
GHRELIN, METABOLIC RISK FACTORS 
AND CAROTID ARTERY 
ATHEROSCLEROSIS

Abstract in Finnish

SEPPO
PÖYKKÖ

Faculty of Medicine,
Department of Internal Medicine,

Biocenter Oulu,
University of Oulu

OULU 2005





SEPPO PÖYKKÖ

GHRELIN, METABOLIC RISK FACTORS 
AND CAROTID ARTERY 
ATHEROSCLEROSIS

Academic Dissertation to be presented with the assent of
the Faculty of Medicine, University of Oulu, for public
discussion in Auditorium 10 of Oulu University Hospital,
on April 22nd, 2005, at 12 noon

OULUN YLIOPISTO, OULU 2005



Copyright © 2005
University of Oulu, 2005

Supervised by
Docent Olavi Ukkola
Professor Antero Kesäniem

Reviewed by
Docent Veikko Salomaa
Professor Jorma Viikari

ISBN 951-42-7655-8 (nid.)
ISBN 951-42-7656-6 (PDF) http://herkules.oulu.fi/isbn9514276566/

ISSN 0355-3221 http://herkules.oulu.fi/issn03553221/

OULU UNIVERSITY PRESS
OULU  2005



Pöykkö, Seppo, Ghrelin, metabolic risk factors and carotid artery atherosclerosis 
Faculty of Medicine, Department of Internal Medicine, Biocenter Oulu, University of Oulu,
P.O.Box 5000, FIN-90014 University of Oulu, Finland 
2005
Oulu, Finland

Abstract
The increasing prevalence of metabolic syndrome and the consequent cardiovascular diseases,
including atherosclerotic diseases and type 2 diabetes, are a cause of public concern worldwide. This
development has stimulated an active search for novel risk factors and new candidate genes. The
hormones regulating energy balance and the polymorphisms associated with them are of special
interest as potential risk factors for metabolic syndrome.

Ghrelin is a novel peptide hormone from stomach with strong growth hormone releasing activity.
It is also able to modify glucose and insulin metabolism, blood pressure levels, cardiac function,
adipogenesis and inflammatory processes in experimental conditions. Whether ghrelin and ghrelin
gene variations have a role in the development of metabolic syndrome and the associated diseases, is
not known.

In the present study, the associations between fasting plasma ghrelin concentrations, ghrelin gene
mutations (Arg51Gln and Leu72Met), features of metabolic syndrome, type 2 diabetes and carotid
artery atherosclerosis were analysed. In addition, the relationship between ghrelin and insulin-like
growth factor I (IGF-I) concentrations was studied. The study population consisted of 1045 middle-
aged subjects of the hypertensive and the control cohorts of the OPERA project from the City of Oulu,
Finland.

Low ghrelin concentrations were found to be associated with several components of metabolic
syndrome: adiposity, low HDL cholesterol levels, high insulin concentrations and high blood
pressure levels. The prevalence of insulin resistance and type 2 diabetes was increased amongst the
subjects with low ghrelin concentrations. Out of the individual factors tested, IGF-I concentration was
the most significant predictor of ghrelin concentrations. This negative association was strongest in the
subjects with insulin resistance and type 2 diabetes, which suggests that changes in ghrelin/IGF-I
interactions might be involved in the development of these conditions. The subjects with the Gln51
allele of the ghrelin gene had lower ghrelin concentrations and, consistent with the findings
mentioned above, higher prevalence of type 2 diabetes and hypertension compared with the subjects
homozygous for the Arg51 allele. No correlation between ghrelin and C-reactive protein
concentrations was seen. However, there was a positive association between ghrelin concentrations
and carotid artery intima-media thickness. This association was independent of the commonly
recognised risk factors of atherosclerosis and was only seen in men, who also had more advanced
atherosclerosis than women. These observations call for further studies to clarify the potential
causative role of ghrelin in the etiology of metabolic syndrome, type 2 diabetes and atherosclerotic
cardiovascular diseases.

Keywords: atherosclerosis, carotid arteries, diabetes mellitus type 2, ghrelin,  hypertension,
insulin resistance, insulin-like growth factor I, metabolic syndrome, obesity, polymorphism
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Tiivistelmä
Metaboliseen oireyhtymään liittyy kohonnut riski sairastua sydän- ja verisuonisairauksiin kuten
tyypin 2 diabetekseen ja sepelvaltimotautiin. Metabolisen oireyhtymän nopea esiintyvyyden kasvu
on johtanut aktiiviseen uusien riskitekijöiden etsintään. Erityisen kiinnostuksen kohteena ovat olleet
energia-aineenvaihduntaa säätelevät hormonit ja niihin liittyvät polymorfiat.

Greliini on ensisijaisesti vatsalaukusta erittyvä hormoni, joka lisää voimakkaasti kasvuhormonin
eritystä. Koeolosuhteissa sillä on myös vaikutuksia sokeriaineenvaihduntaan, verenpaineeseen,
sydämen toimintaan, rasvakudoksen kehittymiseen ja tulehduksellisiin tapahtumiin, minkä
perusteella on syytä epäillä greliinillä olevan osuutta metabolisen oireyhtymän ja siihen liittyvien
sairauksien synnyssä.

Tässä tutkimuksessa selviteltiin greliinin paastoplasmapitoisuuksien ja greliinipolymorfioiden
(Arg51Gln ja Leu72Met) yhteyksiä metabolisen oireyhtymän piirteisiin, tyypin 2 diabetekseen ja
kaulavaltimoiden ateroskleroosiin. Lisäksi tutkittiin greliinin ja insuliinin kaltaisen kasvutekijän
(IGF-I) pitoisuuksien yhteyksiä. Tutkimusväestö koostui 1045 oululaisesta keski-ikäisestä OPERA
tutkimukseen kuuluvasta henkilöstä.

Tutkimuksessa matalien greliinipitoisuuksien havaittiin olevan yhteydessä useisiin metabolisen
oireyhtymän piirteisiin: lihavuuteen, alhaisiin HDL kolesterolin pitoisuuksiin,  korkeisiin
insuliinipitoisuuksiin ja kohonneeseen verenpaineeseen. Matala greliinipitoisuus yhdistyi myös
tyypin 2 diabeteksen ja verenpainetaudin esiintyvyyteen. Tutkituista tekijöistä IGF-I -pitoisuudet
selittivät parhaiten greliinipitoisuuksia. Tämä käänteinen yhteys oli erityisen vahva tyypin 2
diabeetikoilla ja insuliiniresistenteillä henkilöillä viitaten greliinin ja IGF-I:n mahdollisen
vuorovaikutukseen liittyvän näiden tilojen kehittymiseen. Lisäksi havaittiin, että greliinigeenin
Gln51-alleelia kantavien henkilöiden greliinipitoisuudet olivat alhaiset, ja että he sairastivat
enemmän diabetesta ja verenpainetautia kuin henkilöt jotka olivat homotsygootteja Arg51-alleelin
suhteen. Greliinipitoisuudet ja C-reaktiivisen proteiinin pitoisuudet eivät korreloineet keskenään.
Kaulavaltimon seinämäpaksuus korreloi positiivisesti greliinipitoisuuksien kanssa miehillä
riippumatta perinteisistä ateroskleroosin riskitekijöistä. Tutkimustulokset tukevat olettamusta, että
greliinillä saattaa olla merkitystä metabolisen oireyhtymän, tyypin 2 diabeteksen ja ateroskleroosin
kehittymisessä. Jatkotutkimukset ovat tarpeen tämän yhteyden osoittamiseksi.

Asiasanat: ateroskleroosi, greliini, insuliinin kaltainen kasvutekijä, insuliiniresistenssi,
kaulavaltimot, lihavuus, metabolinen oireyhtymä, polymorfismi, tyypin 2 diabetes,
verenpainetauti
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1 Introduction 

Metabolic syndrome is a clustering of several cardiovascular risk factors, including 
insulin resistance (IR), glucose intolerance, obesity, hypertriglyceridaemia, low HDL 
cholesterol concentration and elevated blood pressure (BP) (1, 2). A large proportion of 
the subjects with metabolic syndrome develop type 2 diabetes later in life (3). As a 
consequence of urbanisation and modernisation, the epidemic occurrence of metabolic 
syndrome and type 2 diabetes has become a public health issue worldwide. The 
phenomenon is seen both in developing and in developed countries (4). As a major cause 
of cardiovascular diseases and mortality (5-8), metabolic syndrome results in huge 
consumption of health care resources. 

Current preventive actions and therapeutic strategies have not been able to change the 
increasing incidence of metabolic syndrome. It is universally accepted that both genetic 
components and environmental exposure contribute to the development of this syndrome, 
(9) and that there are multiple etiologies for its different components (10-12). These 
factors have stimulated an active search for novel risk factors and new candidate genes, 
which could better explain the etiology of the syndrome and predict its development. The 
hormones regulating energy balance and the polymorphisms associated with them are of 
special interest as risk factors for metabolic syndrome. 

Ghrelin is a novel peptide hormone first described in 1999 (13). In addition to its 
intense GH-releasing activity, ghrelin has several other postulated functions, including 
the regulation of feeding behaviour and energy metabolism. The potential biological 
significance of ghrelin is highlighted by the fact that it is the only currently known 
circulating orexigenic factor. Obese subjects have low circulating ghrelin levels (14). 
Ghrelin is able to modulate glucose and insulin metabolism at least in experimental 
conditions (15-18). Ghrelin also has beneficial hemodynamic effects (19). The expression 
of ghrelin receptor in blood vessels and myocardium (19, 20) implicates that ghrelin may 
cause cardiovascular effects through GH-independent mechanisms. Furthermore, ghrelin 
has been associated with several risk factors of atherosclerosis, and ghrelin binding is up-
regulated in atherosclerotic blood vessels (21). Thus, the role of ghrelin appears to be of 
interest for at least three aspects of metabolic syndrome, namely obesity, insulin 
resistance and hypertension. Ghrelin might also have a role in atherosclerosis, which is a 
highly probable detrimental consequence of persisting metabolic syndrome. 
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In a recent study, two mutations of the ghrelin gene were reported (22). Of these, 
preproghrelin Met72 carrier status appeared to be protective against fat accumulation and 
associated metabolic co-morbidities, whereas the Arg51Gln mutation was associated with 
plasma ghrelin levels but not with obesity (23). By affecting either the activity or the 
structure of ghrelin, these mutations may influence the risk for metabolic abnormalities. 
From this point of view, the ghrelin gene is an interesting new candidate gene potentially 
involved in the development of metabolic syndrome. 

The aim of the present study was to characterise the association between ghrelin 
concentrations and the metabolic risk factors of atherosclerosis, especially insulin 
resistance, type 2 diabetes and hypertension, and early atherosclerotic changes. 
Atherosclerosis was measured as intima-media thickness (IMT) of the carotid artery, 
which is a reliable indicator of subclinical atherosclerosis (24-26). In addition, the 
potential involvement of the Arg51Gln and Leu72Met mutations of the ghrelin gene and 
the association between ghrelin and IGF-I concentrations were investigated. This study 
was carried out in the large, population-based cohorts of the hypertensive and control 
subjects of the OPERA (Oulu Project Elucidating the Risk of Atherosclerosis) project. 



2 Review of the literature 

2.1  Ghrelin and GHS receptor 

Ghrelin is a small 28-amino-acid peptide hormone (figure 1), which was purified and 
sequenced in 1999 using extracts from rat stomach (13). Ghrelin was reported by Kojima 
et al. as a novel hormone just before Tomasetto et al. described motilin-related peptide in 
2000 (27). Motilin-related peptide is identical with ghrelin and shares structural 
similarities with motilin (27). Ghrelin is the nomination used in all recent scientific 
publications. ”Ghre” is the word root for ‘grow’ in Proto-Indo-European languages (28). 
The name “ghrelin” also implies that this peptide stimulates GH release.  

The majority of circulating ghrelin is produced by a specific cell type (named P/D1 cell 
in man) of the oxyntic glands in the gastric fundus (29, 30) and its expression decreases 
towards the distal parts of the gastrointestinal tract (16, 30-33). The tissue distribution of 
ghrelin is widespread, and it is also present  in the pituitary gland and hypothalamus (34, 
35), pancreatic islet cells (36-40), cardiomyocytes (41), kidneys (42), placenta (43), 
adrenal cortex (44, 45), testis (46-49), ovary (50, 51) and immune cells (52). A summary 
of ghrelin secretion and its major biological effects are presented in figure 2. 

Ghrelin is produced as a 117-residue pre-pro hormone, which is processed by 
endoproteases to produce mature hormone. Several forms of ghrelin have been found to 
be present in tissues and in circulation. The major active form of ghrelin molecules is a 
28-amino-acid peptide with an n-octanoyl modification at Ser3 (53, 54) (figure 1). The 
other ghrelin-derived molecules include four molecules with endocrine activity (octanoyl 
ghrelin (1-27), decanoyl ghrelin, decanoyl ghrelin (1-27) and decenoyl ghrelin) and two 
molecules with no endocrine activity (des-acyl ghrelin and des-acyl ghrelin (1-27)) (53). 
In addition, des-Gln14-ghrelin, a splice variant of ghrelin, has been reported from rat and 
mouse stomachs (55, 56) and the same peptide is probably also produced by the human 
stomach (53). Very recently, a C-terminal peptide derived from the 66 carboxy-terminal 
amino acids of preproghrelin was described (57). Most studies thus far have concentrated 
on the effects of the two most common forms of ghrelin: the 28-amino-acid octanoylated 
and des-octanoylated ghrelins. They are referred to as acylated and des-acylated ghrelin 
in this thesis. 
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Fig. 1. Structure of the 28-amino-acid ghrelin molecule with octanoyl modification at Ser3. 

Fig. 2. Summary of ghrelin secretion and its biological effects. 

The essential feature accounting for ghrelin’s biological activity is the n-octanoyl group 
at Ser3 (13, 58, 59). Structure-activity studies have shown that the first five amino acids 
and octanoylation at Ser3 are fundamental for the activation of ghrelin receptor in vitro 
(60). Since des-acylated ghrelin is devoid of any endocrine activity (61), acylated ghrelin 
has been called “active ghrelin”. However, recent studies have challenged this view by 
suggesting non-endocrine activities for des-acylated ghrelin (62-66), and the term “active 
ghrelin” might therefore be misleading. Also, the ability of short ghrelin peptides to 
stimulate ghrelin receptor in vitro is not necessarily predictive of their endocrine activity 
in vivo (67). Ghrelin activity, defined as the ratio of active to total ghrelin varies between 
3.2-8.4% (68-70). There is a positive correlation between the total and active ghrelin 
concentrations (68), and the ratio of these two remains constant under a wide variety of 
conditions (69, 71-73). 

Kidneys are the primary site for ghrelin clearance (74). Ghrelin disappears rapidly 
from circulation: the half-life of acylated ghrelin in healthy subjects is about 10 minutes 
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and that of des-acylated ghrelin about 30 minutes (75). The ghrelin concentrations of 
subjects with chronic renal insufficiency are fourfold compared to the ghrelin levels of 
control subjects (76), which reflects the primary role of kidneys in ghrelin clearance. A 
fraction of ghrelin is transported as bound to high-density lipoprotein particles (77). 

The biological activities of ghrelin are thought to be mediated by growth hormone 
secretagogue (GHS) receptor subtype 1a, which is a G-protein-coupled receptor. 
Similarly to other G-protein-coupled receptors, it consists of 7 transmembrane domains 
and is able to activate different intracellular second messenger systems, e.g. an increase 
of cytosolic calcium concentration (78, 79). The GHS receptor (GHSR) was originally 
found to be a target for small synthetic peptides called growth hormone secretagogues, 
which are able to stimulate and amplify pulsatile growth hormone release (80). Human 
and animal studies have reported maximum expression of GHSR in hypothalamus and 
pituitary gland (80-83). Using a variety of methods, GHSR expression has also been 
demonstrated in myocardium (21, 82-85), the medial and intimal layers of arteries and 
veins (21, 83), thyroid glands (82, 83), pancreas (37, 82, 86), spleen (82), liver (83), 
gonads (51, 83), skeletal muscle (83), kidney (83), adrenal glands (83, 87), adipose tissue 
(83), gastric glands and neurons and entero-endocrine cells of gastrointestinal tract (88) 
and immune cells (52). Depending on the method used, the relative significance of GHSR 
expression in different tissue types varies.  

There is some evidence that, in addition to GHSR 1a, ghrelin might also have other, as 
yet unidentified receptors (62, 65, 66, 89). Keeping in mind that des-acylated ghrelin 
does not activate GHSR 1a, the most striking pieces of evidence for the existence of other 
receptor subtypes are the observations on the distinct biological effects of des-acylated 
ghrelin on bone marrow adipogenesis (66) and insulin sensitivity (90). One candidate for 
another functional ghrelin receptor subtype is GHSR 1b, which is a non-spliced receptor 
mRNA variant of the GHS-R gene consisting of 5 transmembrane domains (91) and 
widely expressed in most tissues (83). The studies done thus far have suggested that 
GHSR 1b is biologically inactive (80). Nonetheless, it has not been excluded that GHSR 
1b might mediate some of the biological functions of acylated and/or des-acylated ghrelin 
as a nuclear receptor, for instance. Studies have so far failed to discover other receptor 
subtypes. Vice versa, ghrelin is not the only hormone binding to GHSR. Corticostatin has 
been shown to bind GHSR (92), suggesting that other hormones may also have 
modulating effects on the activity of GHSR.  

