) to 1600 h. Vehicle injections did not modified the
basal plasma acyl-ghrelin, total ghrelin, GH, insulin, glucose and NEFA levels throughout
the sampling time. Plasma acyl-ghrelin and total ghrelin levels were transiently increased
by ghrelin injections and rapidly eliminated thereafier. The peak value in plasma
acyl-ghrelin reached highest after fourth injection of ghrelin but the ACUs values were not
differ. Ghrelin injections promptly and significantly increased the plasma GH levels. The
increase in plasma GH, in both peak value and AUCs level, after second injection of ghrelin
was lower than that of first injection. That reduction still maintained after third injection
and recovered after fourth administration. Plasma insulin and NEFA levels significantly, but
less rapidly, increased after each injection of ghrelin while no difference in the response of
peak values or AUCs levels was observed among injections. Serial administration of
ghrelin did not affect the plasma glucose levels. These data indicates the possibility of
strong desensitization and delayed recovery of GHS-R1a, a cognate receptor for endocrine
effects of ghrelin in ruminants. Moreover, it can be suggested that the regulatory role of
ghrelin in fatty acid metabolism and pancreatic peptide secretion is glucose-independent,

rather indirect effect via GH response in Holstein steers.
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Chapter 7 (Experiment 6)

Physiological and nutritional changes of plasma ghrelin

concentrations in ruminants

INTRODUCTION

Ghrelin is a 27-28 amino-acid peptide predominantly produced by the stomach and
other central or peripheral endocrine and nonendocrine tissues (Kojima er al. 1999,
Korbonits e al. 2004). Ghrelin stimulates GH secretion from anterior pituitary gland via
GH-secretagogue receptor type la (GHS-R1a) and acyl-modification of ghrelin at Ser’
residue is essential for this endocrine effect. Another molecular form of ghrelin which is
lack in acyl-modification (des-acyl ghrelin) also circulates in bloodstream with high
concentrations (Hosoda ef al. 2000a). Plasma ghrelin level is supposed to be under the
control of nutritional state; ghrelin levels increase in negative energy balance such as
fasting, anorexia and cachexia, and reduce in refeeding or obesity in human and laboratory
animals (Cummings et al. 2001, Anderson et al. 2005). In rat, the concentrations of
acyl-ghrelin and des-acyl ghrelin in plasma increased in response to fasting while they
decreased in hypothalamus and stomach. On the other hand, ghrelin mRNA expression
decreased in hypothalamus and increased in stomach (Sato et al. 2005). Recent studies also
showed that plasma acyl-ghrelin levels were influenced by feeding pattern and energy
balance in ruminants (Sugino et al. 20025, Wertz-Lutz et al. 2006, Bradford et al. 2007)
and in prepubertal gilts (Govoni et al. 2005). In deed, as shown in the previous chapters,
ghrelin participates in the physiology of growth in ruminants by stimulating the GH release.

On the other hand, PYY, a 36 amino-acid peptide that isolated firstly from porcine
intestine (Tatemoto & Mutt 1980) circulates in the bloodstream as two major molecular

forms, PYY .35 or PYY3.35 (Grandt ef al, 1994). PYY;.3¢ is a 34-amino-acid peptide, which
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is derived from PYY .6 via cleavage of two amino acids from the N-terminal region by
dipeptidyl peptidase IV. The anorexigenic effect of PYYs.3s has been reported in
monogastric animals (Batterham et al. 2002) including pigs (Ito et al. 2006). The
information on the role of PYY or the changes in plasma PYY levels in ruminants is still
limited. The circulating levels of PYY which were measured by RIA using anti-porcine
PYY serum were not altered over 48 h in both roughage and concentrate-fed sheep (Onaga
et al. 2000). However, PYY immunoreactive cells are distributed in the mucosa of
gastrointestinal tract (Onaga et al. 2000) and exogenous PY'Y altered the cycle of migrating
motor complexes of the ovine intestine at doses in what is considered to be the
physiological range (Onaga et al. 1997). We also have reported the inhibitory effect of PY'Y
on feed intake in pigs while GH secretion was increased by PYY administration (Ito et al.
2006). These data indicate the peripheral or central effect of PYY in domestic animals.
However, there is no information on how plasma ghrelin and PYY levels are regulated by
the state of energy balance in ruminants. Therefore, the present experiment was designed to
investigate the physiological changes in plasma acyl-ghrelin, total ghrelin and PYY

concentrations followed by fasting and refeeding, and the effects of type of feedstuff on

these changes in ruminants.
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MATERIAL AND METHODS

Animals and experimental design

Protocol 1: To investigate the fasting-induced changes in plasma acyl-ghrelin and
total ghrelin concentrations in ruminants, 11 sheep (2 years of age, 52 + 2 kg BW) from
Shintoku National Agricultural Research Center for Hokkaido Region, 5 steers (10 months
of age, 248 = 10 kg BW) and 6 sannen goats (12 months of age, 31 + 2 kg BW) from
laboratory of meat animal physiology, and 6 sheep (3 years of age, 58 + 2 kg BW) from
Laboratory of Nutrition, Obihiro University were used. Animals from Shintoku Research
Center were raised in pasture while other animals were housed in groups and fed twice
daily (0800 h and 1600 h) with commercially available concentrates/hay to meet the energy
requirements for maintenance. Mineral salt block and water was available free choice.
Animals were fasted for 48 h and blood sampling was done from jugular vein at 1100 h at
day 1 (before fasting) and day 3 (after fasting). Plasma was isolated after centrifugation
(3000 rpm x 20 min at 4°C) of blood and stored at -30°C until assay. For plasma ghrelin

assay, 600 ul of plasma was separately acidified with 30 pl 1M HCI and stored at -30°C.

Protocol 2: To investigate the effect of diet-type on the changes of plasma
acylated and total ghrelin concentrations in response to fasting time, five sannen goats (2
years of age, 37 + 2 kg BW) were housed in large stalls without accessing to pasture. They
were fed ad libitum Timothy hay (roughage-based diet; R-diet) twice a day at 0900 h and
1700 h. The initial blood sampling for measurement of basal plasma hormone
concentrations was done via jugular venipuncture from each animal at 1300 h. After that,
the residual feed was removed and animals were maintained under fasting condition for 48
h while mineral salt block and water was continued to give free choice. The additional

blood samples were taken at day 2 (24 h fast) and 3 (48 h fast) at 1300 h. The animals were
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then refed and the fourth sampling was done after 24 h refeeding. Body weight was
measured before and after fasting. Then, animals were gradually shifted to the
concentrate-based diet (C-diet) composed of 500g commercially available concentrate
(crude protein 14%, crude fat 1.5%, crude fiber 8%, and crude ash 7%, Hokuren, Japan)
and 1 kg timothy hay per day. Additional blood sampling and measurement of body weight
were done within two weeks adaptation period. Thereafter, the fasting and sampling

procedure was repeated. Plasma was treated as mentioned above and stored at -30°C.

