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ABSTRACT

The increasing prevalence of metabolic syndrome and the consequent cardiovascular diseases, like atherosclerotic diseases and Type 2 diabetes has stimulated an active search for novel risk factors.

The hormones regulating energy balance are of special interest as potential risk factors for metabolic syndrome and Type 2 diabetes. Ghrelin is a peptide hormone from stomach with growth hormone releasing activity. It is also able to modify glucose and insulin metabolism, blood pressure levels, adipogenesis, and inflammatory processes in experimental conditions. Whether ghrelin has a role in the development metabolic syndrome and the associated diseases, is not known. This review will report the evidence for the role of ghrelin in the clustering of the components of the metabolic syndrome.

GHRELIN IN METABOLIC SYNDROME

Multiple metabolic aberrations, including obesity, insulin resistance, dyslipidemia, hypertension, impaired glucose tolerance, and other anomalies tend to occur jointly in the same subjects more frequently than expected by chance alone [START_REF] Ferrannini | Syndrome X[END_REF]. This clustering of several cardiovascular risk factors has been referred to as the metabolic syndrome (MS) (Reaven, 1988). The reasons for the joint occurrence of several abnormalities are still unclear even though the number of putative candidates is growing [START_REF] Ukkola | Clustering of metabolic abnormalities in obese individuals: the role of genetic factors[END_REF]. A number of obesity-related peptide hormones have been identified and they have been recently suggested to play a role in the pathogenesis of MS [START_REF] Matsuzawa | Molecular mechanism of metabolic syndrome X: contribution of adipocytokines adipocyte-derived bioactive substances[END_REF]. One such molecule is ghrelin, a blood-borne orexigenic signal from gut to brain [START_REF] Kojima | Ghrelin is a growth-hormone-releasing acylated peptide from stomach[END_REF], with multiple hormonal, metabolic, and cardiovascular activities [START_REF] Kojima | Ghrelin: structure and function[END_REF]. Low ghrelin concentrations have been associated with the components of the MS, like obesity (Tschöp et [START_REF] Bacha | Ghrelin Suppression in Overweight Children: A Manifestation of Insulin Resistance?[END_REF][START_REF] Pöykkö | Low plasma ghrelin is associated with insulin resistance, hypertension, and the prevalence of type 2 diabetes[END_REF][START_REF] Schöfl | Circulating ghrelin levels in patients with polycystic ovary syndrome[END_REF], and blood pressure [START_REF] Fagerberg | Plasma ghrelin, body fat, insulin resistance, and smoking in clinically healthy men: the atherosclerosis and insulin resistance study[END_REF][START_REF] Pöykkö | Low plasma ghrelin is associated with insulin resistance, hypertension, and the prevalence of type 2 diabetes[END_REF]. The negative association between ghrelin and waist circumference, a prerequisite for the MS, has also been reported [START_REF] Fagerberg | Plasma ghrelin, body fat, insulin resistance, and smoking in clinically healthy men: the atherosclerosis and insulin resistance study[END_REF]. In our cross-sectional study based on OPERA (Oulu Project Elucidating Risk of Atherosclerosis) cohort, the plasma ghrelin concentration was significantly correlated with several components of the MS and with metabolic cluster per se (Ukkola et al., 2006). OPERA project is a population-based, epidemiological study designed to address the risk factors and disease end-points of atherosclerotic cardiovascular diseases. Ghrelin levels decreased with an increase in number of metabolic abnormalities. Plasma ghrelin may therefore become a useful biomarker for the MS. Since adiposity influences all other features of the MS, low ghrelin in MS could reflect only the obesity state as has been suggested by a study by [START_REF] Langenberg | Ghrelin and the Metabolic Syndrome in Older Adults[END_REF]. However, the associations of some of the features of the MS, like high-density lipoprotein (HDL)cholesterol and fasting blood glucose with plasma ghrelin levels, remained significant after adjustment for body mass index (BMI) (Ukkola et al., 2006) which is consistent with the notion that they are not entirely dependent on the amount of body fat.

Pathways leading from obesity to the manifestations of MS involve a number of metabolic risk factors [START_REF] Sonnenberg | A novel pathway to the manifestations of metabolic syndrome[END_REF]. The resistance to insulin-stimulated glucose uptake is associated with multiple metabolic abnormalities. Consequently, insulin resistance has been suggested as a primary physiological defect underlying the MS (Reaven, 1988). The mechanisms behind insulin resistance are complex and have not been fully elucidated yet. Our earlier results on the same population suggested that low ghrelin is independently associated with fasting insulin concentrations and insulin resistance [START_REF] Pöykkö | Low plasma ghrelin is associated with insulin resistance, hypertension, and the prevalence of type 2 diabetes[END_REF]. Because of cross-sectional nature of the current study it was not possible to conclude the cause-and-effect relationship between low ghrelin and insulin resistance and the MS.