Studies concerning the regulation of GHSR expression and the hormone-receptor 
dynamics of the ghrelin/GHSR system are very scarce at the moment. Both hypothalamic 
and pituitaric GHSR expression is up-regulated during fasting, contributing to ghrelin 
action at least in the presence of negative energy balance (93). GHSR expression is up-
regulated in sepsis, leading to increased vascular sensitivity to ghrelin (94). In addition, 
the decreased GH response to ghrelin in anorexia nervosa, a ghrelin hypersecretory state, 
suggests desensitisation of GHSR induced by chronic elevation of ghrelin levels (95).  
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2.2  Biological effects of ghrelin 

Hormonal effects. Ghrelin administration induces a dose-dependent increase in GH 
release both in animal models an in humans independent of the method of administration 
(13, 96-101). The effect of ghrelin on GH release is blunted in obese subjects (102). In 
addition to the direct effect on somatotropes, this action is enhanced by antagonistic 
somatostatin activity (103-105). Continuous ghrelin administration increases the 
circulating GH concentration only for a limited time due to the increased GH release 
rather than GH synthesis (106).  

In addition to the increase in GH release, ghrelin induces significant increases in 
prolactin, ACTH and cortisol levels (97, 98, 107) whereas LH, FSH and TSH are nor 
affected by systemic ghrelin infusion (98). However, TSH secretion is inhibited by icv 
ghrelin administration (108), and ghrelin inhibits LH secretion in animal experiments 
(109, 110). In contrast to the prolactin-stimulating effect of ghrelin in humans, ghrelin 
inhibits prolactin secretion in rodent experiments (111).  

The other hormonal effects of ghrelin include stimulation of somatostatin and 
pancreatic polypeptide at pharmacological doses (112) and stimulation of arginine-
vasopressin (113, 114). It should be noted that the increase in GH release is the most 
specific hormonal effect of ghrelin, and it is already achieved with physiological doses of 
ghrelin (96). 

Ghrelin, food intake and adiposity. Ghrelin administration stimulates food intake and 
induces obesity both in animal (108, 115-118) and in human experiments (119) via a GH-
independent mechanism. Ghrelin concentrations associate with food intake even in the 
absence of time- and food-related cues (120). Increased adiposity is achieved through 
changes in energy balance, including a reduction of fat utilisation (115). A very recent 
study suggests that the decrease in physical activity induced by central ghrelin 
administration might be one mechanism behind the obesogenic effect of ghrelin (121). 
The adipogenic effect of ghrelin is dependent on endocrine pituitary function, since 
hypophysectomy inhibits body weight gain (122). In vitro studies also suggest local 
effects for ghrelin in adipogenesis (66, 89, 123, 124) and adipocyte signalling (125).  

The cardiovascular effects of ghrelin and the effects of ghrelin on glucose and insulin 
metabolism will be discussed in separate sections below. 

Ghrelin and inflammation. There are a few studies demonstrating inhibitory effects of 
ghrelin on inflammatory processes. Ghrelin inhibits proinflammatory responses in human 
endothelial cells (126). It also inhibits pro-inflammatory cytokine expression in human 
monocytes and T-cells (127). Furthermore, ghrelin attenuates the development of acute 
pancreatitis in rats (128). Ghrelin also has favourable hemodynamic and metabolic effects 
in experimental septic shock models (129, 130) and the hyperdynamic phase of sepsis is 
associated with increased vascular sensitivity to ghrelin stimulation (94). 

Ghrelin and cell proliferation. In cardiomyocytes, ghrelin stimulates cell proliferation 
(131) and protects against apoptosis (84). Anti-apoptotic and cell-proliferative effects of 
ghrelin have also been demonstrated in adipocytes (89, 124). The same mechanisms may 
explain the gastroprotective actions of ghrelin in different experimental gastric damage 
models (132, 133). In cell cultures, however, ghrelin did not affect the apoptotic rate of 
normal rat and human cells (134). 
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Biological effects of des-acylated ghrelin. Even though des-acylated ghrelin does not 
have documented endocrine activity, it has other inevitable biological effects. Recent data 
have shown des-acylated ghrelin to have cardiac effects (135), anti-apoptotic effects 
(136), positive effects on cell proliferation (63) and adipogenic effects (66). In prostate 
carcinoma cells des-acylated ghrelin inhibits cell proliferation (65). Moreover, in 
experimental conditions des-acylated ghrelin inhibits lipolysis (64). In vivo, evidence of 
biological functions of des-acylated ghrelin is scarce at the moment. The best evidence of 
the biological significance of des-acylated ghrelin is probably the mouse model 
overexpressing des-acylated ghrelin (137). These mice have small phenotype and low GH 
and IGF-I concentrations. In humans, des-acylated ghrelin seems to have counteracting 
effects on insulin and glucose responses when co-administrated together with acylated 
ghrelin, suggesting that the functions of des-acylated ghrelin might be mediated by a 
receptor different from GHSR 1a (90, 138).  

Other effects. Ghrelin has a strong prokinetic effect on the gastrointestinal tract in 
animal experiments (117, 139-142). Ghrelin administration icv inhibits gastric acid 
secretion (143), while systemic administration increases gastric acid (141) and inhibits 
pancreatic exocrine secretion (144). There are also studies reporting no effect of ghrelin 
on gastric acid secretion. In addition, ghrelin has had gastroprotective effects in several 
experimental models (133, 145). Ghrelin induces anxiogenic activities in mice, which 
suggests that it might have a role in mediating neuroendocrine and metabolic responses to 
stress (146).  

Mechanisms of action. The hypothalamus integrates hormonal, metabolic and neural 
signals to evoke appropriate appetitive drive in the management of energy homeostasis. 
Recent studies have shown that the effects of ghrelin on food intake are also mediated by 
its effect on hypothalamic nuclei (147) and, especially, the arcuate nucleus (118, 148, 
149), in which ghrelin stimulates the expression of the orexigenic agouti-related protein 
(AGRP) and neuropeptide Y (NPY) (116, 150-155). Both NPY and AGRP are essential in 
mediating food intake (156). The crucial role of arcuate nucleus was demonstrated by an 
experiment in which arcuate nucleus-ablated rats showed no increase in food intake 
compared to normal control rats (157). Attenuation of GHSR expression in the arcuate 
nucleus resulted in a reduction of body weight and adipose tissue compared to control 
rats (158). The effect of ghrelin on food intake seems to be nitric oxide-dependent (159). 
Yet another hormonal pathway regulating food intake includes interaction between 
ghrelin and orexin, present in the lateral hypothalamus (160). Moreover, other brain 
areas, such as the hippocampus and amygdala, are also involved at least in mediating the 
behavioural effects of ghrelin (161). 

In addition to ghrelin’s effect on hypothalamic areas, the vagus nerve has a significant 
role in mediating the ghrelin effect. Ghrelin receptor is present in vagal afferent neurons 
(162), and vagotomy or blockade of afferent vagal nerves abolishes ghrelin-induced 
actions, including ghrelin-induced feeding and GH secretion (163), gastric acid secretion 
(164), gastroprokinetic activity (117) and gastroprotective actions (132, 165). 
Furthermore, ghrelin activates vagal nuclei in the brainstem (166). Contrasting findings 
also exist, showing that vagotomy has no influence on the GH-releasing effect of ghrelin 
in humans (167). Basal ghrelin concentrations and postprandial ghrelin suppression are 
not influenced by vagotomy (168), which, however, prevents completely the increase in 
ghrelin concentration induced by food deprivation (168). These findings suggest that the 
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effects of ghrelin are mediated through several distinct anatomical and hormonal 
pathways. 

The cellular mechanisms of ghrelin action include several molecular pathways, and it 
is probable that not all of them have been identified yet. The GH-releasing effects of 
ghrelin are mediated via a complex set of interdependent intracellular signalling 
pathways, including phospholipase C, protein kinase C, protein kinase A, adenylate 
cyclase, Ca 2+ and cAMP as signalling molecules (78). The effects on cell proliferation 
are mediated at least via a protein kinase C/mitogen-activated protein kinase pathway and 
a tyrosine kinase pathway (63).  

Physiological role of ghrelin. Despite the vast amount of studies on ghrelin published 
in recent years, the physiological role of ghrelin is still disputable. The powerful effect of 
ghrelin on GH release and appetite in experimental studies implicates that ghrelin might 
have a central role in the regulation of growth, energy intake and metabolism. However, 
the results from experiments using pharmacological doses of ghrelin cannot be 
extrapolated to normal physiology. Even in the light of very recent studies, the role of 
endogenous ghrelin in the regulation of energy homeostasis remains uncertain (169). It 
has been suggested that ghrelin might have a role in mediating the adaptive processes to 
prevent long-lasting alterations in energy balance (170). Even though ghrelin has a 
potential ability to act as a counterregulatory hormone in hypoglycemic states, the 
experiments carried out in humans thus far do not support this hypothesis (171). 
However, together with other counterregulatory hormones, ghrelin might be integral in 
mediating the metabolic changes during prolonged fasting in some species (172, 173). On 
the other hand, another species with autumnal fattening and winter sleep did not show 
seasonal fluctuations in ghrelin levels (174), supporting the assumption that the 
physiological role of ghrelin varies between species, depending on differences in 
seasonality and life history.  

Knock-out models and transgenic models are efficient tools to study the function and 
physiological significance of endogenous biological compounds. Both ghrelin (175, 176) 
and GHSR knock-out models (177) as well as a transgenic model overexpressing des-
acylated ghrelin (137) have been reported. The central features of these models are 
summarised in table 1. Surprisingly, the knock-out models exhibit very mild phenotypic 
changes, if any. The most prominent role of ghrelin seems to be in determining the type 
of metabolic substrate (fat vs. carbohydrates) used for the maintenance of energy balance: 
the ghrelin knock-out mice exhibited a decreased respiratory quotient when subjected to a 
high-fat diet, indicating greater utilisation of fat as an energy substrate (176). Based on 
these results, ghrelin seems to be unnecessary for normal growth and responses to 
starvation. Furthermore, despite the evidence that ghrelin seems to have peripheral 
actions in reproductive tissues (178), it is not necessary for normal reproduction. These 
models do not inevitably rule out the physiological significance of ghrelin but rather 
point out there might be efficient mechanisms which compensate for the lack of 
ghrelin/GHSR action (176). The small phenotype of mice overexpressing des-acylated 
ghrelin implicates that the biological significance of des-acylated ghrelin may be greater 
than previously assumed. 
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Table 1. Summary of the metabolic features of knock-out models and transgenic models 
of the ghrelin/GHSR system. 

Variable studied Ghrelin -/- 
Sun et al. 2003 

(175) 

Ghrelin -/- 
Wortley et al. 2004 

(176) 

GHSR -/- 
Sun et al. 2004 

(177) 

Overexpression of 
des-acyl ghrelin 

Ariyasu et al. 2004 
(137) 

Growth ⇔ ⇔ ⇔ ⇓ 
Fertility ⇔ ⇔ ⇔ ? 
Feeding behaviour ⇔ ⇔ ⇔ ⇔ 
Body weight ⇔ ⇔ ⇓ ⇓ 
Body composition ⇔ ⇔ NS* ? 
Response to fasting ⇔ ⇔ ⇔ ? 
Insulin concentration ⇔ ⇔ (⇓) ⇔ 
IGF-I concentration (⇓) ? ⇓ ⇓ 
Ghrelin concentration 0 0 ⇔ ⇑⇑ (total) 
Leptin concentration ⇔ ⇔ ⇔ ? 
⇔: no effect or normal response, ⇓: inhibitory effect, ⇑: stimulatory effect, ?: effect unknown, 0: ghrelin 
concentration below detection limit (0pg/ml), *: slightly decreased fat and muscle content, 

2.3  Determinants and regulation of ghrelin concentration 

Ghrelin and acute metabolic changes. Changes in energy intake are acutely reflected on 
changes in ghrelin concentrations. Feeding state is the major determinant of ghrelin 
because ghrelin concentration increases in the presence of negative energy balance and 
decreases in the presence of positive energy balance. Plasma ghrelin levels rise nearly 
twofold immediately before a meal and drop to minimum levels after eating (33, 179, 
180). Both acylated and des-acylated ghrelin exhibit similar patterns of secretion (69). 
Plasma ghrelin levels are lowest 1h after breakfast (181), and the decrease in ghrelin 
concentrations after a meal is proportional to the caloric load ingested (182). However, 
obese subjects (183, 184) and children (185) do not exhibit similar post-meal decrease in 
ghrelin levels compared to lean adult subjects. 

Ghrelin and prolonged metabolic changes. Ghrelin concentrations are also affected by 
prolonged states of metabolic changes. Obese subjects have lower ghrelin levels than lean 
subjects (14, 68, 184, 186). Numerous studies have reported elevated ghrelin levels after 
weight loss induced by low-caloric diets (187), mixed lifestyle modifications (188-190), 
adjustable gastric banding (191), cancer anorexia (192, 193), cardiac cachexia (194), 
hepatic cachexia (195) or anorexia nervosa (186, 196, 197). Ghrelin levels in severe 
obesity seem to be more resistant to change after body weight reduction compared to 
control subjects (184). The results concerning ghrelin changes after induced positive 
energy balance have shown conflicting results. There was no change in ghrelin levels 
after a 100-day overfeeding intervention (198), whereas another study demonstrated a 
statistically significant decrease in circulating ghrelin concentrations after a very small 
increase in body weight (199). No change is seen after short-term energy restriction in 
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humans (200). Interestingly, 2-day fasting decreases gastric ghrelin mRNA expression but 
increases circulating ghrelin concentration in rats (201). 

Ghrelin and age. There are contradictory results concerning the age-related changes in 
ghrelin concentrations. There are evident changes in ghrelin levels from foetal life to 
early adulthood, the highest levels occurring during early postnatal life both in humans 
and in animals (202, 203). The results on adult subjects are contradictory. Some studies 
with relatively small sample size have reported an age-related decline (204, 205) whereas 
others have failed to detect any change (185, 186).  

Ghrelin and gender. Even though the hormonal effects of ghrelin seem to be gender-
independent in humans (206), rodent models have suggested regulation of GH release in 
a gender-dependent manner (158, 207). Ghrelin concentrations have been reported to be 
similar in both sexes in rat (208). In humans the results are conflicting. Some studies 
have shown ghrelin concentrations to be higher in women (209, 210). There is a 
difference especially between acylated, but not des-acylated ghrelin concentrations (210). 
This phenomenon might be related to the gender-dependent differences in fat distribution 
(211). Interestingly, healthy young women in the late follicular phase of the menstrual 
cycle have 3-fold ghrelin concentrations compared to men (209), suggesting that the time 
of blood sampling for measuring ghrelin concentrations is of critical importance in 
women. In contrast, there are also studies that report no gender-related differences in 
ghrelin concentrations (186, 212, 213).  

The effect of sex hormones on ghrelin concentrations has been studied both in animals 
and in humans. The potential regulation of ghrelin expression by estrogen is supported by 
observations showing that ghrelin and estrogen receptor α are co-localised in the 
stomach, and that ovariectomy increases ghrelin levels in rat (214). In humans, anti-
androgen treatment of women with polycystic ovary syndrome (PCOS) resulted in a 
decrease of ghrelin concentrations (215), and testosterone replacement therapy has been 
reported to normalise ghrelin levels in hypogonadal men (216). Furthermore, the use of 
oral contraceptives containing both estrogen and progesterone has been shown to increase 
plasma ghrelin levels in severe undernutrition (217). There are also studies that have 
failed to demonstrate any differences in plasma ghrelin levels between postmenopausal 
women with and without hormone replacement therapy (213). Altogether, these results 
implicate that sex hormones might be able to modify ghrelin concentrations. 

Ghrelin and the GH/IGF-I system. The discovery of ghrelin, a natural and powerful 
GH secretagogue (13), very soon gave rise to the hypothesis that ghrelin might serve as a 
regulator of somatotroph function together with GHRH and somatostatin (100, 116, 218-
220). However, the physiological role of ghrelin in the regulation of the GH/IGF-I axis 
has not been established yet. Several lines of evidence argue against the role of ghrelin in 
this regulation. Previous studies have shown no change in ghrelin levels in GH-deficient 
subjects (221-223) or in acromegalic subjects with high GH concentrations (209), nor any 
relation between GH and ghrelin levels in anorexia nervosa patients and constitutionally 
thin women (224, 225). GH treatment has no effect on the ghrelin levels of obese men 
(226) or subjects with Prader-Willi syndrome and subsequent hyperghrelinemia (227). 
The pubertal GH surge is not associated with ghrelin levels (228). Furthermore, GH 
pulsatility is not explained by changes in ghrelin concentration (70, 229). Moreover, 
acute GH responses on exercise (230-232) or during fasting (233) are not associated with 
changes in ghrelin. Also, GH suppression in OGTT is not associated with ghrelin 
concentrations (225). Transgenic mouse models affecting GH levels and/or action do not 
support any relevant role for ghrelin in the regulation of the GH/IGF-I axis (234), either. 
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It should be noted, however, that these negative results on circulating ghrelin 
concentrations do not rule out the autocrine or paracrine action of ghrelin in the 
regulation of GH from the pituitary gland (235). Interestingly, ghrelin-deficient mice are 
viable and exhibit a normal growth rate, demonstrating that ghrelin is not critical for 
normal growth (175, 176).  