Measurements

Plasma acyl-ghrelin, total ghrelin, insulin and PY'Y concentrations were quantified
by RIA as described in chapter 2 & 3. Sensitivity and average intra-assay CV were 15.0
pg/ml & 11.0%, 0.44 ng/ml & 8.0%, 0.004 ng/ml & 10.7% and 0.20ng/mi & 11.0% for
acyl-ghrelin, total ghrelin, insulin and PYY RIA respectively. Plasma GH concentration
was measured by RIA (Chapter 3). Sensitivity and intra assay CV were 0.21 ng/ml and
7.0% respectively. Plasma glucose and NEFA levels were measured by commercially

available kits (Code No. 439-90901 and 279-75401 respectively, Wako, Japan).

Statistics

Data are expressed as mean + SEM. The differences between groups were
compared with Student’s paired #-test. Changes in plasma levels after fasting and refeeding
were performed with one-way ANOVA with LSD post hoc analysis. The correlations
between the changes in plasma hormone and metabolites levels for Trial 2 were analyzed
by Pearson’s 2-tailed correlation analysis. A P values less than 0.05 was considered

significant. When P value was 0.01, it was considered that the values have tendency.
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RESULTS

Protocol 1: The changes in plasma hormones and metabolites at fed and fasted
condition in ruminants are presented in Table 7-1. In fed-state, the plasma acyl-ghrelin
level was highest in sheep fed twice a day while plasma total ghrelin concentrations was
lowest in steers. Both plasma acyl-ghrelin and total ghrelin levels, and the percentage of
plasma acyl-ghrelin were increased by 48 h fasting in all groups. In sheep fed twice daily,
the increase in plasma acyl ghrelin obviously reached to the value of plasma total ghrelin
i.e., most of the measurable plasma ghrelin represent the acylated form in those animals.
On the other hand, the significant changes in plasma PYY and GH levels after 48 h fasting
were not observed. Both plasma insulin and glucose levels were significantly reduced in
fast state in other animals except in goats. Plasma NEFA levels were significantly increased

in all fasted animals.

Protocol 2: The goats showed similar pre-fasting BW in both diet. Fasting for 48 h
induced 10% reduction in BW in all animals (37 = 2 vs 33 + 2 kg before and 48 h fasting,
respectively). Basal plasma acyl-ghrelin concentration was not affected by type of diet
(1.34 £ 0.34 vs 0.75 £ 0.17 ng/ml in R-diet and C-diet respectively, Fig. 7-1). The levels
significantly increased by fasting (15.53 + 3.35 and 7.16 + 2.29 ng/ml at 24 h after fasting
in R-diet and C-diet respectively) and maintained throughout the fasting period, then
returned to pre-fasting value after realimentation (Fig. 7-1A).

The prefasting levels of plasma total ghrelin was significantly higher in R-diet than
that of C-diet (8.24 + 0.78 vs 3.29 + 0.41 ng/ml respectively, P < 0.05) while the pattern in
the response to fasting and refeeding was similar in both diets (Fig. 7-1B). The percentage
of plasma acyl-ghrelin were increased by fasting and reduced by refeeding in both diet (Fig.

7-1C).
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The basal plasma insulin levels were similar between diets (047 £0.13 vs 0.58 £
0.018 ng/ml in R-diet and C-diet respectively, Fig. 7-2A). In R-diet, plasma insulin levels
were significantly decreased at 24 h after fasting (0.09 + 0.02 ng/ml, P < 0.05) and no
further decrease was observed for 48 h fasting. Then, the level returned to prefasting level
within 24 h after refeeding. On the other hand, plasma insulin levels were decreased only at
24 h after fasting in C-diet. The later concentrations at 48 h after fasting or 24 h after
refeeding were not significantly differed to the prefasting values. The diet type did not
affect the prefasting plasma PYY levels (0.51 + 0.08 vs 0.46 = 0.06 ng/ml in R-diet and
C-diet respectively, 2 = 0.69). Plasma PYY concentration was significantly increased by
fasting in R-diet (0.36 + 0.04 ng/ml, P < 0.05, Figure 7-2B), and the level maintained until
after refeeding. There were no changes in plasma PYY level in C-diet.

The basal plasma glucose level was higher in R-diet (74.73 % 3.64 mg/dl) than
C-diet (60.91 + 1.84 mg/dl, P < 0.05). Plasma glucose levels were decreased by fasting in
R-diet (57.07 + 2.66 and 59.77 + 1.94 mg/di for 24 and 48 h after fasting, respectively, P <
0.01), and the levels remains in suppression until 24 h after refeeding (60.49 + 1.85 mg/dl,
P < 0.01). However, plasma glucose levels did not change by fasting or refeeding in C-diet
(Figure 7-3A). In contrast, plasma NEFA concentrations increased during fasting in both
diets (Figure 7-3B) but differences between prefasting values were not observed.

Pearson’s correlation analysis showed that the changes in plasma acyl-ghrelin
levels was positively correlated with plasma total ghrelin (r = 0.594, P < 0.001), PYY (r =
0.331, P < 0.05), and NEFA levels (r = 0.615, P < 0.001), and negatively correlated with
plasma insulin levels (r = -0.307, P < 0.05). Plasma total ghrelin levels also showed strong
positive correlation with PYY (r = 0.345, P < 0.05) and NEFA (r = 0.356, P < 0.05) and
negative correlation with insulin (r = -0.464, P < 0.001). Plasma insulin positively
correlated with plasma glucose levels (r = 0.358, P < 0.05) while plasma PYY has no

significant correlation with plasma glucose and insulin levels.
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Table 7-1. The changes in plasma hormone and metabolite levels at fed and fasted

conditions in ruminants.

pasture 2-times per day
Sheep (n=11) Sheep (n=6) Steer (n=5) Goat (n=5)

Acyl-ghrelin (ng/ml)

Fed 0.97x0.14 8414120 0.95+0.12 1.25+0.20

Fast 2.19£0.33%* 33.02 £ 7.50%* 1.25 £0.09t 1.65 + 0.09%
Total ghrelin (ng/ml)