A c c e p t e d M a n u s c r i p t [START_REF] Nakazato | A role for ghrelin in the central regulation of feeding[END_REF]. The interactions between leptin and ghrelin could also play a role in the pathogenesis of the clustering of metabolic abnormalities. Our earlier data confirm that in patients with the MS low plasma ghrelin levels act as a physiological counterpart to high leptin and that these changes are linked to the insulin resistance (Ukkola et al., 2008) (Figure). The latter notion was supported by the observed association of low ghrelin with insulin resistance only among the subjects with the highest leptin levels, that is, in subjects who probably have the highest level of leptin resistance. A large proportion of the subjects with the MS develop Type 2 diabetes in later stages of their life. In this study low ghrelin was a statistically significant independent predictor of Type 2 diabetes only among the subjects belonging to the highest leptin quartile. Thus, leptin seems to be the major determinant of ghrelin effects on progression of metabolic syndrome. We recognize that diabetic subjects in this study were a small subgroup and strong conclusions can not be made based on this material. Undoubtedly the development of MS and Type 2 diabetes involve multiple and interactive effects of genetic, hormonal and environmental factors where interaction between high leptin and low ghrelin seem to play a key role.

GHRELIN IN TYPE 2 DIABETES MELLITUS

The majority of the publications addressing the relationship between ghrelin and insulin resistance and/or diabetic states suggest that a correlation between ghrelin and insulin resistance and/or diabetes mellitus might exist. There is a growing body of evidence indicating a suppressive role of ghrelin in the release of insulin from the pancreatic islets. Recently [START_REF] Tong | Ghrelin suppresses glucose-stimulated insulin secretion and deteriorates glucose tolerance in healthy humans[END_REF] suggested that circulating ghrelin suppresses glucose-stimulated insulin secretion and deteriorates glucose tolerance in healthy subjects. Their findings raised the possibility that A c c e p t e d M a n u s c r i p t 5 endogenous ghrelin has a role in physiologic insulin secretion, and that ghrelin antagonists could improve beta-cell function [START_REF] Tong | Ghrelin suppresses glucose-stimulated insulin secretion and deteriorates glucose tolerance in healthy humans[END_REF]. However, clinical relevance of these findings remains to be clarified and the study did not give conclusive answers to the question whether ghrelin has a physiological role in insulin secretion in humans [START_REF] Meyer | Final answer: ghrelin can suppress insulin secretion in humans, but is it clinically relevant?[END_REF].

Ghrelin plasma concentrations were decreased in the healthy offspring of Type 2 diabetes subjects (Østergård et al., 2003) and the compensatory hyperinsulinaemia due to insulin resistance was associated with significantly reduced ghrelin concentrations. [START_REF] Pöykkö | Low plasma ghrelin is associated with insulin resistance, hypertension, and the prevalence of type 2 diabetes[END_REF] showed that fasting plasma concentrations of total ghrelin were lower among subjects with Type 2 diabetes compared to those without Type 2 diabetes. The difference remained significant even when age, sex and BMI were taken into account in multivariable models. In addition, an inverse correlation between ghrelin and insulin concentrations as well as insulin sensitivity was observed. Low ghrelin concentrations were shown to associate independently with Type 2 diabetes and insulin resistance [START_REF] Pöykkö | Low plasma ghrelin is associated with insulin resistance, hypertension, and the prevalence of type 2 diabetes[END_REF]. A strong inverse correlation between ghrelin concentrations and insulin resistance measured by homeostasis model of insulin resistance (HOMA-IR) and/or insulin concentrations has been observed also in other studies, for example among women with polycystic ovary syndrome [START_REF] Schöfl | Circulating ghrelin levels in patients with polycystic ovary syndrome[END_REF] and in obese middle-aged subjects [START_REF] Mclaughlin | Plasma ghrelin concentrations are decreased in insulin-resistant obese adults relative to equally obese insulin-sensitive controls[END_REF]. A recent study that aimed to clarify the relationships between total, acylated and des-acylated ghrelin molecules specifically with insulin resistance showed that these molecules might be involved in glucose and insulin metabolism in different ways. Total and des-acylated ghrelin were negatively associated with insulin resistance but instead, the correlation between acylated ghrelin and HOMA-IR was shown to be positive [START_REF] Barazzoni | Relationships between desacylated and acylated ghrelin and insulin sensitivity in the metabolic syndrome[END_REF].