On the other hand, there are numerous, as yet conflicting, studies suggesting that 
ghrelin might participate in the regulation of the GH/IGF-I axis. GH deficiency has been 
associated with both hyperghrelinemia (236) and decreased ghrelin concentrations (237, 
238). Moreover, contrasting findings indicate both decreased (16, 237, 239, 240) and 
increased ghrelin levels after GH treatment (237). This discrepancy might be partly 
explained by the fact that long-term GH treatment is related to a significant decrease in 
adiposity, the predominant effect of GH therapy. Acromegalic patients exhibit low ghrelin 
concentrations, which are not further down-regulated by OGTT (241). Their low ghrelin 
levels are normalised after surgical treatment, but this effect might also be explained by 
postsurgical changes in body composition and insulin sensitivity (242). The same 
changes might further be responsible for the decrease in ghrelin concentration after GH 
treatment (239). A positive association between ghrelin concentration and GH has been 
reported in subjects with chronic heart failure (243). There is also a connection between 
ghrelin and GH pulsatility (244). The active role of ghrelin in the regulation of the 
GH/IGF-I axis is further supported by the fact that ghrelin concentrations are increased 
before the increase in GH concentration during fasting (245). Furthermore, ghrelin might 
promote sleep-associated GH secretion (246). 

Ghrelin and leptin have opposite effects on the appetite-driving NPY neurones, and 
interregulation between these two hormones might hence be expected. Hyperleptinemia 
prevents the increase in ghrelin concentration induced by caloric restriction in rats (247), 
even though physiological and pharmacological doses of leptin administered to healthy 
humans had no effect on ghrelin concentration (211). On the contrary, hypothalamic 
leptin treatment of leptin-deficient mice decreases the circulating ghrelin concentrations 
and abolishes the orexigenic effects of ghrelin administration (248). Surprisingly, leptin 
increases the ghrelin mRNA expression in rat stomach (201). Also, a negative association 
between circulating leptin and ghrelin levels has been reported (211). This association 
might reflect the role of adiposity as a determinant of both of these hormones. Even 
though the changes in ghrelin concentrations are opposite to those in leptin in most 
instances of energy imbalance, leptin does not seem to have a relevant role as a direct 
regulator of ghrelin concentrations (249). 

Ghrelin and other hormones. There are several hormonal factors that decrease ghrelin 
concentrations. Somatostatin suppresses ghrelin concentrations in a dose-dependent 
manner and independently of GH status (250-254). Both exogenous and endogenous 
glucocorticoids decrease ghrelin levels as well (255). Thyroid hormones might have a 
regulatory effect on ghrelin gene expression since hypothyroidism is associated with 
increased ghrelin concentrations in rats (238), and ghrelin levels decrease in hyperthyroid 
patients and normalise after antithyroid treatment (256). In addition, several 
gastrointestinal hormones seem to regulate ghrelin concentrations. Pancreatic 
polypeptide, which induces a negative energy balance, decreases ghrelin concentrations 
(257). Gastrin and glucacon-like peptide 1 inhibit ghrelin secretion (253). Melatonin 
decreases ghrelin concentrations in rats and dogs (258, 259). Ghrelin levels are also 
suppressed by urocortin infusion (260).  
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Ghrelin and the cholinergic system. The cholinergic system may have a crucial role in the 
regulation of ghrelin concentration, as indicated by the increase and decrease in 
circulating ghrelin concentrations after the administration of cholinergic agonist and 
antagonist, respectively (261, 262). The crucial role of vagal activity in the regulation of 
ghrelin levels was well demonstrated by a human experiment, in which modified sham 
feeding induced a ghrelin decrease comparable to that following real feeding (263). At 
the same time, pancreatic polypeptide concentrations were increased after the sham 
feeding as a marker of increased vagal activity (263). This view is also supported by the 
finding that patients with poorly controlled phenylketonuria and hence decreased 
production of catecholamines exhibit significantly reduced ghrelin concentrations (264). 

Ghrelin and dietary composition. Ghrelin concentrations are very sensitive to changes 
in the composition of diet. In rats, prolonged high-fat diet is associated with lower ghrelin 
levels, whereas high-carbohydrate diet is associated with higher ghrelin levels (16, 265) 
and low-protein diet is associated with higher ghrelin levels (16) compared to control 
diet. However, after a prolonged period on protein-rich diet, both fasting ghrelin 
concentrations and postprandial ghrelin concentrations remained elevated, whereas high-
carbohydrate, high-fat and standard diets were associated with decreased postprandial 
ghrelin concentrations (266). In comparison to human studies, there may be some 
differences. A high-carbohydrate meal induces a greater decrease in the circulating 
ghrelin concentration compared to an iso-energetic high-fat meal (267, 268). The 
decrease in ghrelin concentration after fat feeding lasts longer compared to carbohydrate 
feeding (269). Surprisingly, the same authors also reported that carbohydrates decrease, 
whereas both fat and proteins increase ghrelin concentrations after the ingestion of 
satiating quantities of different test meals (270). In addition, carbohydrates appear to 
differ in their ghrelin responses: the ghrelin decrease after fructose is more pronounced 
compared to glucose (271). Furthermore, acute administration of essential amino acids or 
proteins led to an increase in ghrelin concentration in several studies (269, 272, 273) 
whereas another study failed to indicate any effect (274). The influence of different 
nutrients on ghrelin concentration is further modified by body composition and insulin 
resistance (274). Altogether, the partly discrepant results concerning the effects of 
different nutrients on ghrelin concentrations are probably due to the different 
experimental study designs. In general, it seems that ingested carbohydrates suppress 
ghrelin levels more than fat, whereas proteins increase ghrelin concentrations in most 
studies. 

Ghrelin and smoking. Smoking might have short-term effects on circulating ghrelin 
concentrations. This is indicated by an observation that circulating ghrelin concentrations 
were higher in subjects who had smoked one hour preceding the blood sampling 
compared to those who had smoked 2-12 hours before the blood sampling (275). Also, 
current smokers had higher ghrelin concentrations than non-smokers in the same study. 

Ghrelin and gastric bypass. Circulating plasma ghrelin levels are either decreased 
(276-278) or increased (279) after gastric bypass surgery. The discrepant results are 
explained, at least partly, by the different amount of ghrelin-secreting tissue in contact 
with food after the surgical treatment (280, 281). One potential mechanism for the 
decrease in ghrelin concentrations is inhibition of ghrelin production by the continuous 
condition of an empty stomach and duodenum, called override inhibition (282). However, 
it is not known whether the change in ghrelin concentration has any causal role in the 
weight loss following gastric bypass operation.  
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Ghrelin and disease states. Ghrelin has been associated with several disease states. Both 
low and high ghrelin concentrations have been reported in relation to chronic 
inflammatory diseases. In subjects with celiac disease, ghrelin levels are higher compared 
to subjects without the disease, correlate positively with the severity of intestinal mucosal 
lesions and normalise after treatment (283). Contrariwise, patients with rheumatoid 
arthritis and rats with adjuvant-induced arthritis exhibit low ghrelin concentrations (284). 
Whether the changes in ghrelin levels are due to the inflammation or the associated 
metabolic changes is not clear. 

The ghrelin concentrations of acromegalic patients are low (241, 242) or normal (250), 
whereas markedly elevated ghrelin concentrations are typical of patients with Prader-
Willi syndrome (223, 227, 285, 286). Ghrelin concentrations are also high in subjects 
with anorexia nervosa (33, 186, 287-289) as well as in several other disease states 
characterised by cachexia and negative energy balance, such as chronic obstructive 
pulmonary disease (290). Ghrelin might also have a role in the growth of different 
neoplasms (291-299). Polycystic ovary syndrome (PCOS), a state characterised by 
obesity and insulin resistance, has been associated with higher (300), lower (301, 302) 
and normal ghrelin levels (303). Subjects with renal disease have markedly elevated 
ghrelin concentrations (76, 304), which could be due to decreased elimination of ghrelin 
from circulation. 

Helicobacter pylori infection causes chronic active gastritis. By affecting the function 
of ghrelin-producing cells in the gastric fundus, it could indirectly affect ghrelin 
concentrations. In the first human study, H. pylori infection had no effect on fasting 
plasma ghrelin concentrations (305). In contrast, a subsequent study with a larger sample 
demonstrated that circulating ghrelin concentrations, ghrelin mRNA expression and the 
number of ghrelin-positive cells are decreased in subjects with H. pylori infection (306). 
Also, gerbils inoculated with H. pylori presented a decrease in ghrelin levels (307). 
Treatment of H. pylori infection resulted in a 75% increase of 6-h ghrelin levels in 
humans (308). It has not been shown yet whether chronic atrophic gastritis alone without 
H. pylori infection influences ghrelin concentrations. Since ghrelin-producing cells are 
also affected in this condition, decreased ghrelin concentrations could be expected. 

Ghrelin and other factors. The nocturnal increase in ghrelin levels might be caused by 
sleep-associated processes and might have a role in the generation of sleep phases (246, 
309). However, it is difficult to postulate whether ghrelin has a direct action on sleep or 
whether indirect effects of ghrelin on sleep modify the sleep-wake pattern (229). Twin 
studies have suggested that genetic factors contribute to ghrelin levels (198). The 
different ghrelin molecules might also be able to regulate each other’s function. The first 
evidence of this potential mutual regulation was that the administration of acylated 
ghrelin induces a significant increase of total ghrelin concentration (138). 

The regulation of ghrelin levels in physiological conditions is not completely 
understood at the present. Experimental studies have revealed several hormonal and 
metabolic factors affecting ghrelin concentrations, but their functional roles in the 
regulation of ghrelin concentrations need to be explored further in order to identify the 
physiologically relevant regulators of ghrelin. The most recent studies have revealed 
surprising activities of des-acylated ghrelin (137, 138), and it is therefore important to 
estimate the regulation and the functions of these two distinct molecules separately in 
future research. 
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2.4  Ghrelin and IGF-I 

IGF-I has been considered a surrogate measure of GH secretion because of its long 
circulating half-life and its regulation by GH. Even though IGF-I is not universally 
regarded as an ideal discriminator of GH status (310), IGF-I measurement is currently the 
best indirect method to assess GH secretion (311). IGF-I levels are regulated by a series 
of IGFBPs that control the bio-availability of IGFs (312) and by several other factors, 
including age, gender, nutritional status and peripheral hormones, such as insulin and 
glucocorticoids, which affect IGF-I and/or ghrelin concentrations in addition to GH 
status. 

The role of ghrelin in the regulation of the GH/IGF-I axis has not yet been established 
(as discussed above). Short-term GH treatment of healthy adult subjects increases 
circulating GH and IGF-I concentrations, resulting in a drop of ghrelin levels (237). 
Therefore, either GH and/or IGF-I might have a negative feedback effect on ghrelin 
concentrations. There are studies both for and against this view. The recent cross-
sectional studies have reported negative associations between ghrelin and IGF-I 
concentrations in children and adolescents (212, 228, 313, 314) as well as in anorectic 
women (217), whereas no associations have been reported in adult subjects (204, 222, 
232). The ghrelin and IGF-I concentrations during rigorous exercise are associated (315). 
In mice, GH deficiency due to mutated GH is associated with low IGF-I levels and 
hyperghrelinemia (236), and ghrelin gene expression is influenced by the circulating IGF-
I concentrations (207). Similarly, ghrelin levels are high in subjects with reduced IGF-I 
concentrations due to chronic liver disease (316). However, subcutaneous administration 
of ghrelin has no effect on IGF-I concentrations in healthy humans (75, 96) and the 
extremely high ghrelin concentrations in a patient with pancreatic ghrelinoma (317) or 
gastric ghrelinoma (318) were not associated with GH or IGF-I concentrations. Contrary 
to these findings, ghrelin administration increases the low IGF-I concentrations of 
anorectic patients (217). Furthermore, IGF-I concentrations are modestly reduced in 
GHSR-null mice (177).  

2.5  Ghrelin, glucose homeostasis and diabetes 

Type 2 diabetes is a multifactorial metabolic disease characterised by insulin resistance, 
which, indeed, is a key factor in the pathogenesis of the disease (319). Type 2 diabetes is 
also characterised by impaired function of insulin-producing β-cells and inappropriate 
hepatic glucose production. The well-known risk factors of type 2 diabetes are age, 
overweight, physical inactivity and a positive family history of type 2 diabetes (320). 
Obviously, the increased prevalence of type 2 diabetes and the associated metabolic 
abnormalities are closely related to a combination of increased energy intake and 
decreased energy expenditure. However, since not all obese subjects are diabetic or vice 
versa, there also seem to be other factors involved. 

The mechanisms underlying insulin resistance are complex and have not been fully 
elucidated yet. Defects at several levels of the insulin-signalling pathway are able to 
affect insulin action, including changes in receptor concentration, kinase activity, glucose 
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transporter translocation and intracellular enzyme activity (321). Adipose tissue is an 
important link between obesity and insulin resistance, since free fatty acids derived from 
adipocytes are known to affect insulin actions through many different mechanisms, such 
as inhibition of glucose uptake, reduction in insulin receptor substrate-1 activity, increase 
in hepatic glucose output and accumulation of triglycerides and fatty-acid-derived 
metabolites in muscle and liver (322). 

The role of ghrelin in glucose and insulin metabolism has been studied actively. Based 
on the wide tissue distribution of both ghrelin and its receptor, regulation of glucose 
homeostasis is possible through endocrine, paracrine and autocrine pathways. Especially 
ghrelin secretion of human pancreatic ε-cells (86) is of interest, because ghrelin has direct 
inhibitory effects on the glucose-stimulated insulin secretion of clonal β-cells (17, 298). 

Both parenteral and oral glucose administration and food have decreased plasma 
ghrelin concentrations in most studies (33, 179, 186, 323-325) even though negative 
results have been reported as well (251). It is not fully understood what factor is 
responsible for these changes. Since insulin levels increase instantly after a meal, insulin 
could potentially, either directly or indirectly, regulate ghrelin concentrations. However, 
in subjects with type 1 diabetes and total insulin deficiency, the carbohydrate load is 
associated with a decrease in ghrelin concentrations (326), suggesting that postprandial 
secretion of ghrelin is not exclusively regulated by insulin. This view is further supported 
by the fact that the ghrelin levels of type 2 diabetic patients are decreased after an iv 
glucose load even in the absence of an early-phase insulin response (323). On the 
contrary, the ghrelin levels of type 1 diabetic subjects were not suppressed at all during an 
insulin withdrawal study, which implicates that insulin is essentially required for meal-
induced ghrelin suppression (327). Yet another important factor shown to have a role in 
the postprandial ghrelin decrease is vagal stimulation, since sham feeding alone is able to 
decrease ghrelin concentrations in the absence of ingested nutrients (263). It should be 
noted, however, that sham feeding did not have a significant impact of ghrelin 
concentrations in another study (269). 

Influence of ghrelin on insulin and glucose. Ghrelin has an unambiguous inhibitory 
effect on insulin secretion and a stimulatory effect on basal glucose levels in human 
studies (15, 75, 112, 206, 328, 329). In rodent experiments, both stimulatory (16, 17, 330) 
and inhibitory effects have been reported (253, 331-334). In addition to species-specific 
differences, differences in experimental conditions might explain the discrepancies seen 
in animal models. The latter point is demonstrated by the finding that, in isolated mouse 
islets, physiological ghrelin concentrations have no effect on insulin secretion, whereas 
low ghrelin concentrations inhibit and high concentrations stimulate the insulin response 
(335). Interestingly, ghrelin administration seems to result in an initial increase in glucose 
levels, which is followed by a decrease in insulin levels (15, 206) suggesting ghrelin has 
a direct hyperglycemic acute effect. Glucagon levels are not increased after ghrelin 
administration (206) and therefore cannot explain the increase in glucose concentrations. 
The increase in glucose might also reflect the glycogenolytic activity of ghrelin in the 
liver (15). Indeed, in vitro ghrelin modulates insulin signalling and up-regulates 
gluconeogenesis in hepatoma cells, implying that ghrelin might modulate the cellular 
activities of insulin (18). 

A very recent study revealed different effects of acylated and des-acylated ghrelin on 
insulin sensitivity (138). In this study, acylated ghrelin decreased insulin sensitivity, as 
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indicated by the increased insulin and glucose concentrations. However, co-
administration of des-acylated ghrelin prevented these increases.  

Influence of insulin on ghrelin. In human subjects, insulin infusion has been 
unambiguously shown to decrease ghrelin concentrations independently of glucose 
concentration (171, 336-340), but supraphysiological doses of insulin might be needed to 
achieve this effect (251). A subcutaneous pulse of insulin has no effect on ghrelin 
concentrations (341). In type 2 diabetic subjects without insulin medication, the decrease 
in ghrelin concentration is less pronounced compared to normoglycemic control subjects 
(340). It might be that the meal-related suppression of ghrelin concentration is not 
mediated by glucose or ghrelin at all, since physiological increases in insulin 
concentration have no effect on ghrelin concentration (251). The role of insulin in the 
regulation of ghrelin levels is also questioned by the observation that glucacon and 
arginine, two substances able to increase insulin and glucose, have no influence on 
ghrelin concentrations (337). Conflicting results in rats show that administration of 
insulin and leptin induced an increase of ghrelin mRNA (201), whereas ghrelin release 
and circulating ghrelin concentrations decrease in hyperinsulinemic states (324, 342). 