Fed 19.43 % 1.73 1520+ 1.18 1.17£0.17 6.12£0.85

Fast 28.47+£2.51% 2523 +£1.68* 8.55 £ 0.6%* 9.80 & 1.06%*
% acyl-ghrelin

Fed 5.41+0.93 43,87+ 5.88 88.33+£16.75 22.13+2.55

Fast 9.87+3.07 127.28 +£25,53* 15.19 £ 2.06* 17.49 & 2.11
PYY (ng/ml)

Fed 0.84 £0.07 0.56 + 0.05 0.84 £ 0.07 0.47 £ 0.04

Fast 0.81 £ 0.06 0.51 +0.04 0.96 +0.13 0.47+0.05
GH (ng/ml)

Fed 2.59+£0.64 2.70+0.73 5.43+247 6.45+2.78

Fast 3.43+0.31 3.60£1.11 1.41 £0.26 3.90+1.26
Insulin (ng/ml)

Fed 0.34 £ 0.06 0.46 £0.07 0.34+ 0,05 0.13 £0.02

Fast 0.09 £ 0.02** 0.23 £ 0.05* 0.18 £ 0.03* 0.08 £0.02
Glucose (mg/dl)

Fed 61.65+1.62 80.20 £ 6.66 77.09 £ 1.61 55.87+4.15

Fast 42.88 £+ 1.90%* 56.46 £ 1.60** 68.87 +1.61* 4713 £ 1,67**
NEFA (LEq/1)

Fed 67.87 + 34.57 192.02 + 23.44 127.33 £ 18.81 85.62+13.77

Fast 503.68 £ 137.93** 1050.69 £113.23** 919.31 4+ 57.49%*  906.91 & 186.22**

* P <(,05, ¥* P<0.01, t P <0.1 vs values at fed-state
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Fig. 7-1. The effects of type of feed and fasting on plasma ghrelin concentrations in Sennen goats.
Animals were maintained on ad libitum hay or concentrate + hay diet before 48 h fasting, A; the values
of acyl-ghrelin, B; the values of total ghrelin, C; percentage of acyl-ghrelin to total ghrelin levels. Data
are expressed as means + SEM for 5 animals. * P<0.05, ** P<0.01, ¥ P<0.1 vs. prefasting values; }

P<0.05 vs. correspondent value in hay-feeding group.
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Fig. 7-2. The effects of type of diet and fasting on plasma insulin (A) and PYY (B) concentrations in
Sennen goats. Animals were maintained on ad libitum hay or concentrate + hay diet before 48 h fasting.
Data are expressed as means + S.EM for 5 animals. * P<0.05, ** P<0.01 vs. prefasting values; } P<0.05
vs. correspondent value in hay-feeding group.
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Fig. 7-3. The effects of type of diet and fasting on the plasma glucose (A) and non-esterified fatty acid
(NEFA, B) concentrations in Sennen goats. Animals were maintained on ad libitum hay or concentrate +
hay diet before 48 h fasting. Data are expressed as means + SEM for 5 animals. ** P<0.01 vs. prefeeding

values; I P<0.05 vs. correspondent value in hay-feeding group.
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DISCUSSION

The influence of the nutritional status, and differential effects of macronutrients on
plasma ghrelin levels has been reported in monogastric animals (Murakami ez al. 2002,
Erdmann ef al. 2003, Sanchez et al. 2004, Govoni et al. 2005) whereas both acylated and
des-acyl ghrelin levels increased upon fasting and reduced after refeeding. In ruminants, it
has been reported that plasma acyl-ghrelin levels fluctuated periprandially (Sugino et al.
2001a), and increased in fasting (Bradford e al. 2007) and the state of negative energy
balance such as lactation (Wertz-Lutz et «l. 2006). However, little is known about the
regulatory mechanism of des-acyl ghrelin secretion in ruminants. In the present study, we
firstly report the effect of fasting and refeeding on plasma total ghrelin levels in sheep,
goats and steers. Both plasma acyl-ghrelin and total ghrelin levels increased followed by 48
h fasting in all animals. Interestingly, the elevation of plasma acyl-ghrelin levels in the
sheep fed with twice a day feeding regimen reached to the values of total ghrelin, i.e., it is
likely that most of the circulating ghrelin becomes octanoylated after 48 h fasting in
twice-daily-fed sheep. However, this elevation pattern was not seen when sheep were
maintained on pasture feeding. Moreover, this obvious increase in plasma acyl-ghrelin
levels were not seen in steers or goats maintained at twice-daily feeding regimen.

To understand more precisely, we studied the effect of diet-type on fasting-induced
plasma acyl- and total ghrelin concentrations in Sannen goats. The diet-type did not
influence the pre-fasting acyl-ghrelin levels but the total ghrelin levels were lowered when
animals were maintained with concentrate-based C-diet. As expected, both plasma
acyl-ghrelin and total ghrelin levels were increased during fasting and reduced by refeeding.
Again, increase in plasma acyl-ghrelin concentrations during fasting reached to the similar
levels of plasma total ghrelin in goats. These data clearly indicates that feeding pattern

(Sugino ef al. 2002b) and nutrient-related mechanisms (Bradford et al. 2007) influence the
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plasma acyl-ghrelin levels because gastric distension alone has no effect (Sugino et al.
2002a). In rat, ghrelin mRNA expression in stomach of fasted rats after food intake was
clearly dependent on the type of ingested macronutrient (Sanchez et al. 2004) whereas
feeding of fat-rich diet induced quick recovery of ghrelin mRNA to pre-fasting levels
compared with the ingestion of carbohydrate diet. Erdmann er al (2003) also showed the
different time-pattern in postprandial total ghrelin secretion between the ingestions of
carbohydrates and fats in human. Very recent microdialysis study by Dornonville de la
Cour et al (2007) has been reported that secretion of total ghrelin from rat stomach is
stimulated by adrenaline, noradrenaline, endothelin and secretin whereas somatostatin and
gastrin-releasing peptides inhibited. However, these results in monogastric animals is in
deed not directly interpretable for the release of ghrelin in fasting and/or refeeding state in
ruminants since nutrients are constantly being absorbed from the forestomach in ruminants
and passing from the forestomach down the remainder of their gastrointestinal tract
(Frandson ef al. 2003). Although the effect of different macronutrients on the secretion of
ghrelin is needed to be addressed in future studies, our present result suggests that the
regulatory mechanism of ghrelin in ruminants is critically complex, and the different diet
and many endocrine or paracrine factors may influence the plasma ghrelin levels and/or its
molecular form especially in the adaptation to energy deficit.