Ghrelin may have a role in hepatic glucose metabolism [START_REF] Gauna | Ghrelin stimulates, whereas des-octanoyl ghrelin inhibits, glucose output by primary hepatocytes[END_REF]. It could also be speculated that low blood ghrelin levels might affect the growth hormone / insulin like growth factor -1 -axis which in turn might increase insulin resistance and lead eventually to the A c c e p t e d M a n u s c r i p t 6 development of Type 2 diabetes mellitus. However, no causative link between ghrelin and the hyposomatotropism of obesity was observed previously [START_REF] Lindeman | Ghrelin and the hyposomatotropism of obesity[END_REF]. Therefore the theoretical link between low ghrelin, hyposomatotropism and pathogenesis of Type 2 diabetes remains highly speculative. A possible link between low ghrelin, insulin resistance and Type 2 diabetes might be the autonomous nervous system, although this hypothesis suggests no causal relationship between ghrelin and Type 2 diabetes. It has been shown that a higher ratio of sympathetic versus parasympathetic activity is strongly associated with metabolic abnormalities in humans (Licht et al., 2010). On the other hand, the autonomous nervous system has also been shown to be a factor regulating ghrelin concentrations [START_REF] Hosoda | The autonomic nervous system regulates gastric ghrelin secretion in rats[END_REF]. Therefore, it can be hypothesized, that dysregulation of the autonomic nervous system might cause a decrease in ghrelin levels as well as promoting the development of disturbances in glucose metabolism.

On the other hand, contradictory results with no association between ghrelin and pathologies of glucose metabolism have also been published. In healthy middle-aged men in a euglycaemic hyperinsulinemic clamp study, no associations between insulin sensitivity and ghrelin concentrations were observed [START_REF] Fagerberg | Plasma ghrelin, body fat, insulin resistance, and smoking in clinically healthy men: the atherosclerosis and insulin resistance study[END_REF]. We have studied whether total ghrelin levels have predictive value for the incidence of impaired glucose regulation (IGR) or Type 2 diabetes mellitus (Vartiainen et al., 2010). The subjects of this prospective follow-up study The design of this study, the follow-up times, as well as the subjects and methods used were very similar in the study of Bennett et al. compared to ours, with the exception that the study subjects were of different ethnic origins (Afro-Jamaicans vs Caucasians). These two studies are the first to indicate that ghrelin might not have predictive value for the development of abnormalities in glucose tolerance.

ASPECTS FOR FUTURE STUDIES

Ghrelin is a pleiotropic hormone that might be involved in appetite control and energy metabolism. High hopes on studies concerning ghrelin and its receptor have been laid during the recent years, for potentially revealing new therapeutic tools for dysregulation of body weight and diabetes. Studies with larger study populations and longer follow-up times are needed to clarify the predictive value of ghrelin for the development of metabolic abnormalities and Type 2 diabetes. In addition, measuring acylated and des-acyl ghrelin separately in a similar study design might provide further information on the role of ghrelin in the regulation of glucose homeostasis. Vartiainen, J., Rajala, U., Jokelainen, J., Keinänen-Kiukaanniemi, S., Kesäniemi, Y.A., Ukkola, O., 2010. Serum ghrelin and the prediction of the development of impaired glucose regulation and type 2 diabetes in middle-aged subjects. J. Endocrinol. Invest. 33, 496-500. Østergård, T., Hansen, T.K., Nyholm, B., Gravholt, C.H., Djurhuus, C.B., Hosoda, H., Kangawa, K., Schmitz, O., 2003. Circulating ghrelin concentrations are reduced in healthy offspring of Type 2 diabetic subjects, and are increased in women independent of a family history of Type 2 diabetes. Diabetologia. 46,[134][135][136] 

  (n=201) belonged to a population-based cohort collected in Northern Finland. Oral glucose tolerance tests and measurements of fasting serum total ghrelin, lipids, blood pressure and body mass index were performed at the beginning and at the end of the study. The mean follow-up time was 5.1 yr. The subjects had normal glucose tolerance at the beginning of the study. Results suggested that fasting serum total ghrelin levels measured at one time point might not have predictive value for the development of abnormalities in glucose tolerance. Therefore, fasting serum ghrelin concentrations measured at one time point among normoglycaemic middle-aged subjects might not have a A c c e p t e d M a n u s c r i p t 7 predictive value for the incidence of IGR or Type 2 diabetes mellitus. However, the results can not be regarded as conclusive, due to the small size of the study population. Studies in larger cohorts and with longer follow-up times are warranted to clarify the role of ghrelin in glucose and insulin metabolism. Our results are compatible with the results of Bennett et al. (2009) published recently.
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Cluster of metabolic abnormalities that define metabolic syndrome according to the novel International Diabetes Federation definition [START_REF] Alberti | IDF Epidemiology Task Force Consensus Group. The metabolic syndrome--a new worldwide definition[END_REF]