Ghrelin and other hormones of glucose homeostasis. In addition to insulin, ghrelin 
might also influence glucose homeostasis via other glucoregulatory hormones. 
Obviously, there are several potential factors involved, including glucagon-like peptide 1, 
gastrin and somatostatin, which all inhibit ghrelin secretion in isolated rat stomach (253). 
Glucagon has no effect on ghrelin levels in humans (343). 

Cross-sectional results. Numerous cross-sectional studies have demonstrated the 
inverse correlation between insulin concentrations or insulin resistance and ghrelin 
concentrations both in adults (68, 184, 198, 213, 274, 301, 344-347) and in children (286, 
348, 349). However, conflicting results also exist. In middle-aged healthy men, ghrelin 
levels were not associated with insulin sensitivity assessed by the conventional 
euglycemic hyperinsulinemic clamp technique (275). As ghrelin concentrations correlate 
with both insulin levels and adiposity, obesity is a potential confounder between the 
ghrelin and insulin levels. Most studies have been controlled for the effect of adiposity. In 
addition, ghrelin levels are reduced in insulin-resistant subjects compared to equally 
obese insulin-sensitive subject (345). Altogether, these cross-sectional data suggest that 
insulin is an important determinant of ghrelin concentrations independent of adiposity. 

Ghrelin and diabetes. Both type 1 and type 2 diabetes has been associated with altered 
ghrelin concentrations. Ghrelin concentrations are reduced in the healthy offspring of 
type 2 diabetic subjects, implicating that ghrelin might have a role in the development of 
type 2 diabetes (350). In subjects with newly diagnosed type 1 diabetes, ghrelin levels are 
reduced at diagnosis (351, 352) and remain decreased after insulin therapy (351). On the 
contrary, rats with experimental diabetes induced by β-cell destruction with 
streptozotocin exhibit elevated ghrelin levels together with reduced body weight and 
hyperphagia (353). Since the increase in ghrelin levels was reversible in response to 
insulin treatment, the change might be attributable to a negative energy balance. 

Based on these recent studies, it seems that ghrelin might have a role in glucose and 
insulin metabolism. Therefore, changes in the activity or concentration of the hormone 
might constitute a risk factor for impaired glycemic control. It should be noted, however, 
that some of the results concerning the role of ghrelin in glucose and insulin metabolism 
are controversial and reflect the acute effects of ghrelin or acute changes in ghrelin 
concentration. Furthermore, experimental models (e.g. studies on isolated islet cells or 



 33
perfused organs) might give a simplistic and potentially misleading view, because they 
represent only one part of the complex regulatory system during a relatively short period. 
Moreover, the presence of the ghrelin/GHSR system is probably not critical for normal 
glucose homeostasis, as indicated by the normal insulin and glucose actions in ghrelin 
(175) and GHSR (177) knock-out mice. 

2.6  Ghrelin and cardiovascular system 

There is accumulating evidence to show that ghrelin has several activities in the 
cardiovascular system both in physiological and in pathophysiological states. Systemic 
ghrelin administration decreases arterial BP and increases cardiac performance in healthy 
humans (19) and in rats (354). Subcutaneous ghrelin in humans increases only cardiac 
performance without altering arterial BP (96). Ghrelin administration icv decreases BP as 
well, and this effect is associated with a decrease in sympathetic nerve activity, 
implicating that intravenous injection of ghrelin has at least some effect on the central 
nervous system (355). This finding is supported by an experiment in which a 
microinjection of ghrelin to the brainstem significantly reduced BP and heart rate (356). 
Yet another study confirmed the BP-lowering effect of intravenous ghrelin 
administration, but found no change in BP after icv ghrelin administration, even though 
vasopressin release was stimulated by both treatments (114). Together with other 
regulatory peptides, such as leptin and NPY, ghrelin might have a key role in regulating 
the cardiovascular system and sympathetic activity and, hence, in the development of 
hypertension (357). 

In addition to the effects taking place via the autonomous nervous system, ghrelin also 
has direct cardiotropic effects, as indicated by in vivo experiments. Both acylated and 
des-acylated ghrelin have negative inotropic effects on guinea pig papillary muscle (135). 

Ghrelin might also have beneficial effects on pathophysiological states of the 
cardiovascular system. Ghrelin infusion increases cardiac output and decreases peripheral 
resistance in human subjects with chronic heart failure (358). Therefore, ghrelin treatment 
might be a novel strategy for the treatment of severe chronic heart failure (359). Systemic 
ghrelin infusion prevents damage induced by ischaemia and reperfusion in isolated rat 
hearts (360, 361). Moreover, ghrelin has a protective effect against isoproterenol-induced 
myocardial injury (362). The cardioprotective effect seems to be due to the action of 
acylated ghrelin, since des-acylated ghrelin had no similar beneficial effects (361). The 
protective effect of ghrelin on the cardiovascular system is also supported by the finding 
that ghrelin mRNA expression is increased after experimentally induced viral myocarditis 
in rats (363). There might even be a distinctive regulatory system for ghrelin expression 
in the heart, which is supported by the marked increase in the ghrelin expression of only 
the right ventricle in monocrotaline-induced pulmonary hypertension in rats (364). 
However, the physiological role of ghrelin in cardiac regulation remains to be explored 
(365). At least some of the cardiovascular effects of ghrelin might be explained by 
interaction between ghrelin and CD36 (365), which is a multifunctional type B scavenger 
receptor (366). 
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The powerful and GH-independent vasodilatory effects of ghrelin have been 
demonstrated in the rat aorta (367), human mammary artery (368) and human forearm in 
vivo (369). There have also been studies showing, contrariwise, that ghrelin induces 
vasoconstriction in isolated rat hearts (370). Whether nitric oxide has a role in mediating 
the effect of ghrelin is not clear. In some settings the effect of ghrelin is inhibited by the 
endothelial nitric oxide synthase inhibitor (367), whereas in others it has no effect (369).  

Cross-sectional studies have reported a negative correlation between the plasma 
ghrelin concentration and systemic BP in pregnant women (371) and in middle-aged men 
(275). 

2.7  Ghrelin and atherosclerosis 

Atherosclerosis is a complicated and multifactorial disease characterised by endothelial 
dysfunction, inflammatory processes, intimal thickening due to LDL cholesterol 
accumulation and apoptosis (372-374). The major risk factors of atherosclerosis are well 
known. They can be divided into independent risk factors (cigarette smoking, 
hypertension, elevated serum total and LDL cholesterol concentration, low serum HDL 
cholesterol concentration, diabetes and advancing age), predisposing risk factors (e.g. 
overweight, physical inactivity and family history of premature atherosclerotic diseases) 
and conditional risk factors (e.g. elevated serum triglyceride concentration, prothrombotic 
factors and inflammatory markers) (375). 

Recent experimental studies suggest beneficial activities for ghrelin in the 
cardiovascular system, suggesting that ghrelin might also be beneficial from the point of 
view of atherosclerosis. Ghrelin decreases arterial BP and has vasodilatory effects 
probably through mechanisms independent of GH/IGF-I/nitric oxide (368, 369). Ghrelin 
also improves endothelial dysfunction in the aortas of GH-deficient rats, which further 
supports the view that ghrelin increases endothelial nitric oxide synthase expression 
through GH-independent mechanisms (367). Furthermore, ghrelin has beneficial anti-
inflammatory effects, which has been demonstrated in human endothelial cells in vitro 
(126). In addition, GHS receptor density has been shown to be up-regulated in both 
atherosclerotic carotid arteries and saphenous vein grafts (21), which has been interpreted 
to reflect the beneficial role of ghrelin in human atherosclerosis (376). In contrast to these 
findings, ghrelin seems to have non-beneficial vasoconstrictive effects on the coronary 
arterioles of rat (370). 

There are very few studies concerning the direct effects of ghrelin on atherogenesis. 
The only study published thus far shows that ghrelin mimetic is able to reduce the 
development of atherosclerotic lesions in apoliprotein-E-deficient mice, and that this 
action is expected to be mediated by CD 36 receptor (377).  

Cross-sectional studies have shown several associations between low ghrelin 
concentrations and cardiovascular risk factors, such as obesity (14), insulin resistance 
(213) and high BP (275, 371). Moreover, there is a positive correlation between ghrelin 
and HDL cholesterol concentration and LDL particle size (275). However, there are no 
data available on ghrelin concentrations and atherosclerosis per se.  
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2.8  Ghrelin gene mutations 

The ghrelin gene has been mapped to the chromosomal region 3p26-p25. The cDNA 
sequence of ghrelin was reported together with the description of the hormone (13). The 
ghrelin gene (GHRL, ghrelin precursor, GeneID 51738) consists of 4 exons and 3 introns 
(378). Ghrelin is produced as a 117-amino-acid precursor protein, preproghrelin, which is 
processed by protein convertases to produce mature ghrelin peptide. The genomic 
organisation, gene products and reported nonsynonymous polymorphisms of the ghrelin 
gene are illustrated in figure 3.  

Fig. 3. Genomic organisation and published nonsynonymous mutations of the ghrelin gene 
(GHRL). 

During the past few years, several mutations of the ghrelin gene have been reported. Thus 
far, the following nonsynonymous mutations of the ghrelin gene have been described: 
Arg51Gln and Leu72Met (22) and Gln90Leu (379) (Figure 3). In addition, there are 
many synonymous substitutions (380). There are no publications yet on the associations 
of these synonymous single-nucleotide polymorphisms. Interestingly, there is also a rare 
2 bp deletion at codon 34, without any observed phenotypic changes (379) 

Most of the studies have concentrated on the Arg51Gln and Leu72Met mutations. The 
results of these studies are shown summarised in table 1. The first study describing 
ghrelin gene variants reported the Arg51Gln mutation to be associated with obesity (22). 
The subsequent studies have not been able to confirm this association (23, 379, 381, 382). 
The Arg51Gln mutation was also associated with decreased ghrelin concentrations in the 
first study (23), but no similar association was found in a later study (381).  

The Leu72Met polymorphism was originally associated with lower age of self-
reported onset of obesity (22). The analyses of Italian children and adolescents (382) and 
British obese children yielded similar results (380). In addition, the Met72 allele was 
associated with lower first-phase insulin secretion in an oral glucose tolerance test (380). 
In type 2 diabetic subjects, Leu72Met polymorphism was not related to cardiovascular 
disease but was associated with serum creatinine and lipoprotein (a) levels, with 
Leu72Leu subjects showing the highest values (383). 

5’ 3’

G152A
Arg51Gln

C214A
Leu72Met

A269T
Gln90Leu

Exon 1 Exon 2 Exon 3 Exon 4

Signal sequence

Mature ghrelin (28 amino acids)

Preproghrelin (117 amino acids)

5’ UTR 3’ UTR
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Table 2.  Association studies on the Arg51Gln and Leu72Met mutations of the ghrelin 
gene. 

Author Study population Study topics Arg51Gln Leu72Met 
Ukkola et al. 
2001 (22) 

96 women with 
severe obesity and 
96 controls 

Obesity Higher frequency of 
Arg51Gln heterozygotes 
in obese subjects 

Leu72Met subjects had a 
lower age of onset of 
obesity 

Obesity No association Met72 carrier status is 
protective against fat 
accumulation and 
associated co-morbidities  

Ukkola et al. 
2002 (23) 

3004 subjects from 
Quebec family study, 
Heritage family 
study and Swedish 
obese subjects study Ghrelin 

concentrations 
Arg51Gln genotype is 
associated with low 
ghrelin concentrations 

No association 

Hinney et al. 
2002 (379) 

215 extremely obese 
children and 
adolescents and 93 
normal-weight 
controls 

Obesity No association No association 

Obesity - Met72 associated with 
higher BMI (z-score) and 
earlier onset of obesity 

Korbonits et al. 
2002 (380) 

70 tall and obese 
children 

Insulin 
concentrations 

 Met72 carriers had lower 
insulin levels in OGTT 

Type 2 diabetes - No association 
Hypertension - No association 
Angiopathies - No association 
Creatinine 
concentrations 

- Highest values in 
Leu72Leu subjects 

Ukkola & 
Kesäniemi 
2002 (383) 

258 patients with 
type 2 diabetes and 
522 control subjects 

Lipoprotein (a) 
concentrations 

- Highest values in 
Leu72Leu subjects 

Miraglia et al. 
2004 (382) 

300 obese children 
and adolescents and 
200 normal-weight 
controls 

Obesity No association Met72 carrier status 
associated with earlier 
onset of obesity 

Ghrelin 
concentrations 

No association No association Vivenza et al. 
2004 (381) 

Obese (n=81) and 
normal-weight 
(n=168) children and 
adolescents  

Obesity No association Leu72Met associated with 
a positive family history of 
obesity and greater 
neonatal weight for age, 
but showed an association 
with lower BMI (z-score) 
in normal-weight subjects 

BMI z-score is the standardised score of BMI allowing direct comparison of relative weights across age groups 
and genders in children. 



3 Aims of the study 

The purpose of this study was to examine the determinants of fasting plasma ghrelin 
concentration and to find out whether ghrelin concentrations and ghrelin gene variants are 
associated with the metabolic risk factors of atherosclerosis, especially insulin resistance, 
type 2 diabetes and hypertension, and early atherosclerotic changes in middle-aged 
subjects. 

The specific aims were: 

1. To characterise the major determinants of fasting plasma ghrelin concentrations and 
to study the associations between fasting plasma ghrelin and IGF-I concentrations. 

2. To characterise the variation in fasting plasma ghrelin concentrations in relation to 
glucose and insulin metabolism and hypertension. 

3. To study the association of the ghrelin gene variants Leu72Met and Arg51Gln with 
ghrelin concentrations, type 2 diabetes and hypertension. 

4. To study the association of fasting plasma ghrelin with the early carotid 
atherosclerosis measured ultrasonographically as intima-media thickness of the 
carotid arteries. 

 



4 Subjects and methods 

4.1  Subjects 

This study is a part of the OPERA (Oulu Project Elucidating Risk of Atherosclerosis) 
project, which is a population-based, epidemiological study designed to address the risk 
factors and disease end-points of atherosclerotic cardiovascular diseases. The study 
population and selection criteria have been previously described in detail (384, 385). The 
study population consists of a hypertensive cohort (300 men and 300 women) and a 
control cohort (300 men and 300 women) 40-59 years old at the time of recruitment 
(September 1, 1990) and resident in the City of Oulu. The hypertensive cohort was 
randomly selected by age stratification (15 men and 15 women per year) from the Social 
Insurance Institute register for reimbursement of antihypertensive medication. According 
to the register, the subjects were entitled to a special refund (higher reimbursement class) 
of antihypertensive medication endorsed later than August 1980. The criteria for that 
refund in 1990 were as follows: diastolic blood pressure (DBP) 105mmHg or more 
during a few months’ follow-up, unless the patient shows signs of target organ damage 
(left ventricular hypertrophy, heart failure, coronary artery disease, cerebro-vascular 
disease, renal insufficiency or hypertensive retinopathy), in which case the DBP limit was 
100mmHg. If the patient was young (men below 50 and women below 40 years), had a 
family history of cardiovascular disease or sudden death at an early age, had diabetes or 
severe dyslipidemia or had systolic BP (SBP) above 180mmHg (above 200mmHg in 
subjects older than 50 years), he or she was eligible for the higher reimbursement even 
when his/her DBP level during the follow-up was 100-104mmHg. In the case of 
nephropathy, a DBP level of 95mmHg was sufficient for entitlement to the special refund. 
For each hypertensive subject, an age- and sex-matched control was randomly selected 
from the national health register (including all inhabitants), excluding the subjects with a 
right to reimbursement for antihypertensive medication. 

The participants visited the research laboratory of the Department of Internal Medicine 
for laboratory tests, physical examination and a detailed interview. The visits were made 
in the morning after an overnight fast. Carotid artery ultrasonography was performed on a 
separate visit 6-12 months later. The visits were made between January 1991 and March 
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1993. The overall participation rate of the hypertensive cohort was 86.5% (261men, 257 
women) and that of the controls 87.7% (259 men, 267 women). Altogether 1045 subjects 
volunteered to participate in the study, which was conducted according to the principles 
of the Declaration of Helsinki. Informed consent was obtained from each participant. The 
study was approved by the Ethical Committee of the Faculty of Medicine, University of 
Oulu. 

4.2  Clinical methods 

At the visit, anthropometric measurements (weight, height, waist, hip), BP measurements, 
and an OGTT with 75g of glucose were carried out. BMI was calculated as weight (kg) 
divided by height squared (m2). Waist circumference was measured to the nearest 0.5cm 
with a tape measure midway between the lower rib margin and the iliac crest in light 
expirium. Hip circumference was measured at the point yielding the maximum 
circumference over the buttocks. 