We hypothesized that fasting might suppressed the plasma PYY levels in
ruminants since plasma PYY levels increased after feeding (Adrian et al. 1987) and
reduced in fasting (Ito ef al. 2006) in monogastric animals. However, the present study
showed that plasma PYY levels were not significantly changed by fasting for 48 h in all
small and large ruminants that were maintained with different environment and different
diet. Obviously, when goats were intensively fed roughage diet, the plasma PYY levels
increased during 48 h fasting state and the level remained unchanged until 24 h after

refeeding. In deed, Onga et al (2000) has reported that the plasma concentrations of
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immunoreactive PYY did not significantly fluctuate by ingestion of roughage and
concentrate, Therefore, it is suggested that periprandial changes in plasma PYY
concentrations are not prominent in ruminants but the levels during energy deficit can be
partly influenced by the type of maintenance diet and consequence effects such as rumen
fermentation rate. Moreover, plasma PYY levels were positively correlated with both acyl-
and total ghrelin levels in the present study, and both ghrelin and PYY immunoreactive
cells are present in the gastrointestinal tract of ruminants (Hayashida et al. 2001, Onaga et
al. 1997) indicating the possible counterregulation between these two peptides to maintain
the energy homeostasis. In contrast, recent studies have been reported that intravenously
injected PY'Y did not affect the plasma ghrelin levels in vitro (Dornonville de la Cour ef al.
2007) and in vivo (Ito et al. 2006).

On the other hand, plasma GH levels showed tendency to decrease in steers but not
in small ruminants. It is believed that the state of energy deficit suppressed the plasma GH
levels in ruminants (Rule ef al. 1985) but the discrepancy results has been reported by
others (Bradford ef al. 2007). It is suggested that experimental design, duration of sampling
time and individual differences may explained these discrepancy results. In addition to the
well-documented stimulatory effects of ghrelin on GH secretion in monogastric animals
(Korbonitis et al. 2004) and also in ruminants (ThidarMyint et al. 2006 & 2008), the
negative feedback regulation of GH on ghrelin release from gastric tissues explants in rats
has been reported (Seoane et al. 2007a). However, the lack of correlation between
physiological concentrations of circulating ghrelin and GH has been reported in humans
(Barkan et al. 2003) partly explained the fact that increase in plasma ghrelin levels in
response to fasting does not affect the plasma GH levels during short-term fasting in
ruminants.

The present study also showed that both plasma insulin and glucose levels

decreased while plasma NEFA levels increased by fasting in ruminants. Moreover, the
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reversed correlation of insulin with acyl- and total ghrelin levels were observed.
Hypoglycemia and hyperlipidemia are the characteristics for the negative energy balance in
ruminants. It can be suggested that plasma insulin levels decreases to prevent the greater
hypoglycemia and the mobilization of stored fatty acids increases to adapt the energy
deficit in fasting state. Ghrelin may participate in these processes. The reduced insulin level
is associated with increase in ghrelin levels since insulin and ghrelin reciprocally affect
each other (Broglio et al. 2001, Saad et al. 2002, Reimer ef al. 2003). Therefore, it is
suggested that insulin, but not glucose, modulates the fasting-induced ghrelin release in
ruminants. However, it can not be excluded that additional gastrointestinal tract derived
hormones and neurotransmitters (Dornonville de la Cour et al. 2007) are responsible for the
meal-related changes in ghrelin concentrations.

In conclusion, our data demonstrated that plasma ghrelin levels were elevated by
fasting and reduced after refeeding regardless of the type of maintenance diet. Plasma PYY,
insulin and NEFA levels might participate in the fasting-induced changes in plasma ghrelin
concentrations. Obviously, it is likely that most of the circulating ghrelin becomes acylated
during fasting in Sannen goats. Our present data clearly demonstrated that the evaluation of

both circulating acyl-and total ghrelin levels is important to understand the regulatory

mechanism of ghrelin secretion in ruminants.
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SUMMARY

Gastric-derived orexigenic hormone ghrelin circulates in the bloodstream as at
least two different molecular forms; acyl-ghrelin which is acylated with octanoic acid on its
Ser® residue and des-acyl ghrelin. In ruminants, it has been reported that the concentration
of acyl-ghrelin increased preprandially and at the energy deficit, while the levels decreased
after feeding. On the other hand, plasma PYY levels show the reverse changes in plasma
with acyl-ghrelin to maintain the energy homeostasis in monogastric animals. However, the
changes in plasma total ghrelin and PYY levels have not been studied in ruminants at the
time of energy deficit. We have conducted two protocols for ruminants to investigate the
physiological changes of these peptide hormones in short-term fasting and refeeding
conditions. In Protocol 1, 11 sheep raised in pasture, and 6 sheep, 5 steers and 6 goats
raised with 2-times a day feeding regimen were fasted for 48 h. Plasma samples that were
taken at before and after fasting showed the increase in both plasma acyl- and total ghrelin
levels in all animals. Plasma PYY and GH levels did not change while plasma insulin and
glucose levels decreased by fasting. There was an increase in plasma NEFA levels in fasted
animals. Obviously, percentage of plasma acyl-ghrelin to total ghrelin levels were increased
after 48 h fasting to 127.28 £ 25.53 % in sheep primarily maintained with 2-times per day
feeding regimen. To understand more precisely, in Protocol 2, five goats were fasted for 48
h under 2 different types of diet (roughage only: R-diet and concentrate-based diet: C-diet)
and single blood samplings were done at day 1 (prefasting), day 2 (24 h after fasting), day 3
(48 h after fasting) and day 4 (24 h after refeeding). Basal plasma acyl-ghrelin levels were
not different between diets while plasma total ghrelin levels were lower in goats fed with
C-diet. Both plasma acyl-ghrelin and total ghrelin levels increased during fasting and the
percentage of plasma acyl-ghrelin were increased by fasting time and reduced by refeeding

in both diet. Plasma GH levels were not affected by fasting or refeeding in both diets. There
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was a decrease in plasma insulin and an increase in plasma NEFA levels in fast-state and
these levels retuned to the prefasting values after refeeding. Plasma glucose levels lowered
while plasma PYY levels increased in fast-state in goats maintained with R-diet. These data
indicates that both animal species and the type of maintenance feed differentially affect the
plasma acyl-ghrelin, total ghrelin and their ratio in ruminants, however, the changes in
plasma PYY levels in fasted- or fed-condition is not clear. The plasma insulin declined
probably to maintain the glucose homeostasis in fasted state and indirectly affected the
plasma acyl-and total ghrelin levels in the condition of energy deficit. Obvious finding is
that most of the circulating ghrelin was likely to become acylated form during fasting in
Sannen goats. Overall, our present data clearly demonstrate that the evaluation of both
circulating acyl- and total ghrelin levels is more preferable than measuring only type of

molecular form to understand the regulatory mechanism of ghrelin secretion in ruminants.
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Chapter 8 (General discussion)

Growth hormone (GH) which is secreted from the somatotrophs of anterior
pituitary gland participates in the postnatal growth, energy partition and fatty acid
metabolism in dairy cattle (Etherton TD & Bauman DE. 1998). It is generally accepted that
GH secretion is stimulated by hypothalamic GH-stimulating hormone (GHRH) and is
inhibited by somatostatin (McMahon e al. 20015). Synthetic peptidyl or nonpeptidyl
GH-secretagogues (GHSs) also stimulate GH secretion by acting directly to pituitary or
indirectly through hypothalamus via activating G-protein coupled receptors GHS-R
(Bowers CY. 1998). In 1999, endogenous ligand of GHS-R was firstly purified from rat and
human stomach tissues by Dr. Masayasu Kojima and colleagues, and the authors designated
the ligand “ghrelin” since it stimulates GH release (Kojima er al. 1999). Apart from its
potent stimulatory effect on GH secretion, ghrelin has also been implicated in the regulation
of other endocrine and exocrine metabolisms including stimulation of the lactotroph and
corticortroph secretions, appetite stimulation, glucose metabolism and control of gastric
motility and acid secretion (Korbonits et al. 2004).

Ruminant ghrelin is a 27 amino acid peptide with acyl-modification on its Ser’
residue (Dickin er al. 2004, Kita et al. 2005). This acyl-modification is supposed to be
essential to activate the GHS-R type 1la resulting the endocrine effects of ghrelin in
monogastric animals (Kojima et al. 1999, Hosoda et al. 2000a). Stomach is the major
source of ghrelin (Date et al. 2000, Hayashida er al. 2001) and ghrelin circulates in
bloodstream with two different molecular forms, acylated and non-acylated (des-acyl)
forms. In monogastric animals, it has been reported that des-acyl ghrelin is the major
portion of circulating ghrelin (Hosoda er al. 2000a). In agreement with the results from
human studies (Cummings ef al. 2001), circulating concentration of acylated ghrelin

transiently increased preprandially in scheduled meal-fed sheep and decreased after feeding

129



(Sugino et al. 2002a) and those changes can be modified by different feeding regimen
(Sugino et gl. 2002b) indicating that ghrelin participates in feed-regulation in ruminants.
However, the information about des-acyl ghrelin had not been available in ruminant species.
The differences in amino acid sequences of ghrelin between monogastric and ruminant
species did not allow the researchers to evaluate the total ghrelin concentrations in
ruminants by using commercially available ghrelin radioimmunoassay (RIA) kits of
monogastric origin. Moreover, it is natural that plenty amount of ghrelin becomes necessary
to perform the in vivo studies in large animals such as dairy cattle. For these reasons, our
first attempt was to synthesize the desired peptides (Table 2-1) and to evaluate the specific
RIA systems for measurement of plasma hormone levels in ruminant species (Chapter 2).
Subsequently, the specific antibodies for n-terminal acylated ghrelin, intact C-terminal
bovine ghrelin peptides, bovine PY'Y and bovine leptin were successfully raised. By using
these peptides and antibodies, we have reported, for the first time as my own knowledge,
the plasma concentration of plasma total ghrelin including acylated ghrelin, des-acyl
ghrelin and intact C-terminal ghrelin peptide in Holstein cattle. Moreover, we have also
evaluated the plasma PYY and leptin levels in ruminants.

In general, our results showed that des-acyl ghrelin is the dominant portion of
circulating ghrelin in ruminants in consistent with the results of others in monogastric
animals (Hosoda et al. 2000a). Moreover, the ratio of acylated ghrelin to total ghrelin
differs among experiments i.e., 1:16 in 6 month old Holstein heifer (Experiment 2), 1:7 in
Holstein bull calves (Experiment 4), 1:24 in 10 month old Holstein steers fed ad libitum
(Experiment 3) and 1:4 in 10 month old Holstein steers in fasting condition (Experiment 5).
Therefore, it is suggested that sex, age, physiological state, nutritional status and probably
the experimental conditions influence the plasma ghrelin levels and their ratio in ruminants.
The interesting point is that plasma acylated ghrelin, rather total ghrelin concentrations

fluctuate among these animals. However, weaning did not affect the concentrations of
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acylated ghrelin and total ghrelin and their ratio in plasma (Experiment 4). The more
detailed studies weré done in Experiment 6 in which the plasma hormone concentrations
were measured in sheep, goat and steers that were maintained in different environment and
different diet. Moreover, effects of fasting and refeeding on plasma ghrelin concentrations
were also studied in goats fed with different maintenance diets. Fasting increased, while
refeeding reduced both plasma acylated ghrelin and total ghrelin levels in all animals. The
effects of feeding pattern (Sugino ez al. 2002b) and fasting (Bradford et al. 2007) on plasma
acylated ghrelin levels have been reported in ruminants and their results were in
consistence with our present study. Obviously, when both molecular forms of circulating
ghrelin were measured, the elevated plasma acylated ghrelin reached to the similar values
of plasma total ghrelin during fasting. It is likely that almost all the circulating ghrelin
becomes acylated in energy deficit indicating that acyl-modification is critical for the
ghrelin to implicate the adaptation with energy deficit in ruminants. Moreover, there was a
positive correlation of plasma ghrelin with plasma PYY and NEFA levels while plasma
ghrelin negatively correlated with plasma insulin and glucose during the nutritional changes
in goats. However, the significant correlation between plasma ghrelin and GH levels were
not observed. Therefore, it can be suggested that the mechanisms of ghrelin secretion is
critically complex and at least in a part, gastrointestinal tract derived hormones and
neurotransmitters (de la Cour et al. 2007) are responsible for the meal-related changes in
ghrelin concentrations. Overall, our data clearly demonstrate that the evaluation of both
circulating acylated and total ghrelin levels favors us to understand the physiology of
ghrelin in ruminants.