Blood pressure was measured according to the recommendations of the American 
Society of Hypertension (386) in a sitting position from the right arm with an 
oscillometric device (Dinamap® model 18465X, Criticon Ltd., Ascot, UK) after an 
overnight fast and after a 10- to 15-minute rest. Three measurements were made at 1-
minute intervals, and the means of the last two were used in the analyses. 

The questionnaire presented to all participants elicited detailed information about their 
smoking habits, alcohol consumption, physical activity, use of medication and medical 
history. Alcohol consumption was determined by the method of Khavari and Farber (387) 
and calculated as grams of absolute alcohol per week. Smoking history was obtained by 
the questionnaire used in the WHO MONICA study (388). The lifetime smoking burden 
was calculated as pack-years (1 pack-year = 20 cigarettes smoked/day in one year). 
Physical activity was scored in five categories, where 1 was sedentary and 5 was highly 
active (389). 

4.3  Carotid ultrasonography 

The intima-media thickness of the carotid arteries and the number of atheromatous 
plaques were measured by one trained radiologist without knowledge of the clinical data. 
IMT, defined as the distance between the media-adventitia interface and the lumen-intima 
interface (Figure 4), was measured from 513 hypertensive subjects and from 518 control 
subjects. A duplex ultrasound system with 7.5MHz scanning frequency in B-mode, 
pulsed doppler mode and colour mode was used (Toshiba SSA-270A, Toshiba Corp., 
Tokyo, Japan). The ultrasonographic assessment was performed with the subject in a 
supine position with his head turned away from the sonographer at an angle of 45˚. Each 
carotid system was imaged in anterior oblique and lateral planes, transversally and 
longitudinally. The examiner consistently aimed at the clearest image of the near and far 
walls of the carotid arteries. The scan head was kept perpendicular to the arterial walls 
and the transducer laterally angled to give optimal visualisation. The Doppler mode was 
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used to identify the vessels and to evaluate flow disturbances. Each scan of the common 
carotid artery (CCA) began just above the clavicle and moved past the bifurcation 
enlargement (BIF) and along both the internal carotid artery (ICA) and the external 
branches as far distally as possible. The whole scanning procedure was recorded on a 
Super-VHS videocassette recorder (Panasonic AG-7330, Matsuhita Electric Industrial 
Co., Ltd., Osaka, Japan). The measurements were performed about one year later from 
the video image on the monitor of the ultrasound device using its electronic callipers. 

The IMT was measured at five points on each side: ICA about 10mm distal from the 
flow divider, BIF and three locations of CCA (proximal, middle and distal) with about 
10-15 mm intervals, depending on the length of the vessel, the most cranial point of 
measurement being about 10mm proximal from the bifurcation (Figure 4). Altogether 20 
sites were measured, but only 10 far-wall measurements were used in the analyses since 
the near-wall measurements may be difficult to perform accurately (390). The thickest 
point of the IMT was measured at each site, avoiding the sites of plaque. The mean IMT 
was defined as the mean of ICA, BIF and the 3 highest CCA values. The CCA mean was 
calculated as a mean of six CCA measurements. An arterial plaque was defined as an 
echogenic structure having an IMT more than 50% greater than those of the neighbouring 
sites. The number of plaques was recorded. 

Fig. 4. Schematic diagram illustrating the sites of IMT measurements and a longitudinal echo 
image of the common carotid artery showing the measurement of far-wall IMT. 

The reproducibility of the IMT measurements was assessed from the videotapes of 31 
randomly selected study subjects by 2 radiologists blinded to the original results. The 
intra-reader variability and correlation coefficient (Pearson) were 3% and 0.97 for the 
mean IMT and 9.9% and 0.94 for the maximal IMT, respectively. The respective 
interreader variability and correlation values were 7.2% and 0.93 (mean IMT) and 12.8% 
and 0.92 (maximal IMT). 
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4.4  Laboratory analyses 

All the laboratory test samples were obtained after an overnight fast. Plasma was 
separated from venous blood and stored at 4°C. Most of the laboratory analyses were 
carried out within two days after the blood sampling. After that, plasma was stored at -
20°C for further analyses. The routine clinical laboratory tests were carried out in the 
Central Laboratory of Oulu University Hospital and the lipid and lipoprotein analyses in 
the Research Laboratory of the Department of Internal Medicine. 

After fasting blood had been drawn, the subjects were given a 75 g glucose load, after 
which blood insulin and glucose levels were determined at 60 and 120 min, except in the 
case of previously known insulin-treated diabetics. The venous blood glucose 
concentration was determined with the glucose dehydrogenase method and the plasma 
insulin concentration with the double RIA method (AIA-PACK IRI, Tosoh Corp., Tokyo, 
Japan). The AUC for glucose (and insulin) in the OGTT was calculated according to 
Simpson’s rule (391): AUC = [fasting glucose + (4 x glucose60min) + glucose120min]/3.  

The VLDL fraction (d<1.006g/ml) was separated from plasma by ultracentrifugation 
in a Kontron TFT 45.6 rotor at 105 000 g and 15˚C for 18 h. The VLDL fraction was 
removed from the ultracentrifuged preparation by tube slicing. The plasma HDL 
cholesterol concentration was determined by mixing 1ml of the VLDL-free fraction with 
25μl of 2.8% (w/v) heparin and 25μl of 2M manganese chloride and by measuring the 
cholesterol concentration in the supernatant after centrifugation at 1000g and 4˚C for 30 
minutes. The plasma LDL cholesterol concentration was calculated by subtracting the 
cholesterol concentration in HDL from that in the VLDL-free fraction. The 
concentrations of total cholesterol and triglycerides in the plasma and lipoprotein 
fractions were determined by enzymatic colourimetric methods (kits of Boehringer 
Diagnostica, Mannheim GmbH, Germany, catalogue nos. 236691 and 701912, 
respectively) using Kone Specific analyser (Kone Specific, Selective Chemistry Analyser, 
Kone Instruments, Espoo, Finland). The CVs for the determinations of plasma total 
cholesterol, HDL cholesterol and triglycerides were 2.1%, 5.5% and 5.3%, respectively.  

Type 2 diabetes, IGT and IR were determined according to the WHO criteria (392). A 
person was regarded as diabetic if his/her fasting blood glucose was ≥6.1 mmol/l and/or 
2h glucose in OGTT was ≥10.0 mmol/l, or if he/she was on diabetes medication (oral or 
insulin). A subject had IGT if he/she had a fasting blood glucose value < 6.1 mmol/l and 
his/her 2h blood glucose in OGTT was ≥ 6.7 mmol/l and < 10.0 mmol/l. Insulin 
sensitivity was assessed using fasting plasma insulin concentrations and a quantitative 
insulin sensitivity check index (QUICKI = 1/[log (fasting insulin) + log (fasting 
glucose)]) (393). The subjects with insulin sensitivity below the lowest quartile of the 
control cohort (QUICKI < 0.563) were regarded as insulin-resistant.  
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4.4.1  Measurement of ghrelin, IGF-I, IGFBP-1  
and leptin concentrations 

Fasting ghrelin concentrations correlate strongly with the 24-h integrated AUC ghrelin 
values (179), and fasting plasma ghrelin concentrations were therefore analysed to obtain 
a measure of overall ghrelin concentrations (213). A commercial RIA kit recognising both 
acylated and des-acylated ghrelin was used (Phoenix Pharmaceuticals Inc., Belmont, 
California, USA). The sensitivity of the assay was 1.2pg/tube (ED80), and the intra- and 
interassay CVs, as given by the manufacturer, were 4.0% and 7.5%, respectively. Due to 
the low intra-assay CV of the method demonstrated by the manufacturer and by an 
independent study (394), only a single measurement for each sample was performed. 
Interassay CV in the analyses of this study was 11.2%. The ghrelin concentrations were 
analysed in 11 assays within 2 weeks in October-November 2002 from plasma samples 
stored at -20˚C for 9.6 to 11.8 years and thawed to 4˚C prior to assay. Although only 
acylated ghrelin has been reported to have endocrine activity (13), non-endocrine 
functions have been reported for the non-acylated form of ghrelin (136), and the 
measurement of total ghrelin is hence justified. Furthermore, total ghrelin is a good 
surrogate for acylated ghrelin, since they are well correlated (68), and the ratio of these 
two remains constant under a wide variety of conditions (71).  

IGF-I assay (DSL-10-2800 ACTIVE Non-Extraction IGF-I ELISA; Diagnostic 
Systems Laboratories, Webster, Tex., USA) uses a modified version of the standard acid-
ethanol extraction procedure with intra- and interassay CVs of 4.5-8.6% and 3.3-6.8%, 
respectively. IGFBP-1 was measured with an immunoenzymometric assay (IGFBP-1 
IEMA test; Oy Medix Biochemica, Kauniainen, Finland) with an intra-assay CV of 2.4-
3.4% and an interassay CV of 4.9-7.4%. Fasting plasma leptin concentrations were 
measured using a commercial double-antibody RIA (Human Leptin RIA Kit; Linco 
Research, Inc., St. Charles, MO) with an intra-assay CV of 3.4-8.3% and an interassay 
CV of 3.0-6.2%. All CV values are as given by the manufacturer) 

4.4.2  DNA analyses 

Genomic DNA was extracted from blood leukocytes using the Triton X-100 lysis method 
(395). Polymerase chain reaction (PCR) and restriction fragment length polymorphism 
(RFLP) analyses were used to identify the ghrelin Arg51Gln and Leu 72met 
polymorphisms. The 618 bp DNA fragment covering the exons 1 and 2 that encompass 
the entire ghrelin product was amplified using an automatic thermal cycler and the 
following primers: forward primer: 5’-GCTGGGCTCCTACCTGAGC-3’, reverse 
primer: 5’-GGACCCTGTTCACTGCCAC-3’ (22). The PCR reaction was carried out in a 
volume of 25 μl containing 150 ng of DNA, 0.12 μM of each primer, 0.2 mM of each of 
the dNTPs (Amersham Pharmacia Biotech Inc. Piscataway, NJ, USA) and 1.26 units of 
Dynazyme™II polymerase (Finnzymes Oy, Espoo Finland). The PCR was started with 3 
min denaturation at 95°C, 1 min at 60°C and 2 min at 72°C followed by 30 cycles at 
95°C for 30 s, 60°C for 30 s, 72°C for 1 min 15 s and 1 cycle at 72°C for 10 min. The 
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Arg51Gln mutation was identified using the restriction endonuclease SacI, which retains 
the mutated site (guanine replaced by adenine) at base 346 in exon 2 of the preproghrelin 
gene undigested. The preproghrelin Leu72Met polymorphism is caused by a cytosine to 
adenine transition at base 408 in exon 2 of the preproghrelin gene, which leads to 
abolition of the BsrI restriction site. The amplified products were digested at 37°C (SacI) 
or 65°C (BsrI) overnight with 5U of the enzyme. The fragments were separated on a 1.5 
% agarose gel and visualised under UV light after staining with GelStar®nucleic acid gel 
stain (Biowhittaker Molecular Applications, Rockland, ME, USA). 

4.5  Statistical methods 

To compare the means of the variables measured, Student’s t-test, analysis of variance 
(ANOVA) and analysis of covariance (ANCOVA) were used. Homogeneity of variances 
was tested using Levene’s test. Post hoc tests were performed using Bonferroni 
correction in multiple comparisons. When appropriate, non-parametric tests (Mann-
Whitney or Kruskal-Wallis) were used. A χ2-test was carried out to assess the frequency 
differences in the sex ratio and the ratio of the study cohorts between the ghrelin quartiles 
and to assess whether the observed genotype frequencies were in Hardy-Weinberg 
equilibrium. The association between ghrelin and the dependent variables was assessed 
using ANCOVA and linear and logistic regression analyses. The effects of the 
confounding factors on dependent variables were controlled for by adding them into the 
multivariate models. The following variables were entered into the multivariate models as 
covariates: gender, study cohort, age and BMI (studies I-IV). In addition, the following 
covariates were used: fasting insulin and IGFBP-1 (analysis of ghrelin/IGF-I association, 
Study I), alcohol consumption and physical activity (hypertension and BP levels, Study 
II) and systolic BP, pack-years, LDL cholesterol and fasting insulin (carotid 
atherosclerosis, Study IV). R2 and standardised regression coefficient (β) were used to 
compare the effects of the independent variables on the dependent variable.  

The subgroups of the study population were analysed separately if there was a 
significant interaction between the subgroups (gender, study cohort, BMI tertile or 
glycemic status) and the independent variable as a predictor of the outcome variable in 
ANCOVA. The three subjects found to have type 1 diabetes were excluded from the 
studies I-III. Three subjects with very high ghrelin concentrations were excluded from the 
analyses as outliers. Altogether, the fasting plasma ghrelin concentrations of 1034 
subjects were included into the analyses.  

Since the ghrelin concentrations were analysed in a non-random order (hypertensive 
men were analysed first, followed by hypertensive women, control men and control 
women) there was a need to control for the potential effect of the inter-assay variation 
causing systematic error on the ghrelin concentrations. The linear regression between the 
observed ghrelin concentrations and the ghrelin concentration of the control sample was 
statistically significant (R2=7.1%, P<0.001). The nonlinear association was equally 
statistically significant (R2=7.4%, P<0.001). Since the difference between these models 
was minimal, the individual ghrelin concentrations were adjusted for the inter-assay 
variation by using linear regression analysis (396). The following formula was used: Ga = 
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G - ac (c - C), where Ga = individual’s adjusted ghrelin concentration, G = individual’s 
observed ghrelin concentration, ac = regression coefficient of the observed ghrelin 
concentration with the ghrelin concentration of the control sample, c = ghrelin 
concentration of the control sample in the assay and C = mean value of the ghrelin 
control sample. Adjusted ghrelin levels were used in the analyses. The mean absolute 
change compared to the original concentrations was 0 pg/ml (-96 - 103pg/ml, SD = 67).  

Continuous variables are expressed as means with SD or 95% confidence interval 
(CI). ANCOVA was used to calculate the adjusted means. Log-transformed values 
(glucose, HDL cholesterol, IGF-I, IGFBP-1, insulin, leptin and triglycerides) were used 
in the analyses as appropriate to normalise the skewed distributions. All calculations were 
made with the SPSS (version 9.0; SPSS, Inc.) statistical package. P-value <0.05 was 
regarded as significant. All the tests performed were two-sided. 



5 Results 

5.1  Subjects and their basic characteristics 

The overall participation rate of the hypertensive cohort was 86.5% (261 men, 258 
women) and that of the controls 87.7% (259 men, 267 women). The main characteristics 
of the hypertensive and control subjects by gender are shown in Table 3. The women 
were about one year older, because they were examined about one year later than the 
men. The prevalences of type 2 diabetes and coronary artery disease were higher in the 
hypertensive cohort than in the control cohort. Even though the control subjects had no 
right for the reimbursement for antihypertensive medication, there was a relatively high 
prevalence of hypertension amongst them. Both the male and the female hypertensive 
cohorts had significantly higher BMI, BP, blood glucose, plasma insulin and plasma 
triglyceride values than the control cohorts.  

Table 4 shows the use of antihypertensive and other medications among the study 
subjects. Twenty-six men and 29 women among the control cohort were on chronic 
medication affecting BP, since BP-lowering medication is also commonly used for 
indications other than hypertension (e.g. chest pain, ankle oedema, essential tremor, 
palpitations, etc.). Furthermore, in a smaller portion (7 men and 14 women) of these 55 
subjects, these drugs were used to treat hypertension, although the subjects were not 
listed as special refund recipients at the time of recruitment. These subjects had been 
entitled to the refund later or had, for some reason, failed to apply for the right to refund. 
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Table 3. Main characteristics of the control and hypertensive cohorts by gender. 