Although the results from our series of experiments did not show any relations
between plasma ghrelin and GH concentrations in fasting or refeeding conditions in goats,
the stimulatory effect of ghrelin on GH release has widely been reported in all species

studied to-date (Korbonits et al. 2004) including ruminants (Hayashida er al. 2001,
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Hashizume et al. 2003 & 2005, Itoh et al. 2005). All of the studies in ruminants utilized the
supraphysiological doses of ghrelin peptide of monogastric origin since the ruminant
ghrelin has not been available commercially yet. Therefore, we investigated the
dose-dependent effect of ghrelin on GH secretion in Holstein heifers by injecting 5 different
doses of bovine ghrelin ranging from 0.1 to 10.0 pg/kg BW and the results were compared
with those from vehicle-injected control group (Experiment 2). All doses of intravenously
administered ghrelin significantly stimulated GH release. The GH response to the highest
dose of ghrelin (10.0 pg/kg BW) was greater than the response to 5.0 ug/kg BW ghrelin
indicating that ghrelin is a potent stimulator of GH release in ruminants. In addition, we
observed that plasma insulin and NEFA levels were transiently stimulated by higher doses
of ghrelin while plasma glucose and leptin levels were not affected. It is reported that
ghrelin activates its cognate receptor, GHS-Rla, to stimulate GH release, and the
acyl-modification on its Ser3 residue is supposed to be indispensable for the binding of
ghrelin to GHS-R1a (Kojima ef al. 1999, Bednarek et al. 2000). However, it is noteworthy
that truncated ghrelin analogs encompassing the first 5 amino acids are ineffective in the
stimulation of GH release in neonatal rats (Torsello et al. 2002). To clarify these
discrepancies, we studied the effects of the pretreatment of des-acyl ghrelin on
ghrelin-induced hormonal changes in Holstein steers (Experiment 3). Intravenous injections
of bovine acylated ghrelin at a dose of 1.0 pg/kg BW significantly stimulated GH, insulin,
glucose and NEFA levels while plasma PYY levels were not changed. The pretreatment of
bovine des-acyl ghrelin at a dose of 10.0 ugkg BW did not affect these changes.
Furthermore, the responses of plasma GH to the intravenous administrations of bovine and
porcine acylated ghrelin were similar in calves. Therefore, it is suggested that
acyl-modification is essential for ghrelin-induced endocrine changes in ruminants.

In consistant with our results showing ghrelin as an important regulator of the

somatotropic axis in ruminants, Itoh et al (2005) reported that ghrelin-induced GH
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secretion is higher in early lactating cows than in calves and late-lactating cows. Therefore,
we hypothesized thét the effect of ghrelin might be altered by the physiological status of
animals. On the other hand, there was no report on associations between ghrelin and GHRH
to release GH in vivo in ruminant species. Weaning induced the prominent changes in
endocrine responses in ruminants (Katoh er al. 2004). Therefore we designed the
Experiment 4 to study the possible changes of interactions between ghrelin and GHRH
around weaning in Holstein calves. Ghrelin stimulated GH release with similar potency as
GHRH and their combined administration synergistically stimulated GH release in
preweaning calves but this effect was lost after weaning. On the other hand, in vitro studies
could not demonstrate the synergistic or additive effect of ghrelin and GHRH on the GH
release from bovine (Hashizume er al. 2003), porcine (Malagon er al. 2003) and rat
(Yamazaki ef al. 2002) anterior pituitary glands. Therefore, it can be suggested that the
effect of ghrelin on GH secretion is not only limited to the pituitary, but likely also involves
in GHRH release from the hypothalamus (Mogi et al. 2004, Wren et al. 2002). Moreover,
complex interdependent intracellular signaling pathways induced by ghrelin and GHRH
(Anderson et al. 2005), and the possible changes in the proportions of subpopulations of
somatotrophs that are responsive to ghrelin, GHRH and to both secretagogues might be
responsible for the different results in pre- and post-weaning calves. In addition, different
from the results of previously described studies, ghrelin or GHRH injections did not affect
the basal plasma insulin, glucose and NEFA levels in these calves.

In the experiment 5, we studied the characteristic of ghrelin to stimulate GH
release from the results of serial intravenous injections of 1.0 pg ghrelin‘kg BW every 2 h
for 8 h in steers. The plasma GH concentration was significantly increased by each
injection of ghrelin, and the decrease in the responses of GH in a peak value or in AUC by
repeated injections of ghrelin was observed. These reductions recovered after fourth

injection of ghrelin. It can be considered that the depletion of pituitary GH content is not
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the reason since even the 10.0 pg/kg BW is not a saturation dose for ghrelin to stimulate
GH secretion in Holstein heifers (Experiment 2). It can be explained by the fact that ghrelin
strongly desensitized to the somatotrophs in dispersed anterior pituitary cells (Yamazaki er
al. 2002, Luque et al. 2004). Moreover, Camifia e7 al (2004) reported the slow recycling of
ghrelin receptor which takes 360 min to recover from internalization after agonist treatment
in the human embryonic kidney 293 cell line transfected with human GHS-R1a. Although
we can not show the direct evidences, it is suggested that repeated administrations of
ghrelin induce homologous desensitization of GHS-R, and slow recycling of GHS-R may
reduce the effects of subsequent injections of ghrelin on GH release. Moreover, it can not
be excluded the possible implications of hypothalamic GHRH and SRIF in this process
(Kamegai et al. 2001).

The repeated administration of ghrelin every 2 h for 8 h stimulated plasma insulin
and NEFA concentrations while plasma glucose levels were not changed. These data are in
consistence with the results of previous studies. It is noteworthy that the responses of
plasma insulin and NEFA were less rapid when compared with the prompt response of
plasma GH in all studies. Therefore, it can be suggested that ghrelin might not directly
participate in the glucose and fatty acid metabolism rather it affects plasma insulin and
NEFA levels via stimulation of GH (McMahon et al. 2001a).

Finally, we would like to focus on the responses of plasma acyl-ghrelin and total
ghrelin concentrations induced by intravenous administrations of ghrelin and des-acyl
ghrelin from our series of experiments. Plasma acyl-ghrelin levels were transiently elevated
after ghrelin injections and were rapidly returned to the pre-injected values in all studies.
Similarly, plasma total ghrelin levels temporally elevated in plasma after injection of
bovine acylated ghrelin and were degraded/eliminated in the bloodstream with 15 min. On
the other hand, the degradation time of plasma total ghrelin levels were relatively delayed

(within 60 min post-injection) when bovine ghrelin was injected as des-acyl form
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(Experiment 3). It has been reported that the half life of plasma ghrelin was supposed to be
very short (Tschdp er al. 2000, Gauna er al. 2004, Salfen er al. 2004). Therefore, it can be
suggested that the rate of degradation of ghrelin in circulation is also rapid in ruminants and
perhaps the structure of ghrelin (acylated or des-acyl form) may affect the degradation rate
of ghrelin. Another interesting finding is that the peak values of plasma acyl-ghrelin to
ghrelin injections become higher when ghrelin was repeatedly administered (Experiment 5).
Although the information to explain the reasons for this finding is not available at present
time, the residual effect of exogenous ghrelin is the rare case since elevated acylated or
total ghrelin quickly declined to basal level after each injection. Further studies are
necessary to broaden this scope.

In conclusion, our studies demonstrate that both acylated and des-acyl ghrelin are
circulating in the bloodstream in considerable quantities in ruminant species and the
degradation/elimination rate of ghrelin is rapid. The ratio of plasma acyl-ghrelin and total
ghrelin levels are affected by sex, age, species and nutritional state. Moreover, their plasma
levels are elevated in energy deficit and reduced after refeeding whereas acyl-ghrelin levels
seems to be more susceptible to the physiological and nutritional changes. Our data also
report that and intravenous injection of ghrelin at physiological dose is sufficient to induce
endogenous GH secretion and confirm the potent stimulatory effect of ghrelin on plasma
GH secretion in Holstein cattle. Furthermore, ghrelin synergistically stimulated GH release
with GHRH in preweaning calves and this effect was lost after weaning indicating that the
effect of ghrelin on somatotropic axis is partly influenced by the physiological stages of
ruminants. Ghrelin also has considerable effect on plasma insulin and NEFA levels
indicating that ghrelin plays an important role in ruminant physiology and

acyl-modification at Ser’ residue is critical for the ghrelin’s endocrine effects in ruminants.
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Chapter 9

General summary

We have conducted six experiments to investigate the effects of ghrelin on GH secretion
mechanisms in Holstein cattle. We also studied the influences of the physiological and

nutritional factors on plasma ghrelin concentrations in ruminants.

Experiment 1

Since ruminant ghrelin for Jin vivo experiments and the specific
radioimmunoassay (RIA) kits to measure the concentrations of feeding-regulating
hormones in ruminants were not commercially available, we not only synthesized pure
peptide but also established the specific RIA systems. We have synthesized the n-acylated
bovine ghrelin [1-27], [Cysl12]-ghrelin [1-11] with acylation, [Cys-0]-bovine ghrelin
[11-27], bovine PYY-NH; [1-36], bovine PYY-NH; {3-36], bovine [Cys0]-PY Y-NH; [4-36]
and human GHRH-NH; [1-29]. And we also have raised the antibody against acyl-ghrelin
in rabbit (final dilution of 1:240000), antibodies against bovine total ghrelin (final dilution
of 1:15000), bovine PYY (final dilution of 1:50000) and bovine leptin (final dilution of
1:200000) in guinea-pigs. By using these antibodies, we have established the RIA systems
specific for acyl-ghrelin, bovine total ghrelin, bovine PYY and bovine leptin. These RIA
systems are also applicable for the measurements of the plasma concentrations in sheep and
goats. These specific RIA systems will provide new information on the counterregulation
among appetite-regulating hormones and will lead to the deeper understanding of ruminant

digestive physiology.
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Experiment 2

In this experiment, we studied the dose-dependent effect of ghrelin on the GH
secretion in six Holstein heifers. All doses of intravenously injected ghrelin ranging from
0.1 to 10.0 pgkg BW significantly stimulate GH release in dose-dependent manner.
Moreover, higher doses of ghrelin stimulate plasma insulin and NEFA concentrations.
However, ghrelin injection does not affect the plasma leptin levels. Plasma acyl-ghrelin,
and total ghrelin levels responding acyl-ghrelin, des-acyl ghrelin and intact C-terminal
fragments are transiently elevated after the ghrelin administration and rapidly disappear
from the plasma. This is the first report on the plasma total ghrelin concentrations in

ruminants (Journal of Endocrinology 2006 Jun;189:655-664).

Experiment 3

This study was conducted to clarify the role of acylation on Ser’ residue of ghrelin
sequence on the endocrine effects of ghrelin. The pre-injection of full-length bovine
des-acyl ghrelin (10.0ug/kg BW) was done to Holstein steers 5 min before the
administration of acylated full-length bovine ghrelin at a dose of 1.0 pg/kg BW. The
increased in plasma acyl-ghrelin followed by the injection of acyl-ghrelin rapidly returns to
the basal levels. On the other hand, the degradation time of total ghrelin in plasma after the
des-acyl ghrelin injection is relatively delayed when compared with the correspondent time
after the injection of the same dose of acylated ghrelin in experiment 2. The acyl-ghrelin
injection significantly stimulates the plasma GH, insulin, glucose and NEFA levels but
plasma PYY levels are not changed. Pre-injection of des-acyl ghrelin fail to modify the
acyl-ghrelin-induced hormonal changes in steers. Moreover, the GH response to the
intravenous administrations of porcine or bovine ghrelin is similar. Although we can not

exclude the possible metabolic effect of des-acyl ghrelin which has been reported in the
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monogastric animals, the results from the present study indicate the critical role of

acylation on its Ser” residue in the endocrine effects of ghrelin in ruminants.

Experiment 4

We studied the influence of weaning on the effects of the exogenous
administration of ghrelin (1.0 pg/kg BW) and GHRH (0.25 pg/kg BW), in single or in
combination, to the GH secretion in the Holstein male calves. Basal concentrations of
plasma acy-ghrelin, total ghrelin, GH and IGF-1 concentrations are not changed over the
weaning period. On the other hand, reduction in plasma insulin, glucose and NEFA
concentrations are observed in post-weaning calves. Both ghrelin and GHRH significantly
stimulate GH release in both pre- and post-weaning calves. Combined administration of
ghrelin and GHRH synergistically stimulates the GH release in the preweaning calves, and
this effect is obviously lost after weaning., However, the value of GH response to the
combined administration of ghrelin and GHRH between pre- and post-weaning period did
not significantly differ. The plasma IGF-1, insulin, glucose and NEFA levels are not
changed by the ghrelin and/or GHRH administration in both pre- and post-weaning calves.
All together, it is suggested that the GH-releasing ability of somatotrophs may not alter
over the weaning period but the ratio of these cells responsive to ghrelin, GHRH and/or

both may alter around weaning.

Experiment 5
In this experiment, we studied the effects of repeated administrations of ghrelin on
plasma GH secretion in Holstein steers. Both plasma acyi-ghrelin and total ghrelin levels

transiently increase after each ghrelin injection. The peak values in plasma acyl-ghrelin
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become higher in accordance with the repeated injection but the values of area under the
curves (AUCs) for 120 min after each injection are not differed. The intravenous
administrations of 1.0 pg ghrelin/kg BW at 2 h intervals significantly stimulate GH release.
GH AUCs 120 min after each injection decreases until after the third injection, and recover
after forth injection to the similar values of the second injection. Plasma insulin and NEFA
levels are also increased followed by ghrelin injections while the significant changes of

plasma glucose concentration are not found.