Control cohort Hypertensive cohort 
Variable Men 

(n=259) 
Women 
(n=267) 

All 
(n=526) 

 
Men  

(n=261) 
Women 
(n=258) 

All 
(n=519) 

Age (years) 50.9 (6.1) 51.8 (6.0) 51.4 (6.0) 50.5 (5.9) 51.8 (5.9) 51.2 (5.9) 

Type 2 diabetes (%)# 5.0 3.4 4.2 14.9* 12.4* 13.7* 

Coronary heart disease (%)## 6.9 4.9 5.9 9.6 11.6* 10.6* 

Hypertension (%)### 47.5 31.5 39.4 100.0* 100.0* 100.0* 

BMI (kg/m2) 26.5 (3.5) 26.2 (4.4) 26.4 (4.0) 29.4 (4.4)* 28.7 (5.3)* 29.0 (4.9)* 

Systolic BP (mmHg) 145 (20) 137 (21) 141 (21) 158 (21)* 152 (21)* 155 (21)* 

Diastolic BP (mmHg) 88 (10) 82 (12) 85 (12) 97 (10)* 90 (11)* 94 (11)* 

Smoking (packyears) 17.1 (14.6) 7.8 (12.4) 12.4 (14.3) 15.4 (13.9) 7.6 (12.3) 11.5 (13.7) 

Alcohol consumption (g/week) 90 (100) 23 (36) 56 (82) 106 (126) 31 (48) 68 (103) 

Fasting glucose (mmol/l) a 4.5 (1.2) 4.3 (1.1) 4.4 (1.2) 4.9 (1.3)* 4.7 (1.3)* 4.9 (1.3)* 

Fasting insulin (mmol/l) a 11.1 (1.7) 8.2 (1.8) 9.53 (1.8) 14.9 (1.8)* 11.2 (1.9)* 12.9 (1.9)* 

QUICKI  0.60 (0.09) 0.67 (0.12) 0.63 (0.11) 0.55 (0.10)* 0.60 (0.13)* 0.58 (0.12)* 

Total cholesterol (mmol/l) 5.8 (1.1) 5.5 (1.0) 5.6 (1.1) 5.8 (1.0) 5.7 (1.1)* 5.8 (1.0) 

LDL cholesterol (mmol/l) 3.7 (1.0) 3.3 (0.9) 3.5 (1.0) 3.6 (0.9) 3.5 (0.9) 3.5 (0.9) 

HDL cholesterol (mmol/l) a 1.2 (1.3) 1.5 (1.3) 1.3 (1.3) 1.1 (1.3)* 1.4 (1.3)* 1.3 (1.3)* 

Triglycerides (mmol/l) a 1.4 (1.6) 1.1 (1.5) 1.2 (1.6) 1.7 (1.7)* 1.4 (1.6)* 1.6 (1.7)* 

IGF-I (ng/ml) a 80 (1.7) 71 (1.8) 75 (1.7) 51 (1.8)* 71 (2.1) 60 (2.0)*  

Ghrelin (pg/ml) 646 (230) 702 (237) 674 (235) 668 (266) 654 (234)* 661 (250) 

Values are means (SD) or percentages. # Based on WHO criteria, ## based on disease history (interview), ### 
proportion of subjects with blood pressure ≥160/90 or with a history of hypertension. a geometric mean, * 
P<0.05 between hypertensive and control cohorts (Student’s t-test). BP: blood pressure, CHD: coronary heart 
disease. 

Table 4. Use of selected medications among the hypertensive and control cohorts by 
gender. 

Control cohort Hypertensive cohort 
Medication Men 

(n=259) 
Women 
(n=267) 

All 
(n=526) 

 
Men  

(n=261) 
Women 
(n=258) 

All 
(n=519) 

Antihypertensive medication 26 (10.0) 29 (10.9) 55 (10.5) 239 (91.6) 248 (96.1) 487 (93.8) 

Diuretics  2 (0.8) 9 (3.4) 11 (2.1) 61 (23.4) 100 (38.8) 161 (31.0) 

Beta-blockers 19 (7.3) 11 (4.1) 30 (5.7) 132 (50.6) 124 (48.1) 256 (49.3) 

Calcium channel blockers 9 (3.5) 8 (3.0) 17 (3.2) 53 (20.3) 58 (22.5) 111 (21.4) 

ACE inhibitors 4 (1.5) 7 (2.6) 11 (2.1) 106 (40.6) 87 (33.7) 193 (37.2) 

Others 0 0 0 13 (5.0) 18 (7.0) 31 (6.0) 

Lipid-lowering medication 6 (2.3) 4 (1.5) 10 (1.9) 13 (5.0) 7 (2.7) 20 (3.9) 

Acetylsalicylic acid 12 (4.6) 6 (2.2) 18 (3.4) 25 (9.6) 15 (5.8) 40 (7.7) 

Oral antidiabetic medication 2 (0.8) 2 (0.7) 4 (0.8) 10 (3.8) 9 (3.5) 19 (3.7) 

Insulin 2 (0.8) 0 2 (0.4) 6 (2.3) 5 (1.9) 11 (2.1) 

Hormone replacement therapy  60 (22.5)   48 (18.6)  

Data are n (%). ACE, angiotensin-converting enzyme. 
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5.2  IGF-I as a determinant of fasting plasma ghrelin concentration 
(Study I) 

The mean fasting plasma ghrelin concentration of the whole study cohort was 668pg/ml 
(range 117-1513pg/ml). There were no statistically significant differences in ghrelin 
concentrations between the genders or between the study cohorts.  

Linear regression analyses of all study subjects showed IGF-I concentrations to be 
negatively associated with ghrelin concentrations before and after adjustments for the 
potential confounding factors. Out of the individual factors tested, IGF-I was the most 
significant determinant of ghrelin concentrations, explaining 9.8% (P<0.001) of the 
variation. 

Since there were statistically significant interactions between IGF-I and gender, IGF-I 
and BMI and IGF-I and glycemic status as predictors of ghrelin concentrations, the 
analyses were further carried out as stratified in relation to these factors. IGF-I 
concentrations explained a higher proportion of the variation in ghrelin concentrations in 
males (R2=18.9%, P<0.001) compared to females (R2=4.4%, P<0.001). Furthermore, the 
association between ghrelin and IGF-I concentrations was strongest in the subjects with 
high BMI. Fasting plasma ghrelin concentrations in relation to gender-specific IGF-I 
quartiles and BMI tertiles are illustrated in figure 5.  

Fig. 5. Fasting plasma ghrelin concentrations in relation to gender-specific BMI tertiles and 
IGF-I quartiles. The first BMI tertile and the first IGF-I quartile refer to the lowest BMI and 
IGF-I values, respectively. (a) Males (n=484). (b) Females (n=511). 

In relation to glycemic status, the association between IGF-I and ghrelin was strongest in 
the type 2 diabetic subjects (R2=25.4%, P<0.001) compared to the IR subjects 
(R2=21.0%, P<0.001) and the normoglycemic subjects (R2=6.5%, P<0.001) (Figure 6). 
The same pattern of association remained in the multivariate models. 



 48

Fig. 6. Simple linear regression between ghrelin and IGF-I concentrations in relation to 
glycemic status. (a) Subjects with no IR: n=602, R2=6.5%, P<0.001. (b) Subjects with IR: 
n=304, R2=21.0%, P<0.001. (c) Subjects with type 2 diabetes: n=89, R2=25.4%, P<0.001. 

5.3  Ghrelin concentrations, insulin resistance and type 2 diabetes 
(Study II) 

There was a statistically significant difference in the prevalence of type 2 diabetes 
between the ghrelin quartiles, the highest prevalence occurring among the subjects with 
the lowest ghrelin concentration. Figure 7 shows the ghrelin concentrations in relation to 
glycemic status before and after adjustment for BMI. The ghrelin concentrations of type 2 
diabetic subjects were low compared to the non-diabetic subjects. The association of low 
ghrelin with the prevalence of type 2 diabetes and insulin resistance persisted in the 
multivariate logistic regression models (adjusted for gender, study cohort, age and BMI), 
but the association between ghrelin and IGT was not statistically significant. In the 
multivariate models, the inverse relationship between ghrelin and fasting insulin and 
AUC insulin as well as the positive relationship between QUICKI and ghrelin remained. 

5.4  Ghrelin concentrations and blood pressure (Study II) 

Figure 8 shows the means and 95% CIs of SBP and DBP relative to the ghrelin quartiles 
after adjustment for gender and study cohort (panel A) and after further adjustment for 
BMI (panel B). Since the interaction between the study cohort and ghrelin as a predictor 
of BP was insignificant, the study cohorts were pooled together. The negative 
associations between ghrelin concentrations and BP levels remained statistically 
significant after further adjustments for age, alcohol consumption and physical activity 
(P=0.026 and P=0.018 for SBP and DBP, respectively).  
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Fig. 7. Fasting plasma ghrelin concentrations in normoglycemic subjects with no IR and in 
subjects with IGT but no IR, in subjects with IR and no IGT, in subjects with IR and IGT 
and in subjects with type 2 diabetes. Mean and 95% CI. A. Ghrelin concentrations without 
adjustment for BMI. ANCOVA: P<0.001. ***: P<0.001, **: P=0.007, *: P=0.045 (significance 
for the difference between the groups, Bonferroni correction for multiple comparisons). B. 
Ghrelin concentrations adjusted for BMI. ANCOVA: P=0.007. *: P=0.014. 

Due to the marked difference in the BP levels between the study cohorts, the cohorts were 
also analysed separately. That analysis revealed an evident association with SBP and DBP 
in the hypertensive cohort. No significant association was detected in the control cohort. 
However, low ghrelin concentrations were associated with the prevalence of hypertension 
(BP>140/90mmHg) in the control cohort in the logistic regression analysis, but the effect 
did not remain statistically significant in the multivariate model. 

Fig. 8. Systolic and diastolic BP in the pooled data according to the ghrelin quartiles. A. Mean 
and 95% CIs, adjusted for gender and study cohort. P=0.007 for SBP and P=0.006 for DBP in 
the linear regression analysis. B. Means and 95%CIs, adjusted for gender, study cohort and 
BMI. P=0.059 for SBP and P=0.037 for DBP in the linear regression analysis. 
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5.5  Ghrelin gene mutations and ghrelin concentrations  
(Studies II and III) 

The allele frequency of ghrelin 51Gln was 2.2% in the whole data set. In the pooled data, 
51Gln carrier status was associated with low levels of ghrelin and IGF-I but high levels 
of IGFBP-1 even after adjustment for the effects of age, BMI, gender and study cohort. 
The fasting plasma ghrelin concentrations in relation to the Arg51Gln genotype are 
shown in figure 9A. The only subject identified as homozygous for 51Gln was obese 
(BMI=31.1) and quite short (151cm) and had low IGF-I (66ng/ml) and high HbA1c levels 
(8.4%). 

The allele frequency of ghrelin Met72 was 26.6%. Since the interaction between the 
study cohort and the polymorphism was significant, the study cohorts were analysed 
separately. There was no difference in ghrelin concentrations between the Leu72Met 
genotypes in the control cohort, whereas in the hypertensive cohort the polymorphism 
was a significant predictor of ghrelin concentration (Figure 9B). The hypertensive 
subjects with the Leu72Met genotype had lower ghrelin concentrations compared to the 
subjects with the Leu72Leu genotype. The effect was also evident after adjustment for 
BMI and gender. When Met72 carrier status was considered, there was no statistically 
significant difference in the mean ghrelin values between the Met72 carriers and the 
subjects homozygous for the Leu72 allele in the hypertensive cohort. Also, there were no 
differences in the mean values of BP, adiposity, total cholesterol, LDL cholesterol, HDL 
cholesterol, triglycerides, insulin, leptin or blood glucose between the subjects 
homozygous for the Leu72 allele and the Met72 carriers in the analyses adjusted for 
gender and study cohort. 

Fig. 9. Fasting plasma ghrelin concentrations in relation to the ghrelin Arg51Gln and 
Leu72Met genotypes. Data are means and 95% CIs. A. Arg51Gln mutation. P<0.001 for the 
difference between the subjects homozygous for Arg51 and the 51Gln carriers after 
adjustment for BMI, gender and study cohort in ANCOVA B. Leu72Met polymorphism. 
*P=0.020 for the difference between the groups after adjustment for BMI and gender. P-
values corrected for multiple comparisons (Bonferroni). 
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5.6  Ghrelin mutations, type 2 diabetes and hypertension  
(Study III) 

The odds ratios with 95% CI of the ghrelin 51Gln allele for type 2 diabetes, IGT and 
hypertension are shown in figure 10. In the pooled data, the 51Gln allele was a 
statistically significant risk factor for type 2 diabetes. The effect of the 51Gln allele as a 
risk factor for type 2 diabetes was also evident in the multivariate logistic regression 
model of the pooled data (OR=2.53, CI: 1.11-5.75, P=0.027) or only the hypertensive 
cohort (OR=2.49, CI: 1.02-6.07, P=0.044). The allele frequencies in the subjects with 
and without type 2 diabetes were 4.8% and 2.0%, respectively. 

The 51Gln allele was more common in the hypertensive (3.1%) than in the control 
cohort (1.3%) and appeared to be a risk factor for hypertension in χ2-test (Figure 10). The 
difference remained significant when all hypertensives (the subjects of the hypertensive 
cohort and the subjects on antihypertensive medication and/or with BP≥160/90 in the 
control cohort) were compared to non-hypertensives (no antihypertensive medication and 
BP<160/90) (Figure 10). Among the hypertensive subjects, 51Gln carriers had lower 
IGF-I (P=0.023) and higher IGFBP-1 levels (P=0.016) than non-carriers after adjustment 
for age, BMI and gender. The mean values of SBP and DBP between 51Gln carriers and 
non-carriers did not differ from each other. 

Leu72Met polymorphism was not associated with the prevalence of type 2 diabetes or 
hypertension. 

Fig. 10. Odds ratios with 95% CI of the ghrelin 51Gln allele for type 2 diabetes, IGT and 
hypertension in the pooled data obtained by χ2-test. 

5.7  Ghrelin concentrations and carotid IMT (Study IV) 

The mean IMT of the carotid artery was positively associated with ghrelin concentrations 
in the analysis of all study subjects. This analysis was carried out before (P=0.028) and 
after adjustments (P=0.052) for the traditional risk factors of atherosclerosis (age, gender, 
SBP, LDL cholesterol, pack-years and BMI). Since there was a statistically significant 
interaction between ghrelin and gender as a predictor of mean IMT in the multivariate 
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model, the analyses were further carried out in males and females separately. There was a 
positive association between ghrelin and the mean IMT of males before (P=0.004) and 
after adjustments (P=0.007), whereas no association was found in females (P=0.985 and 
P=0.915, respectively). Figure 11 illustrates the relation of ghrelin concentrations and 
IMT in males and females at different locations of the carotid artery. As expected, the 
IMT values of men were higher compared to women, and men also had more 
atherosclerotic plaques. The mean number of plaques also varied between the ghrelin 
quartiles in men in such a way that the men with the highest ghrelin concentrations had 
the largest amount of atherosclerotic plaques in their carotid arteries. No similar 
association was observed in women. High ghrelin concentrations were associated with 
low BMI and high HDL cholesterol concentrations. No correlation between ghrelin and 
CRP concentrations was observed. 

Fig. 11. Intima-media thicknesses for the different parts of the carotid artery in males 
(n=509) and in females (n=515) in relation to ghrelin quartiles. P-values for the overall effect 
of ghrelin (P for trend) obtained by ANCOVA. Adjustments were made for age, SBP, LDL 
cholesterol, pack-years and BMI. 

The association between ghrelin concentrations and carotid IMT were further analysed by 
multivariate linear regression models, including the traditional risk factors of 
atherosclerosis. Age, SBP, smoking and LDL cholesterol were positively associated with 
the mean IMT, as expected. Ghrelin levels were positively associated with the mean IMT 
in the analysis of all study subjects (P=0.007) as well as in the analysis of men 
(P=0.001). No association between ghrelin and mean IMT was found in women 
(P=0.941). In the univariate regression models, ghrelin alone explained 1.1% of the 
variation in the IMT values of men (adjusted R2), whereas the corresponding values for 
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the commonly recognised major risk factors in men were 10.7% for age, 5.5% for LDL 
cholesterol, 4.8% for pack-years, 2.6% for SBP and 0.4% for BMI.  

The pattern of association remained similar after the inclusion of type 2 diabetes and 
insulin values in the model as well as after the exclusion of type 2 diabetic subjects from 
analysis. Furthermore, the results were not changed after the addition of HDL cholesterol 
concentration, triglyceride concentration, CRP concentration, history of hypertension, 
lipid-lowering medication or different types of BP-lowering medication into the model. 
Nor did medications have any influence on ghrelin levels. 

Increased ghrelin concentrations have been reported to be associated with smoking 
(275). Since smoking is an indisputable risk factor of atherosclerosis, it is also a potential 
confounder biasing the association between ghrelin concentrations and atherosclerosis. In 
the present study, there were no statistically significant differences in the ghrelin levels in 
relation to smoking status (non-smoker, ex-smoker and current smoker) or the number of 
cigarettes smoked daily. When the ghrelin quartiles were compared, the mean number of 
pack-years among men was highest in the 4th quartile, showing a statistically significant 
difference only in comparison with the 3rd ghrelin quartile. Multivariate models did not 
show any statistically significant interactions between ghrelin and smoking as a predictor 
of carotid IMT, and the association between ghrelin and carotid IMT remained even after 
adjustment for the effect of smoking. Therefore, it seems that the results of this study are 
not biased by smoking. 



6 Discussion 

6.1  Study population 

At the time of the sampling, 7539 subjects were entitled to the special refund of 
antihypertensive medication in the City of Oulu, representing about 8% out of the total 
population. Out of these, 443 subjects (268/175 men/women, respectively) were aged 40-
44 years, 601 (333/268) 45-49 years, 757 (400/357) 50-54 years and 952 (476/476) 55-59 
years, accounting for a total of 2753 subjects. At that time, 403 000 subjects had this 
benefit in the whole country, representing about 8% of the total population. However, 
approximately 6% of the subjects in the hypertensive cohort were not using 
antihypertensive medication, despite their right to the special refund.  

The control cohort does not represent the normotensive part of the population, mostly 
due to the reimbursement criteria of Social Insurance Institution. Subjects suffering from 
mild or moderate (SBP < 180mmHg and DBP < 105mmHg) uncomplicated hypertension 
had no right to the special refund (but were entitled to a basic refund) of antihypertensive 
medication at the time of recruitment. Twenty-six men and 29 women were on 
antihypertensive medication, although only 7 of the men and 14 of the women were 
taking these drugs primarily because of hypertension. The main characteristics of the 
control cohort are comparable to the general Finnish population (397), and one could 
therefore expect the control cohort to represent relatively well the general middle-aged 
Finnish population. 