Experiment 6

To study the influences of physiological and nutritional factors upon the changes in
plasma ghrelin concentrations in the ruminants, sheep maintained with or without grazing
system, and goats and steers in intensive systems are fasted for 48 h and the pre- and
post-fasting plasma ghrelin concentrations are measured. The plasma acylated and total
ghrelin concentrations, and the plasma NEFA levels increase after 48 h fasting while
glucose levels decrease. The fasting for 48 h fails to affect the plasma GH and PYY levels
in all animals. To understand the effects of the types of feed and the duration of fasting on
plasma ghrelin levels, goats are raised in intensive system and fed two times a day with hay
ad libitum or 500 g concentrate + 1 kg hay per head per day regimen. They are fasted for 48
h and more frequent samplings are done. The plasma acylated and total ghrelin levels
increase 24 h after fasting and plasma acylated ghrelin levels reach to similar values of
plasma total ghrelin levels. These levels are returned to the pre-fasting values 24 h after
refeeding. It is unlikely that the types of feed affect the changes of plasma acylated and
total ghrelin levels by fasting, however, basal total ghrelin levels are affected by type of
feed. Plasma glucose levels decrease, while plasma NEFA levels increase by fasting, and

return to the pre-fasting values after refeeding. No changes of the plasma PYY levels are
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observed by fasting in goats maintained with high-grain feed whereas the levels increased

when goats were maintained with roughage diet.

In conclusion, the series of the present studies clearly demonstrate that:

1. Ghrelin is the potent GH releaser in ruminants, and the acyl modification at Ser’ residue
is essential for the endocrine effects of ghrelin in ruminant physiology.

2. Ghrelin has synergistic effect with GHRH on GH release in vivo in pre-weaning calves,
and the physiological stage of animal influences the effect of ghrelin upon GH axis in
ruminants.

3. Nutritional balance not only affects the plasma ghrelin levels but also influcenced on
the structure of plasma ghrelin (acylated or des-acyl form) in the ruminants.

4. Ghrelin rapidly degradates/eliminates in plasma, and the structure of ghrelin may
influence the rate of degradation.

All together, it is considered that:ghrelin plays an important role in growth
physiology of ruminants by increasing GH release and by inserting some effects on glucose
metabolism. Moreover, changes in plasma ghrelin levels by fasting and refeeding suggest

the participation of ghrelin in appetite regulation in ruminants.
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Chapter 9

Japanese general summary
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AFETEIRBEDBT D7V ) OREEEIC L 5CGHSWE R U, F8455
RO, BT V7 U (1.0 pgkg BW) R BEFRIRN D 5 —F 1 2 0 2R R8I SRR Gl e
5L, MRRIL AT, MRV BEFRELE, L) 5% RIET L7 L
Dy 27 VI BEOCEREQERBETRALNE, METALZLY vDoE—2i3Y
VI VRERSIZ I >TE Y ER LA 5% 1205 OAUCIEORIC #E1LR dv o e, 7 L
JVyOREREGICI Y MBGHRE DO LR PR TE =, 2EB EL3ER /LY »BEHD
GH AUCE(Z 1B B B O & b~ TIET L72AMEIR 7 LV Y %5 %GH AUC{Em@ H#&5
®OGHAUCHE & RIRBEEE TRIE L, M1 2 ) v ENEFABEIZS V) v ORERS
B“ER LB mMIET L a—RABEIEE L Eh o7, REBEZLY TERETOS V) &
ZHAE (GHS-Rla) OREBETHEE, GHS-RlavZAu—Y ¥4 7 U I RCGHEGEIGD
BTCEB o LEZOND, LY AL DEABEBEHRABR~ORBIRSHIC
GHS-R1afEMEILERRS L B2 D LRV, RERLAFETO I LY /i & 5 A >
A Y ENEFABED FHIZMISGHBED ER LB L TRREL, LY VidEhbo
AR=ALCEEREY 525 L VCHERFPBELTHEL TV B Z EMTRBRENh S,

EB6— XBHBWIZRIT HRH - REIC LM V) CREOEN

RBPRERBICEAMBTINT VY VBREOEMIZON T O OBENRH D H
M7 A7V Y AACOWTOFERITRV, ZERTHIOET R 7 VY CBEOEILERE
L PYY BECRBEDBRE & OBERER~/, 7o b=l F 11 GELERE,
HET) ElIHEEERFEOECH - EBF STHLERWUF 65 (1 B 23 0800 & 1600
REIZHREE) % 48 FEfiGR S, HRIRICERRIRE 0 MR M #1T -7, Fm bai 2.
I 5 FEAREOARTHHKEET (R-diet) Ti3fcafEl 500g+# 3 1kg/head/day % 1
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H 2 EHREEF (C-diet) T#E, Fh-Eh 48 R &7/, #RAT (1300h) « F (24 B
M%) - % (48 BEMEITR) & FAREHE 24 BERICHRMZ1TV, MERIL-E RRHEDRE %
BIE L. TRTORBBY THRECIZMFT VI LY - 227 ) 2 - NEFA BE
OERANREBDH SN HMEE GH - PYY BEOEE o7, TNV a—RARA 2]
CVBEEIHERICE o TETLE, 7YV VEBEIEREL7 V) VBELRIBAE
TLA Uiz, BRECE D ZRLFRLECRRHEDREITBRFIOEIZIR» 7. &7V
U v OEBBEIL R-diet DA C-diet &V @h o B3RBRIBIZLD 7V ) VREDOEL
o3H — X diet DEICEITed ot o T, BT AT LY v - 2V Y L HRICHE
REFCER L, BREICI-TETTRZ L, FEBERLTHDI T VD VTEREFZT ¥
MEERTWEZ &b 7L ) AT FRBEDHEEIZ L > TRBBYMDO = A NF—RT
REREGT DAEENTR SRS,

| ELd
. RBEBHICENTS LY VX GH A WEBAICREEL, 3FBDT I /BFRE (Ser) T
DAY BB E BT VMBIRT VU v ORZIBSEOTHLETH 5,
2. 7V Uk GHRH @ GH x4 2HREAIWAMOF 4 TH LN, ERB
B OEFIRIEIC L > T/ L U O GH FIEERELT 5,
3. REREEIMES L) VBERTTRRL VI COBE (TINAVHEVRTAT Y
V) IZERT D,
4, MY L) L OHRIBETHY .7V ) COSTFEEISHREELHBAL TS HRE
A dh B,
foT, VY VIERBEHOLBRIBIC L > T GH WA RE L, HRBOIRIREIC
BREEZ THREAN =AM TLERRFEZRF>TWD LTRSS, £, KER
Bk TH L) UBREETB 2007 LY VIRBBDOREKFAEA H =X AICED
STWAZEREZLNE, TALDREEZRLTICIZS VY OO TRENEENL L

AN
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