Even though the hypertensive cohort represents a population with higher levels of 
cardiovascular risk factors compared to the control cohort, the study cohorts were mostly 
analysed together, because there were no statistically significant differences between the 
cohorts in view of the outcome variables. Whenever significant interactions were seen, 
the analyses were carried out in both cohorts separately.  

When treated as one population, the study cohorts together do not represent a 
“normal” random sample of a middle-aged population, but rather a population with an 
increased risk for cardiovascular diseases. This is mainly due to the overrepresentation of 
subjects with special refund for antihypertensive medication (8% in the population vs. 
50% in the study sample), and this might limit the conclusions of the study.  
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6.2  Association study as a research frame 

Association study on cross-sectional data is a commonly used approach. However, there 
are several obvious pitfalls involved in this approach. First, a cross-sectional study can 
only demonstrate associations. If an association is observed, it may be either true positive 
or false positive. Equally, an observed lack of association (negative association) may be 
either true or false. Secondly, even though a true positive association is observed, there 
are no means to confirm by cross-sectional methods that there really is a causal 
relationship between the associated factors.  

The problems of association studies have been discussed especially in terms of genetic 
associations (398, 399). In general, there are several factors that may lead to erroneous 
observations. Bias may occur due to selection, measurement, misclassification or 
confounding. Especially, confounders might be difficult to control for because a priori 
knowledge is required in order to suspect that a certain factor might be a confounder. 
Population stratification is another problem, which can usually be revealed by a careful 
analysis of the data. In addition, a false positive association might emerge by chance 
alone. This risk is especially high when the sample size is small. Typically, large studies 
suggest a weaker association or no association at all compared to the strong association 
proposed by smaller studies (heterogeneity bias) (400). This phenomenon is well 
demonstrated by two recent studies with different sample sizes concerning the 
relationship between the ghrelin Arg51Gln mutation and obesity (22, 23). Yet another 
potential cause of false positive association is multiple testing, which is not uncommon in 
association studies. Moreover, the observed associations are enriched in the literature due 
to publication bias.  

In the present study, several statistically significant associations between ghrelin 
concentrations, ghrelin mutations and clinical variables were discovered. Due to the large 
number of individuals analysed, it is very probable that the reported observations 
represent true positive associations. Furthermore, the potential roles of many confounding 
factors (e.g. age, gender, adiposity, study cohort, smoking) were analysed, but none of 
them appeared to be confounders. It is important to note, however, that in the complex 
network of metabolic regulatory pathways, a real cross-sectional association between two 
factors does not necessarily mean any causal relationship or mutual regulation between 
these factors. Therefore, the results should be interpreted with caution. 

6.3  Considerations of laboratory and clinical methods 

In this study, fasting plasma ghrelin concentrations were analysed using an antibody that 
recognises both acylated and des-acylated ghrelin. The measurement of total ghrelin 
concentrations is justified for many reasons. Firstly, the ghrelin molecule is relatively 
unstable since the octanoyl modification of the molecule is rapidly hydrolysed into des-
acyl ghrelin in plasma (401). Acidification and storage of the samples at low temperatures 
prevent this degradation (394, 401) and des-acylated ghrelin is more stable in all 
conditions compared to acylated ghrelin concentration (401). It should be pointed out that 
repetitive thawing of samples to low temperatures (4˚C) for up to 11 cycles efficiently 
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prevents the decrease in ghrelin immunoreactivity (especially in total ghrelin 
immunoreactivity) compared with thawing to room temperature (401, 402). The 
measurement of acylated ghrelin immunoreactivity from plasma samples stored in a 
freezer might have given erroneous low concentrations. Secondly, although only acylated 
ghrelin is thought to have endocrine activity (13), non-endocrine functions have been 
reported for the non-acylated form of ghrelin (63-66, 90, 135). Thirdly, total ghrelin is a 
good surrogate of acylated ghrelin since they are well correlated (68), and the ratio of 
these two remains constant under a wide variety of conditions (71, 72).  

A variety of methods have been applied for the measurement of insulin resistance in 
epidemiological investigations. In this study, insulin sensitivity was assessed using 
QUICKI, which correlates well with the golden standard method (euglycemic 
hyperinsulinemic clamp study) (403-406) and has better predictive value as a predictor of 
type 2 diabetes compared to fasting plasma insulin concentration (407). It should be 
noted, however, that QUICKI is not an ideal measure of insulin resistance in all 
circumstances, e.g. in elderly subjects with poorly controlled type 2 diabetes (405) or 
during pregnancy (408).  

Total IGF-I concentrations are commonly measured by means of immunoassays. The 
IGF-I concentrations of the present study were measured by an ELISA method, which is 
an enzymatically amplified sandwich-type assay using a specific antibody that recognises 
the IGF-I molecule independent on the IGF-binding proteins. This is in accordance with 
the current guidelines (409). It is well known that the biological activity of IGF-I is best 
reflected by the concentration of free or easily dissociable IGF-I concentration. However, 
these measurements were not available in the present study  

There are several methods available for the assessment of the degree of 
atherosclerosis, including intravascular ultrasound (410) and cardiac magnetic resonance 
imaging (411). In this study, the wall thickness of carotid arteries was measured using B-
mode ultrasound. This method is relatively simple, safe, inexpensive, precise and 
reproducible (412). Increased arterial wall thickness is closely associated with 
cardiovascular disease (413) and is a powerful predictor of coronary and cerebrovascular 
complications (414). 

6.4  Ghrelin and IGF-I 

Our findings suggested that IGF-I concentration is a significant determinant of ghrelin 
concentration, being negatively associated with it. This association was stronger in males 
and in subjects with high BMI, IR or type 2 diabetes. BMI explained a larger proportion 
of the variation in ghrelin concentrations in women than in men. IGFBP-1 concentrations 
were associated with ghrelin concentrations only in subjects with IR. 

Since ghrelin has a powerful GH-releasing effect in experimental settings (13, 96, 98, 
101), it has been proposed to serve as a regulator of somatotrophic function together with 
GHRH and somatostatin (218, 220). However, the physiological role of ghrelin in the 
regulation of the GH/IGF-I axis has not yet been established. Several lines of evidence 
argue against the role of ghrelin in this regulation. Previous studies have shown no 
change in ghrelin levels in GH-deficient subjects after GH treatment (221, 223). The 
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pubertal GH surge is not associated with ghrelin levels (228). Furthermore, GH pulsatility 
is not explained by changes in ghrelin concentrations (229), and the acute GH response 
upon exercise (230) or during fasting (233) is not associated with changes in ghrelin 
levels (232). Interestingly, ghrelin-deficient mice are viable and exhibit a normal growth 
rate, demonstrating that ghrelin is not critical for normal growth (175, 176). On the other 
hand, there are also contrasting findings reporting a decrease in ghrelin levels after GH 
treatment (239), hyperghrelinemia in GH deficiency (236) and a correlation between 
ghrelin and GH pulsatility (244). 

IGF-I has been considered a surrogate measure of GH secretion because of its long 
circulating half-life and its regulation by GH. Even though IGF-I is not universally 
regarded as an ideal indicator of GH status (310), IGF-I measurement is currently the best 
indirect method to assess GH secretion (311). Recent studies have reported negative 
associations between ghrelin and IGF-I concentrations in children and adolescents (212, 
228, 313, 314) whereas nihilistic results have been reported in adult subjects (204, 222, 
232).  

The present results show a clear and independent negative association between ghrelin 
and IGF-I concentrations in adult subjects. Our large sample size compared to the sample 
sizes of the previous studies might explain why an association was detected in this study. 
Still, the clear association between IGF-I and ghrelin was a somewhat unexpected finding 
in the light of the several previous studies showing no association between ghrelin and 
the GH/IGF-I axis. Nonetheless, our finding implies that there might be a negative 
feedback effect of either GH or IGF-I or both on ghrelin concentrations. The elevated 
ghrelin concentrations and the decreased IGF-I concentrations, despite the high GH 
concentrations, in subjects with chronic liver disease (316) suggest that the regulation is 
likely to take place between ghrelin and IGF-I rather than between ghrelin and GH. 
Indeed, this view is supported by a recent observation on mice overexpressing des-
acylated ghrelin (137). These mice had a small phenotype and exhibited low GH and 
IGF-I concentrations. Therefore, particularly des-acylated ghrelin, which constitutes the 
majority of total circulating ghrelin, might be a regulator of the GH/IGF-I axis. 

The interpretation of our cross-sectional results is complicated by the complex 
regulation of IGF-I levels by a series of IGFBPs that control the bio-availability of IGFs 
(312) and by several other factors, including age, gender, nutritional status and peripheral 
hormones, such as insulin and glucocorticoids, which, in addition to GH status, affect the 
IGF-I and/or ghrelin concentrations. In order to control some of these potentially 
confounding factors, we added them into the multivariate analyses as covariates. In 
addition, the analyses were carried out as stratified by gender, glycemic status and BMI 
tertile. The multivariate analysis of all subjects showed that the association between 
ghrelin and IGF-I was statistically significant even after adjustments for gender, age, 
insulin concentration and BMI. In further analyses, gender, BMI and glycemic status 
were found to modify the association between ghrelin and IGF-I levels. Nevertheless, the 
effect of IGF-I in the models remained even after stratifications. However, based on our 
cross-sectional results, we cannot definitively tell whether this association reflects mutual 
regulation between ghrelin and IGF-I or similar regulatory pathways behind ghrelin and 
IGF-I. 

Interestingly, the negative association between ghrelin and IGF-I concentrations was 
clearly modified by IR and type 2 diabetes. This association was more pronounced 
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among subjects with IR and particularly in a state of extreme insulin resistance, type 2 
diabetes. Therefore, serum insulin concentrations seem to be an important determinant of 
the relationship between ghrelin and IGF-I. Subjects with type 2 diabetes also have 
decreased ghrelin (415) and IGF-I concentrations (416), which might further modify the 
association. The roles of IGF-I (417) and ghrelin (418) in the pathophysiology of insulin 
metabolism are complicated and not yet fully understood. Whether ghrelin deficiency has 
a functional role in the development of IR and type 2 diabetes (e.g. by decreasing insulin 
sensitivity) remains to be explored in further prospective and experimental studies. Based 
on our findings, we can only speculate that ghrelin/IGF-I interactions might also be 
involved in the development of IR and type 2 diabetes.  

We found the association between ghrelin and IGF-I to be modulated by gender, 
suggesting that there might be a gender-dependent difference in the regulation of ghrelin 
despite the gender-independent GH-releasing effect of ghrelin (206) and the gender-
independent ghrelin levels (212, 415). Ghrelin concentrations have been reported to 
depend on gender only in young subjects (209). The gender difference in the role of 
ghrelin in the regulation of GH has been previously shown in animal models (158, 207). 

6.5  Ghrelin and type 2 diabetes 

Our data characterise the variation of fasting plasma ghrelin concentrations in a 
representative sample of middle-aged hypertensive and control population. To our 
knowledge, this is the first study exploring the ghrelin concentrations in a large sample of 
subjects at the population level. This study suggests that low ghrelin is independently 
associated with high insulin concentrations and the prevalence of type 2 diabetes and IR. 

We found the ghrelin concentrations of subjects with type 2 diabetes to be lower 
compared to subjects without type 2 diabetes. In line with the previous studies (14, 186, 
274), our study also demonstrated adiposity to be an important determinant of ghrelin 
concentrations. Therefore, the lower ghrelin concentration in type 2 diabetic subjects 
could be due to their higher adiposity. However, the difference remained after adjustment 
for BMI, and the association between low ghrelin and the prevalence of type 2 diabetes 
persisted independently of gender, study cohort, BMI and age in the multivariate model. 
Furthermore, the inverse association between ghrelin and fasting insulin concentrations 
as well as the association between ghrelin and insulin sensitivity (QUICKI) remained 
after the adjustments. Thus, our results suggest that low ghrelin is independently 
associated with fasting insulin concentrations, IR and type 2 diabetes. Indeed, fasting 
ghrelin concentrations have been shown to be reduced in healthy offspring of type 2 
diabetic subjects (350). These findings support the view that low ghrelin could have a 
causative role in the development of type 2 diabetes. Low ghrelin concentrations have 
been associated previously with IR in subjects with polycystic ovary syndrome (301, 
419) and in obese children and adolescents (349). The negative correlation between 
fasting ghrelin and insulin has also been reported earlier (14). Our findings are in 
accordance with these results, showing that ghrelin levels are negatively associated with 
insulin concentrations and the prevalence of type 2 diabetes and positively associated 
with insulin sensitivity. 
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Based on the current knowledge of the interplay between plasma insulin, glucose and 
ghrelin concentrations, it is difficult to explain the mechanism behind the association 
between low ghrelin concentrations and the increased prevalence of type 2 diabetes. 
Studies on the acute effects of ghrelin administration in humans have shown an inhibitory 
effect on insulin concentrations accompanied by a stimulatory effect on glucose 
concentrations (15-17, 75, 112, 206, 328, 329). In rodent models, both inhibitory (331) 
and stimulatory (17) effects have been reported. In vitro ghrelin modulates insulin 
signalling and up-regulates gluconeogenesis in hepatoma cells (18). Based on these acute 
effects showing decreased insulin sensitivity after ghrelin administration, ghrelin seems 
to be a diabetogenic factor. In contrast, type 2 diabetic and IR subjects exhibit low ghrelin 
concentrations. The factors behind this contradiction may be diverse and yet unknown. It 
should be noted that the studies on the effect of ghrelin on insulin and glucose 
metabolism represent only the acute influences of the hormones on each other, and some 
of the studies have used pharmacological doses of ghrelin. It is important to point out that 
the long-term physiological effects of ghrelin on insulin and glucose metabolism remain 
unknown. In order to clarify the potential causative role of ghrelin deficiency in the 
development of IR and type 2 diabetes, prospective studies are needed. No such studies 
are available at the moment. In the light of the previously published knock-out models of 
ghrelin (175, 176) and GHSR (177), showing normal glucose and insulin concentrations, 
it seems probable that the ghrelin/GHSR 1a system has no major role in the development 
of IR and type 2 diabetes. 

There is good evidence showing a decrease in plasma ghrelin concentrations caused 
by insulin administration (171, 336-340). These data suggest that ghrelin concentrations 
might be downregulated in IR and type 2 diabetes as a physiological response to 
hyperinsulinemic state, and that ghrelin per se may not necessarily have any causative 
role in the development of insulin resistance and type 2 diabetes. However, nihilistic 
(341) and even contrary results exist (201). A recent experiment demonstrated that only 
supraphysiological concentrations of insulin decrease ghrelin concentrations, whereas 
somatostatin causes a marked decrease in ghrelin concentrations without changes in 
insulin levels (251). Thus, the discrepant results might be partly explained by the 
different experimental settings and the differences in the hormone concentrations used. 

Theoretically, low ghrelin could affect the development of type 2 diabetes and IR in 
several ways. One could speculate that ghrelin deficiency in itself and/or the decreased 
somatotrophic effects associated with ghrelin deficiency decrease insulin sensitivity and 
eventually lead to type 2 diabetes. Decreased ghrelin expression has been suggested to be 
associated with age and hyposomatotropism in the elderly (204, 207). Therefore, an age-
dependent decrease in ghrelin concentrations could be associated with decreased insulin 
sensitivity. In our study sample consisting of subjects aged 40-62 years, no such effect 
was evident. On the contrary, we found a positive association between ghrelin 
concentrations and age in females. In addition, the inverse association between ghrelin 
concentrations and the prevalence of type 2 diabetes was independent of age. 

Most of the experimental studies concerning the effects of ghrelin on insulin 
metabolism have concentrated on acylated ghrelin, which has been thought to be the only 
endocrinologically active form of the molecule. However, in addition to the non-
endocrine effects, the recent studies have revealed potential endocrine effects of des-
acylated ghrelin, most probably mediated by a receptor distinct from GHSR 1a (90, 138, 
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420). In healthy subjects, administration of ghrelin induces hyperglycemia and a decrease 
in insulin concentrations, but this effect is abolished by co-administration of des-acylated 
ghrelin (90). Des-acylated ghrelin has no similar effects when administered alone (61). 
GH-deficient patients show a similar pattern with the exception that insulin levels also 
increase after acylated ghrelin administration (138). These findings show that acylated 
ghrelin increases insulin resistance, whereas des-acylated ghrelin counteracts this effect, 
which seems to be explained by the direct effects of these molecules on the glucose 
output of hepatocytes, as indicated by the in vitro experiments with primary porcine 
hepatocytes (420). In the present study, the ghrelin concentrations reflect largely des-
acylated ghrelin concentrations. In the light of these recent studies (90, 138, 420) it can 
be speculated that des-acylated ghrelin might increase insulin sensitivity in physiological 
conditions as well. 

6.6  Ghrelin and blood pressure 

This study demonstrated a negative correlation between both systolic and diastolic BP 
and fasting plasma ghrelin concentrations in a population-based cohort. The high BMI of 
the subjects with low ghrelin explained partly the association between low ghrelin 
concentrations and elevated BP. The multivariate analysis of the pooled data, however, 
showed the effect of ghrelin to be independent of BMI and the other most commonly 
recognised risk factors for hypertension. When the study cohorts were analysed 
separately, the association remained only in the hypertensive cohort, implicating that the 
effect of low ghrelin on BP levels is stronger in a hypertensive state and only becomes 
evident in a large data set. In the control cohort, the negative association between the 
prevalence of hypertension and the ghrelin concentrations was diluted after adjustment 
for BMI.  

The relationship between ghrelin concentrations and BP levels was analysed based on 
the assumption that the association might be linear. However, the association was found 
to be stronger in the hypertensive cohort, which suggests a nonlinear relationship. In 
order to clarify this issue, (ghrelin)2 was added to the multivariate linear regression model 
together with ghrelin, age, sex, study cohort and BMI. In these analyses the regression 
coefficient of (ghrelin)2 was not statistically significant as a predictor of either the SBP or 
DBP (data not shown). Moreover, the goodness-of-fit measures (R2) of the multivariate 
models were not improved by the addition of (ghrelin)2. Therefore, the assumption about 
linear relationship is justified. 

The association between BP and ghrelin has been reported earlier in pregnant women 
(371). Because adiposity influences both BP and ghrelin concentrations, it is a potential 
confounder. Indeed, in some studies the apparent association between ghrelin and BP has 
disappeared after adjustment for body fat (275). In experimental settings, ghrelin exerts 
beneficial hemodynamic effects by decreasing the mean arterial pressure and increasing 
the cardiac output (19, 354). The vasodilatory effects of ghrelin in vitro suggest that the 
mechanism is independent of the GH/IGF-1/nitric oxide axis (369). The decrease in BP 
after icv ghrelin administration implies that central mechanisms are involved, and that the 
effect of ghrelin on BP might be partly mediated by the decrease in sympathetic nerve 
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activity (355). This view is also supported by an experiment in which a microinjection of 
ghrelin into the brainstem significantly reduced BP and heart rate (356).  

In general, ghrelin appears to have indisputable beneficial effects on BP in 
experimental settings, and low ghrelin concentrations are associated with high BP levels, 
especially in hypertensive subjects, suggesting that ghrelin might have a role in the 
regulation of BP especially in the hypertensive state. Whether ghrelin deficiency has any 
causal role in the development of hypertension remains to be explored.  

6.7  Ghrelin gene mutations 

According to the data bank of National Center for Biotechnology Information (NCBI), 16 
single nucleotide polymorphisms in the exonic and intronic areas of the ghrelin gene have 
been reported. In addition, there are 8 nucleotide variants upstream of the translational 
starting codon. Three of these are nonsynonymous mutations changing the amino acid 
codon: Arg51Gln and Leu72Met (22) and Gln90Leu (379). At the begining of this study, 
only the Arg51Gln and Leu72Met mutations were known, and the data suggested 
potential biological significance for these variants. Therefore, they were chosen for 
thorough analyses. 

The amino acid Arg51 is a target site for endoprotease action, which leads to 
proteolytic cleavage of the carboxy-terminal 66 amino acids to produce mature ghrelin. 
The Arg51Gln mutation disrupts the recognition site in the last codon of the mature 
ghrelin product (22). Ukkola et al. (23) have shown previously that subjects with the 
Arg51Gln mutation have low ghrelin concentrations compared to Arg51Arg subjects. 
This observation is supported by our results (Study II), which showed subjects with the 
51Gln allele to have low ghrelin concentrations. The mutation is quite rare (allele 
frequency 2.2%), but appears to have obvious phenotypic consequences: subjects with 
the 51Gln allele have low ghrelin concentrations and are at a higher risk for type 2 
diabetes and hypertension (Studies II and III). Interestingly, the mutation was also 
associated with lower IGF-I levels which, in most conditions, reflect the GH levels quite 
well (417). This is in contrast to the results of Study I, which shows low ghrelin levels to 
be associated with high IGF-I concentrations. One could speculate that this discrepancy 
might be related to the altered function of the ghrelin/GHSR system in carriers of the 
51Gln allele. At the present, there are no studies reporting the effects of the Arg51Gln 
mutation on the concentrations of the different cleavage products of preproghrelin present 
in tissues and circulation. This is clearly an issue for further research in order to clarify 
the functional significance of this mutation. Especially, thorough investigation of the 
subject homozygous for Gln51 and her relatives is important. 

In this study, the 51Gln allele frequency was almost threefold in the patients with type 
2 diabetes compared with the non-diabetic subjects. In addition, the 51Gln allele was a 
predictor of a high 2h glucose value in OGTT. These observations are consistent with the 
results of Study II showing decreased ghrelin concentrations in Gln51 carriers and an 
increased prevalence of type 2 diabetes in subjects with low ghrelin concentrations. 
Admittedly, the frequency of the Arg51Gln mutation is quite low, and it is able to explain 
the increased risk for type 2 diabetes only marginally at the population level. However, 
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the mutation seems to have obvious consequences for the affected individuals, though 
they represent only a small fraction of the type 2 diabetes population. Since ghrelin is an 
orexigenic and adipogenic hormone, low ghrelin levels could be protective against type 2 
diabetes. However, it seems that obese subjects with type 2 diabetes have lower ghrelin 
levels than control subjects (Study II), (186). 

Ghrelin has been shown to stimulate insulin secretion in vivo (17). In contrast, a recent 
observation showed that acute administration of ghrelin to humans causes 
hyperglycaemia and decreases insulin secretion (15). At the moment, the definite role of 
ghrelin in glucose and insulin metabolism is unclear. As far as the effect of the Arg51Gln 
mutation on glucose metabolism is concerned, one could speculate that insulin secretion 
in 51Gln allele carriers could only partially compensate for the diminished insulin action, 
leading to hyperglycaemia and eventually to type 2 diabetes. 

Ghrelin, when administered intravenously to healthy volunteers, exerts beneficial 
hemodynamic effects by reducing mean arterial pressure and increasing cardiac output 
without increasing heart rate (19). Therefore, a low plasma ghrelin level could be 
expected to be hemodynamically harmful. This notion is supported by the present 
findings, which showed the frequency of hypertension to be lower among 51Gln non-
carriers than among 51Gln carriers who had earlier been reported to have lower plasma 
ghrelin levels (23). One potential mechanism behind the hypertensive effect of the 51Gln 
allele might be associated with the lower IGF-I concentration of 51Gln carriers, since 
IGF-I has been reported to stimulate endothelial nitric oxide formation (421). 

The mutation at codon 72 of the preproghrelin gene (Leu72Met) might have effects on 
the products of preproghrelin, which could, theoretically, have some, as yet unknown 
functional significance, as suggested by Ukkola et al. (23). They reported the ghrelin 
72Met allele to be protective against fat accumulation and associated metabolic co-
morbidities without any effect on ghrelin concentrations (23). Our data do not support 
this hypothesis since the Leu72Met polymorphism was not associated with the metabolic 
variables studied, and the subjects with the Met72 allele had low ghrelin concentrations 
in the hypertensive cohort, which should be associated with adverse rather than protective 
metabolic effects. 

The two mutations analysed in this study are located very close to each other, which 
makes linkage disequilibrium between the loci almost certain. However, due to the rarity 
of the Arg51Gln mutation and the insufficient power of the analyses, haplotype analyses 
were not performed. The ghrelin gene has been mapped to the chromosomal region 3p26-
p25. Linkage disequilibrium with genes close to the ghrelin gene might also explain the 
association between the ghrelin 51Gln allele and type 2 diabetes and hypertension. 
However, within the relevant region of linkage disequilibrium (422, 423), no potential 
candidate genes for type 2 diabetes or hypertension close enough to the ghrelin gene have 
been found. 

6.8  Ghrelin and atherosclerosis 

The present study showed plasma ghrelin concentrations to be positively associated with 
the degree of subclinical atherosclerosis measured as IMT of carotid arteries. In a 
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subgroup analysis, the association between carotid IMT and ghrelin concentrations was 
only observed in males. These findings remained statistically significant after adjustments 
for the major commonly recognised risk factors for atherosclerosis, such as age, systolic 
BP, LDL cholesterol, BMI, smoking, C-reactive protein and insulin concentrations.  

To ascertain our findings, we carried out careful analyses using two different statistical 
approaches, and both yielded similar results. We find it very intriguing that ghrelin levels 
had a notable effect on carotid IMT, even though the effect was of lesser magnitude 
compared to the effect of the well-known major risk factors for cardiovascular disease, 
such as age, LDL cholesterol, systolic BP and smoking. The positive association between 
ghrelin and atherosclerosis opens up new perspectives concerning the etiopathogenesis of 
atherosclerosis. However, due to the cross-sectional study design, no conclusions on the 
potential causative role of ghrelin in atherosclerosis or the mechanisms underlying the 
association can be drawn based on these data. We can only speculate on whether the 
present results indicate the atherogenic role of ghrelin or compensatory up-regulation of 
ghrelin concentrations in advanced atherosclerosis. 

An accumulating number of previous studies support an active and beneficial role for 
ghrelin in normal and pathological conditions of the cardiovascular system. First, the 
beneficial hemodynamic effect and the vasoactive role of ghrelin have been demonstrated 
both in vitro (368) and in vivo (19) as well as in association studies (415). Ghrelin 
improves endothelial dysfunction and increases endothelial nitric oxide synthase 
expression in GH-deficient rats (367), implicating that the cardiovascular effects of 
ghrelin are at least partially, if not totally, GH-independent. In addition, ghrelin has GH-
independent cardioprotective effects (360). Second, low ghrelin concentrations have been 
associated with metabolic disturbances, such as insulin resistance, type 2 diabetes, and 
metabolic syndrome (415), which are commonly recognised as risk factors of 
atherosclerosis. Ghrelin causes a positive energy balance in animal experiments by 
stimulating feeding and reducing fat utilisation (115), but the ghrelin levels in obese 
humans are low (14, 415). Therefore, a negative association between ghrelin and 
atherosclerosis could have been expected. Third, ghrelin appears to have beneficial 
features in relation to two essential processes of atherosclerotic activity, namely 
inflammation (373) and apoptosis (374). Ghrelin inhibits the proinflammatory responses 
in endothelial cells (126) and also inhibits in vivo the liberation of pro-inflammatory IL-
1β (128). In vitro studies have demonstrated that both acylated and des-acylated ghrelin 
inhibits cell death in cardiomyocytes and endothelial cells, and that the effect might be 
mediated by a receptor distinct from GHSR-1a (136). Furthermore, GHS receptor density 
has been shown to be up-regulated in both atherosclerotic carotid arteries and saphenous 
vein grafts (21), which has been interpreted to reflect the beneficial role of ghrelin in 
atherosclerosis (376). Fourth, there have been studies showing a positive association 
between ghrelin concentrations and HDL levels (213, 415). The binding of ghrelin to 
HDL particles might partially explain this association and be of functional significance in 
atherogenesis, since HDL des-acylates ghrelin to a significant extent (77). Finally, very 
recent studies have shown that ghrelin agonist reduces atherosclerotic lesion development 
in apoliprotein-E-deficient mice (377). 

In contrast to the studies showing beneficial effects of ghrelin on the cardiovascular 
system (discussed above), there is another line of recent evidence showing 
vasoconstrictive effects of ghrelin on coronary arterioles (370). This effect was achieved 
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using physiological doses of ghrelin, whereas some previous studies have reported 
vasodilatory effects for pharmacological doses of ghrelin (19, 368, 369). Therefore, the 
roles of ghrelin in the cardiovascular system have not yet been unambiguously 
established. 

The positive association between ghrelin and carotid IMT warrants further studies in 
order to elucidate the role of ghrelin in atherosclerosis. Based on our results and the 
previous studies reporting beneficial effects of ghrelin on the cardiovascular system, it 
can be hypothesised that ghrelin may have a beneficial role in atherosclerosis as a 
counteracting force against atherosclerotic processes. Ghrelin levels might be induced 
only in the advanced state of atherosclerotic disease, which could explain the lack of 
association in females. Carotid atherosclerosis in females was less advanced compared to 
males of the same age, as indicated by the lower IMTvalues and the smaller number of 
carotid atherosclerotic plaques in females compared to males. There is also some 
evidence demonstrating higher ghrelin levels in women (209, 211) and regulation of 
ghrelin by sex hormones (215), which, in addition to the differences in body fat 
distribution, might underlie the gender difference. No gender difference in fasting plasma 
ghrelin concentrations was observed in our study population. Interestingly, CD36, a 
potential functional receptor of ghrelin in the cardiovascular system (366), is expressed in 
a sexually dimorphic manner (424). Although speculative, it is possible that this might 
partly explain why the association between ghrelin and carotid IMT was seen only in 
males. 

One potential explanation for this association might lie in the strong inverse relation 
between ghrelin and IGF-I (212, 228, 425). IGFs have obvious paracrine and autocrine 
effects on atherogenesis (426), and IGF-I deficiency has been shown to increase the 
cardiovascular risk (416). Furthermore, adult-onset growth hormone deficiency 
chracterised by low IGF-I concentrations is associated with pro-atherogenic metabolic 
disturbances (427). However, the recent prospective findings concerning the role of IGF-I 
in the development of atherosclerosis have been contradictory. In a population-based 
study, subjects with low IGF-I appeared to be at a higher risk of ischemic heart disease 
(428), whereas the reduction of IGF-I was associated with reduced progression of 
coronary heart disease in the BECAIT study (429).  

Nutrient intake markedly reduces plasma ghrelin concentrations (179, 180), but 
obesity appears to diminish this suppression (183). Ghrelin concentration is highly 
sensitive to changes in diet composition: a high-fat diet is associated with lower ghrelin 
levels, whereas a high-carbohydrate diet is associated with higher ghrelin levels (16, 
265). Theoretically, these diet-dependent dynamic changes in ghrelin concentrations 
might be able to modify atherosclerotic activity by affecting lipid transportation, for 
instance, and they might therefore provide a link between ghrelin and atherogenesis.  

The ghrelin concentrations in the present study were analysed using an antibody that 
recognises both acylated and des-acylated ghrelin. To obtain a measure of overall ghrelin 
concentrations, we used fasting plasma ghrelin concentrations, which have been shown to 
correlate strongly with the 24-h integrated AUC values (179). Although only acylated 
ghrelin is thought to have endocrine activity (13), recent studies have reported non-
endocrine functions (136) and even potential endocrine functions (90) for the non-
acylated form of ghrelin, and the measurement of total ghrelin is hence relevant. Total 
ghrelin concentration reflects well the concentration of acylated ghrelin since the two 
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values correlate closely (68). However, we can speculate that both of these molecules 
may have discrete, as yet unknown influences on the atherosclerotic processes. Given 
this, we cannot conclude whether the associations between total ghrelin concentrations 
and atherosclerosis reported in this study reflect the potential effects of acylated or non-
acylated ghrelin or both.  

6.9  Aspects for future studies 

As the only currently known circulating orexigenic factor, ghrelin has been under very 
active investigation during the past few years. This cross-sectional study examined some 
aspects of the potential involvement of ghrelin in metabolic disturbances predisposing to 
the development of atherosclerotic cardiovascular diseases. Interestingly, low fasting 
plasma ghrelin concentrations were found to be associated with several risk factors of 
atherosclerosis, whereas high ghrelin concentrations were associated with early 
atherosclerotic changes in males, but not in females (figure 12). There is an obvious 
discrepancy between these findings, which calls for future studies. The main questions to 
be explored are: Does ghrelin deficiency have an independent and causative role in the 
development of the features of metabolic sydrome or, alternatively, do high ghrelin 
concentrations constitute a risk factor for atherosclerosis? The future studies should be 
able to show which, if any, of the associations found in this study are true markers of 
etiological involvement, and which are merely consequences of mutual metabolic 
regulation. Furthermore, the potentially discrete effects of acylated and des-acylated 
ghrelin on the development of these conditions should be addressed. The best ways to 
prove the potential etiological role of ghrelin are prospective studies and clinical trials. In 
addition, well-controlled animal experiments are needed. Another interesting issue for 
future studies is the Arg51Gln mutation of the ghrelin gene, which might serve as “a 
natural experiment” of impaired ghrelin function in humans. Therefore, functional studies 
of mutated preproghrelin and thorough family studies of Gln51Gln subjects are necessary 
in the near future.  
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Fig. 12. A schematic summary of the main findings of this study. 
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7 Conclusions 

1. There is an independent negative association between ghrelin and IGF-I 
concentrations, which is modified by obesity, gender, insulin resistance and type 2 
diabetes. Changes in ghrelin/IGF-I interactions might be involved in the 
development of insulin resistance and type 2 diabetes. 

2. Low ghrelin concentrations are associated with obesity, insulin resistance, high blood 
pressure levels and high prevalence of type 2 diabetes. 

3. The Gln51 allele of the ghrelin gene is associated with low ghrelin and IGF-I 
concentrations and an increased prevalence of type 2 diabetes and hypertension. The 
Leu72Met polymorphism was not associated with the metabolic variables studied. 

4. Ghrelin concentrations and carotid artery atherosclerosis are positively associated 
even after adjustment for the commonly recognised risk factors of atherosclerosis. 
The association was pronounced in men having more advanced atherosclerosis 
compared to women. 
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